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Editorial

Paleontology in the 21st Century

Mary H. Schweitzer 1,2,3,4

1 Department of Biological Sciences, North Carolina State University, Raleigh, NC 27606, USA;
schweitzer@ncsu.edu

2 North Carolina Museum of Natural Sciences, Raleigh, NC 27601, USA
3 Department of Geology, Lund University, 223 62 Lund, Sweden
4 Museum of the Rockies, Montana State University, Bozeman, MT 59717, USA

For much of its 300+ year history, “modern” paleontology has been a descriptive
science, firmly housed within geological sciences. The application of rigorous phylo-
genetic methods [1–3] to extinct organisms was a driver of a movement that began in
the 1980s to bring paleontology, and particularly deep time paleontology (i.e., >1 Ma),
more firmly into the biological sciences. Paleohistology—the investigation of the mi-
crostructure of fossil bones initiated by Enlow [4,5] and expanded upon by De Ricqlés
and colleagues—(e.g., [5–7]) also influenced how dinosaurs and other fossils would be
studied, as biological organisms rather than as geological oddities. The microscopic ex-
amination of ancient bone—even dinosaur bone—has revealed the presence of osteons,
osteocyte lacunae, and vascular canals in these ancient specimens. Rather than being
obliterated by fossilization processes, the retention of these features in bone recovered
from Mesozoic and earlier sediments has allowed us to discern biological information from
these once-living organisms, such as comparative growth rates and estimates of ontoge-
netic stages [7–9]. Phylogenetic and histological analyses forever changed the direction of
paleontological studies.

However, the application of most molecular biological tools to elucidate evolutionary
processes and timing was, until recently, reserved for extant species. The genomic revolu-
tion fostered by the advent of a polymerase chain reaction (PCR) and next gen technologies
was limited in application to only living or very recently extinct organisms, and was not
rigorously and regularly applied to deep time fossils, Jurassic Park notwithstanding.

Although DNA technologies were more readily accepted and proved useful for ar-
chaeological materials (see, e.g., [10–13]), the assumption that original, informative organic
components were lost at some point during the transition from the biosphere to the geo-
sphere [14,15], and the proposal of a predictable, and short, half-life for DNA and other
biomolecules effectively slowed the application of these methods to all but the most recent
fossil materials. What else older fossils may be telling us, and what else was possible to
know, were questions that were not widely asked.

This is beginning to change, as illustrated in this Special Issue, because it is widely
recognized that 1. some endogenous structures and the molecules comprising them are
retained in ancient specimens; 2. morphological studies alone have failed to adequately
account for convergence or parallel evolution; and 3. fossils are absolutely necessary to
incorporate into any studies seeking to determine the patterns, processes, and timing of
evolution deep in the Earth’s history.

Just as technology in the life sciences has expanded at a record pace, the application
of new technologies to paleontological specimens, though slower in coming, is resulting
in an explosion in the type of data recoverable from fossils, as well as the type and age of
fossils to which these can be applied. For example, the upper limit of DNA preservation,
just 20 years ago, was proposed to be 100,000 years [10], but this limit has been repeatedly
pushed back in time, most recently to >2 Ma with the recovery of environmental DNA from
Greenland [16]. Protein sequence data, on the other hand, has been reported from 3 Ma
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eggshells [17] to multi-million-year-old dinosaurs [18,19], and immunological evidence for
such preservation, suggested as far back as the 1950s [20,21], is becoming more prevalent.

This Special Issue sheds light on the quantum leap in understanding the Earth’s rich
biological history over the last 4 billion years, brought about by the application of new
technologies to old fossils. It highlights new questions we can ask of the fossil record,
and the expansion of fossils we can interrogate to yield robust high-resolution data. The
authors within this Issue discuss the rapid development of new (or, new to paleontology)
methods, once limited to extant organisms, that are now becoming broadly applied to
fossils, including those from deep time.

This Issue contains several broad review articles. Tihelka et al. [22] discuss the pos-
sibility that animals, in the form of arthropods, invaded the land several million years
before what was previously assumed, yielding a terrestrial “Cambrian explosion” of these
widespread and taxonomically diverse invertebrates. This hypothesis is supported by
combining molecular clock data with fossil evidence. The discrepancies between molecular
clock and fossil data are addressed, and a method combining molecular and morphological
data to estimate lineage divergence in a total evidence framework is proposed.

The value of fossils for phylogenetic studies has always been recognized, but the
value of fossils for molecular studies has recently, and increasingly, been elucidated by
authors contributing here [23] and elsewhere. Torres et al. [24] review the long history of
paleoimmunological approaches to paleontology, and apply these methods to fossils from
the 1.3 Ma Venta Micena site, whereas Tahoun et al. [25] provide an overview of organic
molecules recovered from non-avian dinosaurs and contemporary organisms, including
pigments and various proteins. They highlight the effort within the paleontological com-
munity to understand the mechanisms of such preservation, contributing to the emerging
disciplines of molecular paleontology, and molecular taphonomy/diagenesis.

López-Antoñanzas and colleagues [26] further emphasize the need for incorporating
fossil data to better understand evolutionary rates and relationships in their review of
new, integrative phylogenetic methods. They stress the need for a unified approach to
improve accuracy in modeling evolutionary processes and diversity distributions in deep
time, and highlight new methods that combine morphological data from living and extinct
groups with available molecular data to achieve more accurate evolutionary syntheses.
Some of these include combining geometric morphometric and phylogenetic methods,
incorporating stratigraphic data into parsimony analyses, and various statistical methods
to calibrate a “morphological clock” that uses morphological data from both extant and
extinct species.

Tamborini [27] reviews the changing role of paleobiology between the 20th and 21st
centuries, pointing to the necessity of fossils in elucidating “deep time patterns and pro-
cesses”. He contrasts the historical differences between paleontology, a geology-based
discipline, and the more biological approaches of paleobiology. He focuses his discus-
sion first on the role of paleocolor as a testable hypothesis, stimulated by integrating
more data with more technology; second, the search for endogenous organics in fossil
materials that has driven the application of new (to paleontology) technologies, such as
high-resolution, high-mass accuracy tandem mass spectrometry to address and characterize
organic molecules in fossils; third, the integration of morphology and evolutionary theory
in investigations of locomotion and mastication via the new role of robotics in 21st century;
fourth, the relationship between evolution as expressed in fossils and the development of
living organisms (‘evo-devo’), resulting in a broader integration between paleontology and
biology; and finally, the examination of both biotic and abiotic factors in shaping organisms
through evolution. He ends his review by encouraging a new synthesis of knowledge
brought about by new data, new fossils, new technologies, and the deeper integration of
these disciplines.

Zhou [28] reviews a century of development in paleontology in China, identifying
the influences of foreign collectors shaping the first part of this century-wide overview,
and notes their influence of both geology and paleontology in China for decades. He notes
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not only the increasing participation of Chinese paleontologists to the discipline, but also
the role of Chinese fossils, from early hominins (e.g., Peking Man, Homo erectus) to early
feathered dinosaurs, in shaping a much broader picture of Earth’s history. Native-born
Chinese paleontologists greatly expanded the breadth of paleontology in the 20th century
and continue this trend today, both within and outside of China. The role of international
collaborations, increased funding from government sources, and, of course, the incredibly
rich paleontological flora and fauna in Chinese deposits has greatly expanded paleontology
of all kinds, and will, no doubt, continue this trend into the foreseeable future.

Monson and colleagues [23] highlight various modern approaches to traditional
paleontological questions, pointing out the expansion of data derived from CT imaging
(including synchrotron imaging) to achieve 3D reconstruction of fossil data, and non-
destructive means to study fossil histology as well. These authors describe how combining
quantitative genetics and developmental biology approaches allows us to incorporate
genotype:phenotype mapping to address morphological variation and its significance in
informing phylogenetic history and the role of selection, and provide a case study using
these tools.

The presence of endogenous molecules, including protein, DNA, various pigments,
and biomarkers, is becoming an increasingly important aspect of paleontological studies,
and new technology continues to push back the time limit for the preservation of these
important molecules. New methods are being used to test hypotheses rooted in analyses of
DNA. Churchill et al. [29] seeks to test the idea of interbreeding between Neandertal and
modern humans in Europe and Asia, proposed in earlier DNA studies [30,31] by comparing
facial size and shape parameters that may reflect the expression of Neandertal genes, using
morphometric techniques.

A wide array of these new technologies are applied to address biomolecular remnants
in bones as young as 350 years [32] and as old as the Carboniferous [33]. Phylogenetically
and physiologically informative tissues were probed by synchrotron [34] to support the
previous identification of reproductive tissues in dinosaurs [35,36]. Technologies continue
to broaden not only the type of questions to be asked, but the type of fossils we can analyze,
from coprolites [33], teeth [37], and invertebrates [22,38,39] to dinosaurs [25,34,40–44],
mammals [45], and our own lineage [29,32,46].

Finally, taphonomic reconstructions remain an important part of paleobiology, and this
Special Issue includes multi-dimensional studies on taphonomy using rare earth element
studies (REE) to trace the movement of pore waters through bone during fossilization
to elucidate the mechanisms contributing to molecular preservation in various dinosaur
bone and other fossils [40–43]. However, the recovery of proteins also requires a better
understanding of taphonomic modifications, as noted in [37] and previously discussed
in [47].

Actualistic taphonomy experiments inform on the modifications introduced during
diagenesis, but also informs on possible preservation conditions, recognizing that Mesozoic
conditions were very different than today, and may have facilitated preservation through
an elevated microbial response to high atmospheric CO2 [48]. Additionally, although
exceptionally preserved tissues have long been the target of molecular studies on fossils,
there is clearly more to the story, as illustrated by Colleary et al. [44], as not all exceptional
fossils preserve endogenous biomolecules.

This Special Issue briefly reviews these cutting-edge technologies and their applica-
tions to fossil data in various case studies, indicating a new ‘fossil renaissance’ for under-
standing life on this planet, yielding robust data that may be applied to understanding
where we are going by better understanding from where we have come.

Conflicts of Interest: The author declares no conflict of interest.
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Simple Summary: Over the last two decades of biological research, our understanding of how
genes determine dental development and variation has expanded greatly. Here, we explore how
this new knowledge can be applied to the fossil record of cercopithecid monkeys. We compare a
traditional paleontological method for assessing dental size variation with measurement approaches
derived from quantitative genetics and developmental biology. We find that these new methods
for assessing dental variation provide novel insight to the evolution of the cercopithecid monkey
dentition, different from the insight provided by traditional size measurements. When we explore
the variation of these traits in the cercopithecid fossil record, we find that the variation is outside the
range predicted based on extant variation alone. Our 21st century biological approach to paleontology
reveals that we have even more to learn from fossils than previously recognized.

Abstract: Advances in genetics and developmental biology are revealing the relationship between
genotype and dental phenotype (G:P), providing new approaches for how paleontologists assess
dental variation in the fossil record. Our aim was to understand how the method of trait definition
influences the ability to reconstruct phylogenetic relationships and evolutionary history in the Cer-
copithecidae, the Linnaean Family of monkeys currently living in Africa and Asia. We compared
the two-dimensional assessment of molar size (calculated as the mesiodistal length of the crown
multiplied by the buccolingual breadth) to a trait that reflects developmental influences on molar de-
velopment (the inhibitory cascade, IC) and two traits that reflect the genetic architecture of postcanine
tooth size variation (defined through quantitative genetic analyses: MMC and PMM). All traits were
significantly influenced by the additive effects of genes and had similarly high heritability estimates.
The proportion of covariate effects was greater for two-dimensional size compared to the G:P-defined
traits. IC and MMC both showed evidence of selection, suggesting that they result from the same
genetic architecture. When compared to the fossil record, Ancestral State Reconstruction using extant
taxa consistently underestimated MMC and PMM values, highlighting the necessity of fossil data
for understanding evolutionary patterns in these traits. Given that G:P-defined dental traits may
provide insight to biological mechanisms that reach far beyond the dentition, this new approach to
fossil morphology has the potential to open an entirely new window onto extinct paleobiologies.
Without the fossil record, we would not be able to grasp the full range of variation in those biological
mechanisms that have existed throughout evolution.
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1. Introduction

The most essential, core moment in paleontology is when someone notices a fossil
as something other than a rock and collects it for scientific study. This event is often
just a person walking across the landscape, scanning the ground for evidence of past life.
While this simple act has been fundamentally the same for generations of paleontologists,
the lead-up to that moment and the science that follows have evolved dramatically. The
technological advances that have taken us from landline telephones to smartphones have
similarly altered how the science of paleontology is conducted. We can see this in the way
scientists discover fossil sites. Where fossiliferous sediments were once identified mostly
by happenstance, aerial photography, then satellite imagery, and now remote sensing are
common tools for field paleontologists [1–3]. As well, our protocols for the collection,
inventory, and organization of fossils now rely on fine resolution GIS [4] and remote access
to the internet [5].

The laboratory side of the science is also remarkably different from 20th century
paleontology. Fossils are now imaged by laser scanners as well as through photogra-
phy [6,7]. Quantification of those scanned surfaces can be performed in three-dimensions
with thousands of points, opening the door for new analytical approaches to morphological
variation [8,9] and enabling the digital reconstruction of crushed fossils [10]. With the
application of computed tomography (CT), paleontologists can more readily study internal
bony structures [11,12], giving them the ability to reconstruct soft-tissue anatomies [13,14].
CT scans have become an essential tool in the description of new fossils [15]. With a
synchrotron, we can even see fossilized histology without mechanically damaging speci-
mens [16,17]. Advances in geochemistry provide new insight into the evolution of dietary
niches [18–21] and life history [22], not to mention the ability to geologically date fossils [23].
As well, of course, advances in artificial intelligence and machine learning have forever
changed taphonomy [24,25], approaches to fieldwork [26,27], and trait analysis [28–30].

Paleontologists have also incorporated new knowledge from biology and genomics.
As genomic sequencing became increasingly possible for a wide range of organisms,
paleontologists began to combine morphological evidence from fossils with genomic data
to reconstruct phylogenetic relationships [31–33].

Alongside the genomic revolution, there is another discipline in biology with signif-
icant implications for paleontology: elucidating the relationship between genotype and
phenotype, often referred to as genotype:phenotype (G:P)-mapping. The insight that comes
from G:P-mapping will fundamentally alter how we approach fossil morphologies in the
21st century and, consequently, improve our knowledge of the evolutionary past. To
demonstrate this point, we investigated the insight that G:P-mapped dental traits bring to
the African fossil record of monkeys (Primates: Cercopithecidae). We first used quantitative
genetic analyses to assess the heritability and covariate effects on traditional measurements
of tooth size and two types of G:P-mapped traits, one derived from developmental biology
and the other from quantitative genetic analyses. We then compared how these traits vary
across extant cercopithecids to test Hypothesis 1: G:P-mapped dental traits can provide
evidence of phylogenetic history and selection, and therefore, are useful in paleontological
investigations. We then focused on the traits defined through our quantitative genetic
approach and explored how they vary in the fossil record to test Hypothesis 2: G:P-mapped
traits reveal a range of morphological variation that cannot be predicted solely through
extant variation.
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2. Background: Traditional and G:P-Mapped Dental Traits

Paleontologists have long relied on the size of the postcanine teeth (especially the
molars) to serve as a proxy for body size, to provide essential insight into taxonomy, and
to observe patterns of evolution [34–37]. Tooth size is traditionally defined as the two-
dimensional occlusal area of the crown, calculated by multiplying the mesiodistal length
by the buccolingual breadth (Figure 1C). This trait has long been, and still is, an essential
trait in mammalian paleontology.

 

Figure 1. Illustration of the four maxillary dental traits investigated in this analysis. Each panel
shows the right maxillary occlusal view of two extremes for one of the traits. Mesial is to the top,
distal to the bottom, lingual to the right, and buccal to the left. The axis at the bottom of the figure
orients the reader to how the morphology varies according to low and high values of the trait. (Panels
(A,B)) demonstrate the two traits defined through quantitative genetic analyses, ratios that reflect the
relative size variation between the premolar and molar genetic modules (PMM; panel (A)) and the rel-
ative sizes of the molars within the molar module (MMC; panel (B)). (Panel (C)) shows the traditional
method for studying molar size variation within paleontology, by calculating a two-dimensional
area of the occlusal view of the crown. (Panel (D)) shows the “inhibitory cascade” (IC) trait, defined
through developmental gene expression studies of mice. See text for more detailed descriptions.
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Over the last couple of decades, technological advances in the biological sciences have
enabled scientists to probe the genetic influences on tooth size variation. There are two main
avenues for G:P-mapping of dental variation: quantitative genetics and developmental
biology. Quantitative genetic analyses approach the G:P-map through phenotypic variation,
investigating how anatomical variation is inherited through family lineages. So long as
the family structure within a population is known, any taxon can be studied, including
large-bodied and long-lived animals such as primates. Because quantitative genetics reveals
the genetic contributions to phenotypic variation within a population, this approach is
particularly informative for Neogene paleontology, as population-level variation is most
applicable to micro-evolutionary questions [38,39]. In contrast, developmental approaches
involve the manipulation of embryogenesis and organogenesis to gain insight into the
formation of the dentition from a fertilized egg. Consequently, experimental developmental
biology is limited to animals that are amenable to being raised in a laboratory setting,
who have short generation times, and/or for whom organs can be grown in culture, such
as mice.

While there is a deep history of quantitative genetic research on the dentition [40],
results from recent analyses have clarified that individual teeth are not genetically or de-
velopmentally independent structures, and that different aspects of a tooth are underlain
by different genetic and non-genetic influences. For example, minor shape variants on the
crown are genetically independent of tooth size [41]. Looking along the dental arcade, we
see that the size of the incisors is genetically independent from the size of the premolars
and molars (in baboons [42]; and macaques [43]; with some suggestive evidence in hu-
mans [44,45]; but see tamarins [46,47], and a different study on humans [48]), yet there is
significant pleiotropy between postcanine teeth [42,43,46–48]. Evidence of pleiotropy indi-
cates a genetic correlation, meaning that a significant proportion of the residual phenotypic
variance in the two traits is due to the shared additive effects of the same gene or set of
genes. Thus, evidence of pleiotropy helps elucidate the underlying genetic architecture.
Shared genetic effects are not just limited to within the dentition. In baboons, for example,
we also discovered that molar width is genetically correlated with body size (with more
than 20% of the additive genetic covariance between these traits estimated to be due to
the same gene or set of genes), but in surprising contrast, molar length is not [49]. While
this exact correlation has not yet been explored in other primates, variation in crown area
for humans has a positive correlation with the length of the dental arch, and a negative
correlation with arch width, suggesting that tooth area and size dimensions within human
dentitions are similarly not uniform [48]. Based on this genetic evidence, we now know
that variation in the 2D occlusal area (as studied by paleontologists) reflects a range of
underlying genetic effects related to body size and sex in addition to the genetic effects that
pattern dental variation.

In order to make this quantitative genetic evidence translatable to paleontological
research, Hlusko and colleagues [38] developed two dental traits that reflect the genetic ar-
chitecture of the baboon dentition: the molar module component (MMC) and the premolar-
molar module (PMM). Both traits are based on our quantitative genetic analyses of baboon
mandibular dental variation. These analyses revealed that the mesiodistal lengths of the
first, second, and third molars share a genetic correlation that is essentially 100%, indicating
that first, second, and third molars are, genetically speaking, not the separate, independent
structures that anatomists have long viewed them to be, but rather, one organ [42,50,51].
Consequently, the relative mesiodistal lengths of the first, second, and third molars repre-
sent components within one genetic module. As mentioned previously, molar buccolingual
width has significant pleiotropic effects on body size [49]. Therefore, Hlusko et al. [38]
proposed the ratio of the mesiodistal length of the third molar divided by the mesiodistal
length of the first molar as a trait (MMC) that captures the genetic variation influencing
tooth size variation within the molar module without the genetic effects that also influence
body size (Figure 1B). Consequently, MMC is a more direct reflection of the underlying
genetic architecture influencing molar size variation than two-dimensional crown area
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(length × width) because 2-dimensional crown area results from a combination of genetic
effects that include those that influence body size.

We also defined PMM as a ratio that reflects the genetic correlation between the size
of the fourth premolar relative to the size of the molar module [38]. Previous analyses
demonstrated that the mesiodistal length of the fourth premolar has an overlapping, but
not complete genetic correlation with the mesiodistal length of the molars [42,50,51]. PMM
is the mesiodistal length of the second molar divided by the mesiodistal length of the fourth
premolar (Figure 1A). As with MMC, we focused on the mesiodistal lengths in order to
avoid conflating the genetic effects on body size with those that influence dental patterning.

The mandibular versions of MMC and PMM were first identified for cercopithecid
monkeys and then expanded to apes, revealing an episode of selection during the Late
Miocene [38]. While we do not yet know the genetic mechanisms that underlie PMM
and MMC, we do know that these two ratios reflect a genetic architecture that does not
simultaneously influence body size or sex, and that appears to primarily influence variation
in the relative sizes of teeth in the postcanine dentition of catarrhine primates [38,52] and
many other mammals [53,54].

The influence of developmental mechanisms on two-dimensional molar size variation
has also been explored. Kavanagh and colleagues [55] reported evidence of an inhibitory
cascade within the molar teeth of mice that can explain variation in the relative sizes of
the first, second, and third molars. Through experimental manipulation of cultured tooth
germs, they found that the timing of first molar initiation influences the initiation time and
ultimate size of the second and third molars. For example, the removal of the first molar
bud led to earlier initiation of the second and third molars, and these later-forming teeth
grew larger. Kavanagh and colleagues [55] observed that across murine rodents, the size of
the second molar always accounts for approximately one-third of the two-dimensional size
of the molar row in occlusal view, and that the relative sizes of the first and third molar
vary around this. From these observations, they [55] proposed that evolution follows this
rule of one-third, and that first and third molar size can be predicted from each other. This
model is referred to as the inhibitory cascade (IC) model. The model fits well with the
phenotypic variation observed across murines [55] and has been supported in a range of
other mammals (e.g., early mammaliaforms [56]; kangaroos [57]; many but not all South
American ungulates [58]; and many but not all rodents [59]). However, the IC model does
not fit the patterns of variation observed for anthropoid primates [60,61], humans [62], and
some earlier hominids [63].

For Hypothesis 1, we explore both types of G:P-mapped traits in the maxillary denti-
tions, the IC (from developmental biology), and the MMC and PMM (from quantitative
genetics). For Hypothesis 2, we focus on the quantitative genetics-derived traits, comple-
menting the previously published investigation of the mandibular versions of PMM and
MMC with the maxillary analyses.

3. Materials and Methods

Our analyses rely on dental linear metrics from three different samples described
in detail in the following paragraphs. The quantitative genetic analyses were performed
on data from 611 individuals within a captive pedigreed population of Papio hamadryas
baboons. The extant, neontological analyses were performed using data from 825 museum
skeletal specimens representing 13 genera within Cercopithecidae. Finally, we augmented
the data we collected from museum specimens with data culled from the published scientific
literature to create a fossil dataset of 1,436 individuals from 17 genera representing the last
20 million years of cercopithecid evolution in Africa.

Sample 1, quantitative genetics: The baboons from which dental data used in our
quantitative genetic analyses were obtained are members of a large, six-generation pedigree
(n = 2426), developed and maintained at the Southwest National Primate Research Center
(SNPRC) at the Texas Biomedical Research Institute (Texas Biomed) in San Antonio, Texas.
The pedigree was genetically managed to minimize inbreeding, and ascertainment of
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animals for this study was random with respect to phenotype. We analyzed linear crown
metric data for the maxillary fourth premolar and first, second, and third molars obtained
from 611 members of the single, large, six-generation pedigree. The female to male sex
ratio was approximately 2:1 and the mean age of the sample was approximately 16 years,
with ages ranging from 8 to 32 years. All procedures involving animals were reviewed
and approved by Texas Biomed’s Institutional Animal Care and Use Committee. SNPRC
facilities and animal use programs at Texas Biomed are accredited by the Association
for Assessment and Accreditation of Laboratory Animal Care International, comply with
all National Institutes of Health and U.S. Department of Agriculture guidelines, and are
directed by Doctors of Veterinary Medicine.

Sample 2, extant variation: Our comparative sample of extant taxa includes 825
individuals (Table 1). Most of the extant comparative data were collected by the authors
and have been included in previously published research [64]. This dataset builds on the
published dataset [65].

Table 1. Taxonomic composition of the extant comparative dataset.

Subfamily Tribe Genus Species Number of Individuals

Cercopithecinae

Cercopithecini

Cercopithecus albogularis 1

Cercopithecus campbelli 9

Cercopithecus mitis 95

Chlorocebus aethiops 28

Erythrocebus patas 2

Papionini

Cercocebus atys 4

Cercocebus galeritus 1

Cercocebus torquatus 20

Lophocebus albigena 3

Macaca fascicularis 98

Macaca mulatta 76

Mandrillus leucophaeus 1

Mandrillus sphinx 17

Papio hamadryas 127

Theropithecus gelada 10

Colobinae

Colobini

Colobus guereza 125

Nasalis larvatus 30

Piliocolobus badius 15

Presbytini
Presbytis melalophos 83

Presbytis rubicunda 80

TOTAL 825

Sample 3, extinct variation: Our comparative sample of fossil taxa includes 1436 indi-
viduals (Table 2). Fossil data include measurements collected by the authors, culled from
published sources, and downloaded from PRImate Morphometrics Online (PRIMO). Data
sources for each sample are specified in Table 2.
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Table 2. Taxonomic composition of the fossil comparative dataset *.

Subfamily Tribe Genus Species
Number of
Individuals

Source

Cercopithecinae

Cercopithecini

Cercopithecus sp. (Andalee) 30 1

Cercopithecus sp. (Upper Andalee) 5 1

cf. Chlorocebus Asbole 13 2

cf. Chlorocebus sp. (Chai Baro) 105 3

cf. Chlorocebus sp. (Faro Daba) 223 3

Papionini

Papio hamadryas angusticeps 12 4, 5

Papio hamadryas robinsoni 29 4, 6

Papio hamadryas ssp. (Asbole) 10 2

Papio hamadryas ssp. (Chai Baro) 143 3

Papio hamadryas ursinus 1 4

Papio izodi 7 4, 6, 7

Parapapio broomi 34 4, 6, 7

Parapapio jonesi 12 4, 7

Parapapio whitei 16 4, 6, 7

Pliopapio alemui 5 8

Procercocebus antiquus 8 6, 7

Soromandrillus quadratirostris 11 9

Theropithecus oswaldi cf. darti 124 10

Theropithecus oswaldi darti 4 7

Theropithecus oswaldi leakeyi 12 2, 11

Theropithecus oswaldi oswaldi 8 4

Colobinae Colobini

Cercopithecoides kimeui 12 9, 12

Cercopithecoides meaveae 2 9

Cercopithecoides williamsi 91 9

Colobus cf. guereza (Faro Daba) 360 3

Colobus sp. (Andalee) 31 1

Colobus sp. (Asbole) 47 2

Colobus sp. (Upper Andalee) 4 1

Kuseracolobus aramisi 5 8

Kuseracolobus hafu 14 13

Libypithecus markgrafi 3 9

Microcolobus tugenensis 1 9

Paracolobus chemeroni 1 9

Paracolobus enkorikae 8 14

Paracolobus mutiwa 22 9

Rhinocolobus turkanaensis 23 9

Victoriapithecinae Victoriapithecus macinnesi 40 15

TOTAL 1436

* Data sources: 1 [66]; 2 [67]; 3 (Authors measured at the National Museum of Ethiopia); 4 (Authors measured at
the Ditsong Museum of Natural History); 5 [68]; 6 (Authors measured at the University of California Museum
of Paleontology); 7 (Authors measured at University of the Witswatersrand); 8 [69]; 9 (PRIMO); 10 [70]; 11 [71];
12 [72]; 13 [73]; 14 [74]; 15 [75].
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Data collection: Tooth dimensions for the SNPRC baboons are described in Hlusko et al. [76].
For the other two samples, mesiodistal length and buccolingual breadth measurements
were collected from the maxillary fourth premolar (P4) and the three maxillary molars (M1,
M2, and M3) for each individual, for both left and right sides, following standard protocols
(see [64]). For the measurements collected by our research team, we did not account for
interstitial wear. For the data culled from other publications, we refer to those publications,
noting that some authors do not explicitly state how they measured mesiodistal length on
teeth with significant interstitial wear. We used these two linear measurements, mesiodistal
length (L) and buccolingual breadth (W) (see inset of Figure 1), to calculate 2-dimensional
occlusal area, MMC, PMM, and the IC (see Figure 1 for equations).

Abbreviations: Premolars are abbreviated as P, molars as M. The letter for the tooth
(P or M) is followed by a number indicating tooth position. For example, M2 refers to
the second molar. We are primarily focused on a discussion of maxillary molars in this
manuscript. We specifically indicate if a measurement or tooth is from the mandibular
dental arch in the text rather than through abbreviations.

Overview: In order to test Hypothesis 1, we first established that a significant propor-
tion of the phenotypic variation in all of the six traits is attributable to the effects of genes,
i.e., that all the traits are heritable. To do this, we estimated the heritability of the traits
in the SNPRC baboons. We then assessed the variation of all six traits across a sample of
extant cercopithecid monkeys and considered how they vary within a phylogenetic context
through a phylogenetic ANOVA. We followed the ANOVA with an analysis to test whether
the traits are phylogenetically conserved or show evidence of selection. For the test of
Hypothesis 2, we focused on the two traits derived from quantitative genetics: PMM and
MMC. We first reconstructed ancestral states (ASR) based on the phylogenetic relationships
of the extant genera analyzed for Hypothesis 1. We then compared the ASR trait values
derived from the extant taxa to the PMM and MMC values observed in the fossil record.

Quantitative genetic analyses: We conducted statistical genetic analyses using a max-
imum likelihood-based variance decomposition approach implemented in the computer
package SOLAR ([77]; v 8.1.1, www.solar-eclipse-genetics.org). This approach partitions the
observed covariance between individuals into genetic and environmental components. The
variance components are additive, with the phenotypic variance (σ2

P) being the sum of the
genetic (σ2

G) and environment (σ2
E) variances. Estimates of heritability (h2), the proportion

of the phenotypic variance attributable to additive genetic effects, were obtained as:

h2 = σ2
G/σ2

P

Unless otherwise noted, all quantitative genetic analyses were conducted following
inverse gaussian normalization of the residuals (trait values were adjusted for the mean
effects of sex and/or age, the latter a rough proxy for wear, if significant). Significance of
the maximum-likelihood estimates for heritability and other parameters was assessed by
means of likelihood ratio tests [78]. The maximum likelihood for a general model in which
all parameters were estimated was compared to that for restricted models in which the
value of the parameter to be tested was held constant (value dependent on null hypothesis).
Twice the difference in the log-likelihoods of the two models compared is distributed
asymptotically approximately as either a 1/2:1/2 mixture of χ2 with a point mass at zero
for tests of parameters such as h2 for which a fixed value of zero in a restricted model
is at a boundary of the parameter space or a χ2 variate for tests of covariates for which
zero is not a boundary value [79]. In both cases, degrees of freedom are obtained as the
difference in the number of estimated parameters in the two models [79]. However, in tests
of parameters such as h2, where values may be fixed at a boundary of their parameter space
in the null model, the appropriate significance level is obtained by halving the p-value [80].

Descriptive statistics: Statistical analyses were completed in the R statistical environ-
ment v3.2.2 [81]. We first calculated univariate descriptive statistics for the two-dimensional
areas, IC, MMC, and PMM values for all taxa included in the study, using built-in functions
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in R. Kurtosis was calculated using the moments package in R [82]. We visualized the distri-
bution of the MMC and PMM traits across taxa in R using the package ggplot2 (v1.0.1; [83]).

Phylogenetic ANOVA: We conducted a phylogenetic ANOVA to investigate variation
across cercopithecid genera using the aov.phylo function in geiger [84]. The phylogenetic
ANOVA uses average species data to compare traits across genera. Analyses were run on
left side maxillary data. When no left side data were available, the right side was included.
All dental areas were geometric mean size-corrected prior to analysis. All other dental
traits are unit-free ratios.

Phylogenetic analyses: For all phylogenetic analyses, we used a consensus molecular
chronogram based on a Bayesian phylogenetic analysis of genetic data downloaded from
the 10kTrees v.3 database, built using data from six autosomal genes and 11 mitochondrial
genes sampled from GenBank [85]. Presbytis rubicunda is not available in the 10kTrees
database, and so we added this taxon manually to the phylogeny in R using a branch length
split age of 1.3 million years from Presbytis melalophos [38,86].

Test of phylogenetic signal and selection: We tested the phylogenetic signal of the
dental traits with a Blomberg’s K analysis using phylosignal in picante [87]. Blomberg’s
K tests whether a trait is present in closely related taxa more frequently than would be
expected by Brownian motion [88]. The K value for a trait can be either less than 1, equal to 1,
or greater than 1. A K value > 1 is generally interpreted as more phylogenetically conserved
than expected under neutral Brownian motion, while a K value of 1 generally indicates
Brownian evolution of the trait under drift. In contrast, K < 1 is generally interpreted as a
trait that is phylogenetically conserved, although less so than expected under a Brownian
model, suggesting that selection pressures may be influencing the distribution of the trait in
ways that deviate from the pattern expected based on phylogeny (with K = 0 implying that a
trait varies in a pattern completely unrelated to phylogeny). However, heterogeneous rates
of genetic drift or rapid divergence between species can also result in low K values [88,89].
We used summary trait values for each species and compared average species values
across genera.

Ancestral state reconstruction: To investigate how dental traits have evolved in cer-
copithecids, we generated a series of ancestral state reconstructions (ASR) using contMap
in phytools [90], which maps continuous variables across a phylogeny. We quantified the
estimated values at internal nodes using fastAnc in phytools [90], a function that generates
maximum likelihood ancestral states for continuous traits.

4. Results

4.1. Test of Hypothesis 1: G:P-Mapped Dental Traits Can Provide Evidence of Phylogeny and Selection

The results of the quantitative genetic analyses are presented in Table 3. Statistically
significant residual h2 estimates, ranging from 0.611 to 0.728, were obtained for five of six
two-dimensional areas, two on the left side and three on the right. Both sex and age exerted
significant mean effects on the two left side 2-dimensional areas, while only sex influenced
the three right side traits. These covariate effects were substantive, accounting for approxi-
mately 28% to 51% of the total phenotypic variance in these five 2-dimensional areas. These
same analyses returned significant h2 estimates (range: 0.491–0.604) for three of the six
G:P-mapped traits: right IC, and right and left PMM, with sex being the lone significant
covariate, accounting for approximately 2% to 9% of their total phenotypic variance.

The analyses did not return statistically significant heritability estimates for four
phenotypes, three on the left side of the arch (M3 2D area, IC, MMC) and one on the right
(MMC). Derivation of these traits was based on data from comparatively small numbers
of animals: i.e., only 140 to 221 individuals of the more than 600 pedigreed baboons from
which data were obtained for this study.

Extant variation descriptive statistics: Univariate statistics for the two-dimensional
areas of M1, M2, and M3, and the G:P-mapped traits (IC, PMM, and MMC) are reported in
Tables 4 and 5. These are based on the phenotypic observations of the taxa listed in Table 1.
See Supplementary Table S1 for more detailed descriptive statistics (Table S1).
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Table 3. Residual heritability estimates for the three types of maxillary dental traits: two-dimensional
area, IC, MMC, and PMM *.

Trait h2 h2 se p-Value Number of Individuals Proportion of Variance Due to Covariates

LM1 2D area 0.611 0.110 <0.001 461 0.353 **
LM2 2D area 0.728 0.091 <0.001 537 0.413 **
LM3 2D area 0.261 0.190 0.260 221 0.490 *
RM1 2D area 0.703 0.132 <0.001 440 0.281 *
RM2 2D area 0.681 0.103 <0.001 531 0.366 *
RM3 2D area 0.726 0.275 0.004 171 0.508 *

L IC 0.181 0.156 0.100 170 0.103 *
R IC 0.604 0.333 0.006 127 0.094 *

L MMC 0.001 0.141 0.496 191 0.082 **
L PMM 0.491 0.093 <0.001 402 0.022 *
R MMC 0.238 0.228 0.096 140 0.044 *
R PMM 0.527 0.114 <0.001 380 0.030 *

* L = left; R = right; 2D = 2-dimensional; M1, 2 or 3 = first, second, or third molar; IC = inhibitory cascade trait;
MMC = molar module component ratio; PMM = premolar-molar module ratio. * indicates sex only is a significant
covariate. ** indicates sex and age are significant covariates. Shaded rows are statistically non-significant at
p < 0.05.

Table 4. Descriptive statistics for the two-dimensional area traits *.

M1 Area M2 Area M3 Area

Mean (n) StDv Mean (n) StDv Mean (n) StDv

Extant Genera

Cercocebus 59.17 (15) 4.79 70.55 (15) 6.91 65.30 (15) 8.64

Cercopithecus 32.75 (91) 5.75 40.44 (96) 5.16 31.59 (88) 4.90

Chlorocebus 34.56 (27) 9.13 42.58 (27) 10.88 35.08 (25) 12.47

Colobus 45.31 (110) 5.11 55.19 (119) 5.97 51.88 (105) 6.26

Erythrocebus 39.29 (1) - 48.16 (1) - 47.06 (1) -

Lophocebus 47.32 (6) 2.21 58.06 (6) 3.86 49.32 (5) 4.45

Macaca 44.26 (174) 8.30 58.91 (174) 12.73 55.94 (148) 12.40

Mandrillus 95.96 (18) 10.64 130.4 (18) 12.86 132.03 (18) 12.29

Nasalis 49.24 (30) 5.49 59.35 (30) 4.58 54.79 (30) 5.36

Papio 161.85 (84) 23.28 230.63 (106) 34.04 242.68 (104) 40.53

Piliocolobus 39.36 (15) 2.42 44.78 (15) 2.56 45.32 (15) 3.23

Presbytis 32.11 (151) 2.39 34.24 (153) 2.70 30.86 (145) 3.05

Theropithecus 96.15 (9) 11.11 140.87 (9) 11.61 145.15 (9) 11.66

Fossil Genera

Cercopithecoides 78.92 (22) 16.74 104.41 (25) 22.32 98.85 (22) 19.59

Cercopithecus 34.59 (7) 3.41 45.77(7) 3.58 36.00 (3) 10.11

cf. Chlorocebus 30.61 (48) 2.43 38.59 (45) 4.01 30.83 (37) 3.77

Colobus 43.59 (85) 5.23 51.64 (73) 7.44 48.50 (59) 6.38

Kuseracolobus 95.88 (1) - 103.4 (1) - 76.54 (1) -

Libypithecus 48.90 (2) 2.97 58.93 (2) 3.78 65.95 (2) 0.49

Papio 95.81 (37) 13.39 139.68 (42) 22.23 137.82 (33) 29.59

Paracolobus 84.95 (4) 27.92 127.95 (9) 31.10 129.37 (8) 39.24

Parapapio 97.06 (20) 16.92 135.16 (20) 24.73 127.91 (28) 23.93

Pliopapio 54.02 (1) - 73.1 (1) - 66.75 (1) -

Procercocebus 97.83 (4) 7.80 134.44 (5) 10.40 120.29 (5) 11.99

Rhinocolobus 85.70 (4) 8.13 104.31 (3) 2.92 114.32 (4) 13.56

Soromandrillus 121.41 (4) 12.21 198.79 (6) 28.07 205.49 (6) 30.60

Theropithecus 1.34 (6) 0.03 1.34 (6) 0.03 1.34 (6) 0.03

Victoriapithecus 42.19 (8) 1.30 57.45 (9) 4.58 44.55 (5) 4.15

* M1, M2, and M3 areas refer to the two-dimensional area of the tooth in occlusal view, calculated as the mesiodistal
length multiplied by the buccolingual breadth. See text for details and definitions. StDv = standard deviation. See
Supplementary Table S1 for more extensive descriptive statistics.
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Table 5. Descriptive statistics for the Genotype:Phenotype (G:P)-mapped traits *.

MMC PMM IC

Mean (n) StDv Mean (n) StDv Mean (n) StDv

Extant Genera

Cercocebus 1.05 (15) 0.05 1.42 (15) 0.06 1.10 (15) 0.10

Cercopithecus 0.95 (92) 0.06 1.49 (103 0.08 0.97 (76) 0.09

Chlorocebus 0.96 (24) 0.07 1.48 (26) 0.10 1.02 (24) 0.13

Colobus 1.08 (118) 0.06 1.47 (120) 0.07 1.15 (93) 0.10

Erythrocebus 1.04 (1) - 1.48 (1) - 1.20 (1) -

Lophocebus 0.98 (5) 0.05 1.49 (6) 0.03 1.04 (5) 0.11

Macaca 1.12 (149) 0.08 1.59 (174) 0.09 1.26 (148) 0.14

Mandrillus 1.16 (18) 0.05 1.45 (18) 0.08 1.38 (18) 0.12

Nasalis 1.09 (30) 0.05 1.57 (29) 0.08 1.12 (30) 0.10

Papio 1.22 (86) 0.07 1.65 (99) 0.09 1.46 (71) 0.13

Piliocolobus 1.08 (15) 0.05 1.47 (15) 0.04 1.15 (15) 0.09

Presbytis 0.97 (151) 0.05 1.41 (160) 0.07 0.96 (138) 0.08

Theropithecus 1.25 (8) 0.05 1.88 (10) 0.06 1.53 (8) 0.06

Fossil Genera

Cercopithecoides 1.18 (13) 0.15 1.64 (18) 0.15 1.27 (7) 0.25

Cercopithecus 0.92 (2) 0.03 1.51 (4) 0.15 0.85 (2) 0.04

cf. Chlorocebus 0.98(26) 0.07 1.55 (40) 0.11 1.01 (22) 0.09

Colobus 1.07 (55) 0.09 1.44 (66) 0.08 1.12 (46) 0.10

Kuseracolobus 1.17 (1) - 1.65 (2) 0.14 - -

Libypithecus 1.14 (2) 0.06 1.41 (2) 0.10 1.35 (2) 0.09

Papio 1.20 (32) 0.10 1.72 (36) 0.14 1.42 (21) 0.24

Paracolobus 1.16 (3) 0.20 1.54 (4) 0.10 1.26 (3) 0.23

Parapapio 1.18 (23) 0.13 1.74 (22) 0.11 1.34 (19) 0.21

Pliopapio 1.20 (1) - 1.72 (1) - 1.24 (1) -

Procercocebus 1.13 (4) 0.03 1.61 (5) 0.03 1.42 (2) 0.19

Rhinocolobus 1.19 (3) 0.07 1.43 (3) 0.07 1.26 (2) 0.16

Soromandrillus 1.28 (6) 0.05 1.78 (6) 0.13 1.55 (4) 0.10

Theropithecus 1.34 (6) 0.03 1.34 (6) 0.03 1.62 (5) 0.06

Victoriapithecus 1.01 (4) 0.05 1.59 (2) 0.08 1.05 (3) 0.12
* MMC = molar module component; PMM = premolar-molar module; IC = inhibitory cascade. See text for details
and definitions. StDv = standard deviation. See Supplementary Table S1 for more extensive descriptive statistics.

Phylogenetic ANOVA: Results from the phylogenetic ANOVA are presented in
Table 6. The summary p-values indicate that all six traits differ significantly across the
genera included in the analyses. The p-values for each genus are also presented. For
two-dimensional areas, Nasalis, Colobus, Macaca, Lophocebus, and Erythrocebus are not dif-
ferent from the pooled value of the trait across all the extant genera. Piliocolobus is only
statistically different for the M2. Chlorocebus is only statistically different for the M2 and M3
two-dimensional areas. IC and MMC results are identical, demonstrating that Cercopithecus,
Mandrillus, Papio, and Theropithecus are statistically significantly different from the pooled
values of IC and MMC. PMM differentiates most of the papionins (Macaca, Papio, and
Theropithecus) as well as the colobine Nasalis from the other genera.
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Table 6. Phylogenetic ANOVA results for extant genera *.

Traits

M1 2D Area M2 2D Area M3 2D Area IC MMC PMM

Summary p-Value 0.0004 <0.0001 <0.0001 0.003 0.004 0.009

Genera:

C
ol

ob
in

es

Presbytis 0.027 * 0.004 ** 0.003 ** 0.078 0.100 0.765

Nasalis 0.560 0.381 0.436 0.967 0.385 0.029 *

Piliocolobus 0.153 0.041 * 0.091 0.663 0.503 0.270

Colobus 0.346 0.206 0.277 0.659 0.510 0.252

Pa
pi

on
in

s

Macaca 0.233 0.310 0.474 0.075 0.088 0.006 **

Papio <0.0001 *** <0.0001 *** <0.0001 *** 0.007 ** 0.009 ** 0.005 **

Theropithecus 0.006 ** 0.0002 *** <0.0001 *** 0.003 ** 0.005 ** 0.0002 ***

Lophocebus 0.380 0.227 0.123 0.361 0.251 0.112

Mandrillus 0.008 ** 0.0003 *** <0.0001 *** 0.002 ** 0.004 ** 0.288

C
er

co
pi

th
-e

ci
ns Chlorocebus 0.077 0.029 * 0.017 * 0.308 0.111 0.238

Erythrocebus 0.151 0.068 0.123 0.371 0.899 0.174

Cercopithecus 0.019 * 0.004 ** 0.002 ** 0.039 * 0.026 *
0.091

* M1, M2, M3 refer to the first, second, and third molars. 2D refers to the two-dimensional area of the tooth crown
in occlusal view, calculated as the mesiodistal length multiplied by the buccolingual breadth. IC is the 2-d area of
the M3 divided by the 2D area of the M1. MMC is the mesiodistal length of the M3 divided by the mesiodistal
length of the M1. PMM is the mesiodistal length of the M2 divided by the mesiodistal length of the P4 (fourth
premolar). All area traits were geometric mean size-corrected before analysis. * indicates significance at p < 0.05.
** indicates significance at p < 0.01. *** indicates significance at p < 0.001.

Phylogenetic signal: Blomberg’s K-values for the six traits are reported in Table 7.
These all range between 0.625 and 0.673. Statistically non-significant p-values indicate that
the trait is evolving neutrally under Brownian motion. IC is marginally significant at the
p = 0.05 level, and therefore may indicate that IC variation observed across these extant
taxa is the result of selection. MMC is statistically significant at the p = 0.05 level, providing
a clear indication that selection has likely been operating on the relative mesiodistal lengths
of the molars. Blomberg’s K is a conservative test that is sensitive to sample size [88].
Additionally, variation in sample sizes across taxa, as well as variation in sample source
populations within taxa, have been demonstrated to skew mean trait values used in these
analyses, which can in turn skew results [91]. Sampling more extensively within sparsely
sampled taxa, and across a broader range of primate taxa, may reveal stronger phylogenetic
signal for these traits.

Table 7. Blomberg’s K for the dental traits *.

Trait K-Value K p-Value

M1A 0.6595 0.070

M2A 0.6727 0.058

M3A 0.6606 0.055

IC 0.6251 0.045

MMC 0.6324 0.035

PMM 0.6379 0.059
* M1A, M2A, and M3A = two-dimensional area estimates for first, second, and third maxillary molars;
MMC = molar module component; PMM = premolar-molar module; IC = inhibitory cascade. See text for trait def-
initions. Statistically significant estimates are in bold text. K-values greater than 1 indicate a strong phylogenetic
signal. Non-significant p-values are interpreted as evolution under neutral genetic drift. For K-values that are
significant at p < 0.05, the trait is interpreted to show evidence of selection.
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4.2. Test of Hypothesis 2: G:P-Mapped Traits Reveal a Range of Morphological Variation That
Cannot Be Predicted Solely through Extant Variation

Ancestral State Reconstruction (ASR): ASR estimates based on the extant genera
listed in Table 1 are presented in Table 8, with nodes defined on the molecular phylogeny
shown in Figure 2.

Table 8. Comparison of trait values from the Ancestral State Reconstruction (ASR) and Possible
Fossil Representatives *.

ASR Node
ASR

MMC
ASR
PMM

Molecular
Divergence

Possible Fossil
Representative

MMC Value PMM Value Geological Age

20 1.07 1.52 16 Ma Victoriapithecus 1.03 1.59 19–12.5 Ma

28 1.14 1.45 5 Ma Procercocebus 1.13 1.62 2.5 Ma

28 1.14 1.45 5 Ma Soromandrillus 1.28 1.78 2–3 Ma

29 1.10 1.43 2 Ma Procercocebus 1.13 1.62 2.5 Ma

30 1.18 1.45 2.5 Ma Soromandrillus 1.28 1.78 2–3 Ma

31 1.17 1.66 2 Ma Parapapio 1.18 1.76 2–5 Ma

31 1.17 1.66 2 Ma Pliopapio 1.20 1.72 4.4 Ma

35 1.07 1.49 <7.5 Ma Paracolobus 1.16 1.50 2–6 Ma

35 1.07 1.49 <7.5 Ma Cercopithecoides 1.18 1.67 2–5 Ma

35 1.07 1.49 <7.5 Ma Kuseracolobus 1.17 1.75 4–4.4 Ma

35 1.07 1.49 <7.5 Ma Libypithecus 1.14 1.41 5 Ma

ASR Tip MMC PMM Molecular
Divergence

Possible Fossil
Representative

MMC Value PMM Value Geological Age

Chlorocebus aethiops 0.96 1.48 1 Ma cf. Chlorocebus (Ethiopia) 0.98 1.56 100–600 ka

Colobus guereza 1.08 1.47 <1.6 Ma Colobus sp. (Ethiopia) 1.06 1.44 100–600 ka

* Ma = million years ago; ka = thousand years ago; MMC and PMM are defined in the text; Molecular divergence
estimates: Node 20 [92]; Node 28–31 [93]; Node 35 [94]. Geological dates for the fossils: Victoriapithecus, Para-
papio, Paracolobus, Cercopithecoides [95]; Procercocebus [96]; Soromandrillus [97]; Pliopapio [66]; Kuseracolobus [73];
Libypithecus [98]; cf. Chlorocebus (authors, unpublished data); Colobus (authors, unpublished data).

Figure 2. Molecular phylogeny of the extant cercopithecid genera included in this analysis with ASR
nodes indicated. See Table 8 for ASR MMC and ASR PMM estimates.

Comparison to fossil data: In order to compare the ASR trait values to the anatomical
variation observed in the fossil record, we compiled data for 17 fossil genera (Table 2) that
could possibly be a fossil representative for one of the ASR nodes (Table 8). We include the
molecular divergence date estimates that correspond to each node in the phylogeny. Next to
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these data, we list the possible fossil representative genus, along with the MMC and PMM
values associated with that genus and the associated geological age range. Note that some
fossil genera are potentially associated with more than one node. We present these data
visually in Figure 3, along with the extant data for comparison. The averages for the fossil
genera are indicated with a skull icon. Each fossil data point is linked with a double-ended
arrow to the ASR node/estimate it may potentially represent, highlighting the difference
between them. For both the PMM and MMC, the ASR estimates are usually lower than the
values observed in the fossils. We present the absolute value of the difference between the
ASR trait estimate and the fossil trait in Figure 4. Absolute value of the average difference
between ASR MMC and fossil MMC is 0.066. Absolute value of the average difference
between ASR PMM and fossil PMM is 0.162. At all of the time points represented by these
data, the difference between the ASR value and the fossil value is most distinct for PMM.

 

Figure 3. Box and whisker plots showing the range of variation for PMM and MMC within the
sampled extant genera (labeled at the bottom of the figure). The genera are color-coded, with
tribe Cercopithecini in gold, tribe Papionini in blue, and the subfamily Colobinae in purple. In
addition to the extant data, we plot trait estimates for the Ancestral State Reconstruction (ASR)
nodes as horizontal dotted lines, labeled with N and the number of the node. The possible fossil
representatives for these nodes are plotted within the tribe or subfamily to which the fossil belongs.
Victoriapithecus, on the far left, is widely thought to be ancestral to the split between the Colobinae
and the Cercopithecinae (which includes Cercopoithecini and Papionini, shown here) [99]. Notice
that for all but two of the PMM ASR-fossil pairs, the ASR estimate is lower than the observed fossil
values. Similarly, for all but two of the MMC ASR-fossil pairs, the ASR estimate is also lower than the
observed values. These differences are shown quantitatively in Figure 4.
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Figure 4. Bivariate plot of the difference between ASR trait values and fossil evidence for PMM and
MMC. Geological age is shown on the X-axis. On the Y-axis, we report the absolute value of the
difference between the ASR-estimated trait value for each node (molecular divergence) and the trait
values observed for the African cercopithecid fossil genera in the same Tribe living near the time of
the molecular divergence. The genera are shown in separate colors, defined in the key to the right.
Triangles represent the PMM trait, and circles represent the MMC trait. The average difference for
PMM is indicated by the top dashed line. The average difference for MMC is indicated by the lower
dashed line. Procercocebus and Soromandrillus are included twice, as they could represent the ancestral
morphology for nodes 28, 29, and 30.

5. Discussion

As advances in genetics and developmental biology make it possible to elucidate the
relationship between genotype and phenotype (G:P), paleontologists are able to modify
their approaches to anatomical variation accordingly. Our aim in this study was to under-
stand how the method of trait definition influences the ability to reconstruct phylogenetic
relationships and evolutionary history inCercopithecidae, the Linnaean Family of monkeys
currently living in Africa and Asia. We compared one of the most classic traits in primate
paleontology, two-dimensional occlusal tooth size (calculated as the mesiodistal length of
the crown multiplied by the buccolingual breadth), to a trait that reflects developmental
influences on molar development (the inhibitory cascade, IC [55]) and two traits that reflect
the genetic architecture of postcanine tooth size variation defined through quantitative
genetic analyses: MMC and PMM [38].

We first established that our maxillary trait types are highly heritable (albeit sensitive
to low sample sizes), indicating that variation in tooth size, however it is assessed, is
significantly influenced by genetic variation. This result was expected, as it builds on many
decades of quantitative genetic analyses of dental variation demonstrating that tooth size
is one of the most heritable phenotypes (e.g., [40]). At first glance, there are two caveats
to this conclusion. First, while the right IC heritability estimate is significant, the left is
not. We know from past analyses that antimeres (left and right side corresponding traits)
generally return genetic correlations of one, indicating that they are influenced by identical
genetic effects [41,42,50,51,100]. Therefore, we are confident that the left IC is also heritable,
similarly to the right, and that our analysis is just underpowered by the small sample
size. The second caveat is that we found that both left and ride side maxillary MMC traits
returned non-significant heritability estimates. This was not unexpected given the small
number of individuals (n = 191 for the left and 140 for the right) with data available. We
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are confident that this non-significant result is due to the analysis being underpowered
rather than a true biological signal, given that the component dimensions when analyzed
individually are highly heritable [42,50,51], and that the mandibular homologue of this
trait is significantly heritable [38]. However, that said, further analyses with larger sample
sizes are clearly needed.

These quantitative genetic analyses provide a good example of how challenging this
approach can be, and why this type of research within evolutionary biology is only now
becoming more common. Sampling is a significant challenge. For example, in our data
set for the SNPRC baboons, composite traits reduce the number of individuals that can be
included by a remarkable degree, especially for traits that include measurements of the third
molar. We see this data reduction because the SNPRC measurements were collected from
dental casts made of living animals. Consequently, the gumline often obscures the back
edges of the third molar. Therefore, in a sample of 611 animals within the SNPRC colony,
we only have M3 mesiodistal lengths for 140 (right side) and 191 (left side) individuals.
Another significant factor in the success of quantitative genetic analyses is the location
of the individuals within the pedigree. For example, even though we have more SNPRC
baboon individuals available for the analysis of the left IC (n = 170) compared to the right
(n = 127), only the right value returned a significant heritability estimate for IC. This is likely
the result of where those individuals with data fall in the pedigree rather than evidence
of a different biological signal. We are currently in the process of expanding the SNPRC
dental data set and anticipate revisiting these analyses with a larger sample size.

Ever since Darwin [101], biologists have recognized that the heritable nature of phe-
notypic variation is central to the theory of evolution by natural selection. While all
paleontologists appreciate this fact, ascertaining heritability is not simple. Even though
the fundamental concept of quantitative genetics originated with Mendel, the ability to
analyze the inheritance of normal, continuously varying traits across complex pedigrees
was not possible until recently, as the algorithms are computationally intense and require
modern computing technologies (for a history of approaches to dental variation: [40]). The
modern concepts of evolutionary quantitative genetics were developed almost forty years
ago [102–105], but it has been over the last 20 years that there has been an incredible expan-
sion of quantitative genetic analyses being applied to evolutionary questions (examples of
this research using primate models: [38,43,46–49,100,106–110]).

In addition to the high heritability estimates, we also find that G:P-mapped traits are
phylogenetically conserved and show evidence of selection. ANOVA indicates that all
six traits vary significantly across the cercopithecid clade, however, there are interesting
differences in how variation in these traits is distributed across the Linnaean families,
tribes, and genera. Within the colobines, Presbytis is significantly different in terms of two-
dimensional molar size from other colobines, but not for the G:P-mapped traits. Previous
researchers noted that the maxillary M3 morphology and eruption sequence of Presbytis
sets it apart from other Asian colobines [111,112]. The lack of significant variation in the
G:P-mapped traits for Presbytis poses the hypothesis that the distinct M3 morphology of
Presbytis compared to other Asian colobines is not due to variation in the dental genetic
architecture of PMM, MMC, or IC. Perhaps the unusual Presbytis dental morphology is
related to body size, as the two-dimensional areas that are significantly different have
pleiotropic effects with body size variation, possibly related to degrees of evolutionary
dwarfism in this genus [64,113].

The ANOVA also revealed a distinct separation of three of the papionin genera:
Papio, Theropithecus, and Mandrillus. These three genera are derived among the cerco-
pithecids in having elongated muzzles, which is well-known to demonstrate positive
allometry [114–117]. Looking more closely, we see that Papio and Theropithecus differ from
the other genera in all six dental traits. However, Mandrillus differs in the two-dimensional
area traits and the IC and MMC, but not PMM. Given that Mandrillus may be in a clade
more closely related to Macaca than Papio/Theropithecus/Lophocebus [93,118], our results
suggest that the phenotypic expression of MMC and IC are convergent in these two clades,
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and that the expressions of PMM differ despite the similarity in overall muzzle elongation.
Previous in-depth analysis of the morphological variation of the faces of Mandrillus and
Papio supports the interpretation that their elongated muzzles are convergent [115]. Our
G:P analysis offers the first glimpse into the possible genetic mechanisms that may have
been co-opted in this example of parallel evolution.

As described in the Introduction, the MMC and the IC are similar conceptually but
distinct in their implementation and aims. The “inhibitory cascade” is a model proposed to
explain the pattern of molar size variation observed across murines [55]. The IC model is
based on the observation that the timing of initiation of the posterior molars is modulated by
the growth of the first molar [55], confirming previous research. Lumsden and Osborn [119]
and Lumsden [120] observed that all three molars develop from the ectopic transplantation
of just the mouse M1 germ. By measuring the daily growth of mouse molars from 14
to 23 days post-fertilization, Sofaer [121] found compensatory changes in growth rate
that seem to result from “some kind of competitive interaction” between the molars [121].
Lucas et al. [122] also observed that for 67 primate species, the size of the maxillary M2
is stable in accounting for 33–40% of the size of the molar row, with the M1 and M3
varying around the M2 in a compensatory manner. Kavanagh et al. [55] provided more
experimental evidence for the mechanism first identified by the earlier investigators, gave
it a name, and tested the model across the dental variation within Murinae. Since then, the
authors have extended it to be a “simple rule govern[ing] the evolution and development
of hominin tooth size” [61,123].

When the MMC and PMM were first proposed, we described the variation captured
by MMC as likely due to the same developmental mechanisms underlying the IC [38].
However, we named our measurement in terms of the anatomical structures being assessed
(the components of the molar genetic module) rather than by a hypothetical developmental
mechanism [55], the genetics of which have not yet been established to our knowledge.
Therefore, the MMC is not a developmental model likethe IC (contra [124]), but rather
a measurement protocol for assessing molar size variation. As Lucas et al. [122] noted,
the M1/M3 ratio is a measure of the shape of the tooth row. IC and MMC both capture
this shape variation through ratios, but with a distinct difference. The IC is based on the
two-dimensional size of M3 divided by the two-dimensional size of M1 (the traditional
anatomical assessment of tooth size). In contrast, the MMC is the ratio of the length of M3
divided by the length of M1, which focuses the ratio on the genetic effects that result in
variation in the relative lengths of the molars, separatefrom the genetic effects that influence
molar width and also body size [38,49]. This distinction between the genetic architecture of
length and width dimensions accords with Sofaer et al. [125]’s conclusion that mesiodistal
lengths and buccolingual widths are influenced by different genetic and environmental
effects, as well as Marshall and Corrucini [126]’s observation that molar lengths change
much more slowly than widths in marsupial lineages with evolutionary dwarfing. Based
on all of this evidence, the MMC is in all likelihood a more precise reflection of the genetic
patterning mechanism that influences molar size proportions in cercopithecids, if not
primates and other mammals more generally, compared to the IC.

Our analyses presented here further support the interpretation that the IC and MMC
overlap in the genetic influences on molar size variation that they capture. For example, in
the quantitative genetic analyses, the IC, MMC, and PMM all have much smaller covariate
effects compared to two-dimensional areas (0.05 on average compared to 0.38 on average,
respectively). Additionally, the IC and MMC have the same pattern of significance across
genera in our ANOVA. This molar module pattern is distinct from the PMM, providing
additional evidence that PMM is capturing a genetic mechanism distinct from that of the
MMC (and IC). Our estimation of Blomberg’s K also reveals similarities between MMC and
IC. However, the results presented here suggest that our measurement protocol for MMC
may well be a more specific reflection of the underlying genetic mechanism influencing
molar proportions in cercopithecids compared to IC, given that we removed the known
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pleiotropic effects with body size. Further genetic analyses are needed to explore this with
more certainty.

There has been a lot of enthusiasm for what G:P-mapped dental traits might offer for
oral health [127] as well as paleontology (e.g., [128,129]). Evans (of [123]) even suggested
that for hominids “This pattern is so strong, we can predict the size of the remaining
four teeth without even finding the fossils!” (http://evomorph.org/inhibitory-cascade,
accessed on 17 July 2022). With evolutionary biologists expressing this type of sentiment
about the utility of fossils, it would not be unreasonable for funding agencies and budding
scientists to ask if field paleontology is a thing of the past. Does the future of paleontology
need new fossils?

In light of this question, our second major aim was to investigate G:P-mapped traits
within the fossil record. For this, we focused on the maxillary MMC and PMM and com-
pared computer-generated estimates of ancestral traits to the traits observed on fossils. We
want to be up front about there being no clear consensus on direct ancestor-descendant
relationships among cercopithecids over the last five million years, as the African cercop-
ithecids from the Plio-Pleistocene are remarkably different from extant monkeys [95,99].
Consequently, new approaches are clearly needed, and G:P-mapped traits might offer novel
insight into this murky evolutionary history.

Our comparisons of the ASR estimates with the fossil values unequivocally demon-
strate that ASR based on extant data is compromised by the phenomenon of “the tyranny
of the present”. The lure of the extant comparative data available in museum collections un-
intentionally limits our expectations for what ancestral morphologies could have been. For
example, we find that both MMC and PMM ASR estimates return values lower than what
is observed in the fossil record penecontemporaneous with the ancestral nodes (Figure 3).
PMM is underestimated twice as much as is MMC (Figure 4). Anecdotally, Figure 3 shows
that ASR essentially averages the observed variation and is therefore unable to predict a
wider range of variation than that of the input. While paleontologists are sometimes able
to input fossil morphologies into their analyses to avoid this bias (e.g., [130]), this requires
a high degree of confidence in the ancestor-descendant relationships, something we do
not have for the Cercopithecidae. For monkeys, the modern bias in ASR would lead to the
interpretation of the PMM of Papio and Theropithecus as newly derived, when we see that
they actually have quite similar PMM values to early papionin genera such as Parapapio,
Pliopapio and Soromandrillus. The high MMC values of the Miocene and Pliocene colobines
also change how we view the evolutionary relationship of the African and Asian colobines.
Knowing that earlier colobines in Africa had higher MMC values than both extant African
and Asian colobines suggests that the African and Asian colobines evolved along the same
MMC trajectory (reducing the MMC over time). None of these trends are visible when just
size alone is considered.

The next step is to figure out what genetic mechanisms MMC (and IC) and PMM
capture. We have a few hints. Previous analyses have shown that mandibular MMC is
likely more evolutionarily conserved than PMM within catarrhine primates [38], across
Boreoeutheria [53], between the different genera of megabats [54], and in the fossil record
of the hominids [52]. Our results here for cercopithecids similarly demonstrate that the
genetic mechanism captured by maxillary PMM appears to be more evolutionarily labile
than maxillary MMC. We report elsewhere that variation in MMC may covary with prenatal
growth rates [131], and therefore, MMC, a dental trait, may actually reflect life history
variation rather than mastication and diet. If future analyses bolster this conclusion, G:P-
mapping of dental variation opens a new window to the paleobiologies preserved in fossil
morphology. But without the fossil evidence, we will never fully understand the range of
variation that has existed over the evolutionary history of the Cercopithecidae. Therefore,
the discovery of new fossils is not only still relevant, but even more revelatory as we apply
21st century methods to this most ancient data set.
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Simple Summary: As glaciers disappear, animal mummies preserved in ice for centuries are released.
Depending on the preservation method, residual soft tissues may differ in their biological information
content. Paleoradiology, including micro-computed tomography (micro-CT) and magnetic resonance
imaging (MRI), is the method of choice for the non-destructive analysis of mummies. A 350-year-old
Austrian Ardea purpurea glacier mummy from the Öztal Alps was identified with micro-CT, MRI,
histo-anatomical analyses, and DNA sequencing.

Abstract: Glaciers are dwindling archives, releasing animal mummies preserved in the ice for
centuries due to climate changes. As preservation varies, residual soft tissues may differently expand
the biological information content of such mummies. DNA studies have proven the possibility
of extracting and analyzing DNA preserved in skeletal residuals and sediments for hundreds or
thousands of years. Paleoradiology is the method of choice as a non-destructive tool for analyzing
mummies, including micro-computed tomography (micro-CT) and magnetic resonance imaging
(MRI). Together with radiocarbon dating, histo-anatomical analyses, and DNA sequencing, these
techniques were employed to identify a 350-year-old Austrian Ardea purpurea glacier mummy from
the Ötztal Alps. Combining these techniques proved to be a robust methodological concept for
collecting inaccessible information regarding the structural organization of the mummy. The variety
of methodological approaches resulted in a distinct picture of the morphological patterns of the
glacier animal mummy. The BLAST search in GenBank resulted in a 100% and 98.7% match in the
cytb gene sequence with two entries of the species Purple heron (Ardea purpurea; Accession number
KJ941160.1 and KJ190948.1) and a 98% match with the same species for the 16 s sequence (KJ190948.1),
which was confirmed by the anatomic characteristics deduced from micro-CT and MRI.

Keywords: magnetic resonance imaging; micro-computed tomography; radiocarbon dating; DNA
barcoding
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1. Introduction

Glaciers release animal mummies preserved in the ice for centuries or millennia due
to climate changes. These mummies are of inestimable value from an archaeological and bi-
ological point of view. Glacier animal mummies are relatively recent, as global temperature
evolution has shown pronounced warming over the past 150 years. The location of such
glacier animal mummies can be natural habitats, hiding places from predators, migration
paths, or transport areas through updrafts [1]. Such animal mummies provide the unique
opportunity to evaluate and compare different procedures for the analysis of glacier animal
mummies, which can then be applied to human glacier mummies. The histological analysis
of soft tissues may further expand the information content [2]. Internal organs, such as
those comprising the digestive system, are often entirely decomposed. Organs may be
shrunken and challenging to identify. The most oft-preserved soft tissues are those with a
high collagen content, such as the dermis, muscle fasciae, and tendons [3].

The presence of skin may give essential clues regarding pathology and trauma. Good
soft tissue preservation may also indicate good DNA preservation, allowing for genomic
species identification [4]. Ancient DNA studies have proven the possibility of extracting and
analyzing DNA preserved in skeletal remains and sediments for hundreds of thousands
of years [1–4]. Such discoveries assist scientists in answering questions about extinct
species and their relationships to others, including animals alive today. However, the
very presence of soft tissue, especially the skin, also makes it challenging to examine the
body in a non-destructive manner. Many studies focus on developing and applying non-
destructive methods for analyzing mummies, for which paleoradiology is the method of
choice [5]. Paleoradiologic analyses enable mummies to remain intact, protecting a valuable
archaeological resource. These analyses could disclose information on the nature of the
skeletal remains and the mummification process.

Generally speaking, computed tomography (CT) is the gold standard diagnostic
method for mummy studies [6]. In addition, magnetic resonance imaging (MRI) has
successfully been applied to ancient specimens [7]. The soft tissues that are found in mum-
mified remains display radio-anatomical characteristics that are different from those known
from clinical data. In ancient mummies, post-mortem dehydration and decomposition
often lead to skin folding, and soft tissues appear radio-opaque on CT [8]. The usual lack
of moisture in historical material makes MRI exceedingly tricky. MRI has successfully been
applied in ancient dry soft tissues after invasive, morphology-alternating rehydration [9,10]
and by using MRI settings with ultra-short echo time sequences [7,11]. However, paleo-
radiologic diagnostic accuracy and spatial tissue differentiation in historic mummies are
not satisfactory due to tissue alterations. Therefore, the desire to achieve a high degree of
diagnostic sensitivity and specificity is crucial in choosing any methodological approach in
studies on glacier animal mummies. The discovery of one of the best-preserved human
glacier mummies in the Ötztal Alps laid the foundations for scientific endeavors to diagnose
glacier-bearing objects [12–16]. Due to the rarity of these findings, there is no standardized
process for investigation. The handling and examination of glacier mummies are complex
due to their rare occurrence and the associated lack of experience.

Micro-CT is an imaging procedure that is based on the same physical and technical
bases as CT. These devices are primarily a miniaturized form of volume- or cone-beam
CT scanners and can be used for non-invasive, three-dimensional investigations in pre-
clinical research on bones, teeth, and small animals. A significant advantage of using
micro-CT compared to clinical CT is a considerably higher spatial resolution with signifi-
cantly better visualization of anatomical structures [17–19]. In vivo measurements with a
spatial resolution of 10 μm are possible [20,21]. Thus, micro- and nano-CTs comprise an
essential non-destructive tool to study internal structures in various disciplines, including
biology [22–27], paleontology [28], geology [29], thermochronology [30], hydrology [31],
soil science [32–35], materials science [36,37], and medicine [38–43].

In order to conduct a comprehensive non-destructive investigation, MRI was added.
MRI provides a non-invasive tool to investigate the internal anatomy and physiology
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of living organisms and exploits the phenomenon of nuclear magnetic resonance. With
this method, atomic nuclei exposed to a strong magnetic field absorb and reemit elec-
tromagnetic waves at characteristic frequencies, providing information on the structural
and biochemical properties of the tissue [44,45]. Therefore, micro-CT and MRI analyses
might offer a valuable and novel extension to conventional methods for glacier mummy
research. Ideal tools for the morphological and histomorphological evaluation of mummy
specimens include fixation, embedding, cutting, mounting on slides, staining, and exami-
nation using microscopic techniques such as optical, electron, and fluorescence microscopy.
These methods require substantial preparation procedures and interpretation by experts.
Micro-CT and MRI represent complementary tools, enabling the investigation with or
without sample processing before image acquisition [46]. These imaging techniques are
powerful tools, with several advantages in the structural characterization of biological
systems: nearly no damage to samples occurs, and repeated scanning of the same sample
is possible [47]. Moreover, imagery from micro-CT and MRI measurements can also be
viewed and reviewed in 2D or 3D, and objects of interest can be segmented from the images
as digital surfaces or isosurfaces to analyze complex structures [30].

A glacier mummy was found at the Gurgler Ferner on North Tyrolean territory near
Ötztal, Tyrol, Austria. This study’s primary goal was to apply paleoradiological imaging
in the form of micro-CT and MRI analyses, followed by radiocarbon dating and DNA
analyses, to this animal glacier mummy. Thus, modern methods for investigating glacier
mummies are explored for potential use in human glacier mummies.

2. Materials and Methods

2.1. Find Spot

A glacier mummy was found at 3004 m height on 3 August 2015 by Franz Scheiber
and Josef Klotz in the area of the Hochwildehaus towards Hochwilde and the Annakegele
at the Gurgler Ferner (degree of latitude: 46.785946, degree of longitude: 11.003878) on
North Tyrolean territory near Ötztal, Tyrol, Austria (see Figure 1A). The Gurgler Ferner in
Tyrol is one of the largest glaciers in the Ötztal Alps. With an area of 9.58 km2, it is now
the third-largest glacier in the Austrian province of Tyrol [48]. Due to the demarcation of
the border, which in this area is not always oriented to the ice or watershed, smaller parts
of the glacier are also located on Italian territory and are protected in the South Tyrolean
nature park Texelgruppe. The Gurgler Ferner is a typical valley glacier and flows from the
Gurgler ridge, which is part of the main alpine ridge, almost eight kilometers to the north
into the Gurgler valley [49]. The Gurgler Ferner is embedded between the Ramolkamm
with the Schalfkogel in the west and the Schwärzenkamm in the east. On the orographic
right bank of the glacier lies the Hochwildehaus. In this area, on 6 August 2015, Franz
Scheiber, Josef Klotz, Judith Unterberger, and Seraphin Unterberger collected the mummy
parts (see Figure 1B). All parts were sealed in bags and boxes. The head was separated
from the body, and the plumage was packed separately in a plastic bag with undefinable
parts when recovered (see Figure 1C,D). These boxes and bags were frozen at −18 ◦C until
the start of the investigation.
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Figure 1. (A) Location of sample collection of the glacier mummy on the Gurgler Ferner using
tirisMaps (https://maps.tirol.gv.at, accessed on 22 November 2022). This location is west of the
sample collection of Ötzi, about 11.16 km apart. (B) Presentation of the glacier mummy at first finding
with (C) focus on the corpus and the (D) detailed skull.

2.2. Micro-Computed Tomography (Micro-CT)

Micro-CT measurements were performed on a vivaCt40 and an XtremeCT II (Scan-
coMedical AG, Brüttisellen, Switzerland). Due to the geometrical dimensions, the corpus
of the mummy was scanned only in the XtremeCT II. The mummy’s skull was further
analyzed in the vivaCT40 due to its higher resolution. The settings for the XtremeCT II
experiments were a 30.5 μm isotropic voxel size with a 68 kV, 1470 μA tube setting and
650 ms exposure time. The image matrix was 4096 × 4096, with a 16-bit grey-value resolu-
tion. The settings for the micro-CT experiment were a 10.5 μm isotropic voxel size with
a 70 kV, 114 μA tube setting, 6500 ms exposure time, 1000 projections, and 2048 samples.
The image matrix was 2048 × 2048 with a 16-bit grey-value resolution. The micro-CT data
were evaluated by an experienced radiologist and summarized. The reconstructions were
carried out with Analyze 14.0 (Analyze Direct Inc., Overland Park, KS, USA) software. The
following two-dimensional display formats were used for the reconstructions:

• Planar CT slice images: reconstructed CT slice images along axial, sagittal, or coro-
nal planes.

• Multi-planar reconstruction: reconstructed CT slice images along planes of freely
selectable position and angle.

• Curved planar reconstruction: reconstructed CT slice images along planes of arbi-
trary orientation.

Various three-dimensional reconstructions were also used:

• Maximum intensity projection: the voxel with the highest intensity is displayed along
a specific projection through the volume dataset.

• Surface Rendering: according to a defined mean value, the surface is rendered along a
certain projection of the volume data set.
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• Volume Rendering: assignment of a color value to a voxel according to its X-ray
density. It is then possible to make certain regions transparent.

• Segmentation: semi-automatic segmentation tools such as Threshold Volume, Region
Grow, and Object Extractor were used to segment the calcifications and internal organs.
The procedure consists of selecting a pixel within an area called a seed. Neighboring
pixels of similar density are automatically added or connected. A density threshold
is chosen to capture the total volume in the pmCT layer. This process is repeated for
each layer, and the total volume is automatically added.

For the comparative morphological study, 12 individual bones (sternum, coracoid,
scapula, furcula, humerus, radius, ulna, carpometacarpus, pelvis, femur, tibiotarsus, and
tarsometatarsus) of the postcranial skeleton were used and compared with published
data [50]. The measurements were carried out as described in [50].

2.3. Magnetic Resonance Imaging (MRI) Data Acquisition and Processing

The MRI experiments were performed on a 3-T MR-Scanner (Siemens Magnetom
Skyra, Siemens Healthineers, Erlangen, Germany) using a standard 12-channel head
coil. Magnetization prepared T1 weighted ultrashort echo time imaging using PETRA
(“Pointwise Encoding Time Reduction with Radial Acquisition”) was used [51] with
TR = 3.32 ms, TE = 0.07 ms, TI = 1300 ms, flip angle: 6◦, receive bandwidth: 400 Hz/pixel,
number of radial views: 60,000, FOV: 251 mm, image matrix: 320 × 320, voxel size:
0.78 mm × 0.78 mm × 0.78 mm. In addition, a multi-slab T2-weighted turbo spin-echo se-
quence was acquired with TR = 6680 ms, TE = 103 ms, echo train length: 15, slice thickness:
2 mm, spacing between slices: 2.2 mm, acquisition matrix: 448 × 314, FOV: 140 mm, voxel
size: 0.31 mm × 0.31 mm × 2 mm, number of slabs to cover the whole bird: 4 with 25 im-
ages per slab. Data processing and analyses were performed using Syngo.Via (Siemens
Healthcare, Erlangen, Germany).

2.4. Sample Collection and Tissue Specimens

First, the animal glacier mummy was macroscopically examined. After using the
paleoradiological methods, two independent biopsies were taken from different organs. As
these did not provide conclusive results, the mummy was then sequentially sliced from
caudal to cranial at 3–5 mm intervals, fixed in formalin, and embedded in paraffin as whole-
mount sections according to the European standards of Biobanking CEN/TS and the ISO
standards ISO 20166-1:2018, ISO 20166-2:2018, and ISO 20166-3:2018 on the pre-examination
process for molecular diagnostics [52,53]. This technique assures the preservation of tissues
for future histological and biomolecular analyses. Before formalin fixation, samples were
taken for radiocarbon dating and DNA sequencing. Figure 2 presents the macroscopical
inspection and sampling for DNA sequencing and radiocarbon dating.

2.5. Radiocarbon Dating

Radiocarbon dating was routinely performed at the Ion Beam Physics, ETH Zurich
Laboratory. Two samples (20 mg and 200 mg) consisting of feather, skin, bone, and tissue
were used. Sample treatment [54,55], reporting [56,57], and reporting 14C ages [58] were
conducted according to the cited literature.
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Figure 2. Sample collection. (A) Sample for DNA sequencing; (B) 3–5 mm slice of the mummy;
(C) overview of the sequentially sliced mummy from caudal to cranial at 3–5 mm intervals;
(D) paraffin-embedded tissue blocks.

2.6. DNA Analysis

Two tissue punches (size 1.5 × 2 mm) and one bone sample from the glacier mummy
were used for the DNA analysis. The tissue punches were lysed, and DNA was extracted
using the EZ-1 and the MagAttract DNA kit (all Qiagen, Hilden, Germany) following the
manufacturer’s recommendations.

Physical and chemical cleaning of the bone surface: The mechanical and chemical
processing of the samples was performed with the necessary care required for forensically
relevant samples containing only minute amounts of DNA exposed to potential superficial
contamination [59,60]. One bone sample was taken from the unknown animal glacier
mummy and subjected to mechanical surface cleaning with sterile scalpel blades. The
sample was then bathed in sodium hypochlorite (≥4% active chlorine, Sigma Aldrich,
St. Louis, MO, USA) at room temperature for 15 min, washed twice in purified water
(DNA/RNA free), and rinsed in absolute ethanol for 5 min. Samples were dried in a closed
laminar flow cabinet overnight, UV irradiated for 10 min (λ = 254 nm), and then powdered
using a vibrating ball mill (Mixer Mill MM400, Retsch, Haan, Germany). Grinding with
the ball mill was performed in cycles of 60 s, with a grinding rate of 25 Hz, followed by
60 s cooling steps. A minimum of two grinding cycles were completed, and the abrasive
product was visually evaluated for homogeneity.

DNA extraction of the bone sample: The bone powder was subjected to lysis, and
DNA was extracted according to the modified Dabney method as described in Xavier et al.,
2021 [61].

Mitochondrial DNA typing: Both the mitochondrial (mt)DNA cytochrome b gene [62],
as well as the 16 sRNA [63], were amplified and sequenced on an ABI 3500 Sequencer, and
the sequences were aligned using Sequencher (GeneCodes, Ann Arbour, MI, USA). The
consensus sequence was BLASTed at NCBI GenBank to recover the closest neighbors for
species identification.
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3. Results

3.1. Radiocarbon Dating

Data of the radiocarbon dating of the Ardea purpurea glacier mummy are shown in
Figure 3. The sample indicates the presence of “bomb peak 14C” (post 1950 AD) 1 sigma
range BC/AC Lower 1642 Upper 1665, 2 sigma range BC/AC Lower 1529 Upper 1799.
All calibrated intervals listed below need to be taken into account. In some cases, due to
the shape of the calibration curve in the region of interest, the sample’s age falls into a
period when precise information about the true age range cannot be provided. Therefore,
radiocarbon dating defined the mummy’s age as 350 years.

Figure 3. Radiocarbon dating of the Ardea purpurea glacier mummy. 14C age (BP)—delta C13 corrected
radiocarbon age based on concentration of 14C measured in sample. BP = before present (before 1950
AD) [56,57].

3.2. Morphological Analysis via Micro-CT and MRI

Before further destructive analyses, micro-CT and MRI were used with photographs
of anatomical sections to study anatomy. The micro-CT and MRI scans were correlated
with three photograph images of the anatomical section (see Figure 4) to identify relevant
structures along the trunk from the crop to the end of the thoracoabdominal cavity. A
localization image for micro-CT and MRI is shown in Figure 4, with the transverse planes
and corresponding anatomical sections shown in lines. Micro-CT, MRI, and anatomical
section examination revealed the presence of remains of internal organs, many of which
appeared to be lytic. Brain tissue remains were not visible on the inside of the calotte.
The remains of the lungs, heart, stomach, and other internal organs were also visible.
The lungs are collapsed, and their outlines were still recognizable. The alveolar and
bronchial structures were still clearly visible. The remains of all major muscle groups
were also preserved. Fat deposits were still visible. The examination of the remaining
structures revealed no pathological modifications, and the specific cause of death could
not be conclusively determined. There were no signs of artificial body mummification
(e.g., no puncture channels, no opening of the body cavities, no removal of organs, and no
introduction of foreign material).
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Figure 4. Transversal micro-CT, MRI, and anatomical section images of the trunk at different levels.
(A) Anatomical section of the trunk at the level of the cor and lung. (B) Anatomical section of the
trunk at the level of the hepar and lung. (C) Anatomical section of the trunk at the level of the cloaca
and intestine. (D) Scout view of the trunk with lines representing the locations of different levels.

Three-dimensional reconstructions of the skull and the postcranial skeleton based on
the micro-CT data of the Ardea purpurea glacier mummy were performed for comparative
morphological studies on single bones. All bones were in their anatomical position and
completely preserved (see Figure 5). The skull was heavily pneumatized, and the posterior
skullcap was large. Prominent blood–brain conductors and the bone spur were still present.
The beak was deformed but not bent (see Figure 5A,B). Based on the skull, no immediate
species identification could be performed due to the severe deformations of the skull. The
skeleton showed no fractures, which is demonstrated by the maximum intensity projection
(Figure 5C), volume rendering bone of the body (Figure 5D), and volume rendering soft
tissue of the body (Figure 5E).

As a result, most of the investigated bone elements fell within the size range of
modern Ardea purpurea. The dimensions of the coracoid, scapula, humerus, radius, ulna,
carpometacarpus, pelvis, femur, tibiotarsus, and tarsometatarsus showed the smallest
measured value compared to modern Ardea purpurea.

The furcula, coracoid, and pelvis are described as follows in more detail.
Furcula: The characteristic of the furcula of herons is a thorn-like process on the

hypocleidium, which extends dorsally at the bifurcation point of the two furcula branches.
The hypocleidium bears a distinct suture bar on the caudodorsal side. The best way to
distinguish species is the hypocleidium. It is more general in the Ardea purpurea and ends,
tapering evenly, with two small bone serrations close to each other (see Figure 6).
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Figure 5. Three-dimensional reconstruction of the skull and the trunk of the Ardea purpurea glacier
mummy. (A) Photograph of the skull. (B) Volume rendering bone of the skull. (C) Maximum intensity
projection of the body. (D) Volume rendering bone of the body. (E) Volume rendering soft tissue of
the body.

Figure 6. Three-dimensional reconstruction of the furcula of the Ardea purpurea glacier mummy.

Coracoid: Compared to other herons, Ardea purpurea has a long and slender coracoid
with a high process scapularis and a deep concave margo lateralis. The acrocoracoid, when
viewed cranially, is narrow as in Nycticorax nycticorax. All herons have a well-developed
processus scapularis that curls medially with a broad base. In the Ardea purpurea, this tip is
drawn more craniodorsally than in other herons. The processus lateralis is bent up in the
shape of a hook; together with the edge drawing from it to the apex lateralis, the margo
lateralis is an essential distinguishing feature. The edge of the small hook, viewed cranially
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or caudally, drops vertically to bend into a concave edge. Here, the arcuate notch extends
deeper into the coracoid plate. At about two-thirds of the total length, the coracoid shaft
widens towards the lateral process. The labium articulare sternale extends evenly in a slight
arc from the medial margin to the apex lateralis. The asymmetrical design of the articular
grooves at the anterior margin of the sternum causes a different form of the ventral end of
the coracoids on both sides.

For this reason, the coracoids of both sides were measured. The ventral section of the
right coracoid is slightly wider than that of the left, expressed in the measurements broad
basal (BB) and broad of the facies articularis basalis (BF). Additionally, the greatest diagonal
length (acrocoracoid–apex lateralis) and medial length (acrocoracoid–apex medialis) were
determined (see Figure 7).

 
Figure 7. Three-dimensional reconstruction of the coracoid of the Ardea purpurea glacier mummy.

BB; broad basal = 20.67 mm.
BF; broad of the facies articularis basalis = 14.23 mm.
GL; greatest diagonal length (acrocoracoid–apex lateralis) = 54.10 mm.
LM; length medial (acrocoracoid–apex medialis) = 51.90 mm.

Pelvis: In herons, the praeacetabular portion of the pelvis is about as long as the
postacetabular portion. The pelvis of Ardea purpurea is small and narrow. The muscle lines
further caudally than in Ardea cinerea and ends on a small scale of bone. The cranial tip of
the crista spinalis protrudes cranially beyond the pars glutaea ossis ilium. The foramina
intertransversaria medialia are less numerous and smaller. The 3D reconstruction of the
pelvis in Figure 8 clearly shows taphonomic bone loss.

The sternum could not be reconstructed three-dimensionally and therefore could not
be measured correctly. The comparative description of the bones and the differentiation
criteria published by Kellner [50] could be confirmed using the 3D reconstructions of the
bones. Based on the anatomic characteristics published by Kellner [50], the glacier mummy
was determined to be an adult male Ardea purpurea.

40



Biology 2023, 12, 114

Figure 8. Three-dimensional reconstruction of the pelvis of the Ardea purpurea glacier mummy.
KB: smallest width of the partes glutaeae = 12.45 mm; DA: diameter of the acetabulum (greatest
distance) = 7.10 mm.

3.3. DNA Analysis

The bone sample was successfully examined in the cytb gene region (358 bp (13,733–14,090)
and 16 s region (604 bp, 1943–2545—primer sequences included, positions according to
reference sequence KJ190948.1). The BLAST search in GenBank resulted in a 100% and
98.7% match of the cytb gene sequence with two entries of the species Purple heron
(Ardea purpurea; Accession number KJ941160.1 and KJ190948.1) and a 98% match with the
same species for the 16 s sequence (KJ190948.1). The two tissue samples did not result in
usable sequences.

4. Discussion

This workup of a serendipitously found glacier mummy from the Gurgler Ferner on
the North Tyrolean territory near Ötztal (Tyrol, Austria) allowed for the identification of a
male Ardea purpurea. This identification was confirmed by DNA analyses and anatomical
observations with high matches of the cytb gene sequence and the 16 s sequence using a
BLAST search in GenBank. Radiocarbon dating defined the mummy’s age as 350 years.
Then, paleoradiological techniques, including micro-CT and MRI, allowed for a 3D recon-
struction showing the mummy’s skull and body for further comparison with previously
described anatomical structures [50].

Since mummies are potentially precious relics of past times, non-invasive techniques
are preferred, and CT imaging is currently the most common method. The multiple planes
with optimized settings for different tissues in micro-CT and MRI images have allowed
species identification based on osteoanatomical observations for about 40 years [64]. Micro-
CT and MRI images allowed for the three-dimensional reconstruction, especially of the
skull and pelvis for sex-specific features and of the sternum, coracoid, scapula, furcula,
humerus, radius, ulna, carpometacarpus, pelvis, femur, tibiotarsus, and tarsometatarsus
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for bone identification, as previously shown for Ardea purpurea [50]. Only the sternum
and parts of the pelvis were severely degraded in the glacier mummy (e.g., leaching of
calcium from the bones) and could not be fully morphologically assessed. As a result of
the microenvironment, demineralization may not be uniform within the skeletal system or
bone. The bone may appear patchy despite being morphologically intact.

Moreover, other tissues seem to become more radio-dense (i.e., the attenuation of
X-ray beams increases). In particular, this affects ligaments, fasciae, and the subcutis [3].
This may be due to the deposition of mineral salts (containing metals such as iron) in
collagenous tissues. Organs may require manual segmentation in several slices due to
the changes caused by water loss. Therefore, the images need to be post-processed by
segmenting, delineating, and extracting specific anatomical structures.

Complementing CT images with MRI data is desirable due to the lack of contrast
in soft tissues found in CT images. Mummified tissues are invisible to standard MRI
techniques due to their dehydration, short T2 relaxation times, and special acquisition,
and thus strategies such as ultrashort echo time sequences (UTE) have to be used [65].
The magnetic resonance effect is observed for any atomic nucleus with special magnetic
properties (magnetic moment), but hydrogen nuclei (protons) in particular have very
advantageous properties. Therefore, protons (i.e., hydrogen) are usually most relevant
for MRI, and images show the tissue’s water content or the properties of water within
the tissue. Water content is higher in living tissues than in bone and enamel, which are
highly mineralized, with little water content. In addition to the short T2 relaxation times
already mentioned, this also explains the reduced value of MRI in mummies. However, in
the glacier mummy studied in this work, the water content was high enough to allow for
MRI (Figure 5).

As a limitation of the imaging methods, there is a certain degree of subjectivity in the
segmentation process. Detailed anatomical knowledge is necessary. Overall, CT and MR
scanning images and 3D renderings of internal structures and tissues should not be viewed
as objective and “true” representations. Visualizing the skeleton results in many points
of reference, allowing for a more accessible assessment of the remains of internal organs
and structures. Pathological processes can be falsely attributed to diagenetic processes
and vice versa [64]. In mummy MRIs, the greatest challenge is the extensive dehydration
of the tissues, since dehydrated tissues lack the hydrogen (H) in mobile water required
for standard MRI signals [65]. MRI imaging is less informative than micro-CT imaging
in mummies without sufficient water content. This can be circumvented by rehydrating
tissues and organs [10] (but this is an invasive procedure and may not always be possible)
or by applying the technique to mummies that are not entirely dehydrated, such as this
glacier mummy [66]. Accordingly, reasonable images using MRI have been reported for
Ötzi the Tyrolean Iceman, Lindow Man from a bog, and a corpse from a sealed medieval
Korean tomb [65].

Several confounding factors, including taphonomic processes and preservation al-
ways limit the study of mummies. We estimate that over a hundred mummies have been
CT-scanned and reported at this point [64]. None of these data have been synthesized
into meaningful work beyond a single individual scan. Often, insufficient imaging data
on ancient tissues prevents conclusions from being drawn. Future research is needed
to determine the difference between antemortem and postmortem findings in micro-CT
and MRI images in long-term observations to eventually produce the most accurate re-
sults with optimized segmentation procedures. Comparisons between image-based and
specimen-based information are necessary. Mummified tissue biobanks with asservation of
tissue specimens have already been proposed [3]. Thus, new trends in mummy research
emphasize establishing guidelines and ensuring proper scientific methodology regarding
analytic methods.
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5. Conclusions

Applying the methodological concept of micro-CT and MRI imaging in combination
with invasive but established techniques such as radiocarbon dating and DNA analyses
can support the identification of animal species, as in the case of this glacier mummy.
Three-dimensional digitization and interactive visualization of micro-CT and MRI allowed
us to conduct digital autopsies and to provide a highly detailed 3D reconstruction of the
Ardea purpura mummy.
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Simple Summary: Numerous prehistoric sites in Europe and the Near East provided bones and
dental remains of the populations of the past. One of them is the Combe-Grenal Cave (SW France),
where fossils of children and adults represent the Neanderthals who lived there more than 60 ky
ago, during a harsh period of the last glaciation. In this paper, we analyze a sample of the tartar
of a juvenile individual. The numerous bacteria forming the plaque are compared to those of one
adult from Israel, Kebara 2, revealing the differences between the most common bacteria in a young
and an older individual, probably because of their immunological systems, and the different living
conditions of the human groups they represented.

Abstract: Combe-Grenal site (Southwest France) was excavated by F. Bordes between 1953 and 1965.
He found several human remains in Mousterian levels 60, 39, 35 and especially 25, corresponding
to MIS 4 (~75–70/60 ky BP) and with Quina Mousterian lithics. One of the fossils found in level
25 is Combe-Grenal IV, consisting of a fragment of the left corpus of a juvenile mandible. This
fragment displays initial juvenile periodontitis, and the two preserved teeth (LLP4 and LLM1) show
moderate attrition and dental calculus. The SEM tartar analysis demonstrates the presence of cocci
and filamentous types of bacteria, the former being more prevalent. This result is quite different from
those obtained for the two adult Neanderthals Kebara 2 and Subalyuk 1, where more filamentous
bacteria appear, especially in the Subalyuk 1 sample from Central Europe. These findings agree
with the available biomedical data on periodontitis and tartar development in extant individuals,
despite the different environmental conditions and diets documented by numerous archeological,
taphonomical and geological data available on Neanderthals and present-day populations. New
metagenomic analyses are extending this information, and despite the inherent difficulties, they will
open important perspectives in studying this ancient human pathology.

Keywords: Neanderthal; Combe-Grenal; juvenile; mandible; periodontitis; tooth; tartar; SEM analysis

1. Introduction

The Combe-Grenal site is located east of the Domme village (Dordogne), on the
right side of the valley of a small Dordogne dried river. The site, facing south-west,
corresponds to a probably very deep and large rock-shelter, naturally formed within
Cogniacian limestone. Only a small part of the rock-shelter remains, preserving only a
narrow and very small cave at its northeastern angle. Such geomorphology describes the
site name “grotte de Combe-Grenal” since at least 1817. Combe-Grenal rock-shelter was
first excavated by D. Peyrony in 1929, who identified three Mousterians layers, but the
most important investigations were those led by F. Bordes, between 1953 and 1965 [1–4].
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Since 2014, new scientific fieldwork is in progress under the direction of J.-Ph. Faivre
(PACEA, Bordeaux).

Considering human fossil remains, several pieces were found by Bordes in Mousterian
levels 60, 39, 35 and 25. Geological and faunal studies conducted by Guadeli and Laville [5]
attribute level 60 to MIS 6, level 39 to MIS 5a, while levels 35 to 25 are related to MIS 4.
Most of the Combe-Grenal fossils (those from layers 35, and especially 25, should be
placed chronologically at the beginning of MIS 4 (~70 to 60 ky) and assigned to its coldest
period (~70 to 65 ky). Paleoenvironmental and chronostratigraphic data document climatic
changes toward colder conditions, first humid and later increasingly drier, as well as a
progression of the open Arctic milieu fauna, confirming the cold and harsh environment in
which people then lived [5].

The anthropological fossils found at Combe-Grenal were the objects of detailed
morpho-anatomical descriptions and analyses [6–9]. The whole sample is presently pre-
served at the Musée National de Préhistoire at Les Eyzies (Southwestern France).

Most of the remains were found in level 25, where several young adult males and fe-
males (MNI ~8) of different ages were identified [6]. Bordes’ unpublished data demonstrate
the dispersion of the fossils in several excavation grid squares, very close to one another,
located at the center of the back part of the rock-shelter [6]. All the human fossils were
fragmented and randomly mixed with abundant faunal remains and lithics. There were
no traces of deliberate burials, but cut marks were identified on several fragments [6,7,9].
Morphological and anatomical analyses of the Combe-Grenal fossils have led to their
assignment to Neanderthals.

The aim of this contribution is the study of a tartar sample obtained from the mandibu-
lar fragment Combe-Grenal IV. We will briefly summarize the interest in dental calculus
analyses, followed by the main morphological characteristics of the fossil, the oral pathol-
ogy and the results of the tartar SEM analysis in comparison with the previously published
data from other Neanderthals and new methods of analyses.

2. Brief Reminder of Tartar (Dental Calculus) Etiology

Tartar or dental calculus is a form of hardened dental plaque, caused by the precipi-
tation of minerals from saliva and gingival crevicular fluid in the tooth’s plaque. Such a
process kills the bacterial cells within the dental plaque, forming a rough and hardened
surface ideal for further plaque formation, namely tartar [10].

Two types of dental calculus have been described. Supragingival tartar affects the
gums along the gumline, while subgingival tartar forms within the narrow sulcus existing
between the teeth and the gingiva [10]. Dental calculus formation is associated with several
clinical manifestations, including receding gums and chronically inflamed gingiva.

According to Lang et al. [10], tartar is composed of both inorganic (mineral) and
organic (cellular and extracellular matrix) components. The cells within the dental calculus
are primarily bacterial, but also include at least one species of Archaea (usually called
“cocci”) and several species of yeast. Trace amounts of dietary and environmental micro
debris or plant DNA have also been found.

The processes of dental calculus formation are not well understood. Tartar forms in
incremental layers, but the timing and triggering of these events are poorly understood and
vary widely among individuals, probably related to age, gender, diet, etc. [10]. Supragin-
gival tartar is more abundant on the buccal surfaces of the upper maxillary molars and
the lingual surfaces of the mandibular molars, while subgingival tartar forms below the
gumline and is typically dark in color due to the presence of black-pigmented bacteria.

Dental calculus has been described in animals (e.g., [11]) and documented in various
human groups and individuals from Prehistory to present times. Sometimes, even if
exceptional, tartar can be present as a very thick deposit, such as on the T15 individual from
the Medieval cemetery from Clarensac (Gard, Southeastern France; [12,13]). Concerning
human fossil teeth, unfortunately, in the past, many of them have been excessively cleaned,
destroying and removing tartar deposits. However, we do have a few with preserved
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tartar deposits. This is the case for several Early Upper Pleistocene Neanderthals, whose
analyses offer new data on their biology and expand the knowledge of their hunter–gatherer
population behaviors.

3. Materials and Methods

3.1. Materials

Combe-Grenal IV is a fragment of the left side mandibular corpus corresponding to
the upper part of the left mandibular body (Figure 1), ranging from the distal margin of the
left lower second premolar (from here LLP3) alveolus to the mesial septum of the left lower
second molar (LLM2; [6]). It preserves two lower teeth, the lower left second premolar
(LLP4) and the first molar (LLM1), both with tartar deposits (Figure 1, red arrows) around
the crowns and interproximal facets with the LLP3 and the LLM2 (both absent), which
indicate that all four teeth had emerged and were functional.

Figure 1. Combe-Grenal IV: external (A), internal (B), occlusal (C), distal side of the LLM1and the
alveolus of the LLM2 (D), X-ray (E) external side. Scales = 10 mm.

On this mandibular fragment, Combe-Grenal IV, we can also observe the alveolus of
the LLM2 (Figure 1C,D). It has highly visible osseous trabeculae, and the alveolar ridge is
altered by gingivitis (Figure 1 blue arrows), indicating that the LLM2 had fully erupted and
was functional long before the individual’s death, causing the distal interproximal facet
on the LLM1. The LLP4 has the mesiodistal axis slightly oblique in comparison to that of
the molar. The crown has traces of occlusal attrition (degree 1; [14]) and two interproximal
facets, while the mesial one has a deep vertical sulcus [6].

Few age markers can be considered regarding this incomplete fossil, such as the
close apex of the two preserved teeth (Figure 1E), their weak attrition (degree 1 from
Murphy; [14]) or the small interproximal facet caused on the LLM1 distal side (Figure 1D)
by the (absent) LLM2. It is possible to estimate the age at death of this individual by
using the charts on dental eruption published for modern children, although they are
based on samples with very different biological and environmental conditions. Thus,
according to the Ubelaker [15] schemes and the AlQahtani et al. [16] atlas, the age was
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15 ± 3 years and 15.5 years, respectively. Consequently, Combe-Grenal IV can be assigned
to a juvenile individual.

The alveolar arch (Figure 1 green arrows) displays a slight degree of resorption and
is separated from the tooth cement–enamel junction by 2.5/3.02 mm. The loss of osseous
mass and the alveolar destruction can also be seen in the radiograph (Figure 1E), showing a
pathology that seems to be the result of incipient periodontal disease. This slight exposure
of roots, especially if we consider the lack of conjunctive tissue, varies between 1.0 and
1.5 mm in height [17]. Both preserved teeth on Combe-Grenal IV show supragingival
tartar deposits (Figure 1 red arrows) forming a wide band around the crowns, separated by
5/7 mm from the alveolar margin. As in degree 2 on the Brothwell [18] scale, and, according
to the classification of periodontal diseases [19], they correspond to stage I (early–mild)
and nearly stage II (moderate).

Two pulp stones (pulpoliths) of different sizes (that rattle when shaking the fragment)
also appear in the pulp chamber of those teeth (Figure 1E, yellow arrows). Such pathology
has been documented in other Neanderthals, as in the case with Combe-Grenal X and 29 [6]
and Kebara 2 [20,21].

3.2. Methods

A small sample of supragingival dental calculus was detached from the lingual surface
of the Combe-Grenal IV LLM1 and processed for a scanning electron microscope study at
the Weizmann Institute of Science at Rehovot (Israel).

We measured the bacteria directly from the micrographs, keeping in mind that these
are only estimates. This is because we cannot know whether we are viewing the real length
or diameter, given that they were partially embedded in the calcified matrix. The average
dimensions were photographed in three pictures, with the different magnifications indi-
cated in Tables 1 and 2. We measured the bacteria appearing more complete (avoiding the
empty cavities). Each crown measurement was repeated on three different days by two of
the authors (S.W. and B.A.), and the inter- and intra-observer error between measurements
was <4%.

Table 1. Measurements in μm (diameter and length) of the Combe-Grenal IV tartar bacteria, taken
from the SEM pictures indicated.

Measurements N Mean Std. Dev. Std. Error Minimum Maximum Variance

C. Grenal 304
(10.000 M)

Diameter 16 0.493 0.109 0.027 0.360 0.700 0.012

Length 7 0.791 0.262 0.099 0.590 1.340 0.069

C.-Grenal 306
(3.500 M)

Diameter 31 0.601 0.138 0.025 0.310 0.850 0.019

Length 10 1.608 0.472 0.149 1.050 2.550 0.222

C.-Grenal 308
(20.000 M)

Diameter 15 0.477 0.165 0.043 0.330 0.840 0.027

Length 7 1.499 0.376 0.142 1.160 2.200 0.141

Total C.-Grenal IV
Diameter 62 0.543 0.149 0.019 0.330 0.850 0.022

Length 24 1.338 0.522 0.107 0.590 2.550 0.272

On the obtained images, the bacteria identification and measurements were performed
by Image Tools 3 “UTHSCA” analysis, and the results are expressed as means ± SE
(standard error). The analyses included a breakdown and one-way ANOVA tests. The
p-values indicated the post hoc significance levels for the respective pairs of means, and a
p-value of <0.05 was considered significant. The calculations were performed using the
SPSS statistical package (1990) and the STATISTICA package (StatSoft Inc., Tulsa, OH, USA,
1995), and their results are given in Table 3.
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Table 2. The measurements in μm (diameter and length) of the Kebara 2 tartar bacteria, taken from
the indicated SEM pictures.

Pictures Measurements N Mean Std. Dev. Std. Error Minimum Maximum Variance

Kebara 601
(10.000 M)

Diameter 20 0.718 0.161 0.036 0.350 0.940 0.026

Length 18 1.241 0.422 0.100 0.830 2.360 0.178

Kebara 603
(5.000 M)

Diameter 17 0.825 0.154 0.037 0.570 1.140 0.024

Length 16 3.116 0.719 0.180 1.940 4.310 0.517

Kebara 606
(5.000 M)

Diameter 22 0.555 0.142 0.030 0.400 0.810 0.020

Length 0

Total Kebara
Diameter 59 0.687 0.187 0.024 0.400 1.140 0.035

Length 34 2.123 1.109 0.190 0.830 4.310 1.229

Table 3. Statistical analysis of the total lengths and diameters of the tartar bacteria from Combe-Grenal
IV and Kebara 2.

Individuals Traits N Mean Std. Error P

Total Kebara 2
Diameter

59 0.687 0.187
0.0001

Total Combe-Grenal IV 62 0.543 0.149

Total Kebara 2
Length

34 2.123 1.109
0.02

Total Combe-Grenal IV 24 1.338 0.522

4. Results

The two preserved teeth on Combe-Grenal IV, left LLP4 and LLM1, show supragingival
dental calculus deposits (Figure 1 red arrows) forming a wide band around the crowns,
separated 5/7 mm from the alveolar border, as in degree 2 on the Brothwell [18] scale and
I/II of the recent classification [19].

On the surface of the Combe-Grenal IV tartar sample, fine crystal dental calculus
deposits appear in the macro photographs at different magnifications. They reveal alternate
layers running from the first calcified plaque directly covering the enamel surfaces to
the outermost and final calcified layer, indicating various stages in the dental calculus
formation of this individual. Magnifications of 3500 μm (Figure 2A), 10,000 μm (Figure 2B)
and 20,000 μm (Figure 3A) clearly show both empty bacterial cavities and complete bacteria
embedded in the calcified matrix. The bacteria present are cocci and filamentous types,
although it is not possible to recognize the specific fossilized micro-organisms among the
~325 species that could be present in the oral cavity [22].

 

Figure 2. Combe-Grenal IV. (A): (picture 306), tartar bacteria at 3500 SEM magnification.
(B): (picture 304): tartar bacteria at 10,000 SEM magnification, white scale = 1 μm.
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Figure 3. Combe Grenal IV. (A): (picture 308), tartar bacteria at 20,000 SEM magnification.
(B): Kebara 2 (picture 603), tartar bacteria at 5000 SEM magnification.

We used the SEM images to compare the distribution of these microbiotas in two
different Neanderthal fossils: the juvenile Combe-Grenal IV and the adult male Kebara 2
(Israel), for which we have the analysis of a sample also from the calculus of his LLM1 [20].

As can be observed in Figure 3B, the Levantine fossil contains numerous cocci bacterial
types [20], and rods are more frequent than in the young Combe-Grenal individual.

There are also some differences in the size of the identified bacteria between both
individuals. In Tables 1 and 2, the parameters corresponding to the length and diameter (in
μm) of the bacteria in the compared fossils cited above are given. They were measured on
the SEM microphotographs corresponding to the indicated numbers (Combe-Grenal IV:
304, 306, and 308; Kebara 2: 601, 603, and 606).

In Figure 4, the “Box and Whisker Plot” shows the differences obtained for the total
dimensions of Combe-Grenal IV and Kebara 2 bacteria, with the former (Figure 4, left)
corresponding to the diameter and the latter (Figure 4, right) to the length. On both
graphs appear the mean values and the variation range of ± 1 and 1.96 standard errors.
The differences between the total values obtained for both fossil individuals (Table 3) are
statistically significant, particularly those comparing the diameters (p < 0.001), indicating
larger dimensions of the bacterial flora on the adult male Kebara 2 than on the juvenile
Combe-Grenal IV.

Figure 4. Comparison (Box and Whisker Plot) of the total diameter (left) and length (right) measure-
ments (in μm) of the Combe-Grenal IV and Kebara 2 bacteria. The mean and the ranges of variation
of ±1 and 1.96 error standard deviations are indicated.

These results agree with the available information on the older adult Subalyuk 1
(Hungary), which—following Pap et al. [23]—shows the presence of more filamentous type
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bacteria than on Kebara 2 [20]. As their dimensions were not given, no statistical comparison
with the other two Neanderthals can be made.

5. Discussion

Tartar, being a mineralized form of dental plaque adhering to the surface of the tooth,
can be preserved, and the study of this durable material using SEM provides information
on the microbial flora responsible for the periodontal disease of ancient hominid fossils.
It is well known that the presence of periodontitis, in general, is the result of a dense
accumulation of micro-organisms on the tooth surface and the host response (innate and
acquired immunity) of each individual [24].

The most ancient case among hominids is that described by Ripamonti [25] on a
juvenile Australopithecus. Concerning the Neanderthals, the publications on the bacteria
found in the dental calculus of Kebara 2 [20,21], Subalyuk 1 [23] and the present paper
demonstrate the rich oral flora present in ancient human populations.

The results of the tartar macroanalyses of these three Neanderthals, Combe-Grenal IV,
Kebara 2 and Subalyuk 1, also indicate differences in the oral flora causing supragingival
dental calculus and periodontitis among them. When interpreting these findings, it is
important to consider not only the chronology and environment in which they lived, but
also the individual’s age at death (more cocci on the juvenile) and the available data on
diets. The latter is difficult to obtain when dealing with sites excavated long ago. Another
influencing factor could be immunological differences between individuals, because each
one of the three Neanderthals studied could have had different reactions to similar stress,
illness or diet. This hypothesis is, however, impossible to verify.

As previously indicated, the three considered Neanderthals have similar antiquity,
related to MIS 4 (both European fossils) or the beginning of MIS 3 (Kebara 2), meaning that
they lived in a cold and dry environment, undoubtedly colder in Europe than in the Levant.
In the case of Combe-Grenal level 25, where the studied fossil was found, sedimentological
analyses indicate very cold and dry weather conditions with an open Arctic milieu fauna [5].
Layer 11 from Subalyuk Cave displayed similar conditions, according to Bartucz et al. [26].
In Kebara Cave, the analyses demonstrated that Unit XII (where the burial of the individual
Kebara 2 appeared) was formed in a dry and cold environment, but not as extreme as that
known for the European sites [27].

None of the three individuals under consideration have been analyzed to obtain the
“carbon and nitrogen isotopic signature” used to evaluate aspects of the diet, but some
data are available for other Neanderthals found, for example, in Scladina [28], Marillac [29],
Vindija [30], Saint-Césaire [31,32], Jonzac [33] or Troisième caverne from Goyet [34]. The
results obtained from these fossils indicate that animal tissue must have been a very
important source of food, regardless of their different chronologies and environments (e.g.,
the reindeer so frequent in Marillac, and absent from the Kebara environment). Recently, Ca
isotopes were used to assess aspects of the diet of the MIS 5 Neanderthal Regourdou 1 [35].
This study demonstrates the carnivore-like diet of the fossil and, also, the ingestion of a
small percentage of bone, probably during the consumption of bone fat and red marrow.

The evaluation of the possible ingestion of vegetables in Paleolithic times is often
difficult because of the absence of such remains in many sites, or the imitations imposed
by the archeological data sets. Nevertheless, several well-documented excavations, such
as those for the Kebara Cave, document not only ephemeral seasonal hunting during
late spring–summer, to intensive winter to early spring hunting, but also archeobotanical
remains indicating that plant foods appear to have been gathered during the autumn
(October–December) and early spring (March–April) and remained more or less constant
throughout the analyzed sequence [36,37]. Hardy and colleagues’ [38] research on den-
tal calculus from five El Sidrón Neanderthals has demonstrated the ingestion by these
individuals of different kinds of probably cooked plants. Moreover, based on nitrogen
isotope analyses for the Spy Neanderthal bone collagen, it was hypothesized that plant
consumption accounted for up to 20% of the sources of their diet [39].
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The studies on Combe-Grenal IV, Kebara 2 and Subalyuk 1 also allow us to identify
the presence of mild periodontitis in Combe-Grenal IV [6], and a more advanced process
with thicker dental calculus deposits in the adults Kebara 2 [40] and Subalyuk 1 [23]. The
presence of such pathologies on a juvenile specimen is not an exception in Middle Paleolithic
times; the Combe-Grenal I (~7 years old) child’s mandible shows a slight periodontosis
and a thin tartar line on the two preserved deciduous molars [6]. Genetic factors and living
conditions are highly correlated to the development of periodontal disease. Note, also,
that the marked interproximal facets described on the juvenile Combe-Grenal IV LLP4 and
LLM1 [6] reflect strong masticatory forces, which developed daily, perhaps not only due to
diet but also due to paramasticatory activities.

6. Conclusions

The study of the mandibular fragment Combe-Grenal IV (MIS 4, ~ 70 ky) allows the as-
signment of this fossil to a relatively robust juvenile Neanderthal individual (~15 years old).
Two teeth are preserved (LLP4 and LLM1), and show moderate attrition, pulpoliths and
initial root hypercementosis. Mild periodontitis affected the alveolar region, and both teeth
display almost continuous 1 mm high strip dental calculus on their buccal crown lengths.

The SEM analysis of the LLM1 dental calculus demonstrated the prevalence of cocci-
type bacteria, which is usual in juvenile individuals. This group of microbiota is less
prevalent in the tartar from the adult male Kebara 2, where “rods” are more frequent, al-
though less so than in the Subalyuk 1 older adult. In agreement with these observations, the
measurements made on the SEM pictures from Combe-Grenal IV and Kebara 2 show larger
dimensions of the bacteria in the latter individual, with statistically significant differences
being found between the means of the lengths and, particularly, between the diameters.

It is interesting to remark that tartar was preserved in the studied fossils, while other
individuals, such as the late Neanderthal maxillary CF-1 from Cova Foradà [41], was
assigned to an old individual who suffered advanced periodontal disease, but no tartar has
been described. In other fossils, such as Krapina-J, the modern manipulations that removed
the dental plaque are visible.

Over the last two decades, scientists have relied increasingly on analyses of stable
carbon, nitrogen and oxygen isotopes, as well as strontium and other trace elements, in
bone, tooth enamel and dentine in order to determine the role of plants, animal tissues and
fish in past human diets. Various studies indicate that one can differentiate between the con-
sumption of C3 and C4 plants and trace the exploitation of terrestrial and marine mammals
and fish, e.g., [42–44]. Even with the use of these techniques, we still cannot determine the
ratios of animal tissues versus plant foods when analyzing Neanderthal remains [45–47].
However, testing the correlation between ethnographic information and stable isotopes on
samples of more recent chronology has demonstrated good agreement [48].

At present, new possibilities are opening with metagenomic analyses which can enable
the detailed study of the microbial genomes preserved in the dental calculus. The first
results demonstrated, as expected, the regional differences in ecology among the several
Neanderthal specimens considered, and consequently differences in diet and paleogenet-
ics [49], and some of them are questionable [50,51]. Similar results have been published by
studying the faunal remains found on numerous sites (e.g., [50] in Europe and the Near
East, often allowing for the determination of the seasonal periods of hunting, as in the cited
case for Kebara [34,35] or Marillac [52]). The macromorphological tartar studies that we
present in this contribution for Combe-Grenal IV, or those on the Kebara 2 or Subalyuk 1’s
tartar, reflect the development of the microbiota related to the different diets and ages at
death of these Neanderthals, evolving through life to include more rods, as is known for
extant populations [10].
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Simple Summary: The dental enamel is the most mineralized tissue of vertebrates, and its preser-
vation in fossil records is important to better understand the ancient life and environment on Earth.
However, the association of morphological features with the mineral and organic information of
this tissue is still poorly understood. This study aims to compare morphological features and chem-
ical composition of dental enamel of extinct and extant species of alligators and rodents. Organic,
mineral, and water content were obtained on ground sections of four teeth, resulting in a higher
organic volume than previously expected (up to 49%). It is observed that both modern and fossil
enamel exhibit the same major constituents: 36.7% calcium, 17.2% phosphorus, and 41% oxygen,
characteristic of hydroxyapatite, the biomineral of vertebrates. Twenty-seven microelements were
measured from superficial enamel. Zinc was the most abundant microelement, followed by lead,
iron, magnesium, and aluminium. Semiprismatic enamel was observed in the alligator fossil. The
fossilized enamel was in an excellent state for microscopic analyses. Results show that all major
dental enamel’s physical, chemical, and morphological features are present both in extant and extinct
fossil tooth enamel (>8.5 Ma) in both taxa.

Abstract: Molecular information has been gathered from fossilized dental enamel, the best-preserved
tissue of vertebrates. However, the association of morphological features with the possible mineral
and organic information of this tissue is still poorly understood in the context of the emerging area of
paleoproteomics. This study aims to compare the morphological features and chemical composition
of dental enamel of extinct and extant terrestrial vertebrates of Crocodylia: Purussaurus sp. (extinct)
and Melanosuchus niger (extant), and Rodentia: Neoepiblema sp. (extinct) and Hydrochoerus hydrochaeris
(extant). To obtain structural and chemical data, superficial and internal enamel were analyzed
by Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (SEM-EDS). Organic,
mineral, and water content were obtained using polarizing microscopy and microradiography on
ground sections of four teeth, resulting in a higher organic volume than previously expected (up to
49%). It is observed that both modern and fossil tooth enamel exhibit the same major constituents:
36.7% Ca, 17.2% P, and 41% O, characteristic of hydroxyapatite. Additionally, 27 other elements were
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measured from superficial enamel by inductively coupled mass spectrometry (ICP-MS). Zinc was
the most abundant microelement detected, followed by Pb, Fe, Mg, and Al. Morphological features
observed include enamel rods in the rodent teeth, while incremental lines and semiprismatic enamel
were observed in the alligator species. The fossil enamel was in an excellent state for microscopic
analyses. Results show that all major dental enamel’s physical, chemical, and morphological features
are present both in extant and extinct fossil tooth enamel (>8.5 Ma) in both taxa.

Keywords: teeth; enamel; microanalysis; Purussaurus; Neoepiblema; miocene; fossils; ICP-MS; MEV;
microscopy

1. Introduction

Historically, advances in paleontology and the classification of extinct species have
relied mainly on the comparative analysis of morphological aspects of fossilized material,
especially in calcified structures such as bones and teeth. These analyses, however, may be
constrained for some extinct species as the identification may be based on small fragments
of fossilized material. The anatomical similarities between species may not directly result
from shared phylogenetic history. Evolutionary convergence is often regarded as a relevant
factor in morphological phylogenetics [1]. Paleogenomics and paleoproteomics have
recently appeared as essential tools that may assist in classifying extinct species.

Among calcified tissues, tooth enamel has the highest mineral content [2], corre-
sponding to higher density, smaller pores (nanopores) [3], and a unique set of proteins,
whose recovery from superficial enamel etches started only in 2006 [4]. This innovation
was based on the “enamel biopsy”, a superficial enamel etching used to obtain ultraclean
samples. Such samples enabled the comparison of the exposure of children to lead, a neuro-
toxin [5–7]. The superficial enamel sample had two main advantages: teeth did not need to
be ground/destroyed to be studied anymore, and the spatial information on the number
of chemical elements on the outer enamel (where many elements with high affinity for
hydroxyapatite accumulate) would not be lost. The need to develop ultraclean techniques
to be able to obtain reliable results on the superficial etchings was a key factor that later
resulted in excellent results from the mass spectrometry analysis of biopsy samples [3,8,9].

Nowadays, enamel proteins recovered from ancient species are considered particu-
larly useful for comparing divergent species [10–12]. As a “pre-fossilized” extracellular
matrix, dental enamel is superior to other calcified tissues in retaining the features of
living specimens [13,14]. The inorganic composition of fossil teeth makes it possible to
understand aspects such as diet, species’ migration patterns, and paleoenvironmental
interpretation [15,16]. Enamel peptides have been recovered from fossil enamel, indicat-
ing that the unique properties of this tissue act as a protective barrier preventing protein
degradation [17].

Many gaps in knowledge exist, as expected in a very new field of research. To
date, information on the association of morphological features of dental enamel with
the composition (quantity and diversity) of proteins in forming enamel is still poorly
understood. In recent years, this information has been obtained primarily from mouse
models [18–21]. Little is known about other species, since the protein information is gained
while enamel is forming, and this usually happens in early life. Such information would
be very beneficial for the analyses of peptides in different species. Since proteins are the
molecules that form the scaffold that organizes crystal growth, it is intuitive to assume that
different amounts (quantitative changes) of proteins will determine different phenotypes
of dental enamel, and not only the mutations accumulated over time (qualitative changes).
So, it may be that both different amounts of the different enamel proteins and different
enamel protein sequences will have an influence on the physical and chemical properties
of the enamel. This seems particularly important in light of the tooth enamel phenotype
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observed in transgenic and enamel proteins of knock-out mice, which offers the chance to
look into experiments that nature might have tested over large scales of time.

Therefore, it seems that it might be useful to try to associate morphological features
with the possible mineral and organic information of this tissue. This information con-
tributes to better interpreting molecular information that is now being gathered in several
excellent research centers, where the new area of paleoproteomics is being developed.

In this study, we compare the morphological features and the chemical composition
of dental enamel of extinct and extant terrestrial vertebrates belonging to two groups.
Crocodylia was represented by Purussaurus sp. (fossil) and Melanosuchus niger (extant),
while Rodentia was represented by Neoepiblema sp. (fossil) and Hydrochoerus hydrochaeris
(extant). We combined several techniques adapted to study developing enamel [22–24], and
we used polarized light microscopy and birefringence to determine organic content [25].
The mineral composition was studied with ICP-MS, as opposed to other chemical analyses
that are less sensitive [26]. This study shows for the first time the mineral, organic, and water
contents of the enamel of extinct and extant species from the same taxonomic families,
and some of the species show high organic content.

2. Materials and Methods

2.1. Institutional Abbreviations

UFAC—Universidade Federal do Acre, Rio Branco, AC, Brazil.
LIRP—Laboratorio de Ictiologia de Ribeirao Preto, FFCLRP, University of Sao Paulo,

Ribeirao Preto, SP, Brazil.

2.2. Fossil Specimens and Provenance

Both fossil specimens used in this study came from the Acre Basin, a retroarc foreland
basin related to the Andean orogenesis [27]. It is the westernmost of a series of interior
sag/fracture basins along the Solimões/Amazonas rivers, at the westernmost portion of the
Brazilian Amazon, neighboring Peru and Bolivia [28–30]. They were collected in the sedi-
mentary deposits of the Late Miocene Solimões Formation, which is mostly exposed along
riverbanks in the states of Acre and Amazonas. Such sediments were deposited mainly
under fluvio-lacustrine conditions, both in river channels and in floodplains/lakes [31,32].
A diverse vertebrate fauna has been reported in the Solimões Formation, including carti-
laginous and bony fishes, frogs, turtles, birds, crocodylians, lizards, snakes, and mammals
(e.g., [33–37]).

UFAC-7226 (Figure 1)—the first sample corresponds to a Purussaurus sp. tooth. It was
collected in the locality known as “Niterói”, which is located on the right embankments
of the Acre River, Senador Guiomar municipality (UTM 19L 629983 E/8879539 S, datum
WGS84). The fossil comes from the same bone-beds U-Pb dated by Bissaro-Júnior et al. [30],
from detrital zircon, with a maximal weighted-mean age of 8.5 ± 0.5 Ma (Tortonian Stage,
Late Miocene). Purussaurus was one of the largest crocodiles, reaching more than 10 m in
length [38], with records in the Miocene of Brazil, Colombia, Peru, Venezuela, and Panama.
Purussaurus is regarded as a semiaquatic top predator, placed in recent phylogenetic
studies within Alligatoridae and Caimaninae, forming, with other taxa, the sister clade to
Jacarea [39].

UFAC-7227 —the other fossil sample analyzed consists of a Neoepiblema sp. partial
lower incisor. It was collected in the locality known as “Talismã”, which is located on the
right embankments upstream of the Purus River, State of Amazonas, between the Manuel
Urbano and the Iaco River mouth (UTM 19L 510475 E/9029741 S, datum WGS84). The fossil
comes from the same bone-beds U-Pb dated by Bissaro-Júnior et al. [30], from detrital zircon,
with a maximal weighted-mean age of 10.89 ± 0.13 Ma (Tortonian Stage, Late Miocene).
Neoepiblema is a large-sized, caviomorph rodent, with records in the Miocene of Brazil, Peru,
Venezuela, and Argentina. Along with other neoepiblemids, it is more closely related to
chinchillids than to other caviomorphs [40].
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Figure 1. Images of a Purussaurus sp.(Crocodylia, Alligatoridae) tooth used to obtain superficial
enamel acid etch samples. Images were made with photograph cameras (A,B) and with a Scanning
Electron Microscope using Back-scattered-electrons (BSE) mode (C–E). Rectangles are always am-
plified in the next figure of the series. (A). Purussaurus sp. (Crocodylia, Alligatoridae) tooth picture
taken without magnification lens. The white arrow indicates enamel cracks. Bar = 1 cm. (B). Details
of the white rectangle depicted in (A). Bar = 1 mm. In the lower area of the figure, some “squares”
have fallen, showing the dentine below the enamel. (C). Amplification of the white rectangle shown
in (B). The circular area (gray) was etched with the acid. Bar = 500 μm. (D). Amplification of the
rectangle shown in (C). Bar = 100 μm. (E). Amplification of the rectangle shown in (D). Bar = 50 μm.

2.3. Modern Specimens

Teeth of two extant species, M. niger and H. hydrochaeris, were analyzed to compare
the structure and chemical composition of enamel of the modern and fossil samples. M.
niger is a South-American alligator with geographical distribution in the north of the
continent. H. hydrochaeris is the largest living rodent and has a widespread geographical
occurrence in South America. The specimens’ teeth were obtained from LIRP’s zoological
collection. The M. niger specimen was from "Reserva Mamirauá", Amazon State, and the H.
hydrochaeris specimen was from Ribeirao Preto, São Paulo State.

2.4. SEM-EDS Analysis

Analyses by Scanning Electron Microscopy (SEM) using conventional and Back-
scattered-electron mode (BSE) were performed on a scanning electron microscope (Jeol
JSM–5600LV, Tokyo, Japan) [22,41]. EDS signals were captured using a standard setup on
BSE mode. The EDS signals were obtained using the following parameters: Samples were
positioned at a 10 mm distance from the emitter, with 15 to 25 kV of emission. Spot size
ranged from 69 to 80 nm. Measurements were made on the surface of the dental enamel.
For the SEM-EDS analysis, internal multielement standards were used for calibration
according to the supplier (Oxford Instruments, Scotts Valley, CA, USA). Based on those
standards, the maps of the most abundant elements and quantifications were made [42].
The Purussaurus tooth have three different superficial colors. Thus, three regions on the
tooth surface were chosen for analysis: (1) a black area (visible in lines), (2) a brown area
(most abundant), and (3) a yellow area. The images were taken in both the conventional
and Back-scattered-electron (BSE) mode in different magnifications. Multielement maps
were produced automatically by the Aztec program (Oxford Instruments, Concord, MA,
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USA) based on the intensity of the signals of the different elements. The detector used was
the Silicon Drift Detector (SDD, X-MaxN 150 mm2 detector).

2.5. Preparation of Samples for Light and Scanning Electron Microscopy

Pieces of teeth were embedded in acrylic resin (JET, Campo Limpo Paulista, SP, Brazil)
and cut with a diamond disc on a calcified tissue cutting machine (Elsaw, Elquip, São
Carlos, SP, Brazil). Sections were carefully sanded with a gradual decrease in the sandpaper
granulation, from 600 to 4000, using water. The width of the sections was circa 100 μm for
bright field and polarized light microscopy. For SEM, thick sections were used, which were
etched with 10% acetic acid (Purussaurus sp. enamel) for 15 s or with 37% phosphoric acid
for 30 s (enamel from the other 3 species). Immediately after acid etching, the teeth were
copiously washed with running water for 10 min to remove traces of the acid. Samples
were then dehydrated overnight and covered with a gold pellicle. The SEM photographs
were taken at the same microscope described above.

2.6. Light Microscopy

Tooth sections were photographed on an Axiovert 2.1 microscope (Zeiss, Karlstadt,
Germany) with and without phase contrast filters, and on an Axioscope 40 (Zeiss, Karlstadt,
Germany) using crossed polarizing filters and the λ/1 red filter.

2.7. Quantification of Major Enamel Biochemical Components

Major enamel biochemical components (mineral, organic, and adsorbed water in vol-
ume and weight percentages) were measured in each sample (non-demineralized ground
sections with thickness in the range of 100–400 μm), at five discrete regions of interest (ROI;
12 μm × 12 μm) along a longitudinal line running from the enamel surface to the enamel
dentine junction, as described previously in detail [43,44]. Unlike thermogravimetric analy-
sis [45], the methods used here did not require the destruction of the samples. Basic physical
parameters related to the mineral, organic, and water contents (mineral unit-cell composi-
tion, mineral X-ray linear attenuation coefficient, mineral density, and refractive indexes of
all major biochemical components), required for quantification, were derived from human
enamel. Transverse microradiography [46], the gold-standard technique for quantification
of dental enamel mineral volume [47], was used to quantify mineral content. The following
assumptions were considered for the enamel mineral composition: unit cell composition of
Ca8.856Mg0.088Na0.292K0.010(PO4)5.312(HPO4)0.280(CO3)0.407(OH)0.702Cl0.078(CO3)0.050) and
density of 2.99 g/cm3 [48], with 37% calcium weight and 18% phosphorus weight (Ca/P ra-
tio of 2.06). Digital 2D microradiographic images (enamel ground sections and aluminium
step-wedge with 17 aluminium foils, with thickness ranging from 20 to 340 μm) were
obtained from microtomographic equipment (Skyscan 1172, Bruker, Belgium) operated
at 60 kV, emitting peak X-ray energy of 10 kV [43]. After mineral volume quantification,
birefringence measurements (mean of five measurements) using underwater immersion
(and after immersion in water for 5 days prior to the analysis) were obtained using polar-
izing microscopy (Axioskop 40, Carl Zeiss, Germany) equipped with a 0–5 orders Berek
compensator, and then organic and water volumes were quantified from the mathematical
interpretation of birefringence [25,44]. The assumed refractive indexes of organic matter
and water were 1.56 and 1.00, respectively. The sum of all measured volumes resulted in
100% enamel volume at each ROI. Volume percentages were converted to weight percent-
ages using the following densities: 2.99 g/cm3 (mineral), 1.45 g/cm3 (organic; glutamic
acid), and 1.0 g/cm3 (water).

2.8. Superficial Enamel Sampling with Acid

The outer enamel of all 4 teeth was etched twice. This method is ideal to obtain
superficial etches for microelement determination and the study of environmental contami-
nants in children in vivo [5,49]. The method was used by Brudevold et al. [50], with the
biopsy depth and other parameters studied in detail [51]. This method was then adapted to
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obtain enamel peptides by Porto et al. [2,52], having been also used by Stewart et al. [8,9]
and Nogueira et al. [3]. In the Purussaurus sp. tooth, 3 different regions were selected
for sampling due to the color differences, as described above, and as seen in Figure 1.
This procedure was carried out inside a Class 100 hood, using only ultraclean solutions
diluted just before use. The biopsy was analyzed in order to perform the determination
of 27 chemical elements by Inductively Coupled Plasma-Mass Spectrometry (ICP-MS).
In this study, lead-free adhesive tape (Magic Tape, 810 Scotch®, 3M, Sumare, SP, Brazil)
with a circular perforation (diameter = 2 mm) was firmly pressed onto the surface of the
tooth, delimiting the microbiopsy site (the tape with the circular perforations can be ob-
served in Figure 1A). The sampling site was etched according to the following procedure.
The enamel surface was rinsed with water (MilliQ) and etched with 20 L 10% (vol/vol)
HCl for approximately 20 s. The microbiopsy solution was then transferred to an ultraclean
centrifuge tube (1.5 mL) (Axygen Scientific, Inc., Union City, NJ, USA). The samples were
closed with parafilm and sent for microelement determination by ICP-MS (NexIon 5000,
Perkin Elmer) in the Laboratory of Toxicology and Essentiality of Metals (University of São
Paulo, FCFRP, Ribeirão Preto, SP, Brazil), without opening the tubes before the analyses.
The second etch was made in the same way, but the acid was then used to obtain enamel
peptides, as described in a separate manuscript.

2.9. Chemical Analysis by ICP-MS

Several macro- and microelements were determined on the superficial enamel samples
by Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) in the Laboratory of Metals
Toxicology, University of Sao Paulo in Ribeirao Preto (Brazil). The quantification limit (LOQ)
for the different elements in the study is presented in Supplementary Table S2. Calcium
concentrations determined by SEM-EDS in each sample (Table 1) were used to calculate the
mass of dental enamel. Based on this, the amount of each element was expressed in ppm
(μg/g) of dental enamel, as a more universal concentration.

Table 1. Mean ± SD (n = 4–5 measurements in each sample) of macroelement composition (weight%)
determined in the internal enamel by SEM-EDS. The first two rows are Crocodylia samples (Purus-
saurus sp., and M. niger), and the last two are Rodentia samples (Neoepiblema sp. and H. hydrochaeris).
The Ca/P ratio corresponds to the expected for hydroxyapatite composition. Ca: calcium, P: phos-
phorus, Ca/P: ratio of calcium per phosphorus.

Sample Ca (wt%) P (wt%) Ratio Ca/P

Fossil alligator 36.8 ± 24.4 16.5 ± 0.2 2.2 ± 0.03
Extant alligator 33.3 ± 0.4 16.6 ± 0.1 2.0 ± 0.03

Fossil rodent 38.6 ± 0.3 17.8 ± 0.1 2.2 ± 0.02
Extant rodent 36.8 ± 1.5 17.7 ± 1.3 2.1 ± 0.12

3. Results

Here, we compare 10-Million-year-old fossils and modern enamel from related species
of two different vertebrate taxa. For clarity, we first describe the macro- and microscopic
features of the teeth and enamel, while the chemical composition is described later.

3.1. Morphological Description

Figure 1 shows images made from the fossil alligator tooth used to obtain superficial
enamel acid etch. The tooth measured ≈7 cm in length and ≈4 cm in width (Figure 1A).
Figure 1B shows a larger view of the white rectangle that can be observed in Figure 1A.
Small cracks on the surface form a fairly regular rectangular lattice. The area etched with
acid is the small circle, which has a ca. 2 mm diameter. This image shows that the etching
only slightly modified the superficial aspect of the enamel and that such changes can only
be seen under magnification. This image also shows the variation in color seen in the
enamel, as well as the cracks at right angles. Some gray “squares” can be seen in the lower
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part of the figure, where the enamel was unintentionally removed together with the tape.
The gray observed in the picture is the underlying dentine. Another observation here is
that the enamel in this fossil sample is poorly attached to the dentine. The light strength
with which the glue on the tape was attached to the enamel was sufficient to detach the
enamel from the dentine in this area with many cracks. The many details in shape and
color seen in the enamel greatly contrast with the gray appearance of the dentine and are
a clear indication that enamel does act as a reflective surface for light, and this indicates
the very high crystallinity of this calcified tissue. The same was observed in all other
specimens, both fossil and modern. The underlying dentine, on the other hand, displays a
gray appearance that is compatible with the incorporation of other ions into its structure,
and also a greater ability to absorb light, the opposite of the reflection of light seen in
the enamel. Figure 1C–E demonstrates that the acid etching extraction technique causes
minimal damage to the fossil surface. The superficial aspect of Figure 1E shows a rough
surface on the etched area.

Figure 2 shows images made from the extant alligator tooth. In Figure 2A, the whole
tooth is shown, and the dental enamel covers the tooth crown, which is seen to the right
side of the arrow and displays a yellowish appearance, except for the area etched with acid,
amplified in Figure 2B. The enamel of this species has a porous superficial appearance
where the acid was applied.

In comparison wish the alligator fossil enamel, the modern enamel does not show
many right-angle cracks. We believe this difference can be the result of weathering before
the burial of the fossil or lithostatic compression.

Figure 3 shows a fragment of the fossilized rodent tooth. The superficial enamel is
shown in Figure 3A. The enamel has a brown aspect and has some white deposits. On the
left side of this image, the underlying dentine is apparent. In Figure 3B, the etched enamel
is seen as a circle, showing minimal damage to the specimen (in B, the bar is 1 mm, and the
circular area has a diameter of 2 mm). In Figure 3E, the prismatic enamel is seen in the
etched enamel.

In sharp contrast to the Purussaurus sp. enamel, no cracks were observed. It is possible
that alligator’s fossils have being exposed to greater taphonomic effects than the rodent’s
fossils, or the fossils have reacted differently to similar conditions.

C A

E B D

Figure 2. Images of a Melanosuchus niger (Crocodylia, Alligatoridae) tooth used to obtain superficial
enamel acid etch samples. Images were made with photograph cameras (A,B) and with a Scanning
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Electron Microscope using Back-scattered-electrons (BSE) mode (C–E). Rectangles are always ampli-
fied in the next figure of the series. (A). Picture taken without a magnifying lens; the arrow indicates
the limit between the crown (to the right) and the root (to the left). The crown exhibits a yellow
appearance on its surface; Bar= 1cm. (B). Details of the rectangle are depicted in (A); the area etched
with the acid is shown as a circle, but some acid has leached to the sides, as seen from the brighter
areas on the enamel. Bar = 1 mm. (C). Amplification of the rectangle shown in (B). Bar = 500 μm.
(D). Amplification of the rectangle shown in (C). Bar = 100 μm. (E). Amplification of the rectangle
shown in (D). The high porosity of the etched enamel is clearly observed. No enamel prisms can be
observed. Bar = 50 μm.

C A
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Figure 3. Images of a Neoepiblema sp. (Rodentia, Caviomorpha) lower incisor used to obtain su-
perficial enamel acid etch samples. Images were made with photograph cameras (A,B) and with
a Scanning Electron Microscope using Back-scattered-electrons (BSE) mode (C–E). Rectangles are
always amplified in the next figure of the series. (A), tooth fragment picture showing the superficial
enamel (brown aspect) that has some white deposits and is broken on the left side of the tooth, where
the underlying dentine is apparent. Bar = 0.5 cm. (B). Details of the white rectangle depicted in (A).
Bar = 1 mm. (C), amplification of the white rectangle shown in B. The circular area (grey) was etched
with the acid. Bar = 500 μm. (D), amplification of the black rectangle shown in (C). Bar = 100 μm.
(E). Amplification of the black rectangle shown in (D). In the etched area (left), the enamel’s
rods/prisms (yellow line) are apparent. Bar = 50 μm.

Figure 4 shows the tooth enamel of the extant rodent. The superficial nature of
the enamel biopsy can be observed in Figure 4A,C. Circular transparent spots with a
diameter of ≈200 μm can be observed. Figure 4C is an amplification of the rectangle
shown in B. The circular area was etched with acid. The circular spots are superficial,
having disappeared in the etched area, and have a composition with less dense elements
(suggesting an organic composition) than the Ca and P that compose the hydroxyapatite
of the enamel. Figure 4D is an amplification of the rectangle is shown in Figure 4C, and
Figure 4E is an amplification of the rectangle shown in Figure 4D. Prismatic enamel is seen
on the left (asterisk), in the etched area.
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Figure 4. Images of a Hydrochoerus hydrochaeris (Rodentia, Caviomorpha) tooth used to obtain su-
perficial enamel acid etch samples. Images were made with photograph cameras (A,B) and with
a Scanning Electron Microscope using Back-scattered-electrons (BSE) mode (C–E). Rectangles are
always amplified in the next figure of the series. (A), tooth picture taken with magnification lens
showing the circular etched area inside the black rectangle. Bar = 0.5 cm. (B), details of the rectangle
depicted in (A). Circular transparent spots with a diameter of ≈200 μm can be observed. Bar = 1 mm.
(C), amplification of the rectangle shown in (B). The circular area was etched with acid. The circu-
lar spots are superficial, having disappeared in the etched area, and have a composition with less
dense elements (suggesting an organic composition) than the Ca and P that compose the hydroxya-
patite of the enamel. Bar = 500 μm. (D), amplification of the rectangle shown in (C). Bar = 100 μm.
(E), amplification of the rectangle shown in (D). Prismatic enamel is seen on the left (asterisk) in the
etched area. Bar = 50 μm.

3.2. Microstructure (SEM Analysis)

Figure 5 exhibits SEM (conventional method with gold coat) pictures of cross sections
of the the enamel of the four species. The enamel of the fossilized alligator (Figure 5A–C)
is formed by rod-like structures that are comparable in shape and width to the prismatic
structures of mammalian enamel. These structures run roughly perpendicular to the
enamel surface and dentine-enamel junction (DEJ), having a width of approximately 5 μm.
In extant alligators (Figure 5D–G), there is a typical aprismatic structure, showing growth
lines that are likely to be equivalent to the mammalian Retzius lines. These lines were
localized near the DEJ and likely represent periods of physiological stress during enamel
formation. The enamel of the fossilized rodent (Figure 5H–K) is formed by prisms that are
roughly parallel to each other and perpendicular to the (DEJ) and enamel surface. The DEJ
exhibits an irregular surface. The enamel of the extant rodent shows two distinct patterns
of the arrangement of the prisms. The prisms run nearly parallel to the DEJ and extend
approximately 25–30 μm near the DEJ. A thin layer of parallel prisms is also observed near
the enamel surface. In the inner enamel, a different pattern is observed, with a large band
(≈80 μm) of prisms exhibiting intense decussation.
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Figure 5. Images obtained by SEM analysis of enamel cross-sections from the four (4) specimens
Purussaurus sp., Melanosuchus niger, Neoepiblema sp., and Hydrochoerus hydrochaeris. (A–C), the
enamel of Purussaurus sp. is formed by rod-like structures that run roughly perpendicular to
the enamel surface and dentine-enamel junction (DEJ), having a width of approximately 5 μm.
(D–G), Melanosuchus niger has a typical aprismatic structure, showing growth lines that are likely
to be the equivalent to the mammalian Retzius lines. These lines were localized near the DEJ and
are likely to represent periods of physiological stress during enamel synthesis. (H–K), the enamel
of Neoepiblema sp. is formed by prisms that are roughly parallel and perpendicular to the DEJ and
enamel surface. The DEJ exhibits an irregular surface. (L–O), the enamel of Hydrochoerus hydrochaeris
shows 2 distinct patterns of prims arrangement. The prisms run nearly parallel from the DEJ and
extend approximately 25–30 μm near the DEJ. A thin layer of parallel prisms is also observed near
the enamel surface. In most parts of enamel, the prisms exhibit a pattern of intense decussation.

Supplementary Figure S1 shows photomicrographs of ground sections (≈100–400 μm)
of the four teeth used in this study. The images show that enamel (e) is translucent in
all specimens, while dentine (d) is dark/opaque in all specimens. We show an exception
to this, where the mineral has been lost, possibly due to acids from the environment
(Supplementary Figure S1A: arrow head; Figure S1B: asterisk). The white arrows in panels
A and C show marked apposition lines of the dentine. In D, black arrows in the enamel
show appositional lines. In F, the arrow indicates a very pronounced line; the inner enamel
is less mineralized, and the outer enamel appears more mineralized. In G, the enamel
of the extant rodent is shown; the arrow indicates a less mineralized area in the middle
of the enamel throughout the enamel. In H, a larger magnification of the black square is
shown under polarized light. Due to the thickness of this section, the prismatic aspect of
this enamel is difficult to recognize, but in the outer enamel (asterisk) diagonal lines are
enamel rods.
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3.3. Determination of Organic, Mineral, and Water Content of Dental Enamel

In this study, major enamel biochemical components (mineral, organic, and adsorbed
water in volume and weight percentages) were measured at five discrete regions of interest
(ROI; 12 mm × 12 mm) along a longitudinal line running from the enamel surface to the
DEJ in the enamel of each tooth.

Figures 6 and 7 show the images made at each step of the initial analysis of the fossil
tooth ground sections from alligator and rodent fossils under polarizing light. The sections
were submerged in water during sample preparation. Without an interference filter, dental
enamel shows high interference colors (Figures 6A,B and 7A,B), indicating a relatively high
ground section thickness. With the Red I filter, the additional interference color is shown
at the −45º (45º counterclockwise) diagonal position (Figure 6C), and the subtraction
interference color is shown at the +45º (45º clockwise) diagonal position (Figure 6D),
indicating negative birefringence, based on the Michel-Levy interference color chart [53].

The step-by-step analyses of the modern samples are not shown here, but figures of
polarized light microscopy and microradiography are shown for each sample as supple-
mental material (Supplementary Figures S2, S4, S5, S7, S9 and S10). The enamel of all
samples exhibited negative birefringence.

A AA B
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Figure 6. Image of a ground section of dental enamel sample from Purussaurus sp. taken under
polarizing microscopy with water immersion. Without an interference filter, dental enamel shows
high interference colors (A,B), indicating a relatively high ground section thickness. With the Red I
filter, the addition interference color is shown at the −45º diagonal position (C), and the subtraction
interference color is shown at the +45º diagonal position (D), indicating negative birefringence.
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Figure 7. Image of a ground section of dental enamel sample from Neoepiblema sp. taken under
polarizing microscopy with water immersion. Without an interference filter, dental enamel shows
high interference colors (A,B), indicating a relatively high ground section thickness. With the Red I
filter, the addition interference color is shown at the −45º diagonal position (C), and the subtraction
interference color is shown at the +45º diagonal position (D), indicating negative birefringence.

Table 2 summarizes the mineral, organic, and water volume (vol%) and weight (wt%)
obtained based on the Equation used for human enamel, which also exhibits negative
birefringence. These values refer to five ROI (regions of interest) selected in the enamel
layer, taking into account that the enamel thickness (distance from enamel surface to the
DEJ varied among the samples. The enamel thickness of the fossilized alligator is 115 μm;
the enamel thickness of the extant alligator is 190 μm. The fossilized rodent has an enamel
thickness of 205 μm, while the enamel thickness of the extant rodent is 145 μm. The density
of the organic component was estimated based on the density of glutamic acid (1.5 g/cm3).
The "water" component corresponds to the adsorbed water located in the enamel pores,
outside the mineral crystallites.

The mineral vol (%) found in the enamel of the fossilized alligator varied from 83.4
to 89.2, corresponding to 92 to 95.3 wt%. The organic matter vol (%) was 8.1 in the outer
enamel, corresponding to 4.5 wt (%), with an increase in the middle part of the enamel
(10.3% at 55 μm, corresponding to 5.7% by weight) and a decrease in the organic content in
the deeper enamel (5.8 vol%; and 3.1 wt%). The water content did not vary more than 0.2
from the outer to the inner ROI, starting at 6.6 vol (%) and decreasing to 6.4% in the inner
enamel, corresponding to 2.4 and 2.3 (wt%), respectively.

In the sample of the modern alligator enamel, mean mineral content was 59.4 (vol%)
and 75.2 (wt%). The values for organic volume ranged from 33.9 to 49% (vol), corre-
sponding to 20.98 to 33.51% (wt). The water content varied from 1.17 to 5.18% (volume),
corresponding to a mean water wt (%) of 1.4. The biggest difference in mineral and organic
matter was found between the surface of the enamel and the second ROI, with less mineral
and higher organic content in the surface, as compared with the 2nd to 5th ROIs.

The measurements of the fossilized rodent enamel showed a mean mineral content of
52.3 (vol%) and 70 (wt%) and an organic content of 39.2 (vol%) and 26.3 (wt%). The largest
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difference between different depths was found in the outer enamel, with the first ROI
indicating an 8 (wt%) difference compared with the 2nd ROI, which was more homogeneous
with the deeper layers analyzed. The outer layer displayed less mineral and a higher
organic content. The water content varied from 8.04 to 10.13% of total enamel volume,
and 4.1 (wt%).

The extant rodent enamel showed a very homogeneous mineral content, ranging from
68.1 to 71.6 vol% (82.9–85.3 wt%), and an organic content of 18.5 ± 1.2 (vol%), corresponding
to 11.2 ± 0.8 (wt%). The water content exhibited little variation between the ROIs, with a
mean vol% of 11.7 (±0.4), corresponding to 4.8 ± 0.2 (wt%).

Supplementary Figures S3, S6, S8 and S11 show graphs that visually represent the
variation of biochemical content along the enamel depth.

Table 2. Enamel components (volume and weight percentages) measured in samples from Purussaurus
sp. (fossilized alligator), Melanosuchus niger (extant alligator), Neoepiblema sp. (fossilized rodent),
and Hydrochoerus hydrochaeris (extant rodent). The "water" component corresponds to adsorbed water
during sample preparation.

Mineral Organic 1 Water
Distance from Enamel Surface (μm)

vol (%) wt (%) vol (%) wt (%) vol (%) wt (%)

15 85.3 93.1 8.2 4.5 6.6 2.4
35 83.8 92.3 9.8 5.4 6.4 2.4
55 83.3 92.0 10.3 5.7 6.3 2.3
75 89.2 95.3 4.6 2.5 6.3 2.2
95 87.7 94.5 5.8 3.1 6.5 2.3

Mean 85.3 93.1 8.2 4.5 6.4 2.3

fossil alligator

SD 2.5 1.5 2.5 1.4 0.1 0.1
15 47.7 65.0 49.0 33.5 3.3 1.5
55 62.9 77.7 33.9 21.0 3.3 1.4
95 59.5 75.3 35.4 22.5 5.2 2.2

135 59.8 75.2 37.6 23.7 2.7 1.1
175 59.2 74.5 39.7 25.1 1.2 0.5

Mean 59.5 75.2 37.6 23.7 3.3 1.4

extant alligator

SD 5.8 4.9 6.0 4.9 1.4 0.6
40 42.8 61.3 47.1 33.8 10.1 4.9
70 53.2 70.8 37.3 24.9 9.5 4.2

100 52.0 69.7 38.8 26.1 9.2 4.1
130 52.3 69.9 39.7 26.6 8.0 3.6
160 52.3 69.9 39.2 26.3 8.5 3.8

Mean 52.3 69.9 39.2 26.3 9.2 4.1

fossil rodent

SD 4.3 3.9 3.8 3.6 0.8 0.5
20 71.7 85.4 16.9 10.1 11.5 4.6
45 69.9 84.2 18.5 11.2 11.6 4.7
70 69.4 83.9 18.4 11.2 12.3 5.0
95 68.4 83.2 19.2 11.7 12.5 5.1

120 68.1 82.9 20.2 12.4 11.7 4.8
Mean 69.4 83.9 18.5 11.2 11.7 4.8

extant rodent

SD 1.4 1.0 1.2 0.8 0.4 0.2
1 Density estimated based on the density of glutamic acid (1.5 g/cm3).
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3.4. Inorganic Composition of the Superficial Enamel
3.4.1. Energy-Dispersive Spectroscopy (EDS)

Relative quantification of the major chemical elements by SEM-EDS resulted in a ratio
of 2.0–2.2 between Ca and P for both modern and fossil enamel (Table 1), characteristic of
hydroxyapatite. These results corroborate the previous assumption of using the unit cell
composition proposed by Elliot [48] for the determination of organic, mineral, and water
content of dental enamel.

3.4.2. Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)

The ICP-MS analysis results identified 27 elements from superficial enamel samples.
Calcium values were used to determine the amount of enamel obtained in each sample.
Thus, the results of 27 microelements found in each sample are expressed as μg/g of dental
enamel (Figure 8). The most abundant element was Zn (4–23%), followed by Pb (0.05–3.7%),
Fe (0.5–1.7%), Mg (0.2–1.5%), Al (0.06–1.4%), a series of elements with values near 0.5%
(K, Cd, Cr, Mn, and Co), and other still less abundant elements (Be, V, Ni, Cu, As, Se, Rb,
Ag, Ba, Tl, Bi, Pd, Th, La, Ce, Sm, and U) near or lower than 0.01%. Not all elements were
detected in all samples. The results are summarized in Figures 8 and 9, and all values are
presented in Table S2 of the Supplementary Materials.

An increase in the concentration of Pb, Co, Cd, Ce, Th, As, Cu, Bi, Ag, Tl, and U (U234,
U235, and U238) is seen in the fossilized enamel, with different magnitudes of change
(Figure 8). No expressive difference between fossil and modern samples was detected for
the other microelements.
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Figure 9 summarizes the results of this study regarding the enamel inorganic element
composition. The macroelements (Ca, O, P, and C), determined by SEM-EDS are shown
in the pie chart. The microelements, represented by the gray slice of the pie, cannot be
estimated by SEM-EDS but might be <2%. A tentative relative amount (%) is drawn based
on the ICP-MS results for the microelements. The total of microelements recovered from
ICP-MS analysis was transformed to 100%, and based on this, the right-side chart was
constructed for microelement distribution. Thus, each element appears with a relative
proportion. At first glance, the most abundant microelement is Zn, followed by Pb or Fe,
depending on the sample. Note that Fe (shown in orange) has a similar absolute percentage
(Supplementary Table S2) in extant alligator (1.7%) and fossil rodent (1.5%), but this similar
relative amount is not evident in Figure 9, since no Zn was measured in extant alligator.
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Since the enamel of extinct alligator was etched in three different areas (1. Darkest
region of enamel; 2. The predominant brown color of enamel; and 3. Yellow region of
enamel), these areas are mapped in the upper-left part of Figure 9, so that the results from
each area can be separately shown in the graph.
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Figure 9. Pie chart displaying the mean (±SD) of the major chemical macroelements (Ca, O, P, and C)
found in the enamel (weight percent, wt%) of all samples analyzed by SEM-EDS in this study. On the
right, the bar chart shows the proportion of microelements lower than 1% found in each sample
(and determined by ICP-MS). In the bars, each element appears as a relative percentage based on the
more abundant microelements determined by ICP-MS, except calcium. The picture on the upper left
shows the three different enamel regions analyzed in the fossilized alligator (Purussaurus sp.) enamel:
1. The darkest enamel area; 2. The predominant brown color enamel; and 3. The yellow enamel area.

4. Discussion

This study highlights several important morphological and chemical aspects of mod-
ern and fossil enamel. Since several points regarding the recovery of ancient organic
molecules in fossils have been questioned in the last decade, this broader investigation was
undertaken with specialists from several areas of the dental enamel research, and a smaller
number of samples, to be able to make more precise determinations.

This study brings to light some points that can attract more attention in the future,
so that higher quality information can be gained from fossils, both in the interest of bet-
ter understanding early life in ancient environments, and also, possibly, the metabolic
consequences of the evolution of cells and proteins and how they were formed, folded,
and worked in environments with different metal concentrations. The discrepancy between
the availability of chemical elements (mainly metals) in modern and ancient environments
is what makes some chemical elements nowadays toxic to organisms, such as lead, which
has a high affinity for hydroxyapatite due to its chemical similarities with calcium. Skele-
tons were used to prove the anthropogenic contamination of the Earth with lead based
on the capacity of bone to harbor lead in its mineral for long times such as decades or
centuries [54].

This study started based on the need to have a more solid knowledge of the similarities
and differences between modern and fossil samples due to our interest in recovering
ancient enamel-specific peptides. Although it is well-known in paleontology that teeth
are the best-preserved fossils, and sometimes only enamel is recovered in some fossils,
the comparison of modern and ancient enamel has been performed only by a few groups.
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To our knowledge, so far such studies were carried out to observe chemical aspects, with a
particular interest in the diagenetic processes [55–57] and isotopic analysis [16,58,59] and,
as we did before, aiming at recovering protein material from fossils [3,11,12]. Another set
of studies did show morphological features of dental enamel [13,14], which had already
demonstrated that microscopic aspects were well-preserved. However, those studies did
not establish any association between the well-defined morphology of prisms and other
structures, with the possibility that such preserved structure might also indicate that fewer
(bio)chemical alterations had taken place over time. Thus, this study started from the
observation that similar physical aspects were observed (even by the naked eye) in the
enamel of modern and fossilized species of correlated taxa: this was a consequence of the
high crystallinity and high density of the enamel that seemed to have been preserved.

To the best of our knowledge, this study reports, for the first time, spatially resolved
major enamel biochemical component volumes at discrete histological layers of dental enamel.
The sum of the organic and water volumes constitutes the pore volume, which, summed with
mineral volume, yields the total enamel volume. Corroborating the enamel mineral theoretical
composition used for microradiography, with a Ca/P ratio of 2.06 [48], experimental SEM-EDS
data indicated Ca/P ratios in the range of 2.0 to 2.2 (Table 2). Two types of water have been
reported in dental enamel, lattice water (inside the mineral crystallites) and adsorbed water
(located in the pores, outside the mineral crystallites) [60]. The water content measured here
represents the adsorbed water, the main pathway for the diffusion of materials in dental
enamel. Similar to sound human dental enamel [43,44,46], all samples presented negative
birefringence under water immersion, typical of dental enamel.

The intensity of negative birefringence in (mature) enamel is directly proportional
to the solid volume (mineral and organic), so negative birefringence is explained by an
increased organic volume in sites with low mineral volume [25,44]. In humans, as other
mammals who use teeth intensively for food breakdown in preparation for initial digestion
by salivary enzymes in the oral cavity, average mature mid-crown dental enamel presents
93% mineral volume (based on a mineral density of 2.99 g/cm3), 5.5% water volume,
and 1.5% organic volume [25,46]. From the occlusal to cervical regions of the tooth crown
and from outer to inner enamel, following a decreasing gradient of mastication-related me-
chanical load, mineral content decreases [61], accompanied by an increase in both water and
organic contents [62]. Possibly, variations in major enamel component volumes described
might reflect variations in the use of teeth for mastication, the occurrence or not of continu-
ous amelogenesis, and the rate of tooth replacement. Particularly, by contrasting the fossil
with the extant alligator, the higher mineral content of thePurussaurus sp. (fossil) enamel
might be explained by the more intense use of teeth for food breakdown, with a wider range
of lower jaw movements, though other specimens (extinct and extant crocodiles) need to
be analyzed. Overall, our data suggest that all samples provide a relatively large amount
of organic matter and would be suitable sources of enamel peptides. There are, though,
several points of uncertainty that can lead to much better results with dental enamel in the
future. In particular, the determination of mineral composition, organic and water volumes,
and weight percentages, as described in this study, is based on human enamel density,
and this is clearly an assumption that is unlikely to reflect the reality in the enamel of other
species, and the dental enamel density in fossils also needs to be determined. However,
this can be achieved.

Differences in the elements found in modern and fossilized specimens seem to reflect
differences in the permineralization of the fossil. The higher mineral content of the alligator
fossil enamel, as compared with the rodent fossil enamel, may reflect that they came from
different localities, as well as the local differences in the mineral content of the sediments
from which the fossils were recovered.

Furthermore, the determination of organic material will certainly benefit from the
development of other forms of microscopic techniques to help the determination of organic
composition, such as the slow decalcification of samples after the use of alternative fixatives,
as already used in the 1960s for microenzimology and successfully applied to recover
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enzyme function in mineralizing teeth [24,63]. Because the dental enamel is so calcified,
techniques normally used for other tissues are difficult to apply to this tissue, but the
determination of proteins will be possible with some developments. Interestingly, in the
1960s, alternative fixatives were developed to avoid the use of aldehyde-based fixatives
that destroy enzyme activity. This fixative is also incompatible with mass spectrometry
determination of peptides and proteins since they cross-link different parts of proteins
covalently. So, certainly, there is much to be learned from fossil enamel using alternative
fixative methods and mass spectrometry.

The discussion of the organic, inorganic, and water content of the different depths of
human and mouse enamel (the ones that have been more studied so far) would be long
and outside of the scope of this article. However, there are already several independent
lines of evidence (based on different techniques) that suggest that 96 wt% of the mineral
in dental enamel might only be found in the very superficial human enamel and possibly
also in other mm-thick enamels of mammals. The very thick enamel of mammals, as far as
is known, has a very long mineralization process that results in the high mineral content
of the outer surface [64]. There is also long-standing evidence that protein remains in
the enamel in higher amounts, and careful microscopic technique has been able to show
remaining scaffolds of proteins (called “tuft” protein in the past), as discussed by Robinson
and Hudson [65].

According to Smith et al. [19], in a study on the comparative proportion of mineral and
volatiles in the developing enamel of normal and genetically modified mice, “volatiles were
also found in amounts that were often higher than expected, especially in more mature
enamel”. This study also showed some other interesting aspects that must be kept in
mind in the future when techniques “adapted” to studying enamel will (hopefully) be
used for many more groups. One such aspect is, for instance, the idea that large amounts
of protein will not hinder enamel maturation, as observed in some genetically modified
mice. As stated by Smith et al. [19], “the results of this study suggest that maturational
growth of enamel crystals can occur in the presence of relatively large amounts of proteins
and/or their fragments. The crown problems [. . . ] have nothing to do with protein or
mineral but they occur because amelogenesis is shut down early and the enamel organ
cells transform into a dysplastic epithelium that secretes a thin calcified material that is
not enamel”. Supplementary Figure S4 shows a superficial layer in the extant alligator
enamel that appears to be enamel but might be an indication that “amelogenesis was shut
down early” in this specimen, which is a modern tooth that showed higher content of
organic material.

It is the fact that nature has time and a countless number of possibilities that makes
the diversity of phenotypes so great. The study of ancient species brings to light unknown
structural aspects that resulted from genetic variation. Since genetically modified mouse
enamel has been studied in detail for most enamel proteins, the correlation of some find-
ings from such models with structural aspects of past species’ enamel might help us better
understand past organisms. This is the case in transgenes that overexpressed ameloblastin,
an enamel protein that is secreted in the secretion phase of amelogenesis and is part of the
calcium-binding phosphoprotein (SCPP) family that evolved from a common ancestral
gene [66,67]. Higher levels of expression of ameloblastin in a background lacking amelo-
genin resulted in short and randomly oriented apatite crystals, and the enamel resembled
that of the reptile iguana [68].

In addition to many other implications, the variety and different proportions of
enamel proteins have an impact on the research looking for ancient peptides and proteins.
Structural and ultrastructural features might provide indications for the set of enamel
proteins that can be found for paleoproteomics research. The ancient proteins might be
preserved longer than we expect, but we might not be able to recover them so efficiently
without knowing their sequences and post-translation modifications, as well as how they
interact with each other and with minerals.
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Bartlett et al. [21] showed that the knockout of Amelx and Mmp20 in mice resulted
in the presence of “fan-like” crystal arrangements in the deeper enamel (20 μm of enamel,
close to the DEJ), while the middle and outer enamel of such animals show a dysplastic
and more mineralized layer [21]. Interestingly, the enamel of the extant alligator exhibited
mineral structures that resemble fans in form (Figure 5F–G), with the same orientation
(the larger border of the fan towards the outside of the enamel). Additoinal studies of
the modern alligators’ enamel can provide more information on the enamel proteome,
the detailed crystal arrangement, and, possibly, the relationship between both.

The ICP-MS data must be viewed with caution, since only a single measurement was
made. Nonetheless, though the exploratory results of this study, we consider these data
important for their contribution to a wider view of some aspects of the enamel in modern
and fossil samples, and they may help formute new hypotheses and the need to avoid
some of the mentioned problems of this study in the future. The lack of Zn in one of the
samples is one of the problems. This is an error that cannot be fixed, since only one sample
was taken for measurement, and might result from the high levels of microelements found
in blank samples and the exclusion of many data based on this. Zinc is a very important
mineral for metabolism, is present in many proteins (particularly in enzymes), and is
always found in dental enamel. The results of this study are preliminary and need to be
repeated in a larger set of samples, with samples collected at least in triplicates.

The time scale seems to be important to explain the presence of lead in higher concen-
trations on the outer enamel of fossils, in addition to other factors such as the acidity of
the soil and the fossilization process. This accumulation on the outer enamel over millions
of years is different from the low levels of lead found in the enamel of most humans or
animals (that do not live in contaminated areas). It is clear that superficial enamel can lose
minerals as it can also gain minerals (a net loss of Ca and P being the cause of caries). Dur-
ing these pH changes, lead can be incorporated into the enamel, even to deeper enamel [69].
However, this does not change the fact that lead on the surface of modern human enamel
reflects the contamination of the environment [5,7,70–73], and the fact that in pre-industrial
times the composition of superficial enamel is expected to have less lead, as lower lead
levels were found in skeletons of prehistorical humans [54]. Therefore, the fact that lead
and other minerals show a gradient in surface enamel (F, Cu, and other metals also show
this gradient [74]) points out the need to carefully analyze superficial enamel, taking into
account time scale and how many micrometers from the surface the ions were determined.

5. Conclusions

Specimens analyzed in this study showed high crystallinity and high density in both
modern and fossilized enamel. Few structural changes were detected relative to the age of
the sample. The polarizing microscopy indicated the birefringence property for the modern
and fossilized samples (negative birefringence). The microradiography determination of
major enamel biochemical components showed unexpectedly high organic weight (%) in
two specimens (23.72% in extant allitagor and 26.30% in fossilized rodent). Relative quan-
tification of the major chemical elements by SEM-EDS resulted in a ratio of 2.0–2.2 between
Ca and P for both modern and fossil enamel, characteristic of hydroxyapatite. The ICP-MS
analyses recovered 27 microelements (in addition to Ca) from superficial enamel samples.
For the majority of chemical elements, it was not possible to establish differences between
modern and fossil enamel. Nevertheless, an increase in the concentration of Pb, Co, Cd, Ce,
Th, As, Cu, Bi, Ag, and Tl was seen in the fossilized enamel, most likely deposited during
permineraliztion, with different magnitudes of change. We believe that future studies
should be conducted in order to test if larger sampling agrees with our preliminary results
and improves the inference power regarding the resistance of fossil enamel through deep
time. Furthermore, we expect to recover and identify the organic matrix of dental enamel
from the Miocene species studied here (work in progress). Results of this study show the
superior preservation of the dental enamel over long time windows, a tissue particularly
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important for the current interest in the knowledge of ancient environments and peptide
recovery, and, as such, for paleontology of the 21st century.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biology11111636/s1. Figure S1. A photomicrograph panel of
ground sections (~100 μm) of the 4 teeth used in this study. The images show that dental enamel (e)
is translucent in all specimens, while dentine (d) is dark/opaque in all specimens. There is some
superficial mineral loss in dentine of Purussaurus sp., possibly due to acids from the environment
(A: arrow head; B: asterisk). The white arrows of panels A and C show marked apposition lines in
the dentine. In D, black arrows in the enamel show appositional lines. In F the blue arrow indicates
a very pronounced line. In G the H. hydrochaeris enamel is shown; the arrow indicates an area in
middle enamel that seems different from the inner and the outer enamel. In H a larger magnification
of the black square is shown under polarized light. Due to the thickness of this section, the prismatic
aspect of this enamel is difficult to recognize, but in the outer enamel (asterisk) diagonal lines are
enamel rods. Table S1. ICP-MS method quantification limits (LOQ) of the elements in the study.
Table S2. Twenty-seven (27) microelements in the enamel composition determined by ICP-MS. The
sample concentration results in ppb were converted to concentration (ppm) of enamel mass based
on Calcium percentage values recovered by EDS-SEM. Purussaurus (1): Darkest region of enamel,
(2) Predominant brown enamel, (3) Yellow region of enamel. Figure S2. Microradiographic image of a
ground section of dental enamel sample from Purussaurus sp. The arrow indicates the enamel-dentine
junction (EDJ). Points of biochemical components (mineral, water, and organic) measurements (at
15, 35, 55, 75, and 95 μm from the enamel surface) were located along the longitudinal line shown
in the enamel layer. The enamel thickness is 115 μm. Figure S3. Mineral (A), organic (B), and total
water (B) enamel component volumes of Purussaurus sp. at histological points located along the
longitudinal line shown in Supplementary Figure S2. Figure S4. Ground section of dental enamel
sample from Melanosuchus niger under polarizing microscopy. The image was taken with the Red I
filter (most of the enamel is shown in blue). The ground section was submitted to water immersion
before analysis. On the surface of the enamel there is a layer that is different from the underlying
enamel (orange). Figure S5. Microradiographic image of a ground section of dental enamel sample
from M. niger. Points of biochemical components (mineral, water, and organic) measurements (at 15,
55, 95, 135, and 175 μm from the enamel surface) were located along the longitudinal line shown in
the enamel layer. The enamel thickness is 190 μm. Figure S6. Mineral (A), organic (B), and total water
(B) enamel component volumes of M. niger at histological points located along the longitudinal line
shown in Figure S5. Figure S7. Microradiographic image of a ground section of dental enamel sample
from Neoepiblema sp. Points of biochemical components (mineral, water, and organic) measurements
(at 40, 70, 100, 130, and 160 μm from the enamel surface) were located along the longitudinal line
shown in the enamel layer. The enamel thickness is 205 μm. Figure S8. Mineral (A), organic (B),
and total water (B) enamel component volumes of Neoepiblema sp. at histological points located
along the longitudinal line shown in Figure S7. Figure S9. Image of a ground section of dental
enamel sample from Hydrochoerus hydrochaeris under polarizing microscopy. The image was taken
with the Red I filter. The ground section was submitted to water immersion before analysis. Figure
S10. Microradiographic image of a ground section of dental enamel sample from H. hydrochaeris.
Points of biochemical components (mineral, water, and organic) measurements (at 20, 45, 70, 95, and
120 μm from the enamel surface) were located along the longitudinal line shown in the enamel layer.
The enamel thickness is 145 μm. Figure S11. Mineral (A), organic (B), and total water (B) enamel
component volumes of H. hydrochaeris at histological points located along the longitudinal line shown
in Figure S10.
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Simple Summary: Studies of human fossils, and the DNA extracted from them, reveal a complex
history of interbreeding between various human lineages over the last one hundred thousand years.
Of particular interest is the nature of the population interactions between the Neandertals of Ice
Age Europe and western Asia and the modern humans that eventually replaced them. Here, we
used six measurements of the facial skeleton, in samples of Neandertal and early modern human
fossils, in an exploratory study aimed at trying to identify geographic regions (from the Near East to
western Europe) where interbreeding may have been prevalent enough to have left a signal in the
facial morphology of the early modern humans of those regions. Although fossil sample sizes were
in some cases very small, the results are consistent with the Near East having played an important
role in the introduction of Neandertal genes into the genomes of living humans.

Abstract: Ancient DNA from, Neandertal and modern human fossils, and comparative morpho-
logical analyses of them, reveal a complex history of interbreeding between these lineages and the
introgression of Neandertal genes into modern human genomes. Despite substantial increases in
our knowledge of these events, the timing and geographic location of hybridization events remain
unclear. Six measures of facial size and shape, from regional samples of Neandertals and early
modern humans, were used in a multivariate exploratory analysis to try to identify regions in which
early modern human facial morphology was more similar to that of Neandertals, which might thus
represent regions of greater introgression of Neandertal genes. The results of canonical variates anal-
ysis and hierarchical cluster analysis suggest important affinities in facial morphology between both
Middle and Upper Paleolithic early modern humans of the Near East with Neandertals, highlighting
the importance of this region for interbreeding between the two lineages.

Keywords: hybridization; introgression; ancient DNA (aDNA); hominin paleontology; paleoanthropology

1. Introduction

The first two decades of the 21st Century brought a radical transformation to our
understanding of the evolutionary history of the genus Homo during the Middle and Late
Pleistocene. This metamorphosis has been driven by advances in ancient DNA (aDNA)
and related studies, the increasing use of sophisticated, computationally-intensive morpho-
metric analyses (such as 3D geometric morphometrics of the enamel–dentine junction of
hominin teeth) and virtual imaging techniques, a continued emphasis on fieldwork and
the recovery of new fossil specimens, and rigorous radiometric dating of important sites
and specimens. In combination, these approaches have illuminated a complex picture of
multiple, sympatric lineages of Homo persisting through the Pleistocene, with considerable
interbreeding occurring between them. Highlights from this picture include: (1) the dis-
covery of a previously unknown lineage (the Denisovans), apparently representing a sister
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species to the Neandertals, from an isolated fossil from 48–30 Ka-old layers in a Siberian
cave [1]; (2) the recognition of persistent yet temporally and geographicallycomplex patterns
of interbreeding between Homo lineages through the Middle and Late Pleistocene [2]; (3) the
discovery of multiple, late-surviving, basal (based on their possession of ancestral morpho-
logical traits) species of Homo in Africa and Asia [3–5], one of which (H. naledi) may have
been a source of introgressed archaic human genes in the modern African genome [6–9];
(4) virtual reconstruction, reanalysis, and dating of early Homo sapiens specimens that
reveal an earlier origins of our species in Africa (at ca. 315 Ka) [10] and possibly an earlier
incursion of modern humans into Europe (by ca. 210 Ka) [11,12] than previously known;
and (5) the rediscovery of fossil material that has improved our understanding of the
skeletal morphology of the Denisovans [13] and clarified the morphological and taxonomic
affinities of Middle–Late Pleistocene Asian (possibly Denisovan) specimens [14].

While the paleontological and genomic records show interbreeding between Homo
lineages to have been common across the Middle and Late Pleistocene Old World [6,15–18],
much attention has been focused on the nature of introgression between the Neandertal
and modern human lineages in Europe and western Asia. The picture that has emerged
from aDNA and morphological studies suggests a divergence of the modern human and
Neandertal/Denisovan lineages in the Middle Pleistocene (between 700–500 Ka) [19],
separation of the Neandertal and Denisovan lineages shortly thereafter [20], and then
repeated episodes of hybridization between the Neandertal and modern human lineages
in both western Asia and Europe [2,21,22], as well as between the Denisovan and other
lineages [17]. However, the nature of Neandertal–modern human hybridization remains
unclear. Initial analysis of the Neandertal genome [23] noted similar amounts of Neandertal
ancestry in recent humans from both Europe and Asia, suggesting that interbreeding had
been limited to the Near East before 100 Ka (but see Sankararaman et al. [21] who estimate
this date to be 65–47 Ka), during early range expansion of modern humans and prior to
the divergence of living European and Asian populations. This scenario is also consistent
with the nature of introgressed modern human genes in a ca. 50 Ka-old Neandertal
from the Altai Mountains of Siberia [24]. Oddly, however, subsequent analyses of the
Denisovan, Neandertal, and modern human genomes [25,26] revealed a greater amount of
Neandertal ancestry in East Asian modern human populations than in those from Europe,
indicating the introgression of Neandertal genes into the lineage leading to modern-day
Asians after the separation of European and Asian lineages. The finding of a greater
Neandertal contribution to East Asian than European populations is consistent with the
complete absence of Neandertal mitochondrial DNA (mtDNA) in both early modern
European fossils and living Europeans [27] and with the lack of evidence for gene flow
from modern humans in the DNA of four late (<45 Ka) Neandertals from Belgium, France,
and western Russia [28]. That modern-day Europeans do not carry a greater percentage of
Neandertal nuclear DNA than Asians is surprising, given the potentially longer period of
overlap between Neandertals and early modern humans in Europe than elsewhere [29],
and thus greater opportunity for interbreeding, and also given morphological evidence
(reviewed below) of admixture in the European fossil record. Nonetheless, Neandertal
genes do not appear to be apportioned equally in living Europeans and Asians [30]. One
geographic region in which Neandertal DNA may have uniquely introgressed into Asian
but not European lineages of modern humans is on the eastern edge of the Neandertal
range: the genome of a 45 Ka-old modern human from Ust’-Ishim in Siberia documents
Neandertal introgression consistent with a hybridization event some 13–7 Ka earlier [31].
Hybridization in western Asia may constitute a “second pulse” of introgression after initial
contact in the Near East, as suggested by some analyses of the genomic data [32]. Continued
eastward expansion of modern human populations after hybridizing with Neandertals
on the easternmost edge of their distribution could account for living Asians carrying, on
average, a higher percentage of Neandertal ancestry than do living Europeans.

However, more recent morphometric and aDNA studies, focused primarily on early
modern European fossils, have produced compelling evidence of Neandertal–modern hu-

82



Biology 2022, 11, 1163

man hybridization in Europe (Figure 1). Ancient DNA from Kostenki 14, a 38.7–36.2 Ka-old
modern human from the western portion of the Russian Plain, contains longer segments of
Neandertal DNA than are found in living Europeans, producing an estimated hybridiza-
tion date of ca. 54 Ka [33]. Unlike the somewhat older specimen from farther east at
Ust’-Ishim [31], the Kostenki individual is genetically closer to present-day Europeans
than East Asians [33]. Likewise, a relatively high proportion (6–9%) of the genome of a
42–37 Ka-old modern human from Romania, Oase 1, appears to have derived from Nean-
dertals, consistent with this individual having had a Neandertal ancestor some four-to-six
generations earlier [34]. This finding confirmed earlier suggestions, based on the presence
of derived Neandertal features in the skull and postcranial skeleton, that the fossils from
the Peştera cu Oase, as well as those of nearby Muierii, showed morphological evidence
of Neandertal admixture [35–37] (but see [38]). A similarly recent hybridization event
(six or seven generations earlier) has been inferred from aDNA of early modern humans
at Bacho Kiro, Bulgaria, around 45.9–42.6 Ka [39], while a somewhat more distant event
(70–80 generations earlier) has been recognized in the genome of a >45 Ka-old cranium from
Zlatý kůň in Czechia [40]. Note, however, that multivariate analysis of cranial metrics of
comparably-aged crania from the Czechian site of Mladeč failed to detect a morphological
signal of admixture [41]. Despite the apparent lack of such a signal, the aDNA evidence
unequivocally indicates hybridization events in Europe. This genetic evidence, however,
derives entirely from sites in central and eastern Europe, and thus the extent (if any) of
interbreeding that occurred between Neandertals and modern humans in western Europe
remains unclear.

Figure 1. Map of western Eurasia showing areas and estimated dates of possible Neandertal–modern
human hybridization (in red) based on fossil samples from indicated sites. Ancient DNA from a
Neandertal fossil from Denisova Cave (black dot) has been interpreted as reflecting Neandertal–
modern human admixture in the Near East at 100 Ka or earlier. See text for details.

However, morphological indicators of interbreeding have long been recognized in the
fossil record of Late Pleistocene Europe (including western Europe), in the form of both the
persistence of derived Neandertal features in European early modern humans [35,37,42–44],
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and in the existence of possible hybrid or near-hybrid individuals [45–47]. For example,
traditional and morphometric comparisons of a sample of teeth from Middle Paleolithic
deposits on the south coast of Jersey (Channel Islands) may provide morphological evidence
of Neandertal–modern human hybridization in the most western reaches of Europe [48].
These teeth, which postdate 48 Ka, evince a mix of Neandertal and modern human traits and
tend to fall between Neandertal and recent human samples in morphometric shape space,
leading Compton et al. [48] to suggest that they may derive from a hybrid population. These
authors [48] also suggest that the morphologically intermediate Neandertal teeth from
45–38 Ka-old sediments at Palomas (Spain) [49] may likewise reflect an admixed population.

Of interest, too, is the presence of Neandertal features in early- and mid-Upper Pa-
leolithic modern human fossils from France (at Les Rois [47]) and Portugal (at Lagar
Velho [46]), which, when combined with a similar finding in the fossils from the Channel
Islands [48] discussed above, may reflect an appreciable hybridization zone in western
Europe. In addition, a number of relatively late-surviving Neandertals in western, southern,
and central Europe have been argued to evince a greater degree of modern human mor-
phology than their older conspecifics, suggesting gene flow from invading modern humans
into the resident Neandertal populations across most of Europe. These somewhat more
modern-looking Neandertals have been identified at St. Cesaire, France [50,51], Vindija,
Croatia [52–55], and Riparo Mezzena, Italy [45].

Efforts to interpret the morphological evidence are hampered by unclear expectations
of how admixture is expressed in skeletal morphology (see [38]). While much of the
literature has focused on the persistence of Neandertal autapomorphies in early modern
European fossils, a high frequency of dental and sutural anomalies may also provide
a skeletal signal of hybridization in a population [56]. In this regard, Ackermann [56]
pointed to a high frequency (36%) of rotated mandibular premolars in the Krapina (Croatia)
Neandertal sample as a potential indicator of admixture. At ca. 130 Ka [57], the Krapina
Neandertals antedate the widespread incursion of modern humans into Europe (which
may have begun as early as 48 Ka [29]). Thus, if they do represent an admixed population,
then either some populations of central European Neandertals must have interbred with
earlier waves of modern human migration into the Balkans (as possibly represented by the
ca. 210 Ka-old modern human from Apidima, Greece [11]; note however that the Apidima
1 cranium is not universally accepted as representing a modern human [58]), or they must
represent the introgression of modern human genes via gene flow from a hybrid zone in the
Near East (established perhaps as early as 194 Ka [12]), in advance of the actual in-migration
of modern humans. This latter mechanism has been invoked to explain the presence of
some modern human-like features in the morphology of the ca. 40 Ka-old Neandertals from
the G3 layer at the nearby Croatian site of Vindija [52]. Thus, the morphological evidence
may be documenting a richer history of Neandertal–modern human admixture in Europe
than seen in the current aDNA record, but one that was undoubtedly complex [32].

To further explore the potential morphological signal of Neandertal–modern human
admixture, we here assess the degree of morphometric similarity in the facial skeletons
of Neandertals and early modern humans across seven geographic regions: the Near
East, and eastern, central, southeastern (Balkans), western, southwestern (Iberian and
Apennine peninsulas and Mediterranean France), and northern Europe. We focus on the
facial skeleton because it has been shown to be a good indicator of population affinity [59],
because it may reflect those affinities more faithfully than the cranial vault in Pleistocene
humans [60], because Neandertals are characterized by distinctive facial morphology [61],
and because at least one early modern European sample (Muierii [35]) has been argued
to express Neandertal-like aspects in its facial form. While we expect, a priori, all modern
human groups to be more similar to one another than any are to the Neandertals [62], we
might also expect—if there was regional variation in levels of hybridization—that the ways
that early modern European groups differ from one another in facial morphology might
reflect variation in the Neandertal contributions to their genomes.
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2. Materials and Methods

2.1. Samples and Measurements

Facial metric data were obtained from the literature [63–68] for 12 fossil and recent
human samples, totaling 316 specimens (see Supplementary Materials). Neandertals
(n = 13) were subdivided into Near Eastern (NE NEAN; n = 5), southern European (SE
NEAN; n = 5), and western European (WE NEAN; n = 3) samples, reflecting geographic
regions known to have some genetic separation [69] (but note that sample size considera-
tions necessitated combining the Neandertals from southeastern and southwestern Europe
into a single southern European sample). Data from anatomically modern human fossils
(AMH, n = 201), from Upper Paleolithic and Mesolithic contexts across Europe and the Near
East, were also subdivided by geographic region: Near Eastern/North African (NE/NA
AMH; n = 3), and eastern (EE AMH; n = 24), southeastern (SE AMH; n = 23), central (CE
AMH; n = 49), northern (NE AMH; n = 25), southwestern (SW AMH; n = 35), and western
(WE AMH; n = 42) European samples. Temporal representation across the samples is not
uniform: the NE/NA AMH is an Upper Paleolithic sample, the NE AMH is a Mesolithic
sample, and the others are combined Upper Paleolithic/Mesolithic samples (with two
of them, SE AMH and EE AMH, being largely Mesolithic) (see Supplementary Materials
for details of sample composition). Since Neandertal–modern human hybridization has
been hypothesized to have occurred in the Near East at potentially early (>100 Ka) and
later (65–47 Ka) dates (see above), we also included a sample of Near Eastern, Middle
Paleolithic-associated fossils (NE MP AMH; n = 5), from the sites of Skhūl and Qafzeh
(Israel), with radiometric dates ≥ 90 Ka. We also included data from a recent human sample
from east Africa (EA RECENT; n = 83) as an outgroup (that is, a group not expected to have
significant Neandertal ancestry).

The selection of traditional craniometric measurements was based on the consistency
and availability of measurements from different sources, which limited the study to six mea-
surements (Table 1, Figure 2). An additional consideration was that these measurements
are part of the standard forensic set that has been tested for reliability and repeatability,
allowing for the incorporation of data from several sources with minimal inter-observer
error [70–72]. Furthermore, midfacial measures have been found to be the most morpholog-
ically informative when examining craniofacial variation in contemporary contexts, as they
have been linked to climatic adaptations (which may differentiate regional groups), and
because they are minimally affected by developmentally plastic alterations of the cranial
vault [73,74]. Craniofacial measurements used in this study are listed in Table 1 and the
landmarks upon which they are based are illustrated in Figure 2. To include as many
specimens as possible, it was necessary to impute missing variables in some individuals.
However, individuals were not included in this analysis if they were missing more than
two variables (≤33%). Because sample sizes were small within regions, simple mean
substitution was used to estimate the missing values. Sex variation is negligible within
each group included in population studies and thus, males and females were pooled to
incorporate all of the observed biological information and to increase sample sizes [75]. To
examine the effect of climate on facial morphology, each sample was scored and numeri-
cally coded using the climate map for biodiversity [76]. The recent human samples were
scored according to Metzger [76], while fossil samples were scored using paleoclimatic
data [77–79]. Radiocarbon dates associated with each fossil specimen (see Supplementary
Materials) were taken from the literature [63–68] and were used to evaluate the effect of
time on facial morphology across our samples.
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Table 1. Traditional craniometric measurements utilized in this study.

Measurement Abbreviation Description

Upper Facial Height (n-pr) NPH [71]
Bifrontal Breadth (fmo-fmo) FMB [71]

Nasal Height (n-ns) NLH [71]
Nasal Breadth (al-al) NLB [71]

Orbital Height OBH [71]
Orbital Breadth (d-ec) OBB [71]

Figure 2. Facial landmark locations for the measurements used.

Because significant facial size differences have been shown between Homo groups [62],
variables were size adjusted following Darroch and Mosimann [80,81], without log trans-
formation. Size and shape variables were calculated from the raw measurements, where
size is defined as the geometric mean (GM) of all six variables. The GM of the six variables
was calculated as follows:

Size =
(
∏i=1 Xi

)1/n
(1)

and the raw variables were divided by the GM to create new shape variables (Y = X/SIZE,
where X is the raw measurement). While these newly created shape variables do not remove
absolute size (only geometric morphometric approaches truly remove size), they are scale-
free and provide a better understanding of the geometric or shape-related similarity among
the groups [81].

2.2. Multivariate Statistics

A canonical variates analysis (CVA: a linear combination of predictor variables that
summarize among-population variation) was conducted using the newly calculated shape
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variables [82]. Among-group differentiation was measured using Mahalanobis squared
distances, which is a similarity measure and a function of group means and the pooled
variance–covariance matrix [82]. A hierarchical (or agglomerative) cluster analysis using
average linkage was conducted on the Mahalanobis squared distances to examine group
similarity [70]. All statistical analyses were conducted in SAS 9.4 [83] and the hierarchical
cluster analysis was conducted in JMP 16 Pro [84].

2.3. Spatial Analyses

A Pearson’s product–moment correlation coefficient was performed to assess the
relationship between climatic zones, geometric mean (i.e., size), and the shape variables.
Further, a Pearson’s product–moment correlation was used to assess size and shape changes
over time. Dutilleul’s [85] estimator was used to correct for spatial autocorrelations and was
performed using PASSaGE: Pattern Analysis, Spatial Statistics and Geographic Exegesis
Version 2 [86].

3. Results

Table 2 presents the group means for the raw variables.

Table 2. Group means for facial variables (standard deviations in parentheses).

CE
AMH

EA
RECENT

EE
AMH

NE MP
AMH

NE
NEAN

NE/NA
AMH

NE
AMH

SE
AMH

SW
AMH

SE
NEAN

WE
AMH

WE
NEAN

NPH 67 (5.21) 63 (4.8) 70 (5.28) 75 (2.7) 88 (6.06) 65 (4.16) 72 (4.45) 67 (4.15) 70 (4.6) 88 (14.14) 68 (5.2) 85 (4.9)

FMB 96 (4.87) 97 4.04) 96 (5.32) 103 (5.54) 114 (4.18) 103.5 (3.5) 101 (4.62) 94 (5.05) 99 (5.01) 111 (10.52) 98 (4.56) 113 (1.2)

NLH 50 (4.7) 48 (3.55) 52 (3.5) 54 (1.3) 63 (3.9) 46 (1.76) 52 (3.19) 49 (3.16) 52 (3.71) 59 (4.28) 50 (4.09) 60 (0.6)

NLB 25 (2.21) 28 (1.87) 25 (2.58) 30 (1.41) 34 (2.88) 26 (1.54) 24 (2.06) 24 (2.05) 25 (1.9) 34 (4.3) 25 (2.17) 32 (3.8)

OBB 42 (3.04) 39 (1.76) 43 (2.54) 44 (1.79) 46 (1.24) 42 (3.8) 43 (1.73 42 (.67) 42 (2.56) 44 (1.22) 41 (2.9) 44 (2.1)

OBH 30 (2.41) 33 (1.9) 32 (2.25) 33 (3.39) 36 (0.89) 28 (1.53) 32 (2.46) 30 (2.5) 33 (3.31) 37 (1.52) 30 (2.0) 37 (1.2)

3.1. Multivariate Statistics

The Mahalanobis squared distances are presented in Table 3. No significant differences
were detected between SE AMH and WE AMH, or between NE and SW AMH samples.
Likewise, the western European Neandertal sample is not significantly different from either
the Near Eastern or southern European Neandertal samples. While all the other groups
are significantly different from one another, all the AMH samples are fairly similar given
the small distance values. The Near Eastern Middle Paleolithic AMH sample is closest to
the southwestern European AMH sample. Furthermore, the East African recent sample is
similar to various AMH groups. Interestingly, the Near Eastern Neandertal sample is most
dissimilar to the Near Eastern North Africa AMH sample.

Table 4 presents the significant canonical roots, with 80 percent of the variation de-
picted on the first two canonical variates (CAN 1 and CAN 2). The canonical structure
(Table 5) shows that the variation exhibited on CAN 1 is related to orbital, nasal breadth,
and a moderate degree to NPH. At the same time, that on the second axis (CAN 2) is related
to size (geometric mean), and moderately to NPH. The plot of CAN 1 and CAN 2 (Figure 3)
shows that Neandertals have narrow orbits, wide nasal breadths, and large faces overall.
The European AMH have wider orbits, narrower nasal breadths, and smaller geometric
means. The Near Eastern Middle Paleolithic AMH sample has an orbital and nasal breadth
and geometric mean values that are intermediate between the Neandertal and European
AMH samples. The Near Eastern/North African AMH sample has intermediate orbital
and nasal breadth, combined with a small geometric mean. The East African recent sample
has narrow orbits, wide nasal breadth, and the smallest geometric mean.
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Table 3. Mahalanobis squared distances.

CEA
AMH

EA RE-
CENT

EE
AMH

NE MP
AMH

NE
NEAN

NE/NA
AMH

NE
AMH

SE
AMH

SW
AMH

SE
NEAN

WE
AMH

EA
RECENT

7.15 0

EE AMH 1.22 10.63 0
NE MP
AMH

7.78 9.62 7.96 0

NE NEAN 35.19 34.54 32.99 11.88 0
NE/NA
AMH

51.76 52.84 57.27 59.71 81.24 0

NE AMH 2.59 11.59 1.99 7.64 28.19 54.78 0
SE AMH 0.89 11.13 1.51 11.56 42.00 55.13 2.57 0
SWAMH 1.70 7.15 1.22 6.08 27.66 54.25 0.82 * 2.60 0
SE NEAN 32.87 29.27 32.20 11.27 2.99 * 69.72 26.82 38.68 25.92 0
WE AMH 0.56 * 8.04 1.81 7.81 32.83 52.40 1.15 1.14 1.18 30.58 0
WE NEAN 28.71 26.83 27.15 9.25 1.28 * 74.71 21.29 34.40 20.87 2.03 * 25.76

* not significantly different. All other groups are significantly different from each at >0.03 level.

Table 4. Significant canonical axis for the shape transformed variables.

No. Eigenvalue Cumulative % Proportion Likelihood Ratio Approximate F Num DF Den DF Pr > F

1 1.80 0.47 0.47 0.08 12.17 77 1793 <0.0001
2 1.28 0.80 0.33 0.23 8.62 60 1572 <0.0001
3 0.51 0.96 0.03 0.78 4.79 45 1111 <0.0001
4 0.12 0.98 0.03 0.70 2.48 32 1542 <0.0001
5 0.09 0.99 0.02 0.87 2.04 21 868 0.004

Table 5. Total canonical structure for the shape transformed variables.

Variable CAN 1 CAN 2 CAN 3 CAN 4 CAN 5

GM −0.27 0.93 −0.08 0.05 −0.07
NPHs 0.50 0.60 0.15 0.04 0.06
FMBs −0.06 −0.25 0.31 −0.56 0.39
NLHs 0.38 0.25 −0.04 0.12 −0.13
NLBs −0.81 −0.11 0.12 0.29 0.11
OBBs 0.71 −0.12 0.07 0.07 −0.07
OBHs −0.37 −0.45 −0.28 −0.31 −0.43

The hierarchical cluster analysis using the Mahalanobis squared distances shows two
distinct clusters: (1) anatomically modern humans (fossil and recent), and (2) Neandertals
(Figure 4a). All of the European fossil AMH groups cluster together. The Near Eastern
Middle Paleolithic sample leaf branches off this European AMH cluster, but is significantly
dissimilar. Surprisingly, the East African recent human sample branches off of the stem
leading to the European AMHs and the NE MP AMHs (Figure 4a). Among the mod-
ern human samples, the most dissimilar is the Near Eastern/North African AMH series
(Figure 4a).

The constellation plot, which arranges the groups as endpoints, further illustrates the
similarity/dissimilarity of the groups (Figure 4b). The morphological distance between
cluster joints is illustrated by the length of the line between them. The constellation plot
shows that the most distinct group is the Near Eastern/North African AMH, which is
no closer to the other modern human samples than it is to Neandertals. With this one
exception, all of the anatomically modern human samples are closer to one another than
they are to the Neandertal samples.
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Figure 3. A plot of CVA canonical axis 2 (CAN 2) on axis 1 (CAN 1) represents 80% of the total
variation. Neandertals cluster together (narrow orbits, wide nasal breadth, and large geometric
mean); Near Eastern Middle Paleolithic AMH fall in between the Neandertal and the other AMH
samples. The Near Eastern/North African AMH sample has intermediate orbit and nasal breadths,
and a small geometric mean and is closest to the recent East African sample.

Figure 4. Constellation plot (a) and dendrogram (b) results from hierarchical cluster analysis showing
group relationships.
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3.2. Spatial Analysis

The Pearson’s product-moment correlation using the Ditulleul [85] method to correct
for spatial autocorrelation revealed no significant correlation between the climatic zones
and shape variables (NPHs, r = −0.523, p-value = 0.234; FMBs, r = 0.132, p-value = 0.307;
NLHs, r = −0.244, p-value = 0.383; NLBs, r = 0.468, p-value = 0.303; OBBs, r = −0.365,
p-value = 0.314; OBHs, r = 0.303, p-value = 0.336), nor between climatic zones and geometric
means (r = −0.162; p-value = 0.340), indicating that climate does not model either craniofa-
cial shape or size (at least in these samples). The only significant variable correlated with
temporality was the geometric mean, our measure of size (r = 0.56, p-value > 0.001; NPHs,
r = 0.23, p-value = 0.088; FMBs, r = −0.137, p-value = 0.061; NLHs, r = 0.016, p-value = 0.882;
NLBs, r = 0.184, p-value = 0.178; OBBs, r = −0.184, p-value = 0.112; OBHs, r = −0.171,
p-value = 0.106).

4. Discussion

Neandertals possessed distinctive facial morphology, characterized by large, super-
oinferiorly tall yet mediolaterally narrow faces with pronounced midfacial prognathism,
absolutely and relatively tall orbits, flat or convex infraorbital plates (and thus, no ca-
nine fossae), wide nasal apertures and strongly projecting external noses, and prominent,
double-arched supraorbital tori [87–89]. This constellation of features is, unfortunately,
not perfectly represented by the measures of overall facial shape used in this analysis (for
example, the inclusion of a measure of facial length might be expected to have high utility in
distinguishing Neandertal from modern groups [90]). Nonetheless, the variables used here
should be expected to reasonably represent overall facial size and shape (that is, relatively
wide versus relatively narrow faces), the shape of the orbits (relative orbital width), and the
shape of the nasal aperture (relative nasal width). The large size and distinctive morphology
of the Neandertal face does indeed appear to be captured on the first two canonical axes of
the CVA (Figure 2), which in combination separate the Neandertal samples from the fossil
and recent modern human samples. The strong negative values of the Neandertal samples
on CAN 1 reflect faces with wide nasal apertures and narrow orbits (relative to overall
facial size), while their strong positive values on CAN 2 denote large faces with elevated
upper facial heights (relative to overall facial size). Note that upper facial height (NPH)
has moderate yet positive loadings on both CAN 1 and 2 (Table 5), which we interpret as
reflecting, on CAN 1, the utility of this variable in differentiating modern human groups,
while CAN 2 accounts for residual variation in NPH (that is, variation not explained on
CAN 1) that serves (in part) to separate Neandertal from modern human samples. All of
the anatomically modern European groups have positive values on canonical axis 1 and
largely neutral values on axis 2, reflecting smaller faces overall, with relatively narrower
noses and wider orbits.

At the risk of over-interpreting the position of very small fossil samples, we find the
intermediate positions (between Neandertal and European AMH samples) of the Near
Eastern Middle Paleolithic AMH and the Near Eastern/North African AMH samples to
be interesting, as this might reflect a greater contribution of Neandertal genes to facial
morphology in the Near East. Relative to European fossil modern humans, the NE MP
AMH sample exhibits a more Neandertal-like constellation of facial size and morphological
features (Figure 3). Given the antiquity of this sample, it is possible that these fossils
represent a population that had not yet fully evolved the derived modern human condition
of smaller faces, and which may retain (to some degree) ancestral features such as wide
nasal apertures (which in turn may be related to the plesiomorphic retention of facial
prognathism [90,91]). However, the modern human pattern is already evident in the
facial morphology of two specimens from Jebel Irhoud (Morocco) [10], which considerably
antedate the fossils from Skhūl and Qafzeh. Interestingly, the fossils from Irhoud, as well
as from Skhūl and Qafzeh, fall within the range of variation of recent modern humans—
and distinct from Neandertals—in a principal components analysis (PCA) of facial shape
metrics [10]. However, Qafzeh 9 falls on the edge of the recent human distribution, and
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in the direction of Neandertals in shape space, as does (but to a lesser extent) Skhūl 5
(Figure 4a in [10]). Qafzeh 6, on the other hand, falls well away from the Neandertals. Note,
however, that this PCA was conducted on size-scaled 3D geometric morphometric shape
variables [10], and thus does not factor in variation within and between groups in facial
size. Overall, the intermediate position of the NE MP AMH sample between the Neandertal
and other fossil AMH samples (in our analysis) could be interpreted as reflecting sufficient
Neandertal–modern human hybridization in the Near East, at a sufficiently early date
(>100 Ka), to affect the facial morphology of the early modern human fossils from Skhūl
and Qafzeh.

It is also interesting to note that the NE/NA AMH sample appears (based on its
position on CAN 1) to be similar to the NE MP AMH sample in facial shape but to have a
facial size (based on its position on CAN 2) that falls among most other fossil and recent
modern human samples. Again, at the risk of over-interpreting morphology in a very small
fossil sample, this may be a signal of Neandertal introgression in the Near East (but perhaps
later in time, consistent with the inference of hybridization there between 65–47 Ka [21]).
The east African recent human sample falls with Neandertals on CAN 1, and with most
of the other modern human groups on CAN 2 (Figure 3). This sample, representing the
Teita from Kenya [71], has mean nasal breadths (NLB; Table 2) that fall at the high end of
the range of sample means, likely representing climatic adaptation to the hot and humid
climate of southeastern Kenya. We thus interpret their position on canonical axis 1 to reflect
convergence in nasal morphology, rather than homology.

Hierarchical clusters based on Mahalanobis squared distances produce an interesting
picture (Figure 4). Under the (arguably false) assumption that the facial metrics em-
ployed in this study are selectively neutral (i.e., following neutral microevolutionary
processes [59]) and thus accurately reflecting relationships between populations), and
assuming no hybridization whatsoever between groups, we would expect clusters that
show two distinct clades (Neandertals versus modern humans), and clear geographic
(or possibly temporal plus geographic) structure within each clade. Expectations given
hybridization—particularly involving temporally complex and potentially small-scale hy-
bridization events, distributed across geographic space—are unclear. While the cluster
analysis did largely produce separate Neandertal and modern human clades, the Nean-
dertal clade is nested within the modern human cluster (with the Near Eastern/North
African AMH sample being the sole outgroup). With the exception of this outgroup, the
plots show good (but not perfect) geographic structure: on the AMH branch, all European
AMHs cluster together, joined by the NE MP AMH sample, which is then joined by the
EA RECENT sample. Within the European AMH cluster, however, geographic structure
breaks down (for example, northern and southwestern early modern Europeans cluster
together). Likewise, the Neandertal clade does not show the expected geographic structure,
in which western and southern European Neandertals should be closer to one another than
either is to Near Eastern Neandertals. Complexity in the hierarchical clustering of both
the AMH and Neandertal samples is no doubt due to small fossil sample sizes, variation
in the average geological age of the AMH samples (although we find that only overall
facial size significantly varies with time), the effects of natural selection on aspects of
facial morphology, and the imperfect way in which facial morphology reflects popula-
tional relationships. Still, we find it interesting that, in multivariate shape space, the Near
Eastern/North African AMH sample is equidistant from the Neandertal and all other
modern human samples. This result is consistent with a significant Neandertal signal in
the Upper Paleolithic peoples of the Near East and northeastern Africa, and thus consistent
with evidence suggesting that the Near East was a locus of hybridization on the order
of 65–47 Ka [21]. While molecular and morphological evidence (reviewed above) clearly
indicates some level of interbreeding between Neandertals and modern humans across the
entire Neandertal range, such interbreeding is not clearly reflected in the limited analysis
performed here.
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The spatial analysis failed to detect significant relationships between any aspect of
facial size or shape and climatic zones, which is surprising given the large body of literature
that documents such relationships across global samples of modern humans (see [73,88]).
In particular, we would expect both overall facial size and nasal size to covary inversely
with temperature, and nasal breadth to covary positively with precipitation and tempera-
ture [73]. It is likely that two factors, in combination, obscured a climatic signal in the data.
First, the bulk of the data represents populations from a somewhat limited geographic
area (relative to the global samples that are usually employed to assess ecogeographic
variation). These data also primarily represents Mesolithic populations, who may not have
experienced the colder climatic extremes that are likely to affect facial morphology [73].
Second, Neandertals retained the plesiomorphic condition of wide noses [88], despite
inhabiting cold–temperate environments. Thus, our samples included two groups with
absolutely and relatively wide noses—the Neandertals and the Kenyan Teita—who lived
in the climatic extremes of cold/dry and hot/wet environments, respectively. Given the
relative primacy of nasal morphology in human adaptation to climate, the combination
of these groups with similar nasal morphology yet very different climatic zones is likely
to have weakened the morphological signal of climatic variation but may also reflect the
complex and multifactorial mechanisms that shape craniofacial morphology [92].

Again, we caution that these results are based on very small sample sizes, and any
interpretation of them should be viewed with caution. While this analysis was both
exploratory in nature and limited to facial metrics available from the literature, the results
suggest that there may be utility in expanding this approach, both by including metrics
that may capture additional aspects of Neandertal facial morphology (such as midfacial
prognathism) and by augmenting sample sizes to the extent possible (e.g., incorporating
data from Natufian specimens in the NA/NE AMH sample).

5. Conclusions

This exploratory, multivariate analysis incorporated only six variables, which reflect
only the size and shape of the face overall, orbital shape, and nasal aperture shape. Further-
more, the analysis was conducted on samples that, when temporally and taxonomically
constrained, were woefully small, or, when of adequate sample size, represented popula-
tions (namely, Mesolithic peoples) not temporally close to potential Neandertal–modern
human hybridization events. Despite these limitations, the separation of Neandertals from
all modern humans in the multivariate space created by the first two canonical axes of
the CVA, combined with the hierarchical clustering of distinct Neandertal and European
AMH clades when Mahalanobis distances are considered, shows the utility of analyzing
facial morphology for the information it may contain about population relationships and
potential Neandertal–modern human interbreeding. Two samples, one representing Middle
Paleolithic-associated early modern humans from the Near East, the other representing
Near Eastern and northeast African Upper Paleolithic modern humans, were found to
be either intermediate between the Neandertals and all other modern human samples
in multivariate space (both samples, but especially the former), or to form a hierarchical
branch in the cluster analysis unlike any other modern human sample (the later sample).
While caution should be used in interpreting the results of analyses based on small sample
sizes, these results could be considered consistent with the Near East being a substantial
locus of Neandertal–modern human hybridization. This in no way negates the abundant
aDNA and morphological evidence that suggests that such hybridization occurred across
all (except perhaps northern) Europe, but simply that interbreeding in Europe was of a
nature that it did not leave a clear and interpretable signal (at least given the limitation
of the current study) in the facial morphology of most Late Pleistocene, early Holocene
European modern humans.
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Simple Summary: The family Equidae enjoys an iconic evolutionary record, especially the genus
Equus which is actively investigated by both paleontologists and molecular biologists. Nevertheless,
a comprehensive evolutionary framework for Equus across its geographic range, including North,
Central and South America, Eurasia and Africa, is long overdue. Herein, we provide an updated
taxonomic framework so as to develop its biochronologic and biogeographic frameworks that lead
to well-resolved paleoecologic, paleoclimatic and phylogenetic interpretations. We present Equus’
evolutionary framework in direct comparison to more archaic lineages of Equidae that coexisted but
progressively declined over time alongside evolving Equus species. We show the varying correlations
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between body size, and we use paleoclimatic map reconstructions to show the environmental changes
accompanying taxonomic distribution across Equus geographic and chronologic ranges. We present
the two most recent phylogenetic hypotheses on the evolution of the genus Equus using osteological
characters and address parallel molecular studies.

Abstract: Studies of horse evolution arose during the middle of the 19th century, and several hypothe-
ses have been proposed for their taxonomy, paleobiogeography, paleoecology and evolution. The
present contribution represents a collaboration of 19 multinational experts with the goal of providing
an updated summary of Pliocene and Pleistocene North, Central and South American, Eurasian
and African horses. At the present time, we recognize 114 valid species across these continents,
plus 4 North African species in need of further investigation. Our biochronology and biogeogra-
phy sections integrate Equinae taxonomic records with their chronologic and geographic ranges
recognizing regional biochronologic frameworks. The paleoecology section provides insights into
paleobotany and diet utilizing both the mesowear and light microscopic methods, along with calcula-
tion of body masses. We provide a temporal sequence of maps that render paleoclimatic conditions
across these continents integrated with Equinae occurrences. These records reveal a succession of
extinctions of primitive lineages and the rise and diversification of more modern taxa. Two recent
morphological-based cladistic analyses are presented here as competing hypotheses, with reference
to molecular-based phylogenies. Our contribution represents a state-of-the art understanding of Plio-
Pleistocene Equus evolution, their biochronologic and biogeographic background and paleoecological
and paleoclimatic contexts.

Keywords: Equidae; Equinae; hipparionini; protohippini; equini; paleoecology; paleoclimatology;
biochronology; phylogeny; evolution

1. Introduction

Studies on the evolution of the family Equidae started in the middle of the 19th century
following the opening of the western interior of the United States. Marsh [1] produced
an early orthogenetic scheme of Cenozoic horse evolution detailing changes in the limb
skeleton and cheek teeth. Gidley [2] challenged the purported orthogonal evolution of
horses with his own interpretation of equid evolution. Osborn [3] chose not to openly
debate the phylogeny of Equidae but rather displayed Cenozoic horse diversity in his
1918 treatise on the unparalleled American Museum of Natural History’s collection of
fossil equids. Matthew [4], however, did produce a phylogeny detailing 10 stages, actual
morphological grades, ascending from Eohippus to Equus. Stirton [5] provided a widely
accepted augmentation of Matthew’s earlier work with his revised orthogonal scheme
of North American Cenozoic Equidae. Simpson [6] published his book on horses, which
was the most authoritative account up to that time. His scheme was vertical rather than
horizontal in its view of North American equid evolution, with limited attention paid to
the extension of North American taxa into Eurasia and Africa. MacFadden [7] updated in a
significant way Simpson’s [6] book, depicting the phylogeny, geographic distribution, diet
and body sizes for the family Equidae.

This work principally focused on the evolution of Equus and its close relatives in North
and South America, Eurasia and Africa during the Plio-Pleistocene (5.3 Ma–10 ka). We
documented several American lineages that overlap Equus in this time range, whereas
in Eurasia and Africa, only hipparionine horses co-occurred with Equus beginning at ca.
2.6 Ma, which we included in this work for their biogeographical and paleoecological
significances. These taxa were reviewed by MacFadden [7] and Bernor et al. [8] including
the references therein.

In the present manuscript, we aimed to revise and discuss the most recent knowledge
on the Equinae fossil record, with the following goals:
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(1) Provide a systematic revision of tridactyl and monodactyl horses from 5.3 Ma to
10 ka. These taxa are discussed in chronological order, from the oldest to the youngest
occurrence in each region starting from North and Central America, South America,
Eastern Asia (i.e., Central Asia, China, Mongolia and Russia), Indian Subcontinent,
Europe and Africa, with their temporal ranges, geographic distributions, time of
origins and extinctions. Part of this information is also reported in Table S1;

(2) Integrate the distribution of the fossil record with paleoclimate and paleoecologi-
cal data in order to provide new insights into the evolution of Equinae and their
associated paleoenvironments;

(3) Compare and discuss the latest morphological and genetic-based phylogenetic hy-
potheses on the emergence of the genus Equus. Recently, Barrón–Ortiz et al. [9] and
Cirilli et al. [10] provided phylogenies of Equus, including fossil and extant species,
with different resulting hypotheses. We compare and discuss the results of these two
competing hypotheses here;

(4) Provide a summary synthesis of the major patterns in the evolution, adaptation and
extinction of Equidae 5.3 Ma–10 ka.

2. Materials and Methods

We provide a revised taxonomy of all Plio-Pleistocene Equus across the Americas,
Eurasia and Africa summarizing previously published research, as a group of 19 researchers
from Europe and North and South America. We provide an updated chronology and
geographic distribution for these species. We followed the international guidelines for fossil
and extant horse measurements published by Eisenmann et al. [11] and Bernor et al. [12].
Over the last 30 years, these methods have been applied to several case studies in Equinae
samples from North and South America, Eurasia and Africa, which led to the identification
of new species as well as to the clarification of the taxonomic fossil record. More recently,
Cirilli et al. [13] and Bernor et al. [14] provided a combination of analyses to analyze fossil
and extant samples including univariate, bivariate and multivariate analyses on cranial and
postcranial elements using boxplots, bivariate plots, Log10 ratio diagrams and PCA. We
found that robust, overlapping statistical and analytical methods led to a finer resolution of
the taxonomy and, ultimately, biogeographical and paleoecological studies. We provide
essential information on those species we recognized in the record under consideration.

The taxonomic revision of the 5.3 Ma to 10 ka equid genera and species is given below
and includes the authorship, chronological and paleobiogeographic ranges and some
historical and evolutionary considerations on the taxon. A reduced emended diagnosis of
the species is reported in the Supplementary Materials in order to offer the most relevant
anatomical features to identify the taxon. Additional information is reported in Table S1.

We compiled a global Neogene dataset of Equinae body mass estimates and paleodi-
etary information for extensive palaeoecological analyses. These data were collected during
several museum visits and complemented with data from publications and databases. Pa-
leodietary information included results from traditional mesowear [15], low-magnification
microwear [16] and isotopic analyses of equids from American, Eurasian and African
localities (Tables S2 and S3). Net primary productivity (NPP) estimates were calculated for
equine localities from the mean hypsodonty and mean longitudinal loph counts of large
herbivorous mammal communities using the equation of Oksanen et al. [17]. The equation
was as follows: NPP = 2601 − 144HYP − 935 LOP, where HYP is the mean ordinated
hypsodonty, and LOP is the mean longitudinal loph count.

For the selected localities, body mass estimates based on metapodial measurements of
equine paleopopulations [18,19], univariate mesowear scores calculated using the method
of Saarinen et al. [20], and NPP estimates [17] were included to test whether the diet and
productivity of the paleoenvironments were connected with body size patterns in equine
horses. For this purpose, we used ordinary least squares linear models with body mass
estimates as the dependent variable and the mean mesowear scores and NPP estimates as
the explaining variables. These analyses were based on Eurasian and African Equus because
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of the large amount of data available and high variation in the ecology and environments
of that genus during the Pleistocene, particularly in Europe but also, to some extent, in Asia
and Africa. Because of slight methodological differences concerning the North American
equine data [21] (Section 6.2 in the Supplementary Materials), we discuss them separately
from Eurasian and African Equus in the context of the patterns revealed by the Eurasian and
African Equus models. We also discuss the paleoenvironmental and habitat properties of key
equine species based on what is known regarding the vegetation type and climate in their
environments/paleoenvironments. Furthermore, we compared the patterns in the equine
body size evolution, dietary ecologies and paleoenvironments between the continents and
discuss how differential changes in biome distribution on the different continents could
explain the observed differences in the body size patterns between continents.

We assembled data on the large herbivorous mammals (i.e., Artiodactyla, Perisso-
dactyla, Proboscidea and Primates) from the NOW database [22] and calculated the mean
ordinated crown height for each locality (Table S4) following Fortelius et al. [23] for lists
with at least two species with a hypsodonty value. All NOW localities between 7 Ma to
recent from North and South America, Eurasia and Africa were included in the study and
divided into four different age groups: 7–4 Ma; 4–2.5 Ma; 2.5–1.5 Ma; 1.5 to the recent. Mean
ordinated crown height is a robust proxy for humidity and productivity at the regional
scale [23–26]. We plotted the results onto present-day maps and interpolated between the
localities using Quantum GIS 3.14.16 Pi. For the interpolations, thematic mapping and
grid interpolation were used with the following settings: 20 km grid size; 800 km search
radius; 800 grid borders. The interpolation method employed an inverse distance-weighted
algorithm (IDW).

Finally, we discuss the most recent phylogenetic outcomes on the origin of the genus
Equus. We compared the morphological-based cladistic results of Barrón-Ortiz et al. [9] and
Cirilli et al. [10] with the genomic-based analyses of Orlando et al. [27], Jónsson et al. [28]
and Heintzman et al. [29] in order to identify similarities between the two different
cladistic approaches.

3. Systematics of the Equinae since 5.3 Ma in North, Central and South America

3.1. North and Central America

Horses have been commonly found in numerous terrestrial North and Central Ameri-
can vertebrate faunas. From the Middle Miocene through the Early Pleistocene, the diversity
of horses encompassed the genera Astrohippus, Boreohippidion, Calippus, Cormohipparion,
Dinohippus, Nannipus, Neohipparion, Pliohippus, Protohippus, Pseudohipparion and an Hip-
parionini of indeterminate genus or species. The genus Equus is commonly interpreted to
have first appeared during the Blancan North American Land Mammal Age (NALMA),
though recent analyses propose an earlier origin of crown-group Equus that extends into the
Middle to Late Pliocene [29]. Nevertheless, the genus peaked in diversity and widespread
geographic distribution during the Pleistocene. In the particular case of North and Central
America, we use Equus in the broad sense (i.e., sensu lato), as the generic taxonomy of this
group of equids has not been resolved and is an area of ongoing study (e.g., [9,10,29]).

What follows is a summary of the species of equids present in North and Central
America from the Late Miocene to the Late Pleistocene (Hemphillian to Rancholabrean
NALMAs) based on a review of the literature. In the particular case of Equus sensu lato, we
recognized potentially valid species based on a meta-analysis of relevant studies (published
between 1901 and 2021; n = 68) discussing fossil specimens of this group of equids; details
of this analysis are provided in the Supplementary Materials.

1. Calippus elachistus, Hulbert, 1988 [30] (Right Mandibular Fragment with m2–m3, UF342139).
This species seems to be restricted to Florida (USA) from the Late Miocene to the Late
Hemphillian. The occlusal dimensions of its cheeck teeth are much smaller than any other
species of Calippus, except Ca. regulus, with slightly smaller occlusal dimensions in the early
to middle wear stages and significantly smaller basal crown lengths than Ca. regulus.
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2. Calippus hondurensis, Olson and McGrew, 1941 [31] (Partial Skull Containing Left P2–M3
and Right P2–4, WM 1769). This species has been reported in Puntarenas (Costa Rica),
Gracias (Honduras), Mexico (Guanajuato, Hidalgo, Jalisco and Zacatecas) and in the USA
(Florida). It may be distinguished by its small size and relatively small protocone.
3. Dinohippus leardi, Drescher, 1941 [32] (M1, CIT 2645). This species has been recorded
from the Late Miocene in California (USA). The size of the molars is similar to that of
Pliohippus nobilis or larger in unworn teeth.
4. Dinohippus spectans, Cope, 1880 [33] (Left M2 with Associated or Referred P2, AMNH 8183).
This species has been recorded in Oregon, Nevada, California, Texas and Idaho (USA) dating
to the Late Miocene, with molar teeth of larger size than those of any of the extinct American
horses, except Equus excelsus, approximately equal to those of Hippidion principale.
5. Astrohippus ansae, Matthew and Stirton, 1930 [34] (Partial Left Maxilla with P2-M3,
UC30225). This species is a Hemphilian–Blancan species recorded in Zacatecas (Mexico),
New Mexico, Oklahoma and Texas (USA).
6. Astrohippus stockii, Lance, 1950 [35] (Palate with P2-M2, Front Portion of M3 on the
Right Maxilla and P2-M2 on the Left One, CIT3576). This species has been recorded in
Chihuahua, Guanajuato and Jalisco (Mexico) and Florida, New Mexico and Texas (USA),
from the latest Hemphilian to Blancan NALMAs. Astrohippus stockii is smaller than A. ansae,
but it possesses higher-crowned cheek teeth [35]. In recent phylogenetic analyses, A. stockii
was recovered as the sister group to the clade composed of “Dinohippus” mexicanus plus
Equus sensu lato [8,36] or the sister group to the clade composed of successive species of
“Dinohippus” (i.e., “Dinohippus” leardi, “Dinohippus” interpolatus, Dinohippus leidyanus and
“Dinohippus” mexicanus) plus Equus sensu lato [37].
7. Dinohippus interpolatus, Cope, 1893 [38] (First and Second Upper Molars, Plate XII,
Figures 3 and 4). This is a late Hemphillian-Blancan species that has been recorded in
Hidalgo and Zacatecas (Mexico) and in California, Kansas, New Mexico and Texas (USA).
8. Dinohippus leiydianus, Osborn, 1918 [3] (Skull, Jaws, Vertebrae, Fore and Hind Limbs,
Considerable Portions of the Ribs and Other Parts of the Skeleton of One Individual,
AMNH 17224). This species comes from the late Hemphillian–Blancan with records in
Alberta (Canada) and in Arizona, California, Kansas, Nebraska and Oklahoma (USA).
9. Dinohippus mexicanus, Lance, 1950 [35] (Partial Left Maxilla with P2-M3 and Part of the
Zygomatic Arch, LACM-CIT 3697). This species has been found in Chihuahua, Guanajuato,
Jalisco, Hidalgo, Nayarit and Zacatecas (Mexico) and in California, Florida, New Mexico
and Texas (USA) from Hemphillian to Blancan NALMAs. It is a medium-sized monodactyl
equine horse.
10. Cormohipparion occidentale, Leidy, 1856 [39] (Four Left and One Right Upper Cheek
Teeth, ANSP 11287). This species is a Hemphillian–Blancan species recorded in California,
Florida, Nebraska, New Mexico and Oklahoma (USA). It is a large and hypsodont North
American hipparion.
11. Nannippus aztecus, Mooser, 1968 [40] (Fragmented Right Maxillary with P3–M3, FO 873).
This species has been recorded in Mexico (i.e., Chihuahua, Guanajuato and Jalisco) and
in the USA (i.e., Alabama, Florida, Louisiana, Mississippi, Oklahoma and Texas) from the
latest Hemphillian to Blancan NALMAs. It is a small-sized horse.
12. Nannippus lenticularis, Cope, 1893 [3] (Two Upper Cheek Teeth). This species has been
recorded from Hemphillian to Blancan NALMAs in Alberta (Canada) and in Alabama,
Kansas, Nebraska, Oklahoma and Texas (USA).
13. Nannippus peninsulatus, Cope, 1885 [41] (M2, AMNH8345). This is a Hemphillian–Blancan
species with records in Guanajuato, Hidalgo, Jalisco and Michoacan (Mexico) and in Arizona,
Florida, Kansas, Nebraska, New Mexico and Texas (USA). Nannippus peninsulatus was a highly
cursorial equid that appears to have been functionally monodactyl [42,43]. It had an estimated
body mass of 59.6 kg [44].
14. Neohipparion eurystyle, Cope, 1893 [38] (TMM 40289-1). This species has been recorded
in Alberta (Canada); Guanajuato, Hidalgo, Jalisco and Zacatecas (Mexico); Alabama, Cali-
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fornia, Florida, Kansas, Nebraska, Oklahoma and Texas (USA) from the Hemphillian to
Blancan NALMAs. It is a very hypsodont medium-sized hipparion.
15. Neohipparion leptode, Merriam, 1915 [45] (Lower Molar, UCMP 19414). This species is a
Hemphillian–Blancan species recorded in California, Kansas, Nebraska, Nevada, Oklahoma
and Oregon (USA). It is a large hipparion.
16. Hipparionini genus and Species Indeterminate. Hulbert and Harington [46] reported a
remarkable specimen of a Hipparionini equid from the Canadian Arctic, which represents
the northernmost fossil record of an equid reported to date. It was found in an Early
Pliocene deposit (~3.5–4 Ma) from the Strathcona Fiord, Beaver Pond locality, Ellesmere
Island, Canada [46]. The specimen consists of associated maxillae and premaxillae with the
right dI1 and dP2–dP4 and the left dP1–dP4 of a young foal (approximately 6–10 months
of age) [46]. It is a relatively large hipparionine equid (estimated adult tooth row length
of 150 mm), with deciduous premolars that have low crowns; complex enamel plications;
oval, isolated protocones; a facial region that shows a reduced preorbital fossa located
posterior to the infraorbital foramen [46]. This combination of traits is not known in
any contemporaneous North American hipparionines, but it is found in some Asiatic
hipparionines, particularly Plesiohipparion, indicating possible affinities with this group and
suggesting a previously unrecognized dispersal event from Asia into North America [8,46].
Alternatively, the Ellesmere Island hipparionine could represent a previously unknown
autochthonous lineage of high-latitude North American hipparionines that potentially
evolved from the mid-Miocene North American Cormohipparion [46].
17. Neohipparion gidley, Merriam, 1915 [45] (Left M3, UCMP 21382). This species is a
Hemphillian species recorded in California and Oklahoma (USA). It is the largest of the
North American hipparions.
18. Boreohippidion galushai, MacFadden and Skinner, 1979 [47] (Partial Skull with Well-
Preserved Dentition, AMNH 100077). This is a late Hemphillian horse from Arizona (USA).
19. Cormohipparion emsliei, Hulbert, 1987 [48] (partial skull with most of the right maxilla
including dP1, P2-M3; right and left premaxillae with I1–I3; edentulous fragment of the left
maxilla with alveoli for dP1 and P2). UF 94700. All elements possibly belong to the same
individual as they present similar stages of tooth wear and preservation. It is a species
recorded in the latest Hemphillian to Blancan NALMAs in Alabama, Florida and Louisiana
(USA). It is a medium-sized species of Cormohipparion.
20. Pseudohipparion simpsoni, Webb and Hulbert, 1986 [49] (Associated P3-M1, UF 12943).
This is a latest Hemphillian species recorded in Florida, Kansas, Oklahoma and Texas (USA).
21. Pliohippus coalingensis, Merriam, 1914 [50] (UCMVP 21341). This species is a Pliocene
horse from California (USA).
22. Nannippus beckensis, Dalquest and Donovan, 1973 [51] (Partial Skull with Right and
Left P2–M3, TMM41452-1). This is a Blancan species from Texas (USA). This species is a
medium-sized and moderately hypsodont hipparion.
23. Equus simplicidens, Cope, 1892 [52] (Left M1, TMM 40282-6). This species is interpreted
to have been a medium- to large-sized equid with primitive dentition [53], recorded in Baja
California (Mexico) and Arizona, California, Idaho, Kansas, Nebraska and Texas (USA) from
Blancan to Irvingtonian. The species was initially based upon fragmented molars, with sizes
comparable to E. occidentalis and E. caballus [52]. According to Skinner [54], E. simplicidens
shows great similarities in the skull and dentition with the modern Equus grevyi, and
the differences in the skull are small and expected in temporal and geographic separa-
tion. Gidley [55] described the Hagerman horses based upon characters common to all
zebrine horses, with taxonomically significant differences from non-zebrines, but the char-
acters used to distinguish it from other zebrines are of doubtful validity [56]. Comparing
E. simplicidens with the East African Grevy’s zebra, E. grevyi, Skinner [54] included both
in the subgenus Dolichohippus [57]. This proposal was questioned by Forsten and Eisen-
mann [57], as the cranial similarities found by Skinner [54] might be allometrically related
to the large skull size [57]. Furthermore, Skinner [54] did not compare the basicranium,
missing the comparison of Franck’s Index (i.e., the distance from the staphylioin to the
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hormion and from the hormion to the basion). The index was considered phylogenetically
important, as the lengthening of the hormion to the basion distance seems to have led
to a decrease in the index during Equus evolution, with a high index being related to a
more primitive character than a lower derived index [57]. In Forsten and Eisenmann’s [57]
analysis, both E. simplicidens and Pliohippus (Dinohippus), considered the generic ancestor of
Equus, presented a high index, while E. grevyi and the other extant species presented lower
indices. Following Matthew [4], Forsten and Eisenmann [57] also suggested E. simplicidens
should be included in the subgenus Plesippus [4,58]. Equus simplicidens has long been con-
sidered the earliest common ancestor of Equus [57], but a recent analysis of the genus Equus
suggested that Plesippus and Allohippus should be elevated to a generic rank, indicating
Allohippus stenonis as the sister taxon to Equus and Plesippus simplicidens and P. idahoensis as
the sister taxa to the Allohippus plus Equus clades [9]. On the other hand, recent cladistic
analyses combined with morphological and morphometrical comparisons of skulls suggest
E. simplicidens as the ancestor of Equus, not endorsing Plesippus and Allohippus at the genus
or subgenus level [10].
24. Equus idahoensis, Merriam, 1918 [59] (Upper Left Premolar, UCMP 22348). This is a
Blancan and early Irvingtonian species recorded in Arizona, California, Idaho and Nevada
(USA). The type locality is Locality 3036C, in the beds of the Idaho locality, near Froman
Ferry on the Snake River, 8 mi SW Caldwell, Idaho. According to Winans [56], none of the
traits from the original description of E. idahoensis are unique to this species. However, large
samples of specimens (e.g., Grandview, Idaho; 111 Ranch, Arizona) have been referred to
as E. idahoensis, which have distinctive morphological features [9,60] that indicate that this
is a potentially valid species. The cheek teeth are large and heavily cemented.
25. Equus enormis, Downs and Miller, 1994 [61] (The holotype, IVCM 32, is a partial skull
and right and left mandibles, with the right distal humerus, right radius-ulna, MCIII,
unciform, magnum, trapezoid and MCIII, phalanges 1, 2, and 3 of the manus; partial
pelvis, right femur, MTIII with MTII and MTIV and phalanx 3 of the pes from Vallecito
Creek, Anza-Borrego Desert State Park, San Diego County, California, USA). This species is
known primarily from the late Blancan – Irvingtonian of California (USA). Equus enormis is
a large-sized monodactyl horse with an estimated height at the withers of 1.5 m.
26. Equus cumminsii, Cope, 1893 [38] (Fragmentary Upper Molar, TMM 40287-14). This small
species has been recorded in Kansas and Texas (USA) from Blancan to early Irvingtonian
(NALMAs). Although it is poorly represented by fossils and the type of specimen is a
single damaged tooth, some authors consider this species as an early ass based on dental
morphology [60,62,63].
27. Equus calobatus, Troxell, 1915 [64] (Left MTIII, YPM 13470). This species is a large
stilt-legged horse reported from the late Blancan to early Rancholabrean NALMAs, with
records in Alberta (Canada); Aguascalientes (Mexico); Colorado, Kansas, Nebraska, New
Mexico, Oklahoma and Texas (USA). The original discovery consisted of “unusually long
and slender” limb bones [64] from Rock Creek, Texas, but no single holotype specimen
was designated. Hibbard [65], therefore, selected YPM 13460 as the lectotype. Because the
lectotype and cotypes are limb bones with no distinctive characters other than the large size
and relative slenderness of the metapodials, there are few morphological criteria available
for evaluating this species. Multiple studies [29,56] have synonymized E. calobatus with
Equus (or Haringtonhippus) francisci, but other studies consider it a valid species [66,67].
28. Equus scotti, Gidley, 1900 [68] (Associated Skeleton with Skull, Mandible, Complete Feet
and Forelimb Bones, One Complete Foot and Hindlimb and All the Cervical, Several Dorsal
and Lumbar Vertebrae, AMNH 10606). This species is recorded from the late Blancan to
Rancholabrean NALMAs in Alberta, Ontario, Saskatchewan and Yukon (Canada) and in
California, Florida, Idaho, Kansas, Nebraska, New Mexico, Oklahoma and Texas (USA).
Winans [54] also interpreted E. scotti to be on average slightly smaller than E. simplicidens,
but the measurements provided in that study actually indicate the opposite, and subsequent
review confirms that E. scotti was of a larger form than E. simplicidens.
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29. Equus stenonis anguinus, Azzaroli and Voorhies, 1993 [69] (Complete Skull and Jaw,
USNM 23903). This is a late Blancan species recorded in Arizona and Idaho (USA). It is
described as similar to E. stenonis from the Early Pleistocene of Italy, with skull dimensions
falling within the size range of this latter species [69]; however, the limb bones are, on
average, more elongated. Equus stenonis anguinus possesses a preorbital pit and a deep
narial notch as do the European E. stenonis samples.
30. Equus conversidens, Owen, 1869 [70] (Fragmentary Right and Left Maxilla with All Cheek
Teeth, IGM4008, Old Catalog Number MNM-403). This is a widespread species reported
to have ranged from the Irvingtonian to Rancholabrean with a geographic distribution
encompassing North and Central America: Alberta (Canada); Aguacaliente de Cartago
(Costa Rica); Apopa Municipality (El Salvador); Aguascalientes, Chiapas, Hidalgo, Jalisco,
Michoacán, Nuevo Leon, Puebla, Oaxaca, San Luis Potosi, Sonora, Estado de Mexico, Tlax-
cala, Yucatán and Zacatecas (Mexico); Azuero Peninsula and El Hatillo (Panama); Arizona,
California, Florida, Kansas, Nebraska, New Mexico, Oklahoma, Texas and Wyoming (USA).
The holotype specimen from the Tepeyac Mountain was described by Owen [70] based
upon photos [71]. Owen considered the species to be almost identical to E. curvidens (South
American E. neogeus) but with cheek tooth rows converging towards their anterior ends.
Cope [72] interpreted the anterior convergence of the cheek tooth rows to be an artifact of
the restoration compounded by the photography and assigned the specimen to E. tau, albeit
without any stated justification. Gidley [69] interpreted the two sides of the maxilla to be
from different individuals, since they were found separately and with missing broken edges.
Hibbard [65] provided a reconsideration of the specimen and confirmed that Cope [68] was
correct regarding the distortion of the palate and that Gidley [73] was incorrect regarding
the two sides deriving from different individuals. Azzaroli [74] described a fragmentary
skull (LACM 308/123900) from Barranca del Muerto near Tequixquiac, Mexico, in which
the “two tooth rows converge rostrally, giving evidence that the palate of the holotype (of
E. conversidens) was correctly mounted and that Owen’s name is after all appropriate”.
31. Equus lambei, Hay 1915 [75] (~200 ka–~10 ka) (nearly complete skull from a female,
USNM8426, collected from Gold Run Creek in the Klondike Region, Yukon Territory,
Canada). This species inhabited the steppe–tundra grasslands of Beringia, with remains
having been recovered from Siberia, Alaska, and the Yukon (extending slightly into the ad-
jacent Northwest Territories). Recent genomic evidence suggests that E. lambei and E. ferus
may represent a single species [29,76–78], although further research is required before this
phylogeny can be resolved (see Supplementary Materials, Section 3.4 supplementary text
for a discussion on E. ferus in North America).
32. Equus (or Haringtonhippus) francisci, Hay, 1915 [76] (Complete Cranium, Mandible and
MTIII, TMM 34–2518). This species has been recorded from Irvingtonian to Rancholabrean
localities in the Yukon (Canada); Aguascalientes, Estado de Mexico, Jalisco, Puebla, Sonora,
and Zacatecas (Mexico); Alaska, Arizona, Florida, Kansas, Nebraska, New Mexico, Texas
and Wyoming (USA). It is the oldest name assigned to the stilt-legged group and was first
described as being similar to E. tau but with different P3-M1 proportions, which is expected
in teeth at different stages of wear and, therefore, probably not a significant taxonomical
difference (56). Eisenmann et al. [67] reassigned E. francisci to the genus Amerhippus, as
Amerhippus francisci. Heintzman et al. [29] assigned stilt-legged, non-caballine specimens
from Gypsum Cave, Natural Trap Cave, the Yukon and elsewhere to their new genus
Haringtonhippus under the species Ha. francisci, based upon complete mitochondrial and
partial nuclear genomes as well as morphological data and a crown group definition
of the genus Equus. Barrón-Ortiz et al. [9] considered Haringtonhippus to be a synonym
of Equus and regarded both E. francisci and E. conversidens as distinct taxa based upon
morphological criteria.
33. Equus fraternus, Leidy, 1860 [79] (Upper Left P2, AMNH 9200). This species has been
recorded in Alberta (Canada) and in Florida, Illinois, Mississippi, Nebraska, Pennsylvania,
South Carolina and Texas (USA) from Irvintonian to Rancholabrean. Winans [56] considered
the dental characteristics used to identify the species to vary with wear and that the
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specimens used in its diagnosis represented more than one individual, making it uncertain
whether to attribute it to one species. Azzaroli [74,80] referred several complete skulls,
mandibles and other bones from the southeastern USA to this species.
34. Equus pseudaltidens, Hulbert, 1995 [67] (right maxillary with worn DP2, DP3, DP4,
M1 and M2 and unerupted P2, P3 and P4 (BEG 31186-35); right and left mandibles with
worn i1, di2, dp2, dp3, dp4, m1 and m2 and unerupted p2, p3 and p4 (BEG 31186-36);
cranium lacking occiput (BEG 31186-37); right third metacarpal (BEG 31186-3); right and
left femora (BEG 31186-2, 34); right and left tibiae (BEG 31186-1, 10); right and left third
metatarsals (BEG 31186-4, 7); first phalanx (BEG 31186-24), all thought to belong to the
same individual and estimated to have been approximately 3 years old [81]). This species
was originally described as Onager altidens by Quinn [81]. The use of Onager instead of
Hemionus by Quinn [81] was invalid [67]. Referral of this species to the genus Equus makes
it a homonym of Equus altidens, von Reichenau, 1915 [53,67,82]. Therefore, Hulbert [67]
proposed the replacement name E. pseudaltidens for E. altidens (Quinn). Also referred to
this species are a pair of maxillae (BEG 31186-23) and a right mandible (BEG 31186-22)
of an animal approximately 1 year old, and 24 deciduous and permanent upper and
lower teeth recovered from the type locality [81]. Equus pseudaltidens is known from
the Irvingtonian–Rancholabrean and it has been reported from the Gulf Coastal Plain
of Texas [67,81] and possibly from Coleman, Florida [67]. It is a stilt-legged equid with
metapodial dimensions that are similar to extant hemionines [67,76]. Compared to other
stilt-legged equids discussed here, Equus pseudaltidens is smaller than E. calobatus but larger
than both E. francisci and E. cedralensis [67,76,83]. Kurtén and Anderson [84] synonymized
E. (Hemionus) pseudaltidens with Equus (Hemionus) hemionus. Winans [85] assigned it to
her E. francisci species group. Hulbert [67] considered that E. pseudaltidens and E. francisci
were distinct species and hypothesized that they are sister taxa. Azzaroli [74] synonymized
E. pseudaltidens (as Onager altidens) with E. semiplicatus. Eisenmann et al. [67] considered
E. pseudaltidens distinct from E. semiplicatus and E. francisci and assigned it along with the
latter species to Amerhippus. Heintzman et al. [29] considered E. altidens (=E. pseudaltidens)
a junior synonym of Haringtonhippus francisci.
35. Equus verae, Sher, 1971 [86] (Holotype Mandible with a Full Row of Teeth, GIN 835-
123/21, River Bolshaja Chukochya Exp. 21, Kolyma Lowland, Northeast Yakutia). This
species is a large-bodied, stout-legged Early Pleistocene (Olyorian)–Rancholabrean species
recorded in Northeastern Siberia (Russia) and the Yukon (Canada). E. verae is much larger
than the E. stenonis species and similarities in the teeth and the size of limb bones with
E. suessenbornensis, suggesting a subspecies position for E. verae as well as for E. coliemensis
(see below). Eisenmann [87,88] suggested that E. verae may belong to the subgenus
Sussemionus, but this has not been substantiated by other authors.
36. Equus occidentalis, Leidy, 1865 [89] (Lectotype Left P3, VPM 9129). It is a Rancholabrean
NALMA horse with records in Mexico (i.e., Baja California and Sonora) and the USA
(i.e., Arizona, California, Nevada, New Mexico and Oregon). Leidy [89] named E. occidentalis
from two upper premolars and one lower molar from two widely separated geographic
localities but did not designate a holotype. Gidley [73] selected a left P3 from Tuolumne
County, California, as the lectotype. Merriam [90] referred to E. occidentalis thousands of bones
of a large and stout-limbed equid recovered from Rancho La Brea. Savage [91] and Miller [92]
believed that the equid from Rancho La Brea, identified as E. occidentalis, did not conform
to the lectotype designated by Gidley [73], but neither of these authors proposed a new
name. Azzaroli [74] decided to retain the name E. occidentalis sensu Merriam [90] and selected
the skull figured by Merriam [90] as his lectotype. However, since Gidley [73] had already
designated a lectotype for the species, according to ICZN Article 74, no subsequent lectotype
designations can be made. Brown et al. [93] concluded that some of Leidy’s original fossils of
E. occidentalis (exclusive of the Tuolumne County tooth) most likely come from the McKittrick
asphalt deposits; this locality was not named by Leidy [89], because the town of McKittrick,
California, was not named until 1900. These authors also confirmed that many specimens
from the original type series of E. occidentalis closely resemble the large Pleistocene horses
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from McKittrick and Rancho La Brea [93]. Barrón-Ortiz et al. [94] recognized the presence
of this species outside of the North American Western Interior during the Late Pleistocene.
Barrón-Ortiz et al. [9] recognized it as a valid species closely related to E. neogeus.
37. Equus cedralensis, Alberdi et al., 2014 [83] (fragment of a mandibular ramus formed
by two specimens: one p2-m3 right row (DP-2675 I-2 15) and a second fragment of the
symphysis with the anterior dentition (DP-2674 I-2 8), articulated together from Rancho
La Amapola, Cedral, San Luis Potosí, Mexico, and stored at the Paleontological Collection
(DP-INAH) of the Laboratorio de Arqueozoología “M. en C. Ticul Álvarez Solórzano”
Subdirección de Laboratorios y Apoyo Académico, INAH in Mexico City). This species
is primarily known from the Rancholabrean of Mexico (i.e., Aguascalientes, Chihuahua,
Estado de Mexico, Michoacán, Puebla and San Luis Potosí). Equus cedralensis is an equid
with a small body mass (estimated mean mass of 138 kg) [83,95]. Equus cedralensis was
diagnosed as stout-legged, but a recent analysis placed it within stilt-legged horses and with
its dental morphology being similar to Ha. francisci. Jimenez-Hidalgo and Diaz-Sibaja [96]
considered it a junior synonym of Ha. francisci. Equus cedralensis differs from the holotype
of Ha. francisci, as it is smaller in size and the lower first and second incisors possess
enamel cups.
38. Equus mexicanus, Hibbard, 1955 [65] (cranium lacking the LM3 (No. 48 (HV-3)) from
Tajo de Tequixquiac, Estado de México, Mexico, and stored at the Museo Nacional de
Historia Natural; the specimen is cataloged as IGM4009). This species is known from
the Rancholabrean of Mexico (i.e., Aguascalientes, Chiapas, Estado de Mexico, Jalisco,
Michoacán, Oaxaca, Puebla, San Luis Potosi and Zacatecas) and the USA (i.e., California,
Oregon and Texas). Equus mexicanus is a large body sized species (estimated mean mass
of 458 kg) [83,95]. Winans [85] placed E. mexicanus in her Equus laurentius species group,
but as with other species groups in this study, this was not a strict synonymy. Azzaroli [74]
recognized E. mexicanus as a valid taxon, noting that previous investigations had proposed
synonymy with and tentatively identified as E. pacificus but rejecting this, since the latter
species was initially based upon a single tooth. Barrón-Ortiz [97] assigned specimens
identified as E. mexicanus to E. ferus scotti. Barrón-Ortiz et al. [94] assigned specimens
identified as E. mexicanus to E. ferus. Barrón-Ortiz et al. [9] recognized E. mexicanus as a
valid taxon distinct from E. ferus.

3.2. South America

Two genera, Equus and Hippidion, inhabited the South American continent with records
from the Late Pliocene to the Late Pleistocene [98–100]. Hippidion is an endemic genus of
South American horses characterized mostly by the retraction of the nasal notch, a particular
tooth morphology (considered more primitive than Equus and comparable with Pliohippus)
and the robustness and shortness of its limb bones [98]. The genus is, at present, represented
by three species: Hippidion saldiasi, Hippidion devillei and Hippidion principale [98]. On the
other hand, the South American Equus is represented by a single species, E. neogeus, with
caballine affinities and metapodial variation corresponding to an intraspecific characteristic
representing a smooth cline [9,99,100].

1. Equus neogeus, Lund, 1840 [101] (MTIII, 866 Zoologisk Museum). This is a Middle–Late
Pleistocene species (Ensenandan and Lujanian SALMA) and the only representative of
the genus in the South American continent [9,98–100]. Most records are from the Late
Pleistocene, but its earliest appearance is recorded in the Middle Pleistocene in Tarija,
Bolivia, dated at approximately 1.0–0.8 Ma [102,103]. It has a wide geographic range
distribution, encompassing all of South America, except for the Amazon basin and latitudes
below 40◦ [100]. The species probably became extinct sometime during the Late Pleistocene–
Holocene transition as suggested by the youngest direct radiocarbon date of 11,700 BP (Río
Quequén Salado, Argentina [104]).
2. Hippidion saldiasi, Roth, 1899 [105] (p2, Museo Nacional de La Plata). This is a Late Pleis-
tocene species, dated between 12,000 and 10,000 years BP, mostly known from Argentinian
and Chilean Patagonia, with records in Central Chile and the Atacama Desert [98,106]. The
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last records for the species were radiocarbon dated between 12,110 and 9870 BP in Southern
Patagonia (Cerro Bombero, Argentina [107]) and Cueva Lago Sofía, Chile [108].
3. Hippidion principale, Lund, 1846 [109] (M2, Peter W. Lund Collection, ZMK). This is a
Late Pleistocene species (Lujanian SALMA), with records in Argentina, Bolivia, Brazil and
Uruguay [98]. This species represents the largest Hippidion. There are few radiocarbon-
dated records for this species, with the youngest situated at approximately 16,130 BP
(Arroyo La Carolina, Argentina) [104]; however, remains found in archaeological con-
texts dating close to 13,200 BP in Tagua, Central Chile [110], suggest a later presence for
this taxon.
4. Hippidion devillei, Gervais, 1855 [111] (P2–P3 Row and Fragmented Astragalus, IPMNHN).
This species has been reported in Uquia (Argentina, Late Pliocene–Early Pleistocene), Tarija
(Bolivia) and Buenos Aires (Argentina) from the Middle Pleistocene (Ensenadan SALMA)
to the Late Pleistocene (Lujanian SALMA) and in Brazil [98]. This taxon has been directly
radiocarbon dated only from cave contexts in the high Andes of Peru, with the youngest
record of 12,860 BP [112,113].

4. Systematics of the Equinae since 5.3 Ma in Eurasia and Africa

4.1. Eastern and Central Asia (China, Mongolia, Russia, Uzbekistan, Kazakhstan and Tajikistan)

The fossil record of the three-toed horses from Eastern Asia includes four different
genera (i.e., Plesiohipparion, Cremohipparion, Proboscidipparion and Baryhipparion) with seven
identified species. As for the Indian Subcontinent, Europe and Africa (see below), the
Miocene–Pliocene boundary marks the extinction of the genera Hippotherium, Hipparion s.s.,
Sivalhippus and Shanxihippus [8]. On the other hand, Sun and Deng [114] argued that
the Equus Datum in China is represented by the simultaneous appearance of five steno-
nine Equus species: E. eisenmannae, E. sanmeniensis, E. huanghoensis, E. qyingingensis and
E. yunnanensis. Subsequently, Sun et al. [115] indicated the E. qyingingensis FAD at 2.1 Ma.

1. Plesiohipparion houfenense, Teilhard de Chardin and Young, 1931 [116] (MN13–MN15;
6–3.55Ma). The lectotype RV 31031 includes the right p3–m3 from Jingle, Shanxi. The
earliest P. houfenense first occurs in the Late Miocene Khunuk Formation, Kholobolchi Nor,
Mongolia [8,117–119] and the Late Miocene/Early Pliocene Goazhuan Formation of the
Yushe Basin (5.8–4.2 Ma) [8,120]. It also occurs into the Pliocene of China.
2. Proboscidipparion pater, Matsumoto, 1927 [121] (MN14–MN15; 5–3.5 Ma). The lectotype
THP14321 is a skull with a mandible estimated to be 4–3.55 Ma [122]. This species is
reported from the Yushe Basin (China), and it may be the original source for the evolution
of the Pliocene European species Proboscidipparion crassum and Proboscidipparion heintzi.
3. Plesiohipparion huangheense, Qiu et al., 1987 [122] (MN15; 5.0–3.55). The lectotype THP
10097 is a lower jaw fragment, including the cheek teeth, from the Yushe Basin [122]. It is
a Chinese species reported from Inner Mongolia at 3.9 Ma [7,119,122] and more broadly
from the MN15 of China and India [8]. Ultimately, Pl. aff. huangheense has been reported
from the Early Pleistocene in Gulyazi, Turkey [123].
4. Cremohipparion licenti, Qiu et al., 1987 [122] (MN15, circa 4.0 Ma). The holotype is
THP20764, an incomplete cranium from the Yushe Basin [122]. This distinctly Chinese
species is the latest occurring member of the genus Cremohipparion and is reported from the
Yushe Basin [8].
5. Baryhipparion insperatum, Qiu et al., 1987 [122] (MN16–MNQ17; 3.55–1.8 Ma). The
holotype is THP19009, an incomplete cranium with the mandible from the Yushe Basin [122].
It is reported that this species is from the Pliocene in China.
6. Plesiohipparion shanxiense, Bernor et al., 2015 [124] (MNQ17; 2.5–1.8 Ma). The holotype is
F:AM111820, a complete skull with the mandible [124]. This species, previously recognized
as Plesiohipparion cf. P. houfenense [117], is the largest and, at the same, the time youngest
member of the genus in Eastern Eurasia. It is believed to be 2.0 Ma in age [124]. It may
represent the last evolutionary stage of the genus Plesiohipparion in China. The absence of
the POF suggest an evolutionary relationship with Pl. houfenense.
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7. Proboscidipparion sinense, Sefve, 1927 [125] (MN17-MQ1; 2.5–1.0 Ma). The holotype is PMU
M3925, a complete cranium from Henan Province, China. Proboscidipparion sinense occurs later
in the record and is approximately one-seventh larger than P. pater. Proboscidipparion sinense is
the latest occurring hipparion in China extending its range up to 1.0 Ma [126].
8. Equus eisenmannae, Qiu et al., 2004 [127] (2.55–1.86 Ma). The holotype is IVPP V13552,
a complete cranium with and the mandible from Longdan [127]. It is a large-sized horse,
mostly known from the Early Pleistocene locality of Longdan (China), similar in size to
E. livenzovensis (see below), and the primitive features of the cranial morphology suggest
a close evolutionary relationship with E. simplicidens [10,13]. At the present time, its
evolutionary linkage with other Chinese Equus is not known.
9. Equus sanmeniensis, Teilhard de Chardin and Piveteau, 1930 [128] (2.5–0.8 Ma). The
lectotype is NIH 002 (Paris), a complete cranium with the mandible from Nihewan, Hebei
Province. It is a large-sized, Early Pleistocene species from North and northwest China,
Siberia (Aldan River, Bajakal Lake area), Kazakhstan and Tajikistan [114,129]. Sun and
Deng [114] suggested a morphological similarity between E. sanmeniensis and E. simplicidens,
although diversified from E. stenonis. This evolutionary hypothesis has also been supported
by Cirilli et al. [10,13] through morphometric studies on crania. Equus sanmeniensis has
been reported from the Early to Middle Pleistocene [114,130].
10. Equus huanghoensis, Chow and Liu, 1959 [131] (2.5–1.7 Ma). The holotype is IVPP
V2385–2389, with three upper premolars and two molars from Huanghe, Shanxi (Sun and
Deng, 2019). It is a large-sized, Early Pleistocene species from the localities of Nihewan
(Hebei), Linyi (Shanxi), Sanmenxia Pinglu (Shanxi), Xunyi (Shaanxi) and Nanjing (Jiangsu).
Sun and Deng [114] supported the hypothesis provided by Deng and Xue [130] that
E. huanghoensis is a stenonid horse, considering the Nihewan sample as one of the Equus
species with the largest palatal length with E. eisenmannae. The morphometric analyses of
Cirilli et al. [10,13] show a primitive morphology of the cranium, similar to E. simplicidens
and distinct from E. stenonis. Ao et al. [132] indicated the age of 1.7 Ma as the youngest
record of this species in China.
11. Equus yunnanensis, Colbert, 1940 [133] (2.5–0.01 Ma). The lectotype is IVPP V 4250.1, an
almost complete but deformed cranium. It is a medium-sized, Early Pleistocene species
from the Chinese localities of Yuanmou (Yunnan), Liucheng (Guangxi), Jianshi and En-
shi (Hubei), Hanzhong (Shaanxi) and Huili (Sichuan) and from Irrawaddy in Myanmar.
The species was initially described by Colbert [133] on isolated cheek teeth, while better
knowledge of this species came with the new discoveries from the Yuanmou locality. Deng
and Xue [130] proposed a close evolutionary relationship with E. wangi, whereas Sun and
Deng [114] suggested a close evolutionary relationship with E. teilhardi, suggesting that
these species are distinct from all other Chinese stenonid horses [114].
12. Equus teilhardi, Eisenmann, 1975 [134] (2.0–1.0 Ma). The holotype is NIH001, an
incomplete mandible. It is a medium-sized, Early Pleistocene species from northwest-
ern and North China. Sun et al. [135] proposed a close evolutionary relationship between
E. teilhardi and E. yunnanensis, later supported by the cladistic analysis of Sun and Deng [114].
13. Equus qyingyangensis, Deng and Xue, 1999 [130] (2.1–1.2 Ma). The holotype is NWUV 1128,
an incomplete cranium. It is a medium-sized, Early Pleistocene species from northwestern and
North China. Eisenmann and Deng [136] recognized some close anatomical features between
E. simplicidens and E. qyingyangensis, suggesting a close evolutionary relationship between
these two species. The latest phylogenetic results of Sun and Deng [114] and Cirilli et al. [10]
support this last hypothesis. A new E. qyingyangensis sample has recently been described from
Jinyuan Cave [115], with an FAD of 2.1 Ma.
14. Equus wangi, Deng and Xue, 1999 [130] (2.0–ca. 1.0 Ma). The holotype is NWUV 1170, a
complete upper and lower cheek teeth rows from Gansu Province, Early Pleistocene [130].
Sun and Deng [114] reported a large size for E. wangi, similar to E. eisenmanne, E. sanmeniensis
and E. huanghoensis. The phylogenetic position of E. wangi is not well defined, although Sun
and Deng [114] highlighted a possible closer relationship with E. eisenmannae than any other
stenonine Equus.
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15. Equus pamirensis, Sharapov, 1986 [137] (Early Pleistocene). The holotype is IZIP 1-438
(Institute of Zoology and Parasitology, Uzbekistan), a complete upper tooth row from
Kuruksai [137], approximately 2 Ma (MN17), possibly earlier. It is a large species of
stenonine horse described from the Kuruksai, 18 km NE of Baldzuan, Tajikistan, in the
Kuruksai River valley in the Afghan–Tajik Depression [138]. The site has been correlated to
the middle Villafranchian. The taxonomy of this horse is contentious [138], with it being
referred to variously as Equus (Allohippus) aff. sivalensis [137] and E. stenonis bactrianus [139].
We currently regard this as a distinct species.
16. Central Asian Small Equus sp. from Kuruksai [138] (Early Pleistocene). This is a
small species of horse that co-occurs with the larger E. pamirensis at Kuruksai. Metrically,
the metapodials fall within the range of variation of E. stehlini [138]. Similar small horse
remains have also been found in the Early–Middle Pleistocene Lakhuti 1 locality in the
Afghan–Tajik Depression [138].
17. Equus (Hemionus) nalaikhaensis, Kuznetsova and Zhegallo, 1996 [140]. This species
was found in the late Early Pleistocene and early Middle Pleistocene (approximately 1 my,
Jaramillo paleomagnetic episode) in Mongolia. The lectotype PIN 3747/500 is represented
by the incomplete skull of an old male from Nalajkha [141].
18. Equus coliemensis, Lazarev, 1980 [142]. The holotype is a skull with very worn teeth (col.
IA 1741). The type locality is the river Bolshaja Chukochya, Kolyma lowland, northeast
Yakutia, Siberia, Russia. It is reported from the late Early Pleistocene in northeastern Siberia
(Russia). Recently, Eisenmann [87] included E. coliemensis in the subgenus Sussemonius.
19. Equus lenensis, Rusanov, 1968 [143]. The holotype skull comes from the Lena River
delta (GIN Yakutia col. 33). The type locality is the river Bolshaja Chukochya, Kolyma
lowland, northeast Yakutia, Siberia (Russia). It is reported from the Middle Pleistocene
from northeastern Siberia (Russia). Lazarev [144] considered E. lenensis to be close to the
North American E. lambei, even larger and more heavily built than the latter. It is also
known from the Middle Pleistocene in Yakutia Equus orientalis (Equus caballus/ferus orientalis)
and Equus nordostensis (Equus ferus/caballus nordostensis) [143–145]. Equus nordostensis is
characterized by a large size based on the skull, with low plication of the “marks” of the
upper teeth and a long protocone [144]. According to Kuzmina [129], it is junior synonym
of E. mosbachensis. Equus orientalis has a large skull and a long snout with an elongated
teeth row, flat protocone and rare plication of the upper teeth [144].
20. Equus beijingensis, Liu, 1963 [146] (late Middle Pleistocene). The holotype is V2573-2574,
a palate and jaw from Zhoukoudian, China [146,147]. It is a Chinese caballine horse
recovered mostly form locality 21 of Zhoukoudian. Unfortunately, the species is not well
represented, although Forsten [147] indicated a similar size with E. sanmeniensis. Liu [146]
also indicated E. sanmeniensis as the possible ancestor for E. beijingensis; nevertheless,
this hypothesis was discarded by Fortsen [147] and Deng and Xue [130], who identified
E. beijingensis as a caballine horse, characterized by a U-shaped linguaflexid. Its evolutionary
position is not well defined, although Forsten [147] and Deng and Xue [130] proposed
that E. beijingensis is a relative of European E. ferus (their E. mosbachensis) or of a North
Americam caballine horse [130].
21. Equus valeriani, Gromova, 1946 [148] (Late Middle–Late Pleistocene). The hypodigm
includes upper and lower cheek teeth, figured in Eisenmann et al. [149]. It is an enig-
matic taxon, described by Gromova [148], from Samarkand, Uzbekistan. According to
Gromova [148] and Eisenmann et al. [149], it shows a stenonine metaconid-metastylid in
the lower cheek teeth but with a long protocone in the upper cheek teeth. Its possible oc-
currence has also been proposed in Syrie (Kéberien Géométrique d’Umm el Tlel), although
this identification still remains uncertain [149].
22. Equus dalianensis, Zhow et al., 1985 [150] (Late Pleistocene). The holotype is V821966,
an incomplete mandible preserving two lower cheek teeth rows. It is a Chinese caballine
horse described from Gulongshan Cave, Liaoning. Forsten [147] demonstrated close
morphological and morphometrical similarities with E. ferus gemanicus, E. ferus orientalis
and E. ferus chosaricus, suggesting that they all represent individual populations of a

109



Biology 2022, 11, 1258

single widespread species, E. ferus. Deng and Xue [130] suggested a common origin for
E. dalianensis and E. przewalskii, with no ancestor-descendant relationships between them.
Nevertheless, a recent genomic analysis by Yuan et al. [151] revealed that E. dalianensis is a
separate clade of caballine horses, distinct from E. przewalskii.
23. Equus ovodovi, Eisenmann and Vasiliev, 2011 [152] (0.04–0.01 Ma). The holotype is IAES
21, a fragmentary palate from Proskuriakova Cave [152]. It was described in the Late Pleis-
tocene site of Proskuriakova Cave (Khakassia, southwestern Siberia, Russia). It was first
considered a species related to E. hydruntinus and modern hemiones, although the genomic
analyses by Orlando et al. [153] suggest a relationship with wild asses, representing a new
separated fossil clade with no extant relatives [150]. For this reason, Orlando et al. [153] and
Eisenmann and Vasiliev [152] included this species in the subgenus Sussemionus. Molecular
studies suggest that E. ovodovi is a sister to extant zebras and is nested within the clade that
includes both extant zebra and asses [154]. Equus ovodovi has been recognized in the Late
Pleistocene of southern and eastern Russia and more recently in China [152,154,155].
24. Equus hemionus, Pallas, 1774 [156] (0.0 Ma). Pallas [156] did not refer to any holotype
or lectotype but gave a detailed description of the anatomical features of the species,
associated with an illustration of an animal located near Lake Torej-Nur, Transbaikal
area [156] (V.19, pp. 394–417, Pl. VII). Equus hemionus is known as the Asiatic wild ass,
distributed in China, India, Iran, Mongolia and Turkmenistan. Historically, it has also been
reported in Afghanistan, Armenia, Azerbaijan, Georgia, Iraq, Jordan, Kuwait, Kyrgyzstan,
Russia, Saudi Arabia, Syria, Tajikistan, Turkey and Ukraine. Four different subspecies are
identified, mostly describing the present areal distribution: E. hemionus hemionus (Mongolia),
E. hemionus khur (India), E. hemionus kulan (Turkmenistan) and E. hemionus onager (Iran).
Another extinct subspecies was recognized in Syria, E. hemionus hemippus. The fossil record
is not well studied, but crania and mandibles of the species have been reported from
Narmada Valley in Central India [157], the Indian state of Gujarat [158], and the Son Valley
in Northern India [159]. This species is distinguished from E. namadicus by its smaller
size and smaller protocones on the premolars. Radiocarbon dates from these deposits
suggest that this species entered South Asia during the last glacial period, most likely from
West Asia [160,161]. The most recent genetic analyses suggest that the onager and kiang
populations diverged evolutionarily ca. 0.4–0.2 Ma [28].
25. Equus kiang, Moorcroft, 1841 [162] (0.0 Ma). Moorcroft [162] did not designate any holotype
or lectotype but provided a general description of the species [162]. Equus kiang is known as
the Tibetan ass, with a distribution in China, Pakistan, India, Nepal and, possibly, Bhutan.
Three subspecies have been identified, E. kiang kiang, E. kiang holdereri and E. kiang polyodont,
with different authors pointing out their subspecific statuses [162–165]. At the present time,
no paleontological information is available for E. kiang. Jonsson et al. [28] distinguished
E. kiang from E. hemionus as a valid taxon. The most recent morphological cladistic analysis
found E. kiang and E. hemionus to be stenonine horses [10].
26. Equus przewalskii, Poliakov, 1881 [166] (~0.1–0.0 Ma). The holotype, a skull (number 512)
and skin (number 1523), are found in the collection of the Laboratory of Evolutionary
Morphology, Moscow (museum exposition), originally obtained by N. M. Polyakov in
Central Asia, southern Dzhungaria, in 1878 [129]. For a complete description of the species
see Groves [167] and Grubb and Groves [168]. It is an extant species of caballine horse
that is found in small geographic areas of Central Asia, although, historically, it once
ranged from Eastern Europe to eastern Russia [169]. In China, E. przewalskii is common
in the Late Pleistocene (~0.1–0.012 Ma) sites in the northern and central regions of the
country, but it is absent in the Holocene, except in northwestern China [170]. It shows close
morphological similarities with Equus ferus (see below), and both are members of caballine
horses [10,28,153]. While genomic analyses have shown that the Przewalski’s horses are
the descendants of the first domesticated horses from the Botai culture in Central Asia
(Kazakhstan) around 5.5 ka [171,172], subsequent morphological studies have shown that
Botai horses are not domestic horses but harvested wild Prezwalski’s horses [173].
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4.2. Indian Subcontinent

The Siwalik Group and co-eval sediments of the Himalayan Foreland Basin preserve an
exceptional record of hipparionine and equine horses. The earliest lineage, Cormohipparion,
appears in the record at approximately 10.8 Ma. The diverse indigenous Sivalhippus
lineage ranges from 10.4 to 6.8 Ma, “Hipparion” from 10 to 9.6 Ma and Cremohipparion
from 8.8 to 7.2 Ma [174]. Across the Mio–Pliocene boundary, a turnover in hipparion taxa
seems to have taken place, with the older lineages being replaced in the Late Pliocene
by Plesiohipparion and Eurygnathohippus along with a distinct but poorly known species
“Hippotherium” antelopinum [119,175]. These Late Pliocene hipparionines are replaced by
stenonine equids represented by Equus sivalensis and a small species of ass-like Equus in the
Early Pleistocene [176]. By the Middle Pleistocene, a third species of large stenonine horse,
Equus namadicus, is common in peninsular India deposits; this species went extinct in the
Late Pleistocene [177]. Equus hemionus doesn’t appear in the record until ~0.03 Ma [177],
and Equus caballus is found in Holocene archaeological sites [178].

1. “Hippotherium” antelopinum, Falconer and Cautley, 1849 [179] (3.6–2.6 Ma). The lectotype
is NHMUK PV M.2647, a subadult right maxilla fragment with P2-M3. It is a species
of hipparionine horse from the late Pliocene age deposits between the rivers Yamuna
and Sutlej in India. This taxon has been the subject of much nomenclatural confusion.
Lydekker named the lectotype and along with the hypodigm, placed it within the genus
Hipparion. Later authors [180–182] have referred Miocene hipparionine material collected
on the Potwar Plateau in Pakistan to this táxon and reassigned the species to the genus
Cremohipparion. However, given that the hypodigm of “Hippotherium” antelopinum comes
from the Late Pliocene and does not preserve any apomorphies of Cremohipparion; we refer
to the late Pliocene specimens as “Hippotherium” antelopinum, separate from the Potwar
Plateau specimens from the Dhok Pathan Formation, which can still be taxonomically
referred to as Cremohipparion, but a formal description of the species with a new type of
specimen is required. A more comprehensive study currently in preparation will attempt
to resolve this issue
2. Plesiohipparion huangheense, Qiu et al., 1987 [122] (3.6–2.6 Ma). Jukar, et al. [119] identi-
fied NHMUK PV OR 15790, a mandibular fragment with p4-m1, originally classified as
“Hippotherium” antelopinum, as P. huangheense from the Late Pliocene of the Siwalik Hills.
3. Eurygnathohippus sp. (3.6–2.6 Ma). Four mandibular cheek teeth from the Late Pliocene of
the Siwaliks from the Potwar Plateau in Pakistan and the Siwalik Hills in India were identi-
fied by Jukar et al. [175] as Eurygnathohippus sp. These specimens all bear the characteristic
single pli-caballinid and ectostylid.
4. Equus sivalensis, Falconer and Cautley, 1849 [179] (2.6–0.6 Ma). The lectotype is NHMUK
PV M.16160, an incomplete cranium from the Siwaliks [183]. It is a large species of stenonine
horse found in the Siwaliks of the Indian Subcontinent, ranging from the Potwar Plateau
in the west to the Nepal Siwaliks in the east. The exact temporal distribution is unknown;
however, based on paleomagnetic dating of the Pinjor Formation where the species was
found, it likely ranges in age from 2.6 to 0.6 Ma [176,184]. However, some potentially older
occurrences from just below the Gauss–Matuyama boundary (>2.6 Ma) have also been
reported [185,186].
5. Equus sp. (~2.2–1.2 Ma). This is small species of Equus with smaller slender metapodials
has been reported from the Pinjor Formation of the Upper Siwaliks. This species has been
referred to as Equus sivalensis minor [187], Equus sp. A [188] or Equus cf. E. sivalensis [189].
A set of postcranial remains, including metapodials, astragali and phalanges, which were
formerly tentatively referred to as “Hippotherium” antelopinum, are now believed to belong
to this small species of Equus [138,184]. Based on specimens collected from the Mangla–
Samwal Anticline and the Pabbi Hills in Pakistan, this species likely ranges in age from
~2.2 to 1.2 Ma [176]. Geographically, it ranges from the Pabbi Hills to the river Yamuna in
the east.
6. Equus namadicus, Falconer and Cautley, 1849 [179] (~0.5–0.015 Ma). The lectotype
is NHMUK PV M.2683, an incomplete cranium from the Siwaliks [183]. It is a large-
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sized stenonine horse from the Middle and Late Pleistocene of the Indian Subcontinent.
The stratigraphic range includes the Middle Pleistocene Surajkund Formation in Central
India [190] and Late Pleistocene deposits throughout peninsular India [177]. However,
Lydekker [191] reported some specimens from the uppermost Upper Siwaliks, which might
suggest that the species extends back to the early Middle Pleistocene.

4.3. Europe

As in Eastern and Central Asia, the Mio–Pliocene boundary represents a relevant
turnover of three-toed horses in Europe, with the extinction of the genera Hippotherium
and Hipparion s.s. The Pliocene and Pleistocene are characterized by the persistence of
Cremohipparion, and the dispersion of Proboscidipparion and Plesiohipparion [7], represented
by five species. The Equus Datum is represented by the oldest species, Equus livenzovensis, at
ca. 2.6 Ma in Russia, Italy, France and Spain [176], which led to the Equus stenonis’ evolution
and to the radiation of the African fossil species [10,13,184,192]. At the present time, we
recognize 13 species in the genus Equus during the Pleistocene.

1. Plesiohipparion longipes, Gromova, 1952 [193] (7–3.0 Ma). The holotype is PIN2413/5030,
a complete mt3 from Pavlodar [193]. It has been identified from Pavlodar (Kazhakstan),
Akkasdagi and Calta (Turkey) [194] and Baynunah (UAE) [8,195]. In all cases, Pl. longipes
was recognized by its extreme length dimensions of mc3s and mt3s. None of these at-
tributions of Plesiohipparion display the characteristics of extremely angled and pointed
metaconids and metastylids of Pl. houfenense, Pl. huangheense, Pl. rocinantis or Pl. shanxiense.
If all these taxa are referable to Plesiohipparion, the chronologic range would be 7 Ma to the
Early Pleistocene and the geographic range being from China to Spain.
2. “Cremohipparion” fissurae, Crusafont and Sondaar, 1971 [196] (MN14-15). The holotype is
an mt3 from Layna, Spain, figured in Crusafont and Sondaar [196] (Pl. 1). It was originally
described as “Hipparion” fissurae. The species is recorded from the MN15 Pliocene localities
in Spain [197] and more recently from the MN14 of Puerto de la Cadena [198]. The
most recent analyses provided by Cirilli et al. [192] suggest an attribution to the genus
Cremohipparion, yielding this species as the possible last representative of the genus in
Europe. Its evolutionary framework is not yet defined.
3. Proboscidipparion crassum, Gervais, 1859 [199] (ca. 4.0–2.7 Ma; MN14-16). Deperet [200]
described and figured the sample from Roussillon, France, without assigning a holotype or
lectotype. The sample figured by Deperet [200] (Pl. V, Figures 6–10; Pl. VI) represents the
hypodigm for the species. The sample is a small-sized equid with remarkable similarities
with Pr. heintzi [192,194]. No complete crania are known from this species, whereas it is well
documented by isolated upper and lower cheek teeth and postcranial elements. Bernor and
Sen [194] showed that Pr. crassum also has a very short mc3, whereas Cirilli et al. [192] gave
substantial indications in cranial and postcranial elements for its attribution to the genus
Proboscidipparion. This species is mostly known from the Pliocene of France (Perpignan,
Montpellier) but also from Dorkovo (Bulgaria) and Reg Crag (England) [197,201,202].
4. Proboscidipparion heintzi, Eisenmann and Sondaar, 1998 [203] (MN15). The holotype
is MNHN.F.ACA49A, a complete mc3 from Calta, Turkey [203]. It was originally identi-
fied and described “Hipparion” heintzi [203], whereas Bernor and Sen [194] restudied and
allocated this taxon to Pr. heintzi, recognizing the similarity of the Calta juvenile skull
MNHN.F.ACA336 to Chinese Pr. pater in the retracted and anteriorly broadly open nasal
aperture accompanied by very elongate anterostyle of dP2 [190]. It has only been reported
from the locality of Calta.
5. Plesiohipparion rocinantis, Hernández-Pacheco, 1921 [204] (3.0–2.58 Ma). The lectotype
is a p3/4 figured in Alberdi [205] (Pl. 6, Figure 4). It is the largest three-toed horse from
Europe. Qiu et al. [122], followed by Bernor et al. [124,206] and Bernor and Sun [207],
recognized this species as being a member of the Plesiohipparion clade by cranial and
postcranial morphological features. Plesiohipparion rocinantis is reported between 3.0 and
2.6 Ma [208,209] from La Puebla de Almoradier, Las Higuerelas and Villaroya (Spain);
Roca-Neyra (France); Red Crag (England); Kvabebi (Georgia). This species may include
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“Hipparion” moriturum from Ercsi (Hungary) and the sample from Sèsklo (Greece) previously
ascribed to Plesiohipparion cf. Pl. shanxiense [210]. It represents the last occurrence of
Plesiohipparion in Europe at the Plio–Pleistocene transition [8,192].

Rook et al. [211] reported the occurrence of “Hipparion” sp. from the Early Pleistocene
locality of Montopoli, Italy (2.6 Ma). The “Hipparion” sp. from Montopoli is represented by
a single incomplete upper cheek tooth that, however, shows some morphological features
distinct from the first Equus, E. livenzovensis occurring in the same locality [211]. Together
with Villarroya, Roca-Neyra, Sèsklo, Guliazy and Kvabebi, the Montopoli specimen repre-
sents one of the last occurrences of three-toed horses in Europe and may, in fact, be a small
species of Cremohipparion.

6. Equus livenzovensis, Bajgusheva, 1978 [212] (2.6–2.0 Ma). The holotype is POMK L-4,
a fragmentary skull from Liventsovka [212] in the Early Pleistocene. The species rep-
resents the Equus Datum in Western Eurasia, Early Pleistocene localities dated at the
Plio–Pleistocene boundary (2.58 Ma) such as Liventsovka (Russia), Montopoli (Italy) and
El Rincón–1 (Spain) [184,212–219]. Recent research [214,216,220] suggests the occurrence of
E. livenzovensis in Eastern European localities, dated between 2.58 and 2.0 Ma. The species
shows the typical stenonine morphology, even though it is a large-sized horse.
7. Equus major, Delafond and Depéret, 1893 [221] (?2.6–1.9 Ma). The hypodigm is rep-
resented by a P2-M1 and a 1ph3 figured by Delafond and Depéret [221] from Chagny,
France. It is poorly represented in the Early Pleistocene of Europe, being represented by
few remains and localities. It was described by an incomplete upper cheek tooth row
and postcranial elements from the Early Pleistocene locality of Chagny (Central France).
Following the ICZN guidelines, Alberdi et al. [216] established that E. major has prior-
ity over Equus robustus Pomel, 1853 [222]; Equus stenonis race major Boule, 1891 [223];
Equus bressanus Viret, 1954 [224]; Equus major euxinicus Samson, 1975 [225]. Equus major has
been reported from the European sites of Senèze, Chagny, Pardines and Le Coupet (France);
Tegelen (the Netherlands); East Reunion and Norfolk (England) [216], and, as reported by
Forsten [214], it may also be present at Liventsovka (Russia). It is a large-sized monodactyl
horse, the largest species of the European Early Pleistocene.
8. Equus stenonis, Cocchi, 1867 [226] (2.45–ca. 1.6 Ma). The holotype is IGF560, a complete
cranium from the Upper Valdarno Basin, Italy [13]. It was the most widespread Equus
species during the Early Pleistocene (MNQ17 and MNQ18). In the last century, E. stenonis
samples were identified under several subspecies as E. stenonis vireti, E. stenonis senezensis,
E. stenonis stenonis, E. stenonis granatensis, E. stenonis guthi, E. stenonis mygdoniensis,
E. stenonis anguinus, E. stenonis pueblensis and E. stenonis olivolanus. Recently, Cirilli et al. [13]
reevaluated these subspecies, considering most of them to be ecomorphotypes of the same
species, resulting in recognizing that E. stenonis is a monotypic, polymorphic species. At
the present time, the species is reported as having occurred from Georgia to Spain in the
circum-Mediterranean area as well as the Levant.
9. Equus senezensis, Prat, 1964 [227] (2.2–2.0 Ma). The lectotype includes a left P2-M3 and
two mc3s, figured in Prat [227] (Pl.1 Figure C; Pl.2 Figure D,E). It is a medium-sized horse,
distributed in France and Italy. Earlier referred to as E. stenonis senezensis [227], it has
been recognized as a different species by Alberdi et al. [216] and Cirilli et al. [13]. It is
morphologically similar to the European E. stenonis but with a reduced size. It is reported
from the type locality of Senèze and possibly from Italy between 2.2 and 2.1 [228,229].
10. Equus stehlini, Azzaroli, 1964 [230] (1.9–1.78 Ma). The holotype is IGF563, an incomplete
cranium from the Upper Valdarno Basin. It is the smallest Early Pleistocene Equus species.
Over the last decades, it was considered both either a species or a subspecies of E. senezensis
Azzaroli [216,230]. Cirilli [229] found that it can be considered a different Early Pleistocene
species that probably evolved from E. senezensis. At the present time, E. stehlini is known
only from Italy [228,229].
11. Equus altidens, von Reichenau, 1915 [82] (1.8–0.78 Ma). The lectotype is a right p2
figured in von Reichenau [82] (Pl. 6, Figure 17) from Sussenborn, Germany. It is a medium-
sized horse, intermediate in size between E. stehlini and E. stenonis, occurring in Western
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Eurasia in the late Early to early Middle Pleistocene. Originally described from the Middle
Pleistocene in Süssenborn [82], over the last decades its chronologic range was extended
to the late Early Pleistocene, representing the most widespread species after 1.8 Ma until
the Middle Pleistocene [231,232]. Recently, Bernor et al. [14] reported its first occurrence in
Dmanisi (Georgia, 1.85–1.76 Ma), supporting the hypothesis of a dispersion of this species
from east to west, being part of a faunal turnover that included several other mammalian
species during this time frame [14,233,234]. It was also identified in Moldova (Tiraspol,
layer 5) [129]. Several populations of E. altidens have been identified as different sub-
species (i.e., E. altidens altidens and E. altidens granatensis). Nevertheless, within the nomen,
E. altidens may also be included in other European taxa such as Equus marxi von Reichenau,
1915 [82]; Equus hipparionoides Vekua, 1962 [235]; E. stenonis mygdoniensis Koufos, 1992 [236];
Equus granatensis Eisenmann, 1995 [13,216,232,233,237,238]. Its origin remains controversial.
Guerrero Alba and Palmqvist [239] proposed a possible African origin, claiming it to be part
of the E. numidicus–E. tabeti evolutionary lineage. This latter hypothesis was also reported
by Belmaker [240]. Eisenmann [87] included E. altidens in the new subgenus Sussemionus,
with other Early and Middle Pleistocene species. More recently, Bernor et al. [14] proposed
a new evolutionary hypothesis, considering that E. altidens originated in Western Asia and
is potentially related to living E. hemionus and E. grevyi.
12. Equus suessenbornensis, Wüst, 1901 [241] (1.5–0.6 Ma). The lectotype is IQW1964/1177,
a P2-M3 from Süssenborn, Germany. It is a large horse, larger than E. stenonis and
E. livenzovensis but smaller than E. major. As for E. altidens, the species has been described
from the Middle Pleistocene in Süssenborn [241], even if its best-known sample comes
from the Georgian locality of Akhalkalaki (ca. 1.0 Ma) [242]. In addition to Akhalkalaki
and Süssenborn, it has been reported in Central European localities such as Stránská Skála
(Czech Republic) and Ceyssaguet and Solilhac (France) [216,243,244]. Over the last decades,
its biochronologic range was extended to the late Early Pleistocene, with its earliest occur-
rence in the Italian localities of Farneta and Pirro Nord [216,231] and in the Spanish sites of
Barranco León 5 and Fuente Nueva 3 [245].
13. Equus apolloniensis, Koufos et al., 1997 [246] (1.2–0.9 Ma). The holotype is LGPUT-APL-
148, a nearly complete cranium from Apollonia, Greece [246]. It is a peculiar species of the
late Early Pleistocene, mostly recorded from the locality of Apollonia–1 (Mygdonia Basin,
Greece) and, possibly, from other localities of the Balkans and Anatolia [244,246,247]. As
reported by Gkeme et al. [247], this species differs from E. stenonis and other European
Early Pleistocene Equus, with a distinct cranial morphology, and its size is intermediate
between E. stenonis and E. suessenbornensis. Koufos et al. [246] interpreted E. apolloniensis as
an intermediate species between E. stenonis and E. suessenbornensis, whereas Eisenmann
and Boulbes [248] considered E. apolloniensis as “a step within the lineage of asses”.
14. Equus wuesti, Musil, 2001 [249] (1.1–0.9 Ma). The holotypes are IQW1980/17067
and IQW1981/17619, two fragmentary mandibles with p2-m3 from Untermassfeld, Ger-
many [249]. It has been established from the Epivillafranchian locality of Untermassfeld
(Germany). Musil [249] reported isolated teeth, mandibles and long bones with primi-
tive and derivate characteristics, and a larger size when compared with the widespread
E. altidens. This evidence was also reported by Palombo and Alberdi [232], highlighting a
more robust morphology of the postcranial elements. However, scholars disagree on its pos-
sible origin. Forsten [250] considered E. wuesti close to and derived from E. altidens, whereas
others [249,251] recognized E. wuesti as the possible source for E. altidens. Nevertheless,
considering the latest E. altidens discoveries [14,231,232,238], this last hypothesis seems to
not be well supported. Palombo and Alberdi [232] suggest also that it can represent an
ecomorphotype of E. altidens.
15. Equus petralonensis, Tsoukala, 1989 [252] (ca. 0.4 Ma). The holotype is PEC-500, an
mc3 from Petralona Cave, Greece [252]. It is a slender and gracile horse from Greece
(Petralona Cave). However, the taxonomic status of this species has been actively de-
bated. Forsten [250] considered E. petralonensis as being a member of the E. altidens
group, together with the Early Pleistocene equids from Libakos, Krimini and Gerakaou.
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Eisenmann et al. [67] synonymized E. petralonensis with Equus hydruntinus, within the sub-
species E. hydruntinus petralonensis. Despite the taxonomic controversy surrounding this
species, E. petralonensis may be considered a stenonine horse because of its mandibular
cheek tooth morphology [246].
16. Equus graziosii, Azzaroli, 1969 [253] (MIS 6). No access number is available for the
holotype, which is figured in Azzaroli [254] (Pl. XLV, Figure 1a,b) as a complete cranium
from Val di Chiana, Arezzo. It is an enigmatic species from the late Middle–Late Pleis-
tocene. It was described as a different species by Azzaroli [254] based on a partial cranium,
mandibles and postcranial elements. According to Azzaroli [254], the cranium and maxil-
lary and mandibular cheek teeth have typical asinine features, although some other authors
have highlighted the morphological similarities with E. hydruntinus [244,255,256]. The
evolutionary and phylogenetic position of E. graziosii is still questionable.
17. Equus hydruntinus, Regalia, 1907 [257] (0.6–0.01 Ma). There is no holotype. The hypodigm
includes isolated upper and lower molars and the fragments of radius and tibia from Grotta
Castello (Sicily, Italy). It is known also as the European wild ass, which is a small-sized and
slender horse from the Middle and Late Pleistocene in Europe. Its geographic range spans
across Europe and is documented in numerous localities [244]. Apparently, the first speci-
mens of this species were also found in Central Asia in several Uzbekistan Late Weichselian
localities associated with the Late Paleolithic [129,258]. Its evolutionary history has been de-
bated by many authors, who have proposed different scenarios such as a direct origin from
E. altidens [150,259,260], Equus tabeti [237,239] or, more recently, as a new taxon arrival from
Asia [228,238]. Nevertheless, the most recent DNA analyses relate E. hydruntinus as a mor-
photype of the modern E. hemionus, proposing the subspecies E. hemionus hydruntinus [261].
However, several morphological features distinguish E. hydruntinus from E. hemionus (for a
detailed discussion, see [244]), allowing for the consideration of E. hydruntinus as a still valid
name for fossil identification. The oldest remains of E. hydruntinus were reported from the
Middle Pleistocene levels of Vallparadìs, ca. 0.6 Ma [262,263], although the species has been
documented in Western Eurasia until the Holocene [244]. Different subspecies have been sug-
gested including E. hydruntinus minor (Lunel Viel, France), E. hydruntinus danubiensis (Romania),
E. hydruntinus petralonensis (Petralona Cave, Greece) and E. hydruntinus davidi (Saint-Agneau,
France). As reported by Boulbed and Van Asperen [244], E. hydruntinus adapted to semiarid,
steppe conditions with a preference for temperate climates, although it could tolerate limited
cold conditions.
18. Equus ferus, Boddaert, 1758 [264] (ca. 0.7–0.6 Ma). Boddaert [264] did not refer to any
holotype or lectotype but gave a detailed description of the anatomical features of the
species [264] (p. 159). It first appears in Western Eurasia in the early Middle Pleistocene,
although a precise age is not available at the present time. The species has been questioned
mostly from a taxonomic viewpoint, wherein many subspecies or different species have
been erected to identify the Middle and Late Pleistocene fossil samples of the caballine
horses as Equus mosbachensis, E. mosbachensis tautavelensis, E. mosbachensis campdepeyri,
E. mosbachensis micoquii, E. mosbachensis palustris, Equus steinheimensis, Equus torralbae,
Equus achenheimensis, E. ferus taubachensis, E. ferus piveteaui, E. ferus germanicus,
E. ferus antunesi, E. ferus gallicus, E. ferus latipes, E. ferus arcelini and Equus caballus. These
taxa are based on the size or morphological differences among the different fossil sam-
ples, representing an interesting case of morphological variability within the same lineage.
These different subspecies have been considered to be chrono species by Eisenmann and
Kuznetsova [265]. Nevertheless, van Asperen [266] noted that differences in the size and
morphology of Middle and Late Pleistocene caballine horses can be observed, although they
are not more variable than modern ponies or highly homogeneous groups such as Arabian
horses or E. przewalskii [244]. Moreover, no unidirectional or evolutionary trend in size and
shape can be identified, whereas morphology and size fluctuate over time [19,266]. For this
reason, the proposal of Boulbes and van Asperen [244] to consider these species/subspecies
as ecomorphological variants of the same species, E. ferus, seems the most parsimonious
position. Moreover, as reported by van Asperen [267] following the ICZN, the correct
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species to indicate the wild caballine horses should be E. ferus and not E. caballus, which
refers to domesticated forms. In addition, the genomic studies of Weinstock et al. [77]
and Orlando et al. [153] support the genetic variation of the Middle and Late Pleistocene
caballine horses.

4.4. Africa

The 5.3 Ma to 10 ka record of Equidae in Africa include two groups of Equinae: Hip-
parionini and Equini. Churcher and Richardson [268] provided a comprehensive review of
African Equidae that was updated by Bernor et al. [269] for its taxonomic content, biogeog-
raphy and paleoecology with some consideration of the molecular evolution. Churcher
and Richardson’s review [268] of the literature that led to their revision was extensive, and
the reader is referred to their article for a complete rendering of the record. We documented
10 (+4 not well defined) species of hipparions with three genera Cremohipparion, Sivalhippus
and Eurygnathohippus, and 13 species of Equus in the African record, but there certainly
could be more or less, although significant synonymies were cited by Bernor et al. [269]
and pending new studies, especially on the Equus samples. The Equus Datum in Africa has
been a matter of debate over the last years. Bernor et al. [269] and Rook et al. [176] reported
the first known occurrence of the genus Equus in in East Africa at 2.33 Ma in the Omo
Shungura Formation, member G (Equus sp.). Materials from these earliest occurring Equus
are not well represented across the skull, mandible, dentition and postcranial elements.
Nevertheless, recent research in the North African sequence of Oued Boucherit (Algeria)
have recalibrated the localities of Aïn Boucherit, El Kherba and Aïn Hanech. The lowermost
stratigraphic level of Ain Boucherit has been dated at 2.44 Ma [270], where Equus numidicus,
Equus cf. E. numidicus and Equus tabeti have been reported [270,271]. Therefore, this new
North African age for the Equus Datum anticipates the earliest occurrence of Equus in the
north rather than in East Africa.

1. Cremohipparion periafricanum, Villalta and Crusafont, 1957 [272] (6.8–4.0 Ma). The lec-
totype is a P2-M3 figured in Alberdi [205] (Pl.3, Figure 3) from Vadecebro II, Spain. It
is a small (dwarf) hipparion that is a close relative (or senior synonym) of Cr. nikosi
from the Quarry 5 levels of Samos, Greece, dated 6.8 Ma [206]. Fragmentary remains of
Cr. aff. periafricanum have been reported from Tizi N’Tadderth, Morocco [273], and Sahabi,
Libya [274].
2. Eurygnathohippus feibeli, Bernor and Harris, 2003 [275] (6.8–4.0 Ma). The holotype is
KNM-LT139, a partial right forelimb including a fragmentary radius, mt3, a1ph3, a2ph3,
partial mc2, a1ph2, a2ph2, a2ph3 and a partial mc4 [275]. There were additional den-
tal and postcranial elements from Lower and Upper Nawata that were referred to this
species. Bernor and Harris [275] suggested that the Ekora 4 cranium, ca. 4.0 Ma, was a
late surviving member of Eu. feibeli. Whereas Churcher and Richardson [268] recognized
“Hipparion” sitifense in the North African Late Miocene–Pliocene horizons, Bernor and
Harris [275] and Bernor and Scott [276] noted that the type material described by Pomel [277]
could not be located and could potentially be confused either with Cr. periafricanum or
Eu. feibeli.
3. Sivalhippus turkanensis, Hooijer and Maglio, 1973 [278] (6.5–4.0 Ma). The holotype is
KNM-LT136, an adult female cranium. Bernor and Harris [275] assigned this as being a
species of Eurygnathohippus, Eu. turkanense. Subsequent studies of the Sivalhippus clade [174]
and by Sun et al. [279] demonstrate the close identity of cranial, dental and, in particular,
postcranial anatomy of Si. turkanensis and Si. perimensis and the extension of this genus
into China and Africa in the Late Miocene.
4. Eurygnathohippus hooijeri, Bernor and Kaiser, 2006 [280] (5.0 Ma). The holotype is SAMPQ-
L22187, a complete adult female skull with associated dentition, mandible and dentition
and postcranial characteristics from the earliest Pliocene Langebaanweg E Quarry, South
Africa [280]. Hooijer [281] originally described the specimen under the nomen “Hipparion”
cf. H. baardi.
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5. Eurygnathohippus woldegabrieli, Bernor et al., 2013 [282] (4.4–4.2 Ma). The holotype is
ARA-VP-3/21, an incomplete mandible [282]. The hypodigm include also 156 dental and
postcranial specimens from 14 localities at Aramis (Middle Awash), Ethiopia. The type
specimen is ARA-VP-3/21 a mandible including symphysis, right partial ramus with p2
and p3, left ramus with p2 and 3 preserved and pr-m3 poorly preserved. Mandibular
incisor teeth and canines, if originally present are lacking.
6. Eurygnathohippus afarense Eisenmann, 1976 [283] (KH3, Hadar, ca. 3.0 Ma). The holotype
is AL363-18, a partial cranium from the Kada Hadar Member [283]. “Hipparion” afarense
was nominated for skeletal material originating from the Kada Hadar 3 horizon, Hadar,
Ethiopia. Eisenmann [283] also referred a mandible, AL177-2, to E. afarense.
7. Eurygnathohippus hasumense, Eisenmann, 1983 [284] (3.8–3.2 Ma). The holotype is KNM-
ER 2776, a p4-m2 from zones B and C of the Kubi Algi Formation [284]. She included
cheek teeth of common morphology from the Chemeron Formation, Kenya and the Denen
Dora Member of the Hadar Formation, Ethiopia. A cranium with associated mandible was
included in this hypodigm, AL340-8 [269] (Figure 13 in Bernor et al. [269]), and a partial
skeleton including cheek teeth and complete postcranial elements, AL155-6 from DD2, ca.
3.2 Ma. Bernor et al. [281,285] analyzed a series of Ethiopian Eurygnathohippus establishing
a phyletic relationship that currently includes Eu. feibeli, Eu. woldegabrieli, Eu. “afarense”,
Eu. hasumense and Eu. cornelianus.
8. Eurygnathohippus pomeli Eisenmann and Geraads, 2006, [286] (ca. 2.5 Ma). The holotype
is AaO-3647, an almost complete, but transversely crushed skull [286]. It was originally
described as “Hipparion” pomeli. Reference [286] reported a well-preserved assemblage
of hipparionini Ahl al Oughlam near Casablanca. Eisenmann and Geraads [286] argued
that the sample is homogeneous and biochronologically correlative with eastern African
faunas that are ca. 2.5 Ma, roughly contemporaneous with Omo Shungura D. Bernor and
Harris [275] recognized this as a species of Eurygnathohippus. The northward extension of
Plio–Pleistocene Eurygnathohippus into North Africa is remarkable as was its extension into
India at this time [175].
9. Eurygnathohippus cornelianus, van Hoepen, 1930 [287] (ca. 2.6–1.0 Ma). The hypodigm
includes a mandibular dentition from Cornelia, Orange Free State, with hypertrophied i1s and
i2s and atrophied i3s placed immediately posterior to the i2s [287] (plates 20–22). Leakey [288]
(pl. 20, 4 figures) reported the occurrence of “Stylohipparion albertense” (=Eu. cornelianus) from
Bed II, Olduvai Gorge, Tanzania based on premaxillae and mandibular symphyses with
identical incisor morphology. Hooijer [281] reported an adult skull from Olduvai BKII which
he referred to Hipparion cf. H. ethiopicum which is likely a member of the Eu. cornelianus
lineage. Eisenmann [284] did not recognize the existence of Eu. cornelianus at Olduvai, but
referred an immature cranium, KNM-ER3539 to Eu. cornelianus. Armour-Chelu et al. [289] and
Armour-Chelu and Bernor [290] argued that the first evidence of this clade may be from the
Upper Ndolanya Beds, Tanzania, circa 2.6 Ma. It is also likely present in the Omo Shungura F,
dated 2.36. Bernor et al. [8,269] advanced the hypothesis that Eu. cornelianus is a member of
an evolving lineage that occurred in East and South Africa between ca. 2.4 and less than 1 Ma.
The specimen/locality content of Eurygnathohippus is currently under investigation.
10. Hipparion (Eurygnathohippus) steytleri, van Hoepen, 1930 [287]. Van der Made et al. [291]
argued that the author named Hipparion steytleri based on a right M1/1, left M3 and left
m1-2 that formed a type series. Van Hoepen [287] also named Eu. cornelianus on the basis
of a mandibular symphysis. Van der Made et al. [291] considered the nomen H. stytleri
to have priority over Eu. cornelianus, but the cheek teeth of H. stytleri are of insufficient
diagnostic value in themselves to define a valid species as stipulated by Article 75.5 of the
ICZN. On the other hand, Van Hoepen [287] exercised considerable foresight in recognizing
the highly derived state of the type specimen mandible of Eu. cornelianus because of its
very wide mandibular symphysis with hugely hypertrophied i1 and i2 with very reduced,
peg-like i3 situated immediately posterior along the mid-line of i2. Moreover, Leakey [288]
illustrated a series of Eu. cornelianus mandibular symphyses and premaxillae from Olduvai
Bed 1. Bernor et al. [292] described a juvenile skull of Eu. cornelianus (RMNH67) from
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Olduvai Gorge [293] which has a long preorbital bar, faint preorbital fossa and a dP2 with an
extended anterostyle. Eurygnathohippus cornelianus sensu strictu has a known chronologic
range of 2–1 Ma, but the lineage apparent extends lower in time.
11. Hipparion (Eurygnathohippus) libycum Pomel, 1897 [273]. The hypodigm includes a left
p3/4 figured by Pomel ([273], pl. 1, Figures 5–7), two lower cheek teeth from “carriers des
gres ouvertes a la campagne Brunie” in Oran (pl. 1, Figures 1–7) and a distal epiphysis
of a third metatarsal from “carriers de grès du quartier”, St-Pierre, Oran. Hopwood [289]
assigned the left p3/4 figured by Pomel ([273], pl. 1, Figures 5–7) as a lectotype [287].
It shows gracile metapodials. Van der Made et al. [287] reported that the original type
specimens from Oran are in the Central Faculty of Algiers (MGFCA) but have provided no
accession numbers for the holotype.
12. Hipparion (Eurygnathohippus) ambiguum, Pomel, 1897 [277]. The hypodigm includes
a right P2 from Beni Fouda (Ain Boucherit) [277] (pl. 2, Figures 2–4). Previously the
repository was unknown. Van der Made et al. [291] (Figures 2a,b and 3), redrafted an
image by Pomel [277] and reported that the specimen is currently maintained in the Central
Faculty of Algiers (MGFCA) but offered no photographic images or measurements of this
specimen. Van der Made et al. [291] have provided no accession number for the holotype.
The type locality of Aïn Boucherit has a magnetostratigraphic date of 2.44 [291] whereas
the East African localities referred to by Van der Made et al. [291] have an age range of
3.8–1.2 Ma [269].
13. Hipparion (Eurygnatohippus) massoesylium, Pomel [277]. The hypodigm includes five
teeth from “puits Carouby” and “aux portes d’Oran” (also Puits Karoubi), left P4, M1-3
and right M3 (pl. 1, Figures 8–10). Van der Made et al. [291] considered these specimens to
be the holotype of the species. Van der Made et al. [291] have reported that the holotype is
kept in the Central Faculty of Algiers (MGFCA) but have provided no accession numbers
for the associated cheek teeth.
14. “Hipparion” sitifense, Pomel, 1897 [277]. The hypodigm includes four specimens in-
cluding two teeth from St. Arnaud, a calcaneum from a nearby locality and a tooth
figured by Thomas [294]. Pomel figured an M1/2 (Pl. 1, Figures 13–16), a right P4 (Pl. 1,
Figures 11 and 12) and a calcaneum (Pl.2, Figures 9 and 10). The M1/2 figured by Pomel
represents the lectotype [291]. The latter authors re-figured the original illustrations from
Pomel [277], but this figure does not have a scale bar, and the specimens do not have
formal institutional accession numbers. Eisenmann [295] stated that it is not known where
the “type specimens” from Saint Arnaud et al. are, whereas Van der Made et al. [291]
report that the original material is in the Central Faculty of Algiers (MGFCA; p. 44). Van
der Made et al. [291] nominated a lectotype citing a specimen figured by Pomel [277]
(pl. 1, Figures 13–15) without specifically designating a specimen accession number, in-
stitution, element and providing a redrafted original figure of the specimen without the
benefit of a scale. It cannot be known if “H. sitifense” is referable to the genus Hipparion
or other small hipparionins Cremohipparion or Eurygnathohippus (for which mandibular
cheek teeth are needed). Arambourg [296,297] reported a specimen “from the type locality
(for which we cannot be certain)” described and figured a mandibular specimen “with
rounded metaconid-metastylid and no ectostylid”. It should be noted that this material is
not a legitimate sample of “the original type series of Pomel, 1897”. Arambourg [296,297]
assigned material from Ain el Hadj Baba, Mascara, Saint Donat and Aïn el Bey to
“H. sitifense”. These are all small sized.

The Equus Datum in Africa has been a matter of debate over the last years. Bernor et al. [269]
and Rook et al. [176] reported the first known occurrence of the genus Equus in East Africa at
2.33 Ma in the Omo Shungura Formation, member G (Equus sp.). Material of these earliest
occurring Equus are not well represented across the skull, mandible, dentition and postcranial
elements. During this interval of time, the most common European species is E. stenonis and
possibly some late surviving populations of E. livenzovensis [13], E. eisenmannae, and E. sanmeniensis
in China. Nevertheless, recent research in the North African sequence of Oued Boucherit (Algeria)
have recalibrated the localities of Aïn Boucherit, El Kherba and Aïn Hanech. The lowermost
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stratigraphic level of Aïn Boucherit has been dated at 2.44 Ma [270], where Equus numidicus,
Equus cf. E. numidicus and Equus tabeti have been reported [270,271]. Therefore, this new North
African age for the Equus Datum anticipates the earliest occurrence of Equus in the North rather
than in East Africa.

15. Equus numidicus, Pomel, 1897 [277] (2.44–1.2 Ma). The hypodigm includes a right
P2 [273] (Pl. 2, Figure 2). Arambourg reported cranial and postcranial elements from Aïn
Boucherit and Aïn Jourdel (Pl. 18, Figures 6 and 7; Pl. 19–20; Figures 58 and 62). It is
a medium-sized horse approximately the size of a large zebra that originated from Aïn
Boucherit and Aïn Hanech, Algeria, ca. 2.44–2.0 Ma [270,271,295]. No complete crania are
known, although incomplete cranial remains associated with postcranial elements have
been reported [296]. The evolutionary relationships of E. numidicus are not well defined.
Azzaroli [298] pointed out a possible relationship to E. stenonis, although it was no longer
investigated. However, some anatomical features of the upper and lower cheek teeth and
postcranial elements resemble those of E. stenonis [297,298].
16. Equus tabeti, Arambourg, 1970 [297] (2.44–1.2 Ma). The holotype is a partial palate
(1949.2:773) figured in Arambourg [297] (Pl. 21, Figure 3). It is a medium-small sized
species of Equus with “asinine” maxillary cheek teeth, stenonine mandibular cheek teeth
and slender third metapodials and phalanges [284,297]. No complete crania are known,
even if some incomplete crania and mandibles have been reported by Arambourg [297].
The type material originates from Aïn Hanech, Algeria [297]. Geraads [299] estimated
the age of Aïn Hanech to be 1.2 Ma. Eisenmann [284] reported the possible presence of
Equus cf. tabeti at Koobi Fora, Kenya believing that it is a primitive ass and may have been
derived from E. numidicus. The recent analyses of Duval et al. [270] suggest an earlier
occurrence of E. tabeti and E. numidicus at 2.44 Ma in the lowermost levels of Aïn Boucherit.
Beside North Africa, E. tabeti is reported from Early Pleistocene sites of “Ubeidiya”, Bizat
Ruhama and Qafzed (Levantine corridor [300–302]) and from East Africa [183].
17. Equus koobiforensis, Eisenmann, 1983 [284] (2.1–1.0 Ma). The holotype specimen is
KNM-ER 1484, a complete skull recovered from the Notochoerus scotti Zone, Area 130,
just below the KBS Tuff, ca. 1.9 Ma. Eisenmann [284] reported a number of close dental
similarities shared by E. koobiforensis and European E. stenonis but did not suggest a direct
phylogenetic relationship between these taxa. Azzaroli [258] stated that E. koobiforensis was
essentially a Grevy’s zebra. Bernor et al. [183] cited the likely evolutionary relationship
between North American Pliocene E. simplicidens, European E. stenonis and E. koobiforensis.
Cirilli et al. [10] demonstrated the explicit cladistic relationships between the E. simplicidens-
E. stenonis-E. koobiforensis-E. grevyi clade, whereas Cirilli et al. [13] reinforced this result
on robust statistical grounds. No precise age is available for its last occurrence in the
fossil record.
18. Equus oldowayensis, Hopwood, 1937 [293] (1.9–1.0 Ma). The holotype is a lower jaw from
an animal approximately 2 years old [293] (Figures 1 and 2; Catalogue Number VIII, 353,
in the Bayerische Paläontologische Staatssammlung, Munich). Hopwood [293] also desig-
nated a lower incisive region with the left incisors and right first incisor (BMNH M14199)
as the paratype. The original Olduvai collection deposited in Munich, which included
the type of E. oldowayensis, was destroyed together with its catalogue, during WW II (K.
Heissig personal communication with Churcher and Hooijer; [269]). Equus oldowayensis is
usually reported from the type locality of Olduvai (1.8 Ma, Tanzania), but no precise ages
are available for its chronologic range. Recently, Bernor et al. [183] reported an incomplete
cranium from Olorgesailie (ca. 1.0 Ma, Kenya).
19. Equus capensis, Broom, 1909 [303] (ca. 2.0?–? Ma). It was a large-bodied horse estimated
to be 150 cm at the withers, with a body mass of approximately 400 kg [304]. It originated
from South Africa. Churcher [305] synonymized E. helmei, E. cawoodi, E. kubmi, E. zietsmani
and specimens of E. harrisi and E. plicatus into E. capensis. Equus capensis was widely
distributed in the Plio–Pleistocene of South Africa, although no information is known about
its first and last occurrence in the fossil record.
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20. Equus mauritanicus, Pomel, 1897 [277] (1.0 Ma). The hypodigm include isolated teeth and
postcranial elements, figured in Pomel [277] (Pl.3–8). It is reported from a large sample from
Tighenif (Algeria). Churcher and Richardson [268] referred E. mauritanicus to a subspecies
of E. burchellii (=E. quagga mauritanicus). Eisenmann [284,295] recognized E. mauritanicus
as a distinct species of Hippotigris and claimed similarities to E. stenonis in the dentition.
Eisenmann [284] further introduced the notion of cross-breeding between E. mauritanicus
and Quaggas. Churcher and Richardson [268] reported an extensive distribution of
E. (Hippotigris) “burchelli” (=quagga) from North, East and South Africa. The possible
relationships of E. mauritanicus with plain zebras have been suggested by Eisenmann [295]
and more recently from Bernor et al. [14] by morphological analyses. Beside the type
locality of Tighenif, E. mauritanicus is reported also in Oumm Qatafa (Juden Desert, Egypt,
Middle Pleistocene [306]).
21. Equus melkiensis Bagtache et al. 1984 [307] (Late Pleistocene). The holotype is a short
mc3 (I.P.H. Allo. 61–1314) recovered from Allobroges, Algeria and of latest Pleistocene age.
Eisenmann [236] reported E. melkiensis also from Morocco. This species has been identified
also at Gesher Benot Ya’akov and Nahal Hesi (Israel; [87,301]) and Oumm Qatafa (Egypt,
Middle Pleistocene, [306]).
22. Equus algericus, Bagtache et al. 1984 [307] (Late Pleistocene). The holotype is IPH61-103,
a m2 from Allobroges, Algeria [307] (Figure 1). It is reported to be a caballine species with
a withers height of approximately 1.44 m. Equus algericus was also reported from Mo-
rocco [308], which are purported to have the characteristic caballine metaconid-metastylid
(=double knot) morphology.
23. Equus grevyi, Oustalet, 1882 [309] (0.5–0.0 Ma). Oustalet [309] (v.10, pp. 12–14) described
the anatomical features of the species, with an associated illustration (Figures 1 and 2).
He also reported that the living animal was donated to the Museum National d’Histoire
Naturelle in Paris, where the holotype should be kept. Equus grevyi is the largest living
wild equid with a withers height of 140–160 cm. Azzaroli [259], Bernor et al. [14,183]
and Cirilli et al. [10,13] all have cited the close relationship between European E. stenonis,
E. koobiforensis and E. grevyi. Equus grevyi is currently distributed in the arid regions of
Ethiopia and Northern Kenya and has recently vanished from Somalia, Djibouti and Er-
itrea [269]. Eisenmann [284] recognized Equus cf. E. grevyi from the Metridiochoerus compactus
zone, the Guomde Formation and Galana Boi beds of Kenya based on both cheek tooth
and postcranial remains. Bernor et al. [183] and Cirilli et al. [10,13] have recognized
E. grevyi as a terminal member of the E. simplicidens–E. stenonis–E. koobiforensis–E. grevyi
clade. Recently, O’Brien et al. [310] reported an incomplete cranium ascribed to E. grevyi
from the Kapthurin Formation (Kenya) dated between 547 and 392.6 ka. This age represents
the best dated E. grevyi FAD, at the present time.
24. Equus quagga, Boddaert, 1785 [264] (?1.0–0.0 Ma). Boddaert [264] did not identify a
holotype or lectotype for E. quagga but gave a description of the anatomical features of
the species (p. 160). It has a shoulder height ranging from a mean of 128 cm in males
and 123 cm in females. Equus quagga is one of the most widely distributed African ungu-
lates ranging from southern Sudan and southern Ethiopia to northern Nambia and north-
ern South Africa. Several subspecies have been recognized including E. quagga crawshaii,
E. quagga borensis, E. quagga boehmi, E. quagga chapmani, E. quagga burchellii and E. quagga quagga.
Fossil remains have been reported from North to South Africa. Leonard et al. [311] suggest
that the various subspecies of E. quagga differentiated between 120 and 290 ka. Fossil
remains of quagga have been reported from South African Plio–Pleistocene karst de-
posits, but their certain identity in North and East Africa are somewhat elusive [269].
Pedersen et al. [312] have identified a South African region as the likely source for the ori-
gin of the plain zebras from which all extant populations expanded from at approximately
370 ka. Moreover, the genetic analyses of Pedersen et al. [312] have reported a remarkable
gene flow in the extant E. quagga subspecies, highlighting the challenge of identifying the
subspecific designation only by morphology, identifying at least four genetic clusters for
E. quagga boehmi and E. quagga crawshayi.
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25. Equus zebra, Linnaeus, 1758 [313] (?0.5–0.0 Ma). Linnaeus [313] does not refer any
holotype or lectotype but gives a description of the anatomical features of the species
(p. 101). It is a medium-sized, long-legged zebra with a mean shoulder height ranging from
124–127 cm. There are two recognized sub-species, E. zebra zebra (Cape Mountain Zebra)
and E. zebra hartmannae (Hartmann’s Mountain Zebra). Churcher and Richardson [264]
report a relatively small sample from the Middle Pleistocene to recent fossil remains of
E. zebra in South Africa.
26. Equus (Asinus) africanus, Heuglin and Fitzinger, 1866 [314]. The lectotype is designated
as a skull of an adult female collected by von Heuglin near Atbarah River, Sudan, and in
Stuttgart (SMNS32026). Equus (Asinus) africanus are equines of small size and stocky build.
Churcher [315] reported the earliest occurrence of this taxon from the middle of Bed II,
Olduvai Gorge (>1.2 Ma). This identification was based on a single third metatarsal, which
was short (231 mm) and slender, although not to the extent of E. tabeti. Two subspecies
are recognized, E. (A.) africanus africanus von Heuglin and Fitzinger, 1866 [314] (Nubian
wild ass) and E. (A.) africanus somaliensis Noak, 1884 [316] (Somali wild ass) [317–319]. The
African wild ass E. africanus is widely believed to have been the ancestor of the domestic
donkey [269] and, more recently, believed to be the descendant of the Early Pleistocene
species E. tabeti [320]. Nevertheless, this last evidence has only been suggested and not
yet proven.

5. Biochronology and Biogeography

Rook et al. [176] recently provided a comprehensive biochronology and biogeography
for latest Neogene–Pleistocene Equus-bearing horizons of Eurasia, Africa and North and
South America. Following this recent summary, we report here a synthesis of major Equinae
evolutionary events for the last 5.3 million years across these continents. Berggren and Van
Couvering [321] suggest the application of the term biochron for units of geologic time
that are based on paleontological data without reference to lithostratigraphy or rock units.
Mammal biochronologic scales have been developed for Europe (ELMA), Asia (ALMA),
North America (NALMA) and South America (SALMA) and, most recently, for Africa
(AFLMA). These timescales are variously expressed in terms of conventional mammal
biostratigraphic zones or as land mammal ages (LMAs). Each timescale based on land
mammals in different continental landmasses has its own history of development reflecting
the uniqueness of the records and the extent to which faunal succession has been resolved.

5.1. NALMA Timescale and Equinae Evolution

The Hemphillian NALMA ranges from approximately 8 Ma to about 4.9 Ma, with
four faunal stages (Hh1-Hh4), and correlates with the Late Miocene to Early Pliocene in
age, the most recent age (Hh4) extending over the Mio–Pliocene boundary (5.3–4.9 to
4.6 Ma). Equids recorded from this interval include the genera Dinohippus (i.e., D. leidyanus,
D. interpolatus, D. leardi, D. spectans and D. mexicanus,), the hipparions Cormohipparion
(i.e., Co. occidentale and Co. emsliei), Nannippus (i.e., Na. aztecus, Na. beckensis, Na. lenticularis and
Na. peninsulatus), Neohipparion (i.e., Ne. eurystyle, Ne. gidley and Ne. leptode), Calippus
(i.e., Ca. elachistus, Ca. hondurensis), Astrohippus (i.e., A. stocki and A. ansae) and
Boreohippidion (i.e., B. galushai). These last are taxa that hold-over from the Late Miocene.

Hemphillian Hh4 ranges into the Early Pliocene until 4.6 Ma, and a range of 4.9–4.6 Ma
for the earliest Blancan has been proposed [322]. In fact, the succeeding Blancan NALMA
has been defined by the first appearance in North America of arvicoline rodents circa 4.8 Ma.
The Blancan has recently been subdivided into five intervals: Blancan I (4.9–4.62 Ma.),
Blancan II (4.62–4.1 Ma.), Blancan III (4.1–3.0 Ma.), Blancan IV (3.0–2.5 Ma.) and Blancan V
(2.5–1.9 Ma.) [322]. The equid Dinohippus is known to persist into Blancan I and II intervals,
while E. simplicidens, E. idahoensis and E. cumminsii are known from the Blancan III and
later Blancan assemblages. The diminutive hipparionine horse Na. peninsulatus is reported
from the Blancan V interval but does not survive into the Irvingtonian. The Blancan IV/V
boundary corresponds closely to the base of the Pleistocene.
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The Irvingtonian NALMA is subdivided into three units: Irvingtonian I (~1.9–0.85 Ma),
Irvingtonian II (0.85–0.4 Ma) and Irvingtonian III (0.4–0.195 Ma). Early Irvingtonian as-
semblages includes the equids E. scotti, E. conversidens [60], and Equus (or Haringtonhippus)
francisci (possibly including E. calobatus).

Finally, the Rancholabrean NALMA extends from 0.195 to about 0.11 Ma with the onset
of the Holocene. Common Rancholabrean equid species include E. scotti, E. conversidens
and E. (or Haringtonhippus) francisci. Equus occidentalis is also abundant in the American
southwest during this period. Fossils resembling E. ferus (e.g., E. lambei) have also been
documented from Rancholabrean faunas.

5.2. SALMA Timescale and Equinae Evolution

Two lineages of Equidae occurred in South America during the Pleistocene, Hippidion
and Equus. Although there are no records of Hippidion in Central or North America,
most evidence suggests that both lineages originated in Holarctica and then migrated
independently to South America during the important biogeographical event known as the
Great American Biotic Interchange (GABI) [103,323,324]. However, there is no record for
Equidae in South America until the beginning of Pleistocene, following the formation of the
Isthmus of Panama from the early Pliocene onward (approximately 3 Ma) [103,324]. The
earliest record of Equidae in South America is Hippidion principale from Early Pleistocene
deposits (Uquian) of Argentina [323,324]. However, the age of the first record of Equus in
South America is controversial. Traditionally, its earliest record is from middle Pleistocene
(Ensenadan SALMA) of Tarija outcrops in Southern Bolivia, based on a biostratigraphic
sequence at Tolomosa Formation and independently calibrated to occur between ~0.99 and
<0.76 Ma [103]. Nevertheless, there is no consensus regarding the age of these deposits
and some researchers consider the deposition in Tarija to have occurred only during the
Late Pleistocene [325] (and references therein). Recently, it was proposed that only one
species of Equus lived in South America during the Pleistocene, E. neogeus [99]. This species
is considered a fossil-index for deposits of Lujanian SALMA (late Pleistocene-earliest
Holocene; 0.8 to 0.011 Ma). Although E. neogeus was widely distributed in South America,
only few localities are calibrated by independent chronostratigraphic data, indicating a
Lujanian SALMA [98]. Therefore, the dispersal of Equus into South America occurred
during the GABI, but if it is considered that Equus’ earliest record is in the Late Pleistocene,
it thus followed the fourth and latest phase of the GABI or Equus migrated to South America
during GABI 3, considering its early record to be in the Middle Pleistocene [103]. All equids
that occurred in South America during the Pleistocene (Hippidion and Equus) became extinct
in the early Holocene [99,324].

5.3. ALMA Timescale and Equinae evolution

Equids first appear in Asia in the Miocene, between 11.4 and 11.1 Ma with the dispersal
of the three-toed horse Cormohipparion [8,274,326]. Thereafter, a diverse assemblage of
hipparionines is seen between ~10.2 and 6.0 Ma. Hipparionines are found across the Mio-
Pliocene boundary which lies in the Dhok Pathan Formation (ca. 5.3 Ma) on the Potwar
Plateau in Pakistan [327]. Hipparionines are rare in South Asia between 6.0 and 2.6 Ma,
but recently, three taxa have been reported between 3.6 Ma and 2.6 Ma: “Hippotherium”,
Plesiohipparion, and Eurygnathohippus [119,174]. The youngest indeterminate hipparionine
records are dated paleomagnetically ~2.6–2.5 Ma, around the same time the first Equus
occurs in South Asia [328,329]. Equus makes its appearance just above the Gauss-Matuyama
boundary, which coincides with the Plio-Pleistocene transition.

In China E. eisenmannae, a large yet primitive stenonine horse from the Longdan
loessic section in Linxia Basin, Gansu Province, was magnetically dated to 2.55 Ma for its
lower fossil-producing horizon, which is the earliest record of Equus in China. Although
represented by poorly preserved fossils, Equus sp. from Zanda Basin in southern Tibet [118]
was dated to 2.48 Ma, suggesting fast dispersion of Equus even in higher elevations.
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In the Siwaliks, remains of Equus have been found in sediments ranging from 2.6 to
0.6 Ma, a period termed the Pinjor Faunal Zone [328]. As noted in Bernor et al. [182], two
morphotypes of Equus have been recorded—a large taxon called Equus sivalensis and a
smaller taxon sometimes called Equus sivalensis minor for specimens from the the Upper
Pinjor Formation near the town of Mirzapur [330], Equus cf. E. sivalensis from the Pabbi
Hills [192] and Equus sp. (small) for specimens from the Mangla–Samwal anticline [190].
Equus sivalensis has been recorded from the entire temporal range of the Pinjor Faunal
Zone [329]; however, the temporal range of the smaller horse appears to be restricted to
~2.2–1.2 Ma.

Equus sanmeniensis is magnetically dated 1.7–1.6 Ma from the Shangshazui stone arti-
fact site in the classical Nihewan Basin and to 1.66 Ma from the nearby Majuangou III ho-
minin tool site. This species was also recorded from the Homo erectus site at Gongwangling,
Lantian, Shaanxi Province, and magnetically dated to a slightly younger ~1.54–1.65 Ma.
Equus yunnanensis from the Homo erectus site at Niujianbao in Yuanmou Basin was magneti-
cally dated to 1.7 Ma. [331] In the Late Pleistocene, Equus namadicus and Equus hemionus are
known from the Indian peninsula [332].

5.4. ELMA Timescale and Equinae Evolution

The Miocene fossil record (Vallesian and Turiolian Land Mammal Ages) as well as
the Pliocene one (Ruscinian and early Villafranchian Land Mammal Ages) in Europe do
not have monodactyl horses. These times are characterized by different hipparionine
horses’ evolutionary lines and, during the Pliocene, three lineages of hipparions persisted
in Europe: Cremohipparion (C. fissurae), Plesiohipparion (Pl. longipes, Pl. rocinantis) and
Proboscidipparion (Pr. heintzi, Pr. crassum) [8,206,270]. It is during the early to middle
Villafranchian transition, that E. livenzovensis first occurs in Southwest Russia and Italy
at around 2.6 Ma (beginning of middle Villafranchian; Early Pleistocene) and constitutes
the regional Equus First Appearance Datum [10,13,184,192]. In Europe, the earliest rep-
resentatives of the genus Equus co-existed with the last hipparionin horses (the genera
Plesiohipparion, Proboscidipparion and Cremohipparion) in the Early Pleistocene [10], although
at the present time the effective co-existance of Equus and hipparion is found in the localities
of Montopoli (Italy) and Roca-Neyra (France).

Equus livenzovensis appears to be at the base of the radiation of the later lineage of fossils
horses, the European Pleistocene Equus stenonis group (=stenonine horses). The European
stenonine horses have been recently revised [10,13]. In addition to E. livenzovensis, the
species (and their chronological ranges) included in this group are E. stenonis (end of middle
Villafranchian to early late Villafranchian; Early Pleistocene, 2.4–1.7 Ma; [13]), E. stehlini (late
Villafranchian; Early Pleistocene, 1.8–1.6 Ma; [229]), E. altidens, and E. suessenbornensis (end
of the late Villafranchian to Early Galerian, Early Pleistocene to Early Middle Pleistocene,
1.6–0.6 Ma; [184]). The most relevant turnover for the Equus species occurs in the Middle
Pleistocene (ca 0.6 Ma) with the first occurrence of E. ferus (or E. ferus mosbachensis) in
Mosbach (Germany) and E. hydruntinus from Vallparadìs (Spain) [240]. The arrival of these
two species marks the extinction of the Early and early Middle Pleistocene Equus species.

5.5. AFLMA Timescale and Equinae Evolution

The Miocene to Pleistocene mammal record of Africa is overall less complete than the
fossil record on other continents with no established land mammal age scheme for Africa
at a continental scale was established until very recent times [333].

The completeness of the mammal fossil record across the continent is extremely
variable with regions in which the Neogene record is totally missing and others (such as
Kenya or Ethiopia) with a relatively continuous and well documented record [334].

Without an established continental-scale biochronology, Africa’s “biochronology” is
based on stratigraphic ordering in different sedimentary basins and is largely dependent on
radiochronology with limited use of magnetostratigraphy. As an example, Pickford [335]
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subdivided Miocene faunas from Kenyan sites into Faunal Sets I to VII; suggesting age
spans for late Miocene sets are 12.0–10.5 Ma (V), 10.5–7.5 (VI), and 7.5–5.5 (VII).

The Late Miocene–Early Pliocene boundary (Sugutan and Baringian Land Mammal
Ages) is poorly represented in Africa. Hipparionine horses are first found in North and East
Africa circa 10.5 Ma [8] the richest locality being the Algerian site of Bou Hanifia and the
Ethiopian site of Chorora [269]. At the end of Late Miocene (Baringian), diversification of
the hipparionine genus Eurygnathohippus (exhibiting evolutionary relationships to Siwalik
hipparionines; [175]) was well underway, as was significant the branching by endemic
elephants and marked successes by new bovid tribes and suines arriving from Eurasia.

The Plio–Pleistocene time period has been rigorously studied biochronologically in
Africa by temporal distributions of elephants and suids, often in conjunction with the dating
of hominin finds. Equus first occurs during the Early Pleistocene, even if this occurrence
event in Africa is delayed relative to Eurasia, where it is at ca 2.6 Ma. Indeed, the most
recent results identify the presence of the genus Equus in Nord Africa at ca. 2.44 Ma
(E. numidicus, [269]) and in East Africa in lower Member G of the Omo Shungura Formation
ca. 2.33 Ma (Shunguran Land Mammal Age; [176]). The first occurring African Equus is
apparently related to European E. stenonis [10,13]. Representatives of the genus Equus are
two times as abundant as Eurygnathohippus during the Early Pleistocene (Natronian Land
Mammal Age) like in the Ethiopian locality of Daka [336], with Eurygnathohippus sharply
declining in its numbers in East and South Africa after 1 Ma (Naivashan Land Mammal
Age). Unfortunately, little is known of the first occurrence of the living species. Recently,
a report by O’Brien et al. [310] of an incomplete E. grevyi cranium from the Kapthurin
Formation (Kenya, 547–392.6 ka) represents the best dated E. grevyi FAD.

5.6. General Remarks about Equinae Biochronology

Unlike high-resolution biostratigraphic tools available in the marine realm, mam-
malian biochronology is not permissive of recognizing strictly synchronous events at global
scale. Nevertheless, a review of the currently available evidence of the Land Mammal Ages,
defined and calibrated across different continents (either in North and South America,
Eurasia and Africa), allows us to recognize major faunal change (corresponding to the limit
between subsequent Land Mammal Ages) always correlatable within the magnetochronos-
tratigraphic scale and to place in this framework the main evolutionary events occurring
around the world along the Equinae evolutionary history.

6. Paleoecology

In this chapter, we present some new paleoecological insights in diet and body size on
the subfamily equinae, with special remarks for the genus Equus.

6.1. Relationships of Diet, Habitats and Body Size in Equines, with Pleistocene Equus from Eurasia
and Africa as a Particular Example

In general, equines of the genus Equus tend to have mesowear values indicating
grazing diets, but there is considerable variation in diets and body size (Table S2), which
likely reflect differences in habitat preference and social strategies, as well as the effect
of available vegetation in different paleoenvironments. Our new analyses based on the
most extensive compilation of body mass and palaeodiet data of particularly in Eurasian
equines largely confirm previous hypotheses of the relationship between body size, diet,
behavior and environments of equines during the Neogene, and during the Quaternary in
particular. A few main hypotheses have been presented for the main factors that affected
body size evolution and body size variation (also within species) of equine horses during
the Neogene and the Quaternary. First, resource availability and quality (mainly regulated
by annual primary productivity as well as nutritional properties and chemical defenses of
available plants) have been suggested to be a limiting factor for some of the small-sized
equine species or populations [13,19,244,267]. Conversely, the positive effect of seasonally
high productivity and high resource quality due to low plant defense mechanisms has been
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suggested to explain the particularly large body size of Pleistocene herbivorous mammals
in general [337–340]. Third, the effects of differential habitat heterogeneity, social structures
and population density (intraspecific competition) on limiting the body size of some Equus
species/paleopopulations, especially purely grazing ones that were abundant in open
environments, has been discussed [19,20,340]. Observations of modern and Pleistocene
Equus populations indicate that large-sized species tend to have smaller group sizes and
population densities and more mixed or browse-dominated diets than small-sized species
which are graze dedicated [19].

Ordinary least squares multiple regression models indicate that both diet and produc-
tivity of environments (estimated NPP values) are related to the variation in body size,
both between and within the species of Equus during the Pleistocene-present (Figure 1).
The “All Equus” model includes a wide range of extant and Pleistocene Equus populations
from Eurasia and Africa, and it shows a significant negative effect of mesowear score and a
significant positive effect of NPP on Equus body mass (although there is remarkable scatter
especially in the residuals of the NPP estimate effect on body mass). The pattern is similar
in the most abundant Pleistocene species/lineages of European Equus, including E. stenonis,
E. altidens and the Middle–Late Pleistocene caballines (E. ferus + E. mosbachensis), although
the patterns were statistically less robust (but note the small sample size especially in the
case of E. stenonis and E. altidens). The connection between diet and body size was particu-
larly robust, especially for the all-Equus model, indicating that very large species of Equus
had more browse-dominated diets than small and medium-sized species/populations
(Figure 1). Furthermore, the association of large size and more browse-dominated diets is
shown for Africa as well as Eurasia (Figure 2).

These results indicate that both primary production and differences in the dietary niche
had an effect on the body size of Equus. Large size in Equus is associated with more browse-
dominated diets and more productive paleoenvironments, while small and medium-sized
horses typically occupied less productive environments and had more purely grazing diets.
The association of diet and body size appears stronger than the association of estimated
NPP and diet, except perhaps in E. ferus/mosbachensis. A possible explanation for this is
that the diet includes a signal of niche partitioning between sympatric species of Equus. As
Saarinen et al. [19] discuss, when a small and a large species of Equus occurred sympatrically,
the larger species was typically less abundant in the fossil assemblage and (in all such
cases, including the new ones added in the present study) had more browse-dominated
diet. Thus, the effect of larger group sizes of grazing, gregarious populations of Equus
on limiting their body size via the effect of larger population densities and more intense
intraspecific competition appears to have been a significant mechanism limiting their body
size, although there was also a more general positive effect of primary production on
body size.

This model of the relationship of body size with diet (affected by available vegetation
and dietary niche partitioning), population density (associated with dietary preferences and
social strategies of different Equus species) and habitat (vegetation openness, heterogeneity
and resource availability) based on data from Eurasian and African Equus is by and large
supported by more general observations from earlier equines and from Equus from North
America. In Eurasian and African hipparionines, large body size is typically associated
with browse-dominated diets, such as in Hippotherium from the early late Miocene of
Europe, while smallest body sizes tend to occur in grazing taxa, such as the small species of
Cremohipparion from the circum-Mediterranean environments during the late late Miocene
(Table S2) [8].
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Figure 1. Ordinary least squares models of the effect of the mesowear score and the estimated NPP
of the localities on the body mass estimates of the genus Equus from the Pleistocene of Eurasia.
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Figure 2. Linear regressions between body mass and the mesowear of Equus in Africa and Europe
during the Quaternary. On both continents, the body mass of Equus was significantly negatively
related to the mesowear score, although in Africa, this pattern was entirely driven by one very
large-sized species, E. capensis. Adapted from [20].

Tracking the abrasion incurred on molars in deep time (hypsodonty index), the level
of abrasion incurred by individuals cumulatively in their lifetimes (mesowear) and the
short-term acquisition of microwear scars from exogenous grit and/or food items has shed
light on dietary and environmental shifts through time for North American Equini. By
using three dietary proxies with different temporal resolution capabilities, the amounts
of different levels of dietary abrasion as well as the possible causes of this abrasion was
elucidated. Highly hypsodont members of the subfamily Equinae appear in North America
about 17.5 Ma (late early Miocene-Hemingfordian) [341]. It is at this time that high degrees
of large pitting are found in their dental enamel, and they begin to show scratch textures re-
gardless of dietary classification indicating heavy exposure to exogenous grit. Also, highly
hypsodont equines first appeared in the late Middle Miocene (ca. 14 million years ago), well
after the projected availability of pervasive open grasslands (earliest Miocene) [342,343] or
even the latest Oligocene [344]. Thus, the appearance of hypsodonty in Miocene equines
was not synchronous with the appearance of grasslands in North America, and exogenous
grit appears to have been a contributing factor to increased exposure to abrasion and
subsequent increases in crown height in fossil horses rather than grazing alone [21,345,346].
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Mesowear patterns closely mirror hypsodonty trends (i.e., higher mesowear scores when
hypsodonty increases.) The species of Equus shown in Table S3 have abrasive mesowear
consistent with grazing. Thus, grass was an important dietary item as it is today. Also, as
these taxa, while grazing, were feeding low to the ground, they would have encountered
grit encroaching on their food items which would have contributed further to their abra-
sive mesowear. Even so, microwear has shown that roughly 80% of these taxa (Table S3)
seasonally or regionally engaged in mixed feeding, or in one case, browsing. This demon-
strates that hypsodonty, although advantageous for consuming grass, does not preclude
consuming leaves or other browse at times. The other and earlier Equini shown in Table S3
(i.e., Cormohipparion, Pseudhipparion, Calippus, Hipparion, Dinohippus, Neohipparion and
Nannipus) exhibited a less grazing type mesowear and/or microwear indicative of a ten-
dency to either consume grass or a mixture of grass and browse. These results are consistent
with the fact that even after open grasslands became pervasive in North America, forest
vegetation was apparently also available until the late Miocene [21,342,347].

Analyses of body mass and mesowear of Pleistocene Equus from Mexico and the USA
(Alaska) show that the body sizes of most of the species were relatively small compared
to the larger species from the Pleistocene of Europe, and all of these species had grass-
dominated diets, although some variation occurred at a smaller scale than in the Pleistocene
of Europe (Table S2). The relatively small body size and lesser variation in size and
diet in North American Equus paleopopulations compared to Europe could reflect less
productive paleoenvironments in general, with the estimated NPP values for nearly all
of the North American and Mexican localities being comparatively low (between ca. 299
and 730 g(C)/m2/a) (Table S2). The highest estimated NPP (of the sites analyzed here)
is at Rancho la Brea (ca. 839 g(C)/m2/a), which is also the only one of those localities
that has a very large-sized species, E. occidentalis. Pérez-Crespo et al. [348] noted that
the sympatric E. conversidens and Equus (or Haringtonhippus) francisci from Valsequillo,
Mexico, had differences in diet and body size that corresponded with the “Eurasian and
African Equus model”, with the larger species E. conversidens having more browse-based
and the smaller Equus (or Haringtonhippus) francisci having more grazing dietary signal. The
observation that equines in general tend to have heavily grazing diets in North America
since the late Miocene makes sense (and more so than in the Eurasia and Africa, where
more browsing and mixed-feeding forms occurred, even among Pleistocene Equus), as it
explains the evolution of the prominent grazing adaptations of this group in North America.
Interestingly, it seems that body sizes of North American equines were on average smaller
than European equines, mostly lacking the very largest body size category (above ca. 550 kg
in Equus), with E. occidentalis being the only exception. Species of this largest size category
such as E. major, E. suessenbornensis and E. mosbachensis in Eurasia and E. capensis in Africa,
were the ones with most browse-dominated diets during the Pleistocene. It is possible
that the evolution of these giant species of Equus is associated with changes in the dietary
niche and population densities in the more wooded, comparatively high-productivity
paleoenvironments of Pleistocene Europe in particular, while the more open-adapted,
grazing horses in North America and much of Africa and Central Asia attained more
modest sizes due either to less productive environments or grazing, gregarious ecological
strategies that limited individual body size.

6.2. North America

The major evolution and diversification of equids occurred in North America even
though a number of successive dispersals took place to Eurasia. Equidae apparently
evolved in isolation from Eurasia in North America from the middle Eocene to the late
Oligocene [44]. During the Tertiary, equids were very widespread in North America. In
fact, at most fossil localities, they are the most common medium- to large-sized mammals
recovered [44]. Equids achieved their maximum diversity in the late Miocene [44,349]
resulting in the evolution of the subfamily Equinae [350].
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The Miocene was also a time of craniodental reorganization of the equid skull. [351,352].
These trends began in parahippine and merychippine equids and eventually led to the
genus Equus, which is thought to have evolved from Dinohippus in the Pliocene [346,353].
The dramatic changes in equid skulls, teeth and limbs have long been thought to reflect
evolutionary adaptations to a changing environment, often thought of as evidence that
grasslands expanded during this time [354–362]. Gross changes in dental morphology reveal a
true shift toward more abrasive diets including grass in the derived Equinae from the middle
Miocene onward reflecting their adaptation to grazing in more open environments [346,363].
While grazing was clearly an important long-term dietary strategy for derived Equinae once
they appear in North America, some also engaged periodically in short-term mixed feeding
regionally or seasonally.

Interestingly, it appears that there was less variation in the dietary ecology of North
American derived equines than the species that encountered a wide range of environ-
ments from wooded to open in Eurasia. Middle Miocene equines such as Co. quinni and
Co. goorisi were small sized and had mixed to grazing diets (Table S2). The species of
Equus from the Pleistocene of Mexico and North America mostly have relatively small
body sizes and mostly grazing mesowear (Table S2). The relatively small body sizes could
be related to the grazing, gregarious lifestyle or the relatively low-productivity, open pa-
leoenvironments of the North American paleopopulations summarized in this study. In
Mexico and Southern USA, the small species E. cedralensis and E. conversidens had grass-
dominated mesowear signals and occupied low-productivity, sometimes nearly desert-like
environments as suggested by low estimated NPP values of their localities (Table S2).
Equus mexicanus and E. scotti were large (mean body mass between 450 and 480 kg), but not
as large as the “very large”, predominantly mixed-feeding or browse-dominated “wood-
land” species in the Eurasia, such as E. major and E. suessenbornensis, both with average
body masses around 550–600 kg (Table S2). The only species in the “very large” size
category from the North American sites is E. occidentalis. This species occupied a relatively
high-productivity paleoenvironment in Rancho la Brea (Table S2), where its mesowear
signal indicates predominantly grazing diet [363]. However, the proportion of sharp cusps
is also relatively high in the Rancho la Brea population of E. occidentalis, and microwear
texture analyses indicate that it consumed a significant proportion of woody browse during
the pre-LGM cool stages at Rancho la Brea, so at least periodically significant inclusion
of browse is indicated for the diet of also this very large equine [364]. In Alaska, the
small to medium-sized E. lambei occupied a cold mammoth steppe paleoenvironment with
relatively modest estimated NPP, and its mesowear signal indicates a grazing or at least
heavily grass-dominated diet (Table S2).

6.3. Eurasia

The earliest hipparionines that dispersed from North America to Eurasia at the be-
ginning of the late Miocene were medium-sized (around 160 kg in body mass) species of
the genus Cormohipparion, such as Co. sinapensis from Sinap, Turkey. These were relatively
slender and modest-sized and probably occupied relatively open environments from East
Asia to Turkey [8]. Early on, however, the larger, more robust hipparionines of the genus
Hippotherium emerged and were widespread across Eurasia. Hippotherium primigenium
was a relatively large species (body mass 200–250 kg) with predominantly browsing diets
that occupied primarily forest and woodland environments in Central Europe during the
early late Miocene [8]. Considerable dietary variation occurred in Hi. primigenium, being
purely browsing in the forested paleoenvironment of Höwenegg and more grass-dominated
in the locally more open floodplain environment in Eppelsheim, in Germany [365,366].
Two species of Hippotherium, H. primigenium and H. kammerschmittae, from the later late
Miocene had browse-dominated diets in Dorn Dürkheim, Germany [366]. During the
later late Miocene (Turolian), hipparionines diversified in Eurasia, and included several
species and lineages of different body size and dietary ecology. In the Mediterranean
realm and Western Asia for example, medium-sized (ca. 100–200 kg) species of Hipparion

129



Biology 2022, 11, 1258

and Cremohipparion species were mixed-feeders, whereas larger species of the genus
Hippotherium (with body masses more than 200 kg) retained browse-dominated or mixed
diets, while the small species of Cremohipparion (body mass less than 100 kg) had grazing
diets (Tables S2 and S3) [8]. Hipparionines thus seem to by and large reflect the model of
larger sizes being related to more browse-dominated diets and smaller sizes to grazing
diets, as in the example of Equus during the Pleistocene in Eurasia. Similarly high diversity
of hipparionines occurred in East Asia during the latest Miocene.

During the Pliocene, the diversity of hipparionines in Eurasia dropped drastically
and there was a turnover in the species composition, with a few, in general large-sized
(200–350 kg) species in the genera Plesiohipparion, Baryhipparion and Proboscidipparion sur-
viving [8]. All these genera had mostly mixed-feeding diets, with Plesiohipparion and
Proboscidipparion having wide geographic ranges from East Asia to Europe [8]. Consider-
able ecological flexibility seems typical, especially for Proboscidipparion. While Pr. sinense
occupied relatively open environments in East Asia and had a mixed but relatively abrasion-
rich mesowear signal [8], Proboscidipparion sp. from Red Crag, England (latest Pliocene,
ca. 2.7 Ma) had a browse-dominated diet [8,367] and lived in a warm-temperate forest
environment [368] (Tables S2 and S3).

The earliest species of Equus to disperse from North America to Eurasia were relatively
large sized but ecologically quite generalized, grazing, open-adapted species such as
E. eisenmannae in East Asia and E. livenzovensis in Western Asia and Europe. These taxa
had average body masses around 500 kg and at least E. eisenmannae had mesowear values
indicating typical grazing diet for the genus (Tables S2 and S3). At the beginning of the
Pleistocene, the first of the specialized, very large-sized and robust woodland horses with
mixed and even browse-dominated diets, E. major, emerged in Western Europe. This
species typically occurs in Early Pleistocene sites in Europe where palaeoenvironmental
proxies such as pollen records and large mammal ecometrics indicate relatively wooded and
productive paleoenvironments such as in Red Crag (UK) and Tegelen (Netherlands) [19,369].
Equus major was one of the largest species of equid, with mean body mass around 600 kg,
and maximum body mass of ca. 800 kg.

The common Early Pleistocene species of European Equus, E. stenonis, occurred in a
wide range of localities suggesting broad tolerance of environmental conditions. It was a
medium-large species of Equus, with mean body mass between 400 and 500 kg (Table S2).
Available paleodietary evidence indicates mostly grazing diets for E. stenonis [370,371]
(Tables S2 and S3), but the small sample from East Runton, UK, had a more mixed dietary
signal (Table S2). Analysis of body mass, mesowear and the NPP of E. stenonis paleopop-
ulations indicates a strong inverse relationship of the amount of grass in diet and body
size (Figure 1). There was also a geographic pattern of body size in E. stenonis, with the
Western European populations associated with more high-productivity environments hav-
ing on average larger body sizes than Eastern European populations, which occurred in
less productive environments [13]. Equus senezensis was a smaller species with mean body
mass around 350 kg and a grazing diet and occupied mostly open landscape [372,373]
(Tables S2 and S3).

Later during the Early Pleistocene, the large-sized E. suessenbornensis and the small-
sized E. altidens became prominent species in Eurasia, being the dominant species there
during the late Early and early Middle Pleistocene. Equus suessenbornensis was a very large-
sized and robust species, comparable in size to the earlier Pleistocene Western European
Equus major (with mean body mass within paleopopulations ranging from over 500 kg
to slightly over 600 kg). Similar to other very large species of Equus, E. suessenbornensis
typically had mixed to even browsing diets [19,374] (Tables S2 and S3), and although
being widespread in Europe, it was typically less abundant than the small E. altidens,
also where these two co-occurred. Equus altidens was the earliest identified hemionine
and it shares interesting similarities in mesowear signal to extant hemionines. As in
modern hemionines, most paleopopulations of E. altidens show heavily grazing mesowear
signals [375] (Table S3), but also relatively abundant association of low occlusal relief and
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sharp cusps in some localities [375]. This kind of mesowear signal suggests diet based
mostly on grasses but also including a significant component of dry, open environment
browse such as aridity-resistant shrubs [15]. Some populations also display microwear
patterns compatible with a mixed diet suggesting a certain degree of dietary plasticity
for this species [369,375] (Table S3). Mean body mass estimates of E. altidens vary around
350 kg (Table S2). In general, E. altidens tends to be associated with paleoenvironments
where dental ecometrics of large herbivorous mammal communities indicate relatively
modest primary production estimates (between ca. 700 and 900). In Guadix-Baza Basin,
Andalucia, Spain, the paleoenvironments of E. altidens have been suggested to have been
similar to present Mediterranean woodlands and forest-steppes [374,376,377]. The diet
of E. altidens reflects differences in paleoenvironments, being purely grazing in Venta
Micena and Vallparadìs (EVT12 layer; MIS 31) but more mixed in Barranco León and
Fuente Nueva 3 in Guadix-Baza Basin, Andalucia, where the paleoenvironment was more
Mediterranean forest or woodland type and in layer EVT7 (MIS 21) of Vallparadìs where
environmental conditions became more humid, and seasonality might have increased
following the “0.9 Ma event” [374,375]. In Süssenborn, Germany, this species occurred in a
paleoenvironment which has been interpreted periodically cool and relatively open, but
not periglacial, based on the faunal association [378].

The Middle Pleistocene marks the arrival of caballine horses in Eurasia, a significant
turnover event. Equus mosbachensis (=E. ferus mosbachensis/E. ferus), the typical caballine dur-
ing the early Middle Pleistocene in Europe, was a very large and robust form (mean body
mass from over 500 kg to nearly 600 kg), and it displayed more diverse dietary adaptations
including grazing, mixed or even browse-dominated diets [19,373,379] (Tables S2 and S3).
Large, browse-dominated forms of this taxon are associated with relatively wooded pa-
leoenvironments such as Boxgrove in the UK and Schöningen in Germany [19,380,381].
Even grazing populations can be found in habitats dominated by wooded landscapes
(e.g., open woodlands), feeding also in closed environments such as in Fontana Ranuc-
cio (0.4 Ma) [374,382] (Table S3). The cold-stage paleopopulation of E. mosbachensis from
Caune d’Arago, France, had somewhat smaller average body size and more grazing diet
(Tables S2 and S3). The wild horse (E. ferus) was abundant and widespread in Eurasia
during the late Middle and Late Pleistocene, with small-sized forms having more grazing
dietary signals and occurring in sites with smaller estimated NPP than larger forms of the
species (Figure 1, Table S2). The smallest forms of E. ferus with most grazing dietary signals
come from sites where associated paleobotanical evidence indicates very open and grass-
dominated “mammoth steppe” environments, such as Brighton (MIS 6 glacial) and Gough’s
Cave (MIS2 glacial) in UK (Table S2) [383,384]. Conversely, large forms of E. ferus typically
occurred in more wooded paleoenvironments, such as Grays Thurrock (MIS 9 interglacial)
and Brundon and Ilford (MIS 7 interglacial) in the UK, and Taubach (last interglacial, MIS 5)
in Germany, and had less purely grazing diets (Table S2) [385,386]. Further east, a medium-
large sized form of E. ferus (“E. ferus latipes”) had a grass-dominated diet at the locality of
Kostenki 14 in western Russia (Table S2), where it occupied a cool and arid steppe envi-
ronment [387]. The northernmost populations from Taimyr and Yakutia, Northern Siberia,
“E. lenensis”, mostly lived in cold, low-productivity steppe-tundra environments, although
the northern edge of boreal forest advanced in these areas during warmer stages [388].
They are characterized by small average body size and grass-dominated mesowear signal,
although some individuals show sharper and more high-relief cusps indicating inclusion of
browse or non-grass herbaceous vegetation in their diet (Table S2). Equus hydruntinus had a
more limited range in Eurasia during the late Pleistocene, and similarly to other hemion-
ines, it seems to have been associated with relatively open habitats and it consistently had
grass-dominated diets (Tables S2 and S3) [389].

The extant equids in Eurasia are currently limited to the Central Asian hemionines
(E. hemionus and E. kiang) and the Przewalski horse (E. przewalski). These are all relatively
small-sized members of the genus, they all have grazing diets, and they occupy the steppe
environments of Central Asia (Tables S2 and S3). Similar to E. altidens, the hemionines
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today have a comparatively high proportion of low and sharp mesowear among Equus,
indicating some inclusion of “dry browse” or non-grass herbs in diet, in addition to grass
(Table S2).

6.4. Africa

The earliest hipparionine with palaeodietary evidence from Africa is Cormohipparion sp.
from the late Miocene of Chorora, Ethiopia (ca. 8.5 Ma), which has a browse-dominated
mesowear signal and medium body size (ca. 160 kg) (Tables S2 and S3) [8,274,390–394].
Since this earliest record, most of the equines in Africa show mesowear and other pale-
odietary evidence suggesting grass-dominated to grazing diets. The hipparionines of the
genus Eurygnathohippus were relatively large in size (over 200 kg in mean body mass) and
yet they had remarkably grass-dominated diets (Tables S1 and S2), unlike the large-sized
hipparionines in Eurasia, which tend to have more mixed or browse-dominated diets. This
could reflect adaptation of the African derived hipparionines of the genus Eurygnathohippus
to graze in relatively productive, but grass-dominated savanna environments.

After the arrival of Equus in Africa in the Pleistocene, most of the African equine
species had grazing diets and were of small body size compared to a much wider range
of sizes and diets in Eurasia (Figure 2), probably reflecting similarity in their adaptations
to grazing in grass-dominated African savanna environments. The only clear exception
to this pattern is the very large-sized South African species E. capensis, which had a more
mixed or even browse-dominated dietary signal, paralleling the relationship between diet
and body size observed for the Pleistocene of Europe (Figure 2; Table S1).

The extant African zebras (E. quagga, E. grevyi and E. zebra) all have relatively small
body size compared with the large Pleistocene species of Equus (particularly in Eurasia)
and they typically have some of the most purely grazing diets among the equids (Table S2).
The Grevy’s zebra (E. grevyi) is the largest of these species, and the largest extant species of
wild Equus, but it has a relatively tall and slender morphology, with elongate metapodials
compared to the Quagga, and mean body mass estimates are relatively modest (around
360 kg on average) compared to many of the Pleistocene taxa, resembling however those
of E. koobiforensis from the Pleistocene of East Africa. Our mesowear data suggest that the
proportion of sharp but low-relief cusps is higher in E. grevyi than the rest of extant zebras,
indicating perhaps a somewhat higher proportion of dry browse such as dry-adapted
shrubs in its diet (Table S2). The Africa wild ass (E. africanus) also has a relatively high
proportion of low and sharp mesowear, despite mostly grazing dietary signal, which could
also reflect inclusion of dry browse in the arid environments of this species (Table S2) [395].

7. Climate and Evolution

Figure 3 provides the distribution of Equinae in North America, 7–4 Ma. As with the
succeeding climate and evolution maps, the numbers on these maps are tied to Table S4.
During this time frame, 10 genera are recognized from North America (Calippus, Dinohippus,
Cormohipparion, Nannippus, Neohipparion, Astrohippus, Boreohippidion, Pliohippus, Pseudohipparion
and Equus), 3 from Eurasia (Plesiohipparion, Proboscidipparion and Cremohipparion) and 3 from
Africa (Cremohipparion, Eurygnathohippus and Sivalhippus). The Equinae in North America
include Ca. elaschistus, Ca. hondurensis, D. interpolatus, D. leardi, D. leydianus, D. spectans,
Co. occidentale, Na. aztecus, Na. lenticularis, Na. peninsulatus, Ne. leptode, A. ansae, A. lenticularis,
Bo. galushai, D. mexicanus, Co. emsliei, Plio. coalingensis, Ne. eurystyle, Ne. gidleyi, Ps. simpsoni,
Na. beckensis, Equus/Plesippus simplicidens, E. cumminsi, E. enormis and Equus/Plesippus idahoensis.
The Eurasian record includes Pl. longipes, Pl. houfenense, Pr. pater, Pr. crassum, Cr. fissurae
and Pl. huangheense, wheres Africa has Cr. periafricanum, Eu. feibeli, S. turkanensis, Eu. hooijeri
and Eu. woldegabrieli (taxa 1–36, Table S4). Calippus, Dinohippus, Cormohipparion, Nannippus,
Neohipparion and Astrohippus have records extending back to 10 Ma and amongst these
Cormohipparion, Nannippus, and Neohipparion are hipparionine horses. Dinohippus has a chronol-
ogy beginning at 10.3 Ma and D. mexicanus (5.3–4.6 Ma) is demonstrably related to Equus.
Four species of Equus, E. cumminsi, E. enormis, E. idahoensis and E. simplicidens first occur in
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the Blancan (since 4.9 Ma) and in particular, E. simplicidens would appear to be related to first
occurring Eurasian Equus [10,190]. Large mammal Mean HYP in North America ranges from
2.0–2.5, whereas Europe has the lowest mean HYP ranging from 1.5–2, with higher values
(2.0–2.5) in Turkey, Greece and Spain. Africa has mostly 2.0 values with slightly lower values
in the horn of Africa, whereas Asia shows mostly 2.0 values with localized areas ranging
between 2.0 and slightly above 2.5 in China, Mongolia, Kazakhstan and Iran.

 

Figure 3. Spatial distribution of the large herbivorous genera mean ordinated crown height through
time ranges 7 to 4 Ma in North, Central and South America, Eurasia and Africa. The mean ordinated
hypsodonty map represents the paleoclimatological conditions grading from most humid (blue) to
most arid (red). Numbers in white circles show coded number of each taxa given in Table S4. The
mean ordinated hypsodonty values are represented by the color-coded circles indicate the spatial
position of the localities that mean hypsodonty scores calculated (Table S5). IDW interpolation
algorithm hypothetically interpolates no data (no locality) area based on the actual data. These areas
should be ignored.

Figure 4 presents the distribution of taxa between 4 and 2.6 Ma. During this time frame,
4 genera are recognized from North America (Pliohippus, Nannippus, Equus and Plesiohipparion), 6
from Eurasia (Plesiohipparion, Proboscidipparion, Cremohipparion, “Hippotherium”, Eurygnathohippus,
Baryhipparion) and 2 from Africa (Eurygnathohippus, Cremohipparion). North American taxa car-
rying over into this interval include Plio. coalingensis, Na. beckensis, Equus/Plesippus simplicidens,
E. cumminsi and Equus/Plesippus idahoensis. The persisting Eurasia taxa include Pl. longipes,
Pl. houfenense, Pr. pater, Pr. crassum, Cr. fissurae and Pl. huangheense, whereas most African
species disappeared, with the only survival of the hipparion genera Eurygnathohippus and
Cremohipparion. First occurring taxa include Plesiohipparion sp. in Ellesmere Island (N. Amer-
ica), Ba. insperatum, Cr. licenti, “Hippotherium” antelopinum, Eurygnathohippus sp, Pr. heintzi,
Pl. rocinantis, E. afarensis, Eu. hasumense and Eu. cornelianus (Africa). The African clade Eurygna-
tohippus is found there during this interval and is represented by a lower cheek tooth from India
at the end of this temporal interval. “Hippotherium” antelopinum is a medium sized hipparionine
whose type locality is in India. North America records the immigration of Plesiohipparion into
Greenland. North America and South America have mostly Mean HYP between 2.0 and 2.5,
with some areas in the west recording values of around 2.5 and others between 1.5–2.0.

133



Biology 2022, 11, 1258

Figure 4. Spatial distribution of the large herbivorous genera mean ordinated crown height through
time ranges 4 to 2.6 Ma in North, Central and South America, Eurasia and Africa. The mean ordinated
hypsodonty map represents the paleoclimatological conditions grading from most humid (blue) to
most arid (red). Numbers in white circles show coded number of each taxa given in Table S4. The
mean ordinated hypsodonty values are represented by the color-coded circles indicate the spatial
position of the localities that mean hypsodonty scores calculated (Table S5). IDW interpolation
algorithm hypothetically interpolate no data (no locality) area based on the actual data. These areas
should be ignored.

Figure 5 presents the distribution of taxa between 2.58 and 1.5 Ma, including the Equus
Datum in Eurasia at the beginning of the Pleistocene. During this time frame, 2 genera are
recognized from North America (Nannippus and Equus), 4 from Eurasia (Plesiohipparion,
Proboscidipparion, Baryhipparion and Equus) and 2 from Africa (Eurygnathohippus and Equus).
North America records E. calobatus, E. scotti, E. stenonis anguinus, E. conversidens, E. ferus/lambei,
E. francisci, E. fraternus and E. pseudaltidens during this interval, in addiction to Na. beckensis,
Equus/Plesippus simplicidens, E. cumminsi and Equus/Plesippus idahoensis. Europe records
several species of Equus in this interval, including: E. livenzovensis, E. major, E. stenonis,
E. senezensis, E. stehlini and E. altidens. The Indian subcontinent has E. sivalensis and Equus sp.
in India. China records several Equus species during this interval including E. eisenmannae,
E. sanmeniensis E. huanghoensis, E. yunnanensis, E. qingyangensis, E. teihardi and E. wangi,
with Ba. insperatum, Pl. shanxiense and Pr. sinense. Central Asia includes E. pamirensis,
whereas Africa includes the Equus species in North Africa (E. numidicus) and Equus sp. in
East Africa. Overall, the African record includes E. tabeti in North Africa with Eu. pomeli,
E. koobiforensis, E. oldowayensis in East Africa and E. capensis and E. zebra in South Africa.
The earliest species of Equus are found in some localities at ca. 2.6 Ma in Europe, Siwalik
Hills and China, which shows values between 2.0–2.5. These values are more diffused in
Eurasia compared with Figure 4, although are still present values between 1.5–2.0 in China,
Russia, Caucasus and Europe. Africa overall has values between 2.0 and 2.5 through most
of the continent, with isolated areas between 2.5–3.0 in North and East Africa. During this
interval, most continental mammal records are dry with mean hypsodonty mostly being
2.0 or higher with several higher incidences of 2.5 or higher.
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Figure 5. Spatial distribution of the large herbivorous genera mean ordinated crown height through
time ranges 2.58 to 1.5 Ma in North, Central and South America, Eurasia and Africa. The mean
ordinated hypsodonty map represents the paleoclimatological conditions grading from most humid
(blue) to most arid (red). Numbers in white circles show coded number of each taxa given in Table S4.
The mean ordinated hypsodonty values are represented by the color-coded circles indicate the spatial
position of the localities that mean hypsodonty scores calculated (Table S5). IDW interpolation
algorithm hypothetically interpolate no data (no locality) area based on the actual data. These areas
should be ignored.

Figure 6 presents the distribution of taxa between 1.5 Ma to recent. During this time
frame, 2 genera are potentially recognized from North America (Equus and Haringtonhippus),
2 from South America (Equus and Hippidion), 2 from Eurasia (Equus and Proboscidipparion)
2 from Africa (Equus and Eurygnathohippus). This time frame includes a number of
taxa that carry over from the 2.58–1.5 Ma interval including Equus/Plesippus simplicidens,
E. cumminsi, Equus/Plesippus idahoensis, E. calobatus, E. scotti, E. conversidens, E. ferus/lambei,
E. francisci, E. fraternus and E. pseudaltidens (North America); E. sameniensis, E. yunnanensis,
E. qingyangensis, E. teilhardi, E. wangi (China); E. sivalensis (India); E. numidicus, E. tabeti
(North Africa); E. koobiforensis, E. oldowayensis (East Africa); E. capensis, E. zebra (South
Africa). Taxa first occurring between 1.5 Ma to recent are E. verae, E. cedralensis,
E. mexicanus and E. occidentalis for North America; E. neogeus, Hippidion devillei, Hippidion
saldiasi, Hippidion principale for South America; E. beijingensis, E. dalianensis, E. hemionus
(also India), E. kiang (also Nepal) and E. przewalskii in China; E. nalaikensis and E. colimensis,
E. lenensis and E. ovodovi in Central and North Asia; E. suessenbornensis, E. apolloniensis,
E. wuesti, E. hipparionoides, E. marxi, E. ferus, E. hydruntinus, E. petraolnensis and E. graziosi
in Europe; E. mauritanicus, E. melkiensis and E. algericus in North Africa and E. africanus,
E. grevyi and E. quagga in East and South Africa. This time frame record also records the
last occurrence of the hipparionini horses in Asia with Proboscidipparion and Africa with
Eurygnathohippus [8]. Mean HYP shows North and South America having more moderate
climates around values of 2.0 and 2.5, with values lower than 2.0 in local areas in the East
and the West. Europe likewise has Mean HYP values around 2.0 with values lower than
2.0 in Central and Eastern Europe, whereas Asia, the Indian Subcontinent and Africa have
higher values hovering around Mean HYP of 2.5. Mean HYP values between 1.5–2.0 are
also found in China.
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Figure 6. Spatial distribution of the large herbivorous genera mean ordinated crown height through
time ranges 1.5 Ma to recent in North, Central and South America, Eurasia and Africa. The mean
ordinated hypsodonty map represents the paleoclimatological conditions grading from most humid
(blue) to most arid (red). Numbers in white circles show the coded numbers of each taxon given
in Table S4. The mean ordinated hypsodonty values are represented by the color-coded circles
indicate the spatial position of the localities that mean hypsodonty scores calculated (Table S5). IDW
interpolation algorithm hypothetically interpolate no data (no locality) area based on the actual data.
These areas should be ignored.

The mean hypsodonty map patterns indicate that while most of Eurasia and Africa
occupied by mild or humid values, arid environmental conditions were prominent in North
America between 7 and 4 Ma (Figure 3). At the late Miocene–Early Pliocene transition,
moist conditions occurred in Europe with an arid belt extending eastward into Asia and
Africa. By the end of the Pliocene arid conditions remained in North America and aridity
began to increase on the mid-latitudes of Eurasia and along the Rift Valley of East Africa
and the western corners of North Africa (Figure 4). Mean ordinated crown height patterns
of the large herbivorous mammal communities indicate that while Southeast Asia, Central
and Western Europe, and Florida and California in North America occupied by semi-humid
or humid values, arid environmental conditions persisted or increased drastically rest of
the World and in particular in East and South Africa, 1.5 Ma to recent (Figure 6).

Overall, these maps exhibit a general trend of increased drying over time. Most
occurrences of Equus are with Mean HYP values of 2.0–2.5. Very few archaic Equinae
taxa continue across the Pliocene–Quaternary boundary. North America retained the
more primitive lineages of Pliohippus and Nannippus up into the 2.58–1.5 Ma interval.
Hipparionines persisted up into the Pleistocene of Europe, as late as 1.0 Ma in China and
slightly later than 1.0 in Africa. The extinction of older North American and Eurasian-
African lineages would appear to be associated with the expansion of more open country
dry conditions.

8. Phylogeny

As reported in the introduction, recently two morphological-based cladistic anal-
yses have re-evaluated the origin of the genus Equus. Herein, we present the state of
art of these cladistic hypotheses, with a separate section on the contribution from the
molecular phylogenies.
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Barrón-Ortiz et al. [9] undertook a phylogenetic analysis using a matrix of 32 char-
acters (22 cranial, 6 mandibular, 3 autopodial, and estimated body size). The authors
included in the matrix 21 Equini species, two of which were considered as outgroups,
Acritohippus stylodontus, and Pliohippus pernix. Barrón-Ortiz et al. [9] undertook the analysis
using TNT 1.1 [396] with the implicit enumeration option (exhaustive search), using equal
weighting for the characters, and without a collapsing rule. They treated all characters
as unordered.

Cirilli et al. [10] have combined a new matrix including 30 Operational Taxonomic
Units (OTUs) and 129 characters (72 cranial, 40 mandibular and 17 on autopodia), 68 of
which were new and the other extrapolated from the recent published matrices on perisso-
dactyl phylogeny [9,114,397–400]. The characters were mainly coded by direct observations.
The ingroup included a comprehensive sample of 26 equid species and the outgroup was
represented by the Brazilian tapir Tapirus terrestris, the rhinocerotoid Hyrachyus eximius,
the Rhinocerotidae Trigonias osborni and the early-diverging equid Merychippus insignis.
The analysis was performed in PAUP 4.0b10, with Heuristic search, TBR and 1000 repli-
cations with additional random sequence, and gaps treated as missing. In this analy-
sis, 24 characters have been ordered and 105 characters unordered. All characters were
equally weighted.

8.1. What Is Equus? Paradigms, Phylogeny, and Taxonomy

The primary objectives of the study conducted by Barrón-Ortiz et al. [9] were to review
and discuss different paradigms for understanding generic-level taxonomy, particularly
in regards to the delimitation of mammalian genera, and to evaluate how those different
paradigms impact the concept and contents of Equus in a given phylogenetic tree. Barrón-
Ortiz et al. [9] established a new phylogenetic tree of derived Equini for that analysis. The
tree served as a model for the evaluation of how distinct paradigms impact our placement
of generic names on any given tree.

8.1.1. What Is a Genus?

Although several studies have discussed limitations of and provided alternatives to
the Linnaean taxonomic system [401–406], Linnaean taxonomy continues to be widely used
to study and communicate about past and present biodiversity [407]. This is especially true
when it comes to the binomial nomen (genus and species). Because of the widespread use
of binomial nomenclature within and outside of the life sciences, the genus is perhaps the
most important higher-level taxonomic rank. Therefore, the question about how we define
and delimit genera is not a trivial one as it affects how we view, study, and communicate
about biological organisms. Equus is a model taxon for such discussions because of its
complex generic and species-level history. At the core of the delimitation of Equus within
any phylogenetic tree lie the philosophical and practical issues regarding the definition of
genera and how best to reconcile taxonomy with evolutionary history.

Different paradigms exist for understanding and delimiting genera. In the case of
mammals, Barrón-Ortiz et al. [9] identified four that are commonly used in combination
with monophyly to delimit genera: phylogenetic gaps, uniqueness of adaptive zone,
crown group definition, and divergence time [407–411]. One of the primary distinctions
between the paradigms is the way genera are conceived. At one extreme, the uniqueness of
adaptive zone paradigm conceives genera as having some level of biological reality beyond
monophyly (i.e., a genus occupies a unique adaptive zone). An adaptive zone corresponds
to a particular mode of life or a unique ecological situation [6,409,412,413]. At the other
extreme, under the divergence time and crown group paradigms, genera are arbitrarily
defined [168,410,411,414] and are not conceived as having biological reality other than
monophyly. The phylogenetic gaps paradigm occupies an intermediate position. Under
this paradigm, genera are not necessarily conceived as having some level of biological
reality, but the gaps between monophyletic groups of species used to delimit genera
arise from biological processes such as speciation, extinction, evolutionary and adaptive

137



Biology 2022, 11, 1258

radiations, and unequal rates of evolution [409]. Because genera may be conceived under
different paradigms, it is important for researchers to explicitly state their operational
paradigm when considering questions of generic-level taxonomy.

8.1.2. Morphological Phylogenetic Analysis of Derived Equini

For the second study objective, Barrón-Ortiz et al. [9] conducted a morphological
phylogenetic analysis of derived Equini. The phylogenetic analysis produced three equally
most parsimonious trees of 85 steps with consistency (CI) and retention (RI) indices of 0.57
and 0.80, respectively [9] Figure 1 for the strict consensus tree.

Using the strict consensus tree obtained in their analysis, Barrón-Ortiz et al. [9] evalu-
ated how the four paradigms commonly used to delimit mammalian genera impacted the
concept and contents of Equus, although we emphasize that the same could be applied to
any phylogenetic hypothesis. The results of this evaluation and taxonomic implications are
summarized below.

8.1.3. Phylogentic Gaps and the Concept of Equus

Under the phylogenetic gaps paradigm, a genus is comprised of a single species or a
monophyletic group of species, separated from other single species or monophyletic groups
of species of the same rank by a decided gap [409]. In the context of a phylogenetic analysis,
the gaps between single species or monophyletic groups of species can be measured by
the number of synapomorphic traits. Application of this paradigm to the strict consensus
tree of Barrón-Ortiz et al. [9], suggested that Equus should be delimited to clade 6, as this
clade shows the most synapomorphic traits, including the species E. neogeus, E. occidentalis,
E. ferus, E. mexicanus, E. hemionus, E. quagga, E. conversidens and E. francisci. The Early
Pleistocene E. stenonis and the North American E. simplicidens and E. idahoensis are not
included in this clade.

8.1.4. Uniqueness of Adaptive Zone and the Concept of Equus

In the uniqueness of adaptive zone paradigm, a genus is comprised of a single species
or a monophyletic group of species that occupies a different adaptive zone (i.e., a unique
mode of life) from the one occupied by species of another genus [409,413]. Application of
this criterion in the context of a phylogenetic analysis requires: (1) the identification of traits
(i.e., character states) that allow or potentially allow a single species or a monophyletic
group of species to occupy a unique adaptive zone and (2) identifying where those traits
occur in the tree.

The unique mode of life of Equus could potentially be defined as “ungulate mam-
mals that are adapted to live in generally open, arid habitats and that can thrive on
low-quality, high-fiber foods such as grasses and other coarse and tough vegetation” [9,19].
Potential morphological adaptations for this mode of life include modifications to the
locomotory [415] and digestive systems, particularly the dentition [9]. Based on the posi-
tion of the majority of purported, adaptive zone-related traits, Equus is assigned to clade 6,
or possibly clade 7, in the strict consensus tree of Barrón-Ortiz et al. [9], under the unique-
ness of adaptive zone paradigm. The identification to the clade 7 would include E. stenonis
in the genus Equus, but not E. simplicidens and E. idahoensis.

8.1.5. Crown Group and the Concept of Equus

This paradigm follows a nominalist perspective to the definition of taxa. The nominal-
ist perspective assumes that the limits of named taxa are arbitrary conventions, and then
proceeds to spell out those conventions [414]. Under the crown group paradigm, a genus is
defined as the clade that includes the most recent common ancestor of all extant species
assigned to that genus, and all descendants of that ancestor. Therefore, under this paradigm,
Equus is defined as the clade that includes the most recent common ancestor of all extant
species assigned to Equus, and all descendants of that ancestor. Equus is constrained to
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clade 6 in the strict consensus tree of Barrón-Ortiz et al. [9] based on the crown group
paradigm, which include the same species obtained under the phylogenetic gaps paradigm.

8.1.6. Divergence Time and the Concept of Equus

The divergence time paradigm states that a species or a monophyletic group of species
should be regarded as a distinct genus if it diverged well-before the Miocene-Pliocene
boundary (4–7 Ma) [168,410,411]. Application of this paradigm in the context of a phylo-
genetic analysis requires the creation of a time-calibrated phylogeny. Based on the time-
calibrated phylogeny of Equini of Barrón-Ortiz et al. [9], Equus is delimited to clade 9 under
the divergence time paradigm. Here, E. stenonis and the North American E. simplicidens
and E. idahoensis should be included in the Equus clade.

8.1.7. Taxonomic Implications

Barrón-Ortiz et al. [9] concluded that Equus should be delimited to clade 6 in their
phylogenetic analysis, based on the fact that three out of the four paradigms used to define
mammalian genera identified clade 6 as the most suitable position for Equus. This taxonomic
arrangement excludes E. stenonis, E. idahoensis, E. simplicidens, and “Dinohippus” mexicanus
from the genus Equus and it implies that Haringtonhippus is a junior synonym of Equus. Some
researchers have assigned E. simplicidens and E. idahoensis to Plesippus at the generic or sub-
generic rank [4,57,59,416,417], with Plesippus simplicidens selected as the type species [4,416].
Likewise, E. stenonis has been referred to Allohippus at the generic or subgeneric rank [416].
Based on the results of their analysis, Barrón-Ortiz et al. [9] suggested that Plesippus and
Allohippus should be elevated to generic rank, “Dinohippus” mexicanus should be assigned
to a new genus, and Haringtonhippus should be synonymized with Equus.

8.2. Cirilli et al. [10] Phylogeny: Equus Modeled as a Sigle Monophyletic Clade

The results from Cirilli et al. [10] differ from the previous phylogeny of Barròn-Ortiz et al. [9].
Cirilli et al. [10] obtained a single most parsimonious tree from the matrix used, and the genus
Equus is modeled as a single clade with node 52 being supported by 18 unambiguous synapo-
morphies, and 13 of these have a CI ≥ 0.500 [10], (Figure 2), not allowing the endorsement of
Plesippus or Allohippus at generic or subgeneic level. In particular, the genus is defined by a linear
lateral outline of the skull, the absence or reduction of the buccinator fossa, the presence of a
shallow depression on the lingual margin of the protocone, the squared shape of the protocone on
P2, the presence of an elongated pli caballine on P3 and P4, the squared shape of the protocone
on P3 and P4, a V-shaped morphology of the linguaflexid, part of the metaconid-metastylid
complex, a squared morphology of the lingual side of the metastylid, a strong and broad 3rd
phalanx, a reduced lateral second and fourth metapodials. Moreover, additional analyses as the
bootstrap tree supports the Equus clade with 99/100 replications [10], (Supplemental Materials).
According to Brochu and Sumrall [418], clades within a cladogram are named if two criteria are
met: the clade is stable and unlikely to collapse, and there is a need to discuss the group. In
addition, Bryant [419], Cantino et al. [420], and Schulte et al. [421] provide some guidelines for the
establishment of clade names, including the application of methods for measuring nodal support,
careful consideration of those taxa that are likely to move around in different analyses, and use
of multiple basal taxa as specifiers for node-based groups. A recently proposed phylogenetic
nomenclatural system [422–424] specified that all supraspecific taxonomic nomina be explicitly
defined on the basis of common ancestry. In the work by Cirilli et al. [10], E. simplicidens is
considered as the common ancestor of all the Equus species, and place at the base of their radiation,
separated from the genus Dinohippus. This view is supported by recent molecular analyses of the
group, where all the extant equid taxa are grouped into a single genus, Equus [27–29,425]. A large
Equus clade, including some fossil taxa, is also identified by Heintzman et al. [29], where a new
clade composed by representatives of Haringtonhippus is supposed to diverge from Equus during
the early Pliocene. It would appear that Haringtonhippus is convergent in cranial and postcranial
features with Asian E. hemionus and perhaps Pleistocene E. altidens.
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8.2.1. Phylogenetic Gaps, Crown Group, Adaptive Zone, and Divergence Time Applied to
the Phylogeny of Cirilli et al. [10]

The phylogenetic gaps criterion identify a genus as a taxonomic category containing a
single species, or a monophyletic group of species, which is separated from other taxa of
the same rank by a relevant gap. The results from Cirilli et al. [10] support the definition of
Equus as being a single monophyletic clade since E. simplicidens, grouped separately from
the species included in the genus Dinohippus.

As reported above, the concept of the adaptive zone implies that ecological factors
contribute to the speciation process. In this regard, for the genus Equus may be taken in
consideration the progressive shift to a diet mostly based on C4 grasses. The palaeoeco-
logical studies based on the North American record provide some insights between the
last representative of the genus Dinohippus, D. mexicanus, and the first forms of Equus. As
reported by MacFadden et al. [426] and Semprebon et al. [427], fossil and extant species
of Equus have been almost grazers or mixed feeders (except for some large species) [19],
whereas some populations of the late Hemphillian D. mexicanus from Florida show a
browsing signal. However, other late Hemphillian Dinohippus samples were identified as
mostly grazer, suggesting that the dietary transition from browser to mixed feeders and
grazer may already have occurred in North America. Nevertheless, the presence of some
individual with δ13C values of 24.7 and 21.5 per mil in the D. mexicanus sample studied
by MacFadden et al. [426] suggests that some individuals of this sample were feeding on
C4 grasses. This evidence indicates that some populations of Dinohippus shifted to a more
grazing diet, which may have led to speciation process to new forms adapted to new
environments. This would have affected not only the diet, but also the increase of the body
mass, from ca. 300 kg in D. mexicanus to 300 and 400 kg in E. simplicidens [10,426]. Moreover,
MacFadden et al. [426] reported that the dietary shift from browser to widespread grazing
in Equus may have occurred during the early Pliocene in North America between, 4.8 and
4.5 Ma, a time frame coherent with the first occurrences of E. simplicidens.

The crown group as defined as being a collection of species composed of the living
representatives of the collection, the most recent common ancestor of the collection, and
all descendants of the most recent common ancestor. In this regard, the results from
Cirilli et al. [10] include zebras, asses and the caballine horses in a single clade with the
most recent common ancestor identified as being E. simplicidens.

Moreover, the concept of the most recent common ancestor is directly linked also to di-
vergence time, and to the estimations based on the genomic analyses from Orlando et al. [27],
which estimated a time frame of 4.5–4.0 Ma for the origin of the most recent common ancestor
for Equus. This estimated ages confirm some one of the oldest discoveries of
E. simplicidens in North America [428–430] and therefore supporting the hypothesis of
E. simplicidens as the first representative of the genus Equus.

To summarize, phylogenetic gaps, crown group, adaptive zone and divergence
time are congruent for identify of the Equus clade at node 52 of the phylogeny from
Cirilli et al. [9], in agreement with the MPT, Bootstrap and UPGMA tree.

8.2.2. Living and Fossil Equids

The results by Cirilli et al. [10] support the taxonomic division of caballines (do-
mestic horse and Przewalski’s wild horse) and noncaballines (zebras and African and
Asiatic asses) proposed by morphological data [62] and other molecular and combined
studies [431–435] ([8] UPGMA analyses, supplemental information). Similarly to previous
studies, Cirilli et al. [10] reported a paraphyletic origin of the extant zebra species as pro-
posed in the literature using cranial morphology [397], palaeogenetics [27,436,437], and
nuclear data [438–440], but with a low levels of support of the nodes. Other molecular
analyses instead suggested a monophyly of the zebra species with the mountain zebra
placed as the sister taxon of Burchell’s and Grevy’s zebras [432,440–442]; a result affected,
anyway, by the absence of fossil representatives of this group in the analyses.
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8.3. The Contribution from the Molecular Phylogeny

In the last two decades, new perspectives on the evolution of the genus Equus have
been reported with the contribution from the molecular phylogeny. Orlando et al. [27] coded
the genome of a fossil horse dated ca. 780–560 ka, identifying that the most recent common
ancestor for the genus Equus emerged at ca. 4.5–4.0 Ma in North America, which is now
in agreement with oldest findings and occurrences of the North American E. simplicidens.
Analogous results were obtained also by Vilstrup et al. [425], which however highlighted
the distinction of the North American stilt legged horses from the living asses, supporting
a different evolution which led to a similar morphology. Moreover, Vilstrup et al. [425]
identified zebras and asses as distinct clades, proposing an estimated age for origin of the
plain zebras at ca. 0.7 ± 0.1 Ma, and divergence from the Grevy’s zebas at ca. 1.5 Ma.

More inputs came from Jónsson et al. [28], which identified all the living equids
belonging to a single genus, Equus. Moreover, Jónsson et al. [28] estimated that living
zebras and asses cluster into a single monophyletic clade originating at ca. 2 Ma, that
the African and Asiatic asses diverged slightly later, at ca. 1.8 Ma, and that the living
zebras already diverged at ca. 1 Ma. These estimated ages are in agreement with the
first occurrence of fossil species related to living zebras (E. koobiforensis, E. mauritanicus) or
asses (E. altidens, E. tabeti). Equus hemionus and E. kiang diverged later, between 356–233 ka.
Jónsson et al. [28] estimated also that the gene flow between caballine and stenonine horses
ceased between 3.4 and 2.1 Ma, which is in agreement with the dispersal of the stenonine
horses in Eurasia at the beginning of the Pleistocene.

Heintzmann et al. [29] used the crown group definition for the genus Equus and fo-
cused their study on the North American species, especially on the stilt legged species,
which were previously identified close to Asian asses [56,62,69]. Nevertheless, the genetic
analyses of Orlando et al. [153] and Vilstrup et al. [425] separated these species from the
Asian asses and placed them close to the caballine horses. The new phylogeny from Heintz-
mann et al. [29] has identified the North American stilt horses as a distinct branch from the
living and fossil Equus, diverging between 5.7–4.1 Ma, during the late Hemphillian or early
Blancan. This separation anticipates the origin of the most recent common ancestor identi-
fied by Orlando et al. [27]. Heintzmann et al. [29] proposed a new genus, Harringtonhippus,
for the stilt legged horses from North America, represented by the species Ha. Francisci.
However, this taxonomy is not accepted by other authors on philosophical grounds [9].

Vershinina et al. [78] identified two dispersal event for the caballine horses. The first
occurred between 0.95–0.45 Ma, in east to west direction, consistent with the oldest findings
of the caballine horses in Eurasia. The second occurred at 0.2–0.05 Ma, bidirectional but
predominantly west to east, due the identification of metapopulations of Eurasian Late
Pleistocene horses in Alaska and Northern Yukon, which provided the opportunity for a
gene flow between the North American and Eurasia horses during the Late Pleistocene.

Another interesting perspective comes from the subgenus Sussemionus. This subgenus
was proposed by Eisenmann [256] as an informal group of species from the Early and Mid-
dle Pleistocene of Eurasia. Later, Eisenmann [87] formalized the subgenus, characterized
by a combination of some dental features [87]. Eisenmann [87] included in this subgenus
the species E. coliemensis, E. suessenbornensis, E. verae, E. granatensis, E. hipparionoides and
E. altidens. Following the description of the author, the genus includes some anatomical
features observed in the Süssenborn sample and in the modern Asian asses. Nevertheless,
recent molecular studies [29,151,153,427,443] identified this subgenus separated from the
living species even included in the genus Equus, surviving until the late Holocene with the
species E. ovodovi, a Late Pleistocene species from Siberia. However, it should be noted that
this subgenus has never been tested with a morphological based cladistic analysis, which is
needed to address its taxonomic status.

9. Conclusions

Nineteen collaborating international scientists provide herein a detailed review and
synthesis of fossil Equinae occurrences from the Plio-Plesitocene and recent of North,
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Central and South America, Eurasia and Africa including fossil and living species. At the
present time, our review has identified valid 114 (+4) species of Equinae from 5.3 Ma to
recent including 38 from North America, 4 from South America, 26 from East Asia, 6 from
the Indian Subcontinent, 18 from Europe and 26 from Africa. In all continents other than
South America, more primitive equine clades persisted after Equus appeared, and extinction
of these more archaic clades were diachronous at the continental to inter-continental scale.
While actively researched over the last several decades, Equinae taxonomy is not wholly
settled and there are challenges to unifying them at the genus and higher taxonomic levels.
That being said, the taxonomy of Equinae reviewed herein has allowed us to provide well
resolved biochronology and biogeography, paleoecology and paleoclimatic context of the
5.3 Ma–recent Equinae records.

The paleoclimatic maps from 7 Ma to recent have shown a more suitable environment
for the evolution of the modern Equini in North America rather Eurasia and Africa during
the Pliocene, with more arid conditions which favored speciation of Equus and its dispersal
into Eurasia and Africa at the beginning of the Pleistocene. This result is congruent with
the hypothesis of several previous morphological, paleoecological and molecular studies
cited herein which support the origin of Equus during the Pliocene in North America.

Finally, we presented the most recent cladistic morphological based hypotheses on
the origin of the genus Equus, combined with the results from the molecular phylogenies.
Phylogenetic evidence suggests that the genus Equus is closely related with Dinohippus,
from which evolved. The North American E. simplicidens represents the ancestral species
for the origin of the stenonine horses in Eurasia and Africa, culminated with the evolution
of modern zebras and asses. This last point is supported also by the molecular analyses,
which have hypothesized that North American stilt legged horses diverged from the living
asses and are not phylogenetically linked. However, more studies are needed to shed light
on the evolution of the caballine horses, which at the present time remains unresolved.
Lastly, we acknowledge the different interpretations of morphological and molecular based
cladistic analyses and the need to better integrate these studies going forward.
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Simple Summary: Two independent research groups led by Olivares (Spain) and Lowenstein (USA)
investigated the immunological reactions of proteins extracted from the controversial Orce skull (VM-0),
a 1.3-million-year-old fossil found at the Venta Micena site in Orce, Granada (Spain) and initially believed
to come from an unidentified hominin. Work by both groups with polyclonal and monoclonal antibodies
showed that proteins from this fossil reacted most strongly to antibodies against modern human proteins.
Other hominin and mammal fossils from Venta Micena were also studied.

Abstract: Proteomics methods can identify amino acid sequences in fossil proteins, thus making it
possible to determine the ascription or proximity of a fossil to other species. Before mass spectrometry
was used to study fossil proteins, earlier studies used antibodies to recognize their sequences.
Lowenstein and colleagues, at the University of San Francisco, pioneered the identification of fossil
proteins with immunological methods. His group, together with Olivares’s group at the University
of Granada, studied the immunological reactions of proteins from the controversial Orce skull
fragment (VM-0), a 1.3-million-year-old fossil found at the Venta Micena site in Orce (Granada
province, southern Spain) and initially assigned to a hominin. However, discrepancies regarding the
morphological features of the internal face of the fossil raised doubts about this ascription. In this
article, we review the immunological analysis of the proteins extracted from VM-0 and other Venta
Micena fossils assigned to hominins and to other mammals, and explain how these methods helped
to determine the species specificity of these fossils and resolve paleontological controversies.

Keywords: fossil proteins; ELISA; paleoproteomics; RIA; Venta Micena site; VM-0; VM-1960

1. Introduction

All living organisms carry their own evolutionary history in their cells, and this history
can be read in analyses of nucleic acid sequences or protein amino acid sequences. Thus,
phylogenetic trees constructed from DNA or proteins have helped to clarify evolution-
ary relationships among species. Although DNA and proteins are also determinants of
morphology, the genetic information that morphology provides is indirect and difficult to
interpret, since numerous genes and complex interrelations are involved in configuring the
structures of a living organism. In addition, convergence or parallel evolution phenomena
can lead to similarities between unrelated species in one or more morphological charac-
teristics. Nevertheless, in classical paleontology, species identification and classification
are based exclusively on morphological features of the fossil record. As Wilson and Cann
remarked, “The fossil record, on the other hand, is infamously spotty because a handful
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of surviving bones may not represent the majority of organisms that left no trace of them-
selves. Fossils cannot, in principle, be interpreted objectively: the physical characteristics by
which they are classified necessarily reflect the models the paleontologists wish to test” [1].
Alongside morphological features, the analysis of biomolecules that survive in fossils can
be of great help in identifying and classifying these remains, especially when they are
fragmented and their morphological classification is controversial. Molecular paleontology
methods have been developed to deal with this challenge.

2. Short Survival of Fossil DNA, Longer Survival of Fossil Proteins

Although recent decades have seen spectacular developments in molecular paleon-
tology, this branch of science is not as recent as has been suggested. In the 1950s, Abelson
first demonstrated the presence of amino acids and peptides in fossils [2]. In their initial
work the detection of amino acids present only in certain proteins (e.g., hydroxyproline
in collagen) made it possible to infer which type of protein these amino acids came from,
but no additional genetic information could be obtained regarding the species to which the
rest of the amino acids belonged. In 1963, Wykoff published electron microscopy images
of collagen fibrils in dinosaur bones more than 200 million years old—another example
of the early stages of molecular paleontology [3]. The molecule that has most often been
investigated in the tissues of extinct species, ancient bones, or fossil remains is DNA, as
the direct carrier of genetic information. The first ancient DNA sequence was obtained by
Wilson’s group, who studied a museum specimen of tissue from a quagga—a species from
the horse family that became extinct in the late 19th century. To study the DNA remnants
in the sample it was necessary to amplify them with a technique first developed in 1984:
molecular cloning [4].

The main drawback that limits the scope of molecular paleontology is that any biomolecules
that may survive in fossil remains must necessarily be altered and present at very low concen-
trations. When an organism dies, most of its biomolecules, as well as the organism itself, quickly
disappear. However, under special circumstances in which rapid dehydration or rapid burial in
an anaerobic environment occurs, hard (bone, shell, etc.) and even soft tissues (skin, muscle, etc.)
can survive, and may thus contain biomolecules—albeit not in an intact form [5]. Proteins
found in fossils are thus usually denatured and fractionated into peptides. In addition, after
death, a process of racemization takes place: amino acids with the L-form spatial configu-
ration are converted to the isomeric D-form [6]. DNA, an even more fragile molecule than
proteins, is usually fractionated into sequences of only a few hundred base pairs containing
abundant lesions such as baseless sites, oxidized pyrimidines, and chain cross-linkings [7]. Ac-
cordingly, Lindahl noted that it would be unlikely that any useful DNA could ever be extracted
from very ancient fossils [8]. In fact, although the entire Neanderthal genome has been se-
quenced [9], most studies that focused on DNA found that it is unlikely to survive for more than
100,000 years. Nonetheless, notable exceptions to date are the sequencing of this biomolecule
in a 400,000 year old Homo heidelbergensis fossil [10], and the genomic data obtained from a
560–780-thousand-year-old equid specimen [11] and from two mammoth specimens more than
1 million years old [12]. In addition, Woodward et al. published nine DNA sequences of the
gene encoding cytochrome b, which were extracted from an 80-million-year-old dinosaur
bone [13]. A drawback of these results was that the sequences did not show a significant
degree of similarity to equivalent sequences from birds and reptiles, i.e., dinosaurs’ closest
extant relatives. However, later analyses of the sequences obtained by Woodward and
colleagues revealed a greater similarity to human DNA than to that of other animals. This
similarity, therefore, ruled out the possibility of dinosaur DNA and showed that the results
were probably due to the inadvertent contamination of the sample during processing [14].

Although the ideal outcome is to read genetic information directly from the DNA
nucleotide sequence, proteins also provide useful information, albeit indirectly, about amino
acid sequences. In contrast to DNA, which appears to survive for only a thousand years,
some proteins, under certain conditions, can persist in fossils for millions of years. Proteins
bind to the mineral phase (hydroxyapatite) of bone, and this binding provides considerable
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protection from degradation by exogenous agents. Moreover, the amount of hydroxyapatite
crystals increases after death, and this may favor protein encapsulation [15,16]. Compared
to DNA, however, proteins present a technical obstacle in that they are not amplifiable, so
their concentration cannot be increased—as can be attempted for DNA with polymerase
chain reaction techniques. Although initial studies conducted between the 1950s and
1970s identified amino acids and peptides in fossils up to millions of years old, they did
not provide information on the species specificity of these biomolecules, that is, on their
ascription to or kinship with other species [2,3].

3. Detection of Fossil Proteins with Immunological Methods: Applications in
Paleontological Controversies

Proteins undergo profound changes over time; nonetheless, these molecules, although
fragmented or altered, can in some cases retain intact amino acid sequences. The protein
fragments may be detectable with antibodies, which identify sequences comprising be-
tween 4 and 12 amino acids (epitopes) [17]. Mass spectrometry (MS) is also able to detect
amino acid sequences in peptides [18]; however, this technology had not yet been imple-
mented for fossil proteins in the twentieth century. In this period, most studies that aimed
to identify fossil proteins were carried out with antibodies. Jerold M. Lowenstein was
the first to identify genetic information contained in fossil proteins by applying radioim-
munoassay (RIA) [19], an immunological technique able to specifically detect proteins in
quantities as low as 10−13 M. Lowenstein and colleagues found human collagen, the most
abundant protein in bone, in fossil samples of 20,000-year-old Homo sapiens, 50,000-year-old
Homo neanderthalensis, 0.5-million-year-old Homo erectus, and 1.9-million-year-old
Australopithecus robustus [20,21]. Collagen was also detected with dot-blotting in a
10-million-year-old fossil bone [22]. Osteocalcin, another abundant protein in bone, was
identified by Ulrich et al. with antibodies in 13-million-year-old fossil bovine bones and
30-million-year-old rodent teeth. These researchers observed that osteocalcin in bovine
fossil material still retained its functional ability to bind calcium [23]. Osteocalcin was also
detected in a sample of 75-million-year-old dinosaur bone [24].

Particularly interesting is the detection of proteins in Ramapithecus fossils. In the 1960s,
some paleoanthropologists considered this species, which lived 8 to 20 million years ago,
to be a hominid, and it was thus suggested that the human lineage had diverged from that
of apes about 20 million years ago. Molecular data, however, contradicted this hypothesis.
Sarich and Cronin used immunological techniques to study modern chimpanzee, gorilla
and human albumin, and concluded that these three species diverged from a common
ancestor only 5 million years ago [25]. If this hypothesis is correct, it rules out hominin
ancestry for Ramapithecus. Lowenstein produced antibodies by injecting an extract prepared
from this fossil into a rabbit, and found that these antibodies reacted more strongly with
gorilla, orangutan and gibbon sera than with chimpanzee or human sera. According
to these results, Ramapithecus was genetically as closely related to Asian monkeys as to
African monkeys, and more distantly related to humans [26]. Currently, paleontologists
do not include Ramapithecus in the human lineage and consider it more closely related
to orangutans.

At the turn of the twentieth century, a skull of modern human appearance was
discovered in Sussex, England, which appeared in association with a jaw displaying ape-like
morphological characteristics. Because the morphology of these bones was consistent with
then-current theories of human evolution, the so-called Piltdown Man (Eoanthropus dawsoni)
was accepted in 1912 by English anthropological authorities as the missing link between
apes and humans, and was considered the first English human. It was not until 1953 when
it became evident, based on an analysis of fluoride content, that the purported fossil was a
fraud: a 500-year-old human skull to which the artificially aged jaw of a monkey had been
added and the teeth modified to make them look human [27]. It remained to be determined
whether the jaw was from a chimpanzee or orangutan. Lowenstein et al. studied a sample
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from the jaw and observed that antibodies to orangutan collagen reacted more strongly
with an extract from this sample than did antibodies to human or chimpanzee collagen [28].

4. The Case of Orce Man

4.1. The Orce fossils

The Orce fossils assigned to hominins by Josep Gibert and colleagues include a skull
fragment (the so-called Orce skull, VM-0), a humeral diaphysis (VM-1960), and a distal
fragment of humerus (VM-3691) [29]. These remains were found at the Venta Micena
site near the town of Orce in the province of Granada, southern Spain. The age of this
site has been estimated magnetostratigraphically as 1.3 million years; if accurate, this
would make the fossils the oldest evidence of a hominin presence in Europe. It has been
hypothesized that Orce Man colonized Europe from the south by crossing the Strait of
Gibraltar [30]. There is currently general agreement that early humans occupied the Orce
area between 1.3 and 1.2 million years ago, based on a limited number of stone tools
and on evidence of anthropic actions on bones detected at Venta Micena quarry 3 [31].
Additional evidence has come from nearby sites: two human deciduous molars, probably
belonging to the same individual, were discovered at the Barranco Leon site [32–34],
and stone artefacts were found at the Fuentenueva-3a and Barranco León-5 sites [35,36].
However, as often occurs in paleoanthropology, the Orce fossils became the subject of
intense controversy [37]. In contrast to the position of Gibert and colleagues [38], some
Spanish paleontologists claimed that the Orce skull belonged to an equid or a ruminant, and
that the humeri were too incomplete to be identified with certainty [39,40]. Nevertheless,
reputable paleoanthropologists such as Phillip V. Tobias, after close examination of the
fossils assigned to hominins, supported Gibert’s conclusions [41]. Given the uncertainties
surrounding the morphological features, immunological studies of the fossil molecules
were undertaken.

4.2. Methods to Investigate Proteins in Fossils

The Venta Micena fossils were dated to 1.3 million years, an age that far exceeded the
limit of detectability of DNA in bones, so the likelihood of finding this biomolecule was
slim. Attempts to amplify autochthonous DNA from equid fossils found at Venta Micena
equivalent in age to the hominin materials from this site were unsuccessful. An alternative
approach based on the prolonged survival of proteins in fossil bones (as noted above)
was to analyze these biomolecules. Venta Micena fossil proteins were investigated by two
independent groups: Lowenstein et al. at the University of California, San Francisco, and
Olivares et al. at the University of Granada, Spain. The San Francisco team used RIA for the
immunological detection of fossil proteins, while the Granada group used enzyme-linked
immunosorbent assay (ELISA), a technique equivalent in sensitivity and detectability
to RIA [42].

4.2.1. Preparation of Fossil Extracts

Aseptic conditions were rigorously maintained, and disposable materials were used
to avoid external contamination during extraction and testing processes. The fossil sample
was ground to a fine powder and treated successively with phosphate-buffered saline (PBS),
EDTA, and acetic acid. The supernatant was collected after each treatment (Figure 1).

Figure 1. Preparation of fossil extracts.
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4.2.2. Immunoassays for the Detection of Albumin

Fossil extracts were placed in the wells of a plastic microtiter plate. During this
process, some proteins became irreversibly attached to the plastic. In the ELISA, appro-
priate mouse antiserum or monoclonal antibody to specific albumin was added, and the
second antibody used was a biotinylated goat antimouse immunoglobulin, followed by
extravidin-peroxidase. Extravidin binds biotin, and peroxidase catalyzes a color reaction
that can be quantified in a microplate autoreader. In the RIA, rabbit antisera were added to
various species of albumins, followed by the second antibody, 125I-labeled goat antirabbit
immunoglobulin. Radioactivity was quantified in a scintillation counter. Absorbance
(ELISA) or radioactivity (RIA) obtained with fossil extracts was compared to the calibration
curves for native albumins from different species in order to quantify the albumin detected.

4.2.3. Detection of IgG by Quantitative Dot-Blotting

Fossil extracts were placed on a nitrocellulose membrane, which has a higher capacity
than plastic to attach proteins. The appropriate anti-IgG antibodies labeled with peroxidase
were then added. We then cut out the nitrocellulose circles within which the reaction took
place, and transferred each circle to a microtiter plate well. Peroxidase catalyzes a color
reaction that can be quantified in a microplate autoreader.

4.3. Detection of Albumin in Fossil Bones

Both the Granada and the San Francisco groups studied Venta Micena fossils VM-0
and VM-1960 attributed to hominins, along with fossil CV-1, a fragment of humerus found
at the Cueva Victoria site in the province of Murcia, Spain, and dated to an estimated
0.9 million years [42,43]. For comparison, fossils of different mammals from Venta Micena
and Cueva Victoria were also analyzed by the two groups. An extract from fossil VM-0
was tested with antisera against albumin from different species, and both groups found
greater reactivity with antisera against human albumin, whereas reactivity with other
antibodies, especially antihorse albumin, was much lower (Figure 2). The conclusion,
therefore, was that the albumin detected in VM-0 was closer to that of humans than
other species. Lowenstein and colleagues also detected collagen and transferrin with
immunological reactions similar to human proteins in fossil VM-0. Samples from the
VM-1960 humerus, also attributed to a hominin, yielded results similar to those for VM-0 at
both laboratories. However, neither group detected albumin in CV-1, a hominin fossil from
the Cueva Victoria site. In their studies of other mammals, both groups observed reactions
similar to horse albumin in equid fossils, and the San Francisco group detected reactions
similar to bison albumin in two bovine fossils. Together, these results confirm the presence
of albumin and other proteins in fossils believed to be approximately 1.3 million years old,
and demonstrated that it is possible to identify species-specific characteristics in these fossil
proteins with immunological techniques [42].

4.4. Fossil Proteins or Contamination

One of the most important considerations in molecular paleontology is to determine
whether the biomolecules detected are an integral part of the fossil (endogenous) or origi-
nate from exogenous contamination. Special protocols for fossil sample preparation are
required to verify the endogenous or exogenous origin of the biomolecules (Figure 1).

Although the possibility of contamination was unlikely (for example) in the case of
horse albumin detected in the equid fossils, the albumin found in VM-0 and VM-1960
could have originated from contact with sweat or saliva during handling by paleontol-
ogists. It has also been suggested that seepage from recent human remains may have
contaminated the fossils [44]. This latter possibility was easily ruled out, since soil collected
from the site where the hominin fossils were found was analyzed and no albumin was
detected (Figure 3).
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Figure 2. Reactivity of EDTA extracts of fossils from the Venta Micena site with three polyspecific
mouse sera against human, baboon, and horse albumin in an enzyme-linked immunosorbent assay.
VM-0 (skull fragment) and VM-1960 (humeral diaphysis) were assigned to hominins; EEG is a skull
fragment of an equid fossil. All three specimens were dated to 1.3 million years old. The results are
expressed as relative immunological similarity, defined as the ratio of each reaction to the homologous
(most specific) albumin determination. VM-0 and VM-1960 produced a pattern of reactions similar
to modern human albumin, whereas EEG produced a pattern of reactions similar to modern horse
albumin. From Borja et al. [42], with permission.

 
Figure 3. Enzyme-linked immunosorbent assay quantification of albumin in the PBS, EDTA and
acetic acid extracts of human fresh bone (a fragment of femoral diaphysis), cadaver bone (a fragment
of human occipital buried for approximately 10 years), fossils assigned to hominins (VM-0, VM-1960,
CV-1), and soil collected around VM-0. Also shown are the buffers used for extractions, tested in the
absence of bone. A mouse anti-human albumin polyclonal antiserum was used in all assays. From
Lowenstein et al. [45], with permission.

The fossil proteins were bound to the mineral phase of the bone, from which they were
released by treating the samples with a decalcifying EDTA solution [42]. Proteins from
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exogenous contamination are not bound to the mineral phase and can therefore be extracted
without dissolving the bone, i.e., by simply washing the sample in phosphate-buffered
saline solution (PBS). Albumin not bound to the mineral phase can be detected in fresh,
surgically removed human bone that contains albumin from retained blood, which is also
easily eluted with PBS. Albumin not bound to the mineral phase has been detected in
human bones that were buried for as long as 10 years (Figure 3) [45]. Fossils VM-0 and
VM-1960 did not contain unbound albumin, and this protein was detected only when the
mineral phase was dissolved with EDTA. Therefore, the albumin in VM-0 and VM-1960
was integrated into these fossils and did not arise from exogenous contamination. Given
the endogenous origin of this albumin and its immunological reactivity similar to modern
human albumin, these results support the ascription of both fossils to a hominin [38,42,45].

Subsequent criticism of these data was based on the work of Cattaneo et al. [46]. These
authors, in an effort to reevaluate the results obtained by different groups that reported
the detection of proteins in fossil bones and archaeological artefacts, buried recent human
and bovine bones in garden soil, and reported that under these conditions, no albumin
was detectable after 1 month in human bone and after 3 months in bovine bone. Palmqvist,
based on these results, inferred that it is not possible to detect proteins in bones beyond
a few months [47]. In connection with efforts to detect ancient DNA, Poinar pointed out
that “There are many types of fossilization processes, and to assume that the breakdown
of DNA is similar in all of them, or is equivalent to that in non-fossilized material, is not
scientific” [48]; this reasoning may also apply to fossil proteins. A bone becomes a fossil
only after being subjected to particular conditions over a prolonged period—conditions
that are not replicated by burying fresh bones in garden soil for several months. The
Venta Micena site, located near the shore of an ephemeral alkaline lake, displays very
specific preservation conditions in which mammal bones were covered and buried in an
impermeable deposit of carbonate mud shortly after the animals’ death. This mud consisted
of calcite crystals that formed a film around the bone surfaces and protected them from
alteration until complete burial and later excavation [49].

To shed further light on the fate of proteins in fresh buried and fossilized bone,
Lowenstein and colleagues compared the amount of albumin detected in fresh human
bone, human bone buried in a cemetery for 10 years, and in fossils VM-0 and VM-1960.
Their findings showed that while the amounts of albumin detected in fossils were logically
much lower than those found in fresh bone, the amounts of albumin detected in bone from
the 10-year-old cemetery burial were not much higher than those observed in the fossils [45]
(Figure 3). This apparent contradiction can be explained considering that after death, under
normal conditions all proteins in most bones tend to disappear within a relatively brief
period. However, under special conditions that lead to fossilization, such as those at the
Venta Micena site, the proteins are “frozen” in the mineral phase of the bone and can be
preserved for millions of years [24,38].

4.5. Monoclonal Antibodies to Study the Integrity of Fossil Proteins

Despite their persistence, fossil proteins are inevitably fractionated or denatured,
although some amino acid sequences detectable with antibodies may survive. In the
studies discussed above, antibodies obtained from the blood serum of an animal that was
previously immunized against a protein (antiserum) were used. This antiserum contained
a mixture of different polyclonal antibodies, each of which recognized an independent
part (epitope) of the protein used for immunization. For more fine-grained molecular
studies, monoclonal antibody technology can be used to produce a single type of antibody
that reacts with a single epitope of the protein [50]. By independently testing different
monoclonal antibodies against human albumin, it is possible to analyze different epitopes
of this molecule individually, and to determine which of them have survived in the fossil
albumin. In studies of the reactivity of monoclonal antibodies against human albumin with
extracts of the hominin fossils VM-0 and VM-1960, it was found that each of the monoclonal
antibodies showed a different degree of reactivity (Figure 4). Higher or lower reactivity
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indicated a better or worse degree of preservation of different epitopes recognized in the
fossil albumin. Monoclonal antibodies, therefore, not only made it possible to confirm the
data obtained with polyclonal antibodies, but also provided an opportunity to analyze the
integrity of different epitopes of the protein [42,45].

Figure 4. Enzyme-linked immunosorbent quantification of albumin in EDTA extracts of fossils
VM-0 and VM-1960, assigned to hominins, and fossil EEG, assigned to an equid, with monoclonal
antibodies. Four monoclonal anti-human albumin antibodies (MEGA-1, MEGA-2, MEGA-3 and
8F6F9) were used with the fossils. Polyclonal mouse anti-human albumin serum was used for
comparison. Human albumin (25 ng) was tested for comparison. From Lowenstein et al. [45],
with permission.

If a polyclonal antiserum is used, the fractionated, degraded and denatured fossil
protein, which has lost part of its epitopes, will capture fewer antibodies than the native
protein used to generate an ELISA or RIA calibration curve. Therefore, for an equivalent
number of molecules, the signal produced by the antiserum in reaction with the fossil
protein will be weaker than with the native protein. However, if the epitope recognized
by a monoclonal antibody is preserved in the fossil protein, the antibody will produce a
signal with the fractionated fossil protein (lower molecular weight) that is quantitatively
equivalent to that produced with the native protein (higher molecular weight) used for the
ELISA or RIA calibration curve (Figure 5). Consequently, when the signals are situated on
the calibration curve in order to quantify the amount of fossil protein, higher amounts than
expected may be detected (Figure 5). For this reason, the term ng-equivalent was coined to
indicate that the amounts of fossil protein detected in assays with monoclonal antibodies
reflect the reactivity of each monoclonal antibody rather than the actual amount of fossil
protein present in the sample [42,45,51]. In fact, when different monoclonal antibodies
recognizing different epitopes of human albumin were used, the quantification of fossil
albumin varied depending on the reactivity of each monoclonal antibody, thus reflecting
the presence or absence of each recognized epitope (Figure 4). Thus, the use of monoclonal
antibodies can evidence the greater or lesser preservation of different epitopes recognized
in fossil proteins [45].
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Figure 5. Differences in reactivity and quantification of fossil proteins (short peptide) in comparison
to the native protein in assays with a polyclonal antiserum or a monoclonal antibody. Figure created
in BioRender.com.

4.6. Proteins Other than Collagen in Fossils

A novel aspect of research with the Venta Micena specimens was the detection of
albumin, a protein detected for the first time in such ancient fossils. Although collagen and
osteocalcin, the most abundant proteins in bone, had previously been identified in fossil
bones that were millions of years old [22–24], in principle the detection of albumin seemed
unlikely since this protein is much less abundant in bone than collagen or osteocalcin.
Moreover, because this protein is highly soluble, it was assumed that it would be rapidly
washed out of bones during the degradation process. However, as Tuross and colleagues
pointed out, the key phenomenon of protein preservation, i.e., the encapsulation of these
biomolecules in hydroxyapatite crystals, appears to especially affect plasma proteins [52,53];
this could explain why albumin and other plasma proteins remained detectable in the
Venta Micena fossils. Albumin, in some cases, becomes so highly concentrated in bone
after death that it can reach levels higher than those found in living animals [52]. However,
collagen—although abundant in bone—is an uninformative molecule in genetic terms
because its amino acid sequence is highly repetitive and similar across different species.
In contrast, albumin provides more evolutionary information. The fact that this protein
has evolved more rapidly than collagen makes albumin a better discriminator between
species [54]—clearly an advantage in paleoproteomics. It is thus not surprising that this
protein has been studied with immunological methods in several extinct species such as the
mammoth, the Steller elephant seal, the Tasmanian sea lion, and the quagga, in which the
results have helped to resolve controversies regarding their phylogenetic affinities [55–58].
The DNA of some of these species was later sequenced, yielding phylogenetic trees very
similar to those derived from the immunological study of albumin [59].

Another plasma protein detected in Venta Micena fossils was immunoglobulin G (IgG).
Extracts from fossil equid bones and from fossil bones ascribed to hominins were tested
with anti-human IgG and anti-horse IgG polyclonal antisera (Figure 6). The equid fossils
showed higher reactions with anti-horse IgG than with anti-human IgG, while the hominin
fossils reacted more strongly with anti-human IgG than with anti-horse IgG. These results
demonstrate the feasibility of detecting species-specific IgG in different types of fossils.
Samples from VM-1960, which had shown a stronger reaction to anti-human albumin, also
showed a more marked reaction to anti-human IgG, whereas Cueva Victoria fossils, in
which no albumin was detected [42] (Figure 3), showed no reaction to anti-IgG sera [51]. In
parallel with the results of assays with albumin, no IgG was found when fossil samples
were washed with PBS. The presence of IgG was seen only after decalcification with EDTA—
a result interpreted to show that the proteins detected were embedded in the mineral phase
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(Figure 6) [42,51]. Although some paleontologists have denied the presence of hominins
at the Venta Micena site based on morphological and other criteria (but have thus far not
used molecular methods themselves) [35], the immunological findings in Venta Micena
fossils strongly support the assignment to hominins of cranial fragment VM-0 and the two
humeral fragments VM-1960 and CV-3691. Phillip V. Tobias, who described Homo habilis,
opined: “The convergence of the two laboratories, working independently of one another,
by two different methods, provides very strong evidence in support of the conclusion that
all three of the bones from Venta Micena are of hominid origin. When the molecular and
the skeletal data are considered together, the picture afforded by the bio-anthropological
evidence is that the three bones are of human origin” [41].

Figure 6. Quantities of human IgG (blue bars) and horse IgG (red bars) detected in PBS, EDTA and
acetic acid extracts of (A) hominin and (B) equid fossils from Venta Micena, determined with quanti-
tative dot-blotting. The extraction solutions were used as negative controls. From Torres et al. [51],
with permission.

The presence of proteins other than collagen in fossils is consistent with microscopic
observations of cells and tissues in dinosaur bones [60,61]. Mongelard detected albumin
with immunological methods in 1700-year-old rodent fossils [62], and this protein was
recently identified with MS methods in different hominin fossils [63] and in a mammoth
femur [64]. Furthermore, extracts of these fossils can be used to immunize animals as a way
to obtain anti-fossil protein sera that can be tested with native proteins to determine protein
and species specificities. For example, rabbit anti-Ramapithecus bone extract reacted with
sera from different modern primates [56], rat anti-dinosaur bone extract reacted with avian
and mammalian hemoglobin [65], and rabbit anti-sauropod eggshell extract reacted with
chicken ovalbumin [66]. Similarly, antisera were obtained in mice against VM-0 and against
a fragment of Neanderthal humeral diaphysis (fossil CU-1) found at the Cueva Umbría in
Orce, Granada (50,000–70,000 years old). Anti-VM-0 serum showed higher reactivity with
human albumin than did non-immune serum, and weaker albeit positive reactivity with
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human IgG. In related work, anti-Neanderthal serum reacted more strongly than anti-VM-0
serum with human albumin, IgG, hemoglobin and transferrin [67].

Although twentieth-century paleoproteomics research used less powerful technologies
and less stringent protocols compared to currently available tools to assess contamination,
confirm endogeneity, and authenticate species assignment, the body of knowledge pro-
vided then has paved the way for the extraordinary development of twenty-first-century
paleoproteomics. However, peptides extracted from fossils may be altered, and this limits
the applicability of MS methods [68]. In these cases, immunological methods hold potential
to aid in efforts to increase the accuracy and reliability of fossil protein identification.

4.7. Twenty-First-Century Paleoproteomics and the Venta Micena Fossils

Paleoproteomics is a relatively young yet rapidly growing field of molecular science
in which proteomics-based sequencing technology is used to identify species and propose
evolutionary relationships among extinct taxa. As a complementary approach to paleoge-
nomics, the study of ancient proteins has the potential to disclose older, more complete
phylogenies due to the relative stability of amino acids in proteins compared to nucleic
acids in DNA [69]. Mass spectrometry provides unprecedented information on modern
and ancient proteomes, and can yield protein sequence data from extinct organisms as
well as historical and prehistorical artifacts [70]. Since the seminal application of MS in
paleoproteomics [71], extraction and analysis protocols, software for data processing, pro-
tein databases, and high-mass-accuracy instrumentation have all seen significant progress.
These advances are potentially applicable to the study of Venta Micena fossils. Given
the ages of these fossils—older than 1 million years—this approach to research can be
considered deep time paleoproteomics [72]. Another promising approach to extend re-
search on plasma proteins such as albumin or IgG is affinity purification coupled with
MS, which has been used to selectively identify proteins [73,74]. In addition, antibodies to
specific protein or peptide components can be used to detect and separate proteins from a
heterogeneous mixture, making them ideal tools to study degraded or fragmented ancient
proteins (targeted paleoproteomics) [72]. Furthermore, since collagen has been detected
by immunological methods in VM-0, this fossil, along with the other Venta Micena fossils
assigned to hominins, could also be analyzed with zooarchaeology by mass spectrometry
(ZooMS), an efficient proteomics-based method of species identification by collagen peptide
mass fingerprinting. This method is especially useful to determine the affiliation of fossils
that are morphologically controversial, such as VM-0 [75]. Combining previous knowledge
in the immunodetection of fossil proteins with recent advances in MS approaches will make
it possible to access the great store of potential information locked in the Venta Micena
fossil record, and will contribute to the growth of paleoproteomics.

5. Conclusions

In paleoproteomics research, immunological techniques predominated during the
twentieth century, whereas the twenty-first century has seen significant developments
and improvements in the application of more informative MS methods. Immunological
methods have been used to obtain molecular data that shed light on the species ascriptions
of the Venta Micena fossils. These methods showed that the fossils contained well-preserved
serum proteins, i.e., albumin, IgG, and transferrin. This research also demonstrated the
species specificity of fossil proteins, thus helping to resolve scientific controversies that
arose regarding the morphological data used to ascribe the Orce skull and other Venta
Micena fossils to hominins. The use of monoclonal antibodies that target human albumin
made it possible to determine the degree of preservation of different epitopes recognized
in the fossil albumin. The combination of immunological methods with antibodies together
with MS (targeted paleoproteomics) could represent an important advance in the study
of these fossils by providing data that can help determine the phylogenetic relationships
between these fossils and other known species of hominins.
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Simple Summary: Fossils are the only direct evidence of life throughout Earth’s history. We examine
the biology of ancient animals to learn about evolution and past ecosystems. Biomolecules are a
relatively new source of information from fossil records because new technology is now being used
in paleontology that makes it possible to detect molecular remains in fossils. However, molecules
extracted from fossils are complex mixtures with environmental and other sources of organic com-
pounds. Additionally, macroscale preservation is well-known to vary greatly across fossil localities.
Therefore, a goal in molecular paleontology is to develop ways to predict where molecules may be
preserved and differentiate between endogenous and exogenous sources. Here, we use a powerful
combination of methods that focus on high-resolution mass spectrometry to evaluate the molecular-
scale preservation of a dinosaur quarry from the Triassic Period. We found that despite very good
overall preservation at this locality, there is no evidence of endogenous molecules, demonstrating
that molecular preservation is variable and that good macro- and microscale preservation cannot
necessarily be used as predictors for biomolecule preservation in the fossil record.

Abstract: Exceptionally preserved fossils retain soft tissues and often the biomolecules that were
present in an animal during its life. The majority of terrestrial vertebrate fossils are not tradi-
tionally considered exceptionally preserved, with fossils falling on a spectrum ranging from very
well-preserved to poorly preserved when considering completeness, morphology and the presence
of microstructures. Within this variability of anatomical preservation, high-quality macro-scale
preservation (e.g., articulated skeletons) may not be reflected in molecular-scale preservation (i.e.,
biomolecules). Excavation of the Hayden Quarry (HQ; Chinle Formation, Ghost Ranch, NM, USA)
has resulted in the recovery of thousands of fossilized vertebrate specimens. This has contributed
greatly to our knowledge of early dinosaur evolution and paleoenvironmental conditions during
the Late Triassic Period (~212 Ma). The number of specimens, completeness of skeletons and fidelity
of osteohistological microstructures preserved in the bone all demonstrate the remarkable quality
of the fossils preserved at this locality. Because the Hayden Quarry is an excellent example of good
preservation in a fluvial environment, we have tested different fossil types (i.e., bone, tooth, copro-
lite) to examine the molecular preservation and overall taphonomy of the HQ to determine how
different scales of preservation vary within a single locality. We used multiple high-resolution mass
spectrometry techniques (TOF-SIMS, GC-MS, FT-ICR MS) to compare the fossils to unaltered bone
from extant vertebrates, experimentally matured bone, and younger dinosaurian skeletal material
from other fluvial environments. FT-ICR MS provides detailed molecular information about complex
mixtures, and TOF-SIMS has high elemental spatial sensitivity. Using these techniques, we did not

Biology 2022, 11, 1304. https://doi.org/10.3390/biology11091304 https://www.mdpi.com/journal/biology173



Biology 2022, 11, 1304

find convincing evidence of a molecular signal that can be confidently interpreted as endogenous,
indicating that very good macro- and microscale preservation are not necessarily good predictors of
molecular preservation.

Keywords: molecular taphonomy; fossils; preservation; mass spectrometry; dinosaurs

1. Introduction

If original biological compounds (biomolecules) are preserved on long timescales
(>10 million years), then more of the biological remains of extinct organisms can be un-
covered from the fossil record than previously considered possible, expanding what is
known about ancient biology and taphonomic processes. Studies of the preservation of
biomolecules often focus on exceptionally preserved fossils that retain soft tissues ([1] and
references therein); however, exceptional preservation (e.g., hair, feathers, skin) requires
specific conditions to occur (including sediment chemistry and microbial activity) and is
rare [2]. Therefore, most fossils, particularly those of terrestrial vertebrates which are often
entirely skeletal remains, are not often considered exceptionally preserved. The quality of
preservation of bone varies from intact well-preserved, articulated skeletons to weathered
bone fragments [3–5]. The characterization of good preservation is dependent on scale:
(1) good macro-level preservation is the presence of articulated skeletons or features on
the bones (e.g., muscle scars); (2) good micro-level preservation is the retention of the
microstructures in bone that are often examined in histological studies (e.g., external funda-
mental systems, three-dimensionally preserved canaliculi); and (3) good molecular-level
preservation is the retention of original biomolecules (e.g., nucleic acids, proteins, lipids).
With the increased use of high-resolution mass spectrometry, more studies on terrestrial
vertebrate fossils have begun to demonstrate that biomolecules preserve more readily
than previously considered and in a greater range of depositional settings [5–10], opening
much of the vertebrate terrestrial record to recovering more data for ancient animals [11],
even from weathered bone fragments, which have traditionally been considered poorly
preserved [12].

The terrestrial fossil record is heavily biased toward fossils preserved in fluvial sed-
imentary settings and the majority of studies that have investigated the preservation of
biomolecules in dinosaurs and other terrestrial vertebrates have done so in fossils that are
preserved in stream channel, flood plain, delta, and coastal paleoenvironments [5,6,13–15].
Course-grained sandstones and conglomerates are common lithologies in these paleoen-
vironments and are not normally considered to be conducive to exceptional or good
preservation [16], although some have suggested that the porosity of sandstones may
improve molecular preservation [6]. Additionally, the influence of water on molecular-scale
preservation in fluvial environments has not been experimentally tested, despite being
hypothesized to not be conducive to the preservation of biomolecules [17] and recent
studies have reported molecular preservation in marine depositional environments [7,8].

Therefore, to explore the molecular preservation of a fluvial terrestrial fossil assem-
blage, we examined the Hayden Quarry (HQ) (Chinle Formation, Petrified Forest Member,
Ghost Ranch, NM, USA), a locality that preserves an extraordinary Late Triassic (~212 Ma)
record of dinosaur evolution and paleoenvironmental change [18–20]. The Petrified Forest
Member is a series of paleo-channels, with alternating mudstones and siltstones and poorly
sorted sandstones and conglomerates [19] and the HQ is divided into four active quarries
(H1–H4). The depositional environment is interpreted as episodes of transient flooding,
along with periods of standing water and preserves terrestrial and semiaquatic animals [18],
(Supplementary Materials). The HQ has a diverse assemblage of terrestrial vertebrates,
with high-fidelity preservation at both the macro-scale (i.e., complete skeletons and very
small vertebrates, with vertebrae discovered as small as ~1 mm) and microscale, with
histological analyses showing high-fidelity preservation of bone microstructures [21].
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Incorporating taphonomy into fossil studies is essential for understanding the geologi-
cal history of the samples to make predictions about what may be preserved [22]. Here,
we examine whether high-quality macro- and micro-level preservation are good indica-
tors of high-quality molecular-level preservation. To examine the organic preservation of
fossils preserved in a fluvial environment, we used mass spectrometry to examine animal
biomolecules (lipids and amino acids) and environmental compounds (e.g., phenol). We
analyzed three different types of fossilized tissues from one paleo-channel in the HQ (H4):
the femur of the early theropod dinosaur Tawa hallae (GR1065) [23], a phytosaur tooth
(GR1064), and a coprolite with digested bone from an indeterminate vertebrate (GR1063).
We also analyzed an additional bone from H4 (GR1066) to test for any differences between
analyzing thin section and non-thin sectioned bone using these techniques. Additionally,
we compared the Triassic fossil bone to dinosaur bones from the Cretaceous and Jurassic
Periods from similar depositional environments, bone from extant vertebrates, experimen-
tally matured bone (i.e., bone from extant vertebrates that was subjected to a range of
temperatures to accelerate the degradation process), and a matrix sample as a control.

Institutional Abbreviations: Ghost Ranch, Hayden Quarry (GR), Los Angeles Museum
of Natural History (LACM), Mammoth Site of Hot Springs, South Dakota (MS).

2. Materials and Methods

2.1. Specimens

Thin sections from the Hayden Quarry (HQ) were analyzed to compare different
types of fossils and to test the differences in analyzing thin sections and whole bone
fragments using surface mass spectrometric techniques (e.g., time of flight secondary ion
mass spectrometry). The fossils were embedded in CastoliteAP, a clear polyester resin
(vacuumed to remove bubbles). After curing, a Buehler (IsoMet 4000 Lake Bluff, IL, USA)
saw with a diamond wafering blade was used to create thin sections that were subsequently
glued to glass slides with Aron Alpha (Type 201) cyanoacrylate. The excess material was
ground down using a Hillquist thin-section machine and hand polishing on an Ecomet
2 speed grinder-polisher to a thickness that the microanatomy could be viewed using
a light microscope. The HQ specimens thin sectioned and analyzed include: a tooth
(phytosaur; GR1064), a bone (femur from the early theropod Tawa hallae; GR1065) and a
coprolite from an unidentified vertebrate (GR1063) collected in Hayden Quarry 2 (H2).
Additionally, dinosaur rib fragments used in analysis include a theropod from the Hell
Creek Formation in Montana (Hell Creek), USA (LACM 23844, Late Cretaceous Period),
a sauropod from the Morrison Formation in Utah (Morrison), USA (LACM 154089, Late
Jurassic Period), and two dinosaur rib fragments from Hayden Quarry 4 (H4) (GR1065,
GR1066, Triassic Period). All of these fossils were weathered out of or excavated from fluvial
depositional environments with sandstone or mudstone lithologies [13,18,24]. Specimens
were excavated in situ and areas sampled showed no signs of surface weathering. A matrix
sample collected in conjunction with the rib fragment (GR1066) from H4 was included
to compare to the compounds found in the fossils. Recently deceased alligator (Alligator
mississippiensis, TMM M-12613) and elephant (Loxodonta, MS-E01) rib bone samples were
used to compare unaltered bone chemistry using the same techniques (Table 1).

2.2. Maturation Experiments

Experimentally matured bone samples (modern elephant, MS-E01) were reanalyzed
from a previous study [25]. A diamond saw (Dremel®) was sterilized to prevent contamina-
tion and used to cut a fresh elephant rib bone (deceased zoo animal, ME-E-01) into three 2
mm2 fragments. The fragments were sealed in 3 mm × 15 mm platinum capsules; however,
this does not prevent water from evaporating. They were loaded into cold sealed pressure
vessels in the Hydrothermal Laboratory at Virginia Tech. These short-term experiments
accelerate the degradation of the bone and were conducted for 24 h at 100 ◦C, 200 ◦C and
250 ◦C at atmospheric pressure (based on the protocol in [26]).
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Table 1. Specimen information and analyses done.

Specimen
Number

Specimen Locality Time Period Analyses

GR1063 Coprolite Hayden Quarry (H2) Triassic TOF-SIMS

GR1064 Phytosaur tooth Hayden Quarry (H2) Triassic TOF-SIMS

GR1065 Tawa hallae femur Hayden Quarry (H2) Triassic TOF-SIMS

GR1066 Rib fragment Hayden Quarry (H4) Triassic TOF-SIMS, GC-MS,
FT-ICR MS

GR1067 Rib fragment Hayden Quarry (H2) Triassic GC-MS, FT-ICR
MS

Matrix sample Hayden Quarry (H4) Triassic TOF-SIMS, GC-MS

LACM 154089 Sauropod rib Morrison Jurassic TOF-SIMS, FT-ICR
MS

LACM 23844 Theropod rib Hell Creek Cretaceous TOF-SIMS,
FT-ICR MS

Mammoth rib FT-ICR MS

TMMM-12613 Alligator rib Modern TOF-SIMS

MS-E01 Elephant rib Modern TOF-SIMS,
FTIR-MS

MS-E01
Elephant rib

(experimentally
matured)

Modern TOF-SIMS

2.3. Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS)

TOF-SIMS analysis was performed using an ION-TOF GmbH, Germany TOF.SIMS 5 at
The University of Texas at Austin, Texas Materials Institute. A pulsed (20 ns, 10 kHz) analy-
sis ion beam of Bi3+ clusters at 30-kV ion energy was raster-scanned over
500 × 500 μm2 areas. Bi3+ polyatomic sputtering was used to reduce the fragmenta-
tion of large organic molecules. A constant flux, 21 eV electron beam was used during
data acquisition to reduce sample charging. Secondary ions had positive polarity and
an average mass resolution of 1–3000 (m/δm). The base pressure during acquisition was
<1 × 10−8 mbar. Mass calibration was performed by identifying the peak positions of CH2

+,
CH3

+, C2H3
+, and C3H3

+ secondary ions. Regions of interest were chosen to reduce the
effects of topography (which even at micron-scales, can influence the time it takes certain
molecules to reach the analyzer, which degrades the mass resolution, thereby impeding
correct molecular assignment).

The benefit of surface mass spectrometry is it is minimally destructive and can be
used to examine the spatial distribution of fossils. One of the drawbacks of using this
technique when evaluating protein preservation is that it does not provide certain types of
data (e.g., peptide sequences). Therefore, we determined a chemical fingerprint of 86 peaks
for protein degradation products (amino acids and amino acid fragments) and the inorganic
components of bone. We mapped the distribution of positive spectra of ionized molecules
on the bone surface using TOF-SIMS in fresh bone and dinosaur fossils (Table 1, Figure 1).
Amino acids, amino acid fragments and mineral elements were chosen to characterize
the preservation of each sample. The fingerprint was developed by combining relevant
peaks from previous analyses [25,27] and choosing additional peaks that are present in the
samples (Supplementary Materials, Table S1). Matrix (rock samples not containing fossils)
from the same horizon as the fossils in the HQ and fresh bone were used to compare the
degradation of bone that occurs during fossilization.
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Figure 1. Principal component analysis. (A) PCA of chemical signature of 86 organic and inorganic
peaks. HQ femur, HQ tooth and HQ coprolite are all thin sections from H2, and HQ bone is an
untreated bone fragment from H4. The HQ matrix is from H4. The modern bones (alligator and
elephant) and the 100 ◦C are more similar chemically to one another than the other samples. The HQ
fossils show little variation between one another, but there is a greater amount of variation with the
associated matrix. Therefore, there are amino acids present in the fossils that are not present in the
associated matrix. (B) PCA Loadings show how each one of the 86 peaks influences the specimen
placement in the PCA.

2.4. Lipid Analyses

Two Triassic Period rib fossils (GR1066, GR1067) were separated from matrix sediment
manually and the fossil surfaces were cleaned using a dental drill and solvent-cleaned
steel drill- bits. Powders were drilled from cleaned fossils. The powder from the cleaning
procedure for H2 was also retained. Sediment matrix was powdered using a solvent-
cleaned mortar and pestle. Between 250 and 600 mg of powdered sample was each
weighed into 12 mL glass tubes. Samples were extracted for 30 min (ratio of solvent:
sample was 5:1) with 9:1 (v/v) dichloromethane/methanol [28] using sonication in an
ultrasonic bath at room temperature (~21 ◦C). The extract was separated from solid residue
by centrifugation. Extracted residues were re-extracted with fresh solvent for a total of
three extraction and supernatants from each step were combined to give a total lipid extract
(TLE). TLEs were concentrated to minimal volume under a gentle stream of high-purity
N2 gas. A portion each TLE was silylated with N,O- Bis(trimethylsilyl)trifluoroacetamide
/trimethylchlorosilane mixed with pyridine (9:1 v/v) at 70 ◦C for 2 h. A portion each TLE
was reacted with N,O-Bis(trimethylsilyl)trifluoroacetamide/trimethylchlorosilane mixed
with pyridine (9:1 v/v) at 70 ◦C for 2 h. This reaction replaces active hydrogens on polar
functional groups (e.g., hydroxy groups) with a trimethylsilyl moiety to increase analyte
volatility and thermal stability, thereby ensuring functionalized lipids are amenable to GC
analysis. Aliquots of the derivatized samples were analyzed by gas chromatography/mass
spectrometry (Agilent 5890 GC hyphenated to an Agilent 5975C Mass Selective Detector).
The GC was equipped an Agilent J&W HP-5MS non-polar capillary column (30 m length,
0.25 mm inner diameter, 250 μm film thickness). The GC temperature program was: 70 ◦C
for 2 min, ramp at 10 ◦C min−1 to 130 ◦C, followed by a ramp to 300 ◦C at 4 ◦C min1

and a final hold time of 20 min. The mass spectrometer was operated in electron impact
ionization mode (70 eV), with a mass scan range from m/z 50 to 600. All glassware was
fired (550 ◦C overnight) and all solvents used were high-purity (OmniSolv). Procedural
blanks were run to monitor background contamination.
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2.5. Fourier-Transform Ion Cyclotron Resonance Mass Spectrometry (FT-ICR MS)

Mortar and pestles were washed, then wrapped in aluminum foil, rinsed in nano pure
water, rinsed in ethanol and then were combusted at 400 ◦C for 8 h. The aluminum foil
remained on the pestle and lined the mortar throughout grinding to prevent contamination.
Once they cooled down, they were used to powder the fossil samples. Blanks were created
by rinsing and collecting 2 mL of nano pure water, 2 mL of MeOH and ~2 mL of CHCl3
from each mortar and pestle. We analyzed bone and sediment from HQ, two dinosaur
bones (LACM 154089 and LACM 154089) and a modern elephant bone (MS-E-01). We
combined two rib fragments from Ghost Ranch (GR1066, GR1067) as one sample. Each
sample was powdered using the mortar and pestle until we had ~1.5 g for each sample.
The elephant sample was prepared in liquid nitrogen prior to powdering (Table 1).

Three sets of extractions were conducted on each bone sample: water, methanol
(MeOH,) and chloroform (CHCl3) because each solvent is elective for a specific type of
organic compound based on its polarity [29]. Water extractions were done first to extract
water-soluble small molecules such as sugars, amino sugars and amino acids. 5 mL of nano
pure water was added to the powdered samples in leach-free falcon tubes and vortexed
at 1000 rpm for 2 h. Samples were then centrifuged for 5 min at 4500 rpm to pellet the
samples. These steps were repeated using methanol (MeOH) to sequentially extract other
semi polar organics such as lignin-like compounds with both polar and non-polar sides due
to its hyperbranched structure and chloroform (CHCl3) to extract non-polar lipids [30]. The
samples were then stored overnight at 4 ◦C. Prior to infusion into the mass spectrometer
the water extracted samples were acidified to a pH of 2, concentrated and desalted using
Bond Elut PPL cartridges and following procedures from [31]. The methanol extracted
samples were run without clean up and the chloroform samples had methanol added in a
1:1 (v:y) to aide in ionization.

The mass spectrometry analysis was performed using a 12T Fourier transform ion
cyclotron resonance mass spectrometer (FT-ICR MS) (Bruker solariX, Billerica, MA, USA)
outfitted with a standard electrospray ionization (ESI) interface. Samples were directly
infused into the mass spectrometer using a 250 μL Hamilton syringe at a flow rate of
3 μL/min. The coated glass capillary temperature was set to 180 ◦C and data were acquired
in positive and negative mode for better overall coverage of detected molecules. The
needle voltage was set to +4.2 kV negative mode and −4.4 kV in positive mode. The data
were collected by co-adding 200 scans with a mass range of 100–900 m/z, at 4 M with a
resolution of 240 K at 400 m/z. Formulae were assigned by first converting the raw spectra
into a list of peaks using Bruker Data Analysis (version 4.2) and applying an FTMS peak
picker with a signal-to-noise ratio set to 7 and absolute intensity set to 100. Once the raw
spectra were converted to a list of peaks and their resulting mass-to-charge (m/z) ratio data
was internally calibrated, formula assigned and peaks aligned using Formularity [32] and
following the Compound Identification Algorithm [33,34]. Predicted chemical formulae
were assigned with C, H, O, N and S and excluding all other elements with the following
rules: O > 0 AND N <= 4 AND S < 2 AND 3 * P <= 0. Alignment tolerance was set to 0.5
ppm and calibration tolerance was set to 0.1 ppm. The molecular formulae in each sample
were evaluated on van Krevelen diagrams [35], based on their H:C ratios (y-axis) and O:C
ratios (x-axis) assigning them to the major biochemical classes (e.g., lipid, protein, lignin,
carbohydrate, etc.) according to [36]. The H:C and O:C ranges for biochemical classification
are provided in Supplementary Materials Table S2.

3. Results

In this study, we analyzed different fossil types from a single fossil locality (HQ) using
various analytical methods for evaluating the preservation of different molecular classes,
as well as inorganic signals to understand the overall molecular taphonomy of the Hayden
Quarry. To test if different types of fossils (i.e., bone, tooth, coprolite) can be chemically
distinguished from one another, we used surface mass spectrometry (TOF-SIMS) and com-
pared the samples using multivariate statistics. The principal component analysis (PCA)
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compared the three different fossil types (i.e., bone, tooth, coprolite), the additional di-
nosaurian fossils, the unaltered bones of extant vertebrates and the experimentally matured
bone to determine the variance between each of the samples (Figure 1). Additionally, we
included both thin sections and one whole bone sample from the HQ to see if embedding
them in resin altered the molecular signal. All the HQ samples including both thin sections
and the bone sample plot together, demonstrating no change in the molecular signal from
embedding them. When comparing the samples, there is little variation between all of
the fossils from the Hayden Quarry (thin sections and polished bone fragment), which all
plot together, along with the 250 ◦C matured bone. Although, the 200 ◦C matured bone
and the Morrison bone do show slight variation from the others and plot more closely to
the sediment matrix sample from the HQ. The HQ matrix sample does show a greater
amount of variance from the HQ fossil samples. The two unaltered bones from extant
vertebrates (elephant and alligator) and the 100 ◦C matured bone have similar molecular
signatures to one another but differ from the rest of the samples. TOF-SIMS molecular
maps (Figure 2) of the HQ polished bone fragment (GR1066) show that the presence of
specific elements and molecules varies between certain bone features. Calcium (Ca) and
iron (Fe) are ubiquitous across the bone surface but show a decreased abundance in certain
areas (around microstructures in the bone) that have a higher abundance of strontium (Sr).
Bone microstructures do have macroscopic evidence of mineral infilling. There is one area
of the bone that shows a low abundance of Ca, Fe and Sr and a high abundance of the
amino acids glycine (Gly) and alanine (Ala). Otherwise, these amino acids are in extremely
low abundance, if present at all, across the bone surface.

 
Figure 2. TOF-SIMS images of HQ bone fragment (GR1066). Each image is the same 500 μm × 500 μm
area of the bone. The lighter areas represent a greater concentration of a given element or molecule,
while the darker areas represent a lower concentration. The total map shows all 86 peaks in the
analysis, showing a higher concentration in pore spaces. The rest of the maps show the distribution
of specific elements and molecules. Specific features of the bone, like pore spaces, have a higher
concentration of strontium (Sr) and lower concentrations of iron (Fe) while some elements, like
calcium (Ca) are ubiquitous across the sample surface. Amino acids like glycine and alanine are both
present in a single area of the bone.

To evaluate the presence of additional biomolecules, we examined lipids in fossil bone
and the surrounding matrix (Figure 3). Lipids were restricted to fatty acids, including unsat-
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urated fatty acids and the lipid profiles were very similar between the fossils and the matrix.
The associated matrix had more than eight times the extractable lipids than the fossil bone.
Additionally, we compared the fossil, bone and matrix samples by evaluating the presence
of additional organic molecules present in the HQ using high-resolution FT-ICR MS. In the
PCA analysis (Figure 4), the placement of the elephant and mammoth bones were most
heavily influenced by lipid- and protein-like compounds, the Hell Creek and Morrison
bones were most heavily influenced by oxygenated, phenol- and amino sugar-like com-
pounds and both the HQ bone and HQ matrix showed little variation from one another and
placement was most heavily influenced by unsaturated- and condensed hydrocarbon-like
compounds. FT-ICR MS at high magnetic fields provides detailed molecular information
about complex mixtures, like those found in fossils, due to its high resolution and mass
accuracy, a requirement to assign unique, unambiguous molecular formulae to each peak
across an entire molecular weight distribution (200 < m/z < 1500) Therefore, the absence of
endogenous material in the samples tested in this study suggests that these compounds are
indeed not present.

Figure 3. Partial total ion chromatograms of silyated total lipid extracts from Ghost Ranch Hay-
den Quarry 4: (A) fossil bone and (B) associated matrix. Hayden Quarry 2 (C) fossil bone and
(D) associated matrix. Tetradecanoic acid (C14:0), hexadecanoic acid (C16:0, C16:1), octadecanoic acid
(C18:0, C18:1, octadecan-1-ol (C18:0-ol) and contaminants (x).
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Figure 4. Principal component analysis of FT-ICR MS data. Examination of fossil bones by grinding
them up and not demineralizing them reveals additional compounds in greater abundance than
proteins and lipids. Proteins and lipids are in the greatest abundance in the elephant and mammoth
bones, whereas the Morrison and Hell Creek bones have higher abundances of lignin, tannins
and amino sugars and the HQ bones have a higher abundance of unsaturated and condensed
hydrocarbons. Amino acids were found in the dinosaur bones and matrix but may be masked by the
environmental compounds that are more abundant. Tannins could be any oxygenated compound
and lignin could be phenols of plant or microbial origin.

4. Discussion

Depositional environment plays a large role in fossil preservation [25,37,38]. Fluvial
formations are common sources of fossil material, particularly of terrestrial vertebrates.
The variation in preservation in fluvial burial environments is indicative of the variation
in the environments themselves and leads to extremes in preservation, ranging from
complete skeletons to fragmentary bone [39]. Therefore, molecular preservation in fluvial
environments likely varies as much as macro-scale vertebrate preservation. Amino acids
and amino acid fragments were detected in dinosaurian fossils dating back to the Late
Triassic (~212 Ma) and the presence of amino acids, specifically glycine, has been included
as supporting evidence of ancient collagens [5–7]. We detected an amino acid signature
unique to the fossil bones, teeth and coprolites and distinct from the surrounding matrix.
However, the absence of lipids and the main signal of condensed hydrocarbon in the HQ
bone and matrix, which are both very similar, cast doubt that the amino acids detected in
the HQ fossils have an animal origin.
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Molecular analytical techniques being applied to fossil studies often fall into two
general categories: (1) those that extract targeted compounds and inject them into a mass
spectrometer (e.g., DI, LC-MS) to examine what is preserved in the fossil (e.g., paleopro-
teomics) [40] and (2) those that use surface analytical techniques (e.g., Raman, TOF-SIMS)
to analyze the entire fossil and examine taphonomy (e.g., degradation products, mech-
anisms of preservation) [41]. To date, no single technique excels at accomplishing both
of these goals. The benefit of using surface-sampling techniques includes the ability to
examine the spatial distribution of molecules that may vary in different parts of a fossil;
however the trade-off is a lack of resolution regarding the compounds themselves. TOF-
SIMS specifically, while of great utility in semi-non-destructive fossil analyses on heme and
pigments, is not the best mass spectrometric technique for evaluating proteins in fossils
([42] and citations therein). However, the ability to evaluate the structure of the bone and
make comparisons between the fossil and the matrix are strong additions to molecular
taphonomy studies interested in exploring where molecular data may be best preserved
for targeting future analyses and for examining the distinction or interplay between fossil
and matrix. TOF-SIMS is a highly element sensitive and selective technique, both chemi-
cally and spatially; however, in this application, the amino acids we were examining are
relatively small molecules with limited fragmentation patterns, which likely produce sec-
ondary ion fragments that generally match the fragments generated by many other organic
materials in the environment. This highlights a continuing challenge in paleomolecular
studies, which is determining the source of organic material in extremely organic-rich,
complex environments.

The methods used in this study were chosen to compare the overall molecular taphon-
omy of the HQ. When examining the variation between the specimens, we used TOF-SIMS
to develop a chemical fingerprint of 86 amino acid and amino acid fragments and found this
was a good way of distinguishing between fossil and extant bone and between the fossils
and associated matrix, but not between the different types of fossils. This demonstrates that
there is a similar organic signal in all of the HQ fossil material that is distinct from the asso-
ciated matrix and is also distinct from the dinosaur bones from the Cretaceous and Jurassic
sites. Therefore, because of the difference between the fossils, the molecular signal is not
indicative of generalized contamination. However, because there is no distinction between
the bone, tooth and coprolite in the HQ, this signal is likely not evidence of ancient animal
remains but may instead be taphonomic or environmental. Recent work has suggested
that fossil bone may be a good host to modern microbial growth [43] but we did not find
evidence of microbial lipids that would suggest that is the case here. The ability to confi-
dently assign the remnants of biomolecules to ancient animals, ancient microbes or modern
microbes will remain one of the major goals of ancient molecular studies, particularly on
such long timescales. The experimentally matured bone (all MS-E01, heated to increasing
temperatures) depict an interesting alteration in the chemical signature. When compared
to the fossils, the molecular signal in the heated bones is altered in a predictable way, with
the increase in temperature correlating to the age of the fossils. Heating the bone to 100 ◦C
caused some alteration, but it is still most comparable to the modern bone. Heating the
bone to 250 ◦C led to a molecular signal similar to that found in the HQ bone, which we
are interpreting as the absence of a molecular signal from the bone. It is possible that the
alteration seen in the modern bone is related to the evaporation of water during the heating
process and is worthy of further exploration.

Fossils and sedimentary rocks of this age would typically contain the end products
of lipid diagenesis—hydrocarbon skeletons such as steranes or n-alkanes—as major ex-
tractable compounds [44] and are much more likely to be from modern (or very young)
sources. Previous work has shown that lipids can be transported from fossils to surrounding
matrices [45] or the opposite, from matrices to fossil bone [43]. Thus, comparison between
fossils and matrices must include assessment of the relative abundances, occurrences (pres-
ence or absence) and distributions of individual lipids (or classes of lipids). In contrast
to Liebenau et al. (2015) results, extractable lipids in our specimens were much higher in
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the matrix sample than fossils. Given that the distributions of lipids in fossil specimens
were very similar to the matrices and the observed concentration gradient, it is more likely
that detected lipids in the fossils are exogenous. Given, the presence of exceptionally labile
lipids (monounsaturated fatty acids) as major lipids in the fossils analyzed, the similar lipid
profiles between fossils and matrices and the much higher concentration of lipids in the
matrices, it is likely that the lipids detected in the fossil bones were sourced from the matrix
and transported in and that they are from modern/recent biological sources. It is possible
that the fatty acids detected are from microbial communities that have colonized the fossil
bone matrices, as proposed by Saitta et al. (2018). Lipid data casts additional doubt on the
source of the amino acid signature being detected.

We also examined the inorganic components of the bone and additional sources of
organics, including environmental contaminants (Figure 4). High levels of phenols were
found in the Morrison and Hell Creek fossils, which could be a signal of lignin, representing
contamination from vascular plants. Lignin is a biopolymer that preserves on very long
timescales (~315 Ma) [17]; however, it is not possible to determine with these methods if it
is ancient or recent, although a more recent source of the lignin may be from plant roots
seeking out sources of phosphorous from buried bone. The source of phenols may also be
microbial because microbes produce phenols when under stressed conditions [46]. The HQ
samples had hydrocarbons present in high abundance and the bone and matrix samples
were similar in composition. Additionally, iron is present in high intensity across the surface
of the HQ bone fragment, while other elements like strontium are isolated to pore spaces in
the bone (Figure 2). The high intensity of iron is consistent with proposed conditions in
burial environments that may favor soft tissue preservation ([12] and references therin) and
strontium levels have been shown to increase with time and during diagenesis [47]. The
molecular composition of all of the fossils is similar despite being from different sources
(e.g., bone, tooth, coprolite), time periods and burial environments, which may be evidence
for a taphonomic source of organics being introduced to fossils that are found in similar
depositional environments. Additional analyses that target specific compounds may be
able to determine the source, specifically extraction-based proteomic techniques.

5. Conclusions

Despite very good macro and micro-level preservation at the Triassic Hayden Quarry,
there is no direct evidence for original biomolecules preserved in the fossils. Amino acid
evidence shows variation between the fossils and the matrix. This alone is not definitive
evidence of original biomolecular preservation; however, we were unable to determine
the source of these amino acids with the methods used in this study. Lipid data have no
indication of animal lipids and show no distinction in lipid content between the fossil bone
and matrix, and the FT-IRC MS data show that the HQ bone and matrix are similar to one
another and high in hydrocarbons. Therefore, we have concluded that we detected no
original organic preservation at this site. The Hayden Quarry is an example of a fluvial
burial environment where we find remarkable macro- and microscale preservation, but
no evidence of molecular-scale preservation using these methods. Therefore, as molecular
fossil studies continue with the goal of finding trends in preservation to target specimens
with probable molecular-scale preservation, we have to continue to consider that vari-
ability across fossil localities, which is well-documented at the macro- and microscales,
makes it very difficult to make overarching rules about molecular preservation based on
burial environment.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biology11091304/s1, Table S1: Amino acid peak assignments
(TOF-SIMS). Peaks were assigned based on mass and previous studies; Table S2: H:C and O:C ranges
for biochemical classification (FTICR-MS).
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Simple Summary: The transition of life from the aquatic realm onto land represented one of the
fundamental episodes in the evolution of the Earth that laid down the foundations for modern
ecosystems as we know them today. This key transition in the history of life is poorly known, owing
to the scarcity of ancient terrestrial fossil deposits; complex terrestrial ecosystems with plants and
animals appear in the fossil record during the Silurian and Devonian. However, recent molecular
clock studies and new lines of palaeontological evidence point to a possibly much earlier origin
of life on land, dating back as far as the Cambrian. Here, we review this controversy, using the
arthropods as a case study of the possible cryptic Cambrian explosion on land. In particular, we
highlight approaches for reconciling the disagreement between molecular clock estimates and the
fossil record for the arthropod colonization of land.

Abstract: Arthropods, the most diverse form of macroscopic life in the history of the Earth, originated
in the sea. Since the early Cambrian, at least ~518 million years ago, these animals have dominated
the oceans of the world. By the Silurian–Devonian, the fossil record attests to arthropods becoming
the first animals to colonize land, However, a growing body of molecular dating and palaeontological
evidence suggests that the three major terrestrial arthropod groups (myriapods, hexapods, and
arachnids), as well as vascular plants, may have invaded land as early as the Cambrian–Ordovician.
These dates precede the oldest fossil evidence of those groups and suggest an unrecorded continental
“Cambrian explosion” a hundred million years prior to the formation of early complex terrestrial
ecosystems in the Silurian–Devonian. We review the palaeontological, phylogenomic, and molecular
clock evidence pertaining to the proposed Cambrian terrestrialization of the arthropods. We argue
that despite the challenges posed by incomplete preservation and the scarcity of early Palaeozoic
terrestrial deposits, the discrepancy between molecular clock estimates and the fossil record is
narrower than is often claimed. We discuss strategies for closing the gap between molecular clock
estimates and fossil data in the evolution of early ecosystems on land

Keywords: terrestrialization; artrhopods; Cambrian explosion; molecular clocks; palaeontology;
phylogenomics

1. Introduction

Molecular clocks estimate that life on Earth originated over 4 billion of years ago
(Ga), perhaps shortly after the formation of our planet [1], with direct evidence provided
by the remains of putative unicellular organisms at around 3.5 Ga (e.g., [2–4]). However,
the emergence of complex multicellular organisms, such as animals, plants and fungi,
only occurred during the last 1000 million years [5] (but see [6] for older estimates). The
origin of animals gave rise to an enormous diversity of multicellular body plans, all with
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a complex embryonic development. This diversity of body plans is already seen in the
exceptional early fossil record of animals, during the “Cambrian explosion”, beginning
around 540 million years ago (Ma) and concluding perhaps as quickly as 521 Ma [7].
During this interval, most major animal phyla appeared almost simultaneously, from
a geological perspective, and persisted throughout the Phanerozoic [8,9]). The often
unfamiliar body plans of Cambrian marine animals have been preserved on a number
of sites with exceptional preservation, known as the Burgess Shale-type (BST) Konservat-
Lagerstätten, which provide a unique snapshot of the soft-bodied Cambrian biota in the
sea [10]. A diverse and abundant marine arthropod fauna is evidenced by the fossil record
from at least ~518 Ma, corresponding to the minimum age of the Chengjiang Biota of
Yunnan Province, southwestern China; the oldest reliably dated BST [11].

Animals, plants, and life in general, have marine origins [12]. Only a handful of animal
phyla contain lineages that can complete each phase of their life cycle outside of moisture-
rich environments and can therefore be considered fully terrestrial. This is because land
represents a new and hostile environment for marine organisms, with obstacles to overcome
ranging from respiration, reproduction, feeding style, and mechanical support [13]. Among
these, the most well-known examples are in vertebrates (reptiles, birds and mammals) and
of course arthropods, invertebrates with jointed legs and exoskeletons such as spiders and
insects. Additionally, soft-bodied groups with generally poor fossil records [14,15], such as
molluscs (including the land snails and slugs [16]), onychophorans (velvet worms [17]),
annelids (including earthworms [18]), nematoids (roundworms and horsehair worms,
including many parasitic groups that have followed their hosts on land [18–21]), tardigrades
(water bears [22]), and platyhelminthes (flatworms [23]) contain land-living lineages, but
these are mostly dependent on moisture-rich terrestrial environments for survival. Life on
land requires a series of adaptations that may be paralleled across different groups—we
can refer to this as terrestrialization: the process by which aquatic organisms adapt to
terrestrial life. Terrestrialization is a fascinating field of study in evolutionary biology.
Much literature has addressed terrestrialization at the physiological level in arthropods
(see review in [24,25]). However, most studies have been conducted on isolated lineages
and have not taken full advantage of the comparative approach between diverse terrestrial
groups [26]. Multiple and independent terrestrialization events allow comparisons of
alternative solutions taken up by different groups to the same adaptive challenge, and
represent a powerful tool to understand adaptation in an evolutionary framework. This
information is, at the same time, necessary to be able to carry out comparative analyses
and estimate the timing and rate of emergence of terrestrial adaptations. Although animal
phylogenetic diversity (understood as the diversity of body plans) may be higher in the
marine realm, terrestrial biodiversity is clearly higher in terms of the number of species—
particularly due to the unparalleled species richness of insects [27]. Understanding animal
terrestrialization is thus crucial to understanding the origins of biodiversity on Earth and
the mechanisms underpinning evolutionary adaptation [28].

There is fossil evidence of simple terrestrial ecosystems formed by single-cell or-
ganisms dating back 1000 Ma [29]). The earliest complex terrestrial ecosystems record a
fascinating transition in the history of life. Before the Palaeozoic, the only terrestrial life was
unicellular, which, until recently, could only be deduced from indirect evidence [30]. It was
during the Palaeozoic that plants and animals began to colonize the Earth’s landmasess [31],
with plants appearing in the fossil record in the form of microfossils called cryptospores
in the Middle Ordovician, around 470 Ma, with potential vascular land plants appearing
shortly at ~458 Ma [32]. In the case of arthropods, with certain terrestrial myriapods and
arachnids from the Silurian–Devonian [33,34]. Hence, the conventional view of the evolu-
tion of terrestrial ecosystems posits that during the Silurian–Devonian, animals and plants
diversified on land, which was presumably void of complex organisms, bathed in lethal
UV rays, and with low atmospheric oxygen (e.g., [35,36]). This model has however recently
been challenged by molecular clock dating studies [25,37,38] and new discoveries of Palaeo-
zoic stem groups of terrestrial lineage [39,40], which imply a substantially earlier, Cambrian

188



Biology 2022, 11, 1516

to Ordovician, origin of complex terrestrial ecosystems, comparable to a “Cambrian explo-
sion on land”. Secondly, updated reconstructions of Devonian-Carboniferous atmospheric
oxygen suggest that this period did not suffer from substantially low atmospheric oxygen
as stipulated earlier [41,42]. Meanwhile, terrestrial sedimentary rock units older than the
Early Devonian are rare worldwide (e.g., [43–47]). For example, Western Europe, one of the
best explored regions of the world from a palaeontological point of view, has virtually no
terrestrial sedimentary rock outcrops older than the latest Silurian [15,48,49]. The scarcity
of preserved rock units imposes an important constraint on the preservation potential
of the earliest terrestrial ecosystems. It has been argued that the scarcity of terrestrial
organisms from this period may be due to limited surviving fossiliferous sediments rather
than because they did not exist in the first place [42,50]. This emerging paradigm may
imply up to 100 million years of discordance between when diverse terrestrial ecosystems
become represented in the fossil record and their putative origin.

In this brief review, we introduce the timescale of arthropod terrestrialization. Arthro-
pods are represented among the oldest fossil records of animals (Figure 1), and represent
the bulk of animal diversity on land today, with more than a million described species [51].
The oldest arthropod fossils are undoubtedly marine. They include the trilobites, with
representatives dating back to the early Cambrian, ~521 Ma [52], and trace fossils indicating
the presence of arthropod locomotion from at least ~528 Ma [53]. In arthropods, there have
been a minimum of three to four major terrestrial invasions during the Palaeozoic: that of
hexapods (which includes insects and kin), isopods (a group of crustaceans), myriapods,
and that of arachnids—assuming that the latter forms a monophyletic group. The multiple
and independent terrestrializations in arthropods provide a unique macroevolutionary
case study into adaptative solutions embraced by different groups in response to the same
challenge. More broadly, the topic of animal and plant terrestrialization provides an excit-
ing opportunity to study a crucial ecosystem-wide transition that shaped the world we find
so familiar today, during an elusive epoch of Earth’s history that left little direct physical
evidence. However, to carry out these studies it is necessary to: (i) clarify how many
land settlements have occurred independently in different arthropod lineages, (ii) estimate
when these terrestrialization processes occurred and how long they lasted, and (iii) estab-
lish robustly which is the aquatic sister group of each terrestrial lineage. We provide an
overview of recent progress in these questions and evaluate the support for the argument
of a Cambrian explosion on land.

 

Figure 1. Fossil evidence of arthropod terrestrialization. (A) Traces and the body fossil of the horseshoe
crab that made it, Mesolimulus walchi, morphologically resembling modern forms; (B) reconstruction
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of a terrestrial Cambrian ichnofossil, possibly made by the euthycarcinoid Mosineia, a group in
kinship with myriapods; (C) Section through the abdomen of a trigonotarbid arachnid preserved
in the Early Devonian Rhynie chert, revealing book lungs (bl), a possible trace of the gut (gu?), and
sections through the legs (lg); (D) Carbonised body fossil of a trigonotarbid arachnid Palaeotarbus
jerami from the Silurian Ludford Lane; (E) Putative myriapod mandibles from the Silurian Ludford
Lane; (F) Millipede Pneumodesmus newmani from the Lower Devonian of Cowie Harbour (Scotland),
presenting spiracles (sp) and legs (lg); (G) Eurypterid Eurypterus remipes from the Silurian; (H) Palae-
oreconstruction of the Devonian scorpion Waeringoscorpio westerwaldensis, with filamentous gills that
suggest a potential aquatic adaptation. Image sources: Wikimedia Commons Illustration authors: (B)
Haug; (C–E), Erik Tihelka; (H) Junnn11 (@ni075). Institutional repositories: (C–F) National Museum
of Scotland, Edinburgh: R.08.14 & G.2001.109.1; (D,E) Ulster Museum, Belfast: K25850 & LL1.6-23;
(G) Generaldirektion Kulturelles Erbe, Direktion Archiologie/Erdgeschichte, Mainz, Germany, based
on PWL2007/5000-LS. Scale bars: (C,D) 500 μm, (E) 250 μm, (G) ~10 mm.

2. Origin and Terrestrialization of Arthropods

2.1. Arthropod Origins

It is difficult to precisely estimate terrestrial arthropod biodiversity in deep time due
to the caveats of the fossil record; terrestrial arthropod fossils are usually limited to sites of
exceptional preservation known as Konservat-Lagerstätten, and therefore their stratigraphic
and environmental distribution is discontinuous. However, we can suppose that, as in
the modern biosphere, arthropods were probably the largest component of the diversity
and abundance of Palaeozoic land animals, given the lack of initial competition and the
phylogenetic diversity of those that are present in the terrestrial Palaeozoic fossil record.
Indeed, arthropods are likely to have been the dominant animal group in terms of biodi-
versity in perpetuity for the past 520 million years [54]. Arthropods are characterised by
presenting internal and external body segmentation with regional specialisations (tagmo-
sis: in the case of insects, for example, they possess a thorax where legs and wings are
inserted while there are no extremities in the abdomen); an external skeleton composed
of articulated sclerotized parts; body segments that originally had associated articulated
limbs; growth through successive moults (ecdysis); and an open circulatory system with
a dorsal heart with lateral valves [55]. This set of unique characteristics suggests that
they are a monophyletic group (descendants of a common ancestor who possessed the
diagnostic characteristics of the lineage). Arthropods are represented by chelicerates (with
arachnids such as spiders and scorpions, and marine groups such as pycnogonids and
horseshoe crabs); myriapods (such as millipedes and centipedes); hexapods (containing
insects) and predominantly aquatic ‘crustaceans’ (for example crabs and prawns), which
are collectively known as pancrustaceans; and include important extinct groups, such as the
trilobites (Figure 2). Their abundance makes arthropods ecologically essential; for example,
myriapods are important processors of detritus in forests, and termites consume such large
amounts of cellulose that they are significant for the carbon cycle and atmospheric gas
composition [56]. Without arthropods, life and ecosystems on Earth would be radically
different. Their surprising diversity (which exceeds 75% of all living species described [57])
can help to elucidate the patterns and processes of macroevolution.

The earliest animals we know as land-dwelling were arthropods [58]. Evaluating the
earliest fossil evidence of arthropod life on land can rely on two approaches—phylogenetic
bracketing and direct anatomical evidence. Under the former approach, the discovery of
a fossil representative belonging to an entirely terrestrial clade can be deemed to provide
evidence of life on land, even when the state of preservation of the individual fossils
is not particularly impressive. The second, more direct approach, relies on identifying
unambiguous terrestrial adaptations in fossil specimens to conclude that these indeed lived
on land.
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Figure 2. Present diversity of arthropods (A) pycnogonid Endeis flaccida (chelicerate); (B) xiphosuran
Limulus polyphemus (chelicerate); (C) spider Philodromus aureolus (arachnid: chelicerate); (D) millipede
Cylindroiulus caeruleocinctus (myriapod); (E) centipede Scutigera coleoptrata (myriapod); (F) branchio-
pod Daphnia sp. (pancrustacean); (G) remipede Morlockia williamsi (pancrustacean); (H) hexapod
Orchesella villosa (pancrustacean). Image sources: Wikimedia Commons; (G) Jørgen Olesen.

The earliest fossil assemblage preserving arthropods belonging to terrestrial clades is
the Přídolí-aged Ludlow bone bed Member exposed at Ludford Lane, near Ludlow in Shrop-
shire, western England [34,59–61]. This site contains a range of myriapods (Figure 1E), in-
cluding scutigeromorph centipedes in the genus Crussolume [61], the arthropleurid Eoarthro-
pleura [61], and a singular specimen of the trigonotarbid arachnid Eotarbus jerami Dunlop
1996 (= Palaeotarbus jerami, junior synonymy resolved by Dunlop [62]; Figure 1D). Any of
these can be confidently considered to be the oldest terrestrial arthropod body fossils, albeit
the fidelity of their preservation does not permit the observation of anatomical adaptations
for life on land—most are represented by small shreds of cuticle or, in the case of Eotarbus,
a dark carbonised specimen. U-Pb zircon dating of the Ludlow bone bed at Ludford Lane
in Shropshire constrained the age of the deposit to ~420 Ma [63].

The earliest animal possessing unambiguous terrestrial adaptations is the millipede
Pneumodesmus newmani from the Lower Devonian Cowie Harbour near Stonehaven in Ab-
erdeenshire, Scotland [33], which is preserved with more fidelity. The terrestrial character
of this organism is indisputable since it possesses spiracles, openings on the cuticle that
allow air to enter the tracheal system (Figure 1F). Two other diplopod species were reported
from the locality, all described by Wilson and Anderson [33]. The Dictyocaris Member of
the Cowie Formation at Cowie Harbour was initially considered to be Silurian based on
palynological evidence (~426.9 Ma [64–66]), but isotopic dating confidently constrained its
age to the lowermost Devonian (Lochkovian; ~414 Ma [67]), making it some 6 Mya younger
than the Ludford Lane assemblage. Recently, the scorpion Palaeoscorpius devonicus [68,69]
from the Lower Devonian Hunsrück Slate Lagerstätte in Germany (~405 Ma) was inter-
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preted as possessing adaptations for life on land, namely probable book lungs, indicating
that it was likely terrestrial [70].

2.2. Arthropod Phylogeny

The evolutionary relationships among the major arthropod groups have always been
a subject of debate, such that by the start of the 21st century virtually all conceivable
topologies for the group had been proposed [71]. Identifying the closest relatives of each
terrestrial lineage is crucial, not only for comparative studies dealing with adaptation
strategies for life on land, but also to understand the potential terrestrialization routes
and constrain their timing. To infer these phylogenies, the anatomical structures of living
and fossil species provide a treasure trove of comparative data that has been expanded
even further during the last few decades by vast quantities of molecular data [72]. In their
adaptation to land, arthropods have undergone convergent evolution (independent origins
of similar biological systems in different lineages), which has often complicated efforts to
assess kinship relationships between them [54]. For example, trachea (respiratory structures
adapted to terrestrial environments) are found in several lineages that have conquered the
land independently during the Palaeozoic: in a few arachnids, myriapods, isopods, and
hexapods. The introduction of genome-scale phylogenetic analyses-phylogenomics—has
greatly narrowed down the number of hypotheses on hexapod phylogeny, but crucially,
some nodes of the arthropod tree remain difficult to resolve. Such challenging nodes
often represent ancient and rapid radiations that are complex to address with any dataset,
molecular or morphological, and represent the major lasting controversies in reconstructing
the process of the arthropod invasion of land [18,66,73–75].

2.3. Myriapods

According to a classical phylogenetic hypothesis, the exclusively terrestrial myriapods,
have been regarded as the sister group of the hexapods. This hypothetical clade, called
Tracheata (or Atelocerata), is supported mainly by the presence of tracheae in both groups
to carry out gas exchange (reviewed in [76]). Current studies based on molecular data, and
also a re-examination of more subtle morphological characters of the nervous system and
ommatidia [73,77], discard this hypothesis, and attribute this coincidental morphological
convergence to independent convergence [78]. A second hypothesis recovered by early
analyses of molecular data implicated myriapods as a sister group to the chelicerates
(Myriochelata or Paradoxopoda). However, these results are now considered as caused by
a phylogenetic reconstruction bias due to the rapid evolutionary rates of pancrustaceans
attracting to the outgroup and pushing myriapods and chelicerates into an artefactual clade
when using simpler models of molecular evolution [79]. Today, there is a certain consensus
on the main relationships between arthropods, supported by phylogenomic data [78]. The
myriapods, the first of the three large terrestrial lineages, are generally accepted as a sister
group to the pancrustaceans (hexapods and all crustacean lineages), and the chelicerates as
the closest relative of this clade (Figure 3). Thus, the basic division between arthropods
consists of those that have mandibles (myriapods and pancrustaceans) and chelicerae.
The internal phylogeny of myriapods, though, is currently more contentious. Several
recent phylotranscriptomic analyses disagree on the exact relationship between their main
lineages [78,80–83] but they do not have an impact on the single terrestrialization event
inferred for the group.
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Figure 3. Cladogram with the current consensus on the phylogenetic relationships between the main
groups of arthropods. The terrestrial groups are represented in orange colours while the marine
clades in blue and turquoise for Branchiopoda (fresh water). The thickness of the terminal branches
corresponds to a proportional approximation of the number of described species. At the base of the
cladogram, image with detail of chelicerae and mandibles, the defining structures of the two groups.
Some of the silhouettes come from Phylopic (phylopic.org/; accessed on 5 November 2022).

2.4. Pancrustacea (Hexapoda)

There is strong molecular and morphological evidence that favours the position of
hexapods as nested within the ‘crustaceans’ (as the clade Pancrustacea, or Tetraconata),
and myriapods as the sister group of pancrusteans forming the Mandibulata group, char-
acterized by the presence of this distinctive oral structure [84–86]. In contrast, the exact
relationships of hexapods within the Pancrustacea are still unclear, and it is not obvious
which is their aquatic sister group. Phylogenomic datasets have variously lent support
to the mostly freshwater-dwelling branchiopods [25], or the species-poor and enigmatic
remipedes [68,70]. Establishing which ‘crustacean’ group is the most closely related to
hexapods has a great impact on whether the latter group presumably colonised terrestrial
environments directly from the sea, or whether they first colonized freshwater environ-
ments and later moved to land. Most recent phylogenomic studies, though, using hundreds
of molecular markers, have shifted the balance in favour of Remipedia [84,86]. Remipedia
are a class of blind and predatory crustaceans that live in coastal aquifers that contain saline
groundwater. They were discovered less than 40 years ago [87], and have a very restricted
distribution, with fewer than 30 known species described from the anchialine caves in the
Caribbean Sea, two species from the Canary Islands and one from Western Australia. Very
little is known about the biology of these organisms, which makes it difficult to understand
their significance for hexapod terrestrialization.

2.5. Pancrustacea (Isopods)

The suborder Oniscidea (woodlice) represents the most diverse isopod crustacean
group, with over 3700 described species [88]. It is the only pancrustacean group besides the
hexapods composed almost entirely of terrestrial species; its members are found in almost
all terrestrial habitats, ranging from nearshore settings to forests [89]. In particular, the in-
tertidal genus Ligia inhabiting shorelines is often regarded as a transitory group [90]. Given
their varying degrees of adaptations for life in semi-aquatic and terrestrial environments,
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woodlice provide a rewarding model group for understanding the transition from marine
to terrestrial habitats, which hinges on an understanding of their phylogeny [90,91]. Mor-
phological studies implicate Ligiidae as the basalmost woodlouse clade, implying a single
invasion of land directly from the marine realm [92], although some molecular studies have
challenged the monophyly of the group (e.g., [93,94]). Overall, isopods remain probably the
least-studied terrestrialization event among arthropods. Their fossil record is fragmentary
and scarce, with their oldest occurrence from the Cretaceous (summarised in [90]). If
terrestrial isopods originated in the late Palaeozoic, potentially the Carboniferous [90], they
would represent the most recent arthropod terrestrialization event.

In some sense, other pancrustacean clades such as amphipods and the decapods, also
invaded semi-terrestrial habitats (e.g., supralittoral zone of beaches, most soil and leaf litter,
edges of freshwater habitats) and these have been considered as terrestrialization events
by some (e.g., [13]). Here, we refrain from treating these groups as fully terrestrial, since
their adaptation to life is not as developed as in the case of the woodlice. Nonetheless,
these taxa represent important study groups for future research in arthropod adaptation to
semi-terrestrial habitats.

2.6. Arachnids

Among terrestrial arthropods, only insects outnumber arachnids in terms of the num-
ber of described species (1 million versus 112,000, respectively; [51]). The clade Arachnida
includes all terrestrial chelicerates, composed mainly of predatory groups such as spiders
and scorpions, and parasites such as ticks. However, chelicerates also include marine
taxa such as the pycnogonids (sea spiders) and xiphosurans (horseshoe crabs). Neither
the currently available morphological nor molecular data have unequivocally resolved
the internal kinship relationships between chelicerates [66]. Arachnids have traditionally
been regarded as a monophyletic group, implying that a single and irreversible ancestral
colonization of land paved the way to this group’s evolutionary success. Some recent
studies including genome-scale and morphological phylogenies, however, do not support
this relationship, instead placing the marine Xiphosura within terrestrial arachnids, and
not as a sister group to it [74,95]. The focus of this debate is whether there has been a single
common ancestor for all terrestrial arachnids, a single terrestrialization event within a com-
mon ancestor of terrestrial arachnids + xiphosurans (with the later transitioning again into
aquatic environments soon after), or whether arachnid terrestrialization occurred on two or
more separate occasions. Resolving this puzzle is enormously significant, as it rewrites our
perception of the evolution of terrestrial adaptations (e.g., the respiratory system, sensory
and reproductive systems, and the locomotor appendages). The physiological demands
of life on land require a significant modification of these anatomical features, which is
probably best illustrated by the respiratory organs, a great variety of which are present in
extant chelicerates (book lungs and tracheae in terrestrial groups, and book gills in marine
forms) [96,97]. If xiphosurans were a group of marine arachnids, this may suggest that
the remaining lineages colonized land independently. A second option would be that
xiphosurans recolonized the marine environment from a terrestrial ancestor. Of these two
options, the first would be considered more plausible, since the fossil record of Xiphosura
extends back more than 400 Ma with exclusively aquatic forms, without traces of a potential
terrestrial or amphibious ancestors [98] (Figure 1D). Furthermore, no widespread losses
of terrestrial respiratory organs in arthropods are known, once acquired, in line with the
predictions of Dollo’s law [99].

In addition, even though horseshoe crabs can make momentary incursions into the
coasts to spawn eggs, they do not have distinctly terrestrial morphological adaptations
and their body structures present great similarity, and probably homology, with that
of other aquatic fossil chelicerates [100,101]. Other recent studies using genome-scale
datasets, as well as morphological and fossil evidence suggest that marine chelicerates
(pycnogonids and Xiphosura) are successive sister groups of a monophyletic lineage of
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terrestrial arachnids. These results are compatible with a single colonization of land within
chelicerates and the absence of wholly marine arachnid orders [66,102].

3. Pre-Devonian Fossil Record of Terrestrial Arthropods

3.1. Trace Fossil Evidence

The oldest traces of activity in the terrestrial environment made by arthropods (ichno-
fossils) date from the middle Cambrian to the Early Ordovician. The oldest of these include
trackways on land from the late Cambrian (~500 Ma) of Ontario, Canada produced by
arthropods with at least 11 pairs of similar walking legs and a long tail-spine, presumably
made by the extinct euthycarcinoids [103] (Figure 1E). Another site famous for its Cambrian
traces of life on land is the middle to late Cambrian Blackberry Hill in central Wisconsin,
which preserves diversity of arthropod trackways in a tidal flat and nearshore environment,
along with the remains of the oldest euthycarcinoid, Mosineia [104]. Massive trackways
from the intertidal zone left by euthycarcinoids with walking legs during the Cambrian and
Ordovician indicate longer stays on land where these amphibious animals may have come
in pursuit of shallow lagoons and freshwater pools [105], albeit their excursions on land
may have been short-lived [106]. Other early arthropods to make temporary excursions to
near-shore habitats were the trilobites, whose trace fossils in tidal-flat deposits are known
since the Cambrian, albeit their traces were likely made subaqueally [107,108]. Trilobites
possessed gill lamellae for respiration [109,110], which are unlikely to have provided them
with the ability to survive on land for prolonged periods of time. Myriapods have been
implicated in producing Ordovician backfilled burrows from Pennsylvania (445 Ma [111]),
although the terrestrial nature of this deposit has been later disputed [36]. A slightly
younger record of trackways and trails (Diplichnites and Diplopodichnus) from Cumbria,
England (>450 Ma) records myriapods moving alongside the edges of ponds, but these
were likely made under water [112,113]. Overall, locomotive traces documented through-
out the Cambrian and Ordovician reinforce the view that aerial activities of arthropods (if
not terrestrial arthropods) were common on the coasts and along the edges of freshwater
bodies during this time.

3.2. Body Fossil Evidence

The availability of land-dwelling arthropod body fossils is fundamentally constrained
by the limited number of terrestrial formations before the Devonian and the limited interest
these geological units have attracted in the past [42]. Fossils generally require a steady
rate of sedimentation to preserve, which is not an easily achievable condition for minute
soft-bodied arthropods inhabiting the soil or decaying vegetation matter. As such, palaeon-
tologists have to rely on a restricted set of fossil localities that provide unusual preservation
windows for their time.

The earliest relatives of myriapods in the fossil record are the Cambrian to Triassic
euthycarcinoids, mentioned earlier for the terrestrial trace fossils. The affinities of this group
have been traditionally difficult to pinpoint, but recent findings of exceptionally preserved
Devonian specimens establish the group as the stem-group to myriapods [39]. These
aquatic arthropods were amphibious, ranging from marine and brackish to freshwater
deposits [114]. Their ventures on land have been variously interpreted as short migrations
between ephemeral freshwater pools, grazing on microbial mats and detritus, or migrations
to fertilise eggs on land like in modern horseshoe crabs [103,115]. Recent synchrotron
studies revealed probable respiratory organs in a Devonian euthycarcinoid, consistent with
an amphibious lifestyle [116]. Other early myriapod remains are known from the Silurian
Kerrera (425 Ma) and Ludlow (420 Ma) deposits in the United Kingdom, albeit it is difficult
to determine if they were truly terrestrial [59,117]. The earliest undoubtedly terrestrial
fossil myriapod is the millipede Pneumodesmus newmani from Cowie in Scotland, originally
regarded as Late Silurian [33], but more recently as Lower Devonian (414 Ma [67]). Its
terrestrial ecology is indicated by the presence of spiracles.
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The earliest hexapod fossils are the Early Devonian (~405 Ma) springtail Rhyniella
praecursor [118,119] and the enigmatic Leverhulmia mariae [120], from the coeval Rhynie
and Windyfield chert deposits in Scotland, which became preserved with extraordinary
fidelity when silica-rich water from volcanic springs inundated hot springs and the sur-
rounding land. While various systematic positions of the peculiar Leverhulmia have been
proposed, Rhyniella is a crown-group springtail, not that different from species that in-
habit soil and leaf litter today [121], suggesting that this clade of hexapods radiated well
before the Early Devonian. Nonetheless, insect fossils before the Carboniferous are few;
the Rhynie chert is followed by a window of 80 Ma (referred to as the ‘hexapod gap’)
during which no insects are known [122]. The existence of pre-Devonian hexapods is a
reasonable assumption, proposed already by early cladistic studies predating the molec-
ular clock methodology [123]. Although a decade-old bounty of 1000 dollars has been
put on an undisputable insect fossil from the pre-Devonian [124], this sum remains to
be claimed. Instead, the hunt for early hexapods yielded a number of dubious records,
like fossils only seen once and never again [125], suspected modern contaminants [106],
and miss-identifications, such as purported Devonian insect wings that turned out to be
malacostracan tail fans [126,127]. A recent review is provided by [128]. Others represent
genuinely difficult fossils to interpret, such as the purported Devonian hexapod Strudiella
devonica [129], which may however represent a decayed non-insect arthropod [130], or
the Devonian Wingertshellicus/Devonohexapodus at once interpreted as an aquatic stem-
hexapod [131], but not unequivocally accepted [132]. It is interesting to note that even
in deposits such as the Rhynie chert where arthropod cuticles are not rare in some facies,
the vast majority belong to arachnids, not hexapods as may be expected from modern
ecosystems, where insects predominate. Winged insects only came to dominate terrestrial
ecosystems by the Carboniferous, leading many to postulate that hexapods may have been
species poor until the origin of with wings [42] that appear unequivocally in the fossil
record in the latest Mississippian (~322 Ma [133]).

Among arachnids, we find the oldest fossil evidence of arthropod life on land, repre-
sented by scorpion remains from the Silurian (~437 Ma [134]). However, their terrestriality
is not unambiguous due to the absence of bona fide terrestrial characters, such as book
lungs, and have been found in aquatic or semi-aquatic deposits [135,136] (Figure 1H). Puta-
tive book lungs have been reported from a fossil scorpion from the Devonian Hunsrück
Slate in Germany (~405 Ma [70]). Current molecular, phylogenomic and morphological
evidence suggests, however, that scorpions are arachnids related to spiders [102,137,138],
in a clade of mostly lung-bearing arachnids known as Arachnopulmonata. Within this
clade, the latest phylogenomic results suggest that pseudoscorpions are the closest relatives
of scorpions [66,74,139]. This phylogenetic position is hardly reconcilable with a marine
origin of scorpions, suggesting that some of these ancestral scorpions may have secondar-
ily returned to the aquatic environment, although without obvious marine adaptations.
The earliest member of Trigonotarbida, a group of extinct terrestrial arachnids known to
possess book lungs [140,141], is known from the Silurian (~420 Ma [63]) Ludford Lane
in England [59]. Trigonotarbids persisted until the Permian and are known in stunning
anatomic detail, in part thanks to their preservation in Rhynie chert [142]).

4. Reconciling Rocks and Clocks

4.1. Methodologies to Build Chronologies

The abundant arthropod fossil record is informative on the diversity of the group,
the historical evolution of morphological characters, and provides temporal guidelines for
molecular dating. Solving the relative times of evolutionary divergences between species
and clades in the geological past provides crucial information for dating the origin of terres-
trial ecosystems. The reconstruction of these “timetrees”, or chronograms, is increasingly
methodologically sophisticated and has become the backbone for comparative studies of
evolutionary biology and palaeontology. Molecular data inform us both on the understand-
ing of the tree’s branching pattern (the phylogeny) and, once calibrated with fossils, on
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the timing at which these branching events occurred (the timeline). The dates are inferred
using the molecular clock technique [143], where the time elapsed since the divergence of
different organisms or species is deduced from the differences between their DNA or amino
acid sequences. To carry out these analyses, calibration points are routinely used where
minimum ages are defined based on the oldest fossil evidence that can be unequivocally
assigned to that node, that is, the origin of that group cannot be younger than its oldest
fossil [144]. Node dating is the most widely used method [145], and it has developed a
lot in recent years, with the implementation of Bayesian methods that allow assigning
probabilities to age ranges and to other various parameters based on previous knowledge
about the group in question [146]. While the chronologies constrain the real age of the lin-
eages, the fossils inform us of when those organisms became numerically and ecologically
abundant. Furthermore, including fossils in phylogenetic analyses helps arrive at more
accurate trees and divergence time estimates [147–149]. Therefore, chronologies provide
an essential conceptual framework for investigating the evolution of the first terrestrial
ecosystems and the interactions over time between organisms and their environment.

4.2. Dating the Arthropod Terrestrialization

Most recent chronologies of arthropod radiation (or subgroups of them) using molecu-
lar clocks are generally compatible with paleontological evidence, proposing an origin of
the group between the end of the Ediacaran period and the beginning of the Cambrian (with
credibility intervals falling with 95% of probability between 551–536 Ma) [37]. These studies
also suggest the origin of arachnids and hexapods are in some consensus with the fossil
evidence, preceding the oldest fossils by a few tens of thousands of years (Figure 4). In the
case of chelicerates, the origin of terrestrial arachnids and of their main diversifications have
been inferred to fall between the Cambrian and Ordovician (494–475 Ma) [66]. Molecular
evolution rates were likely high during its origin, coinciding with a rapid cladogenesis [37].
When xiphosurans are nested within arachnids, the origin of this clade is inferred in ages
comprising mostly Ediacaran [95] to Cambrian period [66]. For hexapods, the estimated
ages vary in different studies between 520–450 Ma (summarised in [150]). Likewise, a
Cambrian–Ordovician origin has been proposed for myriapods [25,78,83,151–153].

Consequently, there are certain differences when ages inferred from molecular dating
studies are compared with the oldest fossil record, where arachnids first appeared in the
Silurian (427 Ma) and hexapods in the Devonian (411 Ma). In the case of arachnids, it has
been suggested that these differences may be due to the fact that the closest relative of
arachnids is an extinct group. Eurypterids (also called ‘sea scorpions’) have been proposed
as a possible sister group (Figure 1G). These aquatic organisms emerged during the Or-
dovician (~467 Ma) and represented an important component of marine fauna until they
disappeared from the fossil record during the end-Permian mass extinction (~252 Ma) [10].
It seems that they could make inroads into the terrestrial environment, as suggested by
ichnofossils, and recent studies show that they had respiratory structures adapted to breath-
ing air, possibly since the Cambrian–Ordovician [40]. The latter study suggests that their
ancestor may have been semi-terrestrial, similar to eurypterids. Regarding the origin of
myriapods, the divergence times inferred are substantially older (524–505 Ma) than their
oldest fossil evidence, and they firmly place the earliest members of this group in the
Cambrian [37,78,151–153], despite the fact that its oldest fossil is 414 Ma (Figure 4). The
reinterpretation of Euthycarcinoidea as the closest relative of myriapods based on the simi-
larity of mouth and eye structures bridges this gap between the fossil record and molecular
clocks [39].
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Figure 4. Schematic chronogram with divergence times between the most representative arthropod
clades. The internal nodes of the tree fall into the mean estimated divergences taken from recent
studies cited in the text. On the x-axis, time runs from most recent (right) to the past (left), and is
expressed in millions of years. The yellow rectangles mark the credibility intervals for the different
terrestrialization phenomena. The dagger symbol represents the oldest known fossil in that terrestrial
group, the double dagger represents the oldest direct evidence of terrestrial breathing structures, and
the asterisk the oldest trace evidence of terrestrial behaviour. The terrestrial groups are represented in
orange colours while the marine clades in blue and turquoise for Branchiopoda (fresh water). Some
of the silhouettes are from Phylopic (phylopic.org/; accessed on 5 November 2022).

4.3. Reconciling the Fossil and Molecular Evidence

The discrepancies between the results derived from molecular clocks and the oldest
fossil evidence may be related to the nature of the rock record, especially to the rarity
of terrestrial sediments from the Cambrian to the Silurian. It has been suggested that
Euramerica, the region from which much of the data on the first terrestrial arthropods
and plant megafossils are derived, is almost absent from terrestrial sediments before the
upper Silurian and that these are not more widespread until the Early Devonian [50]. This
temporal bias in the rock record possibly affects the fossil record of terrestrial organisms
and may explain part of the mismatch between molecular and fossil dates. The discrepancy
may also be explained by failures in the molecular clock methodology, particularly with
the node dating strategy. A recent method has been developed to estimate divergence
time in a total-evidence framework, where fossils are directly integrated into the combined
analysis of molecular data from living species with morphological data from fossils and
living groups [154]. In the process of reconstructing kinship relationships and dating
them, fossils are incorporated without having to determine their phylogenetic position
a priori, and therefore this phylogenetic uncertainty can be directly integrated in the
analysis. Some studies suggest that this approach improves divergence time estimates [147].
Computational limitations currently limit the application of this methodology to determine
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deep divergences. However, the field is advancing rapidly, and it is predicted that soon
these methodologies will help to establish the affinity of fossils, and more carefully assign
the age of the lineages and the different terrestrialization processes [155].

5. Conclusions

Ephemeral terrestrial habitats have existed for at least 1 billion years. However, animal
terrestrialization and the consequent formation of more complex habitats has been a much
more recent process. How recent remains a point of contention. The fossil record provides
the only direct source of data to understand the temporal acquisition of characters, while
phylogenies and molecular clocks complement this record to constrain the timing of the
origin of these groups. The most recent molecular dating suggests that land plants were
already present in the middle Cambrian to Early Ordovician [38], although other recent
molecular clock estimates push this date back even further, into the Precambrian [156].
Similarly, recent molecular dating studies also suggest a concomitant colonization of the
land by arthropods. If myriapods and arachnids really colonized the terrestrial environment
so early, it would be possible that millipedes, a group of detritivore myriapods, fed on
bacterial mats on the shoreline. Arachnids are a predominantly predatory group, suggesting
that they must have originated from a diverse ecosystem. In this scenario, arachnids could
have myriapods as potential prey. These ecologies represent habitats highly unfavourable
to fossilization, such as high-energy environments characterized by erosion rather than
deposition [157]. It is not surprising, then, that direct palaeontological insights may be
limited in these cases, and molecular inference can step in to fill the gap.
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Simple Summary: Insect fossils dating 55 million-years-old from the Stolleklint Clay and Fur For-
mation of Denmark are known to preserve both fine morphological details and color patterns. To
enhance our understanding on how such fragile animals are retained in the fossil record, we exam-
ined a pair of beetle elytra, a wasp and a damselfly using sensitive analytical techniques. In our
paper, we demonstrate that all three insect fossils are composed of cuticular remains (that is, traces
of the exoskeleton) that, in turn, are dominated by the natural pigment eumelanin. In addition, the
beetle elytra show evidence of a delicate lamellar structure comparable to multilayered reflectors
that produce metallic hues in modern insects. Our results contribute to improved knowledge on the
process of fossilization of insect body fossils in marine environments.

Abstract: Marine sediments of the lowermost Eocene Stolleklint Clay and Fur Formation of north-
western Denmark have yielded abundant well-preserved insects. However, despite a long history of
research, in-depth information pertaining to preservational modes and taphonomic pathways of these
exceptional animal fossils remains scarce. In this paper, we use a combination of scanning electron
microscopy coupled with energy-dispersive X-ray spectroscopy (SEM-EDX), transmission electron
microscopy (TEM) and time-of-flight secondary ion mass spectrometry (ToF-SIMS) to assess the
ultrastructural and molecular composition of three insect fossils: a wasp (Hymenoptera), a damselfly
(Odonata) and a pair of beetle elytra (Coleoptera). Our analyses show that all specimens are preserved
as organic remnants that originate from the exoskeleton, with the elytra displaying a greater level of
morphological fidelity than the other fossils. TEM analysis of the elytra revealed minute features,
including a multilayered epicuticle comparable to those nanostructures that generate metallic colors
in modern insects. Additionally, ToF-SIMS analyses provided spectral evidence for chemical residues
of the pigment eumelanin as part of the cuticular remains. To the best of our knowledge, this is the
first occasion where both structural colors and chemical traces of an endogenous pigment have been
documented in a single fossil specimen. Overall, our results provide novel insights into the nature of
insect body fossils and additionally shed light on exceptionally preserved terrestrial insect faunas
found in marine paleoenvironments.

Keywords: cuticle; Eocene; Fur Formation; insects; melanin; mo-clay; pigment; Stolleklint Clay;
structural coloration; Ølst Formation

1. Introduction

Lowermost Eocene deposits of the Limfjord Region, Northwestern Jutland, Denmark,
have yielded diverse biotas of exceptionally preserved plant and animal body fossils
that frequently retain soft parts, such as feathers and skin [1,2]. The local stratigraphic
succession comprises the Fur Formation, a Konservat-Lagerstätte, and the underlying, less
well known Stolleklint Clay of the Ølst Formation, which together constitute the so-called
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“mo-clay deposits” [3]. Despite being interpreted as representing a relatively deep marine
offshore setting [4], the fine-grained sediments house a wealth of terrestrially derived
organisms, of which insects are particularly conspicuous with more than 200 species
described to date [1,2]. The insect fossils often preserve fine anatomical details, including
segmentation, appendages, wings with well-defined venation, traces of original color
patterns and sometimes even residual endogenous biomolecules [1,5].

Insects are currently one of the most ubiquitous and numerically abundant groups of
animals on Earth, and they have a fossil record that dates back to the Early Devonian [6,7].
Exceptionally preserved biotas, such as those from the Limfjord Region, act as important
“windows” into the evolutionary history of this clade, but are also crucial for understanding
taphonomic pathways that may contribute to the retention of delicate anatomical features
in the rock record. Recent research has made considerable progress with respect to insect
fossilization processes (e.g., [8–19]). However, although previous work on insects from the
Stolleklint Clay and Fur Formation has touched upon taphonomic and biostratinomic pro-
cesses [20–23], most studies have focused on other aspects of the assemblage (e.g., [24–28]).
Moreover, in-depth chemical and ultrastructural analyses that can provide valuable infor-
mation on fossil preservation patterns have so far been conducted almost exclusively on
vertebrate remains [29–34], while insects, despite their great abundance, merely have been
the subject of a single investigation [5].

In the present contribution, we expand current knowledge on organic preservation
by employing an integrated experimental approach to a selection of insect fossils from the
Eocene of Denmark. We investigate and illustrate these specimens with the aim of achieving
a better understanding of the biostratinomic, taphonomic and diagenetic processes that
result in exceptional preservation.

2. Geological Setting

The fossils analysed in this study originate from the Ølst and Fur formations in the
Limfjord Region, Northwestern Jutland, Denmark. In this area, the Ølst Formation is repre-
sented solely by the Stolleklint Clay—the lowermost unit of the formation [35,36]—which
is directly overlain by the Fur Formation. The Stolleklint Clay consists of laminated, clays,
whereas the Fur Formation comprises an approximately 60-m-thick sequence of clayey
diatomite [37]. The clay sequence formed in a semi-restricted marine basin, well below
the wave base under anoxic to dysoxic bottom conditions [35]. The diatomite facies of the
Fur Formation have been interpreted as deriving from periodic diatom blooms associated
with local upwelling [4,37–39]. Oxygen-depleted bottom conditions are indicated by the
generally undisturbed bedding planes, an absence of a benthic biota, and well-preserved,
often fully articulated fossils [37]. Both formations contain volcanic ash that originates from
eruptions associated with the opening of the North Atlantic Ocean [40]. These layers are
numbered in relation to an easily recognizable ash bed (denominated “+1”) that occurs in
the middle part of the Fur Formation [41]. As of today, almost 200 volcanic ash layers have
been recognized in the strata [37]. The processes of dating two of these layers (−17 and +19)
have yielded ages of ~55.6 and ~55.4 Ma, respectively [42–44], placing both rock units in
the earliest Eocene (Ypresian), during and immediately after the Paleocene-Eocene Thermal
Maximum [45,46]. Calcareous concretions are common in the Fur Formation within certain
horizons [37]. X-ray diffraction has shown that these consist of low Mg-calcite [47]. Carbon
and oxygen isotope compositions further indicate that most of the carbonate has a bacterial
origin, being formed as a result of metabolization of organic matter [47].

3. Material and Methods

3.1. Fossil Material

Three insect fossils from the Stolleklint Clay and Fur Formation showing various states
of preservation were selected for this study: (1) a pair of isolated but three-dimensional
beetle elytra (Coleoptera; FUM-N-17627) collected from a calcium carbonate concretion
near ash layer +15 in the Fur Formation; (2) a flattened yet fully articulated wasp (Hy-
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menoptera, Ichneumonidae; FUM-N-11263) preserved in a calcium carbonate concretion,
collected from the Fur Formation on the Island of Mors; and (3) a compressed but largely
articulated damselfly (Odonata, Zygoptera; FUM-N-10904) found in hardened clays of the
Stolleklint Clay. All specimens are housed in collections at Museum Salling, Fur Museum,
Fur, Denmark, and were photographed in 96% ethanol using an Olympus SZX16 stereo
microscope equipped with an Olympus SC30 digital camera prior to ultrastructural and
molecular analyses.

3.2. Scanning Electron Microscopy and Elemental Analysis

All fossils were examined in a Zeiss Supra 40VP FEG-SEM using either an Everhart-
Thornley type secondary electron detector (SE2) at an electron energy of 2 keV or a variable
pressure secondary electron detector (VPSE) at 15 keV. Elemental analyses and mappings
used a X-Max 50 mm2 silicon drift detector from Oxford Instruments at an electron energy
of 15 keV. Complementary imaging and elemental analyses were conducted in a Tescan
Mira3 High Resolution Schottky FEG-SEM linked to an energy-dispersive spectrometer
(X-MaxN 80, 124 eV, 80 mm2) from Oxford Instruments using an electron energy of 15 keV.
Samples obtained from the beetle elytra (FUM-N-17627) were coated with a 15nanometer-
thick gold-palladium film prior to analysis, whereas FUM-N-11263 and FUM-N-10904 were
examined uncoated.

3.3. Transmission Electron Microscopy

TEM analyses were performed only on samples from the beetle elytra (FUM-N-17627)
because the relict cuticle in FUM-N-11263 and FUM-N-10904 was too thin and spatially
incoherent to allow meaningful sampling. Small pieces (~1 mm2) of elytra were removed
from FUM-N-17627 using a sterile scalpel and then dehydrated in a graded ethanol series.
Following this procedure, the samples were embedded in epoxy resin (Agar 100) via
treatment with acetone. Ultra-thin sections (70 nm) were cut using a Leica EM UC7
ultramicrotome equipped with a diamond knife. The sections were then mounted on
copper grids without additional treatment or staining and examined in a JEOL JEM-1400
Plus transmission electron microscope at 100 kV.

3.4. Time-of-Flight Secondary Ion Mass Spectrometry

ToF-SIMS was used for molecular characterization of all fossils. In ToF-SIMS, the
sample surface is bombarded by a focused beam of high energy ions, and molecular
information is obtained from mass spectra acquired by the secondary ions emitted during
this collision process [48]. By scanning the primary ion beam and acquiring mass spectra
from each pixel in a selected analysis area, spatially resolved mass spectrometric data can be
acquired, which in turn can be presented either as ion images (showing the signal intensity
of selected secondary ions across the analysis area) or as mass spectra from selected regions
of interest (ROIs) within the analysis area.

ToF-SIMS analyses were carried out in a TOFSIMSIV instrument (IONTOF GmbH,
Münster, Germany) using 25 keV Bi3+ primary ions and low-energy electron flooding for
charge compensation. Positive and negative ion data were acquired with the instrument
optimized for either high mass resolution (bunched mode, m/Δm ≈ 3000, lateral resolution
3–5 μm) or high lateral resolution (m/Δm ≈ 300, lateral resolution 0.5–1 μm). Spectra and
images were generated using the SurfaceLab software (version 7.1, IONTOF GmbH).

Principal components analysis (PCA) of mass spectral data was conducted using the
Solo software (version 7.9.5, Eigenvector Research, Inc., Manson, WA, USA), employing
Poisson scaling and prior normalization of the peak intensities to the sum intensity of all
included peaks. The analysis included all major “eumelanin” peaks (43 in total) in the mass
range m/z 48–146 (see [49]). Reference spectra were acquired from pure calcium carbonate
(Sigma-Aldrich Sweden AB, Stockholm, Sweden), eumelanin (from Sepia officinalis; Sigma-
Aldrich Sweden AB) and synthetic eumelanin (Fisher Scientific GTF AB, Göteborg, Sweden).
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4. Results

4.1. FUM-N-17627

FUM-N-17627 comprises a pair of three-dimensionally preserved beetle elytra with a
faint metallic shine when visualized under conventional light (Figure 1A). At higher mag-
nification, the elytra consist of fragmented, dark-colored matter that is regularly perforated
by distinct pits (Figure 1B). SEM analysis further showed that the external surface of the
fragments has a hexagonal patterning (Figure 1C) similar to what can be observed in the
cuticle of extant beetles, whereas the internal surface is comparatively smooth (Figure 1D,E).
In the cross section, the cuticle appears largely amorphous, although the outermost portion
displays distinct layering (Figure 1F). When visualized under TEM, the broadly homoge-
nous internal texture is readily apparent (Figure 1G). Notably though, the elytra exhibit
an outer lamellar structure with a total thickness of about 500 nm that consists of at least
four electron-dense layers separated by thinner, more electron-lucent bands (Figure 1H). In
addition, two different electron-lucent features were observed under TEM: long, vertical
rifts (Figure 1G,H) and submicron fibrillary structures present predominantly in the ventral
(lower) part of the section (Figure 1I–K). Setae- and/or sensilla-like bristles (Figure 1L), and
features that may be related to the locking system that attaches the elytra to the thorax (see,
e.g., [50,51]) were also evident under SEM (Figure 1M,N).

 

Figure 1. FUM-N-17627 (Coleoptera). (A) The fossil elytra in dorsal view prior to sampling, display-
ing a faint metallic shine under conventional light. (B) Higher magnification of the dark matter from
the area demarcated in (A). (C) SEM micrograph of the external (outer) surface of the elytra. Note
hexagonal patterning and desiccation cracks. (D,E) SEM micrographs of the smooth internal surface
of the elytra. Note hexagonally arranged imprints in the sedimentary matrix neighboring the fossil
matter. (F) SEM micrograph showing a section through the predominantly amorphous cuticular
matrix. Note thin layers along the external margin of the elytra (indicated by an arrow). (G) TEM
micrograph depicting a vertical section through the elytra. Note largely amorphous interior save
for thin subvertical rifts (white arrows) and four electron-dense layers that alternate with thinner,
electron-translucent bands (black arrow). (H) Higher magnification of the thin structures (white arrow)
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and epicuticular layering (black arrow). (I) TEM micrograph highlighting undulating, electron-lucent
fibrillar nanostructures (arrows) in the otherwise largely homogenous cuticular matrix. (J,K) Higher
magnification of the structures depicted in (I) showing individual filaments. (L–N) SEM micrographs
depicting remains of putative seta, sensilla or microtrichia-like features. (O) SEM micrograph showing
the two mineral phases identified in direct association with the elytra. The fine texturing with distinct
polygonal imprints of the calcium-rich phase (white arrow) is clearly distinguishable from the more
coarse-grained iron-rich and silicon-rich phase (black arrow).

Associated with the inferred cuticular remains are two different sedimentary micro-
fabrics that display impressions from the fossil. One fabric appears dense with a regular
patterning, whereas the other one has less distinct hexagons, appears more granulate
(occasionally only as rounded crystals) and is significantly less coherent (Figure 1O).

EDX analysis revealed enrichment of carbon and sulfur in the beetle remains relative
to the surrounding sediment (Figure 2). Other investigated elements (e.g., Si, Fe and Ca)
are preferentially concentrated to the sediment. The two types of microfabrics that were
observed in close association with the elytral fragments differ in composition (Figure 2).
The dense mineral is enriched in calcium and oxygen (likely representing the enclosing
calcitic concretion), whereas the granulate phase is dominated by silicon, iron and oxygen.

 

Figure 2. SEM-EDX elemental maps obtained from the fossil beetle elytra (FUM-N-17627). C, carbon
(red); Ca, calcium (blue); Fe, iron (orange); Mg, magnesium (cyan); O, oxygen (purple); S, sulfur
(yellow); Si, silicon (green).

ToF-SIMS data obtained from the surface of the dark matter provided molecular
evidence for the presence of the pigment eumelanin (Figure 3). Melanin identification was
conducted by comparisons of negative ion spectra acquired specifically from dark-matter
areas with reference spectra obtained from synthetic and natural variants of eumelanin.
This procedure demonstrated a detailed spectral agreement both with regards to exact
m/z values and the relative intensity distribution of all major peaks associated with the
eumelanin molecular structure [29,34,52]. Furthermore, spectral comparisons of the fossils
and eumelanin standards by PCA that included all eumelanin-related ions indicated peak
intensity distributions of the beetle that are consistent with eumelanin standards (Figure S1).
Sulfur-containing organic ions were also associated with the dark matter of the fossil
(Figure 3C). Negative ion images further showed the presence of a material that displayed
high signal intensity from silica-related ions. Mass spectra extracted from theseareas
revealed a series of peaks corresponding to mixed (FeO)m(SiO2)n cluster ions, indicating
a mixed silicon/iron mineral phase (Figure 3E). Positive ion ToF-SIMS data confirmed
the presence of a mixed silicon/iron mineral phase and, furthermore, identified calcite as
the calcium-rich mineral (through detailed spectral agreement with a calcium carbonate
standard; Figure 3J). Positive ion data further showed the presence of calcium in the form
of Ca-containing organic fragment ions on the dark matter surface of the fossil (Figure 3G),
although calcium was not observed during our (less sensitive) EDX analyses.
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Figure 3. ToF-SIMS characterization of fossil beetle elytra (FUM-N-17627). (A–D) Negative ion
images representing (A) silica, (B) eumelanin and (C) organic sulfur, together with (D) an overlay
image in which silica is depicted in red, eumelanin in green and organic sulfur in blue. (E) Negative
ion spectra obtained from selected ROIs that correspond to the green (eumelanin) and red (silica)
areas in (D), respectively, where the spectrum from the green area is compared against reference
spectra of synthetic and natural eumelanin standards. The spectrum from the red area demonstrates
the generation of mixed cluster ions of silica and iron oxide. (F–I) Positive ion images representing
(F) the mixed silica/iron oxide phase, (G) Ca-containing organic complexes and (H) calcite, together
with (I) an overlay image in which silica/iron oxide is depicted in red and the Ca-containing organics
are green and calcite is in blue. (J) Positive ion spectra from the red, green and blue areas in (I). The
spectrum from the blue area is compared against a reference spectrum of calcite.
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4.2. FUM-N-11263 and FUM-N-10904

Both FUM-N-11263 (Hymenoptera; Figure 4) and FUM-N-10904 (Odonata; Figure 5)
are preserved as flattened yet fully articulated specimens. Under light microscopy, no
obvious internal structures were evident. Instead, the remains visible on the bedding
planes are interpreted as being solely cuticular in origin. In the wasp, cuticle fragments
are present only in parts of the fossil that are visibly dark-colored (i.e., the head, thorax,
wing veins and parts of abdomen). In addition, microtrichia—minute hair-like cuticular
protuberances with various functions [53]—can be seen covering nearly the entire wing
surface (Figure 4B). In the damselfly, fossilized the remains display color patterns and
variations in hue, ranging from black to brown (Figure 5A,B).

 

Figure 4. FUM-N-11263 (Hymenoptera). (A) Optical microscopy image of the fossil wasp with a
dark thorax and head, and yellow-tinted abdomen and legs displayed in lateral view. (B) Higher
magnification image showing brown pterostigma (arrow), a wing vein and the wing surface with
abundant microtrichia (arrowheads). (C) SEM micrograph of inferred cuticular fragments in the
pterostigma together with broken bristles (arrows). (D) Optical microscopy image of the narrow
section joining the thorax and abdomen, displaying differences in preservation between the dark-
colored matter and yellow-colored legs. (E) SEM micrograph of the area demarcated in (D) showing
inferred cuticular remains. (F) SEM micrograph of the ventral side of the abdomen with carbonaceous
spots (arrows) presumably representing relict cuticle.

 

Figure 5. FUM-N-10904 (Odonata). (A) The fossil damselfly displayed in oblique dorsal view under
conventional light. Note folded wings that rest on the abdomen, and apparent color patterns (e.g.,
pale shoulder stripes) on the legs and thorax. Arrow indicates location of Figure S3. (B) Close-up view
of the area demarcated in (A) (upper part of the thorax) displaying black- to brown-colored matter.
The latter is localized to the shoulder stripe. (C) SEM micrograph showing those microstructures that
produce the outline of the fossil. (D) Higher magnification SEM image of block-like cuticular vestiges.
(E) SEM micrograph of inferred cuticular residues in one of the legs.
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Elemental data from the two specimens (Figure 6) showed that only carbon and sulfur
were concentrated to the fossil remains, although this enrichment was rather weak in the
wasp. Trace elements, such as iron, occurred in low concentrations and were primarily
associated with the sediment.

 

Figure 6. SEM-EDX elemental maps obtained from (A) wing veins in the wasp, FUM-N-11263, and
(B) thorax of the damselfly, FUM-N-10904. C, carbon (red); Ca, calcium (blue); Fe, iron (orange); Mg,
magnesium (cyan); O, oxygen (purple); S, sulfur (yellow); Si, silicon (green).

Similarly to the beetle described above, the surfaces of the damselfly residues showed
strong spectral agreement with reference spectra of both synthetic and natural eumelanin
standards (Figure 7). In the wasp, however, a number of key nitrogen-bearing ions (at
m/z 50, 74, 98, 122 and 146) showed considerably weaker signal intensities compared to
the eumelanin standards, rendering confident molecular determination difficult. Spectral
comparisons of the fossils and eumelanin standards by PCA showed peak intensity dis-
tributions in the damselfly that were consistent with eumelanin standards, whereas they
clearly deviated in the wasp (Figure S1). Additionally, there were only minor differences
between the dark and yellow areas of the wasp and adjacent (inorganic) matrix (Figure S2).
In the damselfly, the sediment is composed mainly of silicate minerals with additional
particulate structures of iron oxide/sulfate (Figures 6B and 7), possibly representing former
pyrite framboids. The association between eumelanin and cuticular residues, as well as
iron oxide/sulfate and remnant framboids, was further demonstrated by superimposing
SEM and ToF-SIMS images of seta on the front leg of the damselfly (Figure S3; location
indicated in Figure 5A).
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Figure 7. ToF-SIMS characterization of the fossil damselfly (FUM-N-10904). (A–D) Negative ion
images representing (A) silica, (B) eumelanin and (C) iron oxide/sulfate, together with (D) an
overlay image in which silica is presented in red, eumelanin in green and iron oxide/sulfate in blue.
(E) Negative ion spectra from ROIs representing areas with high signal intensity from sediment-
related ions (red; top) and eumelanin-associated ions (green; bottom), respectively.

5. Discussion

Insects are generally considered as “soft” organisms that lack naturally biomineralized
body parts [54]. However, exceptional preservational conditions occasionally ensure the
long-term survival of these otherwise labile animal remains. Decay-prone tissues, e.g.,
musculature and internal organs, generally require early diagenetic mineral formation
to be incorporated in the fossil record [55,56]. Such mineral replacements can result in a
high degree of morphological fidelity that include retained three-dimensionality (e.g., [14]).
A variety of authigenic minerals are known to be involved in the fossilization of insect
carcasses, including pyrite [19,57], calcium carbonate [9], calcium phosphate [58,59] and
silica [60]. Alternatively, when authigenic mineralization does not occur, labile tissues can
be preserved as organic remains (e.g., [11,15,61,62]).

Although not biomineralized, insect cuticle is a relatively rigid material, something
that is attributed to sclerotization—a process in which the exoskeleton is hardened by
means of covalent crosslinking between protein molecules [54]. Our microscopic investiga-
tion revealed that the insect residues examined herein are exclusively cuticular in origin,
indicating that decay progressed until only such comparatively degradation-resistant body
parts remained. Our elemental data further showed a concentration of carbon and, to
a lesser extent, sulfur, associated with the fossil remnants, indicating that they are pre-
dominantly organically preserved. The elevated sulfur levels may indicate diagenetic
incorporation of environmental sulfur into the eumelanin molecular structure, a process
that has been suggested to enhance the recalcitrance and preservation potential of organic
materials ([63] and references therein). As indicated by previously published carbon isotope
compositions [47], the sea floor environment facilitated anaerobic microbial decomposition,
probably via sulfate reduction [47]. The sulfur produced during this process could have
contributed to the precipitation of pyrite [47]. However, although bacterial activity is
commonly inferred to be associated with pyritization, fossils preserved in pyrite have yet
to be reported from the Stolleklint Clay and Fur Formation to suggest that the conditions
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for widespread pyritization were not fulfilled in these deposits. Nonetheless, bacterial
biofilms have been postulated to have aided the preservation of Fur Formation insects
via protection from disintegration while the carcasses were sinking to the bottom [21,22].
Notably though, we did not find any evidence for microbial biofilms in our material.

The bulk of the organic matter in insect exoskeletons comprises a cross-linked chitin-
protein complex [54]. Traces of this complex have been reported mainly from comparatively
young fossils ([64–67] but see also [68]). In geologically older samples, original compo-
nents are thought to have transformed into more stable (poly)aromatic and aliphatic com-
pounds [61,69–72]. However, such geopolymers could not be reliably identified in our fossil
samples. Instead, our Eocene insects appear to consist predominantly of eumelanin (or
breakdown derivatives thereof). ToF-SIMS analyses of the beetle and damselfly provided
strong evidence for the presence of preserved eumelanin and, in addition, indicate that
this pigment constitutes a major fraction of the organic material in the cuticular residues.
In contrast, eumelanin could not be confidently identified in the wasp due the divergent
intensity distribution of nitrogen-bearing ions, which suggests further breakdown of the
eumelanin biomacromolecule. Melanins in the cuticle of insects not only contribute to
visual effects (color patterns) but also have other roles, including immunological defence
and UV-protection [73]. Furthermore, cuticle melanogenesis is also intimately linked to
the sclerotization process [74,75]. A tyrosine-mediated pathway is responsible for the
production of melanins in the cuticle, but when certain dopamine-derived intermediates
undergo crosslinking reactions with proteins, the tissue instead hardens (i.e., becomes
sclerotized [76]). In most cases, pigments are incorporated into the exoskeleton through this
process [75,76]. Despite a growing scientific interest in biochromes and colors of ancient
organisms, few studies have hitherto been directed towards pigment residues in fossil
insects (we are aware of only three publications in which an original biomolecule has been
chemically identified [5,77,78]).

It cannot be completely excluded that remains of other organic components are also
present in the fossil. For example, whereas eumelanin is preserved in a state that it is identi-
fiable by ToF-SIMS, other components (chitin, protein and other pigments) could have been
broken down into a heterogenous mixture of degradation products (e.g., aliphatic and aro-
matic hydrocarbons), each with a low concentration that could make it difficult to identify.
Furthermore, cuticular components such as chitin would most likely overlap spatially with
eumelanin in the sample, thereby preventing the possibility to extract spectra specifically
from these other components and, consequently, aggravating their identification.

Interestingly, in all three insects, body parts that likely were originally heavily melanized
appear to better preserve cuticular remains. For instance, in the wasp, cuticle fragments
were detected only in dark areas of the fossil (i.e., head, thorax and wing veins, as well
as in smaller spots on the abdomen). Conversely, the abdomen and legs (where such
fragments are not observed) were likely dominated by yellow-colored pigments and, thus,
may have lacked substantial eumelanin deposits [54,79]. Similarly, organic structures were
not observed to the same extent in the pale shoulder stripes of the damselfly, and the
elytra additionally seem to constitute the thick, heavily pigmented dorsal portion only (our
imaging analyses did not recover any evidence for the thinner ventral membranous part,
hemolymph cavities or trabeculae). These observations not only suggest that eumelanin
readily preserves, but also that it may constitute the bulk of the fossil remains or, alterna-
tively, that it provides properties to the fossilized tissues that facilitate their preservation.
Accordingly, we hypothesize that the lack of preserved cuticular remains in some areas of
the fossils was due to limited initial eumelanin deposits.

In recent years, chemical evidence of eumelanin has been documented in a broad
range of animal fossils from the laminated clay of the Stolleklint Clay and in calcareous
concretions of the Fur Formation [5,29–31,33,34]. The precise processes responsible for such
a widespread presence are, however, not yet fully understood. Still, the high preservation
potential of the biochrome is often attributed to its unique molecular structure. Experimen-
tal data indicate that it resists enzymatic and chemical degradation mechanisms [80–83],

214



Biology 2022, 11, 395

and enhances the strength of tissues and resistance to bacterial decay [84–86]. This may be
a consequence of its molecular bond arrangement that has the ability to absorb optical and
chemical energy and dissipate it as heat throughout the entire molecular structure, which
grants protection against UV-light and suppresses free radicals [29,87,88]. Such factors may
contribute to the retention of eumelanin in the fossil record by stabilizing it against decay
and providing an inherent resistance to diagenetic alteration [89]. Moreover, the relatively
mild geothermal conditions of the Stolleklint Clay and Fur Formation [90,91] presumably
limited breakdown (previous studies have indicated that elevated burial temperature is
a major factor controlling the preservation of eumelanin [92] as well as other molecular
components and structures in arthropods [11,61,66,69]).

The fossil beetle displays a higher degree of structural fidelity than the two other
fossils. The rigid cuticle of extant beetles contains internal lamination and multiple pore
canals [74]. In our specimen, however, the relict cuticle largely lacks internal laminae
and instead appears to be more-or-less amorphous. A similar condition has previously
been documented in both experimentally matured cuticles [69] and some fossil beetles [11]
and probably reflects degradation and alteration of the chitin–protein complex during
diagenesis [69]. Nevertheless, some conspicuous ultrastructural features were still observed
in the cuticular remains. The electron-lucent, subvertical structures closely resemble pore
canals (see [11], Figure 7C), and the submicron-scale fibril-like features (which, to our
knowledge, are previously undocumented in fossil insects) may represent remnant pore
canal filaments and/or chitin microfibrils (see [93], Figure 4E). Most notably, however, the
cuticle displayed a number of distinct epicuticular layers that correspond to multilayer
reflectors that create structural colors in extant insects. Structural colors have a long
evolutionary history [10,94,95] and are known to have roles in, e.g., camouflage, mating
and visual communication [96–98]. The photonic structures that generate these colors vary
extensively in morphology, but the most extensively studied mechanism is the multilayer
reflector. These reflectors consist of alternating layers with high and low refractive indices
that collectively interact with light [99] and are the most common features that produce
structural colors in modern beetles (often in the form of metallic shine or iridescence [97].
The multilayered structures can, for instance, be generated by stratified deposition of
pigments, such as melanins or pteridines, and chitin [95,100,101]. In rare cases, such
delicate structures are preserved also in fossil insects [10,11,102–104] and potentially can
reveal aspects of the original colors and their functions in these ancient animals [10,104].
Notably, all previous reports of fossilized structural coloration in insects are from lacustrine
deposits or amber [10,11,102–104], making this the first occurrence of preserved reflectors in
a fossil insect preserved in a marine setting. In addition to structural colors, the elytra also
provided molecular evidence of eumelanin. To the best of our knowledge, FUM-N-17627
represents the first fossil in which both structural colors and chemical evidence of a pigment
have been documented.

Associated with the beetle remains were calcium carbonate-dominated inorganics,
representing the entombing concretion, as well as a silicon- and iron-rich mineral. We
interpret the former as having formed early during diagenesis and been in close contact
with the fossil based on the pristine appearance of the hexagonal cuticular impressions.
This interpretation is further supported by our ToF-SIMS data, which show Ca-containing
organic fragment ions localized to the dark-colored fossil matter, indicating a calcium-rich
coating. Notably, calcium was not detected during our EDX analyses, suggesting that this
element is present only at the surface of the dark matter (considering the high surface sen-
sitivity of ToF-SIMS relative to EDX). Calcareous concretions are often considered to have
sheltered newly formed fossils from both dissolution and compressional effects [105,106].
Indeed, insect fossils of mo-clay deposits have been previously noted to be especially
well-preserved in concretions [1]; however, currently, further research is needed to better
understand what role rapid calcium carbonate encapsulation played in the fossilization
process. The formation of a silicon- and iron-rich mineral phase is evidently not associated
with all insects and, thus, might represent a temporary (and local) event of diatom break-
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down and/or an increased concentration of dissolved iron compounds, potentially from
nearby volcanic eruptions [56].

6. Conclusions

To gain a better understanding of the retention of insect body fossils in the rock record,
we investigated three exceptionally preserved specimens from the lowermost Eocene
Stolleklint Clay and Fur Formation of Denmark. Our analyses show that these fossils are
all preserved as organic but largely compressed remains of the exoskeleton. Specifically,
ToF-SIMS data obtained directly from the cuticle revealed clear evidence of the natural
pigment eumelanin, which seemingly dominates the dark-colored residues. Moreover,
the beetle elytra exhibit high morphological fidelity with several unique nanostructures.
Notably, TEM revealed remnants of an epicuticular multilayer reflector, a biophotonic
structure that produces structural colors in modern insects. Our fossils further indicate a
potential preservational bias: the preservation potential seems to be greatly diminished
in regions of the cuticle that lacked substantial eumelanin deposits. Eumelanin has an
inherent resistance to decay and, thus, may remain when most other components have
degraded or been lost during diagenesis. The results of our study provide novel insights
into the taphonomy of insect assemblages preserved in marine paleoenvironments.
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Simple Summary: A new for paleontology method has been applied to study the orientation distri-
bution of the crystals that compose the fossils of mollusk shells. The method is based on the use of
neutrons with high penetrating power and makes it possible to study bulk shells without destroying
them. In this work, we studied how the habitat conditions and the process of fossilization influenced
the distribution of shell crystallite orientations. It was possible to establish a relationship between the
distribution of orientations and the shape of the shells.

Abstract: It is assumed that the crystallographic texture of minerals in the shells of recent and fossil
mollusks is very stable. To check this, it is necessary to examine the shells of animals that had lain in
sediments for millions of years and lived in different conditions. It is revealed that the crystallographic
texture of calcite in the shells of Gryphaea dilatata from deposits from the Middle Callovian–Lower
Oxfordian (Jurassic), which lived in different water areas, is not affected by habitat conditions and
the fossilization process. The crystallographic texture was studied using pole figures measured by
neutron diffraction. The neutron diffraction method makes it possible to study the crystallographic
texture in large samples—up to 100 cm3 in volume without destroying them. The recrystallization
features of the G. dilatata valve, which affect the crystallographic texture, were discovered for the first
time. This is determined from the isolines appearance of pole figures. The crystallographic texture of
the G. dilatata mollusks’ different valves vary depending on their shape. The pole figures of calcite
in the thick-walled valves of G. dilatata, Pycnodonte mirabilis, and Ostrea edulis are close to axial and
display weak crystallographic texture.

Keywords: Gryphaea dilatata; crystallographic texture; pole figures; neutron diffraction; recrystallization;
thick-walled shells

1. Introduction

Bivalve mollusks from the family Gryphaeidae were a frequently occurring fauna
element in the seas of the Middle and Late Jurassic of the East European Platform. The most
common and numerous were the species of the genus Gryphaea Lamarck, 1801. The shells
of these mollusks were large and thick-walled. At the same time, the left valve is strongly
convex with a curved umbo, while the right one is flattened. Such a shell was necessary
as a passive defense against predators (on 169 valves of Gryphaea dilatata Sowerby, 1816
from the Callovian deposits near the village of Sukhochevo (Oryol region, Russia), where
only one trace of a predator attack was found); it well withstood abrasion in shallow water
due to wave activity, and thickened walls coalesced better when jars were formed. The
microstructure of gryphaea valves is shown through numerous layers of plates. Such a shell
organization turned out to be very evolutionarily successful; therefore, the genus existed
from the Late Triassic to the Paleogene [1]. A similar adaptation was also characteristic of
the Cenozoic Gryphaeidae, and it also manifested itself within the closely-related bivalve
family, Ostreidae.
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The shells of recent and fossil Ostrea edulis Linnaeus, 1758 (Ostreidae family), consist of
calcite. The microstructures of the family Ostreidae representatives are well studied [2–4].
The crystallographic texture of calcite is also known for O. edulis valves [5]. Earlier, it
was shown [6] that there is no direct connection between the type of microstructure and
crystallographic texture, which is why we do not pay much attention to microstructure in
the present study.

Crystallographic texture is a collection of orientations of a polycrystalline sample. The
shells consist of calcium carbonate polycrystals and are characterized by the anisotropy of
physical and mechanical properties, which is closely related to the preferred orientation
(texture) of their grains. Texture is formed during shell growth and can be influenced by
various environmental factors. Recently, an attempt has been made to study the effects of
the elemental content of the shells of the bivalve mollusks, Mytilus galloprovincialis Lamarck,
1819, on their crystallographic texture [7].

Quantitative information about crystallographic texture is contained in measured
pole figures, which are two-dimensional distributions of relative volumes for specific
crystallographic directions on a unit sphere [8]. Values on a pole figure are given in mrd
(multiple random distribution) units. The value 1 corresponds to the uniform isotropic
distribution of crystalline orientations. Most pole figure measurements of shells are carried
out by means of X-rays or electron backscatter diffraction (EBSD) [9–15]. However, these
techniques are very local because of the low penetrating power of these radiations into
matter. The much greater penetration depth of neutrons in the sample material allows for
the investigation of centimeter size samples in transmission geometry, which yields non-
destructive texture measurements. Moreover, X-ray or EBSD techniques allow us to study
a relatively small part of a valve, while neutron diffraction allows us to measure almost the
whole bulk shell [16]. Complete pole figures can be obtained without intensity corrections
by means of neutron diffraction; the grain statistics are better, which is of particular interest
for coarse-grained samples [17].

The arrangement of crystals in recent shells of O. edulis is not highly ordered, i.e.,
the texture is not too sharp—up to 2.53 mrd—compared to calcite from the shells of
recent mussels, such as M. galloprovincialis—which are up to 12.53 mrd [18]. It should
be emphasized that these numbers were obtained for the whole bulk shells. It can be
suspected that the thickened shell of fossil mollusks may have a more ordered texture,
which is necessary to preserve its integrity. In this regard, gryphaea shells were selected
from three localities in order to solve several problems of the crystallographic texture
evaluation of the mineral matter of these mollusks’ valves.

Previously, we compared the textures of calcite and aragonite in the shells of recent
mussels and oysters from different parts of the areal and geologic ages, but only with a
difference of 30 thousand years [18].

The purpose of this work is to compare the crystallographic texture of the valve’s
mineral matter of the bivalve mollusks, G. dilatata, from three remote localities that have
been formed under different diagenetic conditions.

The objectives of the study included:

1. Determination of the crystallographic texture sharpness of the G. dilatata mineral substance;
2. Assessment of the influence of various habitat conditions and diagenetic processes on

the texture;
3. Reveal the crystallographic texture dependence on the valve shape;
4. Reveal the texture similarity in two representatives of the Gryphaeidae family;
5. A comparison of recent and fossil valves of O. edulis;
6. Reveal the common features of the crystallographic texture in thick-walled shells.

2. Materials and Methods

The bivalve mollusk shells of G. dilatata were chosen as objects to study. This is a
widespread species whose shells are found in large amounts in Jurassic deposits. Large
samples of adult mollusks have been studied. They were measured one at a time since
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they contained sufficient substance for analysis. Both convex-left and flattened-right valves
were studied.

Figure 1 displays the locations of the collected samples. Valves from the Mikhailovsky
quarry near Zheleznogorsk Town (Kursk region, Russia) from the deposits of the Callovian
stage of the Middle Jurassic were studied. The valves collected from the quarry near the
village of Sukhochevo (Oryol region, Russia) are also from Callovian deposits. Only left
valves of this type were found in the urban quarry of Roshal Town (Moscow region, Russia)
(Figure 2a–f). All valves were easily extracted, so they did not need to be cleaned. The
complex of accompanying gryphaea fauna was analyzed to determine the geologic age.

 

Figure 1. Collection locations of Gryphaea dilatata Sowerby, 1816: 1—Kursk region, near the town
of Zheleznogorsk, Mikhailovsky quarry; 2—Oryol region, Kromy district, sand quarry near the
village of Sukhochevo; 3—Moscow region, Shatura district, sand quarry on the outskirts of the town
of Roshal.
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Figure 2. Valves of studied Gryphaea dilatata Sowerby, 1816: (a) left valve, (b) right valve, Kursk
region, near Zheleznogorsk, Mikhailovsky quarry, Middle Jurassic, Middle–Upper Callovian;
(c) left valve, (d) right valve Oryol region, Kromy district, sand quarry near the village of Sukhochevo,
Middle Jurassic, Middle Callovian; (e) left valve, Moscow region, Shatura district, sand quarry on
the outskirts of the town of Roshal, Middle Jurassic, Callovian–Upper Jurassic, Lower Oxfordian;
(f) left valve with a white friable layer on the surface, Oryol region, Kromy district, sand quarry near
the village of Sukhochevo, Middle Jurassic, Middle Callovian; (g) left valve of Pycnodonte mirabilis
Rousseau, 1842, Crimea Peninsula, Upper Cretaceous, Maastrichtian; (h) right valve of Ostrea edulis
Linnaeus, 1758, the coast of the Arabatsky Gulf of the Azov Sea in the town of Shchelkino (Crimea
Peninsula), Pleistocene, Karangat deposits; (i) right valve of Ostrea edulis Linnaeus, 1758, coast near
the village of Maly Utrish, Black Sea, recent.
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To compare with gryphaeas, the left valve of Pycnodonte mirabilis Rousseau, 1842, was
found (Figure 2g). The genus, Pycnodonte Fischer von Waldheim, 1835, also belongs to the
family, Gryphaeidae [1]. The valve comes from the Upper Cretaceous, the Maastrichtian
deposits of the Crimea Peninsula. A comparison with recent (coast near the village of Maly
Utrish, Black Sea; Portugal, port of Lagos) and fossil oysters (coast of the Arabat Bay of
the Azov Sea near the town of Shchelkino, Crimea Peninsula; Chushka Spit, coast of the
Taman Peninsula—Pleistocene, Karangatian layers) of O. edulis was carried out according
to a previously published paper [18] (Figure 2h,i).

The valves were glued to glass pins with a special two-component adhesive. The
pole figures presented in this paper were measured at the Frank Laboratory of Neutron
Physics of the Joint Institute for Nuclear Research (Dubna, Russia). The SKAT texture
diffractometer located on channel 7-A of the IBR-2 pulsed nuclear reactor was used [5]. The
seventh channel has a long flight base (more than 100 m long), which leads to the good
spectral resolution of SKAT. Due to the pulse nature of the neutron flux, the diffractometer
implements a time-of-flight measurement technique. SKAT consists of a detector ring
(diameter of 2 m) on which 19 detector-collimator complexes are located at the same
scattering angle of 2θ = 90◦.

A sample is rotated 360◦ with a step of 5◦ about the horizontal axis with an angle of 45◦
with respect to the incident neutron beam. Rotation is carried out using a goniometer. Thus,
1368 diffraction patterns are recorded during each sample measurement. It should be noted
that due to the time-of-flight technique, the pole figures of all minerals (phases) present in
the sample are measured simultaneously, i.e., extracted from the same patterns. A neutron
beam cross section of 50 × 90 mm makes it possible to measure large samples of up to
100 cm3. Such experimental conditions provide the following advantages: measurements
at the same scattering angles lead to the same position of the same diffraction reflections for
all detectors, which allows us to avoid corrections. Moreover, since the detector modules
are located on the ring at angles of 0◦ to 180◦, one rotation about the horizontal axis of
the goniometer is sufficient to measure complete pole figures. One more advantage of
neutron texture measurements is that the sample surface does not need to be prepared in
a special way. This is due to the results being influenced the whole volume of a sample—
and not just the surface—because of the high penetration power of neutrons. The most
intense, non-overlapped diffraction reflections from each of the recorded patterns were
analyzed using the Pole Figure Extractor program [19] to determine the distribution of
the corresponding crystallographic planes of the valves. The intensity of one reflection,
corresponding to a crystallographic plane with certain Miller indices, gives one point on
the pole figure, which is indicated by these indices. To extract the pole figures, we used an
approach based on the approximation of diffraction reflections by a bell-shaped distribution,
since the signal-to-background ratio was quite high [20]. All pole figures were normalized
and smoothed with the same parameter [21]. The most intense diffraction reflections that
correspond to crystallographic planes with Miller indices (0006) and (10–14) for calcite were
analyzed. The more ordered the mineral crystals were, the higher the intensity was on the
pole figure (pole density), which is expressed in units of isotropic orientation distribution
(multiple random distribution, mrd). An increase in pole figure intensity is interpreted
as texture intensification. When the value of the pole density is equal to 1, it means that
the corresponding crystallographic planes are uniformly distributed in the sample in all
directions. The analysis was carried out according to the interpretation of the maximum
sharpness and the isolines pattern of the pole figures with the Miller indices, (0006) and
(10–14). The pole figures are presented by stereographic projections. The stereographic
projection is obtained from the spherical one by means of projecting the sphere point onto
the equatorial plane. The position of a given pole on the sphere is commonly characterized
in terms of two angles. The angle χ describes the inclination of the pole, where χ = 0◦ is
the north pole of the unit sphere and the angle ϕ characterizes the rotation of the pole, as
shown in Figure 3.
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Figure 3. Pole figure construction using stereographic projection. XYZ is a Cartesian coordinate
system. χ is the polar angle of a direction in the space, whereas ϕ is the azimuth angle. Point P is the
stereographic projection of a point from the northern hemisphere.

To project a point from the northern hemisphere, it should be connected by a ray with
the south pole. The intersection of the projecting ray with the projection plane gives the
stereographic projection of this point (point P in Figure 3). The pole figures are usually
collected by varying the angle of rotation ϕ and the tilt angle χ, where ϕ and χ are varied
from 0–360◦ and 0–90◦, respectively. Thus, the intensity of a particular Bragg reflection
measured under varying sample orientations yields an intensity distribution I (hkl) as a
function of the χ and ϕ angles over a sphere, which defines the crystallographic orientation
distribution of the grains in the shell. This way, the pole figure represents a variation of the
pole density for a selected set of crystallographic planes.

The shell microstructure was recorded using Tescan Vega 2 (Czech Republic, Brno)
and CamScan-4 (Cambridge, UK) scanning electron microscopes (Borissiak Paleontological
Institute, Russian Academy of Science, PIN RAS). Belemnite rostra was scanned with gold
spraying, whereas the bivalve mollusks were scanned without spraying in a low vacuum.
We used the results of the X-ray microtomography of ferruginous belemnite rosters from the
Upper Jurassic deposits of the Volgian stage (Kuntsevo-Filyevsky Park, Moscow, Russia),
using a Skyscan 1172 microtomograph (Belgium, Kontich) (PIN RAS), to demonstrate the
effect of iron minerals on calcite. The measurements were carried out with a resolution of
3–30 μm, current of 100 mA, voltage of 103–104 kV, rotation angle of 0.7◦, rotation by 180◦,
frame averaging of 8, random movement of 10, and filter Al (1 mm). The NRecon program,
version 1.6.4.1 (Bruker, Belgium, Kontich) was used for visualization.

The photographs for Figure 2c,d were taken by S.V. Bagirov (PIN RAS), and the rest
were by A.V. Pakhnevich.
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3. Results

3.1. Determination of the Shells’ Geologic Age

The species, G. dilatata, were found in the Middle and Upper Callovian and Lower
Oxfordian deposits of the Central part of European Russia [22]. Information about the
geologic age of the valves was obtained from fauna assemblages collected together with G.
dilatata, and from the literature [22,23]. The associated fauna was not extracted along with
the valves collected in the Mikhailovsky quarry (Kursk region), so their age was determined
according to the data from the book [22]. In this locality, G. dilatata are found in clay deposits
above the Lower Callovian, that is, they may belong to either the Middle or Upper Callovian
layers. Together with mollusk shells, the following fauna complex was found in the locality
near the village of Sukhochevo, namely bivalves such as G. lucerna Trautschold, 1862; G.
russiensis Gerasimov, 1984; Nanogyra nana Sowerby, 1822; Pholadomya murchisoni Sowerby,
1827; Deltoideum hemideltoideum Lahusen, 1883, Goniomya sp.; traces of vital activity from
drilling bivalve, Lithophaga antiquissima Eichwald, 1860; rare fragmentary small rostra of
belemnites Cylindroteuthis okensis Nikitin, 1885; and fragments of ammonite shells from
Erymnoceras sp.; Indosphinctes mutatus Trautschold, 1862; Hecticoceras sp. (determined from
a gryphaea imprint); and Kosmoceras sp. (one of the specimens was identified by a gryphaea
imprint). There are numerous drillings on the gryphaea shells. There were also fragments of
charred, silicified, and pyritized wood. Due to the presence of species such as P. murchisoni,
I. mutatus, Erymnoceras sp., D. hemideltoideum and C. okensis, the Middle Callovian age
(Middle Jurassic) was determined.

The complex of fauna and flora from the location on the outskirts of the town of Roshal
is different. It contains trace fossils (burrow filling); fragments of shells and internal casts;
imprints of ammonites, of which only Amoeboceras sp. has been identified; rare tubes of
annelids, such as Serpulidae; single teeth from sharks, such as Sphenodus stschurowskii Kipri-
janoff, 1880; numerous shells from scaphopod mollusks, Laevidentalium gladiolus Eichwald,
1846; silicified fragments from crinoid stems (probably redeposited from Carboniferous);
numerous drillings of gryphaea shells, among which there are barnacles’ drillings; bivalves
such as Astarte cordata Trautschold, 1861; Cosmetodon sp.; Astarte sp. cf. A. duboisiana
d‘Orbigny, 1845; A. cf. panderi Rouillier, 1847 (as well as numerous unidentifiable shell
fragments belonging to other species); gastropods such as Actaeon frearsiana d‘Orbigny, 1845;
Bourgetia reticulata Gerasimov, 1992; Oonia calypso d‘Orbigny, 1850; belemnites C. okensis;
C. oweni Pratt, 1844; C. subextensa Nikitin, 1884; Hibolites hastatus Blainville, 1827; Hibolites
sp.; and wood fragments. Most likely, the fossil remains of the Callovian (Middle Jurassic)
and Oxfordian (Upper Jurassic) are mixed in the deposit, possibly even with Volgian forms
(Upper Jurassic), but this is unconfirmed data since the finding of the Volgian Astarte sp. cf.
A. duboisiana and A. cf. panderi does not inspire complete confidence. Species such as A.
cordata, Ac. frearsiana, and Oo. calypso are Callovian–Oxfordian [22,23]. However, there are
also pure Callovian species, for example, B. reticulata, C. okensis, C. oweni, C. subextensa, and
H. hastatus, as well as pure Oxfordian ones, for example, S. stschurowskii and La. gladiolus.
It is highly likely that the gryphaeas are of early Oxfordian age, since the fauna found in
the Oxfordian deposits predominates the exclusively Callovian deposits. Therefore, the
geologic age of G. dilatata from the Mikhailovsky quarry, which is near the town of Roshal,
and the ones near the village of Sukhochevo may not coincide.

3.2. Analysis of the Diagenesis Features

The thicknesses of sediments located above the layers with gryphaea shells differ. It is
about 10 m in the Roshal quarry, about 20 m in the Sukhochevo quarry, and at least 25 m in
the Mikhailovsky quarry. The rocks where the shells of the mollusks were deposited also
differ. They were found in bluish-gray clays in the Mikhailovsky quarry, whereas in the
Sukhochevo quarry, they were found in dense layers of ferruginous sand—less often in
gray clays—and in loose sands in the Roshalsky quarry.

Given this, in different localities, the pressure of the overlying sediments, the character-
istics of the host rock, and the degree of shell ferrugination differ, which, as will be shown
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below using the example of belemnites, can be of great importance for the preservation of
the shell material.

The valves of G. dilatata were fossilized under various conditions. This can be seen
from the preservation features of fossil material. Furthermore, the gryphaea valves from
the Mikhailovsky quarry are well preserved. There are almost no drillings of organisms
that could be produced not only in vivo, but also posthumously. The shells are dark grey,
and small crusts of pyrite (FeS2) have been observed on the outer surface.

The valves of the gryphaeas have a light-gray color in the location near the village of
Sukhochevo. They contain many perforations, the largest of which belong to the bivalve
mollusks, L. antiquissima. On the surface of the valves and inside the shell substance, there
are traces of ferruginization—sometimes very significant. In this case, the valves become
almost completely reddish in color. Some valves are covered with a friable carbonate crust,
the origin of which is discussed below (Figure 2f). Possibly, this is one of the surface friable
shell layers that was destroyed posthumously.

The valves of the gryphaeas are also light gray in the locality near the town of Roshal.
They also have traces of drilling, and in particular, barnacles. Signs of ferruginization are
also observed, and some valves have a yellowish-red color or spots on the surface. However,
the degree of ferruginization is less than in the locality near the village of Sukhochevo.

3.3. Features of Crystallographic Texture

Only calcite is found in all shells. Other minerals/impurities, including iron minerals—
for example, pyrite—are contained in small amounts that do not exceed the resolution of
the method. We characterized the crystallographic texture through two measured pole
figures for each sample. A pole figure is a two-dimensional function on a unit sphere. For
crystallographic texture comparison, we used the maximum values on a pole figure with
(0006) and (10–14) Miller indices. Moreover, we also analyzed a pole figures’ isoline pattern.
As soon as we determined that G. dilatata valves could be either convex or flattened, we
compared them separately to exclude the sample shape influence.

The sharpest crystallographic texture is observed in G. dilatata from the Zhelezno-
gorsk quarry, 2.04 mrd, for the convex left valve of shell. In other cases, it varies from
1.95–1.97 mrd. The differences in these values are minimal. We have previously estab-
lished [18] that for the mussels, Mytilus galloprovincialis Lamarck, 1819, it varies within
1.03 mrd, depending on the habitat. Therefore, these values seem insignificant. The val-
ues of the pole density sharpness on the pole figure (10–14) are smaller; they vary from
1.43–1.51 mrd. At the same time, the highest value was revealed for the shells collected in
the quarry near the village of Sukhochevo. Furthermore, in this case, the range of variation
is very small (Figure 4).

From the point of view of the isoline distribution, the pole figures can be characterized
as follows. The distribution of the pole density for both pole figures has a horseshoe shape
with two centers of greatest sharpness. There are isolines with a minimal pole density
almost at the edges of the pole figure, (0006). On pole figure (10–14), similar isolines
are located on the sides. A similar pattern is observed in valves from all three localities
(Figure 4). Separately, it is necessary to consider the left valve of G. dilatata with a friable
carbonate layer on the outer surface from the quarry near the village of Sukhochevo. The
maximal sharpness of the pole density is 1.96 mrd (pole figure (0006)) and 1.55 mrd (pole
figure (10–14)). In the first case, this falls within the considered range for other valves; in
the second case, it slightly exceeds the maximum value by 0.05 mrd (Figure 5).
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Figure 4. Pole figures of Gryphaea dilatata Sowerby, 1816, from different locations: (a) Calcite pole
figures of the left valve of Gryphaea dilatata Sowerby, 1816, Kursk region, near town of Zheleznogorsk,
Mikhailovsky quarry, Middle Jurassic, Middle–Upper Callovian; (b) Calcite pole figures of the right
valve of Gryphaea dilatata Sowerby, 1816, Same; (c) Calcite pole figures of the left valve of Gryphaea
dilatata Sowerby, 1816, Oryol region, Kromy district, sand quarry near the village of Sukhochevo,
Middle Jurassic, Middle Callovian; (d) Calcite pole figures of the right valve of Gryphaea dilatata
Sowerby, 1816, Same; (e) Calcite pole figures of the left valve of Gryphaea dilatata Sowerby, 1816,
Moscow region, Shatura district, sand quarry on the outskirts of the town of Roshal, Middle Jurassic,
Callovian–Upper Jurassic, Lower Oxfordian.
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Figure 5. Calcite pole figures for the left valve of Gryphaea dilatata Sowerby, 1816, with a friable white
surface layer, Oryol region, Kromy district, sand quarry near the village of Sukhochevo.

The red arrow shows the area of anomalous sharpness maxima.
The distribution of the pole density on pole figure (0006) also has a horseshoe shape,

but with three centers of greatest sharpness—one of them being more pronounced than
the others. Differences are also noted for pole figure (10–14), namely a small maximum
with coordinates (χ = 90◦, ϕ = 45◦) is present at the edge of the pole figure, which was not
observed for other valves. The microstructure of gryphaeas valves is foliate (Figure 6a,b),
and the plates are composed of foliated calcite crystals, as was shown previously [24,25].

When analyzing the outer layer using an electron microscope, it was revealed
(Figure 6c) that the friable substance contains elements of the microstructure in the form
of separate and grouped plates. There are also clusters of irregularly-shaped globules.
The rest of the substance is a continuous mass without any order of elements. Since no
fundamental differences are found in the crystallographic texture of the valves, the friable
layer on the valve surface may refer to shell material, which was possibly modified to
some extent. However, it is absent for most shells; this layer was probably destroyed
posthumously. The absence of foulers on the surface of all shells is associated with this
fact, although the valves of these mollusks could potentially be a good place for various
organisms to settle. During the diagenesis process, the layer where the foulers were located
collapsed, and there were not even traces of their presence. However, there are drillings
from organisms that could extend to different depths of the shell material, including the
inner valve surfaces. Moreover, drillers could perform them after the mollusk’s death.

The pole figures of (10–14) for the G. dilatata valve with a friable carbonate layer from
the Sukhochevo quarry and the valve from the Roshal quarry are very similar in their
isoline patterns. However, we confirmed the presence of valve recrystallization by the SEM
method in the first case, whereas we can only assume this in the second case.

A different pattern of crystallographic texture was observed for slightly-concave
right valves from two localities: the Zheleznogorsk quarry and the quarry near the
village of Sukhochevo (Figures 2b,d and 4b,d). The texture sharpness for pole figure
(0006) varies from 4.63–5.08 mrd, whereas for pole figure (10–14), it varies between
1.75–1.77 mrd. That is, both values are higher than those of strongly-convex left valves.
Given this, the crystals from the right valves are more ordered. This can also be seen by the
isoline distributions on the pole figures. The center of the pole density maxima is localized
close to the central parts of the pole figures. Most of the isolines are circular. The center of
the pole density maxima is bifurcated on pole figure (10–14), and the crystal distribution
is very dependent on the valve shape. Given this, it was probably easier for mollusks to
arrange calcite crystals in a thick, almost flat, valve than in a thick, strongly-convex one.
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Figure 6. Microstructure of valves of the Gryphaea dilatata Sowerby, 1816: (a,b) split of the left valve;
(c) friable white layer, the white arrow shows the elements of the microstructure, Oryol region, Kromy
district, sand quarry near the village of Sukhochevo, Middle Jurassic, Middle Callovian.
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A similar pole figure (0006) is known for mussels of the genus, Mytilus Linnaeus, 1758.
This pole figure looks like deformed circles inscribed in each other, which are located offset
from the center. However, its sharpness is much higher, up to 15.72 mrd, for Pleistocene
representatives of the species, M. galloprovincialis [17] (Figure 7).

 
Figure 7. Calcite pole figure (0006) of the valves of Mytilus galloprovincialis Lamarck, 1819, Tuzla Spit,
Kerch Strait, Pleistocene, Karangat deposits.

It is interesting to compare the crystallographic texture of studied G. dilatata valves
with the texture of thick valves from closely-related mollusks. To do this, recent mollusks,
such as O. edulis, from the close family, Ostreidae, and the left valve of the mollusk, P.
mirabilis— family Gryphaeidae—were taken from the Maastrichtian deposits of the Crimea
Peninsula. The left, thick-walled valve of P. mirabilis was studied. It is convex in shape
(Figure 2g), but not as strongly as the left valves of G. dilatata. The shell contains only calcite.
Its pole figure (0006) (Figure 8a) is very similar to figure (0006) of the almost-flat right
valves of G. dilatata, and the calcite crystals are less ordered. The pole density maximum
of pole figure (0006) of the P. mirabilis left valve is 2.41 mrd, while this value varies for the
right G. dilatata valves—within 4.63–5.08 mrd. The isoline pattern of pole figure (10–14) is
similar to that of the same pole figure of G. dilatata right valves. The pole density maximum
is 1.39 mrd, which is less than in the left valves of G. dilatata. Moreover, the pole density
sharpness of both P. mirabilis pole figures are much less than one in the right valves of G.
dilatata, although the pole figures have similarities. Thus, with an increase in the convexity
of the thick-walled valves, the sharpness of the crystallographic texture decreases. The pole
figures of the left valves differ significantly, although the values of the greatest sharpness
either coincide, or are very close, for related genera from the same family.
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Figure 8. Calcite pole figures of thick-walled valves from fossil bivalves: (a) left valve of Pycnodonte
mirabilis Rousseau, 1842, Crimea Peninsula, Upper Cretaceous, Maastrichtian; (b) right valves of
Ostrea edulis Linnaeus, 1758, the coast of the Arabatsky Gulf of the Azov Sea in the town of Shchelkino
(Crimea Peninsula), Pleistocene, Karangat deposits; (c) right valves of Ostrea edulis Linnaeus, 1758,
Taman Peninsula, Chushka Spit, Pleistocene, Karangat deposits.

The shells of recent oysters also consist of calcite and have a variable, flattened, or
convex shape with various elements of radial and concentric sculpturing on the shell’s
surface. The maximum values of pole figure (0006) of the recent oysters, O. edulis (Black
Sea, Maly Utrish), right valves are 2.49 mrd (Figure 9a), and 2.38 mrd for pole figure (10–14).
For the left valve of O. edulis (port Lagos, coast of Portugal), the same values are 2.53 and
1.93 mrd, respectively (Figure 9b). The range of sharpness variation, as in the case of
gryphaea, is small. For recent oysters, the sharpness values are slightly higher than the
ones in the left valves of G. dilatata, and significantly lower than the same values for pole
figure (0006) of the flat right valves of gryphaeas. For fossil oysters (right valves) of the
same species from Pleistocene deposits, the maximum sharpness of pole figure (0006) varies
in the range of 1.86–2.12 mrd, while that of pole figure (10–14) varies from 1.5–1.77 mrd
(Figure 8b,c). The ranges of variation are also small. The maximal pole figure values are
less than those of recent oysters, which has already been noted [18]. The largest sharpness
values of the pole figure (0006) for G. dilatata left valves (Figure 4) and the Pleistocene O.
edulis right valves (Figure 8b,c) are almost the same, and for pole figure (10–14) of G. dilatata
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they are slightly lower, although the largest value is smaller than the lower ones of the
range for the fossil O. edulis. A comparison of the right and left valves of oysters is justified,
given that the left and right valves of O. edulis differ a little in shape and sculpture. The
isoline patterns on the pole figures of both valves are also slightly different.

Figure 9. Calcite pole figures of the thick-walled valves of Ostrea edulis Linnaeus, 1758: (a) right valve,
coast near the village of Maly Utrish, Black Sea; (b) left valve, Portugal, coast near the port of Lagos.

The calcite pole figures (0006) of the left and right valves of recent oysters remained an
arc according to the isoline pattern (Figure 9), but with different curvature degrees. In this
way, they are similar to the ones for the pole figures of the G. dilatata left valves. However,
the latter ones have a much stronger isoline curvature on the pole figure’s central part.

The calcite pole figure (0006) of recent oysters from the coast near the village of Maly
Utrish is very close to the same pole figure of the G. dilatata right valve and the P. mirabilis
left valve. The isolines of this pole figure have an almost circle shape, but the central part
is divided into three unequal sectors, the larger of which is depressed, which gives it the
shape of a wide, short arc. The calcite pole figure (10–14) of oysters has several circles or
ovals inscribed into each other in the central part (Figure 9).

4. Discussion

The Jurassic G. dilatata bivalves turned out to be a very good object for studying the
influence of habitat and fossilization conditions on their calcite crystallographic texture.
The studied shells were found at a distance of tens (Mikhailovsky and Sukhochevo quarries)
and hundreds (Roshal and Sukhochevo, Mikhailovsky and Roshal quarries) of kilometers
from each other, that is, the mollusks lived in different water areas under different habitats.
G. dilatata from the quarries near the village of Sukhochevo and Mikhailovsky could have
lived at about the same time, and the mollusks from the quarry near the town of Roshal
are slightly younger than the other samples. Since even Callovian G. dilatata can come
from different substages (Middle and Upper), the habitats at different times are unlikely
to be the same. In addition, by the beginning of the Late Jurassic, the sea-bay, which was
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on the territory of the Russian platform, became more open, connecting with other water
areas [26]. This affected the change in habitat for example, resulting in an increase in salinity,
or the transition of terrigenous bottom sediments to calc-terrigenous ones. In addition, the
presence of a large amount of charred and pyritized wood in the Sukhochevo quarry is
evidence of the coastal strip’s proximity, which means an increased drift of terrigenous
material into the sea basin.

The degree of ferruginization and calcite replacement with iron minerals differs for
grypheas from different localities. This diagenetic factor can significantly affect the mi-
crostructure of a fossil, as was observed in the case of belemnite rostra from the Kuntsev–
Filyovsky Park in Moscow (Upper Jurassic deposits, Volgian stage) (Figure 10).

Figure 10. Surface and internal microstructure of belemnite rosters (Upper Jurassic, Upper Volgian;
Moscow, Kuntsevo–Filyevsky Park) substituted and unsubstituted with iron minerals: (a) transverse
split of belemnite rostra not substituted with iron minerals, scale is 100 μm; (b) surface of belemnite
rostra not substituted with iron minerals, scale is 30 μm; (c,d) microstructure of the rostrum sub-
stituted with iron minerals, scales are 100 and 10 μm, respectively; (e) virtual section of a growth
fragment substituted with iron minerals, X-ray microtomography, almost all calcite structures are
destroyed inside, scale is 100 μm; (f) transverse virtual section of a belemnite roster not substituted
with iron minerals, X-ray microtomography, scale is 1 mm; (g) transverse virtual section of the
belemnite rostrum substituted with iron minerals, X-ray microtomography, scale is 1 mm.
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Despite this, the pole figures of all studied G. dilatata samples are very similar in terms
of the isoline pattern, that is, the habitat and fossilization conditions affected the crystallo-
graphic texture very little. Moreover, the pole figures of the samples from different places
differ very slightly according to the largest texture sharpness values. This is illustrated
by two calcite pole figures, (0006) and (10–14). The most variable sharpness values are
observed for pole figure (0006), so it is the most significant for the analysis of the different
influences on the crystallographic texture.

The only deviation from the general trend is the left valve of the gryphaea with a
friable carbonate surface layer. Despite this, the values of the maximum texture sharpness
coincide for this valve and the rest of the left ones. However, there are differences in the
pole figures’ isoline patterns. An additional peak of maximum sharpness on two pole
figures is likely associated with the recrystallization of the valve surface layer, which is also
confirmed by microstructure studies. That is, the fact of recrystallization was reflected not
in the maximum texture sharpness values, but in the isoline pattern, since the recrystallized
layer contains weakly-oriented crystals, and the most strictly-oriented crystals are located
in the remaining layers—which all valves have. This is why the values of maximum
sharpness are almost the same.

Using the gryphaeas, it is possible to observe how different parts of the skeleton—in
this case, the valves—of the same organism have significant differences in crystallographic
texture. These differences are associated with different valve shapes. They are reflected
both in the difference of the pole figures’ isoline patterns, and in the sharpness values.
The maximum texture sharpness of the G. dilatata right valves is 5.08 mrd. Their pole
figures (0006) are very close to axial ones. A similar picture is found for recent and fossil
M. galloprovincialis. The pole figures (0006) of mussels are almost axial, but the maximum
texture sharpness is 15.72 mrd. This situation can also be represented by the example of
two peaks: weak and sharp (Figure 11). If one cuts the peaks from their base to the highest
point by several sections and looks from above, one gets an axial pole figure, but the cut
lines of the different peaks are located at different distances. The crystalline orientations
are closer to each other for sharper peaks.

The right valves of gryphaeas, as well as the thick-walled left valves of P. mirabilis,
have axial pole figures (0006). At the same time, pole figure (10–14) of P. mirabilis has an
arcuately curved isoline for the maximum of the pole density intensity. A similar situation
is observed for oyster’s pole figure (0006). In recent oysters, the pole figure (0006) isoline
pattern varies from a figure with an arcuate maximum to an almost axial one. Meanwhile,
pole figure (10–14) for most of the studied valves has an axial character with a maximum
in the center. Only G. dilatata has a curved arcuate center maximum. All studied shells
were related, i.e., G. dilatata and P. mirabilis are members of the same family, while O.
edulis belongs to the close family, Ostreidae. Other similarities are that their shells are
thick-walled, and G. dilatata and P. mirabilis have convex left valves, while other valves
(the right gryphaeas valves and oysters) are flattened. At the same time, for the fossil
oysters and the recent ones from the coast of Lagos, pole figure (0006) for the left and right
valves has a slightly curved maximum, which is similar to the same pole figure of the left
G. dilatata valves. Furthermore, only for recent Black Sea O. edulis does pole figure (0006)
of the right valves represent a transitional variant between the axial pole figure and the
one with an arcuately-curved isoline for the maximum of the pole density intensity. In this
regard, it can be concluded that in the thick-walled shells of the Gryphaeidae and Ostreidae
families’ bivalve mollusks, the pattern of isolines varies from almost axial to a figure with
an arcuately-curved isoline for the maximum of the pole density intensity.
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Figure 11. Models of crystal distribution peaks: (a) Illustration of the crystallographic texture
sharpness; (b) its presentation on the pole figures. The circles with different color are isolines with
the same pole density values.

5. Conclusions

There are few works concerning the study of the global crystallographic texture of
fossil objects. They cannot be fully compared with the results of local crystallographic
texture studies fulfilled using X-ray or EBSD diffraction due to the fundamental difference
in the studied volumes of shell material. Moreover, in the case of X-rays or EBSD, the
specimen is a small piece of the valve, which is not easily related to the coordinate system
of the whole valve. Studies of the global crystallographic texture of fossilized shells of
the same species from different geological layers and locations was never carried out
before. Thus, we can assess the degree of influence of diagenetic and paleoecological
factors on the crystallographic texture of calcite in Jurassic shells, since we have not
previously found a single factor that would affect the change in such a texture for recent
and Pleistocene mollusks. As well, the global crystallographic texture of objects subjected
to recrystallization has never been evaluated.

As a result of this study, some important aspects of the calcite crystallographic texture
of fossil and recent bivalve mollusk shells have been revealed. Since there are only a few
results for whole shell or valve crystallographic texture studies that have been obtained
by neutron diffraction, the interpretation of both the numerical values of the pole figures
maxima and the isoline pattern is very important.

1. For the first time, the complete pole figures of G. dilatata shells were measured using
time-of-flight neutron diffraction.
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2. The studied G. dilatata lived at considerable distances from each other. The mollusks
likely did not coincide in their time of habitation. This means that their habitats were
different.

3. G. dilatata from the three localities almost do not differ in their crystallographic texture
maximum sharpness, i.e., the habitat conditions and fossilization did not affect the
texture, and it can be considered as a very stable feature.

4. The largest differences of the crystallographic texture sharpness have been noted for
the calcite pole figure (0006). Therefore, it is possible to reveal the greatest variability
by comparing these figures’ sharpness for different objects.

5. The features of G. dilatata valve recrystallization, which affect the crystallographic
texture, were revealed for the first time using time-of-flight neutron diffraction. They
were reflected in the pole figure isolines, but do not appear in the values of maximum
sharpness, since the entire valve was not recrystallized and the pole density was low
in the recrystallized part. The maximum texture sharpness was determined by the
non-recrystallized part of the valve.

6. It has been established that for one mollusk, the crystallographic texture of the left and
right valves of various shapes differs: to a greater extent by the pole figures’ isoline
patterns, to a lesser extent by the values of maximum sharpness.

7. The calcite pole figures and the values of the maximum sharpness of the G. dilatata
and O. edulis left valves are similar. The pole figures isoline patterns and values of
the pole density maximum of G. dilatata right valves are similar, and along the same
parameters as the P. mirabilis left valve. All of these species are characterized by either
an axial pole figure (or close to it) or a figure with an arcuately-curved sharpness
maximum. Transitions between them are found for the recent O. edulis. It is possible
that these pole figures with have isoline patterns that are characteristic of thick-walled
shells.

8. The thick-walled valves of G. dilatata, O. edulis, and P. mirabilis have small values of
maximum texture sharpness. They are very close for these mollusks. Perhaps, it is
a characteristic feature of all thick-walled valves and reflects an adaptation to shell
construction.
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Simple Summary: All life is derived from a single common ancestor, whose descendants coevolved
with the planet, shaping the structure of biodiversity and the physical processes that operate on Earth.
This complex history cannot be inferred solely by studying the genomes of living organisms, nor
through analysis of the fossil remains of their extinct relatives. Only a unified approach integrating
living and extinct species and drawing from both genomic and anatomical evidence can achieve this
aim. In this review, we highlight recent advances, challenges, and opportunities in this endeavour.
These include the development of models for analysis of anatomical data; methods for combined anal-
ysis of fossil and living species, as well as anatomical and genomic data; and the combined estimation
of evolutionary relationships, geographic range, and evolutionary rates. However, the application of
such methods is limited by a shortage of expertise in taxonomy and comparative anatomy, which
are skills required for the compilation of anatomical datasets. Whereas there is a common concern
for the incompleteness of the fossil record, knowledge with respect to the comparative anatomy of
living species is equally incomplete. We anticipate that the increased demand for an integrative
phylogenetic approach to reconstruct the tree of life and evolutionary patterns and processes will
encourage researchers to overcome these challenges with the aim of elucidating the complexities
behind organismal evolution across broad taxonomic and time scales.

Abstract: The modern era of analytical and quantitative palaeobiology has only just begun, integrat-
ing methods such as morphological and molecular phylogenetics and divergence time estimation, as
well as phenotypic and molecular rates of evolution. Calibrating the tree of life to geological time is
at the nexus of many disparate disciplines, from palaeontology to molecular systematics and from
geochronology to comparative genomics. Creating an evolutionary time scale of the major events that
shaped biodiversity is key to all of these fields and draws from each of them. Different methodological
approaches and data employed in various disciplines have traditionally made collaborative research
efforts difficult among these disciplines. However, the development of new methods is bridging the
historical gap between fields, providing a holistic perspective on organismal evolutionary history,
integrating all of the available evidence from living and fossil species. Because phylogenies with
only extant taxa do not contain enough information to either calibrate the tree of life or fully infer
macroevolutionary dynamics, phylogenies should preferably include both extant and extinct taxa,
which can only be achieved through the inclusion of phenotypic data. This integrative phyloge-
netic approach provides ample and novel opportunities for evolutionary biologists to benefit from
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palaeontological data to help establish an evolutionary time scale and to test core macroevolutionary
hypotheses about the drivers of biological diversification across various dimensions of organisms.

Keywords: taxonomy; morphometrics; phylogeny; evolution; morphological clock; molecular clock;
biodiversity; palaeobiogeography; macroevolution

1. Introduction

Establishing an evolutionary time scale is a fundamental yet elusive goal of the Earth
and life sciences. Without knowledge of the timing of evolutionary events, it is not possible
to test hypotheses of ecological and evolutionary processes over geologic time. The fossil
record once constituted the gold standard with respect to attempts to establish evolutionary
time scales; however, for more than 50 years [1], that role has been filled by molecular
clock approaches for groups with extant representatives. The benefits of analysing and
integrating multiple lines of evidence to test hypotheses in science were previously tackled
by Kluge [2] in what he called “TOTAL EVIDENCE analysis”. This idea was expanded by
Nixon and Carpenter [3] in their “simultaneous analysis”. Since then, multiple Bayesian
methods have been developed to accommodate genomic and/or morphological data.

A molecular clock methodology has also been developed to account for variation in
the rate of molecular evolution among lineages and to accommodate the inaccuracies and
imprecision inherent in the use of fossil evidence with respect to calibration [4–6], and it is
now generally considered to be the most efficient methodology for calibrating evolutionary
trees to geologic time. Therefore, evolutionary trees are often built on genomic datasets,
putting morphology to one side [7]. However, fossil data provide the key means of clock
calibration and are fundamental to the molecular clock methodology [5,8].

Traditionally, molecular clocks use fossil taxa to calibrate the divergences between
living lineages (node dating). Nevertheless, the latest methods (tip dating) allow fossil
species to be included alongside their living relatives, with the absence of molecular
sequence data for fossil taxa remedied by supplementing the sequence alignments for
living taxa with phenotype character matrices for both living and fossil taxa in total
evidence dating [9,10]. In this way, the temporal constraints on lineage divergence provided
by fossil species can be implemented in a more direct manner. Building total-evidence
time-calibrated phylogenies is critical to increase the accuracy of the inferences regarding
macroevolutionary processes. Tip dating is being increasingly applied with combined
datasets, and it has begun to be used in fossils and/or living morphological datasets
alone [11] in what has been called the morphological clock. Morphological data are a crucial
component of phylogenetic inference, as they are usually the only information available to
integrate both living and extinct members of an evolutionary tree [12]. The importance of
morphological phylogenetics for dating the tree of life is widely recognized and has been
bolstered by recent methodological developments. Statistical techniques, mostly using
Bayesian inference, now allow researchers to test and implement variations in clock models,
data partitioning, taxon sampling strategies, sampling of ancestors, and tree models (e.g.,
the fossilized birth–death (FBD) tree model) using morphological data [13–19]. In this way,
palaeontologists are now able to achieve more accurate modelling of the diversification
process across geological time, a crucial aspect of phylogenies with taxonomic sampling
extending into deep time. Over the last years, the concurrent discovery of new fossil
sites in previously rarely explored areas, the improvement of dating techniques, and the
development of effective and integrative methods in phylogenetics have revitalized the
study of speciation and extinction rates, as well as their variation over time and among
clades [20–22]. Phylogenetic approaches in macroevolution enable diversification rates
to be tied to changes in paleoenvironmental (extrinsic) and/or biotic (intrinsic) factors.
These state-of-the-art approaches can be used to establish a time scale for evolution, linking
phenotypic evolution with diversification rates and extrinsic phenomena, including causal
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agents of evolutionary change, such as global climate oscillations [23–25]. Given that
phylogenies with extant taxa do not contain enough information for macroevolutionary
dynamics to be fully and reliably reconstructed [26,27], phylogenies must include both
extant and extinct taxa, which can only be achieved through integration of phenotypic data.
In fact, a comprehensive understanding of evolution requires fossil data. Unfortunately,
morphological phylogenetic data are lacking for most groups. Moreover, the morphological
characteristics of living taxa are usually overlooked, and the data needed to determine the
phylogenetic positions of fossil taxa with respect to their present-day relatives are often
unavailable for many clades.

Given that establishing evolutionary time scales is a key goal of palaeontology, it is sur-
prising that these phylogenetic methods are not more widely adopted by palaeontologists.
Hence, the goal of this paper is to highlight some of the latest methodological advances
bridging extinct and extant organismal biology that will help palaeontologists to address
key aspects of patterns and processes in evolution.

2. Advances in Integrated Phylogenetics

2.1. Taxonomy

Taxonomy has been marginalized and traditionally treated as a purely descriptive
discipline for both extant and extinct organisms [28]. However, the discovery of new fossils
from key but underexplored areas of the world and/or key time intervals in the history of
life are crucial to evolutionary biology. The study of new fossil taxa can shed light onto
phylogenetic relationships in order to infer the time in which anatomical novelties appeared
in a given group, as well as the biotic/abiotic factors driving their origin. Taxonomic studies
in palaeontology are crucial for tackling all biochronological palaeobiogeographical and
macroevolutionary questions. Discovery and description of new species creates generate
raw data for further analysis by providing information on character states (and therefore
phylogenetic inference), biogeographical locations, and temporal calibrations that are
foundational to dating and reconstructing the evolutionary history of life. For instance,
the study of the first Neogene micromammals from Zahlé (Bekaa Valley) discovered in
Lebanon, one of the only two terrestrial Late Miocene sites in the Arabian Peninsula, has
provided relevant data concerning new species situated at pivotal phylogenetic positions.
This has allowed for inference of the expected dental morphology of the ancestors of some
important lineages of rodents [29], as well as the evolutionary history of such important
genera as Progonomys, the earliest known murine (Old World mice and rats), which is the
first modern representative of the group to spread out of southern Asia [30]. Moreover,
these data were relevant with respect to inferring the age of the sites (several million years
older than previously thought), as well as the timing and nature of the migration events
that took place between Eurasia and Africa via the Arabian plate.

2.2. Morphological Datasets

Modelling the evolution of morphological structures is a complex but crucial task
for improving the practice of morphological phylogenetics and for testing evolutionary
scenarios. The ability of morphological data to place extinct taxa phylogenetically is widely
acknowledged, as sampling fossils for molecular data is typically impossible [31–33]. Fossil
data are fundamental to molecular clocks, providing the key means of time calibration,
although their commonplace use is far from satisfactory [5,8]. It is essential that the
phylogenies of fossil species used in molecular clock calibration be compatible with the
phylogenies of the living species that underpin the divergence time analysis. To this end,
it is essential that taxonomists gather phenotypic information at the level of individual
species, as their molecular counterparts do, instead of as usual, gathering such phenotypic
information at a higher level (e.g., genus) [7]. Therefore, an important issue faced by
taxonomists is the scarcity of morphological datasets of whole clades at the species level.
Surprisingly, sourcing morphological datasets for living species may be more challenging
than for their fossil counterparts [34]. Unfortunately, there is a continuously decreasing
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number of taxonomists able to collect and analyse phenotypic data [7], and even if the
need for such expertise is pressing, taxonomical studies are still considered unfashionable
instead of being encouraged.

Phylogenetic morphological datasets are frequently composed of discrete characters
only or continuous characters discretized into arbitrary categories. However, discrete and
continuous characters are jointly evolving, and the latter may contain information concern-
ing gradual variations; ignoring this mutual information may lead to biased parameter
estimates [35,36]. There is a long-standing debate in the scientific community concerning
the use of quantitative characters for phylogenetic reconstructions, with disagreements
concerning their suitability for inferring phylogenies [37,38]. However, continuous traits
reduce the subjective bias of discrete characters and represent the full range of interspecific
variation; therefore, they can be useful in phylogenetic reconstructions. Geometric and
morphometric methods were applied as early as the 1990s to characterize fossil rodent
taxa, to assess their relationship with relatives, and quantify evolutionary patterns [39].
Since then, the field has been renewed by the rise of 3D methods [40], enabled by the
increasing availability of μCT scanners. A recent avenue of research with involves the
joint use of geometric morphometrics and phylogenetic methods to map the evolution of
complex structures and test models of evolution [41]. A particular challenge is constituted
by the multivariate nature of morphometric data, although phylogenetic models are being
developed to accommodate such issues [36,42,43]. It is now possible to use multivariate
data directly in divergence time estimation [44].

Another challenge involves integrating developmental constraints on the evolution
of morphological character, such as serial homologies and correlated characters, into
phylogenetic models [45].

Although further work is needed to solve many of the concerns surrounding contin-
uous data, new approaches are being developed [46–48] to analyse and understand the
nature of these characters so that they can be used in support of ‘total evidence’ analyses.

Recent developments in morphometrics, phylogenetics, and comparative methods
have revitalized the use of morphological data by palaeontologists to elucidate the dy-
namics of evolution over time [13,16,21,49–53]. Therefore, a new era of high-impact and
interdisciplinary morphological taxonomy is beginning.

2.3. Calibrating the Tree of Life

Time provides palaeontologists with a unique perspective on phylogenetic history.
Maximum parsimony was, until recently, the only way for palaeontologists to analyse
morphological datasets. Despite initial attempts to integrate stratigraphic data with par-
simony analyses in the 1990s [54,55], the problem faced by palaeontologists had was the
considerable time and effort they had to dedicate to manually calibrate the resulting trees.
Moreover, subject to the number of taxa included in a dataset, palaeontologists had to
infer the distribution of morphological characters without including temporal data, with a
consequent loss of information. The recent development of methodological approaches
facilitating a posteriori time calibration of phylogenetic trees, such as PaleoTree [56,57]
or STRAP (Stratigraphic Tree Analysis for Palaeontology) [58] allows for time calibration
of phylogenetic trees resulting from parsimony analyses, as well as assessment of their
agreement with the stratigraphic record (stratigraphic congruence) [58–61]. Owing to the
development of such methods, the incorporation of stratigraphic data into parsimony
analysis has been bolstered, presenting the opportunity to use additional techniques of
phylogenetic reconstruction with morphological data [52,58,61,62].

Since the introduction of Bayesian tip-dating phylogenetic methods, which were first
applied with simplified clock and tree models [9,10], the inclusion of stratigraphic data
into phylogenetic analyses has boomed [52,63,64]. The development of tip dating with
more complex mechanistic tree models, such as the fossilized birth–death (FBD) tree [65,66]
and its subsequent variations—such as the skyline FBD [13–19], which enables speciation,
extinction, and fossilization parameters to be changed piecewise across the tree—allowed
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fossil species to be analysed in conjunction with and within the same analytical framework
as extant taxa using Bayesian phylogenetics. This has been particularly useful for palaeon-
tologists, who have revitalizing the use of morphological data to elucidate the dynamics
of evolution across the tree of life [16,17,49,51,52,63,67–69] (Figure 1). These analyses can
be carried out with morphological datasets alone, in what is called the morphological
clock [16,17,51,52,63,70], which adds another method of reconstructing evolution to the
palaeontologist’s toolbox. A morphological clock can be applied with data from extinct
clades only [17,52,60,63,67,71] or with data from fossils and extant taxa [16,49,51,70,72,73].
Therefore, these recent developments applying Bayesian methods using fossil taxa as tips
make it possible to compare phylogenies of extinct taxa obtained by means of evolutionary
models with those resulting from maximum parsimony, which remains the most widely
applied method for analysis of morphological data. The availability and inclusion of fossils
in analysis enables Bayesian tip dating, which may improve the accuracy and precision of
divergence time estimates [74,75]. Nevertheless, tip calibration has been shown to lead to
‘deep root attraction’ [76–78]. However, this artefact can be mitigated by using informative
priors for FBD parameters [16,77] or a combination of tip and node calibration (whereby
in the absence of tree-internal clade age constraints, the age estimates are unbounded by
anything other than the root, leading to ages that become more precise with proximity to
the root) [79].

Morphological data can be combined with a molecular matrix either based on a few loci
(generated with Sanger techniques) [49] or based on hundreds of loci (generated with next-
generation sequencing techniques) [80]. A morphological clock is then integrated, along
with several molecular clocks, taking into account rate and clock heterogeneity across the
dataset. To date, most total-evidence dating analyses have been carried out with molecular
matrices composed of a few loci. However, the bird order Sphenisciformes (penguins), for
instance, has been studied using both, a few [49] and hundreds of loci [80] and recovered
similar results. Future studies will rely on vast ranges of genomic data combined with
morphological datasets to estimate phylogenetic relationships and divergence times. A
challenge is to infer to what extent the inclusion of increasingly large molecular datasets
in combined analyses could affect to the phylogenetic contribution of morphological data.
According to Neumann [81], they will continue to have a strong influence, even when
outnumbered by molecular data by thousands of times.

Challenges remain for palaeontologists because for many important groups (e.g.,
rodents), the number of characters available for computational morphological phylogenies
is very limited, and commonly, the relationships between taxa are inferred by hand rather
than by computational algorithms. The main issue is that building new phylogenies
from new character matrices of morphological data is very time-consuming. Systematics
must be revitalized and encouraged more than ever. There is a need for palaeontologists
and neontologists capable of encapsulating systematic data to infer testable systematic
hypotheses [82].

2.4. Exploring Macroevolution

The combination of evidence from species-level phylogenies (with extinct and extant
taxa) with robust estimates of divergence time is thus vital to infer biogeographical and
macroevolutionary patterns within and among clades. [7,83]. Moreover, the integration of
both morphological and molecular data for Bayesian relaxed clock analysis (total-evidence
dating) provides a joint estimate of tree topology, divergence times, and evolutionary
rates in a multivariate statistical framework [14,70,84]. Total-evidence dating has also been
improved by the development of the FBD process to estimate more accurate priors on
times [66,84]. Molecular data improve relationship information among living taxa and help
to (re-) optimize the morphological characters, improving their ability to accurately place
fossils [7].
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Figure 1. Bayesian evolutionary tree with estimated divergence times and evolutionary rates for
the major groups of early tetrapodomorphs (adapted from [67]). (A) Divergence times for the
fish–tetrapod transition. Node values represent median ages; purple error bars represent the 95%
highest posterior density (HPD) intervals; branch thickness is proportional to posterior probabilities.
(B–D) Relative rates of morphological evolution across subdivisions (partitions) of the phenotype
in early tetrapodomorphs: two partitions including cranial characters and one partition including
postcranial characters. All silhouettes created by TRS.

Ancestral state estimations represent a central tool for the exploration of trait evolution.
They are useful to test hypotheses, such as the biogeographic history and movements of
clades through time (e.g., [85,86]), as well as the order and timing of character state changes
(e.g., [87,88]). Species distributions are defined by presence or absence in pre-defined
geographic units. The most likely biogeographical scenarios at all internal nodes of a given
time-calibrated evolutionary tree can be estimated using maximum likelihood or Bayesian
approaches, notably with the dispersal–extinction–cladogenesis (DEC) model [85,89–92].
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The DEC model and its derivatives [93] allow for investigation of time-calibrated phylo-
genies with extant and extinct taxa while considering tectonic evolution via the incorpo-
ration of time bins in which the connectivity between any two areas can change through
time [94,95]. Geological connectivity can be coded as a matrix of connection/disconnection
relying on the latest palaeogeographical scenarios (e.g., [96]) for a given region. The DEC
model can also incorporate trait-dependent models in which species traits can influence
dispersal rates [97]. A DEC model was applied to a dataset of European fossil muroids
to reconstruct numerous transitions, revealing the most often utilised migration corridors
for these ancient rodents (Figure 2). This analysis exemplifies how the combination of
phylogenetic models and fossil data can produce novel insights into the structure of ancient
communities and their biogeographic habits.

Figure 2. Map of reconstructed immigration and emigration rates for Old World Miocene muroids
(work in prep.) based on a DEC analysis run using BioGeoBears in R. Arrows represent reconstructed
movement of an individual lineage from one region to another. Arrows are shaded to represent the
frequency of a specific transition.

Phylogenetic approaches in macroevolution now allow diversification rates be tied to
changes in paleoenvironmental (extrinsic) and/or biotic (intrinsic) factors [98–100]. Relaxed
clock Bayesian inference methods under the FBD tree model and its skyline variant, SFBD,
allow speciation, extinction, and fossilisation parameters to vary across time bins [13,19].
Such model developments can provide more precise estimates of macroevolutionary pa-
rameters, including net diversification, turnover, and fossil sampling rates [17]. Some
authors have called into question estimation of speciation and extinction rates from extant
trees [26,101,102]. However, even if their limitations have been, in part, overcome by
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recent methodologies [103], phylogenies that combine palaeontological and neontologi-
cal data have been proven to provide accurate insights into macroevolutionary dynam-
ics [83,104,105]. This is especially evident in groups with high past diversity but which are
currently extinct or only represented by a few taxa [105].

By inferring the diversification rates using several methods with different model
assumptions and focusing on clades and lineages with rate shifts that are consistently esti-
mated regardless of method, it is possible to reliably focus on the possible causes of those
shifts [22]. Phylogenetically informed hierarchical Bayesian regression [106,107] is a general
tool that has only recently begun to be explored. By allowing multiple factors to influence
diversification rates and pooling the estimates across time and space, many parameters
can be regularised to identify factors that have the largest effect on rate variation. This
allows for testing of more nuanced hypotheses; instead of investigating whether abiotic or
biotic factors were more important, the relative importance of many different factors can
be simultaneously estimated, and their interactions can be investigated [108,109]. Using
hierarchical regressions, it is possible to estimate clade-specific values that represent the
unmeasured variables and assess how multiple distinct lineages differ in their evolutionary
responses to climatic shifts during a given period of time and control for differing geo-
graphic locations. Using temporally, geographically, and phylogenetically well-resolved
datasets to pool parameter estimates by region and clade allows for exploration of how
climatic (Court Jester) and ecological (Red Queen) factors influenced diversification at a
level of resolution that has not been achieved to date.

Smits [109] fitted Bayesian hierarchical models to the durations of brachiopod lineages
over time and estimated the relative importance of factors such as geographic range,
environmental preference, and body size on extinction intensity. This allowed the author
to go beyond simply asking whether Court Jester or Red Queen effects predominated
but instead to delve into how the relative importance of trait-based or environmentally
based factors changed over time in these lineages. Smits was able to use the difference
between overall fitness (total duration) and the strength of selection (trait-specific regression
coefficients of duration) to show how background and mass extinctions vary in their
selective regimes.

Shifts of diversification across a phylogeny can provide lines of evidence for the respec-
tive role of biotic and climatic variables in macroevolution [22,110]. A major outstanding
question in macroevolution is the extent to which diversification rates are influenced by
organismal traits and environmental changes. To differentiate between the Court Jester
(extrinsic controls, such as environment and geography) and Red Queen (intrinsic controls,
such as traits) hypotheses in shaping the radiation of a given group, palaeontologists have
to provide a wealth of data from large geographical areas over long temporal intervals.
Smits [108] used a hierarchical Bayesian model to determine which parameters best explain
the durations of North American fossil mammal species over the Cenozoic. This flexible
approach facilitated estimation of how different factors, ranging from geographic region to
locomotor, and dietary categories influenced extinction risk in Cenozoic mammals while
accounting for unobserved clade- and species-specific factors.

Repeated convergent trait evolution in clades allows for an examination of the role
disparity plays while minimising the effects of phylogenetic pseudoreplication [111,112].
Probabilistic models, such as fossil BAMM [104] or PyRate [113], have been developed
to estimate the rates of diversification and preservation using time-calibrated trees and
fossil occurrences. Probabilistic models incorporate the distribution of lineage durations
(along with the number of fossil occurrences to estimate a preservation rate) to estimate
the optimal combination of speciation and extinction events explaining the shape and
distribution of branch lengths in a phylogeny.

Uncertainty exists with respect the measured traits, the shape of the phylogeny, and
the estimates of the rates themselves. Fuentes-G. [114] recently extended phylogenetic
regressions to accommodate these different levels and degrees of uncertainty. In their
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study [114], they explored how allometric relationships vary in posture across a phylogeny
of mammals, although their flexible approach is applicable to any dataset.

Such models are increasingly used in palaeobiological and macroevolutionary stud-
ies [108,109,114–118]. Once rates have been estimated using these approaches, hierarchical
Bayesian regressions [108] can be used to identify associations between diversification
rates and abiotic/biotic variables (such as climate, traits, and local richness) to evaluate
the relative importance of each variable in driving diversification. Cole [115] examined
the effect of the importance of environmental and habitat-based traits relative to traits
focused on feeding mechanisms and selectivity on the extinction propensity of crinoids.
This study demonstrated that the same biotic trait (body size) could have opposite ef-
fects on extinction depending on the abiotic environment (mixed or siliciclastic) in these
crinoids. The ability to test nuanced hypotheses such as that outlined above, whereby
environmental conditions influence not only the diversification rates themselves but also
the importance and directionality of different biotic traits (and potentially vice-versa) is a
recent and exciting development.

3. Conclusions

The statistical techniques mentioned above have only begun to be applied to ques-
tions in palaeontology over the past decade but have found extensive applications in
phylogenetic comparative analysis, quantitative genetics, and ecology. Complementary
methodologies that combine morphological and molecular approaches can provide novel
answers to broad evolutionary and deep-time questions with methods to infer the dynam-
ics of speciation and extinction, as well as the variation in species diversification among
lineages, using time-calibrated phylogenetic trees. These recent developments provide
palaeontologists with a golden opportunity to considerably expand their research toolkit
and bridge emerging techniques from evolutionary biology and paleobiology. In paleon-
tological research the many challenges with respect to our understanding of how life has
evolved and survived on Earth have to be approached in a collaborative and integrative
fashion. Many of the most important problems can now be solved with interdisciplinary
teams of scientists using the best available technology. However, it is crucial that all scientist
inside and outside the discipline restore the place of palaeontology at the high table of
evolutionary biology where it belongs.
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Simple Summary: Fossils of dinosaurs other than birds are at least 66 million years old. Nevertheless,
many organic compounds have survived fossilization and can still be found in the fossils. This article
describes the discovery of organic molecules in dinosaur fossils. It provides a review of the analytical
methods used for their detection and characterization, and presents the wide range of chemical
organic compounds, including small molecules and polymers, that have been found in dinosaurs to
date. The difficulties in unambiguously confirming the presence of some of the organic molecules in
these fossils are also discussed.

Abstract: This review provides an overview of organic compounds detected in non-avian dinosaur
fossils to date. This was enabled by the development of sensitive analytical techniques. Non-
destructive methods and procedures restricted to the sample surface, e.g., light and electron mi-
croscopy, infrared (IR) and Raman spectroscopy, as well as more invasive approaches including liquid
chromatography coupled to tandem mass spectrometry (LC-MS/MS), time-of-flight secondary ion
mass spectrometry, and immunological methods were employed. Organic compounds detected in
samples of dinosaur fossils include pigments (heme, biliverdin, protoporphyrin IX, melanin), and
proteins, such as collagens and keratins. The origin and nature of the observed protein signals is,
however, in some cases, controversially discussed. Molecular taphonomy approaches can support
the development of suitable analytical methods to confirm reported findings and to identify further
organic compounds in dinosaur and other fossils in the future. The chemical properties of the various
organic compounds detected in dinosaurs, and the techniques utilized for the identification and
analysis of each of the compounds will be discussed.

Keywords: fossil; dinosaur; molecular paleontology; paleoproteomics; porphyrin; collagen; melanin;
keratin

1. Introduction

After an organism’s death, microbial decomposition of organic constituents occurs
very fast, mostly leaving behind mineralized skeletal remains. If this degradation process
is arrested early enough, due to factors related to the burial environment and dependent
on the characteristics of the molecular or tissue components [1–3], preservation of “soft
tissue” can occur. Such fossils are exceptional and very valuable because they may contain
information related to evolution, biology, or the environment that can be revealed by
analyzing their composition [2,3]. Preserved soft tissue has been reported from a variety of
fossil fish, amphibians, reptiles, dinosaurs, and mammals. This includes cells, organelles,
skin, scales, feathers, hair, colored structures, digestive organs, eggshells, and muscles [2].
This mode of preservation is unique because the original organic material is minimally
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altered. Furthermore, this should be differentiated from fossilization involving alteration
of original material, e.g., replacement of organic matter by minerals such as phosphates
(phosphatization) or conversion to thin films of carbon (carbonization) [4,5].

Researchers try to understand the factors that hinder decay processes and contribute
to the preservation of organic compounds present in soft tissues. These include (but are
not limited to) intrinsic properties of the organic molecules, their environment (including
metals such as Fe and Mn present) [6–8], and the type of preserved soft tissue. The presence
of moisture, microorganisms or enzymes speeds up the decay process [1]. The most
labile molecular bonds are first targeted during decomposition. For example, proteins
and DNA are susceptible to degradation by hydrolysis of their peptide and phosphoric
acid ester bonds, respectively. However, association of organic compounds with minerals
(e.g., in bone or teeth) or with macromolecules may isolate and protect them from the
external environment.

Oxidative conditions usually lead to faster decay than reductive conditions. Hy-
drophobic organic compounds are more likely to be preserved than hydrophilic compounds
because of their limited water-solubility, which protects them from hydrolysis and other
reactions. Polymeric structures may be preserved due to crosslinking and intramolecular
interactions. Environmental factors greatly affect fossilization, e.g., by applying pressure
on tissue, limiting the mobility of molecules and exposure to water, microbes, and enzymes.
Moreover, extremes of temperature, pH, and salinity play a role in molecular preservation
by inhibiting microbial activity and affecting the rate of the chemical decomposition process.
Taphonomic studies at a molecular scale (“molecular taphonomy”) can be used to establish
analytical methods for understanding chemical processes that lead to the degradation of
organic compounds upon fossilization ([1,2,9–15] and references therein).

Since the first discoveries of microstructures (collagen-like fibrils, vessels, and cells) in
a 200-million-year-old dinosaur bone in 1966 [16] there has been an increased interest in
studying the large number of available dinosaur fossils for signs of molecular preservation
of organic compounds. Such finds provide information about the dinosaurs’ biology,
including their evolution, eating habits, and environment. Most reports on organic matter
in fossilized dinosaurs have been focused on their bones. In recent years, studies on
eggshells, cartilage, feathers, and integumentary structures have emerged, albeit mostly
discussing in situ analyses, and relying on morphological and microscopic observations
due the uniqueness of the studied fossils (reviewed in [2,10] and references therein).

To date, organic compounds have been recovered from a wide array of dinosaur
taxa, including the early-branching coelurosaur Sinosauropteryx [17], the tyrannosaur Tyran-
nosaurus rex [18–20], the ovirapotorosaurs Heyuannia huangi [21,22] and Citipati osmol-
skae [23], the alvarezsaurid Shuvuuia deserti [24], the dromaeosaur Sinornithosaurus [17],
the early-branching avialan Anchiornis huxleyi [25], the early-branching sauropodomorph
Lufengosaurus sp. [3], an unidentified titanosaurid dinosaur [26], the ankylosaur Borealopelta
markmitchelli [27], the ceratopsian Psittacosaurus [28], the hadrosaur Brachylophosaurus
canadensis [29,30], an indeterminate hadrosaur material [26], and Hypacrosaurus stebin-
geri [31]. Here, we review the chemistry of the organic molecules recovered to date from
fossilized non-avian dinosaurs and discuss the analytical methods used for their detection.

2. Analytical Techniques to Investigate Preserved Organic Compounds

The principles of the analytical techniques used in paleontological research, along
with their advantages and drawbacks, have recently been reviewed in detail [32,33]. The
application of mass spectrometry in proteomic analysis of fossils was specifically discussed
by Schweitzer et al. (2019) [34]. The following paragraphs present selected analytical
techniques that have been utilized to detect organic compounds in fossilized dinosaurs.

2.1. Microscopy

Initial studies carried out on fossils in search of organic matter included a thorough
screening of the fossils’ surface or of petrographic thin sections to identify regions in which
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soft tissues and associated organic compounds could be preserved [35]. Imaging techniques
such as optical microscopy (OM), scanning electron microscopy (SEM), and transmission
electron microscopy (TEM) have been used for this purpose. Optical microscopy is useful
for the visualization of petrographic thin sections to identify preserved cellular structures.
Mineralization, diagenetic alteration, and/or microbial contamination of tissues can be
detected by means of this technique [35].

Electron microscopy is more powerful due to its much higher resolution. It is therefore
used to examine subcellular structures in greater detail. In SEM, electrons are directed onto
the surface of the sample, generating and transmitting secondary electrons to a detector.
Therefore, SEM is limited to studying the sample surfaces by generating a pseudo-3D
gray-scale topographical image without collecting chemical signals [35,36]. However, a
technique known as energy-dispersive X-ray spectrometry (EDS is often combined with
SEM, which uses high energy X-rays characteristic for a specific element released alongside
the secondary electrons [32,35,37]. Integration of the elemental information from EDS into
the topographical map from SEM allows the localization of elements to be identified in
the sample [35]. Other variations of SEM exist, such as field emission SEM (FESEM) [35]
and variable pressure SEM (VPSEM) [38]. VPSEM allows for analysis of uncoated samples
within a wider range of beam energies than traditional SEM [35]. VPSEM can also be used
without prior sample preparation (e.g., dehydration or drying) in soft samples [39]. Thus,
FESEM and VPSEM reduce the risk of sample contamination. Both techniques have been
used for the study of soft tissues in dinosaur bones [35,38].

In transmission electron microscopy (TEM), electrons are directed to partially dem-
ineralized or very thin-cut sections of a sample in a way that only the electrons that cross
through the sample are detected. This feature makes TEM a high-resolution technique
that can be used for identifying subcellular structures such as organelles or characteristic
structural patterns, e.g., the 67 nm bands of collagen fibers [35].

2.2. Spectroscopy and Spectrometry
2.2.1. UV/Vis Spectroscopy

Ultraviolet/visible light (UV/Vis) spectroscopy is an analytical technique to measure
the absorption, transmittance, or reflectance of light by molecules upon irradiation with
ultraviolet (190–380 nm) or visible (380–750 nm) light [40,41]. The functional group(s) of
the molecule responsible for light absorption is known as the chromophore, e.g., due to
conjugated C=C double bonds and/or aromatic rings. The chromophore contains valence
electrons having low excitation energy, which become excited and transit to higher energy
levels when the molecule is irradiated [41]. The wavelengths at which light is absorbed
can be used to identify the structure of a compound. The amount of light absorbed
is directly proportional to the concentration of the compound and thus allows for its
quantification [42]. UV/Vis spectroscopy is frequently used in molecular paleontology,
particularly when analyzing colored fossils, to detect characteristic absorption bands of
pigments; it has, for example, been used for detecting heme [18].

2.2.2. Infrared and Raman Spectroscopy

Further studies on fossils use chemical imaging techniques such as Fourier transform
infrared spectroscopy (FTIR) and Raman spectroscopy to search for chemical signals,
e.g., of functional groups (e.g., amide or carbonyl group) in the samples [9,21,32]. FTIR
excites the vibrations of chemical bonds using infrared irradiation. Each type of chemical
bond will absorb infrared (IR) waves in a distinct wave number range in the near-IR
(12,500–4000 cm−1), mid-IR (4000–400 cm−1), or far-IR (400–10 cm−1) regions. Most of the
important chemical signals that are indicative of functional groups will be present in the
mid-IR range [43]. FTIR can be combined with light microscopy to identify the location of
the detected functional groups in the sample. However, FTIR entails many disadvantages.
The wave number ranges can overlap if the sample contains many organic signals leading
to frequent misinterpretations of chemical signals, especially if diagenetic changes occurred

257



Biology 2022, 11, 670

to the original structure. In addition, any contamination on the surface of the sample will
be recorded in the spectra and may not be distinguishable from the sample signals. FTIR
has been used to detect characteristic absorption bands of peptide bonds, amide I (C=O
bond, ca. 1655 cm−1) and amide II (N-H bond, ca. 1545 cm−1), associated with collagen in
cartilage, in addition to peptide bonds specific for melanin (1580 cm−1) [32,34].

Other variants of IR spectroscopy have been used to study fossils. For example,
synchrotron-radiation Fourier transformed infrared spectroscopy (SR-FTIR) uses a much
brighter light source (synchrotron radiation) ranging from far-IR to near-IR [44] to produce
chemical maps. SR-FTIR has a higher resolution and a better signal-to-noise ratio than
classical FTIR [45]. In addition, attenuated-total reflection IR (ATR-IR) has been used for
the analysis of liquid samples [46].

Raman spectroscopy applies monochromatic laser light (ultraviolet, infrared, or visible)
to irradiate the layer directly below the surface of the sample. Some of the light is then
scattered with a defined frequency generating a signal that can be detected and plotted
as a graph of intensity versus wave number. The observed scattering depends on the
type of functional group and its vibration [47]. It can be combined with other microscopic
techniques such as confocal microscopy to form a chemical map of the functional groups
present in the sample. Raman spectroscopy is currently one of the most preferred methods
to search for preserved organic matter and other chemical constituents in fossils because
it does not require exhaustive sample preparation. However, in contrast to FTIR, signals
present on the outermost surface cannot be detected. The produced signals are weak, often
requiring prolonged periods of intense irradiation [48], which can lead to a degradation of
thermolabile compounds due to the heat produced by the laser [32,49]. Raman spectroscopy
has been used for the detection of heme in dinosaur bones [18] and for the detection of the
heme degradation product biliverdin and of its precursor protoporphyrin IX in dinosaur
eggshells [21].

2.2.3. Mass Spectrometry

Mass spectrometric techniques are among the most sensitive, reliable methods to
detect organic compounds. Soft ionization techniques allow measuring the mass-to-charge
ratio of intact molecular ions. In addition, different chemical classes of compounds have
characteristic fragmentation patterns observed in mass spectrometry [50]. However, detect-
ing only fragments or only molecular ions is often not sufficient for identification of specific
organic molecules [32,35], whereas a combination of both can be highly informative.

Chemical information, especially on molecular fragments, can be obtained by time-
of-flight secondary ion mass spectrometry (TOF-SIMS) and pyrolysis coupled to gas
chromatography-mass spectrometry (Py-GC-MS). Only fragments can be detected by the
latter method because of the harsh ionization conditions used, often leading to a complete
destruction of the sample.

TOF-SIMS is a surface imaging technique with ultra-high spatial resolution which
directs high energy ionizing beams (e.g., gallium ions) over the sample surface. Molecules
are released, ionized and often fragmented [51]. The ions are transmitted to the time-of-
flight mass spectrometer and detected according to the time it takes for them to reach
the detector. The heavier their masses are, the more time it will take. It can be used for
analyzing fragile or small amounts of fossil samples because measurements take place at
the surface without the need for extractions. Determination of the location of the signal
in the sample is the main advantage of the method, and it is therefore useful for organic
compound screening [52]. However, as TOF-SIMS only analyzes the surface, any changes
on the surface or contamination will influence the results [32,35]. This method has been
used to detect heme [53], melanin [54], protein fragments of β-keratin [24], and collagen [26]
in fossils.

To overcome the extensive fragmentation, especially of higher molecular weight ions,
a variant of TOF-SIMS known as cluster secondary ion mass spectrometry was developed.
Its principle relies on bombardment of the sample using a polyatomic cluster of ions,
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such as gold (Au3) or a C60-based ion cluster, buckminsterfullerene. This allows the
detection of intact molecular ions in the range of 1000–3000 D, which was not possible with
traditional TOF-SIMS [55]. In addition, spatial resolution beyond the micrometer range can
be achieved [56].

Py-GC-MS is a technique that uses intense heat (ca. 400–600 ◦C) to fragment molecular
bonds. The generated fragments are gaseous; they are separated by gas chromatography
and detected by mass spectrometry. Unlike TOF-SIMS, the sample is destroyed, and
the location of the chemical signal in the original sample cannot be determined. This
method does not require sample preparation, and therefore, the risk of detecting artifacts
is lowered [57]. It has been used to detect molecular fragments characteristic of proteins,
lignin and chitin in fossils [58–60]. Due to the destruction of the sample, Py-GC-MS is not
preferred if alternative approaches are possible; therefore, it is only used for analyses of
insoluble fossil material which cannot be analyzed otherwise [35].

All of the aforementioned analytical techniques are often not suitable for unambigu-
ously determining the identity of organic compounds. However, they can help narrowing
down sample regions that contain organic compounds, which may then be subjected to
more invasive mass spectrometry techniques.

On rare or unique fossils, only non-destructive or highly sensitive methods can be
applied. Modern mass spectrometry techniques now provide options for analyzing such
precious samples since they require only small quantities of material.

In order to identify intact organic compounds, mild ionization methods, such as
electrospray ionization, need to be applied [61]. In most cases, samples are extracted,
separated by reverse-phase liquid chromatography, which is coupled to tandem mass
spectrometry (LC-MS/MS). The prerequisite for this type of analysis is a solution of the
analytes; thus, compounds that are insoluble in the typically used solvents (methanol,
acetonitrile, water, and their mixtures) cannot be analyzed [62].

The type of mass analyzer used is decisive for mass accuracy and sensitivity of mass
spectrometric measurements. Quadrupole, time-of-flight, linear ion-trap, Fourier trans-
form ion cyclotron resonance (FT-ICR) and Orbitrap analyzers are commonly used for
organic compounds in fossils. Instruments with high mass accuracy are needed to deter-
mine elemental compositions of organic compounds. With ion trap instruments or when
two types of mass analyzers are combined in series, more advanced mass spectrometric
analyses are possible, known as tandem mass spectrometry. Typical combinations are
quadrupole/quadrupole, quadrupole/time-of-flight (q/TOF), and quadrupole or linear
ion-trap coupled to Orbitrap. Tandem mass spectrometers allow for a unique type of
analysis known as collision-induced dissociation, in which intact ions of a defined mass-to-
charge ratio are selected and then deliberately fragmented to analyze the fragments [62].
This method is used to achieve ultra-high sensitivity, and it provides structural information
on the molecules of interest. It is the method of choice in proteomics to identify peptide
sequences and to obtain information about diagenetic changes to the chemical structure,
and to identify post-translational modifications [34,35]. For fossils, LC-MS/MS is one of
the most selective, accurate and sensitive methods to identify organic compounds. How-
ever, this is often not applicable due to limited sample availability and/or difficulties in
extracting the target compounds due to a lack of solubility [33,35].

2.3. Immunological Techniques

Immunological techniques are based on antigen–antibody reactions. Antibodies used
in the process are specific to a certain epitope in the target tissue. These sensitive techniques
are used to screen for the presence of macromolecules such as proteins or DNA. Using
antibodies, sequence determination is not possible, but regions in the sample may be located,
in which proteinaceous or genetic material has been preserved, and which can be selected
subsequently for mass spectrometric analysis [34]. Immunological techniques include
enzyme-linked immunosorbent assays (ELISAs), Western blotting (immunoblotting), and
immunohistochemistry/immunostaining procedures.

259



Biology 2022, 11, 670

A prerequisite for the detection of proteins by Western blot and ELISA is a liquid
extract containing the protein of interest. ELISA is the more sensitive technique [63].
There are different forms of ELISA: direct ELISA, indirect ELISA, sandwich ELISA and
competitive ELISA, which are typically performed in well plates. The first step is to
immobilize the antigen of interest by direct adsorption to the surface or through binding
to a capture antibody fixed to the plate. Direct and indirect ELISA are used for antigens
immobilized directly to the well plate, whereas sandwich ELISA is used for antigens bound
to a capture antibody [64]. Direct ELISA uses an enzyme-linked antibody that binds directly
to the antigen of interest. Upon washing to remove unbound antibodies, and subsequent
addition of the suitable substrate, a color change will occur only in the wells that contain the
antigen–antibody complex [65]. Indirect ELISA is used to detect the presence of antibodies
rather than antigens. Addition of a sample expected to contain a primary antibody specific
to the antigen of interest results in the formation of a complex with the immobilized antigen.
A secondary antibody linked to an enzyme and specific to the primary antibody is added.
After washing, any unbound antibodies are removed. The substrate is added and the
enzymatic reaction occurs to produce a colored product that confirms the presence of the
antibody [64,65].

Sandwich ELISA is used to detect the presence of antigens and is the most commonly
used form of ELISA. The well surface is first coated with a capture antibody specific to the
antigen of interest, onto which the antigen from a sample will be immobilized. A primary
antibody specific to the antigen will then be added. If the antigen is present, the primary
antibody will bind to it. The next steps are the same as those for indirect ELISA, by which
the color change will confirm the presence of the antigen [64,65]. It is worth noting that
sandwich ELISA will only be possible for antigens which have two separate epitopes for
binding a capture antibody and a primary antibody. Using two antibodies for detection
of the same antigen makes sandwich ELISA highly specific [66]. In ELISA, proteins are
detected in their natural conformation.

In competitive ELISA, antigens in a sample compete with a reference antigen coated
on the surface of a well in binding to a labeled primary antibody of known concentration.
The sample is incubated first with the primary antibody. Then this solution is added to the
wells. The more antigens are present in the sample, the more primary antibodies will bind
to them [67]. Any unbound antibody will then bind to the reference antigen. Following
a washing step, an enzyme-linked secondary antibody is added. The substrate for the
enzyme is then added, and the intensity of the resulting color is inversely related to the
concentration of the antigens present in the sample. If few primary antibodies are bound to
the reference antigen, a faint color will be observed, and this indicates a high concentration
of antigens in the sample [68].

Western blot is used to identify a protein from a complex mixture [64]. Before per-
forming a Western blot experiment, the mixture of proteins in a sample are separated by
polyacrylamide gel electrophoresis according to size [69,70]. There are two main types
of gel electrophoresis, depending on the type of additives used: sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and blue native-polyacrylamide gel elec-
trophoresis (BN-PAGE). SDS-PAGE uses the detergent sodium dodecyl sulfate which
denatures the proteins, whereas BN-PAGE uses the mild Coomassie blue dye and does not
denature the protein of interest [69,71,72]. The bands containing the separated proteins
are transferred to an immobilizing nitrocellulose or polyvinylidene difluoride membrane.
This is followed by adding a blocking buffer containing non-fat dried milk or 5% bovine
serum albumin, in order to prevent binding of antibodies to the membrane [70]. A primary
antibody specific to the protein of interest is incubated with the membrane, followed by
washing to remove unbound antibodies. Then, a secondary antibody is added that binds
specifically to the primary antibody, and which is radiolabeled or linked to an enzyme.
Afterwards, either a substrate is added to initiate the enzymatic reaction, or a photographic
film for a radio-labeled substrate is used for detection of the target antigen–antibody
complex and to locate the protein [64].
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To account for diagenetic changes to the original structure, polyclonal antibodies are
often used during analysis of fossil extracts; however, problems with poor specificity of
antibodies may arise. Both Western blot and ELISA are prone to contamination and/or
interference from extraction buffer components [34].

Immunohistochemistry is based on the same principles as ELISA and Western blot,
the only difference is that the antibodies are applied in situ on intact tissue instead of
utilizing extracts [73]. In situ analyses are preferred to destructive techniques because they
minimize the loss of precious sample material and/or degradation of organic material
during preparation (e.g., after exposure to chemicals or air) [34]. Suitable microscopic tissue
slides containing the epitopes of interest are fixed, usually by formalin, into a polymer
or paraffin wax [74]. If the fixation process is known to mask the antigens of interest,
an extra step is usually performed by physical (e.g., heat or ultrasound) or chemical
(e.g., enzymatic digestion) methods to break any cross-links formed, making the antigens
re-accessible to antibodies [75]. The next step is incubation with a blocking buffer such as
bovine serum albumin to prevent non-specific binding. This is followed by adding primary
antibodies specific to the antigen of interest, then washing to remove unbound antibodies.
Fluorescence-labeled or enzyme-linked (e.g., peroxidase or alkaline phosphatase) secondary
antibodies are then added [73]. Visualization of positive reactivity takes place by light or
fluorescence microscopy, or after addition of substrate and monitoring of the color change
due to the enzymatic reaction. This immunological assay allows for the localization of target
antigens in tissues, which is not possible with ELISA and Western blot techniques [74].

3. Organic Compounds Found in Dinosaurs

The following sections will describe the evidence and chemistry of organic compounds
found to date in non-avian dinosaurs. An overview of the localities and age of the dinosaurs
is depicted in Figure 1.

 

Figure 1. World map showing localities and age of dinosaurs in which organic compounds have
been detected to date: (A) Dawa, Lufeng County, Yunnan Province, China [3]. (B) Yaolugao local-
ity in Jianching County, western Liaoning Province, China [25]. (C) Dawangzhangzhi, Lingyuan
City, Liaoning Province, China) and Sihetun, Beipiao City, Liaoning Province, China), and Yix-
ian Formation, China [17,28]. (D) Suncor Millenium Mine, Fort McMurray, Alberta, Canada [27].
(E) Ukhaa Tolgod in southwestern Mongolia [24]. (F) Judith River Formation, eastern Montana,
USA [29,30]. (G) Dinosaur Park Formation, Alberta, Canada [26]. (H) Two Medicine Formation,
northern Montana, USA [31]. (I) Djadokhta Formation, Mongolia [23]. (J) Hell Creek Formation,
eastern Montana, USA [18–20] (K) Chinese provinces (Henan, Jiangxi, and Guangdong) [21,22].
Concept adapted from reference [76]. The world map “BlankMap-World-IOC” by Chanheigeorge
(https://commons.wikimedia.org/wiki/File:BlankMap-World-IOC.PNG, accessed on 19 March
2022) from 2008 has been used as a template onto which location markers, lines and letters were added.
It is licensed under CC-BY-SA 3.0 (https://creativecommons.org/licenses/by-sa/3.0/legalcode, ac-
cessed on 19 March 2022) via Wikimedia Commons.
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3.1. Pigments

Pigments are molecules that absorb light of wavelengths in the visible range
(ca. 380–750 nm) and, accordingly, are responsible for the colors seen in many organ-
isms and some minerals. Examples of naturally occurring pigments or biochromes are
porphyrins, melanins and carotenoids [77]. Recent research has focused on investigating
the preservation of pigments that are responsible for colors seen in fossils. Based on molec-
ular analyses, scientists have been able to reconstruct the original color of some dinosaurs,
also referred to as paleocolor reconstructions [78,79]. The pigments believed to have been
preserved in dinosaur fossils include porphyrins (heme and protoporphyrin IX), their
open-chain tetrapyrrole derivatives (biliverdin) and the biopolymer melanin (eumelanin
and pheomelanin).

3.1.1. Porphyrins

Porphyrins are a family of organic compounds containing four pyrrole rings connected
by methine bridges. Examples are heme (1), the iron-complexing main prosthetic group
of hemoglobin, and protoporphyrin IX (2), the metal-free precursor of heme (see Table 1
for structures). Metabolic degradation products include linear tetrapyrrole derivatives,
e.g., biliverdin (3) (see Table 1). Porphyrins and their derivatives are relatively stable, even
for hundreds of millions of years; they have been recovered from sediments and crude oil
extracts, the oldest record being from 1.1-billion-year-old sediments [80]. Porphyrins have
also been detected in fossil tissues from dinosaurs [eggshells [22] and trabecular bone [18]]
and the abdomen of a female mosquito [53]. The chemistry of porphyrins in fossils has
been recently reviewed [81]; the porphyrins detected in fossils derived from dinosaurs are
compiled in Table 1.

Table 1. Porphyrins detected in dinosaurs.

Organic Compound Heme Protoporphyrin IX Biliverdin

Structure and exact mass

Analytical technique
HPLC-UV

UV/Vis spectroscopy
Raman spectroscopy

LC-ESI-q/TOF-MS
Raman spectroscopy

LC-ESI-q/TOF-MS
Raman spectroscopy

Dinosaur species and age Tyrannosaurus rex
(67 Ma)

Heyuannia huangi
(66 Ma)

Heyuannia huangi
(66 Ma)

Location of fossil Hell Creek formation, eastern
Montana, USA

Chinese provinces (Henan,
Jiangxi, and Guangdong)

Chinese provinces (Henan,
Jiangxi, and Guangdong)

Type of tissue Extracts of trabecular bone
tissues Extract of eggshells Extract of eggshells

Reference [18] [21,22] [21,22]

Heme was identified in trabecular bone extracts of Tyrannosaurus rex in 1997 [18]. The
distinct chemical feature which made it possible to confirm the identity of heme was its
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chromophore in the ultraviolet/visible light range [18]. The porphyrin ring has a very
characteristic band in the ultraviolet range of around 410 nm, known as the Soret band,
which could be detected using ultraviolet/visible light (UV/Vis) spectroscopy. This band
was observed in bone extracts but not in controls, indicating that the signals were derived
solely from the bone and not from contaminating factors in the surrounding sandstone
sediment or extraction buffers. In addition, four of the six characteristic Raman peaks for
hemoglobin (marker bands I, II, IV, and V) were detected with high intensity in the extracts.
The six marker bands are found in the following spectral regions: band I (1340–1390 cm−1),
band II (1470–1505 cm−1), band III (1535–1575 cm−1), band IV (1550–1590 cm−1), band V
(1605–1645 cm−1), and band VI (1560–1600 cm−1) [82]. Resonance Raman spectroscopy
analyses on extracts also showed that iron was present in the oxidized ferric state, which
indicates a diagenetic alteration of heme (Fe2+ complex) to the oxidized hemin form. In
addition, proton NMR spectra on the fossil extract were similar to those from degraded
hemoproteins containing ferric iron [18].

A further case of heme in the fossil record, although not in dinosaurs, was reported
16 years later, when traces of heme were found in the abdomen of a female fossil mosquito
(46 Ma), analyzed in situ by TOF-SIMS [53].

Only recently, the metal-free porphyrin, protoporphyrin IX (2), and the linear tetrapyr-
role derivative biliverdin (3) were detected in extracts of eggshells from the oviraptorid
dinosaur Heyuannia huangi by liquid-chromatography electrospray ionization-quadrupole-
time-of-flight mass spectrometry (LC-q/TOF-MS) [22]. The exact masses were detected
with high resolution in the mass spectra as protonated molecular ions, [M + H] +, from three
fossil eggshell samples. For confirmation, extant emu eggshell extracts and commercial
standards of the two compounds were also analyzed. These peaks were not detected either
in the sediment samples or in control samples, indicating that the peaks truly belonged
to the analyzed fossil. Protoporphyrin IX (2) is more hydrophobic than biliverdin (3) and
therefore more likely to be preserved due to its resistance to hydrolytic attack. In addition,
the ring system of protoporphyrin is more stable than the open chain structure of biliverdin.
Based on these results, a reconstruction of eggshell color as blue-green was performed [22].
A year later, protoporphyrin IX and biliverdin were reported using Raman spectroscopy in
various fossilized eggshells, including Heyuannia huangi [21]. This study has been criticized
by experts in Raman spectroscopy because the authors had based their observations only
on a single analytical technique; Alleon et al. even argued that the observed signals were
due to instrumental artefacts caused by background luminescence, and not due to Raman
scattering [83,84].

There appears to be still much potential for future discoveries of porphyrins and their
metabolites and degradation products in dinosaurs and other fossils.

3.1.2. Melanins

Melanins are a group of dark-colored biopolymeric structures. Different types of
melanin are known: eumelanin (4), pheomelanin (5), allomelanin, pyomelanin and neu-
romelanin (see Figure 2). Eumelanin, pheomelanin, and allomelanin are most relevant when
studying fossils. Eumelanin (4) and pheomelanin (5) are nitrogen-containing melanins
found in animals. Allomelanin is a nitrogen-free melanin (see Figure 3) which is found
in plants, fungi and bacteria; it is relevant when studying fossils because detection of its
chemical signals can imply external microbial contamination [25].
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Figure 2. Structures and biosynthesis of eumelanin and pheomelanin. Arrows on structures (4) and
(5) show points of polymer expansion [85,86].

Figure 3. Structures of precursors involved in different types of allomelanin.

264



Biology 2022, 11, 670

The biosynthesis of eumelanin and pheomelanin takes place in melanocytes in the
dermis. Figure 2 shows the biosynthesis of eumelanin and pheomelanin, including their
intermediates. The synthesized melanins are transported into the keratinocytes, found in
the epidermis, in special lysosome-like vesicles known as eumelanosomes and pheome-
lanosomes [85,87]. Both types of melanosomes are then incorporated into the outer layer
of the skin, determining the color of skin, hair, and eyes. Melanins are responsible for
absorbing UV light and for scavenging free radicals that can be formed upon exposure to
UV light, in order to protect the inner layers of the skin from harmful radiation and radical
reactions [86,88].

Eumelanin is brown to black in color and contains repeating units of 5,6-dihydroxyindole
(6) and 5,6-dihydroxyindole-2-carboxylic acid (7). In its biosynthesis, it is derived from the
amino acid tyrosine (8), which, upon action of tyrosinase, or by oxidation, is converted to
DOPA-quinone (9), which is then cyclized and decarboxylated to form 5,6-dihydroxyindole (6)
through the intermediate compounds leucodopachrome (10) and dopachrome (11) [25,85,86]
(for structures see Figure 2). Some indole units may randomly undergo partial oxidative cleav-
age via formation of an ortho-benzoquinone leading to pyrrole-di-carboxylic acid derivatives,
which are incorporated into the polymeric structure of eumelanin [89,90]. Pheomelanin is
a reddish-yellow sulfur-containing melanin which contains units of 1,4-benzothiazine and
1,3-benzothiazole [91]. Similar to eumelanin, pheomelanin is derived from tyrosine (8), and
additionally from cysteine (12), that is fused with DOPA-quinone (9) to form cysteinyl-DOPA
derivatives 13 and 14, which undergo several oxidation steps to form 1,4-benzothiazine
intermediates 15 and 16 [85] (see Figure 2).

Allomelanin has not been studied as much as eumelanin and pheomelanin. However,
it is established that several subtypes of allomelanin can be distinguished according to the
precursors from which they are derived. The precursors comprise 1,8-dihydroxynapthalene
(17), 1,4,6,7,9,12-hexahydroxyperylene-3,10-quinone (18) and biphenolic dimers such as
3,3′,4,4′-tetrahydroxy-1,1′-biphenyl (19), biosynthesized from acetyl-CoA, malonyl-CoA,
and catechol, respectively (see Figure 3). Accordingly, three types of allomelanin are
distinguished:1,8-dihydroxynapthalene melanin, 1,4,6,7,9,12-hexahydroxyperylene-3,10-
quinonemelanin, and catechol-melanin [92].

There is emerging morphological and chemical evidence for eumelanin and pheome-
lanin detected in a variety of fossils with or without association with melanosomes. Exam-
ples are fossilized marine reptiles such as a Paleogene turtle (55 Ma), Cretaceous mosasaur
(86 Ma), and Jurassic ichthyosaur (ca. 196–190 Ma) [93]. The compounds were also found in
several species of fish (359–366 Ma), amphibians (Ypresian/Lutetian, Eocene, Aquitanian,
Miocene, Chattian, Oligocene), birds (56–34 Ma), and mammals (56-34 Ma) [94]. Further-
more, they were detected in dinosaurs (150–112 Ma) [25,27]. A summary of findings on
melanins and/or melanosomes in the dinosaur fossil record is compiled in Table 2, along
with the analytical methods used.

Imaging studies using SEM in combination with EDS have been used to detect melanin
based on the presence and shape of melanosomes in preserved integumentary structures of
the theropods Sinosauropteryx and Sinornithosaurus [17], as well as Psittacosaurus [28]. More
recently, analytical techniques such as TOF-SIMS and Py-GC-MS have been utilized to
confirm the chemical fingerprint of melanin in the early avialan Anchiornis huxleyi [25] and
the ankylosaur Borealopelta markmitchelli [27]. Due to the resemblance between melanosomes
of dinosaurs and keratinophilic bacteria on the microscopic level [17,95], a chemical analysis
is necessary in order to confirm the presence of melanin [25].

TOF-SIMS analyses of a feather fossil derived from Anchiornis huxleyi (150 Ma) showed
negative ion spectra characteristic for melanins in the areas where microscopic melanosome-
like structures were observed [25]. Compared to spectra of synthetic and natural variants
of eumelanin and pheomelanin, many high-intensity mass signals were in common, in-
dicating the presence of eumelanin of animal origin. Absorption bands suggesting the
presence of eumelanin as well were detected using infrared spectroscopy. Bacterial contam-
ination was excluded in the examined areas due to the absence of peaks corresponding to
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peptidoglycans and hopanoids [25]. Peptidoglycans, polymers consisting of sugars and
peptides, are cell wall components of Gram-positive and Gram-negative bacteria [96], while
hopanoids are cyclic lipophilic triterpenoids that are located in the bacterial cell membrane
and have been detected in the fossil record of bacteria [97,98]. The TOF-SIMS spectra
of bacteria-derived melanin, namely allomelanin, which does not contain nitrogen (see
Figure 3), does not show any of the nitrogen-derived peaks that were found in the fossil
(mass-to-charge ratios of 50, 66, 74, 98, 122, and 146). Analysis of the surrounding sediment
using the same method showed negative ion spectra corresponding to silicate-rich minerals,
but no nitrogen-containing peaks were observed. Signals for sulfur-containing compounds
that could originate from pheomelanin were not intense enough to confirm its presence in
the fossil [25].

Table 2. Melanin detected in dinosaurs.

Eumelanosomes and
Pheomelanosomes

Eumelanin-like
Pigmentation (Black

and Yellow)
Eumelanin

Mixture of Pheomelanin
and Eumelanin

Analytical technique SEM imaging combined
with EDS

Imaging with digital
camera

TOF-SIMS
EDS

IR micro-spectroscopy

TOF-SIMS
Py-GC-MS

EDS

Dinosaur, location and age
of fossil

Sinosauropteryx (125 Ma,
Dawangzhangzhi,

Lingyuan City, Liaoning
Province, China)

Sinornithosaurus (125 Ma,
Sihetun, Beipiao City,

Liaoning Province, China)

Psittacosaurus (125 Ma)
Yixian formation in China

Anchiornis huxleyi (150 Ma)
Yaolugao locality in

Jianching County, western
Liaoning, China

Borealopelta markmitchelli
(112 Ma)

Suncor Millenium Mine,
Fort McMurray, Alberta,

Canada

Type of tissue Integumentary filaments
from the tail

Preserved epidermal
scales scattered from head

to tail

Filamentous epidermal
appendages (“feathers”)

Integumentary structures
(epidermis and

keratinized scales)

Reference [17] [28] [25] [27]

The preserved integumentary structures of the ankylosaur Borealopelta markmitchelli
(112 Ma) were analyzed by TOF-SIMS and pyrolysis-GC-MS to investigate the presence
of melanin [27]. TOF-SIMS analysis showed negative ions similar to those of melanin in
previously reported fossils [93], resembling natural and synthetic melanin. In addition, ions
containing sulfur (1,3-benzothiazole) indicative of pheomelanin [93] were detected, sug-
gesting that a mixture of eumelanin and pheomelanin was present [27]. Pyrolysis-GC-MS
analysis showed signals corresponding to eumelanin (N- and O-heterocyclic and aromatic
compounds), as reported previously in fossils [99,100]. Signals derived from pheome-
lanin (1,3-benzothiazole) were also present, which were not detected in the surrounding
sediment [27].

3.2. Proteins

Although met with controversy, especially when considering chemical instability,
there are more and more reports on proteins and their fragments detected in fossils. In
the early years, this was backed mainly by morphological examination and the appli-
cation of vibrational spectroscopy and immunological techniques. In recent years, the
field of paleoproteomics has flourished, applying high-resolution mass spectrometry to
determine peptide sequences and to map them on the extant versions of the proteins of
interest [33,34,101]. Further paleoproteomic research, especially sequencing of proteins by
mass spectrometry, would be required to confirm the endogeneity of the detected protein
fragments [34]. It has to be kept in mind that cross-contamination remains an important
issue when analyzing peptide sequences [102]. Not only can cross-contamination arise
from laboratory reagents and controls, it can also occur due to previously analyzed samples.
Thus, it is necessary to rule out cross-contamination by suitable measures, such as careful
and self-critical approaches, and appropriate controls [102].
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Vibrational methods such as infrared spectroscopy have been used to detect proteins,
showing characteristic absorption bands of the amide bonds; however, these signals are
non-specific and it is not possible to identify the type of protein or its sequence [34]. Early
trials to detect proteins utilized amino acid analysis after degradation of the proteins. This
method is also insufficient for determining the original peptide sequence [33]. TOF-SIMS
employs a harsh ionization method which causes extensive fragmentation of proteins.
Therefore, while it cannot be used for sequencing, it is useful for obtaining a chemical map,
revealing the regions where amino acid fragments are found in a fossil, which may then be
further analyzed [32,34,76].

Immunological techniques including immunohistochemistry, Western blotting, and
ELISA rely on positive antigen–antibody reactions, detecting specific epitopes of a protein
or nucleic acid. Specificity depends on the employed antibodies, but protein or nucleic acid
sequences cannot be determined. These methods can be useful to locate the regions that may
contain preserved proteins (or nucleic acids) suitable for subsequent mass spectrometric
analysis. In addition, liquid chromatography coupled to electrospray ionization high-
resolution mass spectrometry is used for the identification of proteins. The techniques
used in paleoproteomics and their limitations were recently reviewed [33,34]. Most of the
proteins detected in dinosaur fossils belonged to the most abundant ones including collagen
type I (found in bones), collagen type II (found in cartilage), and beta-keratin (found in
scales, turtle shell, claws of reptiles, and in avian feathers) [103]. The following section will
discuss the evidence for proteins detected to date in dinosaurs and their chemistry.

3.2.1. Collagens

Collagens constitute a family of glycoproteins that are the main components of the
extracellular matrix of different tissues. In animals, 29 different types of collagen have been
found, but only 3 types (collagen I, II and III) constitute around 80–90% of the total collagen.
Collagens are structural proteins in the extracellular matrix which confer mechanical
strength especially to connective tissues. They directly interact with other components of
the extracellular matrix, such as proteoglycans, fibronectin and laminin. Proteoglycans are
glycoproteins that form a gel-like network in the extracellular matrix. Collagens and other
fibrous proteins (fibronectin and laminin) are located within this network. Fibronectin and
laminin are non-collagenous glycoproteins that form fibrous networks and affect the shape
of the extracellular matrix. They possess binding sites important for cell adhesion [104].
In addition, collagens interact with secreted soluble factors such as the von Willebrand
factor and interleukin-2, and with cell surface receptors such as integrins [105]. These
interactions aim to regulate tissue development and mechanical responses to cell signaling
such as cell adhesion, migration and chemotaxis [106,107]. The primary polypeptide
structure of collagen is known as the α-chain. All types of collagens share the repeating
amino acid sequence [Gly-X-Y], where X and Y are usually proline and hydroxyproline,
respectively (see Figure 4). In 12% of collagen sequences, both proline and hydroxyproline
are present in their respective positions, while in 44% of the sequences, only one of them is
present [108]. The secondary structure of collagen is formed from three α-chains arranged
in parallel. They are twisted together to form the tertiary structure, a rope-like triple helix
with a molecular weight of ca. 300 kDa, a length of 280 nm and a diameter of 1.4 nm. The
abundance of the cyclic amino acids, proline and hydroxyproline, sterically hinders rotation
around the peptide bonds in the α-chains which contributes to the stability and rigidity
of the triple helix. In addition, two types of hydrogen bonds stabilize the triple helix.
The first type of intermolecular hydrogen bonds are formed between the NH of glycine
and the carbonyl group of proline residues in neighboring α-chains. The second type
are intramolecular hydrogen bonds, formed between the carbonyl or hydroxyl groups of
hydroxyproline and the carbonyl group of glycine or hydroxyproline residues in the same
α-chain, mediated by a water molecule [108]. Moreover, the X and Y positions in further
collagen sequences are occupied by other amino acids, but never contain tryptophan,
tyrosine, or cysteine, as these would destabilize the triple helix [109]. Post-translational

267



Biology 2022, 11, 670

modifications such as hydroxylation of proline and lysine residues or glycosylation (with
galactose or a disaccharide of glucose and galactose) also contribute to stability and are
typical of collagen. The more hydroxyproline residues there are, the more thermally
stable the triple helix is. Post-translational hydroxylation of proline residues is often used
in identification of collagen from fossils, especially since this cannot be performed by
bacteria [108]. Hydroxylysine is the point of attachment of the sugars via an O-glycosidic
linkage, and this stabilizes the collagen fibrils mechanically by formation of covalent
crosslinks [108].

Figure 4. (A) The most common repeating sequence present in collagen types I and II. Posi-
tions X and Y can be occupied by any amino acid except tryptophan, tyrosine or cysteine. The
most common amino acids in positions X and Y are proline and hydroxyproline, respectively.
(B) Schematic representation of the triple helical structure of collagens type I and II. In collagen
type I, there are two α1 chains and one α2 chain, whereas in collagen type II, there are three α1 chains.
(C) Diagram of a collagen molecule showing the post-translational modifications that occur, which
are hydroxylation of lysine residues and glycosylation of hydroxylysine by galactose and glucose.
(D) The stacked arrangement of collagen fibers, visible under a transmission electron microscope,
shows a characteristic staggered pattern known as the D-band or D-period of approximately 67 nm
in periodicity. This banding is a unique feature used for identification of collagen fibers under the
microscope. Adapted from [110,111].
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Collagen Type I

Collagen type I is the major component of bone organic phase, but is also present in
skin, tendons, ligaments, lung, blood vessels, cornea, brain and spinal cord [108,112] (see
Figure 4 for structures). Collagen I is composed of two α1(I) chains and one α2(I) chain and
assembles into elongated fibrils of 500 μm in length and 500 nm in diameter. The fibrils
have a characteristic tight arrangement. Every 64–67 nm, there also is a pattern repeating
itself, known as D-banding. This pattern is visible in the electron microscope and can be
utilized for identification of collagen type I [108,113–116]. Studies reporting evidence for
collagen type I found in the dinosaur fossil record are compiled in Table 3.

Table 3. Collagen type I and II in the dinosaur fossil record.

Study Collagen Type I
Analytical

Technique(s)
Dinosaur Name,

Location and Age
Type of Tissue Reference

1

Amino acid fragments
and peptide sequences

(5 from α1 chain, 1
from α2 chain)

Immuno-
histochemistry, ELISA,

TOF-SIMS and
LC-MS/MS

Tyrannosaurus rex (68 Ma)
Hell Creek Formation,
eastern Montana, USA

Trabecular bone [19,20]

2 Infrared absorption
bands

SR-FTIR and confocal
Raman microscopy

Lufengosaurus (ca. 195 Ma)
Dawa, Lufeng County,

Yunnan Province, China

Rib bone
(thin sections) [3]

3
Amino acid fragments

(alanine, arginine,
glycine, and proline)

TOF-SIMS

Various Dinosauria
(75 Ma)

Dinosaur Park Formation,
Alberta, Canada

Claw, ungual
phalanx,

astragalus,
tibia, rib

[26]

4
Peptide sequences

(6 for α1 chain, 2 for
α2 chain)

Immuno-
histochemistry,

Western blot, ATR-IR,
TOF-SIMS, and

LC-MS/MS

Brachylophosaurus
canadensis (80 Ma)

Judith River Formation,
eastern Montana, USA

Femur from hind
limb

(4 different samples)
[29]

5
Peptide sequences

(6 for α1 chain, 2 for
α2 chain)

Nano-LC-MS/MS and
FT-ICR-MS

Brachylophosaurus
canadensis (80 Ma)

Judith River Formation,
eastern Montana, USA

Femur from hind
limb (4 different

samples)
[30]

6 Collagen type II Immunohisto-
chemistry

Hypacrosaurus stebingeri
(75 Ma)

Two Medicine Formation,
northern Montana, USA.

Calcified cartilage
from

supraoccipital
[31]

Attempts to detect collagen type I in dinosaurs were performed on samples of Tyran-
nosaurus rex [19] (see Table 3). Trabecular bone extracts showed positive reactivity in an
ELISA employing avian collagen I antibodies. The signal was weaker in the dinosaur
as compared to extant emu cortical and trabecular bone, but the signal detected in the
fossil was larger than those in buffer controls and in the sediment. The same pattern
was observed by in situ immunohistochemistry studies. Antibody binding decreased
significantly when the fossil tissue was digested with collagenase I before exposure to the
antibodies. TOF-SIMS analysis revealed amino acid residues in the fossil including glycine
(highest relative signal intensity), alanine, proline, lysine, leucine and isoleucine [19]. A
subsequent study [20] applied a softer mass spectrometric technique to avoid undesired
fragmentation, liquid chromatography tandem mass spectrometry (LC-MS/MS). In this
study, the dinosaur fossil was compared to similarly treated ostrich and mastodon sam-
ples. The mass spectra obtained from T. rex bone extracts detected seven collagen peptide
sequences, five from the α1(I) chain, one from the α2(I) chain, and one belonging to the
α1(II) chain of type II collagen, that were aligned with database sequences from extant
vertebrates. Post-translational modifications, especially hydroxylation of proline, lysine
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and glycine, were detected in the dinosaur fossil as well as in the mastodon and ostrich
samples, while no collagen sequences were detected in control samples of the surrounding
sediment and the extraction buffers. The sediment contained peptides of bacterial origin,
but no collagen [20].

In another study, investigation of the hadrosaurid dinosaur Brachylophosaurus canaden-
sis provided evidence for collagen type I [29]. This was confirmed by studies in different lab-
oratories and at different times using different methodology including sample preparation
technique, mass spectrometry instrument, and data analysis software [29,30]. Microscopic
observation (by field-emission SEM) of fibrous structures in demineralized femur bones
was followed up by immunoblot assays. A positive reactivity to antibodies raised against
avian collagen type I was observed in whole fossil bone extracts and in intact demineralized
fossil bones [29]. In situ immunohistochemistry studies performed on demineralized fossil
bones confirmed the results. The extraction buffers and the surrounding sediments showed
no reactivity. Antibody binding decreased significantly when the samples were digested
with collagenase before exposure to the antibodies, or when exposed to antibodies that had
been pre-incubated with excess collagen. Gel electrophoresis studies on samples of the sur-
rounding sediment did not show any visible protein bands. Infrared spectroscopy showed
absorption bands of amide bonds (Amide I and Amide II). Analysis using TOF-SIMS in-
dicated fragments of lysine, proline, alanine, glycine, and leucine residues in intact blood
vessels and in matrix of demineralized bone. Further experiments using reversed-phase
microcapillary liquid chromatography tandem mass spectrometry (linear ion-trap alone or
hybridized with Orbitrap mass spectrometry) recovered eight collagen type I sequences,
containing a total of 149 amino acids. Six of these sequences were attributed to the α1 chain
and two to the α2 chain [29].

High-resolution measurements performed eight years later by LC-tandem mass spec-
trometry coupled to Fourier-transform ion cyclotron resonance mass spectrometry (FT-ICR-
MS) again showed eight collagen type I sequences in the range of 250 kDa, two of which had
previously been detected for the α1 chain, in addition to three new α1 chain sequences, and
three new sequences for the α2 chain [30]. In both studies, no collagen sequences could be
detected in spectra of extraction buffer or samples of the surrounding sediment. In addition,
post-translational modification of hydroxylated proline was observed, which is important
for the triple helix structure of collagen I and cannot be produced by microbes [29,30].

Amino acid fragments in association with direct observations of fibrous structures
showing the 67 nm banding of typical collagen were detected using TOF-SIMS by Bertazzo
et al. (2015) in a variety of dinosaur bone samples from the Late Cretaceous Dinosaur Park
Formation of Alberta, Canada [26]. The banding indicated that the quaternary structure
of collagen may have been preserved. In addition, TOF-SIMS analyses were performed to
search for amino acids using thick sections of the fossil bone sample, as well as modern
rabbit bone, non-calcified fossil samples, surrounding sediment, and the sample holder
made of copper as controls. The fossil dinosaur bone samples and the rabbit bone contained
similar amino acid peaks which were neither present in the non-calcified fossil samples
nor in the surrounding sediment or in the sample holder. Fragments belonging to glycine,
arginine, alanine, and proline were detected only in the permineralized fossil samples [26].

Synchrotron-radiation Fourier transformed infrared spectroscopy (SR-FTIR) and con-
focal Raman spectroscopy were used to identify characteristic vibrations of chemical bonds
at specific absorption bands for each functional group, producing high resolution images
and spectra [34]. Infrared absorption bands characteristic for collagen type I were detected
in thin sections of the rib bone of a 195-million-year-old Lufengosaurus, and early-branching
sauropodomorph, and the geologically oldest dinosaur sample analyzed to date. The
detection was especially in the regions where vascular canals could microscopically be
observed. The infrared absorption bands of the fossil samples were very similar to the
reference samples of extant collagen I extracted from calf skin [3].

The published evidence for collagen type I and other proteins and their sequences in
dinosaurs should still be treated with caution. For example, TOF-SIMS is not suitable for
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sequencing but can only help to locate samples for subsequent tandem-mass spectrometry
experiments. A combination of different analytical techniques is usually needed, combined
with the proper controls. Tandem mass spectrometry is the main technique to prove the
presence of peptides and to sequence polypeptides/proteins.

Collagen Type II

Collagen type II is a structural protein mostly present in cartilage, tendons, and in
the intervertebral disc [108]. In contrast to collagen type I, it is a homotrimer, composed
of 3 α1(II) chains [113]. Similar to collagen type I, it also forms a triple helix of around
1000 amino acids in length and has the repeating amino acid pattern of Gly-X-Y [117],
forming an aggregated fibrous structure.

The first report on collagen II associated with preserved calcified cartilage in di-
nosaurs [31] was from Hypacrosaurus stebingeri, a 75-million-year-old hadrosaur nestling
discovered in the Two Medicine Formation of northern Montana, USA. Techniques used to
chemically characterize the observed chondrocyte-like microstructures were histochemical
and immunological techniques, as shown in Table 3. Thin sections of demineralized fossil
cartilage exposed to antibodies raised against avian collagen type II showed positive re-
activity after visualization by green fluorescence. The observed pattern was interrupted
and less intense compared to the homogenous distribution of the binding pattern in extant
cartilage from emu (Dromaius novaehollandiae), suggesting that either the epitopes are few or
that the epitopes recognized by avian collagen I antibodies are not similar to those present
in the dinosaur. Collagen II is not produced by bacteria; thus, contamination is less likely
to have occurred [31].

Specificity of the antibodies was checked by prior digestion of the thin sections by col-
lagenase II and exposure to the antibodies, after which the binding decreased significantly
in both fossil and recent material under the same conditions. This supports the interpreta-
tion that collagen II is likely present in the fossil. Antibodies against avian collagen I did
not show any binding in both fossil and recent cartilage, which is not expected to be found
there [31].

3.2.2. Keratins

Keratins are structural proteins which are the major constituents of hair, nails, feathers,
horns, and hooves [118]. They are characterized by a high cysteine content (7–13%).
Keratins have several biological functions, including (i) mechanical effects and (ii) altering
cellular metabolism. By disassembly and reassembly, keratins provide flexibility to the
cytoskeletal structure, making cells and tissues withstand mechanical stress and maintain
their shape. Keratins affect the response to cellular signaling by binding to various signaling
proteins such as protein kinases and phosphatases. Thus, keratins are involved in the
regulation of cell growth, cell differentiation, mitosis, and protein synthesis, which may
lead to a change in cellular metabolism [119–121].

Keratins have a molecular weight of 40–70 kDa [119,122]. The amino acids in the
primary sequence of keratins are often cysteine, glycine, proline, and serine, and to a
lesser extent lysine, histidine, and methionine. Tryptophan is rarely present [118,123]. The
secondary structure of keratins is either an α-helix or a β-sheet, depending on the type of
amino acids present. Accordingly, two types of keratins can be distinguished: α-keratin
and β-keratin [119] (see Figure 5).
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Figure 5. Diagram of the four different levels of keratin structure. The primary sequence of keratin is
shown, including the most common amino acids present (the amino acids are L-configurated, but
the stereochemistry is not shown). The secondary structure of keratins can be either an α-helix or a
β-sheet, classifying them into α-keratins and β-keratins, respectively. The tertiary structures of both
keratin types are heterodimers. The quaternary structure is composed of intermediate filaments, that
are 7 nm in diameter for α-keratin and 3–4 nm in diameter in β-keratin. Adapted from [124].

The tertiary structure of keratins is composed of a dimer that forms the building
block of keratin filaments. It is stabilized by inter- and intra-molecular interactions such
as disulfide bridges, hydrogen bonds, hydrophobic interactions, and ionic bonds [118].
Their quaternary structure consists of self-assembling intermediate filaments having a
characteristic electron-lucent region of 7–8 nm in diameter observed under the electron
microscope. The formation of keratin filaments is affected by pH and osmolarity [119].

Post-translational modifications occur to the secondary structure of keratins, which in
turn affect their overall structure, physicochemical properties and functions. Phosphoryla-
tion or formation of intra- and interchain covalent bonds (e.g., disulfide bonds) can directly
modify the structure. Changes in pH, the types of ions present, and osmolarity can alter
the physicochemical properties indirectly, for example, by changing the isoelectric point.
Keratins can modify their filaments due to mechanical stress such as tension, compression,
and shearing [119].

Keratins are insoluble in water, alkali, weak acids, and organic solvents. They are
stable in the presence of proteases such as pepsin and trypsin. The crosslinking via disulfide
bonds stabilizes the overall tertiary structure and lowers the water solubility [118,123].

α-Keratin is expressed in all vertebrates [23]. Its structure is better described than that
of β-keratin [119]. α-Keratins are classified into two types according to their isoelectric
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point (pI) range: type I (pI = 4.9–5.4) and type II (pI = 6.5–8.5). α-Keratins with more acidic
amino acids are of type I, while those containing more basic amino acids belong to type
II [119] (see Figure 5).

β-Keratins are exclusively expressed in reptiles and birds (e.g., claw sheaths and
feathers), and differ from the α-keratins in their lower solubility and the high rigidity of
their microfibril filaments [24]. β-keratin has a core of 30 amino acids and forms antiparallel
β-sheets, joined by regions of β-turns and stabilized by hydrogen bonds. The quaternary
structure of β-keratin is characterized by microfibril filaments of 3 nm in diameter [125].
The presence of hydrophobic amino acids in the core, such as valine and proline [125],
increases their preservation potential because they will not be readily hydrolyzed [23]. β-
Keratins are not expressed in humans or microorganisms; thus, if β-keratins are detected in
fossils, exogenous contamination can likely be ruled out [23]. β-Keratin has been detected
in fossil dinosaurs mainly by immunohistochemistry techniques as shown in Table 4.

Table 4. Evidence of beta-keratin in the dinosaur fossil record.

β-Keratin
and Its Amino Acid Fragments

β-Keratin Epitopes

Analytical technique(s) TOF-SIMS
Immunohistochemistry Immunohistochemistry

Dinosaur species
Location and age of fossil

Shuvuuia deserti (100 Ma)
Ukhaa Tolgod in southwestern

Mongolia

Citipati osmolskae (75 Ma)
Djadokhta Formation of Mongolia

Type of tissue Feather-like epidermal
appendages

Original keratinous-like claw
sheath

Reference [24] [23]

There are some amino acids which are common in the sequence of both types of
keratins, such as glycine, serine, valine, leucine, glutamate, cysteine, and alanine [119,126].
Amino acids which are more abundant in α-keratin are methionine, histidine, phenylala-
nine, and isoleucine [127]. Amino acids that are more abundant in α-keratin are proline
and aspartate [119], whereas histidine, methionine, tryptophan, and tyrosine are rarely
present [126].

The first characterization of β-keratin in fossil dinosaurs was from feather-like struc-
tures of the 100-million-year-old Shuvuuia deserti collected at Ukhaa Tolgod in southwestern
Mongolia (see Table 4) [24]. Immunohistochemical studies using antibodies raised against
avian α- and β-keratins showed a strong reactivity in both fossil and extant (duck feather)
tissue samples for β-keratin, and less reactivity for α-keratin. No reactivity was seen in
control samples, including incubation with antibodies not specific to β-keratin. Reduced
binding was observed when the antibodies against β-keratin were incubated with excess
β-keratin before exposure to the tissues, thus confirming the specificity of this approach.
Furthermore, TOF-SIMS analysis was performed on isolated fiber structures to search
for amino acids to support the immunological findings. Several amino acid fragments,
containing glycine, serine, leucine, cysteine, proline, valine and alanine, were detected in
the mass spectra. The targeted sampling location supports that these amino acids could
belong to the fossil, but sequencing by higher resolution methods would be needed for
confirmation [24].

Antibodies raised against β-keratin have shown positive binding to demineralized thin
sections of claw sheaths from the 75-million-year-old oviraptorid dinosaur, Citipati osmolskae,
from the Djadokhta Formation of Mongolia, which showed keratinous-like microstruc-
tures [23]. Reference samples of extant emu and ostrich claw sheath were additionally
studied. An in situ immunohistochemical approach combined with immunofluorescence
and electron microscopy was employed that reaffirmed the previous claims that β-keratin
can be preserved over millions of years. However, the available sample material from
dinosaur fossils limits sequencing approaches. Yet, a targeted high-resolution mass spec-
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trometric approach has been suggested for further studies based on sampling the regions
which exhibited positive reactivity to β-keratin antibodies [23].

4. Conclusions

This review provides a collection of organic compounds identified in dinosaur bone
and soft tissues to date, giving insights into their chemistry and the analytical techniques
used for their identification. Reports on organic compounds are increasing as more targeted
sensitive analytical approaches that use less and less sample material are being devel-
oped. Organic compounds detected from dinosaurs so far comprise pigments, such as
porphyrins and melanins, and proteins, including collagen type I, collagen type II and
β-keratin. The analytical techniques used have been a combination of imaging using mi-
croscopy, absorption, reflectance and vibrational spectroscopy. Chemical imaging on the
sample surface using time-of-flight secondary ion mass spectrometry, and more invasive
techniques, namely liquid chromatography coupled with tandem mass spectrometry were
also employed. Yet, even as analytical techniques become more advanced and highly
sensitive, it still remains challenging to prove the endogeneity of the detected structures, es-
pecially when searching for proteins or DNA. Further development of sample preparation
techniques that minimizes contamination is required.
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ATR-IR Attenuated-total reflection infrared spectroscopy
BN-PAGE Blue native-polyacrylamide gel electrophoresis
EDS Energy-dispersive X-ray spectrometry
ELISA Enzyme linked immunosorbent assay
ESI-MS Electrospray ionization mass spectrometry
FESEM Field emission scanning electron microscopy
FT-ICR-MS Fourier transform ion cyclotron resonance mass spectrometry
FTIR Fourier transform infrared spectroscopy
IR Infrared spectroscopy
LC-MS/MS Liquid chromatography tandem mass spectrometry
NMR Nuclear magnetic resonance
OM Optical microscopy
Py-GC-MS Pyrolysis gas-chromatography mass spectrometry
q/TOF-MS Quadrupole time-of-flight mass spectrometry
SDS-PAGE Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
SEM Scanning electron microscopy
SR-FTIR Synchrotron-radiation Fourier transform infrared spectroscopy
TEM Transmission electron microscopy
TOF-SIMS Time-of-flight secondary-ion mass spectrometry
UV/VIS Ultraviolet-visible light
VPSEM Variable-pressure scanning electron microscopy
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Simple Summary: Contrary to traditional views, fossil bones have been shown to occasionally retain
original cells, blood vessels, and structural tissues that are still comprised, in part, by their original
proteins. To help clarify how such remarkable preservation occurs, we explored the fossilization
history of a famous Tyrannosaurus rex specimen previously shown to yield original cells, vessels,
and collagen protein sequences. By analyzing the trace element composition of the femur of this
tyrannosaur, we show that after death its carcass decayed underwater in a brackish, oxic, estuarine
channel and then became buried by sands that quickly cemented around the bones, largely protecting
them from further chemical alteration. Other bones yielding original proteins have also been found
to have fossilized within rapidly-cementing sediments in oxidizing environments, which strongly
suggests that such settings are conducive to molecular preservation.

Abstract: Many recent reports have demonstrated remarkable preservation of proteins in fossil bones
dating back to the Permian. However, preservation mechanisms that foster the long-term stability
of biomolecules and the taphonomic circumstances facilitating them remain largely unexplored. To
address this, we examined the taphonomic and geochemical history of Tyrannosaurus rex specimen
Museum of the Rockies (MOR) 1125, whose right femur and tibiae were previously shown to retain
still-soft tissues and endogenous proteins. By combining taphonomic insights with trace element
compositional data, we reconstruct the postmortem history of this famous specimen. Our data show
that following prolonged, subaqueous decay in an estuarine channel, MOR 1125 was buried in a
coarse sandstone wherein its bones fossilized while interacting with oxic and potentially brackish
early-diagenetic groundwaters. Once its bones became stable fossils, they experienced minimal fur-
ther chemical alteration. Comparisons with other recent studies reveal that oxidizing early-diagenetic
microenvironments and diagenetic circumstances which restrict exposure to percolating pore fluids
elevate biomolecular preservation potential by promoting molecular condensation reactions and
hindering chemical alteration, respectively. Avoiding protracted interactions with late-diagenetic
pore fluids is also likely crucial. Similar studies must be conducted on fossil bones preserved un-
der diverse paleoenvironmental and diagenetic contexts to fully elucidate molecular preservation
pathways.

Keywords: REE; Tyrannosaurus rex; molecular paleontology; geochemical taphonomy; diagenesis;
bone; protein; collagen; Hell Creek Formation

1. Introduction

1.1. Biomolecular Preservation in Fossils

Preservation of endogenous biomolecules like proteins and DNA in ancient fossils was
once thought implausible by many paleontologists. The plethora of microbial and inorganic
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agents of decay inherent in fossilization were long expected to inevitably either breakdown
labile biomolecules into minute and useless components, or alter them so thoroughly via
recombination and crosslinking that they become intractably unrecognizable [1]. Yet, as
discussed in detail by several recent reviews [2–7], innovative adaptations of molecular
biology techniques toward analyzing fossil samples and significant advances in analytical
resolution have proven that recognizable biomolecules persist in many, diverse fossils.
Ancient DNA and even entire nuclear and mitochondrial genomes are now being recovered
from Pleistocene fossils [8–12], some of which are older than 1 My [13], and proteins such
as collagen I, hemoglobin, and β-keratin have been identified within vertebrate fossils
dating back to the Jurassic [14–21]. Collagen I peptides have even been recovered from
two Cretaceous non-avian dinosaur bones [18,22,23], and cladistic analyses found those
peptides to place non-avian dinosaurs in their expected phylogenetic context within Ar-
chosauria [18,24], thus corroborating their authenticity. The growing number of these
reports by independent research groups using diverse analytical techniques clearly demon-
strates that ‘surviving’ fossilization is not an insurmountable challenge for biomolecules.
Yet, this concept remains controversial, in part because there are still many gaps in our
understanding of the geochemical processes that result in fossilization in general, let alone
the processes that result in exceptional preservation of soft tissues and their component
molecules.

“Traditional” explanations attributing the preservation of proteinaceous tissues such
as skin, blood vessels, or feathers to simple carbonization (e.g., [25]) or mineral replacement
(e.g., via phosphatization [26]) are clearly insufficient, as they cannot explain cases of
retention of endogenous molecular signatures in such fossil tissues (e.g., [15,27]). Yet, it is
only within the last decade that molecular paleontologists have begun developing alterna-
tive hypotheses about preservation mechanisms capable of fostering long-term molecular
stability. Schweitzer et al. [28,29] were the first to propose such a mechanism, suggesting
that iron-catalyzed free radical reactions could mediate natural tissue fixation by induc-
ing intramolecular crosslinking. Ensuing actualistic experiments by Boatman et al. [30]
found support for this hypothesis in that Fenton- and glycation-treated modern chicken
collagen samples exhibited the same types of crosslinks present in the walls of fossil
blood vessels recovered from a Cretaceous Tyrannosaurus rex femur (MOR 555/USNM
555000). To date, only two other studies have directly addressed preservation mechanisms.
Schweitzer et al. [31] suggested that concurrent recrystallization of bone hydroxyapatite
may encase the molecular condensation products described above as they form, shielding
them in a manner similar to intracrystalline proteins (cf. [32]), whereas Edwards et al. [33]
alternatively suggested that ternary complexation of biomolecules with dissolved metal
cations and mineral crystal surfaces may stabilize them over geologic timescales. As
the brevity of this summary shows, attempts to investigate mechanisms of molecular
preservation remain rare.

To better elucidate these (and other, as-yet-unrecognized) potential preservation mech-
anisms, it is imperative to identify geochemical regimes conducive to such “exceptional”
preservation and characterize the full suite of physicochemical taphonomic parameters at
play. Although certain taphonomic circumstances can reliably be linked to “exceptional”
preservation (e.g., rapid burial) [34,35], many geologic and geochemical variables need
further study to elucidate their influence(s) on decay at the molecular level. For exam-
ple, how much do factors such as groundwater chemistry and diffusion history control
the preservation potential of biomolecules? Are the depositional setting (e.g., floodplain,
seafloor) and geochemical microenvironment of burial primary factors controlling whether
or not original soft tissues and their component molecules persist? If so, which sedimentary
facies and diagenetic histories are most conducive to biomolecular preservation in fossils,
and why? These important questions remain largely unexplored.
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1.2. Trace Element Taphonomy of Fossil Bone

Among the many established and emerging analytical methods that could be used
to shed light on potential answers to the questions listed above, trace element analyses
are arguably the most useful, as they offer unparalleled windows into the geochemical
and diagenetic history of fossils. Rare earth elements (REE; lanthanum-lutetium), ura-
nium, scandium, and other trace elements released from sediments into groundwaters
are ubiquitously adsorbed by bone hydroxyapatite during fossilization (primarily via sur-
face adsorption and cationic exchange into the crystal lattice, leaving histologic structure
unaltered; [36,37]). These elements are negligibly present in bone mineral during life,
meaning that their presence in a fossil bone reflects the geochemical and hydrodynamic
history of the diagenetic environment [37,38]. The proportions of trace elements adsorbed
depends largely on groundwater chemistry [37], and their spatial distributions within
fossil bone tissues form records of the pore-fluid interactions a bone experienced through
diagenesis [36,39–44]. In short, analyses of REE and other trace elements offer unique
insights not only into the magnitude of chemical alteration a specimen has undergone,
but also: (1) the chemistry of ancient surface and groundwaters in the burial environment
(e.g., [43,45,46]); (2) spatial and temporal trends in redox conditions both within and around
biologic remains as they were fossilizing (e.g., [46–48]), and; (3) the number and timing of
interactions a specimen had with pore fluids through diagenesis [39].

Given these diverse and critically-relevant utilities, two of us (P.V.U. and R.D.A.)
elected to employ trace element analyses in parallel with molecular assays in an initial
case study examining the diagenetic history of Edmontosaurus bones retaining endogenous
collagen I from a mass-death bonebed in the Cretaceous Hell Creek Formation [20,46,49,50].
Although those studies clarified one set of paleoenvironmental, diagenetic, and geochemi-
cal circumstances conducive to biomolecular preservation, all of the specimens examined
in that project derived from a single locality and taxon. The current study builds upon
our prior work by examining the diagenetic history of another non-avian dinosaur pre-
served under drasticallydifferent paleoenvironmental and diagenetic circumstances within
the Hell Creek Formation: Tyrannosaurus rex specimen MOR 1125. This specimen be-
came one of the most widely-known fossils in the world when Schweitzer et al. [51,52]
and Asara et al. [22] reported, respectively, the preservation of original bone cells, blood
vessels, and pliable proteinaceous matrix in its right femur and both tibiae, as well as
endogenous collagen I peptides in its right femur. Those studies of MOR 1125 ignited un-
precedented interest in the now-growing field of molecular paleontology, so it is due time
for the taphonomic and diagenetic history of this specimen to be resolved in comprehensive
detail.

2. Taphonomic and Geologic Context

MOR 1125 was collected from exposures of the Maastrichtian Hell Creek Formation
northwest of Jordan, MT, and just south of the Fort Peck Reservoir on lands managed by
the United States Fish and Wildlife Service (Charles M. Russell Wildlife Refuge) (Figure 1).
Its more than 220 skeletal elements were disarticulated but closely associated (Figure 2)
within sandstone underneath ~50 ft of overburden (Figure 3A and Figure S1). All preserved
cranial elements were found within a 5 m2 area in the northern corner of the quarry, and
nearly all teeth were found dislodged from the jaw elements in two clusters adjacent to the
skull bones. Based on data from the 25 m2 excavated in 2002 (Figure 2), skeletal element
abundances range from 0 to 16 specimens/m2 with an average of 5 specimens/m2. Field
data collected by Museum of the Rockies crews reveal that the bones were stratigraphically
separated from one another by as much as 55 cm, though all of the cranial elements were
found within a narrower ~15 cm interval. Although this stratigraphic interval is thick
enough to accommodate bones stacked on top of one another, almost all specimens were
found spatially isolated. Strike measurements acquired for 14 long bones (e.g., limb bones,
ribs) during the 2002 field season show a bimodal pattern comprising a northeast-southwest
trend and a nearly north-south trend (Figure 3B), implying probable hydraulic orientation
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of bones within the quarry. Bones range in size from phalanges and cervical ribs up to
girdle elements and large limb bones (i.e., bones pertaining to both Voorhies Groups I and
II were recovered; cf. [53]), and all major portions of the body are represented. Most of the
bones are complete, though some exhibit transverse and longitudinal fractures stemming
from minor post-fossilization compaction. None of the bones exhibit any noteworthy
signs of weathering or abrasion, and the femur examined by Schweitzer et al. [51,52]
and Asara et al. [22] exhibits infilling of the medullary cavity by crushed trabeculae and
sedimentary matrix.

 
Figure 1. (A) Map showing the location of the MOR 1125 quarry in Garfield County, Montana. (B) Right femur of MOR 1125
examined in this study. Map modified from [54] and bone photograph modified from [55], each under CC BY-4.0 licenses.

Schweitzer et al. [51] (p. 1953) briefly characterized the lithology from which MOR
1125 was recovered as a “soft, well-sorted sandstone that was interpreted as estuarine in
origin”, but the stratigraphy and sedimentology of the quarry have never been reported in
detail, despite their relevance to interpreting the depositional environment and taphonomic
history of this specimen. Below, we briefly summarize the stratigraphy of the quarry and
the entire butte encasing this specimen.

The specimen was recovered from the Basal Sand of the Hell Creek Formation (sensu
Hartman et al. [56] and Fowler [54]), 1.5 m above its basal contact with underlying Colgate
tidal flat facies. This places it within the lower unit (L3 sensu Horner et al. [57]) of the Hell
Creek Formation (Figure S1). Dark, marine deposits of the Bearpaw Shale are exposed
near the base of the butte from which the specimen was recovered, and they exhibit a
gradational contact with a shallow-marine sequence identified as the Fox Hills Sandstone.
The Fox Hills Formation is approximately 11.2 m thick and coarsens subtly up-section from
silty, hummocky cross-stratified fine sands at the base to low-angle planar cross-stratified,
fine-medium sands near the top (Figure S1). Sublitharenitic, trough cross-stratified, fine to
medium-grained sands of the Colgate Sandstone erosively scour into the Fox Hills Forma-
tion (Figure S1), as is common across the region (following the stratigraphic definitions of
Fowler [54]).
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Figure 2. Quarry map from the 2002 field season at the MOR 1125 quarry. Only bones discovered during that field season
are shown. Select identifiable bones are identified as labeled. Although the large tree trunk was found above all the bones
in the central region of the quarry, it is shown behind them to allow the bones to be better seen. Scale bar as indicated.

Specifically, MOR 1125 was found entombed near the base of a normally-graded,
swaley to trough cross-bedded channel lag deposit within a 11.8 m thick section of fine to
coarse-grained, trough cross-bedded sandstones (Figure 3A and Figure S1). Pebbles and
rounded, silty, rip-up clasts occur immediately beneath the bones, and all three of these
larger clast types are supported by a homogenous matrix of medium and coarse sand, all of
which are indicative of deposition within a relatively high-energy channel (see Discussion).

Strata exposed in the upper portion of the quarry wall largely consist of cross-bedded
fluvial channel sandstones, shaly floodplain/overbank mudstones, and massive crevasse-
splay sandstones typical of the middle portion of the Hell Creek Formation [54,55,58–61].
For further details on the sedimentology of the entombing sandstone and strata overlying
it, please see Figure S1 and the Supplementary Materials.
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Figure 3. (A) Stratigraphic section taken within the MOR 1125 quarry. (B) Rose diagram of MOR 1125 bone orientations
based on data from 14 long bones collected during the 2002 field season. Presented as an arithmetic plot with 10◦ bins.
Abbreviations: c.s.—coarse sand; f.s.—fine sand; m.s.—medium sand; v.c.s.—very coarse sand; v.f.s.—very fine sand. Scale
bar for (A) as indicated.

3. Materials and Methods

3.1. Materials

A portion of cortex excised from the midshaft of the right femur of Tyrannosaurus
rex MOR 1125 was used in this study. Although it is not the exact piece of cortex from
which Schweitzer et al. [52] and Asara et al. [22] recovered endogenous protein and peptide
sequences, respectively, this fragment is derived from the same region of the midshaft of
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the same bone, thereby minimizing any potential chemical heterogeneities between the two
cortex samples. The fragment comprises nearly the entire cortical thickness of the bone,
including the intact external cortex margin but not the internal wall of the medullary cavity
(hence, none of the medullary tissue identified by Schweitzer et al. [62] is present in this
fragment). Macroscopically, the femur is well-preserved, exhibiting no signs of pre-burial
weathering or postmortem abrasion.

3.2. Methods
3.2.1. Sample Preparation

An autoclaved chisel was initially used to isolate a smaller piece of the midshaft frag-
ment of the femur of MOR 1125 for embedding and sectioning. The resulting subsample,
which captured the cortical width of the femur, was then embedded under vacuum in
Silmar 41TM resin (US Composites). A Hillquist SF-8 trim saw was used to cut a thick
section (~3 mm) from the embedded subsample, which was then rinsed with distilled water
and allowed to thoroughly dry. For laser ablation-inductively coupled plasma mass spec-
trometry (LA-ICPMS) analyses, the thick section was placed directly in the laser ablation
chamber; no further polishing was necessary or performed.

3.2.2. LA-ICPMS Analyses

We employed the same mass spectrometry methods as Ullmann et al. [46] in this study,
and refer the reader to that publication for details. Briefly, LA-ICPMS was used to examine
spatial heterogeneity of REE and other pertinent trace elements in the fossil in order to
reconstruct the diagenetic history of the specimen and the geochemical regimes to which it
was exposed. Iron concentrations are reported in weight percentage (wt. %), while all other
concentrations are reported in parts per million (ppm). To enable comparisons to fossil
bones from other sites, REE concentrations were normalized against the North American
Shale Composite (NASC) using values from Gromet et al. [63] and Haskin et al. [64] (a
subscript N denotes shale-normalized values or ratios). Reproducibility, taken as the
percent relative standard deviation for all REE in an NIST 610 glass standard, averaged
2% and was at or below 3% for every element except iron (6.6%). For further analytical
specifics of the LA-ICPMS runs performed in this study, please see the Supplementary
Materials.

4. Results

4.1. Overall REE Composition

At the specimen level (i.e., considering all transect data combined), the femur of MOR
1125 exhibits a ∑REE of 596 ppm; this value thus represents the average REE content of
the cortex (Table 1). Manganese (Mn) and strontium (Sr) concentrations are the highest of
all recorded elements (2439 and 2386 ppm, respectively), with concentrations more than
double all the other trace elements and more than an order of magnitude higher than all REE
(Table 1). The average concentration of yttrium (Y) is also higher than all REE (1102 ppm),
and the average scandium (Sc) concentration is very high (83 ppm) compared to fresh bone.
At the whole-bone level, light (LREE) and heavy rare earth element (HREE) concentrations
are elevated compared to the middle rare earths (MREE, Sm–Gd), indicating fraction among
REE occurred during uptake (see below). Though uranium (U) concentrations exhibit an
average (38 ppm) higher than other dinosaur bones recently analyzed from the Hell Creek
Formation (2–18 ppm) [46], the femur of MOR 1125 exhibits a comparatively lower amount
of iron (0.73 wt. %; compared to 1.23–1.76 wt. % in [46]).
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Table 1. Average whole-bone trace element composition of the right femur of Tyrannosaurus rex MOR
1125. Numbers presented are averages of all transect data acquired across the cortex. Iron (Fe) is
presented in weight percent (wt. %); all other elements are in parts per million (ppm). Absence of
(Ce/Ce*)N, (Pr/Pr*)N, (Ce/Ce**)N, and (La/La*)N anomalies occurs at 1.0. (Ce/Ce*)N, (Pr/Pr*)N,
(Ce/Ce**)N, and (La/La*)N anomalies, comparing observed (Ce, Pr, La) versus expected (Ce*, Pr*,
Ce**, La*) concentrations of each element, are calculated as in the Materials and Methods section of
the text. The Y/Ho value reflects this mass ratio.

Element Concentration

Sc 83.43
Mn 2439
Fe 0.73
Sr 2386
Y 1102
Ba 888
La 66.48
Ce 107.47
Pr 14.24
Nd 63.72
Sm 17.65
Eu 5.45
Gd 34.38
Tb 6.88
Dy 63.45
Ho 18.82
Er 74.13
Tm 12.51
Yb 93.69
Lu 16.68
Th 0.13
U 37.77

∑REE 596
(Ce/Ce*)N 0.82
(Pr/Pr*)N 0.92

(Ce/Ce**)N 1.26
(La/La*)N 2.83

Y/Ho 58.55

4.2. Intra-Bone REE Depth Profiles

All REE exhibit steeply declining concentrations with cortical depth, and certain
elements exhibit hints of weak secondary diffusion from within the medullary cavity (e.g.,
Figure 4A; also see Supplementary Materials). Among the REE, cerium (Ce) concentrations
are the highest at the cortical margin (~2200 ppm) and thulium (Tm) exhibits the lowest
concentrations at the outer cortex edge (~50 ppm). LREE exhibit the steepest declines (on
average from ~1300 ppm near the cortical margin to <15 ppm by 1 cm into the cortex;
Figure 4A), generally encompassing a decrease of two orders of magnitude, which is clearly
indicative of greater uptake in the external cortex than deeper within the bone. MREE
concentration profiles are generally intermediate in slope between those of LREE and
HREE, and MREE concentrations are so low throughout the middle and internal cortex
(<2 ppm) that they frequently encroach on or fall below detection limit (Data S1). HREE
exhibit the flattest profiles among the rare earths (e.g., ytterbium [Yb] in Figure 4A), and
unlike LREE and MREE, they exhibit increasing concentrations with depth through the
internal cortex (again reflective of fractionation during uptake; see below). For example, Yb
concentrations rise from ~30–80 ppm in the middle cortex to ~50–150 ppm in the internal
cortex (Data S1). Moreover, HREE only decline from an average of ~250 ppm at the cortical
margin to ~40 ppm by 1 cm into the cortex, constituting less than an order of magnitude
decrease.
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Figure 4. Intra-bone REE concentration gradients of various elements in the femur of MOR 1125. (A) Lanthanum (La) and
ytterbium (Yb). (B) Scandium (Sc) and uranium (U). (C) Iron (Fe) and yttrium (Y). (D) Barium (Ba), manganese (Mn), and
strontium (Sr). Note the different concentration scales for each panel. The laser track is denoted by the yellow line in each
bone cross section. Gray text labels in (A) span the approximate regions considered as the ‘external’, ‘middle’, and ‘internal’
cortices. Scale bars, in white over bone images, each equal 1 mm.

Although intermittent spikes in REE concentrations are present in osteonal tissue
surrounding Haversian canals (indicative of uptake through vascular systems, e.g., brief
Yb spike near 14 mm in Figure 4A), there are no obvious signs of a uniform deflection in
elemental profiles reflective of significant double medium diffusion effects (cf. [44]). Instead,
most trace element profiles exhibit a distinct plateau and then drop in concentrations at
~4.7 mm into the cortex (Figure 4). A fine, open, diagenetic crack passes diagonally across
the laser transect at this depth. As shown in Figure 4A, REE concentrations are uniformly
higher in the bone on the external side of this crack than on the internal side of it.

Scandium (Sc) is the only element to exhibit a distinct, broad peak in concentrations
within the middle cortex (Figure 4B). Uranium (U) also exhibits a depth profile shape
distinct from those of all the other elements examined, characterized by an initial, weak
decrease in concentration from the cortical margin followed by a slow, steady increase in
concentration throughout the middle cortex to a stable plateau of the highest concentrations
within the bone (~40–50 ppm) within the internal cortex (Figure 4B). Unlike REE, Sc, and Y,
the profile of U does not exhibit any disruption related to the crack at 4.7 mm. Iron (Fe)
exhibits a nearly flat profile (Figure 4C) with comparatively less locallyrestricted spikes
in concentrations in the external cortex than strontium (Sr), manganese (Mn), and barium
(Ba), each of which exhibit high concentrations throughout the cortex (Figure 4D). Yttrium
(Y) exhibits the same general profile shape as the HREE in the bone, including a slight
decrease in concentrations near 15 mm and slight increase in concentrations toward the
internal end of the transect (Figure 4C), indicative of similar uptake behavior for these
elements in the femur of MOR 1125.
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4.3. NASC-Normalized REE Patterns

Although the external-most cortex of the femur exhibits considerably greater REE
enrichment than deeper portions of the cortex (as is common in fossil bones, e.g., [39,65];
Figure 5A), the external 250 μm of the transect still exhibits an NASC-normalized pattern
very similar to that of the bone as a whole (compare Figures 5B and 6A), but with lesser
relative enrichment in HREE. Both exhibit a modest negative Ce anomaly (visually evident
as a downward deflection of the pattern at this element) and relative LREE depletion
and HREE enrichment relative to MREE. Relative enrichment in HREE (perhaps resulting
from uptake from brackish pore fluids; see Discussion) is also evident in how closely a
data point for the whole-bone composition of MOR 1125 plots to the Yb corner of a NdN-
GdN-YbN ternary plot (Figure 5C). In the external 250 μm of the cortex, shale-normalized
concentrations range from ~30–100 times NASC values.

Figure 5. REE composition of the femur of MOR 1125. (A) Three-point moving average profile of La concentrations in the
outermost 7 mm of the bone. (B) Average NASC-normalized REE composition of the fossil specimen as a whole. (C,D)
Ternary diagrams of NASC-normalized REE. (C) Average composition of the bone. (D) REE compositions divided into data
from each individual laser transect (~5 mm of data each). Compositional data from the transect that included the outer bone
edge is denoted by a dark diamond; all other internal transect data are indicated by gray circles. The 2σ circle represents
two standard deviations based on ±5% relative standard deviation.
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Figure 6. Spider diagrams of intra-bone NASC-normalized REE distribution patterns within the femur of MOR 1125.
(A) Average composition of the outermost 250 μm of the cortex, demonstrating a similar magnitude of relative LREE
depletion in the outermost cortex as seen in the bone as a whole (Figure 5B). (B) Variation in compositional patterns by laser
transects. The pattern which includes the external margin of the bone is shown in black, those from deepest within the bone
by dotted, lightgray lines, and all other analyses in between by solid, darkgray lines.

A ternary plot of LaN-GdN-YbN (Figure 5D) for each individual laser run compiled
into the full transect identifies considerable spatial variation in bone composition (i.e.,
variation exceeds two standard deviations). This is confirmed by a spider diagram of
individual laser runs (Figure 6B) which also shows substantial contrasts in the proportions
of REE by laser run, with differences primarily corresponding to cortical depth. As can
be seen in these figures, the femur of MOR 1125 generally becomes increasingly enriched
in HREE relative to LREE and MREE with increasing depth into the internal cortex, with
the bone overall shifting from modestly HREE enriched in the external-most cortex to
drastically HREE enriched in the internal cortex and inner half of the middle cortex (roughly
the inner half of the transect). Proportionally, this trend shifts from roughly one order of
magnitude enrichment of HREE relative to LREE in the external cortex to approximately
three orders of magnitude in the internal cortex.

Relative to NASC, middle and internal cortex transects generally exhibit roughly
equal depletion in LREE and enrichment in HREE (Figure 6B). The internal-most laser
run exhibits uniformly higher REE concentrations than the run immediately external to it.
Although the laser run with the lowest concentrations, which crosses the outer portion of
the internal cortex, exhibits slightly elevated peaks at neodymium (Nd), Gd, and holmium
(Ho), there are no distinct signs of tetrad effects (i.e., ‘M’- or ‘W’-shaped shale-normalized
patterns; [47] and references therein) in other laser runs (Figure 6B) or in the bone as a
whole (Figure 5B; also see Supplementary Materials for further discussion on potential
tetrad effects in MOR 1125).

4.4. (La/Yb)N vs. (La/Sm)N Ratio Patterns

At the whole-bone level, the fibula of MOR 1125 exhibits an (La/Sm)N value of
0.75 and a (La/Yb)N of 0.04, reflective of substantial HREE enrichment relative to most
environmental water samples, dissolved loads, and sedimentary particulates (Figure 7A).
In fact, this extremely low (La/Yb)N value places the bone within the compositional
range of marine pore fluids and outside the ranges of all the other environmental samples
examined (see Supplementary Materials for a breakdown of the literature sources used for
environmental samples).

Plotting REE ratios for individual laser runs reveals a consistent pattern of decreasing
(La/Yb)N and unchanging (La/Sm)N with increasing cortical depth (Figure 7B). The laser
run including the external margin of the bone exhibits an (La/Yb)N value more than two
orders of magnitude greater than laser runs across the internal cortex. All laser runs across
the internal cortex exhibit (La/Yb)N ratios < 0.003, and those across the middle cortex still
remain <0.01. All laser run (La/Sm)N ratios, regardless of cortical depth, range between
0.6–1.0.
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Figure 7. (La/Yb)N and (La/Sm)N ratios of the femur of MOR 1125. (A) Comparison of the whole-bone average (La/Yb)N

and (La/Sm)N ratios of the fossil to ratios from various environmental waters and sedimentary particulates. Literature
sources for environmental samples are provided in the Supplementary Materials. (B) REE compositions of individual laser
transects expressed as NASC-normalized (La/Yb)N and (La/Sm)N ratios. The transect including the external bone margin
is denoted by the black symbol, whereas all other (internal) transects are represented by gray symbols.

4.5. REE Anomalies

(Ce/Ce*)N, (La/La*)N, and La-corrected (Ce/Ce**)N anomalies, which are based on
relative proportions of REE, are essentially absent at the outer cortex edge (Figure S2).
However, all three of these anomalies fluctuate between positive and negative values across
the length of the transect. Gaps in the data for (Ce/Ce*)N and (La/La*)N anomalies become
abundant in the internal cortex due to: (1) concentrations of praseodymium (Pr) and Nd
falling below lower detection limit in this region of the bone and; (2) occasionally, Nd
concentrations are significantly greater than those of Pr (Data S1).

(Ce/Ce*)N anomalies fluctuate positively and negatively from ~0.4–4.0 across the
transect, with values often being slightly negative through much of the external and middle
cortices but positive in the internal cortex (Figure S2). There is a distinct ~0.2 magnitude
rise in (Ce/Ce*)N values just interior to the open crack at a cortical depth of 4.7 mm, where
the values appear to remain consistently alike those at the cortical margin for roughly the
next 3 mm. When averaged for the entire bone (Table 1), MOR 1125 exhibits a weakly
negative (Ce/Ce*)N value of 0.82, which is consistent with the negative inflection of the
NASC-normalized pattern at Ce in the whole-bone spider diagram (Figure 5B).

To further aid in differentiating true, redox-related cerium anomalies from apparent
anomalies produced by (La/La*)N anomalies, (Ce/Ce*)N values were also plotted against
(Pr/Pr*)N values (following [66]). Anomaly values from the inner regions of the cortex
occupy a substantially wider range of both (Ce/Ce*)N and (Pr/Pr*)N than those from the
external-most 1 mm of the bone (Figure 8), signifying a relatively more heterogeneous com-
position in the middle and internal cortices. All but one external cortex data point plot near
the upper margins of fields 2a and 4b, indicative of slightly positive La and Ce anomalies,
whereas internal cortex measurements plot in every field (Figure 8). Relatively few data
points plot in fields 2b and 4a, generally indicative of negative La and Ce anomalies; most
of these pertain to the internal cortex (and all of those that do not pertain to the middle
cortex).

Quantitative calculations of (La/La*)N anomalies and La-corrected (Ce/Ce**)N anoma-
lies confirm these qualitative inferences. (Ce/Ce**)N anomalies are generally slightly posi-
tive throughout the external cortex but become slightly negative (<1) in the middle and
internal cortex (Figure S2). Although there are numerous data gaps (due to the Pr and Nd
concentration factors noted above), this pattern is exemplified by the innermost 7 mm of the
internal cortex exhibiting a negative (Ce/Ce**)N average of 0.94. Additionally, fluctuations
in (Ce/Ce**)N values across the middle cortex are considerable, encompassing variation of
more than three orders of magnitude. At the whole-bone level, the bone exhibits a slightly
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positive (Ce/Ce**)N anomaly (1.26; Table 1). When plotted by laser run, (Ce/Ce**)N anoma-
lies display a positive correlation with U concentrations (r2 = 0.75; Figure S3). (La/La*)N
anomalies are commonly positive in the external cortex, and they decrease steadily to
negative values in the inner half of the transect (Figure S2). At the whole-bone level, MOR
1125 exhibits a positive (La/La*)N anomaly (average = 2.83; Table 1); however, this value is
drastically biased toward readings from the external cortex due to abundant data gaps in
the internal cortex (owing to the Pr and Nd concentration factors noted above).

Figure 8. (Ce/Ce*)N vs. (Pr/Pr*)N plot (after [66]) of five-point averages along the transect across
the cortex of MOR 1125 recorded by LA-ICPMS. Separate fields (labeled by blue text) are as follows:
1, neither Ce nor La anomaly; 2a, no Ce and positive La anomaly; 2b, no Ce and negative La anomaly;
3a, positive Ce and negative La anomaly; 3b, negative Ce and positive La anomaly; 4a, negative Ce
and negative La anomaly; 4b, positive Ce and positive La anomaly. Measurements from the outer 1
mm of the external cortex are plotted as black triangles, and all measurements from deeper within
the bone are plotted as grey diamonds. (Ce/Ce*)N and (Pr/Pr*)N anomalies, comparing observed
(Ce, Pr) versus expected (Ce*, Pr*) concentrations of each element, are calculated as in the Materials
and Methods section of the text.

Yttrium/holmium (Y/Ho) ratios are slightly above chondritic (26) [67] near the cortical
margin and through most of the external cortex (range ~30–70). Deeper in the bone, Y/Ho
anomalies become increasingly positive through the middle cortex, forming a broad peak
near 24 mm of ~90–250, then gently decline through the innermost cortex to values of
~60–100 at the end of the transect (Figure S2). When averaged for the entire transect, the
Y/Ho anomaly is positive (59; Table 1).

5. Discussion

5.1. Clarifying MOR 1125′s Paleoenvironmental and Taphonomic Context

Based on the stratigraphic section recorded across the entire butte in the field (Figure S1),
MOR 1125 was recovered from strata comprising the lower unit (L3 of [57] or Reid Coulee
unit of [56]) of the Hell Creek Formation, specifically from the Basal Sand [57]. This strati-
graphic context, which coincidentally makes MOR 1125 one of the oldest (stratigraphically-
lowest) T. rex specimen known from the Hell Creek Formation [57], implies that the car-
cass was likely buried in a low-elevation environment relatively close to the coast (i.e.,
within 5 km) of the Western Interior Cretaceous Seaway (WIKS; cf. [61,68]). This conclu-
sion is empirically supported by the presence of organic-rich inclined heterolithic strata in
the entombing sandstone, as well as a large tree trunk and numerous fossil leaves (likely
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indicative of subaqeous burial within a low-elevation environment). However, the ratio
of sediment to organics in this sandstone is too high for it to have been deposited in a
persistent swamp (cf. [69,70]), and it also lacks root traces which would be expected in
an abandoned channel or marshy environment [71,72]. Indeed, outside of a significant
debris flow event, sandstones would not generally be expected to be deposited in quiescent
swamps or marshes [71]. Rather, many aspects of the sedimentology of the entombing
sandstone indicate that it was deposited under relatively high energy compared to all other
strata observed in the quarry, including its considerable thickness (11.8 m), normally-graded
structure, medium to coarse-grained matrix, trough and occasional swaley cross-bedding,
and inclusions consisting of pebbles and rounded mud rip-up clasts. Moderate stratigraphic
dispersal of the bones of MOR 1125 (by up to 55 cm) is also suggestive of burial occurring
in a temporally-persistent, relatively high-energy setting.

Collectively, all of these findings strongly suggest that MOR 1125 was buried within an
active channel in a lush, low-elevation environment near the coast. Absence of scales from
the freshwater gar Lepisosteus in the entombing sandstone, combined with the presence of
fragmentary turtle remains and an abundance of organic detritus in this stratum, implies
deposition in a brackish estuarine setting, as inferred by Schweitzer et al. [51] (p. 1953);
we therefore agree with their interpretation of the depositional setting having likely been
an “estuarine” channel. This conclusion is also in agreement with those of Flight [73]
and Fowler [54], who also interpreted the Basal Sand of the Hell Creek Formation as
representing deposition within estuarine channels. The mean dip direction of cosets
within these beds (see Taphonomic and Geologic Context above) indicate that the channel
primarily flowed toward the southeast, and an average flow in this general direction is also
supported by the predominant south-southeast orientation of long bones within the quarry
(inferred to be parallel to the current; Figure 3B).

The cause of death of this tyrannosaur remains unknown. However, we view drought
to be an unlikely cause due to the absence of red/oxidized paleosols and caliche (cf. [74,75]).
Obrution and miring are also unlikely due to the lack of contorted strata, skeletal articula-
tion, and preferential preservation of bones from the tail, hind limbs, and/or pelvis (cf. [76]).

In contrast, the postmortem history of MOR 1125 is much clearer. Taken together,
the spatial distribution of the bones and their well-preserved character indicate that de-
composition was allowed to take place long enough to result in complete disarticulation
of the skeleton, yet also short enough for the bones to avoid weathering. This combina-
tion (as well as marked HREE enrichment, see below) implies that a significant phase of
decomposition occurred in an oxic, subaqeous environment (cf. [75]), as the weak temper-
ature swings of constant submersion can thwart significant bone weathering [77]. Based
on the close association of the skeletal remains, negligible signs of abrasion, and lack of
evidence for significant winnowing (i.e., representation of both Voorhies Groups and all
major portions of the skeleton, including small and light-weight bones), burial appears
to have taken place very close to the site of skeletonization; the remains can thus be con-
sidered modestlyparautochthonous. Given the wealth of lush terrestrial habitats across
the floodplains recorded by strata of the Hell Creek Formation [61,78], it is likely the
tyrannosaur died at a location slightly upstream from the quarry. Finally, occurrence of all
bones in a single bed exhibiting slight normal grading of sediments (Figure 3A) signifies
that burial was accomplished by a single depositional event characterized by waning flow
competency [79].

We thus conclude the following scenario for the burial history of MOR 1125 based
on the available geologic and taphonomic data: this Tyrannosaurus perished near a fluvial
channel close to the coast of the WIKS. The river/stream carried the carcass downstream,
during which time the carcass underwent decomposition primarily underwater. Opening
of the fluvial channel into a broader estuary diminished flow competency, which caused the
carcass to sink to the floor of a likely brackish estuarine channel where its major soft tissues
(e.g., skin and muscle) continued to decay, allowing its skeleton to become disarticulated.
A significant, brief rise in flow competency, perhaps fueled by a major rain event/flood,

294



Biology 2021, 10, 1193

entrained abundant coarse sand, siltstone pebbles, and clay rip-up clasts which buried the
remains within the normallygraded deposit now seen at the quarry.

5.2. Reconstructing the Geochemical History of MOR 1125

Having resolved the biostratinomic history of the carcass, we now discuss insight into
its diagenetic history after burial. In particular, our trace element data provide informative
clues about the geochemical history of MOR 1125 which allowed it to retain endogenous
cells, soft tissues, and collagen I.

The femur of MOR 1125 exhibits surface concentrations of LREE (average ~1300 ppm;
Data S1) comparable to those of other dinosaur bones previously analyzed from the Hell
Creek Formation (~100–1400) [46], but overall modest ∑REE (596 ppm) compared to most
other Cretaceous bones tested to date (Table 2), which have been reported to exhibit ∑REE
ranging from 1100 ppm to over 25,000 ppm [36,80–83]. Average concentrations of Fe
(0.73 wt. %), Sr (2386 ppm), and Ba (888 pm) are also low in this specimen compared to
other dinosaur bones recently analyzed from the Hell Creek Formation (1.25–1.76 wt. %,
~2300–3700 ppm, and ~1500–2100 ppm, respectively) [46]. Conversely, MOR 1125 possesses
(on average) considerably greater concentrations of Y (1102 ppm), Lu (17 ppm), and U
(38 ppm) than other bones from the Hell Creek Formation (7–250 ppm, 0.1–3 ppm, and
2–18 ppm, respectively) [46]. Such comparisons are admittedly coarse as these studies
span a wide range of taxa, intra-specimen cortical widths, and depositional environments,
but they show that (concerning the vast majority of trace elements considered) the femur
of MOR 1125 is only modestly chemically altered for its age. This fact alone may largely
account for how this fossil has managed to retain original cells, tissues, and peptide
sequences [22,51,52]. The relatively low concentrations of REE and other trace elements
in the bone may stem, in part, from a combination of limited availability in the regional
surface and groundwaters due to complexation with carbonates and humic acids [83–90]
and/or partial earlydiagenetic removal from pore fluids by coprecipitation in secondary
phosphates within the surrounding sediments [34,91–95] (see Supplementary Materials for
further discussion of these potential sequestration processes).

Table 2. Summary of the REE composition of the right femur of Tyrannosaurs rex MOR 1125. Qualitative ∑REE content is
based on the value shown in Table 1 (596 ppm) in comparison to values from other Mesozoic bones (as listed in the main
text). Abbreviations: DMD—double medium diffusion sensu [44]; LREE—light rare earth elements.

Clear DMD
Kink for LREE?

Relative Noise in
Outer Cortex for La

REE Suggest Flow
in Marrow Cavity?

Relative ∑REE
Content (Whole

Bone)

Relative U Content
(Whole Bone)

Relative Porosity
of the Cortex

No Low No Low Low Low

Although REE concentrations in the femur of MOR 1125 steeply decrease with cor-
tical depth, indicative of a single phase of simple diffusive uptake, considerable HREE
enrichment is apparent within the middle and internal cortices (Figure 4A). This pattern
of elemental signatures, which greatly contrasts trends of relative LREE and MREE en-
richment throughout the cortex of other Hell Creek Formation dinosaur bones we have
recently analyzed [46], is consistent with protracted uptake from: (1) relatively HREE-
enriched lowland waters (such as those in brackish estuaries or tidallyinfluenced river
channels) [36,37,96], and/or; (2) diagenetic pore fluids under oxidizing conditions. At
the whole-bone level, the femur exhibits an overall positive (Ce/Ce**)N anomaly (1.26)
indicative of overall oxidizing diagenetic conditions. However, a (Ce/Ce**)N anomaly is,
on average, absent in the middle cortex (Figure S2), and the internal cortex was actually
found to exhibit a slightly negative average of 0.94, indicating that REE uptake in the inner
regions of the bone primarily occurred under slightly reducing conditions. We interpret
this contrast to reflect the development of a locallyreducing microenvironment within the
central medullary cavity and other internal regions of the bone during early diagenesis,
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during which time the bone was externally exposed to oxidizing conditions (cf. [97]). Three
additional chemical attributes identify the external early-diagenetic environment as oxidiz-
ing: (1) positive (Ce/Ce**)N anomalies in the external cortex (Figures S2 and S3; (2) high
concentrations of U throughout the cortex (Table 1 and Figure 4B) [98]; and (3) high Sc
concentrations in the external cortex [99,100].

Though recent oxidation could also partially contribute to positive (Ce/Ce**)N values
in the external cortex, we view it likely that any such contribution is minor for three reasons.
First, any such influence would likely disproportionately raise anomaly values only near
the outermost edge of the transect, not throughout the entire external cortex (cf. [101]).
Second, the bone was collected from beneath 50 feet of rock rather than near the modern
ground surface. Finally, the surrounding sediment is wellcemented, which would hinder
efficient percolation of modern pore fluids to and around the fossil. For these reasons, we
infer that spatial variations in the (Ce/Ce**)N anomaly across the width of the specimen’s
cortex reliably record contrasting early-diagenetic redox conditions within and outside
of the bone. Part of this conclusion involves primary, early-diagenetic uptake of REE
occurring in an oxidizing environment, which is consistent with the coarse grain sizes of
the entombing sediment and the estuarine channel setting inferred from the stratigraphy
of the quarry (see above). Thus, our geochemical findings independently support our
paleoenvironmental interpretations.

The peculiar “offset” in concentration-depth profiles of many elements (e.g., Sc, Y, REE)
at ~4.7 mm, characterized by a brief plateau followed by a dramatic drop in concentrations
(e.g., Figure 4A,C), clearly appears to result from diagenetic pore fluid flow along a crack
cutting across the laser transect at this cortical depth. The plateau of higher concentrations
of each of these elements on the external side of the crack is most likely attributable
to relatively protracted uptake from externallyderived pore fluids that entered via this
conduit and flowed preferentially through the bone tissue exterior to it. Further, (Ce/Ce*)N
and (Ce/Ce**)N anomalies each decrease from oxidizing values external to the crack at
4.7 mm to near-zero values interior to it (Figure S2), indicating that this crack created
millimeter-scale spatial contrasts in redox conditions within the external cortex during
early diagenesis.

Interestingly, the profiles of Fe, Mn, Sr, Ba, and U do not exhibit any disruption re-
lated to the crack at 4.7 mm (Figure 4B–D). For Fe, Mn, and Ba, their generally flat, high
concentration-depth profiles imply they are primarily incorporated into common, homoge-
neouslydistributed, secondary mineral phases (e.g., goethite, Mn oxides, barite) [102]. The
flat, high concentration-depth profile of Sr presumably reflects its spatiallyhomogenous
substitution for Ca ions in bone apatite, as typically seen in bioapatitic fossils [41,103].
The unique profile shape exhibited by U (Figure 4B) indicates that the majority of U was
adsorbed from a pore fluid which diffused through the bone either prior to formation of
the crack or during late diagenesis (i.e., well after the bone became a stable fossil). The
latter of these two hypotheses would imply that substantial late-diagenetic overprinting
occurred to the trace element composition of the bone, which seems unlikely given the low
average concentrations of most trace elements with diffusivities in bone similar to that of U
(~1 × 10−14 cm2/s [101]; see Table 1 and Data S1), very weak signs of secondary diffusion
from within the medullary cavity (Figure 4), and lack of evidence for leaching or secondary
REE incorporation phases (Figures 4 and 5A). Atypical placement of MOR 1125 far from
the fields occupied by natural fresh waters and those of estuarine and coastal waters in
the (La/Yb)N vs. (La/Sm)N plot (Figure 7A) is also inconsistent with incorporation of a
significant proportion of the trace element inventory of the bone from a late-diagenetic
pore fluid. Thus, most U was likely incorporated into the bone during early diagenesis.

Many chemical attributes of the femur of MOR 1125 suggest that the chemistry of
pore fluids percolating through it changed over time through the primary, early-diagenetic
phase of diffusive uptake. For example, typical intra-bone fractionation trends (sensu [104])
in the (La/Yb)N vs. (La/Sm)N plot for this specimen (Figure 7B, and discussed further in
the Supplementary Materials relative to prior literature [40,105,106]) clearly demonstrate
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that pore fluids became relatively depleted in LREE by the time they reached the middle
and internal cortices. Similarly, one would expect elements with similar diffusivities,
such as U and REE [101], to develop similarlyshaped concentration depth profiles if pore
fluid chemistry was held constant by sustained replenishment, but these elements exhibit
blatantlydifferent profile shapes in MOR 1125 (compare Figure 4A,B): whereas REE profiles
steeply decline from the cortical margin to low concentrations throughout the interior
of the bone, U concentrations gradually increase inward from a subtle minimum near
2–3 mm, such that the highest average concentrations found in the bone occur in the outer
portion of the internal cortex (ca. 24 mm). This suggests that the availability of REE for
uptake by the bone’s interior dwindled over time while that of U remained relatively high.
Such a situation could arise due to the greater mobility of U complexes than those of REE
in oxic fluids [83], and the relatively lower partition coefficients (in apatite) of U than
REE could further help maintain high U availability in pore fluids diffusing through the
internal regions of the bone [101]. The positive correlation between U concentrations and
average (Ce/Ce**)N anomaly for each laser run (r2 = 0.75; Figure S3) further supports this
interpretation, as it suggests that Ce and U were incorporated into the bone over similar
timescales [98]. Finally, positive Y/Ho anomalies throughout the middle and internal
cortices and positive (La/La*)N anomalies in the external cortex are also likely products of
fractionation during uptake from pore fluids which were changing in composition over
time (Table 1, and discussed in the Supplementary Materials). If the majority of uptake with
fractionation occurred during early diagenesis, as all evidence appears to support, then
the composition of MOR 1125 likely reflects uptake from circum-neutral pH groundwaters
(cf. [107]).

To summarize, our cumulative trace element data indicate that the femur of MOR 1125
experienced moderate trace element uptake from a circum-neutral pH, HREE-enriched
pore fluid during early diagenesis. Decay produced locallyreducing microenvironments
within the medullary cavity and in regions within the cortex while it was externally ex-
posed to oxidizing conditions. Combining these findings with the traditional taphonomic
observations discussed above (i.e., minimal weathering and abrasion, disarticulation but
close association of the remains) reveals that MOR 1125 underwent skeletonization during
fairly prolonged, subaqeous decay in a sandy estuary channel and, following burial, its
bones remained exposed to an oxic, potentiallybrackish pore fluid through early diagen-
esis and fossilization, after which they experienced relatively minimal further chemical
alteration (Figure 9).

5.3. Emerging Taphonomic and Diagenetic Themes

To date, this report constitutes only the second study to have geochemically char-
acterized the depositional circumstances of a pre-Cenozoic locality where bones yield
original biomolecules, with the other being recent work by some of us (P.V.U. and R.D.A.)
on the Standing Rock Hadrosaur Site (SRHS) [21,46]. Despite the somewhat contrasting
taphonomic and diagenetic histories of T. rex MOR 1125 and Edmontosaurus bones from
SRHS [46,51], both have been shown to retain endogenous cells, soft tissues [50,51], and
collagen I protein [21,22,52]. More importantly, these specimens still share certain geo-
chemical similarities indicative of diagenetic circumstances in common between these two
sites that have evidently permitted long-term biomolecular preservation in fossil bones.
We therefore now highlight these common themes in a preliminary attempt to constrain
diagenetic pathways to molecular preservation.
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Figure 9. Reconstruction of the taphonomic and diagenetic history of Tyrannosaurus rex MOR 1125. (A) Generalized
postmortem history of the carcass, sans disarticulation. Reprinted in modified form with permission from ref. [108].
Copyright 2016 Porto Editora. (B) Synopsis of macroscale, microscale, and nanoscale (molecular level) processes inferred to
have taken place during each taphonomic stage in the decay of this specimen, as portrayed in (A). Nanoscale processes
of biomolecular decay and stabilization based on propositions by [29,30,109,110]. Black Tyrannosaurus silhouette by Scott
Hartman, www.phylopic.org (accessed on 8 August 2021), CC BY-NC-SA-3.0. Autolysis, REE uptake, biomolecular lysis, and
glycation images each respectively modified, with permission, from [38,111–114]. Hydrolysis image modified from [115],
and oxidation and crosslinking images modified from [109], each under CC BY-4.0 licenses.
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Although our cumulative trace element data show that the coarse-grained nature of
the entombing sand allowed MOR 1125 to experience overall greater chemical alteration
than bones at SRHS [46], fossil specimens from both sites appear minimally altered at the
elemental level. For example, they exhibit steeplydeclining REE profiles (Figure 4A, and
Figures 1 and 2 of [46]), MREE concentrations which frequently drop below detection limit
through the middle cortex (Data S1, and appendix A of [46]), and low ∑REE compared
to other Cretaceous bones reported in the literature (see above). This similarity bears the
obvious implication that minimal chemical alteration permits molecular preservation, as
predicted by Trueman et al. [39]. Taphonomically, both assemblages were buried in lowland
coastal settings, and the carcasses at each site underwent decay primarily in subaqueous
environments ([49] and this study). These conditions could have permitted substantial
trace element uptake, but instead it appears that burial soon after disarticulation followed
by limited exposure to early-diagenetic pore fluids limited the magnitude of trace element
uptake at each site. At SRHS, this was accomplished via rapid burial in a low-permeability
mudstone which hindered pore fluid flow in partnership with partial encasement of select
bones in early-diagenetic siderite concretions [46,50], and early cementation of the coarse
sandstone at the MOR 1125 locality appears to have hampered diagenetic pore fluid flow
in a similar fashion.

At the whole-bone level, specimens from both sites also exhibit significant enrich-
ment in Sr compared to most other trace elements (as is common in bioapatitic fossils in
general) [41,103], positive Y/Ho and (La/La*)N anomalies (which are both common in
fossil bones due to the slightly faster diffusivities of Y and LREE in bone) [101], high Sc
enrichment (likely related to precipitation of secondary minerals under oxidizing condi-
tions) [99,100], and slightly negative (Ce/Ce*)N anomalies reflective of oxidizing diagenetic
conditions (Table 1, and Table 1 of [46]). The last two of these findings agree with those of
Wiemann et al. [109], who found that fossils from oxidizing depositional environments are
more likely to yield endogenous soft tissues, despite the possibility of oxidative damage to
biomolecules [35]. Indeed, in contrast to traditional views like those expressed by Eglinton
and Logan [35], recent experiments by Boatman et al. [30] indicate that oxidizing conditions
may actually promote biomolecular stabilization through free radical-induced inter- and
intramolecular crosslinking.

Both MOR 1125 and bones from SRHS also exhibit clear signs of fractionation of REE
during uptake from an early-diagenetic pore fluid, namely steeper concentration-depth
profiles for LREE than HREE (Figure 4A, and Figure 2 of [46]) and shifting proportions
of LREE and HREE by cortical depth (Figure 6B, and Figure 4 of [46]). Such fractiona-
tion patterns are commonly seen in fossil non-avian dinosaur bones possessing a thick
cortex [40,43,65,116] due to a ‘filtering’ effect created by the thick rim of dense bone tissue,
which can cause pore fluids to become relatively depleted in LREE by the time they reach
the internal cortex [101]. Observation of such patterns in fossil bones is important, because
they signify retention of early-diagenetic trace element signatures, which in turn demon-
strates that late-diagenetic overprinting (which is nearly universal to some degree) [42,104]
has neither completely obfuscated signatures imparted from the initial burial environment
nor drastically altered the chemistry of the fossil specimen [36,48,80,117–120]. In other
words, the marked fractionation trends seen in the femur of MOR 1125 and bones at SRHS
demonstrate that the bulk of the REE inventory in each respective specimen derives from
early-diagenetic uptake from a single pore fluid (rather than late-diagenetic overprinting),
and that these bones avoided any significant interactions with other pore fluids during late
diagenesis. This does not imply that the majority of the term of burial was ‘dry’, but rather
that any exposure(s) to pore fluids after initial fossilization (such as phreatic groundwaters
or recent vadose fluids) have not meaningfully influenced the chemistry of these fossils.
Avoidance of protracted interactions with pore fluids through later phases of diagenesis
thus appears to promote long-term biomolecular stability.

Interestingly, REE ternary diagrams, (Ce/Ce*)N vs. (Pr/Pr*)N plots, and anomaly
profiles reveal considerable spatial heterogeneity in the degree of chemical alteration of
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fossil bones at both sites, especially within the internal cortex (Figure 5, Figure 8, Figure S2
and Figures 3d, 6, and A.4 of [46]). Although it is not surprising that external cortices show
more homogenous patterns of alteration (because they generally equilibrate with external
pore fluids more quickly and to a greater degree) [83,101], recovery of endogenous soft
tissues from such randomlyaltered bone tissue could be considered surprising. However,
the magnitude of alteration is what likely matters more; as discussed above, the middle
and internal cortices of each specimen exhibit lower trace element concentrations than
the corresponding external cortex, signifying that even though patterns of alteration are
comparatively more erratic internally, these internal regions still constitute the least-altered
portion of dense bone tissue in each fossil. Therefore, based on these specimens, we suggest
that unless signs of significant secondary diffusion from within the medullary cavity are
encountered (e.g., Figure 11 of [120]), future paleomolecular sampling efforts should (where
possible) target the middle and internal cortex of bones rather than the external cortex.

Finally, MOR 1125 and SRHS bones also each exhibit relatively high, flat profiles for
Fe, Mn, and Ba (Figure 4C,D, and appendix A of [46]). We interpret these profiles to reflect
homogenous distributions of minute, secondary mineral phases in the fossilized bone
tissues (cf. [121]). Sustained peaks in any of these elements along a laser ablation transect
could signify an unfavorable presence of more or larger crystals of secondary minerals
(e.g., goethite, Mn oxides, and barite), which could be used alongside REE analyses as a
potential screening tool to further direct paleomolecular sampling within the cortex of a
fossil bone.

6. Conclusions

By considering the taphonomic and geochemical signatures of the femur of MOR 1125
and bones from SRHS in context with other recent actualistic and analytical studies cited in
the Discussion above, we deduce the following about diagenetic pathways to molecular
preservation:

1. Our results strengthen the hypothesis that oxidizing depositional environments or,
more specifically, oxidizing microenvironmental conditions during early diagene-
sis, can foster chemical reactions which stabilize bone cells, soft tissues, and their
component biomolecules;

2. In general, middle and internal cortical tissues usually experience less chemical
alteration onaverage than the external cortex of any given fossil bone, implying
that these interior regions should be the primary targets of future paleomolecular
sampling;

3. Diagenetic circumstances which restrict exposure to percolating pore fluids (i.e.,
burial in compact, fine-grained sediments, early/rapid cementation of sediments,
encasement in early-diagenetic concretion) elevate molecular preservation potential
by minimizing gross chemical alteration;

4. Avoidance of protracted interactions with late-diagenetic pore fluids is almost cer-
tainly crucial to sustain long-term stability of biomolecules in a fossil bone.

These findings are intriguing, but it must be remembered that our conclusions remain
based on data from only two Cretaceous localities in the same geologic formation, physio-
graphic region, and current climatic regime (the Hell Creek Formation in the U.S. Western
Interior). To fully elucidate molecular preservation mechanisms and the taphonomic
circumstances which facilitate them, traditional taphonomic and trace element analyses
must be conducted alongside paleomolecular assays (e.g., immunoassays or proteomics)
at additional localities of varied ages which yield bones preserved under widelydiverse
paleoenvironmental and diagenetic contexts.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/biology10111193/s1; Supplementary Materials narrative: a DOCX Word file including further
details on the sedimentology of the entombing sandstone and overlying Hell Creek Formation strata
within the MOR 1125 quarry, additional details on our LA-ICPMS methods, discussion of potential
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tetrad effects in the right femur of MOR 1125, further discussion of intra-bone fractionation trends in
(La/Yb)Nvs, (La/Sm)N plots, discussion of potential sequestration process that may have limited
REE availability to the bones of MOR 1125, sources for environmental data in Figure 7, and Figures
S1–S3. Figure S1: Complete stratigraphic section across the entire butte from which MOR 1125 was
collected. Figure S2: Intra-bone patterns of (Ce/Ce*)N, (Ce/Ce**)N, and (La/La*)N anomalies and
Y/Ho ratios within the femur of MOR 1125. Figure S3: Cerium anomaly (Ce/Ce**)N values plotted
against uranium (U) concentrations in the femur of MOR 1125. Data S1: Raw transect data acquired
and analyzed in this study, provided as an XLSX Excel spreadsheet.
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Simple Summary: Reports of the recovery of proteins and other molecules from fossils have become
so common over the last two decades that some paleontologists now focus almost entirely on studying
how biologic molecules can persist in fossils. In this study, we explored the fossilization history of a
specimen of the hadrosaurid dinosaur Brachylophosaurus which was previously shown to preserve
original cells, tissues, and structural proteins. Trace element analyses of the tibia of this specimen
revealed that after its bones were buried in a brackish estuarine channel, they fossilized under wet
conditions which shifted in redox state multiple times. The successful recovery of proteins from this
specimen, despite this complex history of chemical alterations, shows that the processes which bind
and stabilize biologic molecules shortly after death provide them remarkable physical and chemical
resiliency. By uniting our results with those of similar studies on other dinosaur fossils known to also
preserve original proteins, we also conclude that exposure to oxidizing conditions in the initial ~48 h
postmortem likely promotes molecular stabilization reactions, and the retention of early-diagenetic
trace element signatures may be a useful proxy for molecular recovery potential.

Abstract: Recent recoveries of peptide sequences from two Cretaceous dinosaur bones require
paleontologists to rethink traditional notions about how fossilization occurs. As part of this shifting
paradigm, several research groups have recently begun attempting to characterize biomolecular
decay and stabilization pathways in diverse paleoenvironmental and diagenetic settings. To advance
these efforts, we assessed the taphonomic and geochemical history of Brachylophosaurus canadensis
specimen MOR 2598, the left femur of which was previously found to retain endogenous cells,
tissues, and structural proteins. Combined stratigraphic and trace element data show that after
brief fluvial transport, this articulated hind limb was buried in a sandy, likely-brackish, estuarine
channel. During early diagenesis, percolating groundwaters stagnated within the bones, forming
reducing internal microenvironments. Recent exposure and weathering also caused the surficial
leaching of trace elements from the specimen. Despite these shifting redox regimes, proteins within
the bones were able to survive through diagenesis, attesting to their remarkable resiliency over
geologic time. Synthesizing our findings with other recent studies reveals that oxidizing conditions
in the initial ~48 h postmortem likely promote molecular stabilization reactions and that the retention
of early-diagenetic trace element signatures may be a useful proxy for molecular recovery potential.

Keywords: REE; Brachylophosaurus; molecular paleontology; geochemical taphonomy; diagenesis;
bone; protein; collagen; Judith River Formation
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1. Introduction

1.1. Shifting Views on Molecular Preservation

Fossilization has historically been viewed as a “harsh” process involving forced min-
eralization coincident with the wholesale loss of organic tissues and their component
biomolecules (e.g., [1]). However, an ever-expanding wealth of recent studies employ-
ing methods from histochemistry and immunoassays to genomics and proteomics have
shattered this ‘traditional’ paradigm. As reviewed by ourselves and others [2–7], it is
now clear that not only is the long-term preservation of endogenous DNA, proteins, and
other biomolecules possible in fossils, but select burial circumstances may actually pro-
mote molecular preservation in both plants and animals interred in a diverse array of
depositional environments. For example, drastic advances in analytical resolution over
the last two decades have enabled the recovery of nuclear and mitochondrial genomes
and/or proteomes from fossils of a number of Pleistocene mammals, such as cave bears [8],
mammoths [9–12], horses [13], saber-toothed cats [14], and ancient hominins [15,16].

Given their greater resilience to decay than DNA [17], structural proteins (e.g., collagen I,
actin, and β-keratin) are now known from vertebrate fossils dating all the way back to
the Jurassic (e.g., [18–22]). Considerable attention has been paid especially to the
protein collagen I due to its sheer abundance in bioapatitic tissues [23] and inferred
high preservation potential [18,24–47]. Recent studies have employed numerous inde-
pendent techniques to identify collagen within fossils, with arguably the most convincing
evidence being the identification of original peptide sequences and diagenetiforms (pro-
tein remains demonstrably modified by diagenetic alterations [48]) in fossil bones via
high-resolution tandem mass spectrometry [18,28,30,42,45]. Remarkably, cladistic analy-
ses incorporating collagen I peptides recovered from two Cretaceous nonavian dinosaur
bones confirmed their archosaurian identities and thus endogeneity [45,49]. Such findings
unequivocally demonstrate both that biomolecules can ‘survive’ fossilization and that
portions of them can persist over strikingly-long geologic timescales.

However, the idea of molecular preservation in Mesozoic (and possibly even older)
fossils remains controversial to some due to our incomplete understanding of soft-tissue
fossilization in general and the geochemical reactions which may stabilize biomolecules
within cells and tissues over such immense time frames. While it is universally agreed that
processes such as rapid burial can facilitate the preservation of soft tissues in fossils [50,51],
it largely remains unclear how other taphonomic processes and the physical (e.g., sed-
imentology and hydrodynamics) and chemical attributes (e.g., aqueous geochemistry)
of depositional environments influence decay at the molecular level (but see [52] for an
informative initial foray into this subject). It is therefore vital for researchers to not only
demonstrate the authenticity of biomolecular remnants in fossils but to also identify the
physicochemical factors acting within the diagenetic settings which permitted such cases
of “exceptional” preservation. Pioneering actualistic studies by Schweitzer et al. [4] and
Boatman et al. [53] demonstrated that iron free radicals in diagenetic pore fluids likely play
a role by inducing intra-molecular crosslinking, but are other aspects of groundwater chem-
istry (i.e., redox state; cf. [54]) and diffusion history (i.e., duration spent saturated; cf. [47])
equally important in determining whether or not biomolecules persist in fossils? Addition-
ally, if they are, which depositional settings and diagenetic histories most favor long-term
molecular preservation? In short, we are just beginning to explore these questions.

1.2. Insights from Trace Element Analyses

One of the most effective means of clarifying the geochemical history of a fossil is through
studying its trace element composition. After being solubilized from surrounding sediments
by percolating groundwaters via oxidation, dissolution, and other processes, trace element
ions, including those of the rare earth elements (REE: lanthanum–lutetium), uranium, and
scandium, are ubiquitously adsorbed by bone hydroxyapatite during diagenesis [55]. Since
these elements are essentially absent in bone tissue in vivo, their presence in fossil bones derives
almost entirely from postmortem interactions with surface and groundwaters [55,56]. As a
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result, the proportions and spatial distributions of trace elements within a fossil bone
provide detailed insights into the chemistries of past pore fluids and the geochemical
milieus to which a specimen was exposed throughout its term of burial (e.g., [57–64]).
Trace element signatures have thus been successfully utilized to: (1) infer the relative
degree of chemical alteration a specimen has endured [65,66]; (2) characterize the chemistry
of pore fluids in past environments (e.g., [60,63,67]); (3) track spatiotemporal trends in
redox conditions within specimens throughout diagenesis (e.g., [62–64]); and (4) clarify the
number and relative timing of exposures to pore fluids throughout diagenesis (e.g., [64,68]).
REE signatures, in particular, have also been shown to potentially be viable proxies for
molecular preservation in fossil bones (i.e., they can help identify the most ideal specimens
for paleomolecular investigation [47]).

Several of our recent studies capitalized on these diverse utilities of trace elements to
elucidate the paleoenvironmental, geochemical, and diagenetic history of two fossils from
the Cretaceous Hell Creek Formation which were each documented to preserve endogenous
collagen I [28,47], specifically an Edmontosaurus fibula [63] and a femur of Tyrannosaurus rex
specimen Museum of the Rockies (MOR) 1125 [64] (also see [69] for alternative taxonomic
assignment of MOR 1125). These studies provided intriguing insights into taphonomic
pathways to protein preservation, but they still merely constitute two case studies in the
same geologic formation; the full suite of taphonomic and diagenetic variables at play in
molecular preservation remains to be clarified.

In this study, we conducted trace element analyses on the only Mesozoic fossil other
than T. rex MOR 1125 known to yield endogenous peptide sequences: Brachylophosaurus
canadensis specimen MOR 2598. Schweitzer et al. [30] and Schroeter et al. [45] each recovered
numerous peptides of collagen I from the left femur of this hadrosaur, the authenticity
of which were independently corroborated by multiple forms of microscopy, infrared
spectroscopy, mass spectrometry, and immunoassays replicated in multiple laboratories by
separate researchers each using dedicated equipment and reagents (see each reference for
further details). The cumulatively-comprehensive approach undertaken by these studies to
demonstrate reproducibility and authenticate the endogeneity of collagen in MOR 2598
set a rigorous standard that has yet to be matched again, despite over a decade of ensuing
research on other specimens. Given this great significance of MOR 2598 in providing
concrete foundations for the field of molecular paleontology, it is only right to resolve the
taphonomic and diagenetic history of this specimen in equally comprehensive detail.

2. Taphonomic and Geologic Context

MOR 2598 consists of an articulated left hind limb of a subadult Brachylophosaurus
canadensis recovered from an outcrop of the Campanian Judith River Formation north of
Malta, Montana, on lands managed by the Montana Department of Natural Resources
and Conservation (Figure 1). The specimen was found within a thick sequence (~7 m) of
trough cross-stratified channel sandstones exposed along the southern side of Cottonwood
Creek. Schweitzer et al. [31] concluded that these strata were deposited in a fluvial channel
within the overall lowland fluviodeltaic system of the Judith River ecosystems [70,71]. The
tibia, fibula, and pes were collected in the summer of 2006, and the femur was collected
in a separate plaster jacket the following year. The articulation of these skeletal elements
implies they were still joined by connective tissues (i.e., ligaments) at the time of burial.
The incomplete nature of the tibia (see below) and slightly lighter color of this bone than
the femur indicate that portions of the tibia were exposed by modern erosion/weathering
upon discovery (whereas the femur was not [30]). All of the skeletal elements are brown
in color (e.g., Figure 1B), indicating their mineralogy has likely been transformed from
hydroxyapatite to fluorapatite, which is typical of bone fossilization [72,73]. As discussed
by Schweitzer et al. [30], the femur was collected with 10–12 cm of sediment still encas-
ing it to maintain geochemical equilibrium for as long as possible before examination
via demineralization, scanning electron microscopy, multiple immunoassays, and liquid
chromatography–tandem mass spectrometry. All of the skeletal elements appear well-
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preserved morphologically in that they lack any signs of weathering or abrasion, but the
tibia (examined herein) is missing its distal end and a section of the posterior and medial
portions of the shaft near its proximal end. The tibia is also highly fractured, exhibiting
numerous transverse and longitudinal fractures arising from compaction after fossilization.
Though the medullary cavity of this bone is partly ‘filled’ due to compaction and the partial
crushing of cancellous trabeculae, there are no signs of permineralization or infilling by the
sedimentary matrix (pers. observations, and [74]).

Figure 1. (A) Map showing the locality from which MOR 2598 was recovered in Phillips County,
Montana. (B) Left tibia of MOR 2598 examined in this study, shown in lateral view. Map redrawn
and modified from [75].

3. Materials and Methods

3.1. Materials

It was not possible to acquire a sample from the left femur of Brachylophosaurus
canadensis MOR 2598 for this study as prior histologic and paleomolecular studies of this
particular skeletal element of the specimen [30,45,74] and reconstructive efforts undertaken
during preparation to maintain permanent stability of the bone left no portion of the cortex
easily removable without compromising the integrity of the fossil. Therefore, we instead
extracted a fragment of the cortex from the midshaft of the left tibia of MOR 2598. This bone
was found in articulation with the left femur in the field and was accordingly buried at
the same stratigraphic position within the same stratum as the left femur, so it was almost
certainly exposed to the same environmental conditions postmortem and early-diagenetic
regime(s) after burial as the left femur. The cortex at the midshaft of tibiae also possesses a
similar thickness, density, and histologic microstructure to the midshaft cortex of femora
in hadrosaurids (e.g., [76,77]). For these reasons, we are confident that trace element
signatures within the left tibia should be very similar to those that would be identified in
the left femur examined by prior studies, and that this tibia therefore represents a suitable
choice for examining the geochemical history of the hind limb of MOR 2598 as a whole.

The excised cortical fragment encompasses the majority of the cortical thickness of
the bone, including the external margin, but fragile cancellous bone within the medullary
cavity disintegrated away during preparation. Because of this, we infer that the innermost
portion of the internal cortex was not included in our analyses.

3.2. Methods
3.2.1. Sample Preparation

The cortical sample was embedded in Silmar 41TM resin (US Composites, West
Palm Beach, FL, USA) under vacuum, then sectioned using a Hillquist SF-8 trim saw
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(Hillquist, Arvada, CO, USA). The resulting ~3 mm-thick section was briefly rinsed with
distilled water then briefly polished with 600 grit silicon carbide to acquire an evenly
smooth surface for ensuing laser ablation–inductively coupled plasma mass spectrometry
(LA-ICPMS) analyses.

3.2.2. LA-ICPMS Analyses

We employed the same LA-ICPMS methods as Ullmann et al. [63,64] in this study and
refer the reader to the Supplementary Materials and those publications for thorough details.
In brief, LA-ICPMS was chosen as a powerful means of examining the spatial distribution of
REEs and other minor and trace elements within the tibia of MOR 2598, which can provide
unique insights into the diagenetic history of a fossil bone and any geochemical shifts it
endured through its fossilization. Concentrations of elements are reported in parts per mil-
lion (ppm) except for iron, which is reported in weight percent (wt. %). REE concentrations
were normalized against the North American Shale Composite (NASC; [78,79]) to facilitate
comparisons to other fossil bones from other localities. The use of a subscript N denotes
NASC-normalized values and ratios. The reproducibility of our results was taken as the
percent relative standard deviation for all REEs in the NIST 610 glass standard; it averaged
1.5% and was below 3% for all analyzed elements. NASC-normalized REE ratios were used
to calculate (Ce/Ce*)N, (Ce/Ce**)N, (Pr/Pr*)N, and (La/La*)N anomalies following Her-
wartz et al. [60]: (Ce/Ce*)N = CeN/(0.5*LaN + 0.5*PrN), (Ce/Ce**)N = CeN/(2*PrN−NdN),
(Pr/Pr*)N = PrN/(0.5*CeN + 0.5*NdN), and (La/La*)N = LaN/(3*PrN − 2*NdN).

4. Results

4.1. Overall REE Composition

As a whole (i.e., by summing all transect data), the left tibia of MOR 2598 exhibits a
∑REE value of 256 ppm (Table 1). The three most abundant trace elements in the cortex
of the bone are iron (Fe), strontium (Sr), and barium (Ba), which exhibit concentrations
of 0.94 wt. %, 2499 ppm, and 1448 ppm, respectively (Table 1). All of these elements, as
well as manganese (Mn), are present in concentrations approximately one to two orders
of magnitude higher than REEs (Table 1). Whereas the average scandium (Sc) enrichment
(59 ppm) is around the same magnitude as those of most LREEs (~10–90 ppm), the av-
erage yttrium (Y) concentration (190 ppm) is more than double that of the highest REE
(89 ppm for cerium, Ce; Table 1). Among REEs, there is substantially greater enrichment in
light rare earth elements (LREEs, La–Nd) than middle (MREEs, Sm–Gd) and heavy rare
earths (HREEs, Tb–Lu), clearly indicative of fractionation during uptake (see Discussion).
The average whole-bone concentration of uranium (U), 51 ppm, is distinctly higher than
those of bones from the Hell Creek Formation known to also yield endogenous collagen I
(2–38 ppm [63,64]).

Table 1. Average whole-bone trace element composition of the left tibia of Brachylophosaurus canadensis
MOR 2598. Numbers presented are averages of all transect data acquired across the cortex. Iron (Fe)
is presented in weight percent (wt. %); all other elements are in parts per million (ppm). Absence of
(Ce/Ce*)N, (Pr/Pr*)N, (Ce/Ce**)N, and (La/La*)N anomalies occurs at 1.0, and these anomalies were
calculated as in the Materials and Methods. The Y/Ho value reflects this mass ratio.

Element Concentration

Sc 59.23
Mn 834
Fe 0.94
Sr 2499
Y 190
Ba 1448
La 40.65
Ce 88.61
Pr 9.86
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Table 1. Cont.

Element Concentration

Nd 35.26
Sm 7.41
Eu 2.61
Gd 12.41
Tb 2.09
Dy 17.33
Ho 4.44
Er 15.26
Tm 2.21
Yb 15.42
Lu 2.62
Th 0.18
U 51.13

∑REE 256
(Ce/Ce*)N 1.04
(Pr/Pr*)N 0.95

(Ce/Ce**)N 1.10
(La/La*)N 1.12

Y/Ho 42.85

4.2. Intra-Bone Concentration Depth Profiles

Each REE exhibits a steeply-declining concentration profile from the cortical margin.
As an example, lanthanum (La) concentrations decrease from ~1000 ppm at the outer
edge of the cortex to ~10 ppm at 5 mm, thus constituting an order of magnitude decrease
across this distance (Figure 2A). Concentrations of HREEs and the latter half of the MREE
series, as well as U, Sc, Y, and lutetium (Lu), all increase toward the internal end of the
transect (Figure 2A–C). For example, Yb concentrations increase from ~1–2 ppm at a depth
of 25 mm to ~15–20 ppm at the internal end of the transect (Figure 2A, Data S1). Such
increases signify secondary diffusion from within the medullary cavity (see the Discussion
and Supplementary Materials). Among REEs, Ce exhibits the highest concentration at the
cortical margin (~3000 ppm), whereas Lu exhibits the lowest (~10 ppm). LREEs generally
exhibit the steepest concentration profiles, reflective of spatially-heterogeneous uptake,
whereas HREEs generally exhibit flatter profiles, reflective of comparatively more spatially
homogenous uptake. MREE profiles are generally intermediate in steepness, and MREE
concentrations commonly fall below the lower detection limit in the middle and internal
cortices (Data S1).

Brief spikes in concentrations typically encountered in osteonal tissue around Haver-
sian canals are rare and generally of miniscule magnitude. Although this would seem to
imply a lack of major uptake through vascular systems, most REE (e.g., La in Figure 2A)
profiles exhibit a subtle deflection near 2.5 mm reflective of uptake via double medium
diffusion (sensu [80]). Near 1 mm, numerous elements, especially Y, HREE, Sc, and U,
alternatively exhibit a roughly 80% increase in concentrations over values at the cortical
margin (e.g., Figure 2A–C), perhaps reflective of late diagenetic near-surface leaching
(see Discussion).

Fe, Ba, Sr, and Mn each exhibit much flatter profiles at higher concentrations than all
other elements (Figure 2C,D), with Fe exhibiting both the highest values and greatest range
in variation of concentrations across the transect among these four elements. Unlike all
other elements we investigated, Sc and U each exhibit “W-shaped” profiles with increasing
cortical depth: after slowly decreasing from the cortical margin, each profile includes a
broad, moderate peak in concentrations in the central portion of the middle cortex followed
by steadily-increasing concentrations across the internal cortex (Figure 2B). Y exhibits the
same profile shape as HREEs in the tibia of MOR 2598 (Figure 2C), indicating similar uptake
behavior for these elements in this fossil.
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Figure 2. Intra-bone concentration gradients of various elements in the tibia of MOR 2598. (A) Lanthanum
(La) and ytterbium (Yb). (B) Scandium (Sc) and uranium (U). (C) Iron (Fe) and yttrium (Y). (D) Barium
(Ba), manganese (Mn), and strontium (Sr). Note the different concentration scales for each panel. The laser
track is denoted by the yellow line in each bone cross section. Gray text labels in (A) span the approximate
regions considered as the ‘external’, ‘middle’, and ‘internal’ cortices. Scale bars, in white over bone images,
each equal 5 mm.

4.3. NASC-Normalized REE Patterns

Spider diagrams of NASC-normalized REE concentrations reveal overall HREE en-
richment in the bone as a whole (Figure 3B,C), but significant relative enrichment of LREEs
within the external 250 μm of the cortex (Figure 4A). A ternary plot of NdN-GdN-YbN
confirms this trend of relative HREE enrichment by revealing that a data point for the
specimen as a whole plots more closely to the Yb corner (Figure 3C). Whereas there is no
apparent Ce anomaly in the bone as a whole (Figure 3B), the external-most 250 μm of the
cortex exhibits a modest positive Ce anomaly (seen as an upward deflection of the pattern
at this element; Figure 4A). REE concentrations range from ~25 to 50 times NASC values in
the external 250 μm of the cortex.

Substantial spatial heterogeneity in REE composition is evident in both a ternary plot of
LaN-GdN-YbN (Figure 3D) and a spider diagram of individual laser runs compiled into the
full transect (Figure 4B). Both of these figures reveal significantly greater LREE content in the
external-most laser run compared to all other laser runs (i.e., variation exceeds two standard
deviations), signifying variations in composition are largely controlled by cortical depth. In
general, the bone becomes increasingly enriched in MREEs and HREEs relative to LREEs
with increasing cortical depth, with transects through the middle and internal cortices
exhibiting both similar magnitudes of REE enrichment and drastic relative enrichment in
HREEs (Figure 4B). Proportionally, transects through these internal regions of the bone
exhibit one to two orders of magnitude of enrichment in HREEs over LREEs, compared to
just half an order of magnitude of HREE enrichment in the external-most transect.

All laser runs through the middle and internal cortices exhibit isolated peaks at
gadolinium (Gd; Figure 4B), likely attributable to isobaric interference effects between
LREE oxides and other ions likely present within the fossil (e.g., spectral overlap between
Gd157 and BaF [81,82]). Most spider diagrams, especially those which separately plot data
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from the external cortex (e.g., Figure 4), also exhibit subtle peaks at europium (Eu) and
holmium (Ho). These peaks impart a weak ‘M’ shape to the shale-normalized patterns,
which most authors (e.g., [83] and references therein) attribute to influences of tetrad effects
during uptake (also see Supplementary Materials for further discussion on potential tetrad
effects in MOR 2598).

Figure 3. REE composition of the tibia of MOR 2598. (A) Three-point moving average profile of La
concentrations in the outermost 5 mm of the bone. (B) Average NASC-normalized REE composition
of the fossil specimen as a whole. (C,D) Ternary diagrams of NASC-normalized REE. (C) Average
composition of the bone. (D) REE compositions divided into data from each individual laser transect
(~5 mm of data each). Compositional data from the transect that included the outer bone edge is
denoted by a dark diamond; all other internal transect data are indicated by gray circles. The 2σ circle
represents two standard deviations based on ± 5% relative standard deviation.

Figure 4. Spider diagrams of intra-bone NASC-normalized REE distribution patterns within the
tibia of MOR 2598. (A) Average composition of the outermost 250 μm of the cortex, demonstrating
substantially greater LREE and MREE content in the outermost cortex compared to in the bone as
a whole (B). (B) Variation in compositional patterns by laser transects. The pattern which includes
the external margin of the bone is shown in black, those from deepest within the bone by dotted,
light-gray lines, and all other analyses in between by solid, dark-gray lines.
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4.4. (La/Yb)N vs. (La/Sm)N Ratio Patterns

The tibia of MOR 2598 exhibits a whole-bone average (La/Sm)N value of 0.99 and
a (La/Yb)N of 0.26. These values signify modest HREE enrichment relative to many
environmental water samples, dissolved loads, and sedimentary particulates. Specifically,
these values place the bone within the compositional range of river waters, brackish estuary
waters, and marine pore fluids (Figure 5A).

Figure 5. (La/Yb)N and (La/Sm)N ratios of the tibia of MOR 2598. (A) Comparison of the whole-bone
average (La/Yb)N and (La/Sm)N ratios of the fossil to ratios from various environmental waters
and sedimentary particulates. Literature sources for environmental samples are provided in the
Supplementary Materials. (B) REE compositions of individual laser transects expressed as NASC-
normalized (La/Yb)N and (La/Sm)N ratios. The transect including the external bone margin is
denoted by the black symbol, whereas all other (internal) transects are represented by gray symbols.

When plotted by individual laser runs (Figure 5B), REE ratios from the middle and
internal cortices plot with similar (La/Sm)N values to those seen in the external cortex
but with consistently lower (La/Yb)N values. This difference encompasses roughly one
order of magnitude, on average. The most internal laser run exhibits the lowest (La/Yb)N
ratio (0.006), and all but two laser runs across the middle and internal cortices exhibit
(La/Yb)N ratios < 0.1. (La/Sm)N ratios range between 0.8 and 1.5 and exhibit no apparent
relationship with cortical depth.

4.5. REE Anomalies

Due to the concentrations of many trace elements in the middle cortex being so low
that they fall below the lower detection limit (Data S1), every anomaly examined exhibits
major gaps in coverage through this region of the bone (Figure S1). Occasional instances
of significantly higher neodymium (Nd) than praseodymium (Pr) concentrations also
create gaps in the anomaly profiles. Whereas (Ce/Ce*)N and La-corrected (Ce/Ce**)N
anomalies are absent at the outer cortex edge, (La/La*)N anomalies are slightly negative
in the external-most ~280 μm (Figure S1). All three of these anomalies exhibit substantial
positive and negative fluctuations across the transect.

Although (Ce/Ce*)N anomalies fluctuate from ~0.2 to 20 across the transect, they
are largely positive throughout most of the internal half of the transect (Figure S1). This
trend is not reflected, however, in the whole-bone (Ce/Ce*)N average for the tibia, which
is essentially absent (1.04; Table 1). (Ce/Ce*)N values were also plotted against (Pr/Pr*)N
values (following [84]) to aid us in differentiating true, redox-related cerium anomalies
from apparent anomalies induced by variations in (La/La*)N anomalies. The majority
of (Ce/Ce*)N values from the external 1 mm of the bone plot near the lower margins of
fields 3a and 4a (Figure 6), reflective of slightly negative La anomalies in the external cortex
(in agreement with Figure S1). In contrast, anomaly values from inner regions of the cortex
plot over a broad range encompassing every field of the diagram (Figure 6), indicative of
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substantial heterogeneity at the sub-millimeter scale in the middle and internal cortices.
Within this broad spectrum, there are relatively few data points in fields 1 and 2b (Figure 6);
regions of the internal cortex represented by these data points lack a Ce anomaly.

Figure 6. (Ce/Ce*)N vs. (Pr/Pr*)N plot (after [84]) of five-point averages along the transect across
the cortex of MOR 2598 recorded via LA-ICPMS. Separate fields (labeled by blue text) are as follows:
1, neither Ce nor La anomaly; 2a, no Ce and positive La anomaly; 2b, no Ce and negative La anomaly;
3a, positive Ce and negative La anomaly; 3b, negative Ce and positive La anomaly; 4a, negative Ce
and negative La anomaly; 4b, positive Ce and positive La anomaly. Measurements from the outer
1 mm of the external cortex are plotted as black triangles, and all measurements from deeper within
the bone are plotted as gray diamonds. (Ce/Ce*)N and (Pr/Pr*)N anomalies calculated as in the
Materials and Methods section of the text.

(La/La*)N anomalies and La-corrected (Ce/Ce**)N anomalies were also directly cal-
culated (see Methods) to quantitatively assess these qualitative inferences. Unfortunately,
as mentioned above, frequent drops in concentrations of LREEs below the detection limit
severely limit coverage in these profiles. However, based on Figure S1, it is clear that
(La/La*)N anomalies are exclusively negative in the internal 29 mm of the cortex. The
average (La/La*)N value across this region is 0.20. (Ce/Ce**)N anomalies are also almost
exclusively negative in the middle and internal cortices, exhibiting a similarly low average
(0.65) across this same span. The values of both of these anomalies fluctuate by roughly
two orders of magnitude across the transect. As a whole, the tibia of MOR 2598 exhibits
slightly positive (Ce/Ce**)N and (La/La*)N anomalies (1.10 and 1.12, respectively; Table 1),
but these are each clearly biased by overweighting of data from the external cortex (caused
by abundant missing data from internal regions of the bone, as discussed above). Plotting
(Ce/Ce**)N anomalies against U concentrations for each laser run yielded a poor correlation
between these two redox-sensitive signatures (r2 = 0.29; Figure S2).

The yttrium/holmium (Y/Ho) ratios are slightly above chondritic (26; [85]) in the outer
~10 mm of the bone and the innermost ~7 mm of the transect, wherein they range ~20–300.
Though data are sporadic through the middle cortex due to very low concentrations,
ratios from this region form a broad swale below these peaks in the external and internal
cortices (Figure S1). Specifically, the average of the Y/Ho ratios through the central 15 mm
of the cortex (10–25 mm along the transect) is 35, and values across this region mostly
fall between ~10 and 80. These spatial contrasts partially negate one another when data
are averaged for the entire transect, which yields a slightly positive whole-bone average
anomaly of 43 (Table 1).
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5. Discussion

5.1. MOR 2598’s Paleoenvironmental and Taphonomic Context

Though limited taphonomic and stratigraphic data are available, the excellent preser-
vation quality of MOR 2598 suggests it was protected by rapid burial postmortem. The full
articulation of the hind limb, negligible signs of (ancient) weathering and abrasion, and
excellent histological preservation (Figure 10B of [74]) each support the interpretation that
burial took place within a few years postmortem, perhaps even just weeks after death [86].
However, the absence of the remainder of the skeleton implies this hind limb became
disarticulated from the remainder of the carcass during brief subaerial decay, as well as the
probable short-distance transport of the limb (from an upstream site of death) prior to burial
(cf. [87,88]). The recovery of MOR 2598 from a channel sandstone [30] strongly suggests
that: (1) decay primarily occurred subaqueously under oxygenated conditions (cf. [89]);
(2) fluvial currents likely caused the separation of the limb from the body, and; (3) the
carcass likely reached the “bloat” or active decay phase of postmortem decomposition
for this to occur (cf. [90,91]). Ultimately, a lull in flow competency induced deposition
and burial of the limb within the channel. Based on the great thickness of the succession
of channel sandstone horizons from which MOR 2598 was recovered (7 m), it appears
burial occurred within a well-established lowland channel rather than a recently-formed
avulsion channel. This conclusion is consistent with prior interpretations of the Judith River
Formation as generally representing lowland fluvial environments close to the coastline of
the Western Interior Cretaceous Seaway (WIKS; [70,71]).

To briefly summarize, the available data reveal that this Brachylophosaurus canadensis
individual (MOR 2598) died within or near a fluvial channel on the coastal lowlands. Its
carcass experienced fairly brief decay within the channel, where currents eventually led
to disarticulation of the left hind limb which was carried shortly downstream. Either an
obstruction in the channel, a temporary lull in flow competency, or slowing of currents due
to gradual channel broadening caused the deposition of the limb on the channel floor where
it became quickly buried and fossilized within cross-stratified sands. Our trace element
data provide illuminating insights into the ensuing diagenetic history of MOR 2598, which
we now characterize in an effort to constrain geochemical pathways to cellular, soft tissue,
and biomolecular preservation.

5.2. Reconstructing the Geochemical History of MOR 2598

The tibia of MOR 2598 exhibits low REE concentrations near the cortical margin
(e.g., ~800 ppm for La; Data S1) and a low whole-bone ∑REE (256 ppm) compared to many
other bones from the Cretaceous period (Table 2), which have been found to possess ∑REE
ranging from 1110 to 25,000 ppm [58,63,92–95]. Notably, however, these values each fall
within the range of other dinosaur bones we have examined from the Cretaceous Hell Creek
Formation [63,64] which have also been found to yield endogenous proteins [28,29,47].
Compared to those specimens from the Hell Creek Formation, MOR 2598 exhibits lower
average concentrations of Fe (0.94 wt. %), Mn (834 ppm), and Y (190 ppm), a higher
concentration of U (51 ppm), and similar concentrations of Sr (2499 ppm), Ba (1448 ppm),
and Lu (3 ppm). Although these comparisons do not take into account differences in taxon,
cortical width, histology, or diagenetic regimes, they still reveal that the tibia of MOR 2598
is (for most elements examined) less chemically altered than the majority of fossil bones
of similar age. We have previously attributed such cases of minimal alteration to various
sequestration processes limiting the availability of trace element ions in early-diagenetic
pore fluids (e.g., complexation with humic acids and/or dissolved carbonates [96–99] and
coprecipitation with phosphates in entombing sediments [100–103]), and those processes
may also account for the modest alteration of MOR 2598 (see Supplementary Materials for
further discussion).
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Table 2. Summary of the REE composition of the left tibia of Brachylophosaurus canadensis MOR 2598.
Qualitative ∑REE content is based on the value shown in Table 1 (256 ppm) in comparison to values
from other Mesozoic bones (as listed in the main text). Abbreviations: DMD, double medium
diffusion sensu [80]; LREEs, light rare earth elements.

Clear DMD Kink
for LREE?

Relative Noise in
Outer Cortex

for La

REE Suggest Flow
in Marrow Cavity?

Relative ∑REE
Content

(Whole Bone)

Relative U
Content

(Whole Bone)

Relative Porosity
of the Cortex

Yes Moderate Yes Low Moderate Low

Ba, Fe, and Mn each exhibit flat concentration profiles (Figure 2C,D) probably indica-
tive of incorporation into homogenously distributed, minute, secondary mineral phases,
presumably barite, goethite, and Mn oxides [104]. Sr likely exhibits a similarly flat profile
shape due to spatially homogenous substitution for Ca in bone hydroxyapatite [105,106]. In
contrast to these more abundant elements, all REEs exhibit steep declines in concentrations
from the cortical margin, with LREEs exhibiting the steepest declines and HREEs the shal-
lowest (due to crystal–chemical controls based on ionic radius [107]). Meanwhile, MREE
concentrations commonly drop below detection limit in the middle and internal cortices
(Data S1). These trends are typical of fossil bones which experienced relatively brief uptake
largely by simple ‘external-to-internal’ diffusion and did not equilibrate with external
pore fluids during diagenesis (cf. [60,63,64,68,108]). However, clear kinks in concentration
profiles for many REEs and substantial, locally-restricted variations in their concentrations
in the external cortex (e.g., La in Figure 2A) also indicate at least partial uptake via double
medium diffusion (sensu [80]) through Haversian canals.

Spider diagrams reveal even proportions of REEs within the external-most cortex
(Figure 4A) yet significant relative HREE enrichment throughout the bone as a whole
(Figure 3B,C and Figure 4B). Relative HREE enrichment is especially evident in the internal
cortex, where, for example, concentrations of Yb rise to more than double those of La
(Figure 2A). These signatures are very similar to, but less pronounced than, those observed
in a Tyrannosaurus rex femur recovered from an estuarine channel sandstone in the Hell
Creek Formation [64]. As with that specimen, it is likely that such HREE enrichment
reflects protracted trace element uptake from relatively HREE-enriched brackish waters
and/or diagenetic pore fluids under oxidizing conditions. This interpretation is supported
by the whole-bone composition of this specimen being similar to those of lowland river
waters, estuarine waters, and marine pore fluids (Figure 5A) which typically exhibit such
relative HREE enrichment [55,92,109]. Interestingly, these findings strongly suggest that
the channel in which MOR 2598 was interred was likely tidally influenced, which in turn
suggests that it was recovered from an estuarine channel, not a (strictly speaking) fluvial
channel—an insight not apparent from the sedimentology/stratigraphy of the quarry.

Regarding redox regimes through diagenesis, at the whole-bone level, the tibia exhibits
a slightly positive (Ce/Ce**)N anomaly (1.10) reflective of a weakly oxidizing overall
diagenetic history; this is consistent with the inferred burial setting having been an estuarine
channel (see above). Generally high U concentrations throughout much of the cortex
(Figure 2B and Table 1) and a relatively high average Sc concentration (59 ppm) corroborate
this signal, as U and Sc enrichment have each been linked with uptake under oxidizing
conditions [110–112]. The plotting of numerous data points from the middle and internal
cortices in fields 3b and 4a of the (Ce/Ce*)N vs. (Pr/Pr*)N plot (Figure 6) also supports
the presence of oxidizing conditions within the bone. However, both (Ce/Ce*)N and
(Ce/Ce**)N anomalies are essentially absent at the cortical margin, whereas their values
fluctuate considerably (both positively and negatively) throughout the middle and internal
cortices (Figure S1). These contrasts, as well as the broad distribution of data points in
Figure 6, demonstrate the presence of considerable spatial heterogeneity in redox conditions
throughout the bone through diagenesis, especially in the middle and internal cortices.

Although the trace element anomaly profiles in Figure S1 may seem somewhat stochas-
tic, (Ce/Ce*)N and (Ce/Ce**)N values are generally positive and negative, respectively,
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across the inner half of the transect. If these trends are taken as reliable records of redox
regimes during early diagenesis/fossilization, as all indications appear to support (see
below), then these anomaly trends would signify that uptake occurred under prevailingly
reducing conditions within the interior of the bone. The development of reducing mi-
croenvironments within fossil bones is relatively common [104] due to the release of iron
and hydrogen sulfide from decaying organics within a dysaerobic, enclosed space [113].
However, high Sc concentrations in the internal cortex (Figure 2B) appear incompatible
with this interpretation (as this should be a product of uptake under oxidizing conditions,
as discussed above). We attribute this apparent “contrast” to temporal changes in redox
conditions in this region of the bone through early diagenesis. Specifically, these conflicting
signals could arise via the significant uptake of Sc in the internal cortex under initially
oxidizing conditions followed by a shift to reducing conditions, during which latter time
the internal cortex secondarily acquired positive (Ce/Ce*)N anomalies (and Sc ions remained
sequestered by, as in adsorped to, bone crystallites; also see the Supplementary Materials for
further discussion of the peculiar shapes of Sc and U concentration profiles in MOR 2598).

The redox scenario just described would necessitate a supply of significant amounts
of Sc to the interior of the bone. This would have to be supplied by a pore fluid percolating
through the medullary cavity (after the decay of blood and other internal organics), which
would presumably also supply numerous other trace elements to the internal cortex. The
concentration profiles of HREEs (e.g., Yb in Figure 2A), U (Figure 2B), Y, Lu, and the
latter half of the MREE series (Data S1) each exhibit increases toward the internal end
of the transect (in the internal cortex), providing concrete evidence of uptake from a
second diffusion front in the interior of the bone. That LREEs exhibit negligible rises in
concentrations toward the internal end of the transect (e.g., La in Figure 2A) indicates that
the majority of elements supplied by the pore fluid passing through the medullary cavity
were mostly those with comparatively-modest to low diffusivities (based on [108]). This
bias signifies that the pore fluid must have been a chemically ‘evolved’, highly-fractionated
fluid which, based on the magnitude of select elemental enrichments in the internal cortex
(e.g., Figure 2B), either flowed through the medullary cavity for an extended period of time
or, more likely due to burial and compaction, became pooled there, allowing protracted
uptake. It is also apparent that this pore fluid was likely not simply an HREE-enriched
solution passing through during some later phase of late diagenesis because there are
no clear signs of similar HREE enrichment in the external-most cortex (e.g., Figure 2A,B).
Instead, the majority of elements exhibiting enrichment toward the internal end of the
transect (e.g., U, Y, HREE) exhibit a subtle ‘plateau’ of stable concentrations in the outermost
~1 mm of the cortex followed by a ~80% increase near ~1.5–2 mm (Figure 2A–C). We
interpret this pattern to reflect modest leaching of trace elements from the outermost ~1
mm of the external cortex, most likely during late diagenesis and under slightly oxidizing
conditions (based on the weakly positive (Ce/Ce*)N anomalies in this region; Figure S1).
This conclusion may also be supported by: (1) the common presence of negative (La/La*)N
anomalies in the outermost ~500 μm of the external cortex (potentially reflective of near-
surface loss of La; Figure S1), and; (2) a lack of a correlation between U concentrations and
(Ce/Ce**)N anomalies for each laser run (r2 = 0.29; Figure S2), implying uptake of U and
REEs over differing timescales [112].

The absence of more major signs of leaching or late-diagenetic trace element uptake
at the cortical edge (Figure 2), as well as the retention of clear evidence of spatiotemporal
changes in pore fluid compositions (described in the last few paragraphs), imply that late-
diagenetic overprinting of trace element signatures in MOR 2598 was not substantial, and,
therefore, that the tibia at least partially retains early-diagenetic signatures. Indeed, there
are numerous signs of relatively brief interaction with pore fluids. For example, a spider di-
agram (Figure 4B) and ternary plot (Figure 3D) of REE proportions by individual laser runs
each reveal clear signs of significant fractionation during uptake from circum-neutral pH
surface/groundwaters (cf. [114]) in the form of increasing relative LREE depletion/HREE
enrichment with increasing cortical depth (as in, e.g., [59,107,115]). These fractionation
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effects are also evident from significant spatial variations in (La/Yb)N ratios (Figure 5B), a
positive (La/La*)N anomaly and Y/Ho ratio for the bone as a whole (1.12 and 43, respec-
tively; cf. [60]), and differing concentration profile shapes (contrast Figure 2A,B) for U and
REE (which should otherwise have similar shapes due to their similar diffusivities [108]).
Similarly-high Y/Ho ratios in the external and internal cortices (Figure S1) further imply
fractionation also occurred during uptake from the chemically ‘evolved’ pore fluid pooled
in the medullary cavity.

To review, our trace element data thus identify that after brief subaqeous decay and
transport down a fluvial stream, the hind limb of MOR 2598 became fossilized after burial
in a sandy, oxic, estuarine channel (Figure 7). Its bones experienced relatively brief primary
uptake of REEs and other trace elements from circum-neutral pH, HREE-enriched, and
potentially brackish channel waters and groundwaters under oxidizing conditions during
early diagenesis. Comparatively slower percolation of pore fluids through the medullary
cavity of the tibia than around its exterior led to the development of reducing conditions
inside the bone. Recent erosion, typical of that in desert/badlands environments from
which most fossil bones are recovered, re-exposed MOR 2598 to oxidizing conditions and
caused minor leaching of trace elements from the outermost ~1 mm of the cortex but had
no significant effects on the overall chemistry of the bone. As a result, the specimen remains
modestly altered compared to others of similar age.

5.3. Insights into Molecular Taphonomy from Comparative Geochemistry

MOR 2598 is only the third vertebrate fossil of pre-Cenozoic age to have both yielded
endogenous protein and have its geochemical history characterized through trace element anal-
yses. Both other specimens in this short list, namely Tyrannosaurus rex MOR 1125 [28,29,64]
and Edmontosaurus annectens SRHS-DU-231 [47,63], are also large nonavian dinosaurs
recovered from Late Cretaceous strata in Montana, USA. Adding MOR 2598 into this
comparative framework reveals both geochemical similarities to, and differences from,
these two other specimens which: (1) bolster prior hypotheses about protein preservation
pathways; and (2) add new insights into the complexity of post-burial diagenetic alterations
which biomolecules can withstand.

Taken as a whole, the biostratinomic history of Brachylophosaurus MOR 2598 is quite
similar to that which we recently explicated for T. rex MOR 1125 [64]. After death and a
short period of (likely subaqueuous) decay, brief fluvial transport brought each specimen
into coastal estuaries along the western coast of the WIKS where they were rapidly buried
in sandy estuarine channels, and throughout this history, the bones of each specimen were
acquiring trace elements from brackish, HREE-enriched surface and groundwaters (this
study and [64]). As at the MOR 1125 quarry [64], early cementation of the sediments
entombing MOR 2598 appears to have limited trace element uptake by the fossil bones,
allowing them to exhibit minimal alteration at the elemental level. This is evident in the low
∑REE of the tibia compared to many other bones of Cretaceous age (as discussed above),
as well as its steep declines in REE concentrations from the cortical margin (Figure 2A) and
very low concentrations of elements with ionic radii similar to that of Ca2+ (i.e., MREE)
in the middle cortex (Data S1). Thus, MOR 2598 adds further support to the assertions
of Schweitzer [116], Herwartz et al. [59], and Ullmann et al. [64] that: (1) early-diagenetic
cementation of sediments can effectively thwart protracted decay and chemical alteration of
bones after burial (presumably by minimizing exposure to percolating groundwaters and
the exogenous microbes they carry with them), and; (2) this diagenetic pathway also facili-
tates rapid molecular stabilization (presumably via the iron free-radical-induced molecular
crosslinking mechanism elucidated by Boatman et al. [53]). Fossils from the Standing Rock
Hadrosaur Site (SRHS; [47,63,117]) demonstrate that rapid burial in fine-grained sediments
with low-permeability and/or encasement in early-diagenetic concretion can similarly
hinder the decay of endogenous cells, tissues, and their component biomolecules.

As for SRHS-DU-231 [63] and MOR 1125 [64], MOR 2598 exhibits high Sc enrichment
and a slightly positive whole-bone (Ce/Ce**)N anomaly (Table 1) reflective of a generally
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oxidizing diagenetic history. Although this pattern superficially supports the proposition
by Wiemann et al. [54] that oxidizing depositional environments may be more favorable
settings for molecular preservation than reducing environments (perhaps due to greater
release of crosslink-catalyzing iron free radicals; cf. [53]), it is clear that both MOR 2598
and bones from SRHS also experienced reducing conditions during diagenesis. This is
evident from consistently-positive (Ce/Ce*)N anomalies in the internal cortex of the tibia
of MOR 2598 (Figure S1) and external cortices of many SRHS bones (Figure 6 of [63]).
Microbial decay of organics (including those within bones) is known to decrease local
pH and create dysoxic to anoxic conditions, thereby eliciting the production of reducing
conditions [118], especially within confined microenvironments such as those within and
around a carcass in compacted or low-permeability sediments (e.g., [50,119]) or within the
internal pore spaces of bones (e.g., [104,120,121]). It is also well known that reducing early
diagenetic conditions do not preclude exquisite morphologic and biochemical preservation
of structural soft tissues, perhaps due to induced dysoxia/anoxia (e.g., [122–125]). Thus,
there are reasons that fossil bones preserved under largely-reducing conditions may still
yield original molecules.

Though the acidic pH that would have temporarily accompanied reducing condi-
tions within the medullary cavity of this specimen may seem (at face value) preclusive
to molecular preservation, weak acidity has been implicated in the rapid nucleation of
inert, protective, microcrystalline goethite crystals within ‘osteocytes’ and ‘blood vessels’
recovered from fossil bones [4,53]. For this reason, initial redox conditions in the immediate
~48 h after death may ultimately be the most critical, as it has been demonstrated that
inter- and intra-molecular crosslinking (i.e., stabilization) reactions can operate in this brief
timeframe, promoting equilibration with the early-diagenetic environment which may then
persist through fossilization and late diagenesis [53]. However, we must note that actualis-
tic studies examining molecular stability through temporal shifts in redox regimes would
be necessary to further evaluate this hypothesis. Regardless, our recognition of varied pH
and redox conditions over time within the tibia of MOR 2598 is thus not incompatible with
these prior studies, but rather augments them by revealing that biomolecular remains may
survive multiple changes in redox regimes through diagenesis (Figure 7).

In particular, as discussed above, the bones of MOR 2598 experienced two compar-
atively ‘extra’ diagenetic events which MOR 1125 and bones from SRHS did not [63,64]:
(1) protracted trace element uptake from stagnant pore fluids ‘pooled’ in the central
medullary cavity (evidenced by elevated concentrations of HREEs, U, Sc, Y, and Lu in
the internal cortex; Figure 2, Data S1), and; (2) modest late-diagenetic leaching of the
cortical surface (evidenced by negative (La/La*)N anomalies and reduced concentrations
of many trace elements in the outermost ~0.5–1 mm; Figure 2 and Figure S1). Despite
this complex diagenetic history, cortical bone from the femur of MOR 2598 has yielded
numerous microstructures retaining endogenous peptide sequences of multiple proteins
(namely collagen, actin, tubulin, histones, myosin, and tropomyosin [18,30,45]). This fact
indicates that processes which stabilized diagenetiforms within this specimen in the initial
hours to days postmortem imparted remarkable long-term resiliency. Novel experiments
by Schwietzer et al. [4] and Boatman et al. [53] have begun to shed light on how this may
occur, but testing of more fossils and further actualistic studies are needed to fully resolve
the endurance of diagenetiforms under the wide array of physicochemical/thermodynamic
regimes of natural diagenetic environments.

Finally, all three specimens examined in this discussion (MOR 2598, SRHS-DU-231,
and MOR 1125) also each exhibit abundant signals of fractionation of REEs during uptake,
which when combined with their low ∑REE content indicate at least partial retention of
early-diagenetic trace element signatures. These signs include positive whole-bone Y/Ho
anomalies (Table 1, and Table 1 in [63,64]), negative (La/La*)N anomalies in the middle and
internal cortices (Figures S1 and S2 of [64]), steeper concentration profiles for LREEs than
HREEs (Figure 2A, Figure 2 of [63], and Figure 4A of [64]), and increasing relative-HREE
enrichment with cortical depth (Figure 4B, Figure 4 of [63], and Figure 6B of [64]). As
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suggested by Ullmann et al. [64], the retention of such early-diagenetic signatures may
constitute a useful proxy for molecular recovery potential because it indicates a specimen
has avoided protracted interactions with any late-diagenetic pore fluids (e.g., phreatic
groundwaters) which could plausibly cause hydrolysis and other decay processes.

Figure 7. Reconstruction of the diagenetic history of Brachylophosaurus canadensis MOR 2598, sum-
marizing macroscale and microscale events effecting its skeletal elements after death. Events are
classified into approximate taphonomic stages, with a visual portrayal of the diagenetic processes
affecting the bones during each stage shown at left.

6. Conclusions

Synthesizing our results with those of other recent experimental and actualistic studies
in molecular taphonomy leads us to conclude the following:

1. By allowing the quick characterization of spatial patterns of diagenetic alteration
within a fossil, trace element analyses constitute a useful and effective means of
screening fossil tissues prior to paleomolecular analyses;
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2. Retention of early-diagenetic trace element signatures may constitute a useful proxy
for molecular recovery potential because it indicates a specimen has avoided pro-
tracted interactions with any late-diagenetic pore fluids;

3. Although burial in coarse, permeable sediments in oxic environments appears con-
ducive to molecular preservation, it is also possible for fossils preserved in reducing
paleoenvironments to yield endogenous molecules. This dichotomy suggests that the
presence of oxidizing conditions in the initial ~48 h postmortem may be more key to
molecular preservation than the redox state of the final setting of burial;

4. Rapid burial in fine-grained sediments with low permeability, encasement in early-
diagenetic concretion, and/or early-diagenetic cementation of entombing sediments
can effectively thwart protracted decay and chemical alteration of bones (and their
component cells, tissues, and biomolecules) by minimizing exposure to percolating
groundwaters and the exogenous microbes they carry with them, and;

5. Biomolecular remains may survive multiple changes in redox regimes through dia-
genesis, and this indicates that processes which stabilize biomolecules in the initial
hours to days postmortem can impart remarkable long-term resiliency.

While these insights are obviously enlightening, it must be reiterated that they primarily
derive from fossils from just three Cretaceous localities. In agreement with Schroeter et al. [126],
we propose that paleomolecular and trace element analyses on Paleogene and Miocene
fossils are direly needed to close the long window of the Cenozoic for which protein
preservation has yet to be explored. Based on all data currently available, it seems very
likely that future studies will continue to broaden the suite of depositional and diagenetic
circumstances known to be conducive to molecular preservation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biology11081177/s1, Supplementary Materials narrative: A
DOCX Word file including further details on our LA-ICPMS methods, discussion of potential tetrad
effects in the left tibia of MOR 2598, discussion of potential sequestration processes that may have
limited REE availability to the bones of MOR 2598, discussion of potential causes for the peculiar
concentration profile shapes of U and Sc in the left tibia of MOR 2598, sources for environmental
data in Figure 5, and additional data on the trace element composition of the left tibia of MOR 2598
(Figures S1 and S2). Data S1: Raw transect data acquired and analyzed in this study, provided as an
XLSX Excel spreadsheet. References [127–189] are cited within the Supplementary Materials narrative.
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Simple Summary: Although many analytical techniques have shown that organic material can be
preserved in fossils for millions of years, the geochemical factors that allow this preservation are not
well understood. This is partly because paleomolecular studies often do not include geochemical
analyses of the fossil or burial environment from which it came. We conducted in-depth geological,
geochemical, and molecular analyses of a specimen of Dreadnoughtus schrani, an immense dinosaur
from Argentina. We reviewed physical aspects of the sediments in which Dreadnoughtus was de-
posited, then characterize the following features: the structural integrity of the bone microstructure;
the amount and type of external mineral that infiltrated the bone; the concentration of elements that
are rare in the Earth’s crust (REEs) throughout the bone; the preservation of soft-tissue structures
(e.g., bone cells and blood vessels); the preservation of bone protein using antibodies that specifically
recognize collagen I. Our data show that original bone microstructures and protein are preserved
in Dreadnoughtus, and that after burial, the specimen was exposed to weakly-oxidizing conditions
and groundwaters rich in “light” REEs but experienced little further chemical alteration after this
early stage of fossilization. Our findings support the idea that fossils showing lower concentrations
of REEs are well suited for molecular analyses.

Abstract: Evidence that organic material preserves in deep time (>1 Ma) has been reported using a
wide variety of analytical techniques. However, the comprehensive geochemical data that could aid
in building robust hypotheses for how soft-tissues persist over millions of years are lacking from most
paleomolecular reports. Here, we analyze the molecular preservation and taphonomic history of the
Dreadnougtus schrani holotype (MPM-PV 1156) at both macroscopic and microscopic levels. We review
the stratigraphy, depositional setting, and physical taphonomy of the D. schrani skeletal assemblage,
and extensively characterize the preservation and taphonomic history of the humerus at a micro-scale
via: (1) histological analysis (structural integrity) and X-ray diffraction (exogenous mineral content);
(2) laser ablation-inductively coupled plasma mass spectrometry (analyses of rare earth element
content throughout cortex); (3) demineralization and optical microscopy (soft-tissue microstructures);
(4) in situ and in-solution immunological assays (presence of endogenous protein). Our data show
the D. schrani holotype preserves soft-tissue microstructures and remnants of endogenous bone
protein. Further, it was exposed to LREE-enriched groundwaters and weakly-oxidizing conditions
after burial, but experienced negligible further chemical alteration after early-diagenetic fossilization.
These findings support previous hypotheses that fossils that display low trace element uptake are
favorable targets for paleomolecular analyses.

Keywords: fossil proteins; molecular paleontology; diagenesis; taphonomy; rare earth elements;
soft-tissue preservation; geochemistry
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1. Introduction

In the last few decades, the concept of “exceptional preservation” has expanded be-
yond specimens that retain exquisite morphological details through processes such as
phosphatization (e.g., [1]) to include fossils that preserve some of their original organic con-
tent. Evidence that soft-tissue structures, original proteins, and other organic material have
been preserved in deep time (>1 Ma) has been reported using a wide variety of analytical
techniques, including (but not limited to) amino acid analyses (e.g., [2], Raman spec-
troscopy (e.g., [3,4]), Fourier transform infrared spectroscopy (FT-IR) (e.g., [5–7]), immunol-
ogy (e.g., [8,9]), time-of-flight secondary ion mass spectrometry (TOF-SIMS) (e.g., [10–12]),
and tandem mass spectrometry (LC-MS/MS) (e.g., [13,14]). In spite of the diverse, growing
literature that original, endogenous organic material can preserve for millions of years,
these reports are often regarded with skepticism (e.g., [15]), in no small part, because the
geochemical mechanisms that allow for such preservation are not completely understood.
Although hypotheses exist as to geochemical factors that may positively influence preser-
vation (e.g., involvement of iron [16,17], microbial activity ([18]), and/or condensation
reactions [19–22]), such studies often examine specific cases in isolation, making it difficult
to infer larger scale relationships between the geochemical environment and preservation.
As a result, the comprehensive depositional and geochemical data that could aid in building
robust, multi-faceted hypotheses about molecular preservation in deep time are lacking
from most paleomolecular reports [23,24].

The holotype of Dreadnoughtus schrani (MPM-PV 1156) is a specimen that provides the
opportunity for in-depth analyses of its preservation and taphonomic history at both the
macroscopic and microscopic levels. MPM-PV 1156 represents a massive (59.3 metric tons;
65.4 short tons) titanosaur recovered from the Santa Cruz Province of Argentina [25]. This
D. schrani holotype has retained 45.3% of its skeleton, including many associated and
articulated elements [25]—an extraordinary portion for a sauropod of its size [26]. It has
exceptional completeness, coupled with evidence of syndepositional deformation of sedi-
mentary beds, led Lacovara et al. [25] to hypothesize that the individual was entombed
during a rapid burial event, such as a crevasse splay. Rapid burial has also been implicated
in other types of “exceptional preservation”, including soft-tissues, original organics, and
other labile features commonly destroyed by diagenesis (e.g., skin, feathers, cells, pro-
teins) [19,27–35]. Given the remarkable preservation of MPM-PV 1156 at the macroscopic
level, we hypothesized that the burial event that protected the massive D. schrani holotype
from extensive biostratinomic processes may have been sufficient to delay early diagenesis
at other levels as well, preserving both microstructure and original molecular components,
such as proteins, in the fossil tissue.

Here, we review the gross geological context of MPM-PV 1156, including the stratigra-
phy and depositional sediments of its locality and the physical taphonomy of the D. schrani
skeletal assemblage as a whole. Then, we perform extensive analyses of the left humerus
of the D. schrani holotype (MPM-PV 1156-46) to examine its preservation and taphonomic
history at a micro-scale. These include: (1) histological analysis and X-ray diffraction (XRD)
to assess the structural integrity of the bone microstructure and the extent of its exogenous
mineral content; (2) laser ablation inductively coupled plasma mass spectrometry (LA-
ICPMS) to assess its geochemical history based on the spatial heterogeneity of rare earth
elements (REEs) and other pertinent trace elements throughout the bone cortex; (3) chem-
ical demineralization and optical microscopy of bone tissue to assess the morphological
preservation of soft-tissue microstructures; (4) in situ and in-solution immunological assays
to assess the presence of endogenous protein.

2. Geologic and Taphonomic Context

Specimen MPM-PV 1156 is the holotype of Dreadnoughtus schrani [25] (Figure 1A). It
was collected between 2005 and 2008 from outcrops of the Late Cretaceous Cerro Fortaleza
Formation, along the east bank of the Río La Leona in Santa Cruz Province, Argentina
(Figure 1B). Lacovara et al. [25] originally reported its age to be Campanian–Maastrichtian,
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based on the prior recovery of Campanian ammonites from the underlying La Anita Forma-
tion and Maastrichtian palynomorphs from the overlying La Irene Formation (see [36] and
references therein). Recent radiometric dating of detrital zircons from the Cerro Fortaleza
Formation in the region of the Dreadnoughtus quarry constrain the age of these deposits
specifically to the Campanian [37]. The 116 skeletal elements of MPM-PV 1156 were found
as partially-articulated and closely associated remains alongside those of a second, smaller
individual, D. schrani paratype MPM-PV 3546 (Figure 2).

Figure 1. (A) Reconstruction of Dreadnoughtus schrani holotype (MPM-PV 1156) with preserved
elements shown in white. The left humerus (MPM-PV 1156-49; highlighted in red) was examined
in this study. (B) Map showing the location of the Dreadnoughtus quarry in Santa Cruz Province,
Patagonia, Argentina. (C) Left humerus (MPM-PV 1156-49) of D. schrani, shown in anterior view.
Red arrow indicates the tissue sampling location for these analyses. Scale bars are as labeled. Image
modified from Figures 1–5; of Ullmann and Lacovara [38], with permission.

Strata of the Cerro Fortaleza Formation comprise fluvial channel and overbank facies
deposited in the Austral Basin, now east of the Southern Patagonian Andes [39,40]. Bones
of both Dreadnoughtus individuals were recovered from a mixed lithosome comprised of
tan, finely trough cross-bedded, fine to medium-grained sandstone and gray, homogenous
mudstone containing abundant plant remains. Lacovara et al. [25] interpreted these de-
posits to represent a crevasse splay horizon deposited onto a fluvial floodplain, based on an
abundance of large-scale (primary), convoluted bedforms interpreted to have formed either
(1) via liquefaction during rapid deposition, or (2) by sediment redistribution around the
large, heavy skeletal remains of the Dreadnoughtus holotype at the time of burial, as it sub-
sided into a thick, “soft” substrate. Abundant silicified wood [41] and palynomorphs [42]
in strata of the Cerro Fortaleza Formation demonstrate that fluvial floodplains across the
region hosted diverse forests.

Evidence for the authocthonous nature of MPM-PV 1156 includes: (1) most of the
tail and the left femur, tibia, and fibula remained in articulation within the south-central
portion of the quarry; (2) signs of abrasion to the bones are absent [43,44], and; (3) the
enormous size of the individual likely hindered any long-distance transport (Figure 2).
Although the bones exhibit negligible weathering [43,44], from the disarticulated nature
of large portions of the body (e.g., the ribcage, left forelimb, and dorsal series (Figure 2),
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we infer the carcass underwent a protracted phase of decay prior to burial. Recovery of
several shed cf. Orkoraptor burkei teeth within the quarry, along with bite marks on a caudal
vertebra of the paratype (MPM-PV 3546) and a dorsal vertebra (belonging to either the
holotype or the paratype), further support this conclusion. Preferential preservation of
appendicular elements from the left side indicates the animal was likely lying on its left
side at the time of burial [25].

 
Figure 2. Map of the Dreadnoughtus schrani quarry. Numbers denote individual bone specimen
numbers. Bones pertaining to paratype individual MPM-PV 3546 are shaded in gray, lignite/wood
specimens are shaded in brown, and left humerus (MPM-PV 1156-49) examined in this study is
shaded in red. Some overlapping elements and a few specimens found eroding from the outcrop
beyond the area depicted in this map are not shown. Select bones are identified as labeled. Grid is
shown in 2 m increments; scale bar = 1 m. (Map by J. DiGnazio).

Based on the quarry map (Figure 2), skeletal element abundances range from 0 to
18 specimens per 4 m2 area, with an average of 6 specimens per 4 m2. During excavation,
multiple bones of both Dreadnoughtus individuals were found at strongly plunging angles
within the quarry, including the left femur MPM-PV 3546-21 of the paratype, which was
found standing vertically (i.e., perpendicular to bedding) [25]. Such plunge angles, in
combination with numerous occurrences of bones stacked three deep (e.g., left scapula
MPM-PV 1156-48, left radius MPM-PV 1156-51, and dorsal rib MPM-PV 1156-77 near the
eastern edge of the quarry; Figure 2), demonstrate that burial occurred in sediment with
little bearing strength, in agreement with our prior interpretation of the host sediments
deriving from a large-scale crevasse splay event [25]. The general orientations of elongate
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skeletal elements (e.g., limb bones, ribs, the articulated caudal series) within the quarry
form a distinct bimodal pattern, composed of roughly north–south and east–west trends
(Figure 2). This might result from the hydraulic alignment of numerous skeletal elements
parallel and perpendicular to a paleocurrent flowing along one of these bearings. Individual
elements of MPM-PV 1156 range in size from an isolated tooth and distal caudal vertebrae
up to girdle elements and stylopodial limb bones (i.e., bones pertaining to both Voorhies
Groups I and II were recovered; cf. [45]). All major portions of the body are represented,
further supports interpretation of the remains as being autochthonous. Though most of
the bones are complete, many exhibit transverse and longitudinal fractures and/or plastic
deformation arising from post-fossilization compaction, especially ribs and the pelvic
elements; on the left humerus (MPM-PV 1156-49), a distinct fracture through the proximal
end is observed (Figure 1C).

3. Methods

Brief descriptions of the experimental methods are described below. Comprehensive
details of these analyses are provided in the Supplementary Materials, as specified in
each section.

3.1. Sample Collection

Fossil and sediment samples for molecular assays were collected using aseptic tech-
niques as follows: using nitrile gloves, diaphyseal cortical bone fragments were removed
from the humerus of MPM-PV 1156 (Figure 2) immediately upon the opening of its protec-
tive field jacket. A sediment sample was taken from within the plaster jacket containing
the humerus, from an area between the bone surface and the inner wall of the jacket. Both
samples were wrapped in autoclaved foil and stored in an autoclaved glass container
under desiccation at room temperature until analyses. During processing, specimens were
handled within a fume hood. Bench surfaces were thoroughly cleaned using 95% ethanol,
followed by 10% bleach, before sterile foil was laid down over the work area. Nitrile
gloves, shoe covers, a hair net, a facemask, and a lab coat (all permanently kept in the
ancient-isolated environment) were worn throughout all procedures. For REE analyses,
nitrile gloves were used to extract a second fragment of the midshaft of MPM-PV 1156-49
for embedding and sectioning.

Extant controls for molecular assays, which included extant alligator (Alligator mis-
sissippiensis) and chicken (Gallus gallus) limb bones, were processed separately, and in
isolation. All limb elements were separately defleshed, then degreased in 10% Zout (Dial
Co., Scottsdale, AZ, USA) or 10% Shout (Johnson Co., New York, NY, USA). Following
degreasing, diaphyseal portions of all limb elements were sectioned into pieces, rinsed
in Epure water, then wrapped in foil and stored at −80 ◦C until analyses. The alligator
humerus was used for immunofluorescence. All other techniques used the alligator femur.

3.2. Assessments of Preservational Quality and Geochemical History
3.2.1. Histological Analysis

Embedding of D. schrani bone tissue samples followed methods described in Green et al. [46],
Boyd et al. [47], and Cleland et al. [48]. A fragment of the humerus from MPM-PV 1156
was embedded in Silmar 41TM resin (US Composites, West Palm Beach, FL, USA) and a
2 mm thick, transverse section was cut with a Isomet 1000 precision wafer saw (Buehler,
Lake Bluff, IL, USA). The section was then mounted on a glass slide using clear Loctite
epoxy (Henkel Adhesives, Rocky Hill, CT, USA) and ground/polished to transparency
using a Ecomet 4000 grinder (Buehler, Lake Bluff, IL, USA). Ground sections were imaged
with a transmitted light microscope (10x; Axioplan, Zeiss, White Plains, NY, USA) fitted
with circularly polarized light filters and a motorized XYZ stage (Marzhauser, Wetzlar,
Germany) with output to StereoInvestigator software (MBF Bioscience, Williston, VT, USA)
for automated image montaging.
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3.2.2. X-ray Diffraction (XRD)

D. schrani cortical fragments (~1–2 mg) were powdered in a tungsten carbide Mixer-
Mill (SPEX SamplePrep 8000, Cole-Parmer, Vernon Hills, IL, USA) to ~10 μm. Analyses were
performed on a X’Pert diffractometer (#DY1738, Philips, Amsterdam, The Netherlands)
using Cu Kα radiation (λ = 1.54178 Å), and operating at 45 kV and 40 mA. Diffraction
patterns were measured from 5–75◦ 2θ with a step size of 0.017◦ 2θ and a time of 1.3 s
per step (~0.77 degrees/min). HighScore Plus software version 3.0e (Philips) was used to
interpret diffraction traces.

3.2.3. Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICPMS)

We employed the same mass spectrometry methods as Ullmann et al. [49]. REE con-
centrations were normalized against the North American Shale Composite (NASC) to
enable comparisons to fossil bones from other sites, using values from Gromet et al. [50]
and Haskin et al. [51]; a subscript N denotes shale-normalized values or ratios. NASC-
normalized REE ratios were used to calculate (Ce/Ce*)N, (Ce/Ce**)N, (Pr/Pr*)N, and
(La/La*)N anomalies (sensu [52]) as follows: (Ce/Ce*)N = CeN/(0.5*LaN + 0.5*PrN),
(Ce/Ce**)N = CeN/(2*PrN − NdN), (Pr/Pr*)N = PrN/(0.5*CeN + 0.5*NdN), and (La/La*)N
= LaN/(3*PrN − 2*NdN). See Supplemental Methods Section S1.1 for more details.

3.3. Assessments of Soft Tissue Preservation

To prevent exogenous contamination, all sample preparation and analyses performed
on fossil materials and all negative controls were conducted using instruments, buffers,
and chemicals reserved for and dedicated to fossil analyses, in a laboratory where no extant
vertebrate remains were ever housed or analyzed. Preparation and analyses of extant
material (i.e., positive controls) occurred in a separate laboratory, and no interchange of
solutions, instruments, or other materials occurred.

3.3.1. Demineralization and Evaluation of Morphological Structures

Fragments of D. schrani humerus were incubated in 0.5 M disodium ethylenedi-
aminetetraacetic acid (EDTA) (pH 8.0) for two weeks. Pliable demineralization products
were transferred to a glass slide, treated directly with acetone (to rule out all possibil-
ity of glue contamination), and imaged in transmitted light and cross-polarized light
using a Zeiss Axiocam MRC5 camera mounted to a Zeiss Axioskop 2 Plus biological mi-
croscope and a Zeiss Axioskop petrographic polarizing microscope, respectively. Low
magnification images were acquired on a Zeiss Stemi 2000-C dissecting microscope. See
Supplemental Methods Section S1.2 for more details.

3.3.2. Immunofluorescence (IF)

Demineralized tissue from D. schrani, chicken, and alligator were embedded in resin,
thinly sectioned (220 nm), and subjected to immunofluorescence assays using polyclonal
rabbit anti-chicken collagen I antibodies. For detailed descriptions of IF procedures
and the numerous antibody specificity tests performed in conjunction with them, see
Supplemental Methods Section S1.4.

3.3.3. Enzyme-Linked Immunosorbent Assay (ELISA)

Bone and sediment fragments were demineralized with hydrochloric acid, followed
by protein solubilization with guanidine hydrochloride (GuHCl). Buffer samples (empty
tubes that received reagent but no tissue; “blanks”) were analyzed simultaneously with
fossil and sediment samples to serve as an additional negative control. GuHCl extracts of
all tissues and negative controls were subjected to ELISA with polyclonal chicken specific
anti-collagen I. For a detailed description of the chemical extraction and ELISA procedures,
see Supplemental Methods Section S1.5.
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4. Results

4.1. Preservational Quality
4.1.1. Histological Analysis

The microstructure of the humeral sample from MPM-PV 1156-49 shows primary
fibrolamellar bone at the periosteal surface transitioning to densely remodeled secondary
bone deeper at the medullary cavity (Figure 3). Structures consistent with fungal tunnel-
ing or MDF were not observed in any of the tissue examined, indicating that microbial
alteration of this fossil sample was minimal [53]. Under cross-polarized light (Figure 3),
deviation from the expected pattern of birefringence in fibrolamellar bone was not apparent,
consistent with a lack of alteration of the mineral phase of bone. The lack of indicators
of extensive microbial alteration, coupled with the well-preserved microstructure of the
observed primary and secondary bone tissue, give this fossil sample an integrity rank of 5
(out of 5) on the Histology Index [54].

 

Figure 3. Transverse ground section through a sample of MPM-PV 1156-49, collected from the medial
side of the midshaft (complete section is not represented) and imaged under cross-polarized light.
The tissue microstructure contains well-preserved primary fibrolamellar bone (FLB) at the periosteal
surface, with a birefringence pattern consistent with extant FLB: primary osteons surrounded by
concentric layers of lamellar bone (top inset, arrow) and interstitial spaces with unorganized woven
bone (middle inset, arrow). Secondary osteons with distinct lamellae (bottom inset, arrow) are also
observed. Microscopic destructive foci (MDF) [53] are not apparent, indicating that this sample has not
been extensively altered by microbes. Large black spots scattered throughout image represent bubbles
in the epoxy adhering the section to the slide. Microstructural preservation of the FLB and Haversian
tissues in this fossil sample, and the lack of abundant indicators of microbial attack, suggests that
the sample taken from D. schrani is an appropriate target for molecular study. Scale bar = 1 mm,
inset scale bars = 200 μm.
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4.1.2. X-ray Diffraction (XRD)

To determine whether the humeral sample extracted from MPM-PV 1156-49 has been
structurally compromised by extensive replacement with exogenous minerals, we per-
formed XRD analysis on a portion of this tissue. Diffraction peaks (Figure S1) recovered
in the analysis corresponded with four minerals, including dolomite and three variants of
isomorphous [55] apatite (Table 1). Semi-quantitative analysis of the data used gave the ap-
proximate percentage of the mineral composition of the fossil tissue as 5% calcite/dolomite
and 95% apatite (Table 1), indicating that the replacement and/or inclusion of exogenous
minerals was minimal in this sample.

Table 1. Results of X-ray diffraction (XRD) analysis of the humeral sample from MPM-PV 1156-49.
Semi-quantitative analysis of the data (HighScore Plus, Phillips) determined that the mineral composi-
tion of the fossil tissue is 95% isomorphous variations of apatite, indicating minimal permineralization
with exogenous mineral.

Ref. Code Score Mineral
Displacement

[◦2Th.]
Scale
Factor

Chemical
Formula

Semi-Quantitative
Analysis

01-071-1663 43 Dolomite 0.000 0.334 Mg0.1Ca0.9CO3 5%
01-084-1999 29 Chloroapatite 0.000 0.437 Ca5(PO4)3F0.09Cl0.88 17%
01-071-0880 62 Fluoroapatite 0.000 0.934 Ca5(PO4)3F 41%
01-073-1731 67 Hydroxyapatite 0.000 0.866 Ca5(PO4)3(OH) 36%

4.1.3. REE Analyses

LA-ICPMS was used to examine spatial heterogeneity of REE and other pertinent
trace elements in the thick bone section. At the whole-bone level, MPM-PV 1156-49
exhibits a ∑REE of 1964 ppm (Table 2). Manganese (Mn; 3233 ppm) and strontium (Sr;
1747 ppm) concentrations are the highest of all recorded elements, with concentrations
more than double all the other trace elements examined (Table 2). Yttrium (Y; 505 ppm) is
enriched to a similar level as light REE (LREE) elements, whereas the average scandium (Sc)
concentration is low (5 ppm). On average, LREE concentrations are an order of magnitude
higher than those of the heavy rare earth elements (HREE); the middle rare earths (MREE;
Sm–Gd) generally exhibit intermediate concentrations. The average concentrations of
uranium (U; 19 ppm) and iron (Fe; 0.19 wt%) are each quite low, owing to low concentrations
throughout much of the middle and internal cortices (see below).

Intra-Bone REE Depth Profiles: Concentrations of all REE decline steeply with corti-
cal depth, with profiles for, essentially, every REE forming smoothly decreasing exponential
curves (e.g., Figure 4A; see also Supplementary Materials). Among the REE, cerium (Ce)
concentrations are the highest at the cortical margin (~4800 ppm) and thulium (Tm) con-
centrations are the lowest (~10 ppm). LREE exhibit by far the steepest declines in terms
of magnitude (on average from ~2300 ppm near the cortical margin to ~100 ppm by 1 cm
into the cortex; Figure 4A), generally constituting a decrease of approximately 1.5 orders
of magnitude. All MREE concentration profiles exhibit moderate slopes in between those
of LREE and HREE. LREE and MREE concentrations are so low throughout much of the
middle and internal cortices (<2 ppm) that they frequently encroach on or fall below the
lower detection limit (Data S1). In contrast, HREE concentrations generally stay above
the detection limit throughout the internal cortex. As exemplified by ytterbium (Yb) in
Figure 4A, HREE exhibit the shallowest profiles among the rare earths. The comparatively
“shallow” decline in HREE profiles is evident in their magnitude of decrease from the
cortical margin: whereas LREE concentrations decrease by two to three orders of magni-
tude by half way across the width of the cortex, HREE concentrations only decrease by
approximately 50% across this same distance (Data S1).
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Table 2. Average whole-bone trace element composition of the left humerus of Dreadnoughtus schrani
(MPM-PV 1156-49). Numbers presented are averages of all transect data acquired across the cortex.
Iron (Fe) is presented in weight percent (wt%), all other elements are in parts per million (ppm).
Absence of (Ce/Ce*)N, (Pr/Pr*)N, (Ce/Ce**)N, and (La/La*)N anomalies occurs at 1.0. The Y/Ho
value reflects this mass ratio.

Element Concentration

Sc 4.96
Mn 3233
Fe 0.19
Sr 1747
Y 505
Ba 447
Th 0.23
U 18.64

Light Rare Earth Elements (LREEs)
La 398.95
Ce 762.75
Pr 90.67
Nd 371.52

Middle Rare Earth Elements (MREEs)
Sm 78.35
Eu 16.91
Gd 84.46

Heavy Rare Earth Elements (HREEs)
Tb 10.67
Dy 63.76
Ho 13.32
Er 36.67
Tm 4.69
Yb 27.38
Lu 4.23

∑REE 1964
(Ce/Ce*)N 0.94
(Pr/Pr*)N 0.92

(Ce/Ce**)N 1.22
(La/La*)N 1.75

Y/Ho 37.90

Even though nearly the entire cortex is composed of densely vascularized Haversian
tissue formed by multiple generations of overlapping secondary osteons (Figure 3) [25],
there are no obvious spikes in REE concentrations in osteonal tissue surrounding Haversian
canals (Figure 4A) nor clear signs of kinks in REE profiles reflective of uptake via double
medium diffusion (cf. [56]). Of the elements examined, only iron (Fe) exhibits brief spikes
in concentrations in osteonal tissue surrounding a few Haversian canals, primarily within
the middle and internal cortices (e.g., at ~15.3 mm; Figure 4C).

Uranium (U) is the only element to exhibit a broad peak in concentrations within
the internal cortex (Figure 4B), though concentrations in this region vary substantially.
Uranium is also the only element for which concentrations drop to a minimum in the outer
portion of the middle cortex. Scandium (Sc) and yttrium (Y) exhibit the same general profile
shapes as the MREE in the bone, characterized by a slow, steady decrease in concentrations
from the cortical margin (Figure 4C). Strontium (Sr), manganese (Mn), and barium (Ba)
each exhibit high and relatively constant concentrations throughout the cortex, with very
slightly greater enrichment in the external-most ~3 mm (Figure 4D).

NASC-Normalized REE Patterns: Because concentrations of LREE in the external
cortex are considerably higher than through the rest of the cortex, the external 250 μm
of the transect exhibits a more LREE-enriched NASC-normalized pattern than the bone
as a whole (compare Figures 5B and 6A). Additionally, whereas the external 250 μm plot
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exhibit a slightly positive Ce anomaly (visually evident as an upward deflection of the
pattern at this element), there is none in the spider diagram for the entire bone. However,
both plots exhibit a general trend of relative LREE and MREE enrichment relative to HREE.
This trend is also evident in how a data point representing the whole-bone composition of
MPM-PV 1156-49 plots near the Nd-Gd edge of a NdN-GdN-YbN ternary plot (Figure 5C).
Shale-normalized concentrations range from ~20–100 times NASC values in the external
250 μm of the cortex.

Figure 4. Intra-bone REE concentration gradients of various elements in the left humerus of Dread-
noughtus (MPM-PV 1156-49). (A) Lanthanum (La) and ytterbium (Yb). (B) Scandium (Sc) and
uranium (U). (C) Iron (Fe) and yttrium (Y). (D) Barium (Ba), manganese (Mn), and strontium (Sr).
Note that each panel has different concentration scales. Yellow line at the top of each panel depicts
the track of the laser across the thick bone section during analyses. Gray text labels in (A) indicate the
approximate regions of the cortex categorized as ‘external’, ‘middle’, and ‘internal’. Scale bars (in
white over bone images) each equal 1 mm.

Plotting each individual laser run compiled into the full transect into a LaN-GdN-
YbN ternary plot (Figure 5D) shows that there is a tremendous spatial variation in bone
composition (i.e., variation greatly exceeds two standard deviations). A spider diagram
of individual laser runs (Figure 6B) further confirms this pattern, revealing substantial
contrasts in the REE proportions by cortical depth. As these figures show, MPM-PV 1156-49
becomes substantially enriched in HREE relative to LREE and MREE with increasing depth
into the cortex. Overall, the bone shifts from being modestly LREE and MREE enriched in
the external-most cortex to drastically HREE enriched in the middle and internal cortices
(approximately the inner two-thirds of the transect). In the internal-most laser run, HREE
are proportionally enriched relative to LREE by over two orders of magnitude (Figure 6B).

Laser runs across the middle and internal cortices generally exhibit roughly equal
depletion in LREE and enrichment in HREE relative to the NASC (Figure 6B). The three
most internal laser runs exhibit a slight peak at Nd, and all runs across the middle and
internal cortices exhibit a slightly negative Ce anomaly. The internal-most laser run exhibits
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slightly higher LREE and MREE concentrations than the run immediately external to it.
Although there are no clear signs of tetrad effects (i.e., ‘M’- or ‘W’-shaped shale-normalized
patterns; [57] and references therein) in individual laser runs (Figure 6B), subtle peaks at
Nd, gadolinium (Gd), and holmium (Ho) in the whole-bone and external-most 250 μm
spider diagrams (Figures 5B and 6A) may reflect slight tetrad effects (see Supplementary
Section S3.1 for further discussion of potential tetrad effects in MPM-PV 1156-49).

Figure 5. REE composition of the left humerus of Dreadnoughtus (MPM-PV 1156-49). (A) Three-
point moving average profile of La concentrations in the outermost 5 mm of the bone. (B) Average
NASC-normalized REE composition of the fossil specimen as a whole. (C,D) Ternary diagrams of
NASC-normalized REE. (C) Average composition of the bone. (D) REE compositions divided into
data from each individual laser transect (~5 mm of data each). Compositional data from the transect
that included the outer bone edge is denoted by a dark diamond; all other internal transect data
are indicated by gray circles. The 2σ circle depicts the area on the plot that represents two standard
deviations based on ±5% relative standard deviation.

(La/Yb)N vs. (La/Sm)N Ratio Patterns: At the specimen level, MPM-PV 1156-49
exhibits a high (La/Sm)N value of 3.29 and a (La/Yb)N of 0.88, indicative of substan-
tial LREE enrichment compared to most environmental water samples, dissolved loads,
and sedimentary particulates (Figure 7A). This combination of values places the bone
just outside the compositional ranges of freshwater in modern rivers and lakes (see
Supplementary Materials, Section S2.2 for the literature sources used for environmen-
tal samples).

When REE ratios are plotted by individual laser runs, the bone exhibits a consistent
pattern of decreasing (La/Yb)N and increasing (La/Sm)N as cortical depth progresses
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(Figure 7B). The laser run including the external margin of the bone exhibits an (La/Yb)N
value nearly two orders of magnitude greater than laser runs across the internal cortex. All
laser runs across the internal cortex exhibit (La/Yb)N ratios < 0.05, and those across the
middle cortex remain <0.4. Laser run (La/Sm)N ratios range roughly from 0.7–10.0.

Figure 6. Spider diagrams of intra-bone NASC-normalized REE distribution patterns within the left
humerus of Dreadnoughtus (MPM-PV 1156-49). (A) Average composition of the outermost 250 μm of
the cortex, demonstrating a similar degree of relative LREE enrichment in the outermost cortex as
seen in the bone as a whole (Figure 5B). (B) Variation in compositional patterns by laser transects. The
pattern which includes the external margin of the bone is shown in black, those from deepest within
the bone by dotted, light-gray lines, and all other analyses in between by solid, dark-gray lines.

Figure 7. (La/Yb)N and (La/Sm)N ratios of the humerus of Dreadnoughtus (MPM-PV 1156-49).
(A) Comparison of the whole-bone average (La/Yb)N and (La/Sm)N ratios of the fossil to ratios from
various environmental waters and sedimentary particulates. Literature sources for environmental
samples are provided in the Supplementary Materials (Section S2.2). (B) REE compositions of
individual laser transects expressed as NASC-normalized (La/Yb)N and (La/Sm)N ratios. The
transect including the external bone margin is denoted by the black symbol whereas all other
(internal) transects are represented by gray symbols.

REE Anomalies: (Ce/Ce*)N and La-corrected (Ce/Ce**)N anomalies are essentially
absent in the external-most 5 mm of the cortex (Figure 8A). Values of each of these anomalies,
as well as those of (La/La*)N, fluctuate both positively and negatively across the transect.
Abundant data gaps occur for (Ce/Ce**)N and (La/La*)N anomalies in the middle and
internal cortices due to concentrations of praseodymium (Pr) and Nd commonly falling
below the lower detection limit and, occasionally, Nd concentrations significantly exceeding
those of Pr (Data S1).
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Figure 8. REE anomalies within the left humerus of Dreadnoughtus (MPM-PV 1156-49). (A) Intra-bone
patterns of (Ce/Ce*)N (red curve), (Ce/Ce**)N (black curve), and (La/La*)N (blue curve) anomalies
and Y/Ho ratios (orange curve). (B) (Ce/Ce*)N vs. (Pr/Pr*)N plot (after Bau and Dulski [58]) of
five-point averages along the transect across the cortex of MPM-PV 1156-49 recorded by LA-ICPMS.
Separate fields (labeled by blue text) are as follows: 1, neither Ce nor La anomaly; 2a, no Ce and
positive La anomaly; 2b, no Ce and negative La anomaly; 3a, positive Ce and negative La anomaly;
3b, negative Ce and positive La anomaly; 4a, negative Ce and negative La anomaly; 4b, positive Ce
and positive La anomaly. Measurements from the outer 1 mm of the external cortex are plotted as
black triangles, and all measurements from deeper within the bone are plotted as gray diamonds.
(C) Cerium anomaly (Ce/Ce**)N values plotted against uranium (U) concentrations. Error bars, in
gray, are based on analytical reproducibility of ±5%. There is a weak positive correlation (r2 = 0.54),
shown by the red trendline. Anomaly values were calculated as outlined in the Methods. Absence of
(Ce/Ce*)N, (Ce/Ce**)N, and (La/La*)N anomalies occurs at 1.0.

Of all of the anomalies considered, (Ce/Ce*)N exhibits the most variable patterns
with cortical depth. Specifically, (Ce/Ce*)N values slowly decrease to a negative peak of
~0.3 in the middle cortex (~16 mm), then steadily rebound to positive values throughout
most of the internal cortex (Figure 8A). The highest values recorded along the transect
(~9.6) occur near 24 mm, forming the apex of a subtle, positive peak in the outer portion
of the internal cortex. However, when averaged across the entire transect (Table 2), these
fluctuations cancel each other out; as a whole, MPM-PV 1156-49 exhibits essentially no
(Ce/Ce*)N anomaly (value = 0.94). This finding agrees with the lack of any clear inflection
of the NASC-normalized pattern at Ce in the whole-bone spider diagram (Figure 5B).

Following Bau and Dulski [58], (Ce/Ce*)N values were also plotted against (Pr/Pr*)N
values in order to differentiate true, redox-related cerium anomalies from apparent anoma-
lies produced by (La/La*)N anomalies. In this plot (Figure 8B), both (Ce/Ce*)N and
(Pr/Pr*)N values exhibit significantly greater variation in the middle and internal cortices
than is seen in the external-most 1 mm of the bone. This pattern indicates that the internal
regions of the bone are relatively more heterogeneous in composition than the external-
most portion of the cortex. All but one data point from the external cortex plot near the
right margins of fields 3a and 4b, indicative of slightly positive Ce anomalies and variable
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La anomalies (Figure 8B). The vast majority of data points from the middle and internal
cortices plot in fields 2a, 3b, and 4b, generally indicative of positive La anomalies.

To quantitatively assess these qualitative trends, we also calculated (La/La*)N anoma-
lies and La-corrected (Ce/Ce**)N anomalies (see Methods). (Ce/Ce**)N anomalies are
consistently slightly positive throughout most of the external cortex (i.e., the external-most
10 mm exhibits an average anomaly value of 1.40), after which they fluctuate considerably
between positive and negative values around an average of zero in the middle cortex
(Figure 8A). Unfortunately, minimal data are available from the internal cortex due to con-
centrations of these LREE often falling below the detection limit. Variations in (Ce/Ce**)N
values across the middle cortex encompass a range of more than two orders of magnitude.
At the specimen level, the whole-bone exhibits a slightly positive (Ce/Ce**)N anomaly (1.22;
Table 2). (Ce/Ce**)N anomaly values are only weakly correlated with U concentrations
(r2 = 0.54) when they are plotted by the laser run (Figure 8C). (La/La*)N anomalies are
commonly positive through the external 17 mm of the bone, after which point data become
too sparse to reliably interpret (Figure 8A). This is also evident by the positive (La/La*)N
anomaly average for the entire specimen (1.75; Table 2); however, again, this signature is
almost entirely derived from the external and middle cortices.

Yttrium/holmium (Y/Ho) ratios are essentially chondritic (26; [59]) near the cortical
margin, but they steadily become increasingly positive with depth (Figure 8A). Y/Ho
anomalies form a broad peak in the internal cortex (whose apex is near 23 mm) at values
from ~50–600, then gently decline to values from ~60–150 at the internal end of the transect.
For the entire specimen (i.e., all transect data averaged together), the Y/Ho anomaly is
slightly positive (38; Table 2).

4.2. Soft Tissue Preservation
4.2.1. Demineralization/Morphological Structures

Demineralized cortical bone yielded soft, flexible structures morphologically consis-
tent with vessels, the fibrous collagenous matrix, and osteocytes (Figure 9A–F), and we
hereafter refer to them as such for brevity and clarity. During demineralization in ethylene-
diaminetetraacetic acid (EDTA), vessels were observed emerging directly from the fossil
tissue (Figure 9A) as well as in solution. Isolated samples of these hollow, flexible tubes
did not dissolve after multiple treatments with acetone, refuting the hypothesis that they
are casts formed by the in-filling of acetone-soluble glues and/or field consolidates. The
tapering bifurcation pattern observed in modern vessels and in reported soft tissues from
other ancient vertebrates (e.g., [60,61]) was also observed among the recovered vessels from
D. schrani (Figure 9B). These vessels are inconsistent with fungal hyphae, which are cylin-
drical and grow from an apical tip extension [62,63] and, thus, do not taper when branching.
Hyphae are also generally an order of magnitude smaller than the structures we observed
(e.g., Figure 2 in [30]). When imaged under cross-polarized light, vessels displayed mini-
mum birefringence, regardless of stage orientation (Figure 9C). Any birefringence that was
observed was limited to small, isolated areas along the vessel wall, leaving the majority of
the structure dark. Because most minerals are anisotropic and display birefringence under
cross-polarized light [64,65], the lack of birefringence in these structures, as well as their
pliability, are features more consistent with an amorphous material of organic origin than a
mineralized pseudomorph [19,66].

Matrix recovered from D. schrani was soft, pliable, and fibrous in appearance, with en-
cased elongated osteocytes oriented with their long axes parallel to one another (Figure 9D).
In general, osteocytes displayed shorter, blunted filopodia-like structures in comparison
to those observed on putative osteocytes from other extinct taxa [13,60,61,66–68]. It is not
known if this is a result of tissue degradation during the time between the exhumation of
the fossil and analyses, or an artifact of preservation caused by the specific depositional
environment in which the specimen was entombed. Regardless, we recovered examples of
these elongated structures bearing the hallmark filopodia-like extensions of modern osteo-
cytes (Figure 9E: black arrows). Similar to the vessels, isolated osteocytes did not dissolve
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in acetone and demonstrated very little birefringence when observed under cross-polarized
light (Figure 9F), precluding their origin as either glue or mineral-infill of osteocyte lacunae,
respectively [19,66].

Figure 9. Structures recovered from MPM-PV 1156-49 that are morphologically consistent with
soft-tissues. (A) White arrows indicate pliable, hollow, transparent tubes emerging from a humeral
fragment as the mineral phase is dissolved in EDTA. Scale bar = 500 μm. (B) Vessel directly treated
three times with acetone, then imaged under transmitted light. Scale bar = 200 μm. (C) When
imaged under cross-polarized light, the vessel (B) showed minimal birefringence, indicating it is not a
mineralized structure. Scale bar = 200 μm. (D) Fibrous matrix with embedded osteocytes. Osteocytes
can be observed emerging from the matrix (black arrow), indicating that these structures are three-
dimensional. Inset of the osteocyte shows distinct, lateral projections from the cell-like structure into
the surrounding matrix (white arrows), which may represent preserved filopodia or empty canaliculi.
Scale bar = 50 μm. (E) Isolated osteocyte imaged in transmitted light. Note the narrow, branching
structures consistent with filopodia (black arrows). Scale bar = 25 μm. (F) Osteocyte imaged under
cross-polarized light. Minimal birefringence indicates this structure is not a mineral in-fill of a lacuna.
Scale bar = 25 μm.

4.2.2. Immunofluorescence (IF)

When exposed to commercial polyclonal antibodies raised against chicken collagen I,
both chicken (Gallus gallus) sections (Figure 10A,D,G,J) and alligator (Alligator mississippiensis)
sections (Figure 10B,E,H,K) showed a clear signal of immunoreactivity. Binding intensity
was greatest in chicken sections (Figure 10D), consistent with our use of antibodies raised
against chicken collagen I. Binding was diminished in alligator sections (Figure 10E), which
is expected given the phylogenetic distance between alligators and the chicken collagen
used as an immunogen [69,70]. Despite the lower signal intensity in alligator, positive
binding for this tissue indicates that many of the same collagen epitopes have been retained
in both species despite their divergence 237 million years in the past [71]. Thus, we can
conclude these antibodies are appropriate for analyses of sauropod bone, as Sauropoda
is bracketed phylogenetically by these two extant archosaurs [72] and should, therefore,
share the archosaur collagen I epitopes possessed by both Gallus and Alligator.

345



Biology 2022, 11, 1158

Figure 10. In situ localization of collagen I in demineralized chicken (A,D,G,J), alligator (B,E,H,K),
and Dreadnoughtus schrani (C,F,I,L) cortical bone fragments using immunofluorescence, imaged at
150 ms. (A–C). Sections that have been exposed to secondary antibodies without incubation in
collagen I antibodies to control for non-specific binding of the secondary antibody and background
fluorescence (i.e., “secondary only” control). Lack of signal indicates that the observed fluorescence in
other sections cannot be attributed to non-specific binding of the secondary. (D–F) Sections incubated
with anti-collagen I antibodies (diluted 1:40) showed a positive signal for collagen I in all tested
specimens. (G–I) Tissues that have been digested with collagenase prior to exposure to collagen I
antibodies show a reduction in signal in the (G) chicken and (H) alligator sections, and an increase
in signal in the (I) D. schrani section. This indicates that the targeted digestion of collagen I in these
tissues directly affect the binding pattern of the antibody, supporting its specificity for collagen I
epitopes. (J–L) Inhibition of the collagen I antibody with chicken collagen shows reduced binding for
all taxa, again supporting the specificity of this antibody. Scale bars = 50 μm.
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Indeed, the collagen I signal was also observed in D. schrani tissue sections
(Figure 10C,F,I,L), consistent in pattern as with the extant controls (Figure 10F), though the
intensity of the signal was greatly reduced relative to both chicken and alligator. Antibody
binding was detected within visible sections of tissue, but not in void regions of the sections
that contained only resin.

To confirm that the signal observed in Dreadnoughtus tissue sections did not result
from non-specific binding of the primary antibody, we employed multiple controls. Some
sections of each tissue were enzymatically digested with collagenase A (Roche) before
incubation with anti-collagen I antibodies [73,74]. This protease specifically cleaves the
X-Gly bond in the sequence Pro-X-Gly-Pro, which occurs at a high frequency in collagen but
is rare in other proteins [74]. Because collagenase targets a bond abundant in collagen, but
rare in non-collagenous proteins to which antibodies may bind non-specifically, collagenase
treatment of the tissues in situ provides a specificity control for collagen I antibodies.
If the antibodies are binding to collagen, then collagenase will substantially alter the
immunoreactive response observed in the tissue; either diminished binding as collagen I is
destroyed [75], or increased binding as digestion exposes more epitopes for binding [76,77].
If antibodies are binding non-specifically to proteins other than collagen, then collagenase
should have no effect. In both chicken and alligator tissues, the fluorescent signal was
greatly reduced after digestion in collagenase for 1 h (Figure 10G,H), indicating that the
primary antibody is binding to collagen I specifically, as the targeted destruction of collagen
has direct impact on the binding pattern [75].

In contrast to the extant controls, digestion for 1 h in collagenase increased the intensity
of signal in D. schrani tissue (Figure 10I). It has been suggested that condensation reactions,
such as Amadori rearrangements and Maillard reactions, may help protect proteins across
geologic time through the generation of intermolecular cross-links, forming insoluble ag-
gregates that are resistant to degradation, but which also block reactive epitopes [19–22]. If
such processes have played a role in the preservation of these molecules, brief digestion in
collagenase may promote antigen retrieval in fossilized tissues by breaking apart proteina-
ceous aggregates, exposing more epitopes for binding, and increasing signal intensity [78].
An analogous effect has been observed in extant tissues, as many immunofluorescence
protocols optimize the signal by initial incubation of sections in proteinase K, which breaks
cross-links generated by formalin during tissue fixation to increase epitope exposure and
improve the signal [76]. To test this hypothesis, we extended the duration of collagenase
digestion (Figure 11). While sections digested for only 1 h showed a slight increase in
antibody binding (Figure 11B), sections incubated in collagenase overnight (Figure 11C) or
longer (Figure 11D) demonstrated a near total loss of signal. Additionally, tissue sections
themselves became smaller after longer digestions, a further indication they are comprised
of material that is directly affected by collagenase.

In addition to the tissue digestion experiments, we also inhibited the collagen I anti-
body with an excess of collagen I. In a specific antibody, collagen I blocks all binding sites
on the antibody, making them unavailable to bind to epitopes in the tissue [79]. After inhibi-
tion, antibody binding to chicken and alligator tissue was completely absent (Figure 10J,K),
supporting the specificity of our antibody. Dreadnoughtus schrani sections incubated with
inhibited antibodies showed a sharp reduction in the fluorescent signal, though inhibition
was not as complete as in the extant material (Figure 10L).

4.2.3. Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA is a method that can identify the presence of protein by quantifying the inten-
sity of color-change generated by antigen–antibody interactions linked to chromogenic
substrates [80]. Unlike the in situ immunofluorescence assays, ELISA works by tagging
epitopes in chemical extracts of tissue. Because it is performed on chemically extracted
antigens that have been solubilized (as opposed to antigen embedded within whole tissue),
ELISA is generally an order of magnitude more sensitive than in situ assays [81] and,
thus, provides a valuable complement for results obtained through immunofluorescence.
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Additionally, unlike assays that require extracted proteins to be denatured for analysis
(e.g., electrophoresis), ELISA is capable of identifying native epitopes [82]. When incu-
bated with anti-chicken collagen I antibodies, GuHCl extraction products from D. schrani
tissue showed an absorbance value more than 300% above the value of its secondary-only
negative control (Figure 12, columns 1 and 2). This level of absorbance surpasses the
standard criteria for a ‘positive’ detection of an antigen, which is twice the background
signal (e.g., [83–85]). Conversely, extraction products from sediment and buffer controls
displayed slightly negative absorbance values, indicating no immunoreactivity was de-
tected in these samples, and that these controls show no evidence of collagen I (Figure 12,
columns 3–6). This suggests that the immunoreactivity detected in the D. schrani extractions
is not the result of contamination derived from the laboratory or burial environments, as
these negative controls were subject to the same locations, conditions, and reagents, but
contained no reactive material.

Figure 11. Reduction in immunofluorescent signal in Dreadnoughtus schrani tissue with prolonged
collagenase digestion prior to incubation with anti-chicken collagen I antibodies. All sections were im-
aged at an exposure of 150 ms. Sections were digested for (A) 0 h (undigested), (B) 1 h, (C) overnight,
and (D) 24 h. Compared to the undigested tissue (A), immunoreactivity slightly increased with
tissue that was digested in collagenase for 1 h prior to incubation with primary antibodies (B). This
effect is also seen in some extant tissues, as partial digestion in proteinase K increases exposure of
epitopes [76]. Extending digestion times to overnight or longer (C,D) resulted in substantial loss of
signal, supporting the specificity of the antibody. Scale bars = 50 μm.

The detected signal for D. schrani was greatly reduced compared to values obtained
for modern controls, which tended to reach saturation (absorbance = 3.0+) within the first
90 min of reading, even with sample concentrations as low as 500 ng/well (Figure S5). After
an equivalent amount of time, extraction products from 150 mg of D. schrani fossil showed
absorbance values approximately 50 times lower than the values obtained for 500 ng of
extracted chicken protein.
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Figure 12. Enzyme−linked immunosorbent assay (ELISA) results of chemical extractions from
Dreadnoughtus schrani bone, sediment, and laboratory reagents (this trial used the extraction products
from 150 mg of bone/sediment per well). Dark gray columns (left) represent absorbance (405 nm,
time = 215 min) obtained for extractions incubated with anti-collagen I antibodies (1:400). Light gray
columns (right) represent background control (i.e., sample exposed only to secondary antibodies). The
absorbance value obtained for D. schrani tissue is more than three times its corresponding background
control. Negative absorbance values were obtained for extraction products from sediment and buffer
samples, corresponding to a lack of immunoreactivity in these samples and indicating that the results
obtained for D. schrani are not the result of contamination from the entombing environment or lab
reagents. Error bars represent one standard deviation above and below mean absorbance values for
each sample.

5. Discussion

The holotype of Dreadnoughtus schrani (MPM-PV 1156) represents one of the most
morphologically and skeletally complete titanosaur species known [25]. To determine
whether the taphonomic conditions that resulted in its extraordinary preservation at the
gross morphological level also allowed molecular preservation, we performed extensive
analyses of its tissues, including the characterization of its histology, geochemical history,
and molecular content. First, the bone microstructure and mineral content was evaluated.
Thin sections of the humerus displayed well-preserved primary and secondary bone tissues
and lack indicators of microbial attack (fungal tunneling or MDF) or microstructural
alteration, giving this specimen a 5/5 on the Histologic Index [54]. XRD analysis showed
little exogenous mineralization, with ~95% of the bone mineral comprised of apatite
(Table S10). Such a high level of structural integrity is generally correlated with preserved
protein content in archaeological bone [21,86–88], indicating that MPM-PV 1156 is an
appropriate specimen for more in-depth geochemical and molecular characterization.

5.1. Reconstructing the Geochemical History of MPM-PV 1156

Our trace element data elucidate the geochemical history of the Dreadnoughtus holo-
type, as well as clarify the early and late diagenetic conditions to which its left humerus
(MPM-PV 1156-49) was exposed, and which allowed it to retain endogenous cells, soft
tissues, and collagen I. MPM-PV 1156-49 appears to preserve original, early diagenetic
signatures that have not been meaningfully obfuscated by late diagenetic overprinting.
This is supported by: (1) a lack of oversteepened elemental profiles that would indicate
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significant, late uptake (Figure 4); (2) the absence of signs of trace element leaching (i.e.,
most elemental concentrations increase rather than decrease toward the cortical margin;
Figure 4), and; (3) an REE composition most similar in appearance to circum-neutral pH
(cf., [89]) rivers and lake freshwaters rather than alkali groundwaters (Figure 7A), which
is inconsistent with the incorporation of a major portion of the trace element inventory of
the bone from late diagenetic fluids. Overall, the bone exhibits high surface concentrations
of LREE (average ~2300 ppm; Data S1), yet its ∑REE value of 1964 ppm is comparable to
that of most other Mesozoic bones reported in the prior literature (Table 3), which exhibit
∑REE ranging from ~300 ppm to over 25,000 ppm [90–100], as are its concentrations of
Y (505 ppm), Lu (4 ppm), and U (19 ppm). In contrast, Fe (0.19 wt%), Sr (1747 ppm),
and Ba (447 ppm) each exhibit low average concentrations compared to other protein-
bearing dinosaur bones we have recently analyzed (0.73–1.76 wt%, ~2300–3700 ppm, and
~900–2100 ppm, respectively) [49,100], perhaps reflecting low abundance of these elements
within early diagenetic pore fluids at this site. Although these comparisons are rough due
to the specimens deriving from diverse taxa and ranging widely in cortical width and
depositional circumstances, they demonstrate that the humerus of MPM-PV 1156 generally
exhibits average chemical alteration for its age.

Table 3. Summary of the REE composition of the left humerus of Dreadnoughtus schrani MPM-PV
1156-49. Qualitative ∑REE content is based on the value shown in Table 2 (1964 ppm) in comparison
to values from other Mesozoic bones (as listed in the main text). Abbreviations: DMD, double
medium diffusion sensu Kohn ([56]); LREE, light rare earth elements.

Clear DMD
Kink for LREE?

Relative Noise in
Outer Cortex

for La

REE Suggest Flow in
Marrow Cavity?

Relative ∑REE Content
(Whole Bone)

Relative U
Content

(Whole Bone)

Relative Porosity of
the Cortex

No Low No Moderate Low Low

Concentrations of REE and Y steeply decline from the cortical margin of the bone
(Figure 4A,C), indicating that primary trace element uptake occurred via a single phase of
simple diffusion (sensu [101]) of one pore fluid. Such concentration depth profiles may arise
either via brief uptake from a pore fluid which is not being replenished (e.g., [49]) or as a
result of fractionation during protracted uptake from a continually replenished solution
(e.g., [102]). We rule out the first of these alternatives due to the significant magnitude of
REE enrichment throughout the cortex (e.g., Table 2, Data S1) and heterolithic nature of the
entombing sediments, which would have allowed for sustained pore fluid to flow through
the remains throughout the early diagenetic, primary phase of trace element uptake. In
addition, the cortex of humerus MPM-PV 1156-49 is both extremely thick (~3 cm) and
dense—attributes which are known to cause a significant ‘filtering’ effect on trace element
diffusion [52,99,100,102,103]. For these reasons, we instead interpret the stark differences
in REE enrichment and composition with cortical depth to have arisen via fractionation
during protracted, additive uptake (see below). In comparison, the flatter profiles of Fe,
Ba, and Mn (Figure 4C,D) suggest that as pore fluids percolated through the bone, these
elements were gradually incorporated into homogenously distributed secondary mineral
phases, most likely barite, goethite, and Mn oxides [104]. The similarly flat concentration
depth profile of Sr is attributed to spatially homogenous substitution for Ca ions in the
bone apatite, which commonly occurs during fossilization of bioapatitic tissues [105,106].

Elevated concentrations of REE and other trace elements in the external cortex of
MPM-PV 1156-49 could reflect either brief uptake from trace element enriched surface
and groundwaters (cf., [107]) or protracted uptake from pore fluids possessing low con-
centrations of these elements (cf., [108]). We find the former of these possibilities unlikely
for three reasons. First, most natural waters in fluviodeltaic environments (such as the
environment interpreted for MPM-PV 1156 [25]) possess low concentrations of REE, Y, U,
and other trace elements [90,109–111]. This is because they form a complex with carbonates
and humic acids (e.g., [112,113]) and/or may be partially removed in early diagenesis
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by coprecipitation in secondary phosphates within sediments (e.g., [114]). Second, REE
concentration depth profiles within the humerus form typical “simple diffusion” gradients
(e.g., La in Figure 4A), which reflect sustained diffusion; they do not show the oversteep-
ened curves that would reflect either preferential uptake from a trace element enriched
pore fluid within the external cortex or major late diagenetic uptake (cf., [101]). Finally,
many trace element concentrations with relatively slow diffusivities [108], including those
of HREE (e.g., Yb), remain >2 ppm throughout most of the internal cortex (see Data S1).
This is also consistent with protracted uptake, not brief uptake, because these internal
regions are farthest from the external pore fluid source. Thus, we conclude that the bones of
MPM-PV 1156 interacted with pore fluids for a longer period of time than other Cretaceous
specimens which have been found to retain original protein [49,100].

Numerous trace element signatures within the humerus of MPM-PV 1156 demonstrate
that the composition of pore fluids percolating through the specimen changed over time
through early diagenesis. This is particularly apparent from the spider diagram of REE
proportions by transect (Figure 6B), the ternary diagram of REE ratios (Figure 5D), and
(La/Yb)N vs. (La/Sm)N plot (Figure 7B), each of which show obvious signs of substantial
intra-bone fractionation (sensu [52]) occurring during uptake. Specifically, each of these fig-
ures show that pore fluids became significantly depleted in LREE by the time they reached
the middle and internal cortices. Similarly, despite the similar diffusivities of REE and U in
bone [108], they exhibit highly contrasting concentration depth profile shapes (compare
Figure 4A,B): REE profiles decline steeply from the cortical margin to low concentrations
throughout the interior of the bone, while those of U steadily increase from the internal por-
tion of the middle cortex to a maximum in the internal cortex. Further, the weak correlation
between U concentrations and (Ce/Ce*)N values for each laser run (Figure 8C) suggests
these were incorporated into the bone over similar timescales [115]. Taken together, it is
apparent that the availability of REE diminished as pore fluids percolated deeper into the
bone whereas that of U remained high. As discussed by Suarez and Kohn [97] and Kohn
and Moses [108], such patterns commonly arise during uptake from oxic fluids, caused by
the relatively lower partition coefficients in apatite for U than REE, and greater mobility
of U complexes than REE complexes under oxic conditions. Increasingly positive Y/Ho
anomalies with cortical depth and positive (La/La*)N anomalies in the external and middle
cortices (Figure 8A) are also likely products of fractionation [100].

The lack of significant (Ce/Ce*)N or (Ce/Ce**)N anomalies at the whole-bone level
(Table 2) and near the cortical margin (Figure 8A) indicates that the early diagenetic
environment was neither strongly oxidizing nor reducing. However, slightly negative
(Ce/Ce*)N values throughout the middle cortex and the internal portion of the external
cortex (Figure 8A) indicate that weak oxidizing conditions prevailed in these regions
through the timeframe of uptake. (Ce/Ce**)N anomalies were found to be generally slightly
positive in the external cortex, indicative of slightly oxidizing conditions (Figure 8A),
which is supported by the presence of high Sc and moderate U concentrations in this
region (Figure 4B). Conversely, data points for this region of the bone in the (Ce/Ce*)N
vs. (Pr/Pr*)N plot (Figure 8B) fall within fields indicative of slightly reducing conditions.
Figure 8A demonstrates that this disagreement arises from the presence of slightly positive
(La/La*)N anomalies in the external cortex, which bias calculations of traditional (Ce/Ce*)N
anomalies [52].

In summary, our cumulative trace element data indicate that the humerus of MPM-PV
1156 experienced protracted trace element uptake from a circum-neutral pH pore fluid
during early diagenesis. The similar REE composition of the bone to freshwaters in lakes
and rivers indicates that this pore fluid was predominantly fed from surficial sources rather
than groundwater sources. By combining these geochemical insights with sedimentologic
and taphonomic observations by Lacovara et al. ([25]; i.e., partial articulation, recovery
of several cf. Orkoraptor burkei teeth within the quarry, burial within a mixed lithosome),
we conclude that the carcass of MPM-PV 1156 experienced decay and scavenging for a
moderate length of time in close proximity to a fluvial channel on a dry floodplain, after
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which it became buried by a major crevasse splay event. Its remains were exposed to
LREE-enriched groundwaters under weakly-oxidizing conditions for a considerable time
following burial, but after early diagenetic fossilization they experienced negligible further
chemical alteration.

5.2. Evaluating the Preservation of Soft Tissues

The soft, pliable textures of the observed matrix, osteocytes, and vessels are not consis-
tent with mineral in-filling of vessel canals or osteocyte lacunae, and the resistance of these
structures to acetone washes precludes glue or consolidate in-filling. All of the osteocytes
isolated from the demineralization solution were elongated and flattened in morphology,
consistent with osteocytes found in mature bone (i.e., lamellar bone, osteons) [66]. This is
consistent with the source fossil, as the humerus of D. schrani is composed primarily of
remodeled secondary osteons, a trait commonly seen in titanosaurs even before an individ-
ual reaches skeletal maturity (e.g., [116–118]). Additionally, the vessels recovered are not
septate at any point along their length (Figure 9B), distinguishing them from the majority
of fungal hyphae [119]. It has been suggested that similar structures previously reported
as vessels (e.g., [60]) may represent biofilm endocasts as opposed to original tissues [120].
However, this hypothesis has not been, and is not, supported. Although it has been sug-
gested that biofilms may play a role in endogenous molecular preservation [18], there is no
direct evidence that microbes are capable of producing biofilms that can perfectly replicate
these structures in fine detail, nor that biofilms are able to retain a three-dimensional shape
in solution [67]. Nevertheless, we do not consider morphological similarity, on its own,
conclusive evidence that the structures described in this paper are original and endogenous.
To that end, we conducted additional experimentation to investigate the endogeneity of
the ostensible matrix recovered from D. schrani.

Both in situ and in-solution immunological tests supported the preservation of collagen
I in D. schrani tissues. Immunofluorescent assays displayed in situ antibody binding in
fossil sections that was consistent with assays of modern bone (Figure 10). Furthermore,
the immunological response of fossil tissues in assays to test for antibody specificity were
also consistent with what was observed for modern bone; binding was inhibited when
collagen I antibodies were “blocked” by pre-absorption chicken collagen I and was directly
affected by the targeted enzymatic digestion of tissue with collagenase. Interestingly,
the specific response of the fossil tissue to collagenase is congruous with the presence of
diagenetically cross-linked collagen and correlates with an initial increase in signal caused
by the exposure of additional epitopes, followed by the subsequent decline in binding
as digestion progresses to more extensively degrade the present collagen I. ELISA data
showed antibody binding to chemical extraction products that were consistent with a
substantial, but not complete, protein loss in fossilized bone compared to recent tissues,
and absence of binding in the sediment or laboratory reagents.

Although it has been suggested that immunoreactivity in fossils could be the result of
contamination with collagen-like proteins that are produced by bacteria [120] or fungi [121],
or non-specific binding to soil microorganisms [122], it has not been explained how these
microbial proteins could at once be so ubiquitous as to contaminate specimens from
drastically different burial environments and localities, but not ubiquitous enough to be
present in the very sediment entombing those specimens, as shown in our ELISA data.
Further, the antibody specificity tests conducted on both extant and ancient archosaurian
tissue in situ (Figures 9 and 10) support the specificity of the antibody used for ELISA
and IF testing to collagen I, indicating that our immunological data are neither the result
of cross-reaction with other molecules that may be present in fossilized or non-fossilized
bone (digestion control), nor spurious binding with extraneous paratopes in our polyclonal
antibody (inhibition control). Thus, the hypothesis that the collagen I signal we have
retrieved from D. schrani is of exogenous origin is not supported.

Our molecular analyses have demonstrated the presence of soft-tissue and colla-
gen I preservation in the holotype of Dreadnoughtus schrani through three independent
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techniques: (1) morphological identification; (2) in situ localization of antibody–antigen
complexes; (3) immunoreactivity to chemical extracts. These assays universally support
the identification of collagenous matrix (microscopy), or collagen I specifically (IF, ELISA),
and have failed to show evidence of similar molecular content in the entombing sediment
or the laboratory environment. Any alternative hypotheses must identify a contaminat-
ing agent that contains epitopes recognized by specific antibodies raised against (and
inhibited by) archosaur collagen I, which is degraded by collagenase, that is completely
absent in the surrounding sediment, and that does not leave histological evidence of mi-
crobial/fungal tunneling or destructive foci, and that can contaminate bone tissue both
in situ and in-solution without simultaneously contaminating negative control samples
that are conducted in tandem. We conclude that the most parsimonious explanation for
these results is that original, endogenous collagen I has been preserved in the holotype of
Dreadnoughtus schrani.

5.3. Implications for Future Paleomolecular Studies

That the holotype of Dreadnoughtus exhibits average alteration for its age could be
viewed as a surprising finding, as most prior reports of endogenous biomolecule recov-
ery from pre-Cenozoic fossil bones derive from specimens exhibiting comparatively less
chemical alteration (e.g., Tyrannosaurus rex MOR 1125 [100] and Edmontosaurus bones from
the Standing Rock Hadrosaur Site [49]). However, the cortex sample of MPM-PV 1156-49
found herein to yield original cells, blood vessels, fibrous matrix, and endogenous col-
lagen I consisted primarily of middle and internal cortical tissues, each of which are far
less altered than the external cortex of the specimen. Thus, the hypothesis advanced by
Trueman et al. [101] and Ullmann et al. [123] that regions of bones exhibiting low uptake
of REE are likely the best targets for paleomolecular analyses is supported, even though
MPM-PV 1156-49 exhibits ‘average’ alteration at the whole-bone level. The pattern of far
greater alteration to the external cortex of MPM-PV 1156-49 than in its more internal regions
also conforms to the recommendation by Ullmann et al. [100] for future paleomolecular
studies to concentrate sampling efforts on middle and internal cortices rather than the
external cortex of fossil specimens.

Similar to other Cretaceous bones we have analyzed, which are documented to retain
endogenous collagen I (see [49,100]), MPM-PV 1156-49 appears to have been preserved un-
der (slightly, in this case) oxidizing conditions (Table 2, Figure 8A). This finding agrees with
recent claims by Wiemann et al. [3] and Boatman et al. [7], in that oxidizing depositional
environments promote soft tissue and biomolecular preservation (by inducing free radical-
mediated molecular condensation reactions). That prolonged early diagenetic exposure to
moist conditions did not lead to the complete loss of original organics in MPM-PV 1156-49
is an encouraging finding from the perspective of a molecular paleontologist. In particular,
it implies: (1) that other ‘typical’ fossil bones exhibiting ‘average’ levels of alteration might
also still retain original biomolecules, and, perhaps more importantly; (2) that ‘normal’
diagenetic pathways to fossilization, such as concurrent recrystallization and permineraliza-
tion (e.g., [124]), may permit molecular preservation (at least in fluviodeltaic environments).
If ‘normal’ bone fossilization processes do not reduce molecular preservation potential
to zero, then the pool of fossil specimens that may yield biomolecular material is drasti-
cally larger than previously thought (indeed, if this is the case, molecular preservation
might not actually be ‘exceptional’). Although recrystallization and permineralization have
each been hypothesized to possibly promote molecular preservation in fossil bones (via
mineral encapsulation [16,101,125–127] and hindrance of microbial infiltration [18,19,128],
respectively), it remains premature to claim that ‘average’ fossil bones constitute favor-
able paleomolecular samples because this outlook remains based on a sample size of one:
Dreadnoughtus humerus MPM-PV 1156-49. All other protein-bearing, pre-Cenozoic fossil
bones whose trace element inventories have been characterized to date exhibit less REE
enrichment [49,100], and the REE content of all other specimens documented to yield
original molecules (e.g., those analyzed by Tuross [125] and Schweitzer et al. [13]) remain
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unknown. Therefore, numerous other ‘typically-altered’ fossil bones (e.g., possessing
∑REE > 1500 ppm) must be tested via immunoassays or paleoproteomics to evaluate the
true molecular potential of ‘average’ specimens.

6. Conclusions

Our assembled molecular and diagenetic data show that, in addition to its exceptional
skeletal completeness, the fossil tissue of the D. schrani holotype preserved soft-tissue
microstructures and remnants of endogenous bone protein. This preservation occurred in a
geochemical setting in which its bones were exposed to LREE-enriched groundwaters and
weak oxidizing conditions for an extended period after burial. However, following early
diagenetic fossilization, the bones experienced negligible further chemical alteration. These
findings support the hypotheses advanced by Trueman et al. [101], Ullmann et al. [123], and
Gatti et al. [129] that bones exhibiting low trace element uptake are favorable targets for
paleomolecular analyses. Moving forward, we encourage the paleomolecular community
to include more extensive geochemical analyses as part of their molecular testing routine,
as such data will ultimately hold the key to unraveling the complex relationship between
diagenesis and ‘exceptional’ preservation.
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Simple Summary: Our understanding of what can preserve in the fossil record, and for how long, is
constantly evolving with the use of new scientific techniques and exceptional fossil discoveries. In this
study, we examine the state of preservation of a Tyrannosaurus rex that died about 66 million years ago.
This specimen has previously been studied using a number of advanced methods, all of which have
indicated preservation of original soft tissues and bone biomolecules. Here, we use synchrotron—a
type of particle accelerator—analyses to generate data identifying and quantifying elements that
constitute this fossil bone. We show that trace elements incorporated by the living animal during bone
deposition and remodeling, such as zinc, are preserved in the fossil bone in a pattern similar to what
is seen in modern bird bones. This pattern is not observed in a microscopically well preserved, but
molecularly more degraded dinosaur, a herbivorous Tenontosaurus. These data further support the
preservation of original biological material in this T. rex, suggesting new possibilities for deciphering
extinct species life histories. This study also highlights that preservation of original biochemistry in
fossils is specimen-specific and cannot be determined by pristine appearance alone.

Abstract: Biomolecules preserved in deep time have potential to shed light on major evolutionary
questions, driving the search for new and more rigorous methods to detect them. Despite the
increasing body of evidence from a wide variety of new, high resolution/high sensitivity analytical
techniques, this research is commonly met with skepticism, as the long standing dogma persists that
such preservation in very deep time (>1 Ma) is unlikely. The Late Cretaceous dinosaur Tyrannosaurus
rex (MOR 1125) has been shown, through multiple biochemical studies, to preserve original bone
chemistry. Here, we provide additional, independent support that deep time bimolecular preservation
is possible. We use synchrotron X-ray fluorescence imaging (XRF) and X-ray absorption spectroscopy
(XAS) to investigate a section from the femur of this dinosaur, and demonstrate preservation of
elements (S, Ca, and Zn) associated with bone remodeling and redeposition. We then compare these
data to the bone of an extant dinosaur (bird), as well as a second non-avian dinosaur, Tenontosaurus
tilletti (OMNH 34784) that did not preserve any sign of original biochemistry. Our data indicate that
MOR 1125 bone cortices have similar bone elemental distributions to that of an extant bird, which
supports preservation of original endogenous chemistry in this specimen.

Keywords: synchrotron; bone remodeling; elemental analysis; molecular paleontology; diagenetic
alteration
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1. Introduction

The recent application of chemical and molecular techniques in paleontological re-
search has resulted in a re-examination of the preservation potential of original biological
chemistry in deep time. Such studies document the preservation of organic molecules and
structures, ranging, for example, from elemental and microstructural evidence of color to
ancient endogenous proteins, e.g., [1–5]. These discoveries push the boundaries of what
was thought (or assumed) to preserve in the fossil record and have caused paleontologists
to reconsider the canonical narrative that all original material is replaced during the fos-
silization process. Nonetheless, extraordinary claims require extraordinary evidence, and
published studies documenting the preservation of organic molecules in fossils (particularly
Paleozoic and Mesozoic fossils [1–25]) have, not surprisingly, been met with skepticism,
e.g., [26–28]. One mechanism for increasing confidence in previous claims of endogenous
chemistry in ancient fossils is the application of multiple and independent techniques
to retest previous results in a non-destructive manner. Here, we review prior molecular
studies, conducted over almost 20 years by multiple investigators, on Tyrannosaurus rex
skeletal elements (two tibiae and one femur; Museum of the Rockies; MOR 1125) recovered
from the Upper Cretaceous Hell Creek Formation of Montana, and use synchrotron X-ray
fluorescence (XRF) to further test claims of original biochemistry preservation and limited
diagenetic alteration in this specimen. We then contrast data collected from MOR 1125 with
those collected from the tibia of the ornithopod Tenontosaurus tilletti OMNH 34784 from
the Lower Cretaceous Cloverly Formation, and an extant avian radius (Cacatua moluccensis;
NCSM 17977) showing similar cortical bone tissues.

1.1. Previous Research on MOR 1125

The T. rex femur of MOR 1125, was first studied in 2005 for signs of possible medullary
bone [25], a sex-specific, estrogen-sensitive, ephemeral bone tissue produced by extant
birds in lay [29]. This tissue identification was based on similarities in microstructure
and location in both mineralized and demineralized tissues, when compared to those of
extant laying ratites (ostrich and emu; [25]). Since then, 20 different techniques have been
applied to this specimen, ranging from mass spectrometry to immunohistochemistry using
antibody–antigen recognition (Table 1). Results from these studies showed exceptional
micromorphological preservation extending to the cellular level (eg. osteocytes, possible
endothelial cells; ([17,18,22–25], Schweitzer et al. in prep) as well as several biochemical
signatures of bone-specific proteins (e.g., collagen; [17–19,23]). Additionally, these studies
confirmed the observed molecular signatures differed from various diagenetically-induced
morphologies/chemistries (e.g., biofilms; [14]) and were comparable to similar morpholo-
gies/chemistries of extant archosaurs. A summary of all molecular/chemical techniques
applied to specimen MOR 1125 and the results obtained is provided in Table 1.

Accumulated data from multiple studies point to an endogenous source for these
molecular signals. Here, we add to this body of evidence by applying new, highly sensitive
and high-resolution methods to fully characterize the organic remains within this specimen.
In this study, we apply Synchrotron XRF and XAS to further test the hypothesis that original
biochemistry is preserved in this specimen.

1.2. Synchrotron XRF and XAS

Synchrotron radiation has many advantages over commercial X-ray analyses based on
X-ray tubes, such as being monochromatic, high flux, and tunable [30]. These properties
result in high sensitivity to dilute elemental concentrations (1 ppm) and the ability to
significantly reduce data acquisition time. Additionally, samples can be analyzed under
ambient atmosphere and temperatures, with no special preparation requirements. In some
synchrotron XRF imaging stations, decimeter scale samples can also be accommodated,
which removes the need for subsampling (e.g., [4]).
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Table 1. List of various techniques applied and results obtained from molecular/chemical studies of
the T. rex MOR 1125.

Analytical Technique MOR 1125 Tissue Type Results and Citation

Transmitted light microscopy (LM) Demineralized endosteal bone (MB) and
cortical bone (CB)

Flexible, collagen-like fibrous matrix,
transparent, hollow vessel-like structures,

osteocyte-like microstructures with
filopodia [24,25]

Scanning electron microscopy (SEM) Demineralized Medullary Bone (MB) and
Cortical Bone (CB)

Fibers arranged as bundles, consistent
with collagen [24]

SEM

Isolated microstructures consistent with
osteocytes (hereafter ‘osteocytes’ to

conserve space) and microstructures
consistent with blood vessels (hereafter

vessels) liberated from demineralized CB

Isolated, free-floating 3-D osteocyte
morphs, with long, extensive filipodia

and intracellular contents, consistent in
morphology and location to osteocytes
from extant vertebrates; interconnected,

hollow, flexible and transparent
microstructures consistent with extant

vessels [18,23,25]

SEM Biofilm grown in extant deproteinated
bone

Patchy distribution after
demineralization of bone substrate,
unable to maintain shape, differed
morphologically from structures
observed in MOR 1125; no visible

osteocyte structures [14]

Atomic force microscopy (AFM) Demineralized CB and MB Matrix fibers demonstrating periodicity
of ~70 nm consistent with collagen [22]

Transmitted electron microscopy (TEM),
localized electron diffraction Ultrathin sections of CB and MB Mineral phase identified as biogenic

hydroxylapatite (HA) [22]

Transmitted electron microscopy (TEM),
localized electron diffraction

Isolated vessels and osteocyte liberated
from CB

Iron intimately associated with vessel
walls and osteocyte surfaces. Vessel walls

under TEM retain differentiated
structures and layers, consistent with

extant vessels ([17,18,22,23], Schweitzer
et al., in prep)

Electron energy loss spectroscopy (EELS) Vessels and osteocytes liberated from
demineralized CB

Iron localized to vascular walls and
osteocytes, but not seen in fibrous

matrix [17]

Micro-X-ray fluorescence mapping of Fe Vessels liberated from demineralized CB Confirmation of iron localizing to vessel
walls [17]

Micro-X-ray Fe XANES Vessels liberated from demineralized CB
Diagenetic goethite Fe within vessels and
vessel walls, also seen in treated extant

vessels [17]

Immunohistochemistry (IHC), antibodies
against chicken collagen I (Col I) and

osteocalcin (OC)
Demineralized CB and MB

Localized binding of antibodies to tissue,
supporting preservation of Col I and OC

epitopes, using multiple controls [23]

IHC to actin antibodies Isolated vessels and osteocytes from
demineralized CB

Localized antibody binding in patterns
seen in extant homologues. Different

binding patterns in each tissue/cell type
support endogeneity, along with negative

controls [17,18]
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Table 1. Cont.

Analytical Technique MOR 1125 Tissue Type Results and Citation

IHC using antibodies to chicken
phosphoendopeptidase (PHEX)

Osteocytes liberated from
demineralized CB

PHEX antibodies localized to
osteocyte-like structures, but not to

matrix. Binding was specific and controls
were negative. Antibody specificity was

confirmed to be avian specific; no
binding was seen to extant crocodile

osteocytes, only bird [18]

ICH using antibodies to DNA backbone Osteocytes liberated from
demineralized CB

Antibodies localized in a single spot
internal to some dinosaur osteocytes. No

binding was seen to filopodia or other
materials [18]

IHC using antibodies to keratan sulfate Demineralized CB and MB
Binding in a globular pattern in extant

and dinosaur MB, no binding in adjacent
CB from the same specimens [13]

Histochemical localization using DNA
intercalating stains propidium iodide (PI)

and 4′, 6′-diamidino-2-phenylindole
dihydrochloride (DAPI)

Osteocytes liberated from
demineralized CB

Binding followed pattern seen with
anti-DNA backbone antibodies, specific

to internal region of cell, and only a
single spot. No staining was observed on

filopodia or other structures [18]

Histochemical localization using
Alcian blue. Demineralized CB and MB

Differential staining, with MB much more
intensely stained than CB, consistent with

MB in extant avian bone [13]

Histochemical localization with
High-Iron Diamine (HID) Demineralized CB and MB

Differential staining, with MB staining
much more intensely relative to CB,
consistent with extant avians [13]

Time-of-flight secondary ion mass
spectrometry (ToF-SIMS) Demineralized CB and MB

Identification of amino acids glycine (gly)
and alanine (ala) support presence of

Col I [23]

Mass spectrometry (MS) Demineralized and extracted vessels,
matrix and osteocytes

Multiple collagen and actin peptide
sequences [18,20,21]

Peptide mapping Peptides recovered from demineralized
and extracted bone matrix

Fossil-derived peptides mapped to
monomers 2,3, and 4 on extant collagen

models [19]

Laser ablation- inductively coupled
plasma mass spectrometry (LAICP-MS) Sectioned CB

Average concentration of exogenous
elements from diagenesis (e.g., Fe) lower
than in other Hell Creek specimens, with

only moderate alteration [7]

Monochromatic X-rays allow the selection of a very narrow bandwidth of X-ray
energy/wavelengths which facilitates X-ray absorption spectroscopy (XAS). XAS is one
of the most common and most powerful techniques at synchrotron sources as it provides
information about the atomic structure of the absorbing atom, allowing the determination
of elemental speciation [30]. In the case of studying fossil tissues, this information is
critical in determining whether a detected element is derived from organic or inorganic
processes. Furthermore, XRF imaging and XAS can be combined to produce maps of
elemental species, which adds a further layer of our capability to tease out physiological
processes from diagenetic ones in extinct organisms.

1.3. Previous Synchrotron Work on Fossils

Synchrotron XRF and XAS has been used to examine and interpret the biochemistry
of fossils for over 10 years, in specimens recovered from a wide range of geologic ages
(~400 mya to recent), tissue types (non-biomineralized (e.g., skin) and mineralized (e.g.,
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bones, teeth) and taxa (invertebrates, vertebrates and plants) [4,8,10–12,15,16,31–34]. These
studies revealed biological structures that cannot be observed in visible light, as well as the
fractionation of elements within discrete biological structures that can be compared with
similar tissues in living organisms. Resulting data have led to the identification of specific
elemental biomarkers for a number of biosynthetic pathways, including those involved in
bone remodeling, repair and deposition [10,11,16,31–34].

In previous synchrotron analyses involving bone, zinc (Zn) and, in most cases, stron-
tium (Sr), were found to correlate within areas of active ossification, including fracture
calli, growth plates and around secondary osteons [10,11,16,32–40]. Sr was also shown
to be correlated to diagenetic processes, being isolated to the Haversian canal, and was
differentiated from organically-derived Sr through differences in distribution patterns
and chemical coordination [11]. Calcium (Ca) distributions were found to be similar to
Zn and concentrated in areas of ossification as well as the cutting cones of secondary
osteons [10,11,16,32]. Although distributions and concentrations varied slightly depending
on species, these patterns were seen in both extant and extinct vertebrates, with the oldest
preservation of these patterns seen in a 150 mya dinosaur phalanx [16].

1.4. Bone Elemental Biomarkers

In extant vertebrates, elemental biomarkers of bone physiology are most often concen-
trated on areas of active ossification [32–40]. Zn is one of these, because it plays a structural
role when incorporated into the hydroxyapatite (HAP) lattice, forming Zn–Fluorine (F)
complexes [35,39]. Zn is also critical for osteoblastogenesis, stimulating bone formation
and inhibiting bone resorption [35,39]. The expression of Zn has been found to be highest
in osteocytes, which express alkaline phosphatase (ALP) and osteocalcin (OCN) in mineral-
ized tissue [36]. Elevated concentrations of Zn localize to zones between mineralized and
unmineralized tissue within osteons, suggesting a role in bone mineralization and cellular
regulation [34,40]. Finally, Zn is associated with matrix metalloproteinases (MMPs), which
are important for cartilage degradation [41]. In fracture healing, Zn is expressed between
the first and second week in rats, where it increases the expression of OCN needed for hard
callus formation [35].

Other key elements in bone physiology include sulfur (S), phosphorus (P), Ca and
Sr. Sulfur comprises both the organic and inorganic constituents of bone, aiding in both
collagen (e.g., cysteine and methionine; [42]) and HAP structure (sulfate; [43]). Sulfur
is also an important constituent of glycoproteins found in various skeletal tissues types
(e.g., keratan sulfate in medullary bone and other fast growing skeletal tissues; [13,44]). Sr
increases osteoblast activity by increasing osteoblastic marker expression in ALPs, bone
sialoprotein (BSP), and OCN, all of which affect osteoblast proliferation and differentia-
tion [37,38]. It also interferes with osteoclast dissolution of bone mineral, by disrupting the
actin cytoskeleton organized in the sealing zone, a thick band of actin needed for osteoclast
apical-basal polarization and resorption [37].

Ca is most associated with bone formation and metabolism, with a majority of verte-
brate Ca found in the HAP structure of bones and teeth [44]. In the skeleton, Ca bound in
apatite ([Ca3(PO4)2]3Ca(OH)2) lattice serves as structural support (rigidity, strength and
elasticity) and as a reservoir for Ca needed for other metabolic processes throughout the
body. Like Ca, P is predominantly found in bone and teeth [45]. It is primarily associated
with Ca, both in HAP and amorphous calcium phosphate. Inorganic P is one of the most
important components for HAP formation during the mineralization of the extracellular
matrix [45].

1.5. Elements Associated with Fossilization and Diagenetic Alteration

Elements observed in fossilized skeletons are either endogenous, or diagenetic, the
latter being influenced by the depositional environment. For fossils from the Hell Creek
Formation, the most common and abundant diagenetic element seen in fossil specimens
is iron (Fe). In some specimens, the amount of Fe is so high that it masks any possible
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biological signatures [Anné, unpublished work]. In other specimens, Fe is constrained to
the mineral infill of the fossil cavities (e.g., medullary cavity and vascular spaces). Other
elements usually associated with diagenetic alteration or mineral infill are silicon (Si) and
Ca, derived from the various silicate and carbonate minerals associated with fossilized
bone ([10,16,33]; Anné, unpublished work).

Here, we test the hypothesis that the biochemical signatures detectable in MOR 1125
are endogenous, and were present in the once-living animal. We predict that if original
biochemistry is preserved in MOR 1125, then the distributional patterns of elements crucial
to bone formation and remodeling will mirror those found in extant bone, with elevated
and localized concentrations of Ca, Zn and possibly S and Sr as described above.

We also compared results from MOR 1125 to extant bone, as a positive control, and
to those we derived from the Cretaceous dinosaur Tenontosaurus tilleti (OMNH 34784).
The latter introduces taxonomic and depositional variables, allowing us to compare the
preservation potential between two fossil bones that differ in geological age and deposi-
tional environments.

2. Materials and Methods

2.1. Biologic Samples

Our extant bone sample (NCSM 17977) derives from the radius of the bird Cacatua
moluccensis. This specimen bears mostly remodeled cortical tissue encased by a fracture
callus and reactive bone tissue from a possible infection (Figure 1A,B). The “normal” cortical
bone of the radius is mostly composed of secondary tissue with large secondary osteons.
The fracture callus is represented by trabecular tissue on both the periosteal and endosteal
surfaces. The endosteal pathological tissue completely fills the medullary cavity, while the
periosteal tissue more than doubles the diameter of the element (Figure 1A,B).

Fossils are represented by a femoral fragment of Tyrannosaurus rex (MOR 1125) re-
covered from the lower Hell Creek Formation (~67–68 my [46]) and a tibial fragment of
Tenontosaurus tilletti OMNH 34784 from the Cloverly Formation (~124–98 my [47]). Both
specimens have been previously studied histologically [24,48,49] and both were described
as containing an unusual endosteal tissue consistent with reproductive (“avian”) medullary
bone [29]. The bone fragment of MOR 1125 considered in this study consists of portions of
the deep cortex adjacent to this endosteal spongious tissue. The deep cortex consists mostly
of a dense Haversian tissue with several generations of secondary osteons. The associated
spongiosa is formed of secondary trabeculae (Figure 1C,D). Between some trabeculae,
there is a fine and crushed bone tissue that is similar in location and microstructure to
reproductive medullary bone (Figure 1D) and previous molecular studies supported such
identification [13,25].

The OMNH 34784 tibial fragment we analyzed is composed of fibrolamellar bone
with secondary remodeling marked by several secondary osteons in the deep cortex, some
of which are overlapping (Figure 1E,F). Radially-oriented endosteal trabecular bone is
present within the medullary cavity. This tissue has been interpreted as potential medullary
bone [48].

2.2. Synchrotron Analyses

XRF and XAS were performed at the Stanford Synchrotron Radiation Lightsource
(SSRL) at beam lines 2-3, 7-2 and 14-3 (specifics for each beam line listed below). At these
beam lines, XRF imaging is performed by mounting the sample on high precision encoded
stages and rastering the sample relative to the incident X-ray beam in a continuous scan
mode at a 45◦ angle to the incident beam. The XRF signal is detected with a Hitachi Vortex
silicon drift diode detector positioned at 90◦ to the incident beam. The detector is coupled to
a Quantum Detectors Xspress3 multi-channel analyzer system. Data collection is achieved
by the stage moving in a continuous horizontal motion, with an image pixel defined by the
cumulative XRF counts binned as a function of distance traveled (step size) and velocity
over this distance (dwell time). At the end of each horizontal motion, data acquisition
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stops, the data is read from the detector system, and the stages move to the beginning of
the next line. The fluorescence energies for 16 user selectable elements are collected, as
well as the full XRF spectrum per pixel. The 16 elements can be displayed live during
data collection and are shown here. The full XRF spectrum data is used in cases where
deeper interrogation of the XRF data is required. Further details on signal processing of the
imaging system are provided in [50,51]. XAS spectra were collected in fluorescence mode.
XRF image data were processed using the MicroAnalysis Toolkit software and XAS spectra
were processed using the SIXpack [52,53].

2.2.1. Beam Line 7-2

Beam line 7-2 is a hard X-ray wiggler beam line optimized for XRF imaging and XAS
of high Z elements (Ca and heavier). It has an energy range of ~5–16 keV with a Si(111)
monochromator. The X-ray spot size on the sample is achieved with XOS polycapillary
focusing optics with a ~35 μm or ~65 μm spot size available. In this study, an incident
beam energy of 11 keV and a spot size of 35 μm was used. XRF signal was detected with
a 4 element Hitachi Vortex silicon drift diode detector. 7-2 has a regular scan range of
~400 × 300 mm which allows for multiple samples (such as thin sections) to be mounted
simultaneously or can accommodate larger scale samples.

2.2.2. Beam Line 2-3

Beam line 2-3 is a hard X-ray bending magnet beam line optimized for XRF imaging
and XAS of high Z elements (Ca and higher) at a higher resolution than 7-2 (but smaller scan
range, 25 × 25 mm). It has an energy range of ~5–19 keV with a Si(111) monochromator.
The X-ray spot size on the sample is achieved with Sigray axially symmetric focusing optics
with 5 μm or 1 μm available. In this study, an incident energy of 13.5 keV and a spot size
of 5 μm was used. XRF signal was detected with a 1 element Hitachi Vortex silicon drift
diode detector.

2.2.3. Beam Line 14-3

Beam line 14-3 is a tender X-ray bending magnet beamline optimized for XRF imaging
and XAS of low Z elements (S, P, Si, Cl). It has an energy range of 2.1–5 keV with two Si(111)
monochromators (phi 0 or phi 90). The X-ray spot size on the sample is achieved with Sigray
axially symmetric focusing optics with 5 μm or 1 μm available. In this study, a spot size of
5 μm was used. The sample is placed in a helium purged atmosphere to minimize X-ray
attenuation from air. In this study, XRF signal was detected with a 4 element Hitachi Vortex
silicon drift diode detector in earlier experiments, but in later experiments the system was
upgraded to a 7 element detector.

Specimens analyzed at beamline 14-3 were first scanned at 2500 eV to detect a range of
elements. For these maps, only total S can be visualized. To identify variations in S species,
several scans were acquired at energies that correlate peaks in the XAS spectra known to
be characteristic of specific S species, organic and inorganic, associated with the matrix of
interest, in this case, bone. For this study, those energies correlate to ~2473, ~2476, ~2478,
~2480 and ~2482 eV. Principle Component Analysis (PCA) of the images is then performed
which produces images that assist in highlighting the distribution of S species. These PCA
images are then used to select target locations for S XANES, which are then used to identify
the specific S species. An example of the step by step process from total S to S XANES is
highlighted for MOR 1125 in Figure 2.
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Figure 1. Histology of NCSM 17977 (radius; (A,B)), MOR 1125 (femur fragment; (C,D)) and
OMNH 34784 (tibia fragment; E,F). Red boxes indicate where areas of higher magnification were
taken. Areas of higher magnification represent those areas scanned for synchrotron XRF. NCSM 17977
is represented by a completed transverse section (A). The normal radius wall is composed of cortical
bone with large secondary osteons (highlighted with red circle; (B)). Pathological tissues on both the
periosteal and endosteal surfaces consist of trabeculae. The femur fragment of MOR 1125 consists of
a dense Haversian tissues identified by multigenerational secondary osteons (highlighted with red
circle) and trabeculae, with crushed bone between some trabeculae (D). OMNH 34784 consists of both
a “normal” cortex and an unusual endosteal tissue deposited along the endosteal margin and filling
part of the medullary cavity (E). The cortex is comprised of fibrolamellar bone that is more remodeled
towards the endosteal margin as seen by multigenerational secondary osteons (highlighted with red
circle; (F)).
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Figure 2. Optical histology, total S, S species, and PCA of S species maps from MOR 1125 (T. rex).
Optical histology identifies tissues of interest for scanning, in this case Haversian tissue (remodeling)
and possible medullary bone (reproductive). Total S represents the distribution of all S species within
the area of interest. Various S maps are taken at known energies of important S species within bone,
both organic and inorganic. PCA analyses show the greatest difference between the maps, usually
indicating differences in concentration and species. XANES are taken based on highlighted areas of
species differences in PCA 2 to identify exact S species.

3. Results

3.1. XRF Imaging

Heterogeneous distributions of the elements S, Ca and Zn were observed within
discrete histological features of the extant sample, NCSM 17997 (Figures 1 and 3). Ca
and Zn highlight areas of remodeling, with elevated concentrations (rings of brighter
areas) associated with secondary osteons (Figures 1 and 3). Zn is also elevated within the
pathological tissues. Fe is concentrated in spaces between the trabeculae of the pathologic
tissues. Sr is elevated in the thicker cortical tissue compared to the finer trabeculae present
in pathologic tissues (Figure 4). PCA 2 of S species highlighted potential different species
between normal cortical bone and the pathological tissues as well as at the periosteal
surface (see XANES results).

Elemental distributions for MOR 1125 were similar to those seen in the extant sam-
ple, with Ca and Zn highlighting areas of remodeling (Figures 1 and 3). Fe was highly
localized to vascular spaces and along the edges of some bone trabeculae (where some
sediment was still present); it was not detected in the adjacent fossil bone tissue, consistent
with chemical sequestration and minimal diagenetic alteration of MOR 1125 bone tissue
(Figures S1, 1 and 4). Differences in the distribution of S species between different bone
tissues were highlighted by PCA of S species maps (Figure 2; see also XANES results). No
other distinctions were seen in other elements (Figure S2).
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Figure 3. Optical histology and XRF maps taken from beamline 2-3 of Ca and Zn taken for all
specimens. Warmer colors correspond to higher concentrations. Secondary osteons are highlighted in
Ca and Zn (example osteon highlighted by circles) in NCSM 17977 and MOR 1125. OMNH 34784
shows uniform distribution of Zn, with concentrated Ca in pores between tissues.
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Figure 4. Optical histology and XRF maps taken from beamline 2-3 of Fe and Sr for all specimens.
Warmer colors correspond to higher concentrations. Fe is concentrated in spaces between pathologic
tissues in NCSM 17977 and within areas of infill between tissues in MOR 1125 and OMNH 34784. Sr
is elevated in thicker cortical bone versus the thin trabeculae of the pathologic tissues in NCSM 17977.
Sr is relatively uniform in MOR 1125. In OMNH 34784, secondary osteons are highlighted in Sr
(example osteon circled).

In contrast to MOR 1125 (T. rex), OMNH 34784 (T. tilletti) displays uniform distribu-
tions of Ca and Zn in both cortical and endosteal bone, with higher concentration of Ca in
some, but not all vascular canals, consistent with diagenetic deposition of calcite or another
Ca-rich mineral in these areas (Figures 1 and 3). Sr showed elevated concentrations in the
cortical bone matrix relative to the endosteal bone (Figure 4), and is also present in lower
concentrations in the secondary bone tissue forming some of the deep cortical secondary
osteons, when compared to adjacent primary cortical tissue. Some bright spots of Sr are
also visible within the medullary cavity. Fe is concentrated within the vascular canals and
to some extent within the medullary cavity (Figure 4), similar to that seen in MOR 1125.
PCA 2 of S species showed only differential distribution between the bone and diagenetic
infill (see XANES results).

3.2. Zn XANES

All Zn XANES spectra from NCSM 17977 (extant sample) exhibit peaks associated with
HAP at ~9665 and ~9675 eV, with the most distinct peak at ~9675 eV (Figure 5A; [54–56]).
These peaks were also observed in MOR 1125 with the exception of spectrum 4 (Figure 5B).
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Spectrum 4 was taken in a cavity containing sediments and smaller bone fragments and
differs in several ways from all other spectra including unique peaks at 9668 eV, which
is associated with some Zn silicates [54]. This is the only spectrum taken in an area that
visually does not appear to be bone tissue, but rather mineral infill (Figure 5A). There is
also a unique peak in spectra taken from cortical bone (spectra 1 and 2) that is not seen in
the potential medullary bone tissue (3 and 5) at 9676 eV.

 
Figure 5. Zn XANES from NCSM 17977 (C. moluccensis radius; (A)), MOR 1125 (T. rex femur; (B)) and
OMNH 34784 (T. tilletti tibia; (C)) and with peaks labeled using peak designations based on [54–56].
The locations for the XANES spectra are labeled on the corresponding Zn elemental maps. All
spectra show peaks associated with hydroxyapatite (HAP) at ~9665 and ~9675 eV, respectively. For
MOR 1125, an additional peak at 9678 eV in spectrum 4 is associated with silicates.

Zn XANES spectra from OMNH 34784 are similar and only exhibit peaks for HAP
at ~9665 and ~9675 eV (5C). Both HAP peaks are broader compared to NCSM 17977 and
MOR 1125, with the second peak at ~9675 eV reduced to almost a shoulder.
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3.3. S XANES

NCSM 17977 exhibits both organic and inorganic S species, with peaks associated
with organic disulfides and organic and inorganic sulfides (Figure 6A; [57,58]). Many of
these peaks are also seen in MOR 1125, including the disulfide peak at ~2473.5 eV and the
sulfate peak at ~2482 eV (Figure 6B) thus consistent with an endogenous source in this
dinosaur. NCSM 17977 shows additional organic S species peaks for sulfoxides, as well as
some for Native S, which is possibly powder used for thin section grinding. Peak intensity
is much lower in endosteal tissue, with broader peaks. OMNH 34784 S XANES does show
the dominate sulfate peak at ~2482 eV (Figure 6C). However, all remaining peaks correlate
to inorganic sulfates and sulfides, including peaks associated with Fe, Zn, Mg and silicates
(Figure 6C).

Figure 6. S XANES from NCSM 17977 (C. moluccensis radius; (A)), MOR 1125 (T. rex femur; (B)),
OMN 34784 (T. tilletti tibia; (C)) with peaks labeled using peak designations based on [57,58]. The
locations for the XANES spectra are labeled on the corresponding S PCA2 maps. Both NCSM 17977
and MOR 1125 exhibit organic disulfide and sulfate peaks. MOR 1125 and OMNH 34784 also have
inorganic S peaks for disulfides, sulfates and for OMNH 34784, sulfides.
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4. Discussion

4.1. Evidence for Endogenous Biochemistry of MOR 1125

Synchrotron XRF imaging and XAS spectroscopy supports previous multidisciplinary
studies showing evidence for retention of original biochemistry in the femur of MOR 1125
(T. rex). The distribution of elements Ca and Zn, as well as the suite of detected S species, and
the correlation of these to specific histological features associated with bone remodeling,
repair, and active ossification (Figures 1–3) are similar to those seen in the extant bird,
NCSM 17977, and support an endogenous source and cannot be readily explained by
diagenetic overprint [10,11,16,31–34,59–61]. In contrast, despite exceptional histological
preservation, OMNH 34784 results varied widely from the T. rex and extant bird specimens,
showing more uniform distributions of Ca and Zn associated with diagenetic alteration,
and a lack of organic S species such as the disulfide peak at ~2473.5 eV (Figures 1, 3 and 6).

The results of this study demonstrate the ability of synchrotron XRF imaging and XAS
analyses to identify, spatially resolve, and characterize elements affiliated with discrete bio-
chemical processes in various bone tissue types. This ability may be used in future studies
as a way to distinguish between tissue types such as medullary versus pathologic tissues.

4.2. Endogenous Elements in MOR 1125- Ca, Zn and S

MOR 1125 showed Ca, Zn and S elemental distributions and species that correlated
to biological processes in (Figures 2, 3, 5 and 6). Elevated Ca within the secondary osteon
radius may be due to osteoblastic regulation of mineralization during bone deposition, or by an
increase of free Ca released from the bone during the resorption stage of remodeling [10,11,32].
Elevated Zn around secondary osteons has been demonstrated by others on analysis of
human osteons, where Zn is known to pool in forming osteons, especially within osteoid at
the mineralization front [34–36]. Both extant and fossil specimens exhibit the typical HAP
peaks of bone tissue in Zn XANES at ~9665 and ~9675 eV (Figure 5, [54–56]).

Speciation maps of S revealed that different species within MOR 1125 are distributed
differently in areas of remodeling and within endosteal (medullary-like) tissue
(Figures 2 and 6). Difference in S species within areas of remodeling may be due to S
associated with bone mineral (e.g., inorganic and organic sulfate) versus bone collagen
(e.g., organic disulfide). Sulfur XANES confirmed that both NCSM 17977 and MOR 1125
exhibit peaks that correspond to multiple organic species of S, notably disulfides and
sulfates (Figure 6; ~2473 eV and ~2482 eV). Sulfate is found in the HAP structure of bone in
both organic and inorganic phases [55,62]. Organic sulfate is also associated with keratan
sulfate (KS), which is found in various skeletal tissues in low concentrations, but is also
associated with the deposition of medullary bone in avians at much higher levels (e.g., [43]).
MOR 1125 also exhibited peaks for organic disulfides at ~2473 eV [31,58]. Disulfides such
as methionine have been found to preserve in association with osteons in archaeological
and fossil bone [31].

4.3. Diagenesis in MOR 1125—Fe and S

These data, together with those from previous studies, strongly indicate that original
chemistry is preserved in the bone of T. rex MOR 1125. However, this specimen also shows
evidence of alteration. In both fossil specimens, elevated Fe is confined to diagenetic mineral
infill areas between the bone tissue (Figures S1 and 4) that correspond to regions where Fe
can be introduced during fossilization (i.e., spaces in the medullary cavity, vascular canals).
In addition to peaks associated with bone bioapatite, both MOR 1125 and OMNH 34784
exhibit inorganic S species peaks that correlate to geological input, including inorganic
sulfides (e.g., pyrite), sulfates (e.g., gypsum) and sulfites (e.g., MgSO3; Figure 6). The
mixture of organic and inorganic S species in MOR 1125 allows us to tease apart primary
biochemistry from diagenetic influence in these specimens and supports our interpretation
of only limited diagenesis in MOR 1125.
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4.4. Differences in Preservation between Fossil Specimens

Despite a shared histological integrity, OMNH 34784 differs from MOR 1125 in the
degree of chemical alteration, with little to no sign of endogenous material preserved.
This fails to support the hypothesis that histological integrity can be directly correlated
to organic preservation. None of the elemental distributions for OMNH 34784 overlap
with MOR 1125 or extant material with the exception of the diagenetic Fe (Figures 2 and 4).
When comparing XANES, Zn XANES for OMNH 34784 did show the classic HAP peaks
at ~9665 and ~9675 eV, though these peaks are broader in OMNH 34784 than in the other
two specimens (Figure 5). Broadening may be due to a mixture of different Zn species or
concentrations of Zn within the HAP structure, both which may be caused by diagenetic
alteration [62]. For S XANES, OMNH 34784 lacks any species of organic S (Figure 6).

5. Conclusions

The XRF and XAS results of this study support previous findings on MOR 1125. His-
tological analyses, both traditional and CT, confirm excellent morphological preservation
of bone tissue at the microstructural and nanostructural levels [24,25]. We then correlated
these micromorphological patterns to obtained elemental maps, to show the specific bi-
ological features associated with bone remodeling, which has also been seen in extant
organisms in both this study and others [10,11,16,31–34]. Synchrotron results strongly sup-
port previous studies claiming endogenous preservation at the molecular level, including
immunohistolochemical studies confirming the presence of an original biomolecule signal
in MOR 1125 and mapped these signals to skeletal regions (i.e., medullary bone). This
presents promising implications for the use of synchrotron XRF to differentiate between
pathological bone, and reproductive (medullary) bone in MOR 1125, specifically. Although
some differences in element distribution are seen between MOR 1125 and the extant spec-
imen, OMNH 34784 shows evidence of far greater chemical alteration, to the exclusion
of endogenous material. This highlights that preservation of endogenous bone biochem-
istry in fossils is specimen-specific and likely tied to variation in depositional history and
fossilization processes, although this relationship is far from being fully understood. We
conclude that the lack of original molecular/chemical preservation in one specimen cannot
be used to eliminate the possibility that it may be preserved in other specimens, regardless
of age, type or morphology.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biology12020264/s1, Figure S1 shows gross elemental maps for
specimens MOR 1125 taken at beamline 7-2. Figure S2 shows additional XRF maps of MOR 1125 that
did not show any correlations with specific histological features.
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Simple Summary: Coprolites (fossilised faeces) can preserve important dietary information through
geological time, offering insights into extinct animal diets. When digestion of dietary items leaves
no unambiguous morphology to reconstruct the food spectrum of a coprolite producer, preserved
biomolecular information can offer unique perspectives into the individual dietary composition
and trophic relationships in ancient ecosystems. In this study we combine a uniquely diverse
array of chemical techniques to demonstrate that biomarkers and macromolecular biosignatures
from Carboniferous coprolites can reveal the dietary spectrum and trophic position of their extinct
producers: an overwhelming abundance of cholesteroids, biomarkers of animal cholesterol, and
an animal-affinity of the preserved macromolecular phase revealed by the statistical analysis of in
situ Raman spectra, indicate a likely carnivorous diet for the coprolite producer. The presence of
intact primary metabolites, such as sterols, and informative fossilization products of biopolymers,
demonstrates the significance of siderite (iron carbonate) concretions in the exceptional preservation
of biomolecular information in deep time, facilitated by the rapid encapsulation and remineralisation
of organic matter within days to months.

Abstract: The reconstruction of ancient trophic networks is pivotal to our understanding of ecosystem
function and change through time. However, inferring dietary relationships in enigmatic ecosys-
tems dominated by organisms without modern analogues, such as the Carboniferous Mazon Creek
fauna, has previously been considered challenging: preserved coprolites often do not retain sufficient
morphology to identify the dietary composition. Here, we analysed n = 3 Mazon Creek coprolites in
concretions for dietary signals in preserved biomarkers, stable carbon isotope data, and macromolec-
ular composition. Cholesteroids, metazoan markers of cholesterol, show an increased abundance
in the sampled coprolites (86 to 99% of the total steranes) compared to the surrounding sediment,
indicating an endogenous nature of preserved organics. Presence of unaltered 5α-cholestan-3β-ol
and coprostanol underline the exceptional molecular preservation of the coprolites, and reveal a
carnivorous diet for the coprolite producer. Statistical analyses of in situ Raman spectra targeting
coprolite carbonaceous remains support a metazoan affinity of the digested fossil remains, and
suggest a high trophic level for the coprolite producer. These currently oldest, intact dietary stanols,
combined with exquisitely preserved macromolecular biosignatures in Carboniferous fossils offer a
novel source of trophic information. Molecular and biosignature preservation is facilitated by rapid
sedimentary encapsulation of the coprolites within days to months after egestion.

Keywords: steroids; diet; coprolites
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1. Introduction

The reconstruction of ancient trophic networks is pivotal to our understanding of
ecosystem function and change through time. However, inferring dietary relationships in
enigmatic ecosystems dominated by organisms without modern analogues, such as the
Carboniferous Mazon Creek fauna, has previously been considered challenging. Coprolites,
fossil faecal materials, can offer unique insights into the diets and trophic relationships of
extinct life forms in deep time. However, fossil faecal matter can be difficult to interpret, due
to the digestion and thus substantial degradation of organismal morphologies. Coprolites
can be linked to a producer based on their shape, mineralogy, and geological context of the
specimen as well as the presence of any identifiable remains, e.g., [1–7]. Recently, methods
of identification have been expanded to include 13C/12C, 15N/14N and DNA analysis [8,9].
However, many coprolite specimens still remain of ambiguous origin and composition and
may not contain DNA remains, especially in samples from deep time.

The preservation of biomolecules in deep time is primarily dictated by the early dia-
genetic chemo-environment, e.g., [10–12]. Delicate details in soft tissues are only known
from Konservat Lagerstätten [13–16]; Lagerstätten that preserve soft tissues offer generally
more representative insights into extinct biodiversity than fossil sites biased towards the
preservation of only hard tissues. The conditions, which result in soft-tissue preservation,
are often conducive to the preservation of detailed molecular information, which is other-
wise lost during heterotrophic reworking prior to preservation. Carbonate concretions are
known to frequently contain carbonaceous fossil soft tissues, e.g., [17], and are thus inferred
to form through rapid authigenic mineralisation, which halts significant destruction of the
specimen [14,18,19]. During fossilization, lipids are transformed into stable derivatives
preserving their original hydrocarbon skeleton. The resulting biomarkers are commonly
used to identify original sources of organic matter input into sediments [20].

Biomolecules such as sterols are present in most eukaryotes and contain structural
features specific to their function within a group of organisms [21]. Lipids such as sterols
tend to be better preserved in sediments compared to other classes of biomolecules
(e.g., carbohydrates, proteins) which are often completely degraded under anoxic con-
ditions [22]. Through early diagenesis, biological steroids are defunctionalised as a result
of the activity of microbes and clay catalysts, while typically retaining most of their iso-
meric characteristics [23]. These compounds can include stanols, sterenes, diasterenes
and A/B/C-ring monoaromatic steroids. Further diagenetic and catagenetic reactions
will result in isomerisation and aromatisation to form more thermodynamically stable
configurations [23–25], primarily steranes and triaromatic steroids, which can reside in
the sediments for up to hundreds of millions of years. A diagenetic continuum of such
steroid hydrocarbons was identified in a study of a Devonian calcite concretion from the
Gogo Formation, an exceptional Konservat Lagerstätte in the Canning Basin of Western
Australia, by Melendez et al. [26]. Here, microbially mediated eogenetic processes were
determined to have resulted in the parallel preservation of stenols and their diagenetic
products encompassing steranes and triaromatic steroids. Such instances of preservation
offer the opportunity to study not only the characteristic biomolecules from the fossilised
specimen, but also the post-depositional processes, which transform these biomolecules
and the broader taphonomic history of coprolites.

In contrast, structural biomolecules shared among all organisms, such as proteins,
tend to crosslink with oxidation products of lipids and sugars via advanced glycoxidation
and lipoxidation reaction schemes to form insoluble complex organic matter composed
of heteroatom-rich polymers. The resulting insoluble organic matter retains chemically
altered, but not unrecognisable evidence of original biosignatures.

This compositional complexity and potential for chemical transformation through
digestive and diagenetic processes requires the combination of complementary chemical
analyses. Coprolites have been known to preserve lipid biomarkers, e.g., [27–31], which can
be used to reconstruct various molecular inputs including direct dietary information and
the processes, which alter these molecules through the digestive tract of the producer [28,32].

382



Biology 2022, 11, 1289

In studies of faecal samples, 5β-stanols are common reduced products of dietary sterols
including cholesterol, campesterol, sitosterol and stigmasterol [27]. There is a predominance
of 5β-cholestan-3β-ol (coprostanol) in human faeces [33], while herbivorous mammal faeces
contain mostly 5β-campestanol and 5β-stigmastanol [27,33].

In addition, insoluble organic matter resulting from the diagenetic crosslinking of struc-
tural biomolecules has been shown to preserve biologically informative heterogeneities for
fossils from the Mazon Creek locality [34]. Extracting dietary information from molecular
biomarkers and biosignatures preserved in coprolites opens up new opportunities for trac-
ing trophic networks through time. For example, the presence of high amounts of cholestane
in coprolite samples has been attributed to a predominantly carnivorous or omnivorous
diet, e.g., [28,29], due to ubiquity of cholesterol in animal tissue. In contrast, the presence
of an array of phytosterols and long-chain n-alkanes derived from leaf waxes can indicate
a herbivorous diet, e.g., [29,33,35]. A fraction of the organic material is chemically trans-
formed into insoluble complex organic matter following ingestion, digestion and egestion,
potentially preserving dietary tissue information in form of informative heterogeneities.
On the other hand, primary dietary information can also be obtained from indigestible com-
ponents, which pass through the gastrointestinal system without chemical modification.

The accuracy and detail of the molecular dietary reconstruction is reliant on the
degree of biomolecule and biomarker preservation, and diagenetic transformation. The
processes, which are responsible for preservation of soft tissue (e.g., rapid burial, rapid
mineral growth [14]) are also those which have been demonstrated to preserve biomarkers
of low maturity and intact biomolecules, e.g., [11,12,26]. Therefore, exceptionally preserved
coprolites that were sealed from environmental influence during earliest diagenesis, such
as those from the Mazon Creek Lagerstätte, are likely to preserve biomolecular information
alongside soft tissues and thus are ideal candidates for ancient dietary reconstructions.

Palaeoenvironmental Setting

The Mazon Creek Konservat Lagerstätte is one of the most productive fossil Lager-
stätten worldwide, with over 350 species of plants and 465 of animals identified [36,37].
The site is renowned for its preservation of delicate soft tissue fossils within iron carbonate
(siderite) concretions, of which there are many hundreds of thousands collected. Palyno-
logical and palaeobotanical studies of the Lagerstätte, e.g., [36,38,39] have determined its
age to be Middle Pennsylvanian (Westphalian D) (306–311 Ma). The siderite concretions
are found in the lower 3–8 m of the Francis Creek Shale Member of the Lower Carbondale
Formation, overlying the Colchester Coal (No. 2) Member [40–44]. The Mazon Creek site
was interpreted as representing a river delta system, e.g., [41–45], wherein some large-scale
events such as storms or flash flooding caused the rapid burial of massive amounts of or-
ganisms, e.g., [42]. More recently the palaeoenvironment has been re-evaluated to represent
a low energy, brackish marine environment where under anaerobic conditions input from
peaty forests provided a means of rapid burial of organisms [43]. The abundance of siderite
concretions and its occasional co-occurrence with pyrite indicates minimal marine input
and low sulfate concentrations, where iron initially reacted with H2S (where available) to
form pyrite. Under anoxic conditions the presence and activity of methanogenic archaea
and methanotrophic bacteria initiated the precipitation of iron carbonate, e.g., [42,46–48].
This has also been supported in geochemical studies of 34S/32S, 13C/12C and 18O/16O
isotopic compositions of the Mazon Creek concretions [43]. Preservation occurs during
early microbial decay of deposited organisms, wherein a ‘proto-concretion’ is formed by the
breakdown of degrading organic matter into fatty acids, resulting in mineral precipitation
of primarily siderite in an iron-rich environment with limited sulfate [43]. Growth and
decay experiments, e.g., [49–52] have demonstrated that this process is initiated within
the weeks after deposition. Studies [53,54] have identified that these processes occurred
rapidly (within weeks to months) in carbonate concretions formed around decaying soft
tissues of tusk-shells.
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Here, we analyze n = 3 Mazon Creek coprolites preserved in carbonate concretions
for dietary signals in preserved biomarkers, stable carbon isotope data, insoluble fossil
organic matter composition, and preserved morphology, to provide comprehensive and
complementary insights into the trophic structure of the enigmatic Mazon Creek ecosystem
and improve our understanding of the role of concretion formation in the preservation of
biomolecules in deep time.

2. Materials and Methods

2.1. Sample Preparation and Extraction

Three coprolite fossils in siderite concretions were prepared for analysis (Figure 1).
The samples used in this study were obtained from the Chicago Field Museum. Samples
had previously been collected from the Pit 11 coal strip mine in Kankakee County, Illinois,
from the Francis Creek Shale Member of the Carbondale Formation.

Figure 1. Images of the three samples used in this study. Regions are defined as the ‘Fossil’ and
the ‘Matrix’ corresponding to the coprolite fossil region and the concretionary region, respectively,
as demonstrated by white dashed lines. Subsamples of each region were used for geochemical
analysis. ‘Matrix’ is used throughout to refer to the concretionary region, which is assumed to consist
of primarily concretionary material plus potential external organic matter inputs.

One half of each concretion was cut using a handheld Dremel rotary tool with a
diamond blade (previously cleaned by sonicating in a mixture of dichloromethane (DCM)
and methanol (MeOH) (9:1 v/v) for 15 min intervals, separating the central coprolite fossil
(referred to herein as the ‘fossil’) from the surrounding rock (‘matrix’) for each sample.
The different sections of each concretion were washed by repeated sonication in 15 min
intervals to trace removal of external contamination in a mixture of DCM:MeOH (9:1 v/v),
before being ground using pre-annealed (450 ◦C for 3 h) ceramic mortars and pestles. In
between sample treatments, pre-annealed sand was ground to clean mortars.
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The ground sample material was Soxhlet extracted in individual pre-extracted cellulose
thimbles (Soxhlet extracted three times for 24 h using a mixture of DCM:MeOH (9:1 v/v))
for 72 h. A procedural blank of a pre-extracted thimble was run alongside each extraction.
The samples were filtered through activated copper powder to remove elemental sulfur.
Small scale column chromatography (5 cm × 0.5cm i.d.) using silica gel activated at 160 ◦C
for 24 h was used to separate the total lipid extracts into aliphatic (4 mL n-hexane), aromatic
(4 m n-hexane:DCM (9:1 v/v)), porphyrin (4 mL n-hexane:DCM (7:3 v/v)) and polar (4 mL
DCM:MeOH (1:1)) fractions for analysis.

2.2. Gas Chromatography-Mass Spectrometry (GC-MS)

Full scan gas chromatography-mass spectrometry analysis (GC-MS) was performed
on the aliphatic fractions using an Agilent 7890B GC with a DB-1MS UI capillary column
(J and W Scientific, 60 m, 0.25 mm i.d., 0.25 μm film thickness) coupled to an Agilent
5977B MSD. Aromatic fractions were analysed on an Agilent 6890N GC with a DB-5MS UI
capillary column (J and W Scientific, 60 m, 0.25 mm i.d., 0.25 μm film thickness) coupled
to an Agilent 5975B MSD. The GC oven was ramped from 40 ◦C to 325 ◦C at a rate of
3 ◦C/min with initial and final hold times of 1 min and 30 min, respectively.

Saturated and aromatic steroids and hopanoids were quantified using GC-MS analyses
on an Agilent 6890 GC coupled to a Micromass Autospec Premier double sector MS (Waters
Corporation, Milford, MA, USA). The GC was equipped with a 60 m DB-5 capillary column
(0.25 mm i.d., 0.25 μm film thickness; Agilent J&W Scientific, Agilent Technologies, Santa
Clara, CA, USA), and helium was used as the carrier gas at a constant flow of 1 mL/min.
Samples were injected in splitless mode into a Gerstel PTV injector at 60 ◦C (held for
0.1 min) and heated at 260 ◦C min−1 to 300 ◦C. The MS source was operated at 260 ◦C in EI
mode at 70 eV ionization energy and 8000 V acceleration voltage. All samples were injected
in n-hexane to avoid deterioration of chromatographic signals by FeCl2 build-up in the MS
ion source through use of halogenated solvents [55]. The GC oven was programmed from
60 ◦C (held for 4 min) to 315 ◦C at 4 ◦C min−1, with a total run time of 100 min. Saturated
steranes and hopanes were quantified using metastable reaction monitoring (MRM) in
M+ → 217 and M+ → 191 transitions, respectively. Mono- and triaromatic steroids were
detected using selected ion recording (SIR) under magnet control of base ions m/z 253
and 231, respectively. All ratios and abundance proportions are reported uncorrected for
differences in MS-response. Saturated and aromatic steroid hydrocarbons as measured
using MRM are shown in Figures 2 and 3.

Figure 2. Cont.
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Figure 2. Metastable Reaction Monitoring (MRM) chromatograms of M+ → 217 precursor to product
transitions of C27–29 steranes of PE 52316 Fossil (A) and Matrix (B). Peaks are coloured according to
the number of carbon atoms in the sterane. α and β nomenclature refers to the stereochemistry of
hydrogen at C-5, C-14 and C-17 for regular steranes and C-13 and C-17 for diasteranes, while S/R
refers to stereochemistry at the C-20 position. Percentages represent the relative abundance of the
most abundant peak in each transition.

Figure 3. Cont.
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Figure 3. (A) Selected Ion Recording (SIR) m/z = 253 chromatogram of C27–29 monoaromatic steroids
of PE 52336 Fossil (i) and Matrix (ii). I = 5β(H),10β(CH3); II = 5α(H),10β(CH3); V = 5β(CH3),10β(H);
VII = 5α(CH3),10α(H). Percentages represent the relative abundance of the most abundant peak
in each transition. (B) SIM m/z = 231 chromatogram of C26–28 triaromatic steroids of PE 52336
Fossil (i) and Matrix (ii). S/R refers to the stereochemistry at C-20.

2.3. Gas Chromatography-Isotope Ratio-Mass Spectrometry (GC-irMS)

Stable isotope ratio mass spectrometric analyses of individual compounds were per-
formed on the aliphatic fractions of each sample to determine δ13C, using a Thermo
Scientific Trace GC Ultra coupled to a Thermo Scientific Delta V Advantage mass spec-
trometer via a GC isolink and a Conflo IV. The reactors consisted of a combustion interface
containing a ceramic tube lined with NiO and filled with NiO and CuO, held at 1000 ◦C.
The programs used for the GC column, carrier gas, injector conditions and oven tem-
peratures were identical to those used for GC-MS analysis as described above. The gas
chromatography-isotope ratio-mass spectrometer (GC-irMS) measures the δ13C values by
monitoring the CO2 produced by the sample and measuring the response of ions of m/z 44,
m/z 45 and m/z 46, relative to the reference gas of known δ13C content.

2.4. Bulk Stable Carbon Isotopes

Ground residue from lipid biomarker extractions were treated with hydrochloric acid
(4M) to remove carbonate mineral via repeated addition of fresh acid solution, stirring and
heating at 50 ◦C until gas production ceased. Samples were subsequently washed with
Milli-Q water and freeze-dried to remove excess water. δ13C analyses were performed
using a Thermo Flash 2000 HT elemental analyser (EA) connected to a Delta V Advantage
isotope ratio monitoring mass spectrometer (irMS) via a Conflo IV. Samples were weighed
(approximately 6 mg) in triplicate into tin cups (SerCon) and combusted to CO2 in the
nitrogen-carbon reactor (1020 ◦C). CO2 passed through the Conflo IV interface into the irMS,
which measured m/z 44, 45 and 46. δ13C values were calculated by Thermo Isodat software
and normalised to the international VPDB scale by multi-point normalisation using the
standard reference materials NBS 19 (+1.95‰) and L-SVEC (−46.60‰) [56]. The standard
reference material IAEA-600 was measured to evaluate the accuracy of the normalization.
The normalized δ13C values of IAEA-600 from these measurements were within ±0.1‰ of
the reported value of −27.77‰ [56].
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2.5. Polar Compound Analysis

Polar fractions were analysed at Leeder Analytical (Victoria, Australia). Fractions
were dried and internal standard (13C-cholesterol) added, and were then combined with
N,O-bis(trimethylsilyl)fluoroacetamide and trimethylchlorosilane (99:1) and heated (60 ◦C)
for 20 min. Samples were dissolved in toluene (500 μL) before analysis. Gas chromatography-
tandem mass spectrometry (GC-MS/MS) was performed on an Agilent 7890B Gas Chro-
matograph with a DB-5MS UI column (30 m × 0.25 mm 0.25 um film) coupled to an
Agilent 7000D Triple Quadruple Mass Spectrometer. Results were quantified against sterol
trimethylsilyl-derivative standards.

2.6. In Situ Raman Microspectroscopy and ChemoSpace Analysis of Spectral Data

The set of analysed coprolites was microscopically screened for evidence of preserved
carbonaceous matter characterized by a dark brown-to-black colouration (Figure 1), and
two coprolites (FMNH PE 52316, FMNH PE 52336) with suitable preservation were iden-
tified. A total of n = 35 carbonaceous vertebrate, annelid, non-annelid invertebrate, and
plant fossils from the Mazon Creek locality (Supplementary Table S1: specimen details) and
the two carbonaceous coprolites (FMNH PE 52316, FMNH PE 52336) were surface-cleaned
with 70% EtOH, and subjected to high-resolution in situ Raman microspectroscopy in the
Department of Earth and Planetary Sciences at Yale University. Raman microspectroscopy
was performed using a Horiba LabRam HR800 with 532 nm excitation (holographic notch
filter; 20 mW at the sample surface). The spectra were obtained in LabSpec 5 software,
and the instant processing included only a standard spike removal. Raman scattering was
detected by an electron multiplying charge-coupled device (EM-CCD) following dispersal
with an 1800 grooves/mm grating and passing through a 200μm slit (hole size 300 μm).
The spectrometer was calibrated using the first order Si band at 520.7 cm−1. Ten spectra
were accumulated in the 500–1800 cm−1 region, also known as ‘organic fingerprint region’,
for 10 s exposure time each, at 32× magnification. All spectra were analyzed in an identical
fashion in SpectraGryph 1.24 spectroscopic software: A conservative adaptive baseline
(30%) was fitted, no baseline offset was imposed, and all spectra were normalized to the
common highest peak. Relative intensities (n = 53; arbitrary units) at pre-selected infor-
mative band positions ([34,57]; listed in the Supplementary Information) were exported
using the ‘Multicursor’ function in SpectraGryph 1.2. The resulting variance-covariance
matrix was exported into PAST 3 (file available as Source Data), and two separate sample
identification strategies were applied: One data matrix contains the extracted spectroscopic
signals and binary characters identifying carbonaceous plant, vertebrate, annelid, non-
annelid invertebrate remains and coprolites as separate tissue types. A second matrix
uses a more agnostic approach and contains, in addition to the spectroscopic signals, only
binary characters identifying samples as plants, annelids, non-annelid invertebrates, and
vertebrates; in this data matrix coprolite tissue affinity was coded as ‘unknown’. Both data
matrices are available as Source Data. Endogeneity of organic matter in the carbonaceous
films associated with fossil morphology has previously been demonstrated [57], and is
here separately assessed using lipid biomarkers. A Canonical Correspondence Analysis
of the first data matrix revealed the diagnostic molecular features distinguishing the fos-
sil coprolites from other fossil soft tissues from the Mazon Creek locality (Figure 4A). A
second Canonical Correspondence Analysis allowed the coprolite samples to locate in
the compositional space (ChemoSpace) based on the affinity of the digested, fossil tissues
(Figure 4B). Canonical Correspondence Analysis is a discriminant multivariate analysis that
distinguishes previously identified groups of samples in a ChemoSpace, and, if samples
of unknown affinity are included, reveals their affinity (which is here translated into the
dietary spectrum of a coprolite producer). Due to the discriminant, comparative nature
of the analysis and spectroscopic data, axis loadings do not have a dedicated unit. The
impact of all n = 53 extracted relative intensities is represented by colour-coded (see cap-
tion) ChemoSpace vector arrows in Figure 5 (Figure 5B corresponding to the ChemoSpace
shown in Figure 4A, and Figure 5C corresponding to the ChemoSpace shown in Figure 4B).
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Functional groups were identified using Lambert et al. [58], and have been previously
published [34,57]; select functional groups that are characteristically enriched in coprolites
and reveal the affinity of their digested tissues are labelled in Figure 5.

Figure 4. Dietary ChemoSpace analysis of tissue type signals preserved in carbonaceous coprolites
from the Mazon Creek locality. A total of n = 37 Mazon Creek carbonaceous fossils and coprolites
were spectroscopically fingerprinted (n = 1 biological replicate and n = 10 mean-averaged technical
replicates per data point), identified, and analysed by means of a Canonical Correspondence Analysis
(CCA; discriminant analysis). (A) ChemoSpace resulting from a CCA that treated coprolites as
a separate tissue category (black arrows); corresponding trajectories of functional groups in the
ChemoSpace are plotted in Figure 5B. (B) ChemoSpace resulting from a CCA that treated the tissue
affinity of coprolites as unknown; corresponding trajectories of functional groups in the ChemoSpace
are plotted in Figure 5C. ChemoSpaces in both, (A) (clustered in n = 5 categories, each contained in a
dotted, convex hull; except from annelids and coprolites due to small sample size) and (B) (clustered
in n = 4 categories, each contained in a dotted, convex hull, except from annelids), reveal that fossil
coprolites are compositionally distinct from undigested fossil soft tissues due to digestive hydrolysis
of macromolecules prior to fossilisation (detailed differences are plotted in Figure 5B), and contain
predominantly digested tissues of vertebrate prey items. Thus, carnivory (orange circle fraction,
contrary to omnivory/herbivory = green circle fraction) can be inferred for both coprolite producers.
Source Data are available for the CCAs in (A,B).
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Figure 5. In vivo digestive hydrolysis reactions of key macromolecules and functional group trajectories
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in the compositional spaces plotted in Figure 4. (A) Functional group chemistry during digestive
hydrolysis reactions of proteins, polysaccharides, adenosine triphosphate (ATP), and lipids: stomach
acid and digestive enzymes catalyse the hydrolytic cleavage of amide, glycosidic, and ester bonds and
yield a relative increase in the relative abundance of alcohols and carbonyls (red), phosphate (teal),
and aromatic compounds (dark blue); Depending on the dietary source, faecal matter can be enriched
in organo-sulfur moieties (orange; S-bearing amino acids: cystein, methionine). Compositional
differences associated with digestive hydrolysis survive (as shown in Figure 4) biomolecule fossiliza-
tion through oxidative crosslinking. ADP = adenosine diphosphate; ATP = adenosine triphosphate.
(B) Discriminant vector arrows for tissue categories (black, n = 5) and functional groups (n = 53
extracted relative intensities) in the Canonical Correspondence Analysis (CCA) shown in Figure 4A.
Functional groups are colour-coded (corresponding to functional group labels in (A)) for vectors
that explain the ChemoSpace placement of the two analyzed coprolites. This CCA treated coprolites
(n = 2) as a separate tissue category to reveal the unique compositional features distinguishing them
from other types of carbonaceous soft tissues from the Mazon Creek locality (n = 35). (C) Discriminant
vector arrows for tissue categories (black, n = 4) and functional groups (n = 53 extracted relative
intensities) in the CCA shown in Figure 4B. Functional groups are colour-coded (corresponding
to functional group labels in (A)) for vectors that explain the ChemoSpace placement of the two
analysed coprolites (see Figure 4B). This CCA treated coprolites (n = 2) as samples with unknown
tissue affinity to identify the primary source of fossil faecal matter (n = 35).

2.7. X-ray Diffraction

Powdered samples were analysed using a Bruker-AXS (Karlsruhe, Germany) D8 Ad-
vance Powder Diffractometer with a CuKα radiation source (40 kV, 40 mA) and a LynxEye
detector. The scan ranged from 5◦ to 90◦ 2θ with a step size of 0.015◦ and a collection time
of 0.7 s per step. Crystalline phases were identified by using the Search/Match algorithm,
DIFFRAC.EVA 5.2 (Bruker-AXS, Karlsruhe, Germany) to search the International Center
for Diffraction Data (ICDD) Powder Diffraction File (PDF4+ 2021 edition).

2.8. Elemental Analysis

Elemental analyses were performed at Source Certain International (Western Aus-
tralia). Samples (0.25 g) were accurately weighed and digested in nitric acid (16 mL,
65 wt%), perchloric acid (4 mL, 70 wt%) and hydrofluoric acid (10 mL, 50 wt%) at ap-
proximately 180 ◦C for a minimum of 16 h under reflux. The acids were removed by
evaporation at approximately 220 ◦C. Once the residue reached incipient dryness it was
dissolved in hydrochloric acid (0.75 mL, 32 wt%), nitric acid (0.25 mL, 65 wt%) and DI-water
(20 mL, >16.4 MΩ cm). The solution was suitably diluted for the instrument. Samples were
analysed using an Agilent 5110 ICP-AES and an Agilent 7700 ICP-MS.

2.9. Total Organic Carbon

The rock samples were ground to a fine powder and digested in acid (HCl) to remove
the carbonate minerals. The remaining residues were analysed using a LECO Carbon-Sulfur
Analyser (CS-230). The CO2 produced was measured with an infra-red detector, and values
calculated according to standard calibration.

3. Results and Discussion

Results are discussed in general terms of all three samples, unless a particular sample
is specified. Samples subject to the same analysis showed generally consistent results as
reflected in biomarker ratios presented in Tables 1–4. Figures present the sample which
best demonstrates compositional features.
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Table 1. Steroid distributions in extracted organic matter.

PE52315 PE52316 PE52336

Fossil Matrix Fossil Matrix Fossil Matrix

1 Steranes (%)
C27 86.2 69.1 92.8 50.1 99.0 78.0
C28 7.3 16.3 3.5 25.0 0.6 9.8
C29 6.5 14.6 3.7 24.9 0.4 12.2

2 Reg steranes/hopanes 1.9 0.9 4.8 0.5 80.1 1.1

3 Monoaromatic steroids (%)
C27 54.8 41.8 68.3 38.9 82.2 56.1
C28 31.7 27.7 25.1 25.9 15.2 22.7
C29 13.5 30.5 6.6 35.1 2.5 21.2

4 Triaromatic steroids (%)
C27 43.6 26.7 84.6 41.4 94.8 68.4
C28 19.4 27.2 6.1 19.9 2.7 11.5
C29 37.0 46.1 9.3 38.7 2.5 20.1

1 Distributions of regular steranes were computed using the sum of regular steranes and diasteranes in MRM M+ →
217 transitions. Steranes: C27–29 ααα- and αββ-20(S + R)-steranes and C27 βαα 20R; ααα = 5α(H),14α(H),17α(H);
αββ = 5α(H),14β(H),17β(H); βαα = 5β(H),14 α(H),17 α(H); diasteranes: βα-22(S + R)-diasteranes; 13β(H),17α(H).
2 Reg steranes/hopanes = [∑(C27–29 steranes)]/[∑(C27–35 hopanes)], steranes: as above; hopanes: C27 Ts, Tm
17α, Tm 17β; C29 αβ, Ts, βα; C30 αβ, βα; C31–35 αβ-22(S + R); αβ = 17α(H),21β(H); βα = 17β(H),21α(H);
C27 Ts = 18α-22,29,30-trisnorneohopane; C27 Tm = 17α-22,29,30-trisnorhopane; C29 Ts = 18α-30-Norneohopane.
3 Distributions of monoaromatic steroids (MAS) were computed using the sum of S and R I + V isomers of MAS
C27–29 homologs in m/z 253 mass chromatograms. 4 Triaromatic steroid distributions (TAS) were computed using
the sum of C26–28 homologs in the m/z 231 mass chromatograms.

Table 2. Values of sterol compounds reported as total amount in micrograms (μg) total in each
fraction, quantified against external sterol standards in 500 mL, as an average of two measurements.

PE 52315 PE 52316 PE 52336
Procedural Blank

Fossil Matrix Fossil Matrix Fossil Matrix

5α-Cholestan-3β-ol - - 0.43 - 0.16 - -

Cholesterol 0.07 0.06 0.05 0.17 0.07 0.14 0.07

Coprostan-3-ol 0.03 - - - - - -

Table 3. Biomarker parameters in extracts of coprolite samples.

PE 52315 PE 52316 PE 52336

Fossil Matrix Fossil Matrix Fossil Matrix

1 Dia/reg C27 steranes 0.64 1.03 0.30 1.50 0.32 0.76
2 Dia/reg C28 steranes 1.61 2.35 0.74 1.87 0.44 2.09
3 Dia/reg C29 steranes 1.25 1.52 0.89 1.47 * 1.46

C29 20S/(20S + 20R) steranes 0.28 0.30 0.18 0.27 0.21 0.25
4 Ts/(Ts + Tm) 0.52 0.55 0.47 0.52 0.50 0.44

βα/(βα + αβ) C30 hopane 0.11 0.10 0.08 0.09 0.09 0.11
5 Pr/Ph 1.00 0.99 0.85 1.03 1.65 1.42

1 Dia/Reg C27 steranes = [∑(βα-22(S + R)-diacholestane)]/[∑(ααα- and αββ-20(S + R)-cholestane)]; 2 Dia/Reg
C28 steranes = [∑(βα-22(S + R)-diaergostane)]/[∑(ααα- and αββ-20(S + R)-ergostane)]; 3 Dia/Reg C29 steranes =
[∑(βα-22(S + R)-diastigmastane)]/[∑(ααα- and αββ-20(S + R)-stigmastane)]; 4 Ts = 18α-22,29,30-trisnorneohopane;
Tm = 17α-22,29,30-trisnorhopane. Steranes and hopanes identified using the MRM M+ → 217 and M+ → 191 tran-
sitions, respectively. 5 Pristane and phytane integrated using total ion chromatogram. * Value omitted—coelution
with abundant C27 steroid hydrocarbons was such that value was not able to be determined.
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Table 4. Average δ13C values (bulk residue and compound specific) for PE 52316 and PE 52336, given
in per mil (‰).

PE 52316 PE 52336

Fossil Matrix Fossil Matrix

δ13Corg −23.6 (0.07)3 −23.8 (0.03)2 −23.9 (0.12)3 −23.7 (0.03)3

δ13C17 −28.4 (0.65 *)3 −30.0 (0.24)3 −29.4 (0.54 *)3 −29.0 (0.62 *)3

δ13CPristane −28.8 (0.82 *)2 −29.2 (0.30)3 −28.4 (0.53 *)3 −29.3 (0.51 *)3

δ13C18 −30.4 (0.41 *)3 −31.7 (0.31)3 −31.5 (0.13)3 −30.7 (0.40)3

δ13CPhytane −33.0 (0.11)2 −29.5 (0.23)3 −35.1 (0.39)3 −33.1 (0.31)3

1δ13C20–25 −30.5 −31.0 −30.8 −30.7
δ13Ccholestane −32.9 (0.39)3 - −32.6 (0.29)3 -

* Number in brackets indicates standard deviation; superscript refers to number of analyses used in average.
Values with standard deviations greater than 0.4‰ are marked with an asterisk (*). 1δ13C values for C20–25
n-alkanes represent an average of the δ13C values for each n-alkane from C20 to C25, which were each determined
from the average of three isotopic measurements. Standard deviations ranged from 0.02–0.60.

3.1. Inorganic Composition

The coprolite components of samples PE 52316 and PE 52336 are approximately 2 cm
and 3.5 cm in length, respectively and appear to be similar in composition (Figure 1). Three
primary mineral regions were identified by X-ray diffraction (XRD). The coprolites are
preserved in three dimensions as calcium phosphate with cracks filled with sphalerite.
The concretionary material is siderite with minor amounts of quartz. Total organic carbon
ranged from 0.31 to 0.78 wt% of rock in the fossils and 0.32 to 0.51 wt% in the matrices.

Phosphatic preservation is a characteristic component of carnivore coprolites, e.g., [1,4,59].
It has been suggested that rapid precipitation (within weeks—e.g., [14,19,60]) of dietary
calcium phosphate can result in the preservation of fine morphological information [4,61].
Much like the formation of carbonate concretions, the remineralisation of calcium phosphate
from faecal material has been demonstrated as autochthonous [7], occurring rapidly after
deposition and prior to diagenetic permineralisation.

Elemental analyses revealed enrichment of rare earth elements (REE) in the coprolite
fossils compared to the siderite concretion. Phosphatic minerals such as apatite are able
to incorporate REE during early fossilisation [62] via substitution for calcium, e.g., [63].
REE are commonly used in palaeontological, palaeoenvironmental and palaeoredox stud-
ies, particularly those focused on vertebrate bones, e.g., [64–68] as well as on coprolites
fossilised as apatite, e.g., [69,70].

3.2. Lipid Biomarkers of Coprolites

The coprolite fossil regions are characterised by a predominance of cholesterol-derived
steroidal hydrocarbons (e.g., Figures 2 and 3, Table 1). C27 cholestanes make up 86 to 99% of
the total steranes composition of the aliphatic fraction (Table 1). Similarly, aromatic choles-
teroids make up the majority of the monoaromatic and triaromatic steroid distributions of
each of the fossils (Figure 3, Table 1). Cholesterol and its derivatives have been considered
in past studies of faecal material as indicators of an animal diet, e.g., [28,29]. Cholesterol is
generally known to be synthesised by animals, while ergosteroids can be found in fungi
and some groups of algae [71,72] and sitosterol and stigmasterol are commonly made by
higher plants [71]. As such, the relative proportions of related sterane biomarkers can
help distinguish the contributions of these inputs in sedimentary organic matter input [73].
However, cholesteroids can also be produced by herbivores via modification of other sterol
analogues, particularly phytosterols [74] or synthesised de novo, e.g., [74–76] and are also
present in almost all eukaryotic cell walls [77]. While the exceptionally high abundance of
cholesteroid biomarkers suggests a primarily animal diet for the coprolite producer, minor
contributions from plant material as a dietary component or due to occasional grazing
cannot be completely ruled out.
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The diagenetic fate of biomarkers is typically controlled by factors such as burial
depth, redox conditions, mineral and porewater chemistry and geological time [20]. The
low diagenetic transformation of the cholesteroids in the coprolite specimens is likely
related to favourable preservation conditions during aromatisation. Similarly immature
biomolecular signals have been found in previous studies of carbonate concretions where
rapid encapsulation, burial and mineralisation supported the preservation of soft tissues
and intact biomolecules, e.g., [10,12,26].

Diagenetic processes promote rearrangement of ααα 20R stereoisomers to the more
thermodynamically stable ααα 20S and αββ 20R + S compounds [20,25]. Within the
cholestanes distribution the biologically derived cholestane 20R isomer is most domi-
nant (e.g., Figure 2A). Additionally, present is C27 ααα 20S cholestane coeluting with
coprostane (C27 βαα 20R). Here, the predominance of the C27 ααα 20R over the 20S isomer,
(i.e., C27 ααα 20S/(20S + 20R) < 0.2), support a low diagenetic conversion of the steroids
inside the fossil.

In contrast, the side chain isomerisation of C27 to C29 steranes as well as the transfor-
mation of ααα to αββ-steranes progressed much further in the concretion matrix (Figure 2).
This indicates that diagenetic conversion of labile steroids was hampered by early cemen-
tation and the lack of clay mineral catalysis, e.g., [11,78,79] in the coprolite, allowing the
labile steroids to persevere.

Due to coelution, the proportion of βαα 20R compared to ααα 20S was not precisely
determined; however, it is presumed that a large area of this peak comprises C27 βαα 20R
based on the low diagenetic conversion of steroids within the fossil and generally low
maturity. This was confirmed by the mass spectrum which showed the presence of two
coeluting peaks, one with m/z 149 fragment (C27 αββ 20S) and the other with m/z 151 frag-
ment (C27 βαα 20R). Steroids with βαα stereochemistry can be produced by reduction of
sterols in the intestine of mammals depending on the primary steroid components of their
diet [27] or may also form in sediment through microbial reduction of Δ5 sterols [80].

Δ2-sterenes and Δ3,5-steradienes are products formed in early diagenesis via dehy-
dration of 5α(H)-stanols and Δ5-sterols, respectively [23,81]. Δ2-sterenes can also un-
dergo isomerisation and rearrangement to Δ4- and Δ5-sterenes and subsequently to di-
asterenes [23,24,82,83]. A cholestadiene compound has been tentatively identified by
comparison of its mass spectrum with that of a 3,5-cholestadiene [81], based on predom-
inant fragments at m/z 213 and 368, in sample PE 52336. This compound is present in
a higher relative abundance in the fossil than in the matrix, suggesting that it is likely
derived from the original cholesterol content in the coprolite sample. Diasterenes in low
abundance were also identified, although in the fossil of PE 52336 only, and are shown in
the Supplementary Materials (Figure S1).

A- and B-ring monoaromatic steroids are derived directly from sterol compounds
during early diagenesis, e.g., [84–86] while C-ring monoaromatic steroids have previously
been attributed to later-stage diagenesis, e.g., [87], which can then be aromatised to form
triaromatic hydrocarbons via loss of a methyl group, with increasing thermal maturity [88].
However, it has been suggested, e.g., [26,89] that aromatisation of sterene hydrocarbons
to C-ring monoaromatic and triaromatic steroids can occur during early diagenesis via
microbially mediated processes. Both the monoaromatic and triaromatic steroids show
abundant cholesteroids compared to ergosteroids and stigmasteroids, with cholesteroids
comprising between 55 to 82% of the total monoaromatic steroids distribution and 43 to 94%
of total triaromatic steranes (Table 1). A predominance of the cholesteroid analogues in all
steroid classes demonstrates that diagenetic transformation, while altering the cholesterol
predominance somewhat, does not eliminate the primary dietary composition of steroids.
Based on conventional models of triaromatic steroid formation, presence of triaromatic
steroids in the fossil suggests a catagenetic history, which is inconsistent with the immaturity
of the sample. It is therefore plausible that triaromatic steroids were also formed by
microbially mediated reaction mechanisms, e.g., [26,89].
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5α-cholestan-3β-ol was identified in the fossil of PE 52336 and PE 52316 (Table 2). This
stanol may be either from a direct biological input or from early diagenesis by reduction
of cholesterol [23,90]. The presence of 5α-cholestan-3β-ol in several of the fossils and its
absence in any of the matrices supports that this is derived from the fossil coprolite itself.
Coprostan-3-ol (5β-cholestan-3β-ol) was identified, albeit in low abundance in the PE 52315
fossil only (Table 2). This is a possible precursor sterol of coprostane that can be formed via
reduction of cholesterol in the gut of many higher mammals, e.g., [27] as well as through
microbial reduction in sediment [80]. Cholesterol was also identified in the fossil and
matrix of all samples; however, this must be considered with caution, as it is also present in
comparable concentrations in the procedural blank (Table 2).

3.3. Early Diagenetic Transformation of Dietary Sterols

A series of diagenetic products derived from cholesterol, such as cholestane and triaro-
matic steroids are preserved in all fossil coprolites. These components support a primarily
carnivorous dietary source as they would support a high amount of cholesterol in the origi-
nal faecal material, which has been rearranged and partially preserved. The cholesteroid
compounds identified are summarised in Figure 6. Cholesterol can undergo reduction to
5α- and 5β-stanols [23], such as 5α-cholestan-3β-ol as present in the fossil coprolites. Fur-
ther reduction would yield cholestane; specifically, the 5α-cholestane, which is the abundant
sterane identified in each of the fossils. Cholesterol can also undergo reduction directly to
Δ2-sterenes and Δ3,5-steradienes [23]. While sterenes were not observed, a single cholesta-
diene was identified in the PE 52336 fossil, which is formed from cholesterol and may be
further converted into monoaromatic (Figure 3A) and triaromatic (Figure 3B) steroids.

 

Figure 6. General schematic demonstrating diagenetic rearrangements of cholesteroid compounds,
as identified in fossil coprolites in the current study. Dashed lines represent multiple possible
intermediates or pathways.In both fossil and matrix of all samples, n-alkanes are abundant and
consistently range from n-C15 to n-C26 with a maximum at n-C23 but with no odd or even carbon
number preference (Figure 7). The predominance of mid-chain (C20-C25) n-alkanes and lack of
high-molecular-weight n-alkanes supports input from aquatic organic material in a limnic or deltaic
environment receiving a minimal input of land plant material, e.g., [91,92]. The freshwater-influenced
n-alkane distribution is thus in agreement with a geologically inferred large delta setting, e.g., [41–45].
The regular isoprenoids pristane (Pr) and phytane (Ph) are also present with Pr/Ph ratios ranging
from 0.85–1.65 (Table 2), ratios supporting fluctuating redox conditions within the environment [73].
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Figure 7. GC-MS total ion chromatogram of PE 52336 showing differences in n-alkanes distribution
and cholestanes abundances in the Fossil (A) versus the Matrix (B). Numbers represent the carbon
number of the hydrocarbon chain. Pr = pristane, Ph = phytane.

3.4. Raman ChemoSpace

The Raman ChemoSpace is here used to complement compositional insights from
the analysis of biomarkers with additional information on the molecular makeup and
preserved biosignatures in the macromolecular fraction of Mazon Creek coprolites (FMNH
PE 52316, FMNH PE 52336). Focus of the analysis are in situ Raman spectra collected for
carbonaceous fossil remains. The discriminant analysis (CCA) of spectral data collected
for all n = 37 samples, shown in Figure 4A, identifies key compositional characteristics of
fossil vertebrate, non-annelid invertebrate, annelid, plant, and coprolite samples from the
Mazon Creek locality. Among these samples, only minimal overlap between the clusters of
the diverse array of fossil metazoan tissues is observed; the cluster of carbonaceous plant
tissues is separated from the metazoan tissue clusters (Figure 4A). Using the spread of
samples in the compositional space (=ChemoSpace), the circular fractions including all
metazoan (orange) and plant (green) tissues were plotted in the CCA (Figure 4A,B). It is the
nature of the CCA that separates different tissue categories (black vector arrows) radiating
from the origin into the ChemoSpace, therefore allowing to constrain the distribution of
samples through circular fractions. The trajectories of all tissue vectors and their associated,
characteristic molecular features are plotted in Figure 5. Figure 4A locates the two coprolite
samples within the circular fraction occupied by metazoan tissues, and reveals as character-
istic molecular features a relatively increased abundance of alcohol (C-OH) and carbonyl
groups (C=O), aromatics, inorganic phosphate (P-O, PO4

3-), and organo-sulfur moieties
(C-S; Figure 5B). The majority of these characteristic molecular features that discriminate
fossil coprolites from undigested fossil tissues coincide with the key chemical modifications
of macromolecules experienced prior to fossilisation, during in vivo enzymatic digestion
(Figure 5A): enzyme- and acid-catalysed (HCl(aq), stomach acid) hydrolysis cleaves pri-
marily peptide bonds (amides), glucosidic bonds, esters (including phosphoesters), and
breaks down lipids into their aliphatic and aromatic building blocks (please see steroid and
hopanoid analyses in this study). Hydrolytic cleavage introduces alcohol groups, which
can be converted into carbonyls during subsequent alteration. The molecular fingerprint of
hydrolytic digestion preserves in the sampled Mazon Creek coprolites even after oxidative
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alteration (crosslinking reactions) acting during fossilisation [34,57]. Digestion moves data
points in the CCA ChemoSpace along the vectors associated with functional groups intro-
duced during hydrolytic cleavage (colored vectors in Figure 5B,C). The relative increase in
organo-sulfur moieties is not related to digestive hydrolysis and thus relates either to the
gastro-intestinal concentration processes or post-egestion alteration.

Figure 4B shows a complementary CCA ChemoSpace which, contrary to the analysis in
Figure 4A, did not treat coprolites as a separate tissue category, but instead allowed them to
group with the other n = 4 tissue categories based on the affinity of the contained, digested
remains. Both coprolite samples plot within the circular fraction occupied by metazoan
samples, and one tangentially overlaps with the vertebrate tissue cluster. Considering that
digestion shifts samples in the ChemoSpace CCE (shown in Figures 4A and 5B,C) towards
the right, we thus infer a metazoan affinity of the digested faecal matter and identify
the coprolite producer as a carnivore rather than omnivore or herbivore (no primary
contribution of plants to the diet).

The carnivorous diet, potentially based on vertebrates (as suggested by the proximity
to the vertebrate cluster in Figure 4A,B), suggests that the producer of the coprolites
represented a high trophic level in the ancient Mazon Creek ecosystem and was potentially
an apex predator. Future experimental work on the ChemoSpace effects of different
metazoan digestive processes has the potential to allow for the detailed quantification of
the contributions of vertebrate, plant, non-annelid invertebrate, and annelid food items to
the diet of coprolite producers.

The independent data collected for the soluble organic phase (biomarker analysis,
stable isotope fractionation) and the insoluble organic phase (ChemoSpace of carbonaceous
fossils) converge in their result: a carnivorous diet is inferred for the producers of the
analysed coprolites.

3.5. Lipid Biomarkers of Matrix (Palaeoenvironmental Signal)

Terpane and hopane compounds were more dominant relative to steranes in the con-
cretion matrix compared to the coprolite, as reflected in the regular sterane/hopane ratios
(1.9–80 in the fossils compared to 0.54–1.1 in matrices) (Table 3). The Ts/(Ts + Tm) ratio,
traditionally considered to be indicative of thermal maturity and clay catalysis, indicates
the end of the diagenetic or the onset of the catagenetic stage of thermal transformation
for both the coprolite and concretion matrix, which stands in contrast to the presence
of a thermally labile steradiene and stanol (Table 3). C29 20S/(20S + 20R) steranes ra-
tios (Table 3) are also low overall but consistently higher in the fossil than in the matrix.
The Ts/(Ts + Tm) ratios are consistent between the fossil and matrix while the diaster-
ane/regular steranes ratios vary, supporting that different mechanisms are responsible for
formation of trisnorneohopane than for the isomerization of steranes. Dia/regular sterane
ratios for all steroid homologs show a higher proportions of rearranged steroids in the
matrix than in the fossil. In general, even in the matrix the C27 dia/regular sterane ratio
indicates lower maturity; however, the C27 sterane ratios are likely strongly influenced by
source input.

3.6. Stable Carbon Isotopes

Carbon isotopes of the bulk organic matter were measured on the residue of extracted
sediment from samples PE 52316 and PE 52336 after treatment with hydrochloric acid
to remove carbonate. Both fossil and matrix of each sample showed δ13C values around
−23.8‰ (Table 4).

Compound specific carbon isotopes were measured for the n-alkanes of these two
samples, as well as for the C27 ααα 20S sterane in the fossil portions (Table 3). δ13C values
of cholestane (−32.8‰) were depleted by approximately 2.0‰ compared to the average
isotopic values of n-C20–25 (−30.8‰) and n-C18 (−31.1‰), and by approximately 9.0‰
compared to the bulk organic matter δ13C values.
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Sterane hydrocarbons are typically enriched compared to linear hydrocarbons from
the same source by up to 8‰ [93]. Cholestane is here interpreted as derived from dietary
cholesterol from the coprolite, while slightly more 13C enriched n-alkanes represent input
from external sources, most likely palaeoenvironmental signals. The depletion of δ13C
value of cholestane in the two coprolites by approximately 2‰ compared to the average
of the abundant mid-chain n-alkanes is therefore consistent with input from two different
sources. The isotopic consistency (approximately −30.8‰) of the n-alkanes in the fossil
and the matrix is indicative of being derived from a common source, while the depletion of
cholestane suggests it has a source different to the n-alkanes. The n-alkanes in the samples
are therefore likely to originate from freshwater producers (e.g., algae, aquatic macrophytes,
mosses), while cholesteroids intrinsic to the coprolite derive from animal sources.

Phytol is also typically 13C enriched with respect to fatty acids synthesised in phyto-
planktonic cells by 2–5‰ [93]. A similar 2–5‰ distinction between phytane and straight-
chain hydrocarbons (and pristane) would therefore be expected of phytane derived from
phytol, synthesised by chlorophyll a [93]. In these samples phytane was depleted in 13C by
approximately 2.5–3.5‰ compared to n-C18 and 2.5–4‰ compared to mid-chain n-alkanes
(Table 3) which is more typical of an origin within a methane cycle, wherein phytane is
derived from ether lipids of methanotrophs and not phytol, e.g., [94,95]. Methanogenic
archaea and methanotrophs are considered important components of the microbial growth
mechanisms of siderite concretions, e.g., [95].

4. Conclusions

This study demonstrates that:

(1) Cholesteroids including intact 5α-cholestan-3β-ol and coprostanol have been pre-
served in siderite concretions hosting 306 million-year-old coprolites.

(2) The molecular data obtained by GC-MS, GC-MRM, GC-irMS and Raman microspec-
troscopy supports a primarily carnivorous diet and suggest an elevated trophic posi-
tion for the coprolite producer.

(3) The preservation of intact dietary sterols and macromolecular biosignatures is at-
tributed to rapid encapsulation of the coprolites within days to months after egestion.

(4) Siderite (FeCO3) concretions (of Carboniferous age) seem to preserve intact and modi-
fied, but not unrecognisable, biomolecules much like calcium carbonate concretions
of Jurassic and Devonian ages.

The results demonstrate that molecular information preserved within fossils can pro-
vide important ancient dietary insights either alongside or independent of traditional
mineralogical or morphological studies of coprolites. Intact dietary sterols present in
fossils support the significance of rapid encapsulation and organo-templated growth of
carbonate concretions in the preservation of biomolecules in geological time. Carbon-
ate concretions, which are host to soft-tissue fossil preservation are evidently impor-
tant samples for molecular studies and represent each a unique opportunity to study
extinct species and past environments.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/biology11091289/s1, Figure S1: GC-MS m/z 257 chro-
matogram of aliphatic fraction showing presence of diasterenes. A: 10α, Δ13(17) diacholestene
20S; B: 10α, Δ13(17) diacholestene 20R; C: 10α, Δ13(17) 24-methyldiacholestene 20S (*Tentatively iden-
tified based on location of R-isomer and mass spectrum); D:10α, Δ13(17) 24-methyldiacholestene 20R;
E: 10α, Δ13(17) 24-ethyldiacholestene 20S; F: 10α, Δ13(17) 24-ethyldiacholestene 20R. Compounds
were tentatively identified based on comparison of retention time and peak patterns with sample
where compounds had been previously identified (e.g., [26]), confirmed using mass spectrum of
peaks.; Table S1: A list of all specimens analyzed for the Figures 4 and 5, including catalogue num-
bers, institutional and museum identifiers, and sampled tissue types. In addition, raw ChemoSpace
Canonical Correspondence Analyses (CCA) are plotted (in PAST 3) for the Figures 4 and 5 (separate
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plots: (1) specimen data points and tissue trajectories for Figure 4, and (2) corresponding discriminant
functional group vectors in the CCA space for Figure 5).
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Simple Summary: Original organics and soft tissues are known to persist in the fossil record. To date,
these discoveries derive from a limited number of ancient environments, (e.g., rivers, floodplains),
and fossils from rarer environments remain largely unexplored. We studied Cretaceous–Paleogene
fossils from a peculiar marine environment (glauconitic greensand) from Jean and Ric Edelman Fossil
Park in Mantua Township, NJ. Twelve samples were demineralized in acid to remove the mineral
component of bone. This treatment frequently yielded products that are visually consistent with
bone cells, blood vessels, and bone matrix from modern animals. Fossil specimens that are dark
in color exhibit excellent microscopic bone preservation and yielded a greater recovery of original
soft tissues, whereas light-colored specimens exhibit poor microscopic preservation and yielded
few to no soft tissues. Additionally, a well-preserved femur of a marine crocodilian was found
to retain original bone protein by reactions with antibodies. Our results: (1) corroborate previous
findings that original soft tissue and proteins can be recovered from fossils preserved in marine
environments, and (2) expand the range of ancient environments documented to preserve original
organics and soft tissues. This broadens the suite of fossils that may be fruitful to examine in future
paleomolecular studies.

Abstract: Endogenous biomolecules and soft tissues are known to persist in the fossil record. To
date, these discoveries derive from a limited number of preservational environments, (e.g., fluvial
channels and floodplains), and fossils from less common depositional environments have been largely
unexplored. We conducted paleomolecular analyses of shallow marine vertebrate fossils from the
Cretaceous–Paleogene Hornerstown Formation, an 80–90% glauconitic greensand from Jean and
Ric Edelman Fossil Park in Mantua Township, NJ. Twelve samples were demineralized and found
to yield products morphologically consistent with vertebrate osteocytes, blood vessels, and bone
matrix. Specimens from these deposits that are dark in color exhibit excellent histological preservation
and yielded a greater recovery of cells and soft tissues, whereas lighter-colored specimens exhibit
poor histology and few to no cells/soft tissues. Additionally, a well-preserved femur of the marine
crocodilian Thoracosaurus was found to have retained endogenous collagen I by immunofluorescence
and enzyme-linked immunosorbent assays. Our results thus not only corroborate previous findings
that soft tissue and biomolecular recovery from fossils preserved in marine environments are possi-
ble but also expand the range of depositional environments documented to preserve endogenous
biomolecules, thus broadening the suite of geologic strata that may be fruitful to examine in future
paleomolecular studies.

Keywords: soft tissues; molecular preservation; collagen; Hornerstown Formation; shallow ma-
rine; glauconite
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1. Introduction

Numerous molecular paleontological investigations have been conducted on geologi-
cally ancient fossils, (i.e., >1 Ma years old; [1]), many of which have demonstrated strong
evidence for the preservation of endogenous biomolecules and soft tissues in deep time.
These studies have yielded the recovery of cellular and tissue structures morphologically
similar to their extant counterparts, (e.g., [2–14]), identified the presence of proteins in
fossil soft cells and soft tissues via a variety of techniques, (e.g., [4–6,10,15–20]), and even
recovered protein sequences from mass spectrometry, (e.g., [4,21–24]). The wealth of such
discoveries, and the number of fossil taxa and preservational environments investigated
and found to yield soft tissue and biomolecular preservation continues to grow. Initially,
only terrestrial environments were investigated, as it was thought that hydrolysis from
continuous exposure to water would be inconducive to molecular preservation [25,26].
More recently, a few studies examined aquatic taxa or fossil specimens preserved in marine
environments, (e.g., [6,16,27]). However, the number of geologic formations and types of
host lithologies, and, therefore, the types of depositional paleoenvironments investigated,
still remain limited.

To date, the majority of marine specimens that have been analyzed derive from
siliciclastic deposits of various geologic ages (Triassic to Neogene), degree of consolidation
(unconsolidated vs. consolidated), and grain size (see Table 1). A few samples have also
been examined from shallow marine limestones [16] and chalk [6]. Wiemann et al. [10]
also analyzed an indeterminate crocodilian specimen from glauconite containing sands
of the Cretaceous Navesink Formation. Only this crocodilian, one of the Nothosaurus
specimens examined by Surmik et al. [16], and the Ichthyosaurus specimen examined by
Wiemann et al. [10] were reported to not yield preserved soft tissues. Surmik et al. [16] and
Lindgren et al. [6] investigated a suite of specimens from marine environments further for
the identification of proteins and found organic compounds, including fragments of amino
acids, and endogenous collagen I, respectively. These studies demonstrate that marine
fossils from various environments can also preserve soft tissues and biomolecules.

Herein, we examine marine fossils collected from the Jean and Ric Edelman Fossil
Park (EFP) at Rowan University in Mantua Township, New Jersey. All specimens were
recovered from the Late Cretaceous (Maastrichtian)–early Paleogene (Danian) Hornerstown
Formation. All but two of the examined specimens derive from the same assemblage:
the Main Fossiliferous Layer (MFL). The MFL is a rich, 10 cm thick, multitaxic bonebed
that begins approximately 20 cm above the base of the Formation [28]. As in the prior
paleomolecular studies of marine bones discussed above, the Hornerstown Formation is
a siliciclastic deposit that was laid down on an organic-rich, shallow-marine shelf [29].
Specifically, the Hornerstown Formation is comprised entirely of heavily bioturbated,
unconsolidated, glauconitic greensands [29,30]. It contains comparatively more of this
iron- and phosphate-rich, diagenetic mineral, glauconite, than the underlying Navesink
Formation, from which a crocodilian specimen was investigated by Wiemann et al. [10]. The
wealth of vertebrate fossils in the MFL within the Hornerstown Formation [29,31] allowed
us to further investigate the possibility of soft tissue and biomolecular preservation in
glauconite-forming shallow marine environments. Additionally, the multitaxic character of
the MFL assemblage permitted analysis of specimens from several clades [28], thus allowing
depositional and diagenetic effects to be controlled for when making comparisons among
taxa. Voegele et al. [28] also demonstrated that the diversity and abundance of fossils within
the MFL, as well as their stratigraphic distribution and taphonomic attributes, indicate that
the MFL likely represents a mass-death assemblage, meaning that time averaging among
specimens is minimal (also see [30]).

We considered the Hornerstown Formation as a lithosome potentially favorable for
the preservation of endogenous organics because glauconite is rich in iron, which has been
suggested to aid in molecular preservation. Specifically, it has been hypothesized that
dissolved iron in diagenetic pore fluids reacts with peroxides sourced from decaying lipids
to form iron free radicals, which in turn can induce chemical chain reactions resulting in
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crosslinking of biomolecules, their decay products, metal cations in solution, and dissolved
humics [3,32,33]. Therefore, we examined twelve specimens of five taxa from the MFL and
higher within the Formation for soft tissue and biomolecular preservation. This included
analyzing one specimen of the marine crocodile Thoracosaurus for the preservation of the
primary structural protein collagen I using molecular assays.

Table 1. Summary of fossil specimens collected from marine sediments that have previously been
examined for cellular and/or soft tissue preservation by demineralization.

Citation Specimen Number Taxon Age Formation Rock Type

Barker et al. [34] PAS11-02 Cetacea indet. Miocene Pungo
River Unconsolidated Silt and Clay

Barker et al. [34] PAS11-03 Cetacea indet. Miocene Pungo
River Unconsolidated Silt and Clay

Barker et al. [34] PAS11-01 Cetacea indet. Miocene Calvert Unconsolidated
Silt and Clay

Barker et al. [34] PAS11-04 Dugongidae indet. Miocene Torreya Unconsolidated Silt and Clay

Cadena and
Schweitzer [35] CCMFC01 Pelomedusoides

indet. Paleogene Los
Cuervos Sandstone

Lindgren et al. [6] IRSNB 1624 Prognathodon Cretaceous Ciply Phosphatic Chalk

Macauley et al. [36] RU-CAL-00001 Testudines indet. Miocene Calvert Unconsolidated Silt and Clay

Schweitzer et al. [3] WCBa-20 Balaenoptera Miocene Pisco Mudstone

Surmik et al. [16] WNoZ/s/7/166 Nothosaurus Triassic Gogolin Limestone

Surmik et al. [16] SUT-MG/F/Tvert/15 Nothosaurus Triassic Gogolin Limestone

Surmik et al. [16] SUT-MG/F/Tvert/2 Protanystropheus Triassic Gogolin Limestone

Wiemann et al. [10] YPM 656 Crocodylia indet. Cretaceous Navesink Unconsolidated Greensand

Wiemann et al. [10] YMP VP 059362 Ichthyosaurus Jurassic Posidonia
Shale Mudstone

2. Materials and Methods

2.1. Materials

Fossil specimens examined herein were collected from the Hornerstown Formation
between 2011 and 2019; most were collected as part of a systematic grid excavation of the
MFL [37]. In the field, all but one sample (Thoracosaurus scute RU-EFP-00006-8, drawn
from collections) were set aside immediately after discovery for molecular analyses by
wrapping each in sterilized aluminum foil and placing them in autoclave-sterilized mason
jars with silica gel desiccant beads. Collection was performed while wearing nitrile gloves
to limit contamination, and specimens were stored in climate-controlled buildings, thus
minimizing temperature and humidity fluxes after collection. Sediment that was adjacent
to, but not in contact with, each fossil was collected for use as a negative control and
stored as above. To avoid the possibility that glue residues could be mistaken for biological
structures, no glues or stabilizing agents were used during either excavation or preparation
of specimens. Eight specimens were recovered from the MFL and two were recovered
from the upper Hornerstown Formation. Taxonomically, the specimens derive from the
turtles Euclastes, Taphrosyphs, and two other unidentified turtles, the gavialoid crocodilian
Thoracosaurus, and another unidentified crocodilian. Further details about each specimen
are provided in Table 2.
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Table 2. An overview of the 12 samples analyzed in this study. Abbreviation: Fm = Formation.

Specimen
RU-EFP-#

Taxon Element
Source
Hori-

zon/Fm

Osteocyte
Recovery

Vessel
Recovery

Fibrous
Matrix

Recovery
Color

Histology
Assessed

00002-2 Taphrosphys Peripheral MFL Abundant Frequent Frequent Thin Light
Rim Yes

00006-8 Thoracosaurus Scute MFL Frequent Absent Rare Thin Light
Rim Yes

00006-11 Thoracosaurus Femur MFL Abundant Rare Uncommon Thin Light
Rim Yes

00018 Euclastes Costal MFL Abundant Absent Absent Dark Yes

00030-1 Crocodylia
Indet. Tibia MFL Absent Absent Absent Light Yes

00030-2 Crocodylia
Indet. Humerus MFL Rare Absent Absent Medium

Color No

02175 Taphrosphys Peripheral MFL Rare Absent Absent Light Yes

02222 Taphrosphys Costal MFL Abundant Absent Absent Dark Yes

02245
Pan- Che-
loniidae

Indet.
Peripheral MFL Rare Absent Absent Thin Light

Rim Yes

02295 Testudines
Indet. Femur MFL Abundant Absent Absent Dark No

04161-8 Testudines
Indet. Zeugopodial Hornerstown Abundant Rare Uncommon Dark No

04162 Taphrosphys Costal Hornerstown Abundant Absent Absent Dark No

# represents the generic place holder for the numbers above.

Specimen RU-EFP-00006 is a partially articulated skeleton of Thoracosaurus neocesarien-
sis. The right femur (Figure 1A) was chosen to analyze for collagen I remnants because this
bone is generally well-preserved in terms of gross morphology (Figure S1). Additionally,
being a large limb bone, it possesses a greater amount of cortical tissue for analyses. These
attributes imply this fossil could be a favorable candidate for molecular retention [25,38,39].
Stylopodial and zeugopodial elements of a juvenile American alligator (Alligator mississippi-
ensis) served as a modern positive control for biomolecular assays (see Supp for treatment
of extant bones prior to analyses below). Both modern and fossil molecular analyses were
conducted with solely cortical tissue.

2.2. Methods

All fossil analyses were performed in a permanently dedicated, fossil-only laboratory
at North Carolina State University (NCSU; see Schroeter et al. [24] for additional details on
lab sterilization protocols). For the biomolecular analyses, modern control trials were con-
ducted in a separate lab at NCSU. Over the duration of this project, demineralization was
carried out by separate project personnel in three separate labs: one sample (Thoracosaurus
femur RU-EFP-00006-11) was demineralized at NCSU, seven samples were demineralized
in a designated, sterilized, fossil-only chemical fume hood at Drexel University, and four
were demineralized in a similarly dedicated, sterilized chemical fume hood at Rowan
University. Negative controls, which included buffer-only solutions and sediments dem-
ineralized and/or co-extracted in the same reagents, were evaluated in tandem with the
fossil for all assays. For immunoassays, specificity controls were also conducted (see below).
Procedures for all controls and modern/fossil samples were performed in exactly the same
manner unless otherwise noted. Three replicates were completed of each assay.
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Figure 1. Thin sections of specimens used for demineralization illustrate the varying degrees of
bone microstructure preservation. (A) Thoracosaurus femur (RU-EFP-00006-11) femur showing well-
preserved bone microstructure including Sharpey’s fibers (Histologic Index [HI] = 5). (B) Indeter-
minate crocodilian tibia (RU-EFP-00030) showing little bone microstructure preserved (HI = 1). (C)
Euclastes costal prong (RU-EFP-00018) showing excellent preservation (HI = 5). (D) Taphrosphys
peripheral (RU-EFP-02175) showed very poorly preserved microstructure (HI in this region = 1;
HI for the entire thin section = 2). (E) Indet. Pan-Cheloniid peripheral (RU-EFP-02245) showed
well preserved internal cortex but a highly altered outer cortex (HI = 4). (F) Juvenile Taphrosphys
costal (RU-EFP-02222) with well-preserved microstructure (HI of this region and the entire thin
section = 4–5). White arrows indicate vascular canals, yellow arrows indicate lines of arrested growth,
and blue arrows indicate primary osteons. The red bracket corresponds to external rims of light color
and poor histological integrity.

Collagen I, a structural protein abundant in bone tissue, was selected as the primary
target for biomolecular investigation in this study because of its high preservation potential.
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Many factors contribute to this high preservation potential, including: (1) that it is the most
abundant protein in bone [40–43]; (2) its primary, secondary, and tertiary structures make it
highly stable [25,44,45] and resistant to many proteases [46], and (3) its intimate association
with hydroxyapatite crystallites within the tissue structure of bone, (e.g., [25,40,41,47,48]).

2.2.1. Histology

Standard petrographic thin sections were prepared for histological analysis (see [49]).
Histological analysis was performed on eight of the twelve specimens that were dem-
ineralized (three crocodilian and five turtle samples; see Table 2 for specimen specifics)
to acquire a representative dataset of histological variability among specimens from EFP.
Bone fragments were embedded in Silmar 41 resin (U.S. Composites), thick sectioned, and
mounted to frosted glass slides with Loctite® Heavy Duty 60 Minute epoxy (Westlake, OH,
USA). Thin sections were then ground to an appropriate thickness (~100 μm) and polished.
The Histological Index (HI) of Hedges and Millard [42] was used to qualify the degree of
microstructural preservation.

2.2.2. X-ray Diffraction (XRD)

XRD analyses were conducted using a Phillips X’Pert diffractometer (#DY1738) at
the Department of Earth and Environmental Science at the University of Pennsylvania.
Approximately 1–2 g of two fossil bone samples (one light tan, one dark purple-brown)
and Hornerstown Formation sediment were each mechanically powderized to less than
10 μm in a SPEX tungsten carbide Mixer-Mills (model #8000). Each powdered sample was
then loaded into a sample holder and analyzed using Cu Kα radiation (λ = 1.54178A◦) and
operating at 45 kV and 40 mA. Diffraction patterns were measured from 5–75◦ 2θ with a
step size of 0.017◦ 2θ and 1.3 s per step (=0.77 degrees per minute). Phillips proprietary
software HighScore Plus v. 3.0e was used to interpret the resulting diffraction patterns.

2.2.3. Demineralization

A roughly 0.5 cm3 fragment of each fossil was initially submerged in 0.5 M disodium
ethylenediaminetetraacetic acid (EDTA) to chelate calcium. This solution was changed
every other day for approximately four weeks, then weekly for another 1–2 months, as
needed. In some cases, demineralization of fossils from this locality was found to occur
at a drastically slower rate than we have previously encountered for other similarly aged
specimens, including others from marine sediments [11,34,36]. After 1–2 months in EDTA, if
demineralization was still mostly ineffective, then as necessary samples were demineralized
by acid dissolution in 0.2 M or 0.5 M hydrochloric acid (HCl) for several days to two weeks,
with solution changes made every 1–2 days, depending on the resilience of the fossil bone
matrix. Demineralization products were transferred to glass slides and visualized using
a Zeiss Stemi 2000-C reflected light microscope (Oberkochen, Germany) with a linked
AxioCam 506 camera (Zeiss, Oberkochen, Germany). Abundances of osteocytes, vessels,
and fibrous matrix fragments from each specimen were assigned to five relative categories
based on Ullmann et al. [11]: absent, rare, uncommon, frequent, and abundant. Modern
alligator and Hornerstown Formation sediment samples were also demineralized following
the same procedures, to serve as positive and negative controls, respectively.

2.2.4. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray
Spectroscopy (EDX)

Osteocytes isolated by demineralization in 0.2 M HCl from RU-EFP-00006-11 were
collected using a 1 μm filter (Millipore), which was then placed on an aluminum stub
and allowed to dry. The resulting uncoated sample was imaged using a field emission-
scanning electron microscope (FE-SEM Zeiss Supra 50VP, Oberkochen, Germany) at Drexel
University, operating at a working distance of 6.6 mm and at an accelerating voltage of 1 kV.
Elemental spot analyses were collected as a standardless assay using a coupled Oxford
model 7430 EDS INCAx microanalyzer (Oxford Instruments, Abingdon, UK).
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2.2.5. Protein Extraction

Herein, we used the same protein extraction protocol as Ullmann et al. [20]. In brief,
ground bone and sediments, along with a buffer/“blank” control of only the extraction
solutions, were each separately extracted with 0.6 M HCl. The resulting supernatants were
collected (here called the “HCl fraction”), then the remaining pellet was incubated in 0.05 M
ammonium bicarbonate (AMBIC). The resulting supernatants were then also collected
(here called the “AMBIC fraction”). HCl fractions were precipitated with trichloroacetic
acid (TCA) to form pellets, which were then allowed to dry in a laminar flow hood.
AMBIC fractions were dried in a speed vacuum. Samples were stored at either 4 ◦C,
−20 ◦C, or −80 ◦C depending on the length of time until analysis. Concentrations are
reported based on amounts of pre-extracted bone rather than absolute masses because
post-extraction yields from this protocol contain salts from extraction buffers in addition to
varying amounts of protein [50]. Fresh Alligator cortical bone was extracted in the same
manner as the fossil using the same reagents and the same protocol, but in a separate lab
at NCSU.

2.2.6. Polyacrylamide Gel Electrophoresis (PAGE) with Silver-Staining

To test for the presence of organics within the extracts from Thoracosaurus femur RU-
EFP-00006-11, we followed the silver-staining protocols of Zheng and Schweitzer [51], as
also detailed in Ullmann et al. [20], but without treatment with the iron chelator pyridoxal
isonicotinic hydrazide as it was not found to be necessary (refer to the Supplementary
Materials for details).

2.2.7. Enzyme-Linked Immunosorbant Assay (ELISA)

Herein, we used the same ELISA protocol as Ullmann et al. [20]. This included plating
of AMBIC extracts at a concentration equivalent to 200 mg of pre-extracted bone per
well, blocking of non-specific binding, and incubation with rabbit anti-Alligator purified-
skin collagen antibodies. Extracts from an extant Alligator were analyzed using the same
protocols (in a separate lab at NCSU) as a modern control (see the Supplementary Materials
for further details).

2.2.8. Immunofluorescence

We followed the fossil tissue embedding and immunofluorescence procedures of
Schweitzer et al. [4,15], which are detailed in Zheng and Schweitzer [51]. This included
embedding of RU-EFP-00006-11 demineralization products in LR WhiteTM resin (Electron
Microscopy Sciences, Hatfield, PA, USA), gathering of 200 nm sections with an ultrami-
crotome, and incubation with rabbit anti-chicken collagen I antibodies. Inhibition and
collagenase digestion specificity controls, as well as a modern Alligator control, were also
conducted (see the Supplementary Materials for further details).

3. Results

3.1. Histology

Histological investigation of the eight sectioned specimens revealed variable preserva-
tion of original bone microstructure among and within samples. The gross morphology of
all fossil specimens examined herein is well preserved. However, the external surface of
nearly half of the specimens is light in color while that of the other half is dark (Table 2).
Variation in color even occurs among bones of the same individuals, such as crocodile
RU-EFP-00030 (Table 2). Areas of disrupted microstructure correspond to areas of bone
that are light in color under gross morphological investigation, which comprise varying
amounts of the total bone thickness/volume (see below). This light alteration is common in
fossil bones from this locality and has been previously noted by others ([52]). In long bones,
these areas of discoloration occur on the outer cortical layer, (e.g., Thoracosaurus femur
RU-EFP-00006-11; Figure 2) or extend the entire way across the cortex, (e.g., crocodile tibia
RU-EFP-00030-1). Tabular-shaped bones exhibit the same pattern of surficial discoloration
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and disrupted microstructure; as in long bones, these alteration effects may be restricted to
near the cortical margin, (e.g., Thoracosaurus scute RU-EFP-00006-8) or pervasive through
the entire cross-section of a specimen, (e.g., Taphrosphys peripheral RU-EFP-02175). Within
these discolored regions, occasional Wedel tunnels are present and the original microstruc-
ture is completely or almost completely obliterated, (e.g., Figure 1B,D). In contrast, the
darker-colored areas of fossil bones exhibit well-preserved microstructure, with primary
and secondary osteons, lines of arrested growth, and osteocyte lacunae clearly visible, (e.g.,
Figure 1A,C,F).

 

Figure 2. Examples of the two bone colors observed in specimens from EFP: an outer rim of light-
colored bone (indicated by red brackets) and a darker interior. (A) Hand sample of a bone fragment
from EFP. Note the light-coloration of the lower surface of the bone (directly above the scale bar). (B,C)
Thoracosaurus neocesariensis femur (RU-EFP-00006-11) in (B) thick section and (C) thin section. Images
(B,C) are not from the same position along the circumference of this bone, and the light-colored rim
is not a consistent thickness along the entire circumference. Scale bars as indicated.

The microstructure of RU-EFP-00006-11 is well preserved (HI = 5) except for its
outermost 50–250 μm (Figures 1A and 2). In this outer rim, the bone is light in color and
the microstructure is completely obliterated (HI = 0). A few Wedl tunnels extend from this
poorly preserved rim into the underlying, darker, better-preserved cortex (Figure S2A). The
rest of the 5 mm of total cortical thickness is dark in color and well-preserved histologically.
The outer cortex is composed of lamellar-zonal bone with at least 17 lines of arrested
growth present. The innermost cortex is composed of compact coarse-cancellous bone.
Osteocyte lacunae with short branching canaliculi are visible throughout the dark regions
of the cortex. Small, longitudinal vascular canals are also present and in some instances are
partially infilled with authigenic gypsum and pyrite.

Microstructure preservation among specimens varied, with some being well preserved,
(e.g., RU-EFP-00006-11) and others poorly preserved (HI = 1 or 2). Preservation at the
microscopic level does not correlate with macroscopic preservation, (i.e., well-preserved
gross morphology does not always equate to high histologic integrity) or cortical thickness
of a specimen. Specimens RU-EFP-02245, RU-EFP-00006-8, and RU-EFP-00002-2 exhibit
a thin rim of this lighter, histologically degraded bone. In these specimens, as in RU-
EFP-00006-11, the remainder of the cortex is dark in color and retains high histologic
integrity. In contrast, crocodile tibia RU-EFP-00030-1 and Taphrosphys peripheral RU-EFP-
02175 are entirely light in color with poor microstructure throughout, including large
areas of bone tissue that appear completely obliterated by microbial destructions (possibly
microscopical focal destructions [MFDs]; Figure S2B; [53]). These alterations are invisible
to the naked eye; the gross morphology of RU-EFP-00030-1 is well-preserved with little
evidence of bioerosion or damage to the periosteal surface to indicate its microstructure
is destroyed. Histological analysis has yet to be conducted on crocodile humerus RU-
EFP-00030-2, but thick sections of this bone (made for another study) exhibit an overall
moderate level of discoloration between that of the light bone with poor microstructures
and dark well-preserved bone seen in other specimens. This is in contrast to the costal
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prong of RU-EFP-00018, which is dark throughout even though it has a very thin external
cortex and an expansive cancellous region.

3.2. X-ray Diffraction

The diffractogram of a sample of RU-EFP-00006-11 identifies it to be composed of
fluorapatite (Figure 3A), indicating it has been minorly altered from its original hydroxya-
patite composition. Based on these results, combined with the generally well-preserved
gross morphology and histology of RU-EFP-00006-11 and its production of relatively abun-
dant demineralization products, we hypothesized that this specimen could be a favorable
candidate for biomolecular analyses. The diffractogram of a light-colored, indeterminate
crocodilian bone fragment from the upper Hornerstown Formation reveals that altered
bone is also composed of fluorapatite. Both bone samples were distinct from Hornerstown
Formation sediments, which were identified as glauconite.

Figure 3. Mineralogical analysis of sediment, dark bone, and light bone samples from EFP and SEM-
EDS of a structure morphologically consistent with an osteocyte from RU-EFP-00006-11. (A) Diffrac-
togram of XRD results showing distinct differences between the sediment and fossils, which were
identified as glauconite and fluorapatite, respectively; (B) SEM micrograph of a structure morpholog-
ically consistent with an osteocyte; (C) EDS spectrum from center of osteocyte (square area) in (B).
The large peak surrounding 0 keV is an artifact of the very low count rates from the osteocyte. Scale
bar 4 μm in (B).
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3.3. Demineralization

A few bone fragments, (e.g., RU-EFP-00002-2) were demineralized within a month
in EDTA, but most remained relatively hard and brittle after six weeks and required
further treatment in HCl before they could be imaged. In general, light-colored bone
fragments demineralized more quickly than darker bone fragments and would develop a
comparatively more granular and crumbly texture early in the process of breaking down
(Figure S3B). Both demineralizations with EDTA and HCl yielded structures morphologi-
cally consistent with osteocytes, vessels, and fibrous matrix. Although further molecular
testing is needed to confirm that these structures represent original cells/tissues, we here-
after refer to them as osteocytes and vessels for brevity. Our antibody assays identified the
presence of endogenous collagen I in pieces of fibrous matrix (see below), supporting the
endogenous nature of these tissue fragments. Osteocytes were observed fully embedded,
partially isolated, or fully isolated from mineralized bone matrix. No sediment samples
yielded any structures morphologically consistent with vertebrate cells or tissues; only,
small, subrounded to angular glauconite and quartz grains were observed (Figure S3A).
Several forms of osteocytes were recovered from fossil bone samples, varying in both
cell body shape and complexity of branching of filopodia (Figure 4I–L). Morphologically,
these osteocytes correspond to the stellate and flattened oblate morphologies as defined
by Cadena and Schweitzer [27]. All morphotypes retain filopodia, some of which possess
tertiary, quaternary, or even more ramifications in better preserved specimens, as present
in osteocytes isolated from modern bone (Figure 4A). Most recovered “osteocytes” were
red-brown in color, (e.g., Figure 4I–L), but a few samples, (e.g., RU-EFP-02175, RU-EFP-
04161-8) yielded primarily dark brown to black osteocytes (from both EDTA and HCl
demineralization, e.g., Figure S3C).

Following the qualitative categories of Ullmann et al. [11], seven of the twelve dem-
ineralized fossils produced Abundant osteocytes, and RU-EFP-00006-8 produced Frequent
osteocytes. In the four remaining samples, three (RU-EFP-00030-2, RU-EFP-02175, and RU-
EFP-02245) produced only rare osteocytes, and osteocytes were absent in RU-EFP-00030-1.
In fact, RU-EFP-00030-1 did not yield any cellular or soft tissue microstructures (osteocytes,
vessels, or fibrous matrix). Among all the specimens tested, only three (RU-EFP-00006-11,
RU-EFP-04161-8, and RU-EFP-00002-2) yielded vessels, ranging from ~20–50 μm in diam-
eter, and in all three cases their recovery was either frequent or rare. These same three
specimens, as well as RU-EFP-00006-8, also yielded frequent to the rare fibrous matrix.
Unlike many EFP samples, RU-EFP-00006-11 yielded all three types of microstructures.
The fibrous matrix was more plentiful when this bone was demineralized with HCl, but
both HCl and EDTA yielded only a few vessels.

3.4. Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy

SEM of microfiltered RU-EFP-00006-11 demineralization products revealed three-
dimensional osteocytes with rough, fibrous surface texture over each cell body and short,
branching filopodia (Figure 3B). Broken bases of filopodia appeared to exhibit brittle frac-
tures and solid cross sections (not hollow). Regarding surface texture, similar rough,
crisscrossing grooves on the surface of isolated osteocytes have previously been attributed
to either the impression of collagen fibrils or microbial degradation [8,11,54]. EDX spot anal-
yses found these microstructures to be composed of oxygen, iron, and carbon (Figure 3C),
similar to the results of many other EDX studies of fossil bone demineralization products,
(e.g., [8,11,55]. Under SEM, osteocytes from RU-EFP-00006-11 are indistinguishable from
those of extant reptiles, (e.g., [27,56]).

412



Biology 2022, 11, 1161

 

Figure 4. Modern and fossil demineralization products. (A) Modern American alligator osteocyte.
(B) Alligator blood vessels. (C) Alligator collagen matrix. (D,E) Thoracosaurus (RU-EFP-00006-11)
blood vessels. (F) Taphrosphys (RU-EFP-00002-2) blood vessel. (G) Thoracosaurus (RU-EFP-00006-8)
collagen matrix. (H) Taphrosphys (RU-EFP-00002-2) collagen matrix. (I) Taphrosphys (RU-EFP-02222)
stellate osteocyte. (J) Testudines indet. (RU-EFP-04161-8) stellate osteocyte. (K) Taphrosphys (RU-EFP-
04162) flattened oblate osteocyte. (L) Euclastes (RU-EFP-00018) flattened oblate osteocyte.

3.5. Polyacrylamide Gel Electrophoresis with Silver-Staining

After electrophoresis, the movement of the AMBIC fossil sample through the gel
colored the lanes a light yellow-brown (Figure 5A) prior to the application of chemical
staining. Incubation in fixing solution (50% methanol) reduced but did not eliminate this
“pre-staining” coloration (see Supplementary Materials). Despite this, a drastic increase
in color intensity was readily apparent across the entire examined a range of molecular
weights after silver-staining (Figure 5B), indicating the presence of organics within the
fossil bone AMBIC extracts. “Pre-staining” coloration was decreased by resuspending the
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portion of the bone pellet that did not dissolve into the solution used for the fossil lane
and adding it as a second sample in another lane. Resuspended bone pellet lanes exhibited
little to no “pre-staining” and a clear increase in signal intensity after development with
silver nitrate (Figure 5A,B), again indicative of the presence of organics within this sample.

 

Figure 5. Polyacrylamide gel electrophoresis (PAGE) with silver-staining of fossil and modern
samples. (A) PAGE of fossil samples prior to silver-staining, exhibiting pre-staining in the fossil
bone lane. Fossil samples were loaded at 50mg of pre-extracted bone per lane; (B) same gel as (A)
after development with silver nitrate. Both fossil sample lanes exhibit increased staining, whereas
no binding is visible in sediment, Laemmli buffer, and extraction blank lanes; (C) silver-staining of
modern Alligator samples, loaded at 20 μg/lane.

Extraction buffer blanks and Laemmli buffer controls exhibited no staining. Sediment
controls exhibited weak “post-development” staining (after incubation with silver nitrate)
only at the highest and lowest molecular weights examined (Figure 5). In a subset of
replicates, sediment lanes exhibited a faint band near 50 kDa; no banding or increase
in staining was discernible in any fossil or other control lane at this molecular weight,
indicating it represents a type(s) of organics present only within the sediment controls.
In separate gels, modern Alligator extracts imparted no “pre-staining” and yielded clear,
distinct banding patterns with minimal smearing after development via silver staining
(Figure 5C).

3.6. Enzyme-Linked Immunosorbent Assay

In all replicates, a positive signal for collagen I was identified in fossil AMBIC extracts
by absorbance readings well over twice the background, (e.g., [57,58]). At 240 min, AMBIC
extracts of RU-EFP-00006-11 reached an absorbance of 0.855 (Figure 6). At this same time
point, sediment and extraction blank controls exhibited negligible absorbance. In all time
point readings, the signal from the fossil bone was at least an order of magnitude higher
than in all the negative controls. RU-EFP-00006-11 AMBIC extracts exhibited a significantly
reduced signal relative to modern Alligator AMBIC extracts, which reached saturation (2.85)
at ~150 min (Figure S4). At this same time point in the best replicate, the Thoracosaurus
AMBIC sample reached an absorbance of 0.53.
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Figure 6. Enzyme-linked immunosorbent assay results of fossil and sediment chemical extracts.
Extraction buffers were also run as a negative control to test for contaminants. Fossil and sediment
samples were loaded at 200 mg of pre-extracted weight. Blue columns represent absorbance at 405 nm
at 240 min, with incubation in anti-chicken collagen I antibodies at a concentration of 1:400. Yellow
columns represent the absorbance of the secondary-only controls for each sample. The fossil bone
sample is over three times its secondary control and the sediment and extraction blank show low
absorbance, indicating that they are not a source for the positive signal in the fossil sample. Error
bars represent one standard deviation of the mean absorbance of each sample.

3.7. Immunofluorescence

Fossil demineralization products reacted positively with polyclonal anti-chicken colla-
gen I antibodies. Fluorescence was only observed in primary antibody-incubated tissue
sections and was well above the negligible background fluorescence of secondary-only
controls (Figure 7A–C). Fluorescence was restricted to tissue pieces, appearing morpho-
logically as a spotty pattern. Specificity controls show decreased to essentially no signal
when primary antibodies were inhibited prior to incubation (a control for non-specific
paratopes in the polyclonal primary antibodies; Figure 7D) and when tissue sections were
digested with collagenase A for 3–6 h prior to exposure to primary antibodies (a control for
non-specific binding of the primary antibodies to molecules other than the target protein;
Figure 7E). As also found by Schroeter [59] and Ullmann et al. [20], and references therein),
digestion with collagenase A for 1 h initially increased signal slightly.

Unexpectedly, modern Alligator bone demineralized with HCl exhibited relatively
dimmer fluorescence than previous Alligator samples demineralized with EDTA and treated
with the same primary antibodies (Figure 7F–H; cf. [59], Figure 4D). The expected binding
pattern, showing visible bone tissue structures, (e.g., Haversian systems), also appeared
patchier than has been observed in previous studies using this antibody (cf. [59], Figure 4D).
This patchy binding obliterated most Haversian systems and other recognizable histologic
features, leaving instead an irregular fluorescence pattern (Figure 7G,H) somewhat similar
to that observed in the fossil Thoracosaurus bone (Figure 7B,C). However, despite these
apparent artifacts of protocol-induced degradation (see Discussion), the modern Alligator
tissue sections still exhibited stronger fluorescence than did the fossil samples. Inhibition
and digestion controls for the modern samples (see Supplementary Materials), also each
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dramatically diminished the signal (including after only 1 h of digestion; Figure 7I,J),
confirming the specificity of antibody binding in our assays.

Figure 7. In situ immunofluorescence results for fossil and modern Alligator samples. All sections
imaged at 200 ms exposure. (A,F) Secondary only negative-control tissue sections never exposed to
primary antibodies; (B,G) tissue sections incubated with anti-chicken collagen I antibodies at 1:40
concentration; (C,H) overlays of fluorescence images in (B,G) on light microscope images, showing
localization of fluorescence to tissue within sections (fluorescence shown as green coloration); (D,I)
tissue sections treated with the same anti-chicken antibodies but exposed to Alligator collagen prior
to incubation with sections (“inhibition control”); (E,J) tissues sections incubated with collagenase
for 3 h prior to incubations with the same primary antibodies. Negative controls and specificity
controls exhibit reduced or absent signals, indicating a lack of spurious binding and the presence of
endogenous collagen I in each bone sample. Scale bars as indicated.

4. Discussion

Our findings cumulatively support the recovery of endogenous soft tissues and
biomolecules from 63–66-million-year-old vertebrate fossils from EFP. As osteocytes were
found only in fossil samples and still embedded within bony tissues, it is parsimonious
to infer that these structures originated from the fossil material and not the environment.
Additionally, multiple assays found only fossil samples to yield organics that reacted
positively with antibodies raised against Alligator and chicken collagen I. Therefore, the
unique depositional environment recorded by sediments of the Hornerstown Formation is
the latest in the expanding list of paleoenvironmental settings shown to allow molecular
preservation over geologic time.

Wiemann et al. [10] previously demineralized a vertebra from an indeterminate
crocodilian (YPM 656) that was collected from the Navesink Formation, which under-
lies the Hornerstown Formation. In stark contrast to our results, demineralization of YPM
656 failed to yield any cells or soft tissues [10]. There are several possible reasons for this
difference. No vertebrae were analyzed in the present study, but even the cancellous turtle
shell bones examined herein yielded demineralization products (Table 2), implying that it
is unlikely that factors related to skeletal element type alone could account for the lack of
recovery of soft tissues from YPM 656 [10]. Although the Navesink Formation also contains
iron-rich glauconite, it is in a lower percentage than the Hornerstown Formation [30]. It is
thus possible that sediments of the Navesink Formation did not form as conducive of a
diagenetic environment for molecular preservation as those of the Hornerstown Formation
(cf., [33]). It is also possible that, as observed in the disparity of microstructural preservation
between light and dark fossils recovered from the Hornerstown Formation, preservation in
the Navesink may be variable as well. Histological examination of YPM 656 may show that
its microstructure was poorly preserved despite its intact gross morphology, similar to the
light tan fossils of the Hornerstown Formation that also often failed to yield demineraliza-
tion products herein (Table 2). Additionally, Wiemann et al. [10] acquired their sample from
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collections, meaning it was not collected fresh for the purposes of paleomolecular analyses.
Though historical specimens in collections have yielded results, (e.g., [6]), it has been previ-
ously suggested that fresh samples yield better soft tissue and biomolecular recovery ([60]
and references therein). However, at this time, it is not possible to concretely resolve which
of these processes are responsible for the lack of recovery reported by Wiemann et al. [10].

At EFP, the majority of the Hornerstown Formation currently lies below the natural
water table, (e.g., the MFL is positioned ~20 ft beneath it), and studies of regional sequence
stratigraphy [61] imply that fossils within the Hornerstown Formation at this locality
have likely spent tens of millions of years under saturated conditions. Despite this, we
successfully recovered cells and soft tissues from numerous MFL fossils and collagen I
from RU-EFP-00006-11. Thus, our findings corroborate other recent studies [3,6,10,16,35]
which refute the traditional hypothesis that marine paleoenvironments are inconducive to
biomolecular preservation due to hydrolysis caused by constant exposure to water [25,26].
As iron is hypothesized to aid in molecular preservation in many cases [3,32,33], it is
possible that the high concentration of glauconite, a mineral rich in iron, aided in the
preservation of these endogenous organics, (e.g., via iron free radical-induced molecular
crosslinking [33]). It is also possible that the presence of abundant dissolved iron was
responsible for some of the analytical challenges encountered herein (see below). Other
authors [62] have alternatively suggested that iron may precipitate around cells and other
soft tissue microstructures preserved via other pathways during early diagenesis, (e.g.,
alumino-silicification), forming a mineralized coating later in diagenesis. At this time, there
is no evidence that these preservation pathways are mutually exclusive; indeed, at some
localities, (e.g., [62]) both may contribute to long-term preservation at the molecular level.

4.1. Overall Preservation

Our histological analyses found light bone to be heavily degraded, having largely lost
its original microstructure (HI = 0–2). This histologic alteration appears responsible for
light bones yielding few cells and soft tissues upon demineralization (Table 2). For example,
the only specimen to not yield any soft tissue products (crocodile tibia RU-EFP-00030-1)
is entirely light in cross-section. The other specimen with this condition (Taphrosphys
peripheral RU-EFP-02175) only yielded rare osteocytes, and crocodile humerus RU-EFP-
00030-2 also only yielded rare osteocytes likely because it appears to be preserved in a state
of partial degradation. Additionally, when present, the osteocytes recovered from light
bones were typically poorly preserved, (i.e., with only short, stubby filopodia) compared to
those from dark bones retaining well-preserved histology (HI = 4–5), which more frequently
retain long, branching filopodia with multiple ramifications. The only other specimen to
yield rare osteocytes (and no vessels or fibrous matrix) was turtle peripheral RU-EFP-02245.
Although this specimen only exhibits a thin external rim of light bone, it is primarily
composed of highly porous cancellous bone; its accordingly low volume of bone material
may have reduced the chances of recovering soft tissues from this specimen, regardless of
its level of preservation. All other specimens with a thin layer of light bone or composed
entirely of dark bone yielded a consistently greater recovery of cellular and soft-tissue
microstructures (Table 2).

Based on our results, there appears to be no association (for these 12 specimens) be-
tween soft tissue preservation and either taxon, skeletal element, quality of macroscopic
preservation, cortical thickness, or bone tissue type, (i.e., cortical vs. cancellous bone). Of
the limb bones sampled, only two yielded abundant cellular and soft tissue microstructures
even though all are well-preserved at the gross-morphology level. At this locality, and
based on current information, the best predictor of histologic and soft tissue preservation
appears to be bone color: bone tissues that are dark are histologically well-preserved
bones and generally yield far greater soft tissue recovery upon demineralization. A cor-
relation between morphologic quality and molecular preservation has been suggested
previously [25,38,39,63,64], and our results further support this hypothesis. However, it
remains unclear what is causing differential degradation among bones preserved within
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the same probable mass death assemblage [28,30] in the same horizon of the same geologic
stratum. It is possible that the light degradation is a late-diagenetic artifact resulting from
the modern acidic groundwater of southern New Jersey. Alternatively, these regions of
poorly preserved histology within bone could result from microbial activity, as suggested
by the presence in some specimens of potential MFDs and Wedl tunnels extending from the
light outer layer into the underlying, better-preserved portions of dark bone (cf., [65–67]).
This taphonomic question is currently under investigation as part of a separate study.

4.2. Soft Tissue Preservation

Demineralization in EDTA in this study proceeded more slowly and generally yielded
fewer microstructures than from other similarly aged fossil bones we have tested [11,59].
Slow demineralization in EDTA was also found by Norris et al. [68] for a Permian Dimetrodon
bone. As in our study, these authors were able to successfully demineralize their specimen
in a solution containing HCl. The cause of such cases of slow demineralization in EDTA
remains unknown. Powder XRD analyses identified RU-EFP-00006-11 as being primarily
composed of fluorapatite (Figure 3A), indicating that micro-scale permineralization by
secondary mineral phases containing non-divalent cations, (e.g., iron oxides with Fe3+ ions
or quartz with Si4+ ions) which cannot be chelated by EDTA is an unlikely explanation.
It is possible that significant substitution of trivalent cations for divalent Ca2+ ions in
bone apatite could hinder the demineralization process (as EDTA only chelates divalent
cations; [50]), but further analyses, (e.g., trace element analyses) would be required to evalu-
ate this potential cause. HCl provides harsher, more acidic conditions for demineralization;
therefore, demineralization trials employing this solution required significantly less time
and yielded a greater recovery of soft tissues. However, as HCl incubation is also a step in
our protein extraction protocol (see Supplementary Materials), incubation of fossil bone
fragments in this acid may result in solubilization of proteins and other biomolecules which
lack divalent cations. Although microstructures isolated by demineralization with HCl did
not appear under transmitted light to visually differ from those recovered using EDTA, the
effects of HCL versus EDTA demineralization warrants further investigation.

Osteocytes were the most abundant microstructures recovered from our EFP speci-
mens. The common lack of recovery of microstructure morphologically consistent with
blood vessels, at least in our crocodilian samples, may be due to the rarity of vessels in
the original cortical/cancellous bone tissue. The cortex in modern crocodilians is not as
vascular as that of non-avian dinosaurs [69–71] or modern birds; as a result, fossil crocodile
bone would not be expected to yield as many structures morphologically consistent with
vessels as would dinosaur bone. It should also be noted that although the external cortex of
femur RU-EFP-00006-11 has been perforated by occasional Wedl tunnels, the vessel struc-
tures we recovered do not appear to represent biofilm coatings of these tunnels because
they retained their structure after demineralization, and each possess a clear lumen [72].
Low recovery of the fibrous matrix may relate to the depositional environment, but more
testing would be required to elucidate such a causal connection.

4.3. Biomolecular Preservation

Taken together, our molecular assays support the conclusion that the soft tissues and
collagen I recovered from this specimen are endogenous. Though a PAGE with silver-stain
assay is not a specific test for collagen I or proteins, it can identify the presence and molecu-
lar weights of organic compounds in a sample, making it an informative screening assay
for paleomolecular studies [4,20,73]. Both fossil AMBIC extract lanes showed a distinct
increase in coloration after silver-staining, whereas all negative control lanes (sediment,
extraction blank, and Laemmli buffer) exhibited little to no coloration (Figure 5A,B). How-
ever, the prestaining of the gel likely points to diagenetic humic substances being present
in this sample [74]. Humics can bind silver [75,76], which may have caused the increase
in staining. Though this pattern of silver nitrate binding cannot directly support the pres-
ence of protein in the sample, this pattern does not falsify the presence of protein in this
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fossil (as no staining would). Thus, we continued to analyze this sample with assays of
greater specificity that are not susceptible to humics. As predicted, the modern Alligator
extracts exhibited less smearing and better banding than the fossil extracts (Figure 5C; see
Supplementary Materials for further discussion of our silver-staining results).

Given the recognition of unique, albeit non-specific, organics in RU-EFP-00006-11 by
silver-staining, we next performed ELISA and in situ immunofluorescence as independent
assays to identify if the primary structural protein collagen I was present in both whole-
bone extracts and demineralization products, respectively. These assays complement one
another as ELISA is approximately an order of magnitude more sensitive than immunoflu-
orescence [73,77], whereas immunofluorescence allows in situ localization of epitopes in
native tissues [15,73]. Fossil extracts in ELISA assays yielded well over double the ab-
sorbance of the sediment and extraction buffer controls (Figure 6), supporting the presence
of endogenous collagen I in RU-EFP-00006-11. Negative absorbance values for sediment
and extraction controls indicate these samples were less reactive than the group blank (PBS
only), demonstrating the collagen signal in bone wells is not attributable to these sources of
possible contamination. Additionally, the absorbance values of all samples incubated with
only secondary antibodies were negligible, (i.e., significantly less than twice the absorbance
of the fossil samples incubated with both primary and secondary antibodies), removing
non-specific secondary antibody binding (such as to humic substances) as a cause for the
high positive signal for the fossil bone extracts. Thus, this assay supports the presence of
endogenous collagen I in the femur of this Thoracosaurus.

Modern Alligator tissue samples analyzed by in situ immunofluorescence exhibited
fluorescence when exposed to polyclonal antibodies raised against chicken collagen I
(Figure 7G,H). Together with the reduced signals observed in our specificity controls
(Figure 7I,J; Supplementary Materials), these results agree with those of Schroeter [59] who
concluded that the collagen I epitopes in these two extant archosaurs are conserved enough
in structure to each be recognized by the primary antibodies used herein. Because these
antibodies can successfully detect collagen I in modern Alligator, they were predicted to also
bind to fossil crocodilian collagen I. The fluorescence signal exhibited by the fossil tissues
was lower in intensity compared to the modern Alligator (Figure 7B,C), yet still far brighter
than in secondary-only controls (Figure 7A). Fluorescence in fossil tissue sections decreased
in all specificity controls (Figure 7D,E; Supplementary Materials), again supporting the
specific binding of the primary antibodies to epitopes of collagen I. Both modern and
fossil tissues exhibited patchy binding patterns, possibly due to tissue degradation from
demineralization with HCl or its ability to solubilize proteins (as in our extraction protocol),
as well as decay inherent in fossilization for RU-EFP-00006-11.

5. Conclusions

Our paleomolecular investigations of fossils preserved in the glauconitic, shallow-
marine depositional environment of the Hornerstown Formation at EFP add a unique
paleoenvironment to the growing list of those which have yielded biomolecular and soft
tissue preservation within fossil bones. This depositional environment was rich in iron at
the time of burial and remained rich in iron due to the glauconite-dominated composition
of the sediments and influx of dissolved iron from recent groundwaters. We hypothesize
that this abundant supply of iron may have facilitated soft tissue and biomolecular preser-
vation in these specimens via the free radical-induced crosslinking reactions elucidated by
Boatman et al. [33]. Soft tissues were recovered by demineralization with HCL and EDTA,
though HCL treatments took less time and were required for some samples. Though all
specimens we examined are well-preserved in terms of gross morphology, multiple exhibit
varying amounts of alteration in the form of light tan-colored bone which was found to be
histologically degraded and thus yielded minimal cells and soft tissues upon demineraliza-
tion. Association of poor histological preservation with poor soft tissue recovery is logical,
and it appears that at EFP this alteration may have occurred, at least in part, by microbial
degradation. All biomolecular assays completed on RU-EFP-00006-11 support the presence
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of endogenous collagen I in this Thoracosaurus femur. PAGE with silver-staining exhibited
evidence for organics in this fossil, and ELISA and in situ immunofluorescence results each
independently support retention of collagen I in this specimen. Collectively, our results
and those of previous authors [3,6,10,16,35] support the conclusions of Nielsen-Marsh and
Hedges [78] and Hedges [38] that relatively constant immersion in water may not preclude
endogenous molecular preservation in fossil bones. As a result, there are many additional
paleoenvironments yet to be explored that may preserve endogenous biomolecules and
soft tissues.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/biology11081161/s1, Supplementary Materials narrative: a DOCX Word file including
additional description of methods and continued discussion. Figure S1: Gross morphology of
representative fossil specimens examined herein. Figure S2: Examples of microbial bioerosion in
histologic thin section. Figure S3: Additional demineralization results. Figure S4: Comparison of
enzyme-linked immunosorbent assay results of fossil bone, sediment, and modern Alligator chemical
extracts. References [79–84] are cited in the Supplementary Materials narrative.
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Simple Summary: This study seeks to test the effect of burial/exposure, sediment type, the addition
of feather-degrading microbes, and the addition of minerals on feather preservation, and for the first
time, compares these states in ambient vs. elevated CO2 atmospheres to test the effect of CO2 on
degradation and/or preservation under various depositional settings.

Abstract: The exceptional preservation of feathers in the fossil record has led to a better understand-
ing of both phylogeny and evolution. Here we address factors that may have contributed to the
preservation of feathers in ancient organisms using experimental taphonomy. We show that the
atmospheres of the Mesozoic, known to be elevated in both CO2 and with temperatures above present
levels, may have contributed to the preservation of these soft tissues by facilitating rapid precipitation
of hydroxy- or carbonate hydroxyapatite, thus outpacing natural degradative processes. Data also
support that that microbial degradation was enhanced in elevated CO2, but mineral deposition was
also enhanced, contributing to preservation by stabilizing the organic components of feathers.

Keywords: feather; taphonomy; degradation; keratin; microbes; CO2; apatite; melanin

1. Introduction

Feathers are arguably the most complex integumentary structures in the entire animal
kingdom. The evolutionary origins of feathers are still debated, but growing evidence
from both molecular studies in extinct theropods [1–8] and living birds (e.g., [9–18]), as
well as numerous fossil discoveries of structures morphologically consistent with feathers
(e.g., [4,19–25]) indicate that feathers arose from filamentous structures first identifed
in some theropod dinosaurs and birds more than 160 million years ago (e.g., [2,26,27]).
However, some data suggest that integumentary structures similar to those from which
feathers derived may have been present at the base of Dinosauria [28,29] or perhaps,
the base of Archosauria ([30,31] and references therein). Because modern feathers are not
biomineralized in life (contra [32,33]) their persistence in the fossil record is counterintuitive,
but critical. The impressions of feathers in sediments surrounding skeletal elements led to
the identification of Archaeopteryx as the first bird [34,35], but there was no organic trace
with this specimen to suggest that any original material remained. However, the first
specimen attributed to Archaeopteryx was a single, isolated feather [36]. This specimen
presented differently from feather impressions surrounding the skeletal remains, instead
visualized as a carbonized trace clearly distinct from the embedding sediments, suggesting
that taphonomic processes resulting in preservation differed between the isolated feather
and the skeletal specimen. The environmental factors resulting in these different modes of
preservation remain relatively unexplored.

For any organic remains to be preserved in deep time, they must be stabilized before
they can degrade [37]. Although many taphonomic modes may result in the preservation
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of feathers (e.g., carbonized film [36,38], sediment impressions [34,35], three-dimensional
filaments [3,39], amber preservation [40,41], bacterial mediation [42,43], or other stabilizing
processes (e.g., [42,44–46])), few of these have been subjected to rigorous experimentation,
particularly at the molecular level (but see [47]). It is likely that preservation processes differ
for every fossil element and/or environment and arise from a complex interplay between
the molecular composition of the original structures and the geochemical properties of the
surrounding depositional matrix. Factors contributing to feather preservation are testable
by approximating naturally occurring conditions in laboratory experiments.

Here, we examine multiple environmental factors that may, to varying degrees, affect
the preservation of feathers in the fossil record. We discontinued the experiments after
six weeks, because previous experiments (feathers degraded in sandy settings with added
microbes) have shown that within this time period, the degradation of feathers was almost
complete (unpublished data). We tested feathers buried vs. unburied; soaked in natural
pondwater, sterile water, or pondwater after incubation with feather-degrading bacteria;
the addition of solubilized hydroxyapatite (HA) to waters; and burial in sand vs. mud.
Finally, we repeated the experiment in atmospheres elevated in CO2. Although the value
we employed is higher than proposed for the entire Mesozoic, it is consistent with values
proposed for the Ypresian [48]. Thus, this value is in line with what has occurred without
human intervention, allowing us to test the direct effect of CO2 in a shorter time period.
We observed that in at least one case, there was no material remaining to be tested at six
weeks; degradation was complete.

2. Methods

We subjected the black and white feathers of an extant magpie (Pica hudsonia) to
these environmental conditions to test their effect on preservation and/or degradation
(see Table 1). These feathers allowed us to also test the hypothesis that melanized feather
regions would show greater preservation than un-melanized ones [49]. See supplemental
documents for additional experimental details.

Table 1. Experimental conditions to test their effect on preservation and/or degradation.

Ambient Atmosphere Elevated CO2 Atmosphere

Pondwater, buried (PB) Pondwater, buried (CPB)

Pondwater, exposed (PE) Pondwater, exposed (CPE)

Pondwater + Bacillus licheniformis, buried (PBB) Pondwater + B.licheniformis, buried (CPBB)

Pondwater + B.licheniformis, exposed (PBE) Pondwater + B.licheniformis, exposed (CPBE)

Pondwater + Hydroxylapatite, buried (PMB) Pondwater + HA, buried (CPMB)

Pondwater + HA, exposed (PME) Pondwater + HA, exposed (CPME)

E-Pure water, sand + HA, buried (ESMB) E-Pure water, sand + HA, buried (CESMB)

E-Pure water, sand + HA, exposed (ESME) E-Pure water, sand + HA, exposed (CESME)

E-Pure water, sand, buried (ESB) E-Pure water, sand, buried (CESB)

E-Pure water, sand, exposed (ESE) E-Pure water, sand, exposed (CESE)

We hypothesized that rate, degree, and pattern of the degradation of feathers might dif-
fer in atmospheres elevated in CO2 relative to today’s levels, so we divided all experimental
conditions into “elevated CO2” and “ambient” atmospheres. Within these two environ-
ments, we tested the effect of burial vs. surface exposure; native microbial populations in
surface waters (pondwater) or the addition of feather-degrading microbes (B. licheniformis)
to those microbes naturally present in pondwater; clean porous sand (No. 1113 Premium
Play Sand, Quikrete) vs. natural pond sediments, which were a silty-to-clay mix; and an
addition of 6 mM calcium hydroxylapatite (HA; Ca10(PO4)6(OH)2), (0.1 MCaCl2 solution
mixed with NaH2PO4 (0.1 M) with volume ratio 10:6)) [50] to mimic the higher concen-
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tration of this mineral within pore waters that occurs under elevated CO2 and concurrent
lower pH [51–53]. This would be more likely to occur in Mesozoic than present-day waters
because of the increased acidification and resulting mineral solubilization brought on by
elevated CO2 [52–55]. To test the role of microbes in mediating HA mobilization, we added
this mineral to both E-Pure water and pondwater before adding to feathers. Although
we used E-Pure water in the last two conditions as controls, some microbes were present,
arising from the natural sediments and/or the feathers themselves.

Table 1 illustrates the conditions tested and the abbreviations used in further descrip-
tions. Feathers were cut into sections, marked for periodic recovery, and sampled every two
weeks (see supplemental information and Figure S1 for more information). Only data from
week six are shown herein, except for buried feathers with added microbes in elevated CO2
(CPBB). Under this condition, no material remained for testing; we show data from the
four-week timepoint for this condition in all figures except SEM images for elevated CO2
conditions. When we could discern original color, it was noted in the figure legend.

In addition to micromorphological changes, we tested the effect of degradation on
antibody binding using a polyclonal antibody raised against extant mature white feathers,
which are comprised almost completely of feather corneous β-protein (CβK [39]). In all
cases, there was a bacterial component to the experimental conditions, including the E-Pure
water conditions, because feathers still rested on unsterilized sediments infiltrated with
bacteria in pondwaters or present on the feathers themselves. This is appropriate, as there
are no naturally occurring environments that are devoid of bacterial influence. Normal
microbial flora would be expected to be present in waters, sediment/sand, and the feathers
themselves in all conditions.

3. Results

3.1. Transmitted Light Microscopy (LM)

Figure 1 shows feathers subjected to the above conditions and subsequently imaged
using LM under ambient atmosphere (normal air, at room temperature), subjected to the
above conditions. Images were taken after six weeks of degradation. For each condition
(row), the two left-most panels represent buried feathers, and the right two panels are
feathers exposed at the surface.

Under ambient conditions, feathers showed little obvious degradation after two weeks
(not shown), but at six weeks, in most cases, degradation was obvious in both buried and
exposed feathers with natural pondwater, and greater when B. licheniformis was added. In
the former (PB, PE; Figure 1A–D), white feather regions that were buried showed more
extensive fraying than observed for black feathers, and the buried feathers were more
degraded than those exposed at the surface. Both black and white regions of the feathers
were significantly degraded in the buried condition (Figure 1A,B), but in the unburied
condition, the black regions of the feather were generally less degraded than the white
regions (Figure 1C,D). In some regions of the white buried feather, no barbs could be
seen. The white regions of the rachis were crumbling and covered in a fine, crystalline
material. When B. licheniformis was added to the feather setup (Figure 1E–H), degradation
was increased over the pondwater-only condition. In general, degradation, as measured by
fraying, absence of barbs, and loss of integrity, was greater when feathers were buried, and
visual inspection showed that white feather regions suffered greater degradation than did
black ones, although white rachises were relatively intact.

When HA was added to pondwaters, preservation was enhanced in both buried (PMB)
and unburied (PME) states (Figure 1I–L). In all cases, the barbs and barbules were intact and
color was still discernible. Similarly, there was virtually no degradation visible in feathers
exposed to E-Pure water with added HA (ESMB/E), even after six weeks (Figure 1M–P).
The barbs, barbules, and vane structures were intact in both the white and black regions,
both buried (M,N) and unburied (O,P), despite the presence of native microbes in the
sediments and water. This was also seen in the feathers incubated with E-Pure water
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without added minerals (ESB/E, Figure 1Q–T), although some fraying of the white barbs
was visible in the exposed regions (Figure 1T).

 

Figure 1. Feathers degraded in ambient atmospheres after 6 weeks. (A,B) Buried and (C,D) exposed
in natural pondwater; (E,F) buried and (G,H) exposed feathers with pondwater and added microbes;
(I,J) buried and (K,L) exposed feathers with pondwater and added HA; (M,N) buried and (O,P) exposed
feathers with E-Pure water and HA; (Q,R) buried and (S,T) exposed feathers with E-Pure water only.
Scale is 500 μm for the 1st and 3rd columns, and 200 μm for the 2nd and 4th columns.

Figure 2 shows an experimental set-up identical to Figure 1, but degradation was
conducted in an elevated CO2 atmosphere (5000 ppm), reflecting estimates of some of
the highest levels of naturally occurring (i.e., non-anthropogenic) atmospheric CO2 of the
Phanerozoic (e.g., [48]). In each row of images taken after six weeks (except panel E,F, at
four weeks), the first two panels were buried and the second two exposed on the surface,
as above.

Generally, under light microscopy, degradation appeared more intense in the elevated
CO2 atmosphere than ambient in CP or CPB conditions. Buried feathers were degraded to
completion in CPBB and CPBE, possibly indicating an upregulation of urease or carbonic
anhydrase enzyme production by these microbes under elevated CO2 [56]. Because no
feathers were recovered at the six-week endpoint, here we include the four-week buried
data point (Figure 2E,F). In all other cases, both black and white regions of the feather could
still be differentiated under transmitted light; barbs and barbules appeared frayed by the
sixth week but were still intact. Buried feathers appeared slightly more degraded than
unburied ones, as seen in ambient atmospheres as well, and black regions of feathers in
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CPB/CPE (Figure 2A–D) and CPBB/CPBE (Figure 2E,H) were slightly less degraded than
white feathers.

 

Figure 2. Feathers degraded in elevated CO2 atmospheres after 6 weeks. (A,B) Buried and
(C,D) exposed with natural pondwater; (E,F) buried (4 weeks) and (G,H) exposed feathers with pond-
water and B. licheniformis; (I,J) buried and (K,L) exposed feathers with pondwater and added HA;
(M,N) buried and (O,P) exposed feathers with E-Pure water and HA; (Q,R) buried and (S,T) exposed
feathers with E-Pure water only. Scale bar for 1st and 3rd columns is 500 μm, and for the 2nd and
4th, 200 μm.

3.2. Scanning Electron Microscopy (SEM)

We used SEM to test the hypothesis that black feathers are more resistant than white
feathers under the conditions described above. The SEM images in Figures 3 and 4 were
taken after six weeks of degradation. The conditions under which data were collected
followed what is shown in Figures 1 and 2. Feathers were differentiated according to color,
when possible to discern. Figure 3 represents degradation in ambient atmosphere; Figure 4
is feathers degraded in elevated CO2 atmospheres.
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Figure 3. Feathers degraded under ambient conditions. (A–D) Buried in pondwater; (A,B) are black
and (C,D) are white. (E–H) are feathers exposed at the surface; colors are not discernable. (I–L) Feathers
buried in pondwater to which B. licheniformis has been added. (M–P) Surface-exposed feathers in
pondwater with B. licheniformis; color is not discernible in (I–P). Arrows show microbial tunneling.
(Q–T) represent feathers buried in pondwater with added HA; (Q,R) are black and (S,T) are white.
A film (#) covers some regions; also (U–X) are exposed feathers with pondwater and HA; colors
are not discernible. (Y–BB) are feathers buried with E-Pure water and HA; (Y,Z) are black and
(AA,BB) are white. (CC–FF) are exposed feathers in E-Pure water with added HA; (CC,DD) are
black and (EE,FF) are white. Finally, (GG–JJ) are buried and (KK–NN) are exposed in E-Pure water
only; (GG,HH,KK,LL) are black and (II,JJ,MM,NN) are white. Scale as indicated in μm. kf, keratin
filaments; bf, biofilm; m, microbial bodies; v, voids; F, fungal hyphae.
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Figure 4. Feathers degraded for 6 weeks under elevated CO2. 4 (A–D) are buried in pondwater, color
is not discernible. (E–H) are surface-exposed; (E,F) are black and (G,H) are white. Feathers buried
in pondwater to which B. licheniformis was added did not persist to 6 weeks and no data are shown.
(M–P) Surface-exposed feathers in pondwater with B. licheniformis. Color is only discernible in (N),
which is black. (Q–T) represent feathers buried in pondwater with added HA; all feathers shown
are black. (U–X) are surface-exposed with pondwater and HA; (U,V) are black and (W,X) are white.
(Y–BB) are feathers buried with E-Pure water and HA; all are white. (CC–FF) are exposed feathers
in E-Pure water with added HA; (CC,DD) are black and (EE,FF) are white. (GG–NN) Incubated
in E-Pure water only; (GG–JJ) are buried and (KK–NN) are surface-exposed. (GG,HH,KK,LL) are
black, (II,JJ) are white, and (MM,NN) are indeterminate. Scales as indicated, in μm. kf, keratin
filaments; bf, biofilm; m, microbial bodies; v, voids; F, fungal hyphae; ˆ, amorphous film.
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In ambient atmosphere, feathers degraded for six weeks in pondwater showed little
difference between buried (PB, Figure 3A–D) and exposed (PE, Figure 3E–H). Highly
aligned, confluent microbial mats (m) could be seen on the surface of the fragmented
keratinous outer cover in both black (3A–B) and white (3C–D) feathers in both PB and PE
samples. Fungal hyphae (F) could also be seen. Occasionally, mineral crystals (Figure 3A,
arrowheads) could be seen.

When feathers were exposed on the surface (Figure 3E–H), degradation appeared to
be slightly less, but confluent, ordered microbial bodies (m) were seen on the surface of
the feathers in all cases. The keratinous outer sheaths were less fragmented, but invasive
microbial populations were still visible. Microbial impressions, or “voids” (V), were
visible on the surface of the keratinous sheath (Figure 3F,G). Figure 3H shows a bundle of
fraying keratin fibers (kf). Mineral crystals and/or diatoms were also visible (Figure 3G,
arrowheads). The keratin sheath was densely pitted (Figure 3F, left).

When feathers were soaked in pure cultures of B. licheniformis and then added to the
normal pondwater flora, degradation was greatly intensified in both the buried (PBB, I–L)
and unburied (PBE, M–P) feathers. The keratinous material from the buried samples was
fragmented and riddled with holes. Microbial bodies (m) were visible in all panels. In
both PBB and PBE, degradation followed a different pattern, clearly visible as microbial
tunneling (arrows, Figure 3M–P). This was not observed unless B. licheniformis were added,
and may be specific to this microbial group. Microbial bodies were not as readily visible
in the exposed feathers relative to the buried samples. Bundles of keratin fibers (kf) were
loose and ropy. Small regions of apparent crystal growth (arrowheads) can be seen in in
direct association with the microbes in Figure 3I.

Buried feathers in natural pondwaters to which HA had been added (Figure 3Q–T)
showed better preservation than previous conditions. Barbs (B) and barbules (BL) were still
visible (Figure 3Q) and accumulations of geometric crystal growth (arrowheads) were seen
on all feather surfaces, both black (Figure 3Q,R) and white (Figure 3S,T). In some cases, an
amorphous film could also be seen coating feather surfaces (Figure 3S,Y,Z, (#)). However,
deep in the crystal growth and amorphous film, fibers of keratin were still aligned and
appeared intact. The unburied feathers with added HA (Figure 3U–X) also showed better
preservation than the previous conditions. Feather barbs (B) and barbules (BL) were visible,
and showed virtually no degradation; they appeared to be coated in mineral crystals,
which may have stabilized the organic structures [57–59]. Fungal hyphae could be seen
(Figure 3V,W (F)) but microbial bodies were rare in this condition. Figure 3X shows a
fibrous mat of material (fm), the identity of which is uncertain. It was not possible to
differentiate black and white feathers.

Buried feathers incubated with E-Pure water with added HA (ESMB) under ambient
conditions showed virtually no degradation (Figure 3Y–BB). In some regions of these
feathers, fungal hyphae were prevalent (Figure 3Y, (f)), and the same amorphous deposits
(#) and mineral crystals (arrowheads) were visible on the feather surfaces. In Figure 3Z,
this amorphous and slightly crystalline film (#) appeared to completely coat regions of the
buried feather. Barbs, barbules, and hooklets (hl) were visible (Figure 3AA). Degradation
did not differ measurably between black (Figure 3Y–Z) and white (Figure 3AA,BB) feathers.

Feathers exposed on the surface and incubated with E-Pure water and added HA
(ESME) showed exceptional preservation, with virtually no degradation, although mineral
deposition was noted on the surfaces of some regions. There was no obvious difference in
preservation between black (Figure 3CC,DD) and white (Figure 3EE,FF) feathers. Unaltered
barbs and barbules (BL) could be seen, and filaments of keratin comprising these were
visible as aligned fibers (KF). Flattened fungal hyphae (F) were visible, in some cases with
outgrowths of bushy, finely crystalline structures (Figure 3DD, (Cr)). These “floret-like”
structures were also visible in other regions of unburied feathers and were associated with
fungal hyphae. Very few microbial bodies (m) were observed in either buried or unburied
feathers in this condition, but a few could be seen in association with this floret-like structure,
and they appeared both as bacilliform and coccoid structures (Figure 3FF, (m)).
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Feather preservation was also greater when incubated in E-Pure water in both buried
(ESB, Figure 3GG–JJ) and unburied (ESE, Figure 3KK–NN) states, consistent with LM
data, and virtually no differences were seen between black (Figure 3GG,HH) and white
(Figure 3II,JJ) regions. Fungal hyphae (F) were prevalent in buried feathers (and appeared,
in some cases, to be associated with a thin amorphous coating tentatively identified as
biofilm (bf)) (Figure 3HH,II). This amorphous film appeared to coat buried feather barbs
almost completely in some regions.

Some regions of amorphous film (bf) were associated with fungal hyphae in the
unburied feathers (Figure 3KK–NN) as well. Feather barbs and barbules were clearly
visible, and although crystals had deposited on the surface (arrowheads), the structure of
the feather was intact. Even though no excess HA was added to these burial conditions, in
some areas, mineral crystals were still visible. The fibrous texture of the keratin comprising
the barbs was intact (Figure 3NN).

Figure 4 shows feathers exposed to the same conditions as Figure 3, but conducted
in an elevated CO2 atmosphere. When feathers were buried and incubated with natural
pondwaters (CPB, Figure 4A–D), virtually no feather structure remained after six weeks, but
fungal hyphae were evident (F) and the feathers revealed highly degraded, pitted surfaces
(e.g., Figure 4C,D) colonized by fungi (F). Needle-like crystals (arrowheads) were observed on
the surface (Figure 4A,B). The original color of the feathers could not be discerned.

The unburied feathers in this elevated CO2 pondwater environment (CPE) fared
only slightly better (Figure 4E–H). Some of the barbules (Figure 4E–F, (BL)) remained
intact, but in parts they were covered with a regional overgrowth of fibrous material (fm).
Mineral crystals (arrowheads) and occasionally diatoms (dt) could be seen. However, in
other regions, the surface was riddled with holes (Figure 4G,H). Ropey keratin filaments
(Figure 4F, (kf)) could be seen. In contrast to the comparable ambient condition, microbial
bodies were rarely visible.

In a high CO2 environment, after six weeks no buried feathers were recovered from the
CPBB condition (missing data, Figure 4I–L). However, the feathers exposed at the surface
(CPBE) are shown in Figure 4M–P. Microbial tunneling (Figure 4M, arrows) was visible in
this condition, as was seen in the corresponding ambient condition. Figure 4M is the only
sample where original color could be determined; this feather was black. Figure 4N shows
a flaky material, possibly representing degraded keratin or, alternatively, fine clay grains.
Although Figure 4O reveals aligned keratin fibers (kf), in most samples the outermost
surface of keratin was largely degraded. Contrary to the ambient condition, microbial
bodies were difficult to see, but their impressions within the degraded keratin were visible
as aligned voids (Figure 4M,P; (v)).

When HA was added to pondwater in the elevated CO2 environment, preservation
was improved in both the buried (CPMB, Figure 4Q–T) and unburied (CPME, Figure 4U–X)
conditions. Fine feather structure, including barbs and barbules, remained visible, but a
coating of either granular or smooth material (ˆ) could be seen on the buried feathers, that
is smoother and less granular than shown in Fig. 3; as a result we used a different symbol.
A similar heterogenous material covered the surface of the unburied feathers (Figure 4U–X)
to an even greater extent, but beneath this layer, feather barbs appeared intact. Diatoms
and other structures were also seen. Geometric mineral crystals (arrowheads) could be
seen interspersed with small, round, concave structures approximately 2 μm in diameter
(arrows). In Figure 4W, mineral overgrowth on barbules was visible, and thin, plate-like
features that could be degraded keratin or clay grains were visible.

Preservation was greatly enhanced in feathers in both buried (CESMB, Figure 4Y–BB)
and exposed (CESME, Figure 4CC–FF) conditions in elevated CO2 when HA was added.
Feather structure was almost perfectly preserved, but interspersed with the barbules in the
buried feathers were small plate-like structures. These can be seen more clearly in higher-
magnification images (Figure. 4BB). In the unburied feathers (Figure 4CC–FF), preservation
was virtually perfect, and no alteration of structure was visible in low-magnification images
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(Figure 4CC,EE). At higher magnifications, small pockets of microbes appeared on the
surface (Figure 4DD,FF, m). Thin, plate-like structures could also be seen.

In the high-CO2 environment, feathers buried with E-Pure water alone were almost as
well preserved as the preceding condition (CESB, Figure 4GG–JJ). Barbs and barbules were
preserved with no evidence of fraying or breakdown, although at higher magnifications,
some regions appeared to be covered in a crystalline coating (Figure 4JJ), and rarely,
microbodies were seen on the surface (Figure 4HH). In the exposed feathers incubated with
E-Pure water only, virtually no degradation was seen (Figure 4KK–NN) and barbs and
barbules were intact. Small crystals of mineral precipitate were occasionally seen on the
surface of the feather (Figure 4LL, arrowhead), and the presence of a few microbial bodies
(m) were also noted on the feather surface. Figure 4MM–NN shows a region where keratin
filaments (kf) could be seen extending to, and surrounding, a region of geometric pith (P).

3.3. Transmission Electron Microscopy (TEM)

Transmission EM allowed us to study degradation with greater resolution. With
ultrathin sections (~90 nm thickness), it is impossible to discern whether black or white
regions of the embedded feathers were sectioned. In most cases, where electron-opaque
melanosomes were not visualized and no voids were present, we assumed these to be
white regions. In all cases, melanosomes, when visible, were most abundant in the feather
barbules. They were uniformly opaque to electrons and always embedded in the keratinous
matrix, not displayed on the outer surface, as we have previously shown [60]. They did not
appear to overlap within the keratin matrix, but were well separated.

Figure 5 shows the various conditions in ambient atmospheres after six weeks of
degradation; the first two panels in each row were buried and the second two exposed at
the surface. Degradation in pondwater was greater in the buried feathers (PB, Figure 5A,B)
than the exposed ones (PE), with a keratinous matrix developing holes. In both buried
and exposed feathers, the melanosomes were relatively intact, although some degradation
was seen. When B. licheniformes were present with pondwater (PBB, PBE; Figure 5E–H),
degradation was much more advanced. The keratin matrix was highly degraded in PBB
feathers (Figure 5E,F), and the melanosomes showed a great loss of integrity. In the PBE
feathers (Figure 5G,H), the keratin matrix showed a loss of smoothness, taking on a “bubbly”
texture, but was relatively intact. Melanosomes were not prevalent. This could be because
of the region of the feather imaged, as barbules contain more melanosomes than the rest
of the feather [61]. When HA was added to the pondwater (PMB, PME; Figure 5I–L),
degradation was much less than in previous conditions, and mineral crystals could be
seen associated with feather surfaces. Melanosomes and matrix were intact in both cases,
although some fraying and loss of integrity was seen in the PME feathers (Figure 5L).
Feathers incubated in E-Pure water to which HA was added (ESMB, ESME; Figure 5M–P)
showed loss of mineral integrity. No melanosomes were visualized, probably indicating
that this was a white feather region. Finally, Figure 5Q–T show feathers incubated in only
E-Pure water. Degradation was minimal, but greater than seen when HA was added.
Melanosomes were round and almost completely solid; however, in the exposed feathers,
some cracking of the keratin matrix was visible.

Figure 6 shows TEM images of feathers degraded in an atmosphere elevated in
CO2. In most conditions, degradation was advanced compared to that seen in ambient
conditions. Figure 6A–B, depicting CPB buried feathers, show advanced degradation, with
many melanosomes completely degraded, and those remaining showing loss of integrity.
Exposed feathers (CPE) fared better, with elongated and round melanosomes present within
the keratin matrix. When B. licheniformis was added to the pondwater, all feathers were
completely degraded at six weeks, so as above, images (Figure E–H) were taken after four
weeks. The buried feathers (CPBB) showed greater degradation, with most melanosomes
no longer intact. In the exposed feathers (CPBE; Figure 6G,H), voids can also be seen where
melanosomes once resided. In high-CO2 environments, when HA was added to pondwater,
degradation was greatly decreased. Melanosomes showed slight degradation in the buried
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condition (CPMB; Figure 6I,J), with some apparently lysed. Electron-opaque, needle-like
mineral deposits (mc) were seen outside of the keratin matrix. Exposed feathers (CPME;
Figure 6K–L) showed better preservation, with little degradation of either melanosomes
or keratin. There was an unidentified growth on the outer surface of the keratin that was
most likely organic, based on its electron translucent character.

 
Figure 5. Feathers degraded in ambient conditions. (A–D) Exposed to pondwater; (A,B) buried and
(C,D) exposed. (E–H) Pondwater with B. licheniformis added; (E,F) buried and (G,H) exposed. (I,L) are
feathers incubated with pondwater and added HA; (I,J) buried and (K,L) exposed. Electron-opaque,
needle-like mineral crystal (mc) deposits are seen exterior to the keratin of the feather barbules.
(M–P) show feathers incubated in E-Pure water to which HA has been added. No melanosomes
are seen, probably indicating that these are white feather regions, although early degradation is a
less likely explanation. (Q–T) show feathers incubated in E-Pure water only. (S) low magnification,
(T) higher magnification showing some cracking of the feather matrix. Scale bars as indicated.
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Figure 6. Transmission electron microscopy (TEM) of feathers degraded in elevated CO2 atmosphere.
(A,B) are buried and (C,D) are exposed in natural pondwaters. (E–H) show feathers in natural pondwater
with B. licheniformis added; (E,F) are buried (after 4 weeks) and (G,H) are exposed. (I–L) Pondwater to
which HA has been added; (I,J) are buried and (K,L) are exposed at the surface. (M,N) are buried and
(O,P) are exposed feathers degraded in E-Pure water to which HA had been added. Finally, (Q–T) are
feathers in elevated CO2, degraded in E-Pure water only; (Q,R) are buried and (S,T) are exposed. Scale
bars as indicated.

Buried feathers incubated in elevated CO2 with E-Pure water to which HA had been
added (CESMB; Figure 6M,N) showed relatively advanced degradation of melanosomes,
leaving voids, but with little degradation of the keratin matrix in which they were embed-
ded. Exposed feathers (CESME; Figure 6O,P) showed similar degradation. The keratin
matrix was relatively unaltered. Melanosomes were rare, but empty voids were present,
supporting the idea that these feathers contained pigment organelles.

Feathers incubated in E-Pure water only showed little overall degradation. Buried
feathers (CESB; Figure 6Q,R) showed little keratin degradation but no melanosomes
or voids, and therefore probably represent white feather regions. Undegraded, hollow
melanosomes were visible embedded deep within the keratin matrix in the exposed condi-
tion (CESE; Figure 6S,T).
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3.4. In Situ Immunohistochemistry (IHC)

We tested the hypothesis that degradation influences antibody binding. Figure 7 shows
the response of feathers in different degradation conditions when exposed to a polyclonal
antiserum raised against feathers [62]. All images were taken under identical parameters.
In the ambient condition, no reduction in intensity of binding was seen, even in the feathers
showing the greatest morphological damage (Figure 7A,B,E,F), consistent with preservation
of epitopes after structural integrity was lost. Antibody specificity is supported by the
lack of binding to the embedding material, or to regions where tissues were completely
missing. Negative controls of no primary antibody applied, but all other steps being the
same (not shown), indicates that the signal did not arise from non-specific binding of the
secondary antibody or fluorescent label. Melanized feather regions (Figure 7A,C,I,K) were
more easily visualized in transmitted LM than those regions apparently lacking melanin
(Figure 7E,G,M,O,Q,S), but antibodies bound with equal intensity with both types degraded
for the duration of this experiment.

 

Figure 7. In situ immunochemistry of feathers degraded in ambient atmosphere, then exposed to a
polyclonal antiserum raised against whole feather extract and visualized in transmitted light (1st and
3rd image of each row) or using an FITC filter (2nd and 4th image). (A,B) are buried and (C,D) are
exposed in natural pondwaters. (E–H) show feathers in natural pondwater with added B. licheniformis
at 4 weeks; (E,F) are buried and (G,H) are exposed. (I–L) Pondwater to which HA has been added;
(I,J) are buried and (K,L) are exposed at the surface. (M,N) are buried and (O,P) are exposed feathers
degraded in E-Pure water to which HA has been added. Finally, (Q–T) are feathers degraded in
E-Pure water only; (Q,R) are buried and (S,T) are surface-exposed. Transmitted light images are
modified to increase contrast; see Supplementary Materials.

When feathers were degraded under the same conditions as in Figure 7, but in elevated
CO2 atmospheres, the results were different. Buried feathers exposed to pondwater only
(CPB; Figure 8A,B) showed a highly degraded area covering a more intact region. Poly-
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clonal antibodies bound with high avidity, but no melanized regions could be seen with
certainty in the transmitted LM (Figure 8A). The exposed feathers (CPE) with pondwater
demonstrated better microscopic integrity. Regions of melanized barbules (Figure 8C) could
be seen in LM and antibodies bound with the same level of intensity (Figure 8D), as seen in
Figure 7. When feathers were buried and incubated with pondwater and B.licheniformis in
elevated CO2 (CPBB), no feathers remained for analyses; data are shown for this condition
in feathers after four weeks degradation (Figure 8E,F). Integrity was greatly reduced, de-
spite melanin in the visible barbs (Figure 8E). Surface-exposed feathers (CPBE; Figure 8G,H)
showed minimal degradation, despite containing less or no melanin. Figure 8I–L shows
buried (Figure 8I,J) and exposed (Figure 8K,L) feathers incubated with pondwater with
added HA. Both buried and exposed feathers showed melanized regions that remained
virtually intact, with no visible degradation, and both bound antibodies with equal and
intense avidity. Similarly, Figure 8M–P shows buried (M,N) and exposed (O,P) feathers in
E-Pure water to which HA had been added. Virtually no degradation of epitopes was seen,
and no substantial differences between lightly melanized and buried (M,N) or unmelanized
and exposed (O,P) were seen. Non-melanized buried (Figure 8Q,R) and melanized, ex-
posed (Figure 8S,T) feathers in E-Pure water only were comparable, showing no tissue
degradation and no reduction in antibody binding under these conditions.

Figure 8. In situ immunochemistry of feathers degraded in elevated CO2 atmosphere, then exposed
to a polyclonal antiserum raised against whole feather extract and visualized in transmitted light
(1st and 3rd image of each row) or using an FITC filter (2nd and 4th image). (A,B) are buried and
(C,D) are exposed in natural pondwaters. (E–H) show feathers in natural pondwater with added
B. licheniformis; (E,F) are buried (after 4 weeks) and (G,H) are exposed. (I–L) Pondwater to which
CaPO4 has been added; (I,J) are buried and (K,L) are exposed at the surface. (M,N) are buried
and (O,P) are exposed feathers degraded in E-Pure water to which HA had been added. Finally,
(Q–T) are feathers in elevated CO2, degraded in E-Pure water only; (Q,R) are buried and (S,T) are
surface-exposed.
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4. Discussion

We showed, using multiple methods, that the degradation of organics is qualitatively
and/or quantitatively different in atmospheres elevated to Mesozoic CO2 levels (or higher)
than what is observed in ambient atmospheres. Some microbes are known to precipitate
CO2 as carbonate minerals [63–65], and we sought to determine whether this precipitation
could be increased in atmospheres elevated in CO2. We chose hydroxyapatite because
microbes are known to precipitate this mineral [66], and because the solubility of HA
rises with increased CO2 [67]. Because it has been shown that organic molecules can be
preserved preferentially in intracrystalline regions of bone [68], we predicted that we may
see better molecular preservation in extant samples subjected to elevated CO2 through
rapid stabilization by mineral precipitation. We used both melanized and non-melanized
feathers to test the effect of pigment on preservation [47,69]. We added feather-degrading
microbes to natural microbial biomass to see whether the action of these organisms was
increased in high CO2 atmospheres, and we tested the effect that increasing the concentra-
tion of HA would have on preservation and degradation in varying atmospheres. Finally,
we compared preservation when feathers were exposed to waters containing a natural
microbial population vs. E-Pure water.

In ambient atmospheres, degradation was greatest when feather-degrading bacteria
were added to feathers in the natural microbiota of pondwaters. In general, buried feathers
were more highly degraded than surface-exposed feathers, and black regions retained more
structural integrity than did white feather regions. The greater degradation observed for
buried feathers was not predicted, but we hypothesize that burial gave greater access to
microbes by keeping the feathers uniformly damp. In the other conditions, there was little
difference, but importantly, adding HA to the waters containing microbes greatly increased
preservation, perhaps by slowing the microbially mediated degradation undertaken by
microbes naturally present in feathers. In E-Pure water, with or without minerals, virtually
no degradation was seen, and black feathers did not differ from white in preservation,
supporting a specific role for microbially mediated precipitation in preservation. Feathers
in elevated CO2 showed much greater degradation, whether buried or exposed, in both
natural pondwaters and with added microbes; however, in the presence of added HA,
degradation was essentially halted, and preservation was relatively greater in elevated
CO2. SEM data for both natural waters and waters with added microbes demonstrated
multiple holes and tunneling not seen in ambient atmospheres, suggesting upregulation of
microbial enzymes of degradation in elevated CO2. Increased microbial activity in response
to elevated CO2 was noted in other studies as well [70–73]. The increase in preservation
in both atmospheric conditions when HA was added suggests the deposition of mineral-
arrested degradation in both buried and unburied states, as suggested elsewhere [74,75],
either by adsorbing enzymes of degradation and inactivating them (e.g., [76], by encasing
organics, thus making them inaccessible [77]), or both, but this process was relatively enhanced
in elevated CO2. Where color could be detected, there was no measurable difference in
preservation/degradation in most conditions. Keratin filaments and intact barbs, barbules,
and sheaths showed little to no degradation under the elevated CO2 + mineral condition.
Fungal hyphae, prevalent in the ambient conditions, were not discerned in elevated CO2
except in the pondwater-only condition.

TEM illustrated high levels of degradation of the keratin sheath in pondwater con-
ditions, both buried and unburied, but melanosomes remained relatively intact, though
some degradation of these bodies was visible. However, in buried feathers with added
B. licheniformis, melanosome and keratin degradation were both advanced over other con-
ditions. Crystal deposits were seen when HA was added, and in these conditions, the
feathers appeared unaltered. Patterns were similar in the elevated CO2 atmospheres for
both pondwater and with added microbes, again with datapoints representing only four
weeks in the buried condition. In elevated CO2 with added HA, melanosomes appeared
more degraded than did keratin, leaving many voids in the buried feathers.
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In ambient atmosphere, antibody binding was intense in all cases, with little difference
noted between all conditions shown here. Burial state, added microbes, and presence or
absence of melanin did not appear to affect the recognition of keratin epitopes by these
polyclonal antibodies, and binding occurred even when structural integrity was not well
maintained. Although no material persisted to the six-week timepoint in buried feathers
with added B. licheniformis in elevated CO2, the only case where antibody binding was
detectably reduced was in the buried feathers after four weeks. Both structural integrity
and epitope recognition were greatly diminished.

Processes resulting in the preservation of normally labile and easily degraded organic
materials have been of significant interest to the paleontological community, because examples
of hair, skin, feathers, and internal organs do not follow standard models of fossilization. It is
significant that incidences of exceptional soft tissue preservation are not evenly distributed
through time, but occur more frequently in pre-Cenozoic deposits [78,79] during time periods
when atmospheric CO2 was elevated over today’s levels [80,81]. In addition, Cenozoic
lagerstätte are few, but generally correlate to short periods of elevated CO2 [82–84]. We
propose that this uneven distribution of exceptionally preserved deposits may be due in part
to the response of microbes to elevations in atmospheric CO2 and the subsequent acidification
of pore waters, making mineral ions more available for precipitation. This preliminary study
demonstrates the need for further investigation into the role of both microbes and CO2 in
preserving organic remains in fossils.

5. Conclusions

Degradation by all measures was greatest in buried feathers in elevated CO2. However,
the addition of HA slowed degradation, whether with natural pondwaters or E-Pure water,
and this effect was greater, relative to level of degradation without minerals, in elevated
CO2. The rapid precipitation of minerals on organics outpaced decay in these conditions,
illustrating a possible role in exceptional preservation, as suggested by [85–88] and others.
Similarly, antibody recognition as a proxy for molecular preservation was still present, even
in feathers showing microstructural degradation. The implications for fossilization support
the hypothesis that degradation proceeded differently in the elevated CO2 atmospheres of
the Mesozoic. Although degradation was more rapid and more complete in buried feathers,
antibody binding was not greatly affecting during the time interval of this experiment,
suggesting a lack of direct correlation between histological integrity and antibody binding.
In most cases, keratin preservation was equal to or greater than melanosomes under the
conditions of this experiment, whatever the atmospheric conditions. We tested the role of
apatite because, in atmospheres elevated in CO2, as in the Mesozoic, warmer waters and the
acidification of pore waters would allow an increase in the concentration of this solubilized
mineral. Experimental taphonomy designed to address questions of degradation in the
past, particularly in deep time intervals, will be misleading unless atmospheric composition
and the effects of greenhouse gases on degrading microbes are taken into account.
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Simple Summary: A brief account of the history of Chinese paleontology for about one century is
provided with some perspectives for its future development. The development of Chinese paleon-
tology is closely related to its social-ecological background as well as its connection to the outside
world. On the other hand, the rising of the Chinese paleontology also benefitted from its rich fossil
resources as well as the integration with other biological and geological disciplines and the use of
new technologies.

Abstract: In this paper, the history of paleontology in China from 1920 to 2020 is divided into three
major stages, i.e., 1920–1949, 1949–1978, and 1979–2020. As one of the first scientific disciplines
to have earned international fame in China, the development of Chinese paleontology benefitted
from international collaborations and China’s rich resources. Since 1978, China’s socio-economic
development and its open-door policy to the outside world have also played a key role in the growth
of Chinese paleontology. In the 21st century, thanks to constant funding from the government and
the rise of the younger generation of paleontologists, Chinese paleontology is expected to make even
more contributions to the integration of paleontology with both biological and geological research
projects by taking advantage of new technologies and China’s rich paleontological resources.

Keywords: paleontology; China; history; 20th century; 21th century

1. Introduction

This paper aims to provide a brief account of the history of the development of pa-
leontology in China. The year 1920 is chosen as an important starting point for Chinese
paleontology. During the past century from 1920 to 2020, Chinese paleontology has gone
through several difficult periods and was only able to usher in the rapid growth seen over
the past several decades thanks to the continuous efforts of the first-generation paleontolo-
gists in the 20th century to the youngest generation in the 21th century. In a chronological
approach, this paper also intends to reflect the major characteristics of the discipline at
various stages of the history with a brief introduction of the major achievements and an
overview of how Chinese paleontologists have benefitted from international collabora-
tions and the social-economic changes in China, focusing in particular on those since 1978.
Finally, this paper discusses a few brief predictions regarding the future directions and
challenges for Chinese paleontology.

2. Before 1920—The Collecting and Studying of Chinese Fossils by Foreigners

In China, fossils have been recognized as the remains of ancient animals, plants and
fungi as well as seen as evidence of changes of the Earth’s environment for over two
thousand years. However, they had never been studied by Chinese scholars as a scientific
subject until modern sciences (e.g., geology, paleontology) began to be introduced to China
during the 19th century. The first scientific collection of Chinese fossils was made by western
explorers, missionaries, geographers, and geologists, particularly gaining momentum since
the opium war in 1940, and then studied by western paleontologists from Europe and
the Americas. For instance, L. de Korunck published on two brachiopods from China in
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1943, and R. Owen published the first paper on Chinese mammal fossils [1]. E. Koken and
M. Schlosser published books on Chinese fossil mammals in 1885 and 1903, respectively,
which represent the earliest systematic studies on Chinese vertebrate fossils [2,3].

Beginning in the 1860s, French missionary P.A. David started to collect fossil fish
from the Mesozoic lake deposits in western Liaoning. These fossils were later named as
Lycoptera and are regarded as one of the typical elements of the Jehol Biota, which is now
best known for producing many exceptional feathered dinosaurs, birds, and mammals.
American geologist and explorer R. Pumpelly was one of the first western scientists to carry
out geological surveys in China. He collected many fossils from China from 1863~1865 and
proposed the lacustrine facies of the Chinese loess [4]. German scientist F. Richthofen
made extensive geographic and geological explorations in China during 1868 and 1872. He
also collected many invertebrate fossils as well as recorded their stratigraphic data in the
majority of Chinese provinces.

During the late 19th century and early 20th century, western explorers and scholars
also made many scientific expeditions to China. Swedish geographer and explorer S.A.
Hedin made several expeditions to western China starting in 1890, and the ancient city of
Loulan (Kroraina) in Xinjiang was one of his major discoveries during his voyage across
the Taklamakan Desert. Also notable is the Central Asian Expeditions organized by the
American Museum of Natural History in 1916 and 1919, which resulted in the discovery
of many fossil mammals in Inner Mongolia. In the early 20th century, Russian geologists
collected many dinosaur fossils from Heilongjiang, northeastern China, including some
duck-billed dinosaurs.

Before 1920, there were hardly any Chinese scientists known mainly as a paleontologist.
The first Chinese scientist who published his research on paleontology was Rongguang
Qi, who was among the first group of teenagers sent to America by the Qing Imperial
Dynasty government in 1871. He was trained in geology and mineral resources. In 1910, he
published his study on invertebrates and plants from Hebei, North China.

The first attempt to teach college-level geology in China started in 1909 at the Imperial
University of Peking (known as Peking University since 1912). In 1914, Wenjiang Ding
(V.K. Ting; 1887–1936), a 1911 graduate of the University of Glasgow, started to teach
China’s first college-level course in paleontology at the Geological Institute established in
1913. This produced the first generation of domestically trained geologists, including a few
paleontologists who were then hired by the National Geological Survey of China that was
officially founded in 1916 with Ding as its first director. The National Geological Survey of
China has also been generally regarded as the first national scientific institution with an
international reputation in Chinese history. Among many of his tremendous achievements,
Ding also made contributions to many pioneering works in Chinese paleontology and
stratigraphy. He discovered the first Devonian fish in Yunnan in 1913 and pioneered the
study of fossil plants in China.

In summary, upon entering the 20th century, China had gone through major social
changes, and its door began to open to the outside world. In 1911, the Imperial Qing
Dynasty was ended and replaced by the Republic of China. A few more young Chinese
were sent to Western countries to learn science and technology. The early 20th century was
the preparation stage for the early development of paleontology in China [5].

3. From 1920 to 1949—Founding Stages of Chinese Paleontology

1920 was a turning point for Chinese paleontology. By the invitation of Wenjiang Ding,
two prominent western-trained geologists and paleontologists joined Peking University.
One of them was A.W. Grabau from Columbia University. Grabau not only taught at Peking
University, but was also the Chief Paleontologist at the Chinese Geological Survey (Figure 1).
The second was Siguang Li who graduated from Birmingham University with a master’s
degree in 1919 (Ph.D. degree in 1931). During 1920–1937, Grabau, Li, and their colleagues
mentored and trained many of the first generation of geologists and paleontologists in
China who would later become the leading figures in the majority of disciplines in Chinese
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geology and paleontology. It is worthy to note that Grabau has been also well known for
proposing the Jehol Fauna and Jehol Series in western Liaoning, northeastern China [6,7].
He also named the Changxing limestone in Zhejiang Province, where two GSSPs (Global
Boundary Stratotype Sections and Points) were later established, including the boundary
between the Permian and Triassic.

Figure 1. Founders of Chinese geology and paleontology gathering at Amadeus W. Grabau’s home
in Beijing in 1935. Front row, from the left: Hongzhao Zhang, Wenjiang Ding, Amadeus W. Grabau,
Wenhao Weng, and Pierre Teilhard de Chardin. Middle row, from the left: Zhongjian Yang, Zanheng
Zhou, Jiarong Xie, Guangxi Xu, Yunzhu Sun, Xiechou Tan, Shaowen Wang, Zanxun Yin, and Fuli
Yuan. Back row, from the left: Zuolin He, Hengshen Wang, Zhuquan Wang, Yuelun Wang, Huanwen
Zhu, Rongseng Ji, and Jianchu Sun (credit to IVPP).

Many of the first-generation Chinese paleontologists had been trained overseas and
earned their Ph.D. degrees during the 1920s–1940s before they returned to China to pioneer
their research fields. Among them were the invertebrate paleontologists Yunzhu Sun
and Senxun Yue, vertebrate paleontologist Zhongjian Yang (Chung-Chien Young), and
paleobotanist Xingjian Si, who received their Ph.D. degrees in Germany in 1927, 1936,
1928, and 1933, respectively. Zanxun Yin, geologist and paleontologist, and Wenzhong
Pei, paleoanthropologist and archaeologist, earned their Ph.D. degrees from France in
1931 and 1937, respectively. Invertebrate paleontologists Jianzhang Yu and Hongzhen Wang
received their Ph.D. degrees from England in 1935 and 1947. Zunyi Yang, an invertebrate
paleontologist, received his Ph.D. degree from the USA in 1939. They have all became the
backbones of Chinese paleontology after they returned to China.

It is notable that scientific expeditions organized by organizations of Western countries
continued to be active in China during the 1920s and 1930s. For instance, the Central Asiatic
Expeditions led by R.C. Andrews of the American Museum of Natural History during
1922 and 1930 resulted in the discovery of many dinosaur skeletons and dinosaur eggs
in Inner Mongolia as well as many Mesozoic and Cenozoic mammals, including some of
the earliest placental mammals. However, with the appearance of the first generation of
Chinese paleontologists, international collaborations for the study of Chinese paleontology
and stratigraphy became more and more prominent and productive. For instance, the
Sino-Swedish Expedition which carried out multi-discipline scientific research in north
and northwest China from 1927–1935 was co-led by S. Anders and Fuli Yuan, a geologist
from Peking University, and many fossil reptiles and mammal fossils were collected during
these field excursions. Zhongjian Yang and Wenzhong Pei joined the Central Asiatic
Expedition in 1930.
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One of the most successful collaborations between the first generation of Chinese pale-
ontologists and their Western colleagues is probably the excavation of the fossil humans in
Choukoudian (Figure 2) as well as the study on Cenozoic vertebrates and their stratigraphy.
The Swedish geologist J.G. Andersson was invited by the Chinese government to act as
consultant for the mining industry from 1914 to 1924. He discovered the Choukoudian site
in 1918. During 1921–1922, Andersson assigned the Austrian paleontologist O. Zdansky to
excavate at Choukoudian, which resulted in the discovery of two human teeth in addition
to an abundance of mammal fossils. In 1927, with the support from the Rockefeller Foun-
dation, D. Black from the Beijing Union Medical College Hospital (BUMCH) was able to
continue the excavation of Choukoudian and study the Cenozoic cave deposits based on an
agreement with the Geological Survey of China. In 1929, Wenzhong Pei led the excavation
in Choukoudian and discovered the first skull of the Peking Man (Homo erectus), which
drew some international attention for Chinese paleontology and paleoanthropology.

Figure 2. Paleontologists in Choukoudian, Beijing in 1934. From the left: Wenzhong Pei, Shiguang Li,
Pierre Teilhard de Chardin, Meinian Bian, Zhongjian Yang, and George B. Barbour (credit to IVPP).

The collaboration between Black and the National Geological Survey of China also
resulted in the founding of the Cenozoic Research Laboratory of the Geological Survey
of China in 1929, which was the predecessor of the Institute of Vertebrate Paleontology
and Paleoanthropology (IVPP). Black was appointed as the honorary head of the lab with
Zhongjian Yang as the deputy head and P. T. de Chardin as the adviser. After Black died in
1925, his position was filled by German paleontologist F. Weidenreich. Clearly, the Cenozoic
laboratory was designed and intended to be an international research unit.

In 1922, with the support of Grabau and Anderson, Ding founded the first Chinese
paleontological journal Palaeontologia Sinica, and he became the chief editor of this journal
for nearly 15 years. The journal published only English and German papers in the begin-
ning, but later published Chinese papers as well. The majority of the important Chinese
paleontological and stratigraphic studies during the 1920s and 1930 were published in
this journal.

In 1928, the National Geological Survey of China formally established its Paleontology
Laboratory. In the same year, the National Research Institute of Geology was founded in
Nanjing with its own Stratigraphy and Paleontology Laboratory, representing the growth
of paleontological research being conducted in China.
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The paleontological and stratigraphic studies carried out by Chinese paleontologists
started to grow in number quickly during the 1920s and 1930s. To list a few examples,
Xichou Tan excavated dinosaurs in Laiyang, Shandong Province in 1923 and collected
many dinosaur bones, some of which were later published and named as a duck-billed
dinosaur Tanius sinensis [8]. In addition, a large number of fish, insect, and plant fossils
were also collected. In 1923, Zanheng Zhou, a graduate from the National Research Institute
of Geology in 1916 who also later trained in Sweden, published his study on the fossil
plants from Shandong Province [9], representing the first paleobotanic paper by a Chinese
paleontologist.

The book “Contributions to Cambrian Faunas of North China” written by Yunzhu
Sun [10] marked the first paleontological book by a Chinese paleontologist. Some domes-
tically educated paleontologists also did great work in paleontology and biostratigraphy.
For instance, Yazhen Zhao, a graduate from Peking University was hired by the National
Geological Survey of China in 1923. During his short but glorious career, he published
several classic books on the study of brachiopods and stratigraphy before he was tragically
killed by a bandit while in the field in 1929 at the age of 31.

Siguang Li published his classic monography “Fusulinidae of North China” in 1927 [11].
In 1927, Zhongjian Yang published the book “Fossil Rodents from North China” [12] based
on his doctoral dissertation, which was the first monography on Chinese vertebrate paleon-
tology. Zhongjian Yang became the father of Chinese vertebrate paleontology. His earlier
work focused on Zhoukoudian and other Late Cenozoic mammalian faunas of northern
China. After 1938, his main research interest shifted to Mesozoic dinosaurs and synapsids.
His collaborations with P. Teilhard de Chardin were very successful and contributed greatly
to the establishment of the geochronology and the stratigraphic succession of the Tertiary
and Quaternary periods in China.

Xingjian Si (Hsing-Chien Sze) came back to China after he was awarded a Ph.D.
degree for his research on Chinese fossil plants [13] and contributed greatly to the study of
Paleozoic and Mesozoic plants in China, which earned him international fame.

Thanks to the efforts of Zhongjian Yang and Yunzhu Sun, the Paleontological Society
of China was founded in 1929. Yunzhu Sun elected the first president, and he was elected
the vice chairman of the International Paleontological Association in 1948.

Although the 1920s and 1930s witnessed the rapid growth of paleontology in China,
starting in 1937 China entered the Second Sino-Japanese War that ended in 1945 and
then the Chinese civil war that ended in 1949, which resulted in the founding of the
People’s Republic of China. Paleontological study during these years became difficult. The
National Geological Survey of China moved to Yunnan. Peking University also moved
to Yunnan to merge with Tsinghua University and Nankai University, and together they
became the National Southwestern Associated University. At this new conglomerate
University, students continued to be taught geology and paleontology, and many of the
graduates later became the some of the most important figures in Chinese paleontology
(e.g., Hongzhen Wang, Enzhi Mu, Dongsheng Liu, Zhiwei Gu, Yichun Hao etc.). As
a 1937 graduate from Peking University, Yanhao Lu, a Cambrian and trilobite expert,
first worked in the National Southwestern Associated University and then moved to the
National Geological Survey of China. In reality, Chinese paleontological study had not
completely stopped. For instance, Zhongjian Yang continued his work on the Lufeng
dinosaur fauna in Yunnan during the trying years from 1938 to 1945 and had discovered
the Jurassic dinosaur Lufengosaurus Fauna [14]. Lufengosaurus also represents China’s first
dinosaur with a mounted and complete skeleton. In 1940, Young was appointed the head
of the Laboratory of Vertebrate Palaeontology and the honorary head of the Cenozoic
Department of the National Geological Survey of China. In addition to the work he did
in Yunnan, he also carried out fieldwork in Northwestern China. During the same time,
Zanxun Yin and Yanhao Lu studied the Paleozoic biostratigraphy in southwestern China.

In sum, after the fall of Qing Dynasty in the 1911 and before the Japanese invasion
in 1937, China had witnessed a relatively fast period of economic growth and the con-
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struction of social infrastructure including railroads, communications etc. despite civil
war and political instability. As a result, Chinese paleontology had experienced a rapid
growth in both the number of paleontologists and paleontological research. Their research
covered nearly all major animal phyla and plant divisions. Furthermore, their studies not
only included taxonomic and biostratigraphic work, but also included discussions on the
evolution of some specific taxonomic groups. Chinese paleontologists had also established
a preliminary stratigraphic framework spanning from the Precambrian to the Quaternary.
It is also notable that many of the first-generation paleontologists had some background
in studying overseas or benefitted in some way from collaborating with some of the tal-
ented western paleontologists. However, despite the persistence of dedicated scientists,
overall, the wars and social turmoil had slowed down the sometimes-fast development of
Chinese paleontology.

4. From 1949 to 1977—The Expanding Stage of Chinese Paleontology

The founding of the People’s Republic of China in 1949 had two immediate impacts:
first, the newfound social stability and the secondly, the cessation of academic exchange
with western countries. Learning from and modeling after the former Soviet Union became
a trend. China’s connection with countries other than the former Soviet Union was limited.
For instance, Zhang Miman (Meemann Chang) spent a year visiting the Swedish Museum
of Natural History in 1966 (Figure 3), but did not return there to receive her Ph.D. degree
from Stockholm University until 1982.

Figure 3. Miman Zhang and her colleagues in Stockholm, Sweden in 1966. Front row, front the left:
Erik Stensiö, Miman Zhang, E. Mark-Kurik. Back row, from the left: Hans-Peter Schultze, Tor Örvig,
Hans Bjerring, Gareth Nelson, Ray Thorsteinsson, Erik Jarvik, and Hans Jessen (credit to IVPP).

To reboot its economy and social development following the civil war, the new Chinse
government established the Chinese Academy of Sciences in 1950 which includes many
different research institutes. Siguang Li was appointed the director of the Nanjing Institute
of Paleontology in 1950, and the institute was officially founded in 1951, which also
includes the Department of Vertebrate Paleontology in Beijing. The institute was based
on staff merged from the paleontological group of the Institute of Geology, the Central
Research Academy, the department of paleontology and the Cenozoic Research Laboratory
(Beijing) of the National Geological Survey of China. In 1953, the Department of Vertebrate
Paleontology, based in Beijing, was separated the from the Nanjing Institute of Geology
and Paleontology and became affiliated directly with the Chinese Academy of Sciences.
In 1957, the department was upgraded to an institute and assigned its current name, the
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Institute of Vertebrate Paleontology and Paleoanthropology (IVPP), in 1960 with Zhongjian
Yang as its first director.

In 1959, the Nanjing Institute of Paleontology was renamed as the Nanjing Institute of
Geology and Paleontology (NIGPAS) and has since focused on the study of invertebrate
paleontology, paleobotany, and stratigraphy, in order to be distinct from the IVPP, but both
are still affiliated with the Chinese Academy of Sciences (CAS) today. The two research
institutes of the CAS have since become the major forces in paleontological study in China.
It is also noteworthy that the two institutes were also able to accept graduate students and
helped to educate many of the outstanding young paleontologists of the next generation.

In addition to the positions available at the two research institutes of the CAS (NIGPAS
and IVPP), many other paleontologists were mainly employed at universities such as Peking
University, Nanjing University, Northwest University, Beijing Institute of Geology (now
the China University of Geoscience in Beijing and Wuhan), Beijing Institute of Mining and
Technology (now the China University of Mining and Technology), Changchun Institute of
Geology (now merged into Jilin University), and Chengdu Institute of Geology (now the
Chengdu University of Technology) etc. They have educated many students in paleontology
and stratigraphy, in addition to conducting extensive studies on invertebrates, plants
and stratigraphy.

In addition, the Geological Academy of Sciences affiliated to the Ministry of Geology
and other institutes affiliated to the later established Ministry of Oil have also recruited
many staff members who are working on paleontology and stratigraphy, mainly to fulfil
the tasks of geological surveying and exploring for geological resources.

In 1953, the journal Acta Paleontologica Sinica was established, with Zunyi Yang as chair
of the editorial board. Minzhen Zhou, a 1950 Ph.D. from Lehigh University in the USA,
helped create the journal Vertebrata PalAsiatica in 1956, with Zhongjian Yang as the chair
of the editorial board. In 1957, Zunyi Yang and Yichun Hao, graduates from the National
Southwestern Associated University, published the first textbook on paleontology for
Chinese students. In the same year, Yichun Hao also published the first Chinese textbook
on micropaleontology.

During this time, the extensive geological surveys conducted due to the nationwide
need to domestically locate oil, coal, and other mineral resources stimulated a rapid growth
in the number of paleontologists around the country. Micropaleontology was quickly
developed, largely in response to the practical demand for experts in the field. While
academic exchange between China and western countries had nearly stopped, a new
generation of students were sent to the former Soviet Union to study paleontology. Among
the graduates were Yichun Hao, Pinxian Wang, and Miman Zhang (Meemann Chang).
Chinese paleontologists had been asked to edit books on categories of fossils from various
regions of China and made progress on the study of fossils and stratigraphy of nearly all
Phanerozoic ages of China. For instance, dinosaur excavations at Shandong, Sichuan, Inner
Mongolia and Xingjiang have produced many previously unknown taxa from the Jurassic
and Cretaceous. In addition, large scale expeditions were organized to investigate the
geology of Tibet.

Despite the general practical need of the geological surveys to explore mineral re-
sources, there was still some scientific consideration for the paleontological development
in China thanks to the enduring visions of the first generation of Chinese paleontologists
(Figure 4). For instance, Zhongjian Yang had outlined the focus and directions of the
IVPP as “four origins and two deposits” in 1955. The four origins include the origins of
vertebrates, tetrapods, and mammals, as well as humans, primates and cultures from the
perspective of biology. The two deposits represent the fossil bearing red beds in southern
China and the soil-like deposits in northern China from the perspective of geology. In
1958, Yang further proposed the goals of “three gaps to be filled” for the IVPP, i.e., the
evolutionary gap, regional gap, and the stratigraphic gap. In the 1960s, the discovery of
human fossils had been remarkable, including some new specimens of Homo erectus, and
Homo sapiens.
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Figure 4. Group photo of officials elected at the first National Congress of the Chinese Paleontological
Society in 1956. Front row, front the left: Senxun Yue, Zanxun Yin, Xiaohe Zhou, Zhongjian Yang,
Yunzhu Sun, Xingjian Si, Jinke Zhao, and Zunyi Yang. Back row, from the left: Hongzhen Wang,
Zhiwei Gu, Yuanren Qu, Shicheng Huo, Ren Xu, Minzhen Zhou, Yu Wang, Enzhi Mu, and Longqing
Chang (credit to NIGPAS). The Chinese characters means the photo was taken at the first National
Congress of the Chinese Paleontological Society on June 16th, 1956.

International collaboration between China and the former Soviet Union is not only
limited to the education of Chinese students by experts from the former Soviet Union. In
1959, in adherence to an agreement between the Academies of Sciences of the two countries,
a joint expedition to Central Asia was formed (Figure 5), and was led on the Chinese side
by Zhou Minzhen from the IVPP. Unfortunately, the joint expedition did not last long
and was ended in 1960 due to the deterioration of the political relationship between the
two countries.

Figure 5. Field camp of the Sino–Soviet Union joint expedition in Inner Mongolia in 1959 (credit to IVPP).

During the Cultural Revolution (1966–1976), much like many other scientific disci-
plines, Chinese paleontology was seriously disrupted. In particular, the Chinese paleon-
tological community was nearly completely isolated from the outside world. Despite the
turmoil, field excavations continued to produce some exciting finds, and the empirical
paleontological and stratigraphic work carried out during that time filled many gaps in our
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understanding of both the evolution of life and the stratigraphic record. In addition, mi-
cropaleontology witnessed a stage of rapid development due to its application in surveying
and exploring for geological resources.

In summation, with the second generation of paleontologists entering the mainstage
during the period from 1949 to 1977, the Chinese paleontological community was greatly
expanded. On one hand, this was under the guidance of the first generation of paleon-
tologists and their international vision. On the other hand, it was also impacted by the
influence of the former Soviet Union and the growth of Chinese paleontology had been
closely related to the national industrial requirement for extensive geological surveys and
prospecting with a focus on the collection of fossils from across the country spanning from
the Precambrian to the Quaternary. A preliminary biostratigraphic frame was established,
and the study of the Chinese paleontologists covered nearly all the taxonomic categories
of paleontology. Overall, Chinese paleontology had generally been geology-oriented,
although the biological significance of some fossils had also been discussed to a degree.

5. From 1977 to 2020

In 1977, the National College Entrance Exam was reinstated after it had been aban-
doned for ten years and as a result many more talented students were able to study
paleontology in college. A new generation of graduate from Chinese universities were able
to be recruited into the NIGPAS, IVPP, and other research institutes as well universities,
and they remain the backbone of Chinese paleontology today.

With the beginning of the open-door policy in 1978, the connection between China
and western countries was able to be re-established. While some senior paleontologists
were able to communicate with their international colleagues and had more and more
visits from both sides, some Chinese students were able to pursue their degrees in western
universities. Meanwhile, new ideas and the most recent developments including scientific
methods in western countries such as cladistics and paleoecology began to be introduced
into China [15,16].

Since the 1980s, Chinese paleontologists have been frequently invited to participate in
the editing of the Treatise on Invertebrate Paleontology. In addition, Chinese paleontolo-
gists have published many books about their systematic work on various groups such as
trilobites, brachiopods, graptolites, corals, bivalves, cephalopod, insects, conchostrans etc.

Starting in the late 1990s, Chinese paleontology began to gradually enter its “golden
age”. First, some of the western educated students came back to China and were awarded
enough funding for their research to establish their own research labs. Secondly, many
domestically educated students graduated from colleges and joined research institutes
such as the NIGPAS and IVPP. The third generation of paleontologists, or the “reform and
open generation”, had the advantage of having a better grasp of the English language
and were able to more easily learn new technique and methods. It is notable that some of
the Chinese students chose to stay in western countries after earning their Ph.D. degrees
continued their paleontological career, and they helped to foster collaborations between
China and various western countries in order to both educate students and sponsor further
collaborative projects. More international meetings were hosted in China and more Chinese
paleontologists were able to participate in meetings outside China.

Starting in 2000, the scale of funding from the government for basic scientific research
began to be increased. The National Natural Science Foundation, which was founded in
1986, has been growing steadily and has become the main source of support for Chinese
paleontologists since the 1990s. For instance, over two dozen of the third and fourth
generation of paleontologists have been supported by the Distinguished Young Scientist
Fund, and paleontologists from the NIGPAS, IVPP, China University of Geosciences, and
Northwest University have also been awarded the Innovation Research Group Fund to
ensure that their research is being supported in the long term.

In addition to the funding from the NSFC, Chinese paleontologists had a chance
to be awarded large grants from other government agencies to help organize a large
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group of paleontologists to work together on a major scientific endeavor. For instance, the
Special Funds for Basic Research of China (“973” projects) by the Ministry of Sciences and
Technology provided grants amounting to twenty million Chinese yuan for a five year’s
project [17]. Since 2000, several paleontologists from the NIGPAS, IVPP, and the University
of Geosciences (Wuhan, Beijing) have been awarded this grant. In addition, Chinese
paleontologists have recently been able to secure other major grant, i.e., the Strategic
Priority Research Program from the Chinese Academy of Sciences, to investigate the
coevolution of life and paleoenvironment during major critical intervals of Earth’s history.
Most recently, a 10-year multidiscipline project was awarded to a paleontologist by the
NSFC. It is intended to study the Mesozoic terrestrial biota and its tectonic background from
the perspective of Earth system science, and it has drawn participants from paleontology,
geochemistry, geophysics, and sedimentology. Furthermore, even more paleontologists
have been invited to participate in several other multidiscipline projects, e.g., the new
Tibetan Plateau Expeditions.

The state key laboratory administrated by the Ministry of Sciences and Technology
is another way to support basic scientific research in China. The State Key Laboratory of
Paleobiology and Stratigraphy, based at the Nanjing Institute of Geology and paleontology,
and the State Key Laboratory of Biogeology and Environmental Geology, based at the
Chinese University of Geosciences were established in 2002 and 2012, respectively. These
labs are annually fiscally supported not only in scientific research and collaboration, but
also in the acquisition of new equipment.

Due to the increasing funding capacity available to the promising young generation of
paleontologists, Chinese paleontology has been growing at an unprecedent rate, and their
research scope and production have been greatly expanded, spanning from traditional
paleontology and stratigraphy, to paleobiology and some newly developed fields. Since
2000, some students and postdocs from western countries started to join the Chinese
institutions and universities, which have further fostered the international collaborations
between China and its international community.

In traditional paleontology and stratigraphy, Chinese paleontologists have greatly
extended their scope of excavations of fossils to nearly all areas of China, spanning from
Precambrian to the Quaternary. As a result, the rate of discovery of new taxa in various
biological groups has significantly increased. For instance, the rate of commonly accepted
dinosaur species named from China now outnumbers that of any other country. Starting
2015, supported by the “Special Research Program of Basic Science and Technology of
the Ministry of Science and Technology”, Chinese paleontologists launched an ambitious
project to publish a complete series of Palaeovertebrata Sinica, which comprises three volumes
and 23 fascicles on the taxonomy of all the vertebrate fossil species (nearly 10 thousand) in
China. Currently, 13 fascicles have been published, and several more are nearly finished.

Among many of the discoveries, there are several world famous Lagerstätte are prob-
ably best known to the international paleontological community, i.e., the Neoprotozoic
Wengan Biota (580 my) in Guizhou, Early Cambrian Chengjiang Biota (520 my) in Yunnan,
the late Jurassic Yanliao Biota (160 my), and the Early Cretaceous Jehol Biota (125 my) in
western Liaoning and neighboring areas, which have produced many world-known excep-
tionally preserved fossils bearing a lot evolutionary significant data on the early evolution
of early life including the evolution of animals [18–21], origin of birds, and regarding the
early evolution of mammals, birds, pterosaurs, and flowering plants etc. [22–25]. In addi-
tion, these discoveries have also drawn great attention from the media and public, hence
increasing the profile of Chinese paleontology in popular scientific communities. In 2001,
Science magazine published a special issue introducing the highlights of the discoveries
and research done in Chinese paleontology.

Thanks to sufficient funding and the great efforts put into field investigations, many
other Cambrian fauna have also been discovered, including the Neoprotozoic Lantian Biota
(600 my) in Anhui [26] and the Miaohe Biota in Hubei, the terminal Ediacaran Shibantan
Biota of Yangtze Gorges, South China [27], the Edicarian fauna in Guizhou [18,28], the Early
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Cambrian Burgess Shale-type fossil Lagerstätte the Qingjiang Biota [29], and the Middle
Cambrian Burgess Shale-type fossil Lagerstätte the Lingyi Biota [30] (Figure 6), etc. Newly
discovered Silurian fishes from Chongqing have produced many exceptionally preserved
articulated jawed fished, among many other discoveries. Devonian plants from Yunnan
and other regions produced unknown vascular plants [31]. The Permian Pompeii (about
300 my) preserved remarkable plants from coal in Wuhai, Inner Mongolia [32]. Many
new species of Middle Triassic marine reptiles and fishes often represented by complete
skeletons, including the earliest turtle, have also been discovered in Guizhou and Yunnan
provinces [33]. The Miocene Hezheng Fauna has also produced abundant and diverse
mammals and birds, sometimes with exceptional preservation of soft tissues and gut
contents [34]. Lastly, the Miocene Zhangpu Biota from Fujian represents another amber
treasure trove, recording a diverse fauna and flora of the tropical forest ecosystem [35].

Figure 6. Reconstruction of the latest discovered Middle Cambrian Lagerstätte Lingyi Biota in
Shandong (credit to Fangcheng Zhao).

Chinese paleontologists have also made significant contributions to several of the ma-
jor evolutionary issues, such as the Cambrian explosive radiation and its background [36],
the origin of animals [37], the study on the Great Ordovician Radiation and the end-
Ordovician mass extinction [38,39], the study of early vertebrates [40], the P-T extinc-
tions [41], the biodiversity changes based on big data [42], the origin of birds and their
flight [23,43], the early evolution of Mesozoic mammals including middle ears [22,44],
the Mesozoic insect–plant coevolution [45], sexual selection [46,47], the interaction of the
Cenozoic biota and flora with the uprising of the Tibet Plateau [48,49], the evolution and
dispersal of modern and archaic humans in China, etc. [50–52].

In the study of stratigraphy, Chinese paleontologists have now witnessed the ratifica-
tion of 11 global boundary stratotype sections and points (GSSP, or the so-called golden
spikes) in China, including the GSSP of the boundary between the Paleozoic and Mesozoic
in Zhejiang Province [53,54]. From the study of terrestrial strata, the Paleogene and Neogene
biochronologic frameworks in China were preliminarily established [55]. New integrative
stratigraphy and timescales for 13 geological periods (Ediacaran–Quaternary) in China were
published in the special issue of SCIENCE CHINA Earth Sciences co-edited by Shen and
Rong [56]. This research summarized the latest advances in stratigraphy and timescale and
discussed the correlation among different blocks in China with international timescales.

High-resolution stratigraphic studies have also been helpful in oil and gas explorations
as well as marine geology. Chinese paleontologists, particularly invertebrate paleontologists
and micropaleontologists, continue to have work in close collaboration with oil companies
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for the prospecting of oil and gas resources in which the Silurian division by graptolites
has played a key role [57].

Paleogeographic, paleoecological, and paleoenvironmental research has also been
active. For instance, paleogeographic and paleoecological reconstruction has been useful in
studying the controversial rising history of the Tibetan Plateau [49,58], and the paleobio-
geographic and paleogeographic evolution of blocks in the Qinghai–Tibet Plateau [59].

It is notable that the geochronological progress in China has made a great contribution
to the establishment of stratigraphic frame, which is critical for the discussion of various
geological and evolutionary questions. In particular, the dating of the volcanic ashes
interbedded in the terrestrial sediments provided a rare chance for the precise correlation of
deposits as well as the fossils in them [60–63]. Furthermore, the precise dating of the fossil-
bearing deposits enabled us to better relate the evolution of the Jehol Biota to the major
tectonic background [64,65]. Exciting dating results have been obtained from deposits
ranging from the Edicaran to the Quaternary, thus providing a solid ground for discussing
the interactions between the evolution of different forms of life and their geological and
paleoenvironmental background.

Geobiology, derived from the study of geomicrobiology, has also been developing
quickly in China [66], and shows a promising future as it can better bridge the geological
and biological processes in Earth’s history by taking advantage of the latest advances in
the study of geochemistry and molecular biology. It is also noteworthy that an institute
called the Institute of Geo-Biology was founded in Beijing in 1940, with P. Teilhard de
Chardin as the honorary president and zoologist P. Leroy as the director. It was based on
the collections and laboratories of the Huangho-Paiho Museum (now the Tianjin Natural
History Museum) founded by F. Licent in 1915.

The application of the modern genomic technique to the study of fossils has quick-
ened the development of the discipline of molecular paleobiology, particularly regarding
the study of fossil DNA. In the past decade, Chinese paleontologists have succeeded in
extracting the DNA sequences from bones of various fossils of Homo sapiens, as well that
of Denisovan from sediments [67,68]. The rapid progress in this area has also been well
connected with the study of archaeology and will certainly make a big impact on the study
of the early history of modern humans in China as well as the cultural exchanges between
various human populations in the past 100 ka [69,70]. In addition, the extraction of fossil
DNA has been increasingly often used in the study of Quaternary fossil mammals such as
the Giant Panda.

The study of molecular paleobiology is not limited to the study of fossil DNA. In fact,
the study of fossil proteins in deep time has also shown a promising future. A recently
published work on the paleoproteomics of the mysterious primate Gigantopithecus, dating
back 1.9 million years, provided some interesting phylogenetic information [71]. It is also
notable that Chinese paleontologists have also been working hard on the identification and
detailed analysis of keratin from fossil feathers of dinosaurs and birds from the Jurassic
and Cretaceous [72].

The rich paleontological and stratigraphic resources that remain to be further investi-
gated and the unique geological history of the Chinese continent provide numerous chances
for the future development of Chinese paleontology, particularly when paleontology is
regarded as an integrated part of the Earth System. For instance, the collision between
the Indian plate and Eurasian plate and the subsequent rise of the Tibetan Plateau in the
Cenozoic has been one of the major tectonic events that has made an important impact on
the geography, climate, and history of China. The study of the evolution of life, including
human evolution in the Tibetan Plateau against its unique geological background, is ex-
pected to produce more exciting multidiscipline results. The subduction of the paleo-Pacific
plate towards the Eastern Asia during the late Mesozoic in East Asia has been regarded as
related to the evolution of the Yanliao and Jehol Biota, and the study of the control of deep
tectonic activities on the surface geological processes and its impact on the evolution of
terrestrial life has now drawn attention from paleontologists, geologists, and geochemists.
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Technical applications, such as synchrotron, have also played a key role in the study
of paleontology in China [73–75]. Several Chinese institutes and paleontological labs in
universities have now been equipped with high resolution CT in addition to SEM, TEM,
etc. The Synchrotron facilities in Shanghai, Beijing, and Hefei as well as those in Taiwan
have also been used by Chinese paleontologists, bringing forward more opportunities and
research directions for the younger generation of paleontologists [76–78].

The NIGPA has constructed an impressive Geobiodiversity Database (GBDB) thanks
to the longstanding support of the State Key Laboratory of Paleobiology and Stratigraphy
and other major projects. Recently, a high-resolution summary of Cambrian to Early-
Triassic marine invertebrate biodiversity curves with an imputed temporal resolution of
26 ± 14.9 thousand years was published based on the Geobiodiversity Database (GBDB),
which used quantitative data from 11,000 marine fossil species collected from more than
3000 stratigraphic sections in China [42].

Benefitted by the rapid economic growth and the need for popular science education,
many new museums of natural history or geology have been constructed in China, which
have created more chances for the employment of graduates of paleontology. While the
NIGPAS and IVPP remain the two biggest paleontological centers in China, a few univer-
sities, e.g., the Chinese University of Geosciences, Peking University, Nanjing University,
Northwest University, Lanzhou University, and the Geological Academy of Sciences re-
main to have a strong paleontological program. New paleontological programs have been
established and are growing in several other universities, such as the Yunnan University,
Sun Yat-Sen University, Capital Normal University in Beijing, Shenyang Normal University
in Liaoning, Hefei University of Technology in Anhui, and Lingyi University in Shandong,
etc. In addition, paleontologists are also active in some of the biological institutes, e.g.,
the Xishuangbanna Tropical Botanical Garden, Institute of Botany of the CAS, and many
provincial museums.

Despite the remarkable progress made during the past three decades, the advancement
of Chinese paleontology is also held back by several challenges. For instance, the illegal
collecting and marketing of vertebrate fossils remain unsolved issues, while scientific col-
lecting often meets great difficulty mainly due to the immature administrative management
of fossil resources and lack of local interest.

In sum, due to over 40 years of reform and the open-door policy of China in addition
to the rapid growth of the nation’s economy, paleontology in China has largely merged
into the global paleontological community and became a major force that constantly pro-
duces exciting new discoveries of fossils that arouse public interest. Furthermore, it has
contributed important evidence to ongoing evolutionary research, which has added to
our understanding of the tree of life in deep time. The integration of paleontology with
biological and geological sciences has indisputably proved its importance.

6. Future Directions and Challenges

The new generations of paleontologists in China, who have benefited from the suc-
cess of their predecessors against the background of digital age and several decades of
the fast growing of Chinese economy, seem to be more optimistic and confident in us-
ing new technology and methods in paleontological studies. In addition, they are more
willing and prepared to participate in multidisciplinary research that often involves a back-
ground in geochemistry as well as in molecular and developmental biology. More urgent
global changes also encourage them to pay more attention to the interactions between life
evolution and paleoenvironment during deep time.

During the digital age, more attention has been paid to the construction of Big Data
and the application of AI technology to paleontological study. Paleontological data will
probably be better integrated with geochronological and geochemical data, which may help
produce more interesting results regarding paleobiodiversity and paleogeography, as well
as the impact of paleoenviroment, on the evolution of life on Earth.
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Considering the population of China, in the future, there will be even more museums
or universities with paleontology programs to increase the employment chances for pale-
ontology students and arouse more public interest in this discipline. Young paleontologists
can find their positions either in the department of Earth sciences or biology. Their expertise
in the history of the Earth and the evolution of life on Earth will be a necessity not only
for students of Earth sciences and biological majors, but also for any students who may be
interested in the history of the Earth and life, or the theory of evolution (Figure 7).

Figure 7. Group photo of participants of the conference celebrating the 70th anniversary of the
Nanjing Institute of Geology and Paleontology in Nanjing in 2021 (credit to NIGPAS). The Chinese
characters means a warm congratulation to the 70th anniversary of the Nanjing Institute of Geology
and Paleontology of the Chinese Academy of Sciences.

With the growing need for science communication in order the increase the scientific
literacy of the public, Chinese paleontologists should be optimistic and enthusiastic about
the great potential of paleontology in attracting both kids and adults. It is important to
note that when natural sciences are further integrated with liberal sciences, the knowledge
gained in paleontology and evolutionary biology will be beneficial to a wide range of
readers and future scientists.

However, challenges remain in Chinese paleontology. The practical philosophy of
Chinese culture has hindered the development of basic scientific research. Some of the
students chose paleontology because they saw it as an advantageous career rather than out
of their personal interest. The NIGPAS and IVPP, as CAS’s two institutes, seem to be under
some pressure to focus on institutional organized projects, rather than small individual
projects born out of pure curiosity.

Due to historical and cultural reasons, it seems that Chinese paleontologists are
shy to propose new hypotheses, attempt contribute more to evolutionary theory from
paleontological evidence, or to try to integrate paleontological data with biological data.
Cross-discipline interaction is never easy, and it only happens when the scientific culture
is suitable for scientists to focus on purely scientific pursuits. Yu recently provided an
interesting account of the social, cultural, and disciplinary factors that influenced the
reception and appropriation of Darwinism by China’s first-generation paleontologists [79].
With the development of young generations of paleontologists in the new century, it is
hoped that Chinese paleontology will continue to make more contributions to world’s
paleontological community. This is accomplished not only by making more exciting
discoveries, but also by engaging in new studies that enrich our understanding of the
evolutionary mechanisms of life on Earth and provide more clues to our understanding of
the impact of global changes in biodiversity on human evolution.
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Simple Summary: This article examines the relationship between twentieth- and twenty-first-century
paleobiology. After summarizing the disciplinary problem of paleontology in the mid-twentieth
century, I focus on five representative research topics in contemporary paleontology. In doing so, I
outline twenty-first-century paleontology as a science that seeks more data, more technology, and
more integration. At the end of the paper, I highlight a possible new paleobiological revolution:
it would give paleontologists strong political representation to deal with issues such as expanded
evolutionary synthesis, conservation of the Earth’s environment, and global climate change.

Abstract: In this paper, I will briefly discuss the elements of novelty and continuity between twentieth-
century paleobiology and twenty-first-century paleontology. First, I will outline the heated debate
over the disciplinary status of paleontology in the mid-twentieth century. Second, I will analyze
the main theoretical issue behind this debate by considering two prominent case studies within the
broader paleobiology agenda. Third, I will turn to twenty-first century paleontology and address five
representative research topics. In doing so, I will characterize twenty-first century paleontology as a
science that strives for more data, more technology, and more integration. Finally, I will outline what
twenty-first-century paleontology might inherit from twentieth-century paleobiology: the pursuit of
and plea for a new synthesis that could lead to a second paleobiological revolution. Following in
the footsteps of the paleobiological revolution of the 1960s and 1970s, the paleobiological revolution
of the twenty-first century would enable paleontologists to gain strong political representation and
argue with a decisive voice at the “high table” on issues such as the expanded evolutionary synthesis,
the conservation of Earth’s environment, and global climate change.

Keywords: paleontology; paleobiology; history and philosophy of paleontology; twenty-first-century
paleontology; paleobiological revolution; technoscience and global issues

1. Introduction

At the beginning of his book Tempo and Mode in Evolution (1944), North American
paleontologist George Gaylord Simpson (1902–1984) provided an interesting picture of the
difficulties and lack of interaction between the paleontological and biological communities
during the middle of the twentieth century. He wrote, “not long ago [ . . . ] geneticists
said that paleontology had no further contributions to make to biology, that [ . . . ] it was
a subject too purely descriptive to merit the name “science”. The paleontologist, they
believed, is like a man who undertakes to study the principles of the internal combustion
engine by standing on a street corner and watching the motor cars whiz by” [1].

The same opinion was shared by prominent biologists. For instance, British geneticist
John Maynard Smith (1920–2004) noted that that during the 1960s there were continuous
frictions between paleontologists and biologists. As he recalled in 1984, “[at] that time, the
attitude of populations genetics to any paleontologist rash enough to offer a contribution to
evolutionary theory has been to tell him go away and find another fossil, and not to bother
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the grownups” [2]. However, in the same piece, Maynard Smith added two lines, in effect
showing the different perception and value of paleontology. He admitted, “Palaeontology
has been too long absent from the high table. Welcome back” [2].

In welcoming paleontology to the table that matters, the geneticist paved the way for
some historical and theoretical questions: What happened between the 1960s and 1980s that
was so imprinted as to make his judgment change? Does twenty-first-century paleontology
still sit at the high-table? And how does the scientific agenda of today’s paleontology relate
to its scientific past and future?

In this paper, I will briefly address these questions, in effect reflecting on the elements
of novelty and continuity between twentieth-century paleobiology and twenty-first-century
paleontology. First, I will expose the heated debate about the disciplinary status of paleon-
tology during the mid-twentieth century. Second, I will analyze the main theoretical issue
behind this debate by looking at two prominent case studies within the broader paleobio-
logical agenda. Third, I will move to twenty-first-century paleontology and address five
representative research topics. By doing so, I will characterize twenty-first-century paleon-
tology as a science that seeks more data, more technology, and more integration. Moreover, I
will I focus on the notion of the “second digital revolution” as it occurs in paleontology.
In the conclusion, I will state what twenty-first-century paleontology might take from
twentieth-century paleobiology: the aspiration of and plea for a new synthesis that may
lead to a second paleobiological revolution.

2. Paleobiology vs. Paleontology

“We are paleontologists, so we need a name to contrast ourselves with all you folks
who study modern organisms in human or ecological time. You therefore become neontolo-
gists” [3]. With his classical provocative and quite “parochialism” jargon, North American
paleontologist Stephan Jay Gould (1941–2002) called attention to two important elements
that characterized the methodology and disciplinary status of paleontology throughout the
twentieth century. First, Gould insisted that a different name was necessary to differentiate
two quite different approaches to evolution. According to Gould, the term ‘paleontology’
was too weak and too historically laden to achieve the aim of promoting paleontologists
as genuine biologists and not as geologists. Together with several US colleagues, such as
Niles Eldredge, David Raup, Jack Sepkoski, Steven Stanley, and others, he chose the term
“paleobiology” as the perfect name to describe paleontological interests in evolutionary
biology [4,5]. Paleobiology had its heyday between 1970 and 1985. This name though goes
back to Austrian paleontologist and biologist Othenio Abel (1875–1946). He coined the
term “paleobiology” to emphasize the biological meaning of this discipline. Paleobiology,
so Abel, was able to investigate evolutionary mechanisms, in effect providing the deep-
time perspective to evolutionary study [6–8]. Hence, paleontology should be considered a
biological sub-discipline and not practiced in geological departments.

Second, Gould contrasted between evolutionary investigations of living organisms
(what he called neontological analyses) and the paleo(bio)ontological ones, which study
what happened in the deep past. Indeed, Gould’s statement derived from the empirical
results he himself and other paleontologists were obtaining during the 1960s and 1970s.
These scientists were keen to present their discipline as a rigorous investigation of evo-
lutionary mechanisms. By uncovering deep-time patterns and processes, paleontologists
were indeed able to contribute to and expand the evolutionary mechanisms set during the
modern synthesis of evolution. Gould coupled this theoretical aim with a broader idea of
science, paleontology, and evolutionary time [5,9–11].

As noted, the second ground behind Gould’s provocative statement was his emphasis
on the importance of deep-time investigations as defining characteristic of paleontology.
Although the discovery and conquest of deep time was a classical argument for the im-
portance of paleontology since the seventeenth century [12–16], this dimension acquired
extra (biological) value in the twentieth century. In 1985, Gould published a paper in the
journal Paleobiology, arguing that “Nature’s discontinuities occur at different scales of time
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or tiers”. He distinguished three distinct temporal tiers. The first tier includes events at the
ecological movement; the second tier encompasses events which occur during “millions of
years in “normal” geological time”; whereas the most exciting subject in paleontology lies
in our recognition that one of our best-recognized and most puzzling phenomena, mass
extinction, is not merely more and quicker of the same, but a third distinct tier with rules
and principles of its own [17].

Successively, he stated that “whatever accumulates at the first tier is sufficiently
reversed, undone, or overridden by processes of the higher tiers” [17]. For instance, mass
extinction occurs at the third tier. It “works by different rules and may undo whatever the
lower tiers had accumulated” [17]. Evolution is an extremely hierarchical phenomenon.
Hence, Gould noted that only paleobiologists are able to investigate what happened in
the second and third tier; whereas “neontologists” study “modern organisms in human or
ecological time” [17].

Gould’s idea was that evolutionary time could be seen as a system of distinct tiers—
and the problem of transpacific evolution requires an explicit study of their interaction.
Darwinian tradition leads us to deny this kind of structuring, to view time as a continuous,
and to seek the source of causality at all scales in observable events and processes at
smallest [9,18].

To put it simply, Gould and colleagues meant to “(1) make paleontology more theoreti-
cal and less descriptive; (2) introduce models and quantitative analysis into paleontological
methodology; (3) import ideas and techniques from other disciplines (especially biology)
into paleontology; (4) emphasize the evolutionary implications of the fossil record” [5].
Or, as philosopher Derek Turner put it in seven slogans, “(1) Paleontology has more to
contribute to biology than to geology; (2) Study fossils in bulk—individual specimens
don’t tell you much about evolution; (3) Paleontology needs theories; (4) If you can’t
experiment, then simulate; (5) don’t assume that the fossil record is incomplete; analyze
the incompleteness; (6) resist reductionism; (7) don’t shy away from raising big questions
about evolution” [19]. This does not mean, though, that all these features were literally
invented by paleobiologists, but rather that Gould and colleagues put these elements at the
center of their research programs.

Following these starting points, Gould asserted that paleontology was a legitimate
biological discipline able to uncover patterns and mechanisms which could be found at
the second and tier tiers of time [20]. For instance, at the second tier, Gould individuated
phenomena which occur primary within a punctuated equilibrium-pattern (as he had
formulated years earlier together with Niles Eldredge [21]), whereas the third tier is domi-
nated by mass extinction phenomena. These patterns and mechanisms complete, expand,
and in part revise the neo-Darwinian picture of evolution.

Nine months after his article “The Paradox of the first Tier” was submitted to Paleo-
biology, Gould wrote to the journal’s editor, Jack Sepkoski, explaining the necessity of an
interaction between different and autonomous layers of the evolutionary theory:

Hierarchy, as here discussed in its genealogical context, is an ‘internalistic’ theory
about evolution dynamics. And we need to formulate it properly if we are to tackle this
internal dynamic with the other great mover of life’s patterns—the externals of geological
history especially mass extinctions, that so impact life’s history . . . in other words, all the
data that you and your colleagues are treating in such new and exciting ways. Hierarchy
confronts the geological dynamic, and we will not get it right until we reformulate both
sides. Gould to Sepkoski, 13 August 1985 in [5].

In this letter, Gould clearly affirmed the importance of reformulating the hierarchical
model of evolution in the light of the momentous and exciting research techniques used
in the investigation of mass extinctions. The reformulation Gould had in mind, however,
concerned the entire paleontological discipline. He suggested a “nomothetic and idio-
graphic” approach to the fossil record based upon David Raup and Sepkoski’s studies on
the structure of the mass extinction [22–24].
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The Kantian philosopher Wilhelm Windelband (1848–1915) coined the nomothetic vs.
idiographic distinction. On May 4, 1894, he gave his rectoral address on the methodological
differences between History and Natural Science at the Kaiser-Wilhelms-Universität Stras-
burg. During that address, he distinguished historical from natural sciences by focusing
on the “formal character of their cognitive goals” [25]. Nomothetic disciplines aimed at
formulating general laws and general judgments, while the ideographic sciences merely
collected historical facts. The former were sciences of laws, the latter sciences of events:
“the former teach what always is, the latter what once was” [25]. This distinction was
not about the contents of the two sciences; but rather it was about how scientists produce
knowledge. That means that the main difference between nomothetic and ideographical
disciplines was methodological. With his programmatic statements expressed publicly
in a paper, Gould intended to bridge the methodological gap between the natural and
bio-historical sciences [20].

To accomplish the reformulation, Gould promoted a methodological synthesis. He
clearly suggested this in commenting on Sepkoski’s study on Phanerozoic diversity [26,27].
Gould affirmed that, “Here we see an interesting and fruitful interaction of nomothetics
and ideographics. The form of the model remains nomothetic—the “real” pattern arises as
an interaction between two general curves of the same form, but with different parameters.
Ideographic factors determine the parameters and then enter as boundary conditions into a
nomothetic model” [20].

The ideographic factors mentioned by Gould derive from Sepkoski’s famous
Compendium. It gave the required data a mathematical treatment of data. This in turn
made visible what is invisible: the structure and development of the Phanerozoic diver-
sity [28,29].

Hence, the contrast between paleontology and paleobiology was mainly based on
disciplinary and methodological issues. Gould and colleagues first created a disciplinary
space in which to insert their research agenda (they named their approach “paleobiology”).
Successively, they sought to a possible methodological and disciplinary synthesis, in effect
avoiding possible dichotomies. Famously and quoting German philosopher Immanuel
Kant, Gould wrote “with all biology and no geology, paleontology is empty; but with geol-
ogy alone, it is blind” [20]. Furthermore, by calling for a synthesis, another theoretical issue
was tackled by twentieth-century paleobiology: the possible over- and under-determination
of paleontological explanations.

3. Over- and Under-Determination

It is quite difficult to find well-preserved fossils that immediately resemble living
organisms that can also be exhibited, used, and taken at face value. In fact, once an
organism dies, it is subjected to the several taphonomic processes. These processes destroy
and change the features of the original organism. For instance, it is rare to find fossils
with their soft parts preserved. There are two ways to practically address this problem:
(1) focus on structures that are more frequently preserved; (2) focus on exceptionally well-
preserved sites. These provide more selective observations that can be essential, but have
their limitations when studying rapid changes during evolution (I thank an anonymous
reviewer who pointed this out to me. See [30,31])

The imperfect and incomplete nature of the paleontological record gave several pa-
leontologists cause to reflect on the epistemic aspect of the fossil record. As a result,
paleontologists came up with practices intended to overcome the incomplete nature of
the records of the past. In addition to working with imperfect and incomplete data, pa-
leontologists must face another difficulty: the so-called over and underdetermination
issue.

As philosopher of science Carol E. Cleland has pointed out, historical sciences, such
as paleontology, are subjected to the asymmetry of overdetermination [32,33]. They are in
the same condition as the investigator who is trying to reconstruct what, exactly, shattered
a window starting from the traces on the floor. Let us imagine that three different people
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throw different objects at the same window at the same time. In that case, “the breaking
of the window is overdetermined by numerous sub collections of shards of glass lying on
the kitchen floor. That overdetermination of earlier facts by later traces occurs whenever a
window breaks” [34].

Following Turner, we can develop the thought experiment a bit further. “The owners
of the house sweep up the shards, throw the baseball in the bin, and eventually repair the
window. A few weeks later, the only traces of the event that remain are a few shards of
glass under the refrigerator. The housecleaning and repair are examples of what Sober
(1988, 3) calls information-destroying processes” [34].

Let us follow Turner again in this line of reasoning. Let us assume that a future
investigator discovers glass shards on the kitchen floor. He will then ask what kind of
shards they are—are they pieces of a glass, a window, a vase, etc.? “Even if the historical
investigator recognizes the traces for what they are”, noted Turner, “rival hypotheses about
earlier events and processes will often be underdetermined by the available traces. After
studying the shards under the refrigerator, the historical investigator will be completely
confused: The evidence does not permit her to discriminate at all between incompatible
opposing hypotheses (window vs. wine glass, football vs. baseball, etc.) In other words,
she confronts a local underdetermination problem” [34].

Therefore, the present event (a broken window, or, in paleobiology, a mass extinction)
over- or under-determines its possible causes. Replaying the tape of time, we cannot be
sure to identify the correct sequence of cause–effect, since there are many possible causal
chains backwards from the local event.

Hence, first, the record of the past is always imperfect and incomplete, and second,
we are not able to state whether our imperfect and incomplete data overdetermine or
underdetermine the phenomena paleontologist would like to investigate.

Given these two issues, how can paleontologists bring out patterns and mechanisms
that might expand evolutionary theory? Are these two issues not a death kiss for pale-
ontology? And more broadly, what is paleontological business about? To answer these
questions, I will briefly recall some research results Gould himself put in the middle of
his agenda.

One main topic of twentieth-century paleobiology was the debate about the impor-
tance and dynamics of mass extinction [5,35]. One central research result was the famous
paper (and graph) representing the periodicity in mass extinctions within geological time.
It was used by Gould to indicate a classical phenomenon which happens on the third
temporal tier. This representation has many interesting peculiarities, which are related to
the notion of paleobiological data [16,29,36,37].

Due to Alvarez’s team discovery (1978) of the iridium anomaly in rocks formation
at K–T boundary, mass extinction became the hot topic of paleontology in the 1980s. One
of the main questions during those years was concerning the number and intensity of the
mass extinctions.

This issue was resolved in two famous papers written by David Raup and Jack
Sepkoski. Using Sepkoski’s database (1982), Raup and Sepkoski identified the number of
mass extinctions and the periodicity of this phenomenon. Sepkoski and Raup plotted a
huge number of fossil marine families against geological time and found that five mass
extinctions clearly occurred in the history of the Earth as “statistically distinct from the
background extinction levels”. These “five extinction events are seen as sharp drops
in standing diversity”, and therefore they were easily detected. A mass extinction is
thus an event in which a “large number of organisms have disappeared over relatively
short time” [22,23].

This case study is emblematic since it shows the highly integrative practice used in
twentieth-century paleobiology. As for the seminal investigation of morphogenesis con-
ducted by David Raup and Adolf Seilacher during the 1960s and 1970s [11,38], also in
this case paleobiologists sought to integrate data and technologies to produce possible
coherent scenarios of the past. Since a direct access to the deep past is impossible, scientists
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technically recreate possible scenarios which tell the scientists that something happened in
the past. Hence, to overcome the issue of over- and underdetermination, paleobiologists
stretched and elaborated their data with the help of technology (such as computer, electron
microscope, databases, etc.). The key methodological insight was indeed the fruitful combi-
nation of science and technology. This implied that phenomena such as mass-extinctions or a
life-like display of extinct specimens in a museum’s hall depend both on the correct use
of technological devices and on the interplay between these devices and theories. Hence,
paleobiology can be seen as a phenomena-lead discipline. These “investigations are such
because the relevance of evidence turns on relationships between phenomena, the hypothe-
ses pertaining to them” [39] and, I would add, the technologies used to stage deep time.
Shades of glass on the ground or fossil excavated in a particular region are evidence if these
can be used into this integrative process [40].

4. Twenty-First-Century Paleontology: More Data, More Technology, and
More Integration

What is left of the paleobiological research agenda? As I will detail in the conclusion,
twentieth-century paleobiology shares with twenty-first-century paleontology the needs for
integration and synthesis. In this section, I would like to briefly single out five promising
research topics of current paleontology and connect them with twentieth-century paleobi-
ology. I would like to characterize the research of twenty-first-century paleontology with a
slogan: more data, more technology, and more integration.

The first topic I chose is about the emergence of paleocolor as a testable field of enquiry.
To achieve this aim, it is important to have more clean data. In addition to the publication of
studies on feather taphonomy, scientists are teaming up to use ion beam scanning electron
microscopy to investigate the preserved melanin pigments. By integrating more data with
more technologies, paleocolor can provided precious insights into the behavior and ecology
of extinct organisms [34,41–48].

Second, as noted, one main issue paleontologists have to face is the lack of appropriate
data. The clarification around the preservability of organic chemicals in fossils, and more
broadly, the mechanisms behind taphonomy, is another key research program of twenty-
first-century paleontology. Also in this case, the choice and use of appropriate technologies
(such as mass spectrometry methodology, appropriate databases, etc.) is essential to obtain
more data and thus pose new questions on phylogenetic hypotheses [49–54].

Third, another promising topic of twenty-first-century paleontology is given by the
intersection between morphology, evolutionary theory, and various technologies. The inter-
section between robotics and morphology provides one compelling example. Scientists are
working together with engineers to model and construct bio-inspired robots to understand
evolution. One example above all (for another example published recently, see [55]) is
given by research on the morphology of Orobates pabsti. This is a four-legged vertebrate
organism that went extinct about 300 million years ago. The study of the morphology of this
well-preserved specimen is very important because it could offer valuable insights into the
evolution of terrestrial vertebrates. Orobates are an early evolution of the lineage that led to
amniotes. These made the vertebrate transition to land by becoming independent of open
water during the early stages of development. Thus, studying and understanding how
these species were able to transition from water to land is essential to better understand
one of the major transitions in vertebrate evolution.

To perform this research, scientists designed the OroBOT robot. It was designed to
account for the locomotion dynamics of Orobates. The OroBot was built in collaboration
with bioengineers at the École Polytechnique Fédérale de Lausanne (EPFL) in Lausanne.
The spine of the OroBot was segmented into eight joints: two for the neck, four for the
trunk, and two for the tail. The feet consisted of three passive and compliant joints. The
designed parts of OroBOT were made of polyamide plastic material and created by selective
laser sintering. Working in vivo with these robots, Nyakatura’s team was able to reach
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conclusions about the complex form-function that characterized the vertebrates’ transition
to land [56–59].

The same logic is behind the creation of a chewing machine, an artificial mechani-
cal chewing machine, used to study the micro-wear process and the possible correlation
with diet and the rate of tooth wear. As the authors noted, “the aim was a simplified
system that would allow changing various factors in mastication, for example different
standardized feeds, to test whether expectations based on a simplistic interpretation of
microscopic and macroscopic wear could be confirmed. The aim of this study was to
produce microwear features seen in nature, i.e., pits and scratches, and to quantify macro-
scopic wear with real teeth and diets, in order to achieve a detailed picture of the wear
process and its components” [60]. As in the case of the OroBot, the use of technology and
various machines here also brings the investigation of the past (micro-wear process) close to
engineering [59,61].

This synergy between technology and paleontological research has also taken different
forms in the present day. Among them, one is virtual paleontology [62–67]. This leads
to a second digital revolution in paleontology. This second digital revolution is signed
by the passage from bio-robotics, or nature-inspired robotics, to robotics-inspired biology.
This transition implies bridging of the gap between technology and nature. Form changes
should now be studied through in vivo investigations (such as the classical anatomical
dissection), in silico (as, for example, through CT scanners or computer simulations), and
eventually again in a hybrid and highly integrated in vivo–silico–robotic environment
through bio-robotics [61]. The full integration of these methodological levels would help
illustrate the structural interplay of elements that characterizes form change.

The fourth hot topic of twenty-first-century paleontology is deeply rooted in the
twentieth-century paleobiology. As noted in the introduction, paleobiology was launched
to reorient the paleontological agenda toward broader evolutionary problems. This was the
main reason for the paleobiological revolution of the 1960s and 1970s—think of Eldredge
and Gould’s call for punctuated equilibrium. The same search for new evolutionary mech-
anisms pervaded paleobiological research during the first encounters with the emerging
evo-devo community. Or rather, the evolution of evo-devo was shaped by paleobiological
questions from the beginning, and vice versa. In fact, at the 1981 Dahlem conference on
“Evolution and Development”, which will be considered as the grounding meeting of evo-
lutionary developmental biology as an autonomous evolutionary discipline, biologists and
paleontologists discussed together the relationship between evolution and development.
For instance, in the working group on “The Role of Development in Macroevolutionary
Change” biologists, such as Jim Murray, Pere Alberch, Brian Goodwin, Gunther Wag-
ner, Tony Hoffman, and David Wake, defined with paleontologists Stephen Gould, Adolf
Seilacher, and David Raup the role of constrains in evolution [11,68–70].

The same line of continuity and interaction denotes current paleontology, which even
formalizes the paleontological contribution to evo-devo as Paleo-Evo-Devo. Therefore, the
paleontology of the twenty-first century is also characterized by the search for a strong
integration in this fourth case [71–79].

The fifth topic I have singled out is also anchored in the twentieth-century paleobio-
logical agenda: the discussion of abiotic and biotic factors in evolution. Recall that I opened
this paper with a quote from Maynard Smith. He welcomed the return of paleontology
to the high table as a result of Raup and Sepkoski’s findings on mass extinction and the
consequent focus on biotic elements in evolution. This research, in turn, had emerged
from the study of the dynamics of Phanerozoic marine paleodiversity (and the proposed
model analyses for studying diversity) and the Red Queen model proposed by Leigh Van
Valen [5].

Twenty-first-century paleontology is capitalizing on this line of research. At the same
time, paleontologists are trying to synthetize biotic and abiotic factors. For instance, Mike
Benton notes, “The realization that the Red Queen and Court Jester models may be scale-
dependent, and that evolution may be pluralistic, opens opportunities for dialog” [80]. He
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goes on asserting, “methods are shared by paleontologists and neontologists, and this al-
lows direct communication on the patterns and processes of macroevolution” [80]. Fortelius
and colleagues are also proposing “a tentative synthesis, characterized by interdependence
between physical forcing and biotic interactions” [81].

Along these lines, paleontologist Tyler Faith and his colleagues emphasized the key
methodological elements of current hominin evolution. First, paleoanthropology, as pale-
ontology, is all about data and time scales (or as Gould put it tiers): “There is no universally
‘correct’ scale of observation, but to address questions linking ecology and evolution, the
scales of the processes of interest must align with the scales of the available data” [82].
Second, paleoanthropology is desperately in need of more theory (recall Turner’s third
point for describing paleobiology), or rather of a new hypothetic-deductive methodol-
ogy [83]: “Incorporating a stronger theoretical framework into the agenda of hominin
paleoecology will allow researchers to reverse the typical direction of inference (i.e., from
data to hypothesis) by generating theoretically informed predictions that are tested with
the data, and then determining if a hypothesis should be modified or rejected” [82]. By
granting a new methodology, a new balance may emerge “between inferring evolution-
ary narratives from the data and testing process-based hypotheses using those data” [82].
Hence, again, twenty-first-century paleo-research is about more data, more technology, and
more integration.

5. Conclusions: A Plea for a New Synthesis

What do the five topics just discussed tell us about the elements of continuity between
twentieth-century paleobiology and twenty-first-century paleontology? First, both enter-
prises called paleontologists’ attention to a cooperative effort to understand the (deep) past.
As paleontological data are always imperfect and incomplete, paleontologists should om-
nivorously assimilate every method to successfully and opportunistically work on and with
deep time [40,84,85]. Molecular approaches to the deep past are therefore supplementary
not antagonistic to classical paleontological analyses of forms [86]. Sometimes, they allow
paleontologists to see things better or, at least, in a different fine grade (e.g., [87]). How,
however, can paleontologists confidently use data, names, technology, and knowledge
outside their field of application if they do not know the correct boundaries of application
of such tools in their own? Critical integration of different methods can help mediate and
hopefully overcome technical issues. This should be paired with inter- and multidisci-
plinary programs to enable students and scholars to fruitfully learn and apply different
methods—that was one of insights of the paleobiological revolution of the 1960s and 1970s.

Indeed, this implies a return to the sprit embodied by the paleobiological revolu-
tion of the mid twentieth-century. At the end, what Gould and colleagues were asking
for was a genuine synthesis of knowledge. They asked for blurring the disciplinary bor-
ders between natural and historical sciences as well as between science and technology.
This spirit should be put at the center of twenty-first-century paleontology – this agenda
is also perused by other technoscientific disciplines such as biorobotics, synthetic biol-
ogy, nano(bio)technology, etc. See, for instance, [59,61,88–91]. This enterprise should be
characterized by a cooperative model of knowledge production. Instead of supporting a
never-ending disciplinary struggle to define what paleontology is (or is not), to draw a
sharp line between paleontology and neontology, or between morphological and molecular
phylogenetics, scholars should work together and ideally share their data and method to
address new challenges, as has happened during periods of major theoretical transitions
in the history of paleontology [5,29,92]. The results provided by Perri et al. [93] are a clear
example of the continuum of approaches that characterizes paleontology and biology.

A future task for philosophers and historians of paleontology would be to understand
the various practices and reasons for the paleontological plea for synthesis and integration
in the last century. In other words, the analysis should focus on what (and why) paleontolo-
gists sought (and are seeking) collaboration with neontologists and promote the circulation
of knowledge and technologies [94] (an important starting point would be the analysis
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of how paleontologists and neontologists are publishing together or taking part in joint
conference. I thank one referee for this point. See, for instance, the papers gathered in the
special issue “Crossing the Palaeontological-Ecological Gap” published in Methods in Ecol-
ogy and Evolution 2016, 7. Furthermore, it is perhaps worth noting that Wolfgang Kiessling
was the first paleontologist to play a major role in the Intergovernmental Panel on Climate
Change (IPCC) report on climate change, working on ”Climate Change 2021: Impacts,
Adaptation and Vulnerability“, thus bridging the gap between the two communities - I
thank one referee for this. See also [35,95–97]).

This point will make visible the role of the so-called invisible technicians, i.e., all those
who work (silently and without much recognition) on the production of paleontological
knowledge. In addition to the flood of data and the transformation of the paleontologist
into a data scientist (and vice versa), field and preparatory work needs to be recognized as it
remains at the heart of paleontology today [98–100]. Today, more than ever, the classic metaphor
of the earth as an archive of knowledge and data is still valid. In fact, the greatest amount of
data is still buried in the field. On the importance of field work for paleontology [101–106].
This focus will create an awareness of the new social hierarchies in twenty-first century
paleontology that result from the massive use of technology.

Hence, and to conclude, if constructively interpreted and read through the recent
history of paleontology, the five topics singled out may provide some potentialities for a
new synthesis between genetic and morphological approaches to the evolution of forms in
the attempt to overcome the limits, issues, and problems of phylogenetic reconstructions.
The major implication would be a broader reflection on what paleontology might become
in light of recent technical and molecular revolutions. This would imply a second paleobio-
logical revolution. In fact, as David Sepkoski put it, “the paleobiological “revolution” was
more like a political contest in which one group perceives itself to be disenfranchised and
agitates for greater representation in government than a contest of lofty ideas. The 1970s
was a period of revolution in paleontology because paleobiologists saw themselves, and
described what they were doing, as revolutionary” [5]. Echoing the paleobiological revolu-
tion of the 1960s and 1970s, a twenty-first-century paleobiological revolution would enable
paleontologists to gain strong political representation and to argue with a decisive voice at
“the high table” on topics such as the extended evolutionary synthesis, the Anthropocene,
conservation of Earth’s environment, and global climate change.
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