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The Locard’s exchange principle (1930) holds that the perpetrator of a crime leaves
traces behind that can later be sampled and used as forensic evidence. On the contrary,
insects are autonomous cues: they appear, grow and move away from a crime scene
without any human action. Forensic entomologists rely on these living cues to reconstruct
a posteriori the post-mortem chronology.

In the Editorial of the first Forensic Entomology Special Issue (2001), Benecke [1] stated
“There are three things that we need in forensic entomology: more young researchers ( ... ), open
discussion about possible flaws in our methods and PMI calculations, and access to information
for scientists all over the world ( ... )”. Thanks to research, forensic entomology has since
investigated several possible flaws and evolved from a rather empirical clue into a mature
evidence-based forensic science. This is the consequence of the deep involvement of many
students and researchers worldwide, who performed extensive studies and published
hundreds of articles, case reports and technical refinements. However, this may be too
much: the above-mentioned easy access to information has on the way been blurred by an
excessive amount of publication. Revealingly, the current top 3 cited “forensic entomology”
documents are rather old manuals from 1992, 1991 and 2007 and many forensic pathologists
and crime scene investigators still think in terms of “squads”, a hypothesis yet abandoned
by forensic entomologists for decades. Thus, while several factors may explain the slow
rise of forensic entomology, its complexity and inability to simply answer some practical
questions cannot be ignored. In this context, we believe review articles may be the next big
step for forensic entomology.

Although their main (and obvious) disadvantage is that they will eventually become
outdated, review articles integrate and synthesize relevant information that otherwise
would be dispersed, so they can be both the perfect introduction to a novel topic [2] and
a new starting point that boosts research within a particular area of knowledge. Either if
they are written from a purely “narrative” perspective or with a systematic and/or meta-
analytical approach, review articles are potentially useful tools for forensic entomology
practitioners, researchers and students. Narrative reviews can find their place either in
academic journals or in academic collaborative books (e.g., [3,4]), whereas systematic
reviews that are developed around a research question and often include a meta-analysis of
published data are more often published among other scientific papers in academic journals.

“Oh my god. You still think forensic entomology is all blowflies and screw-worms, don’t
you?”

Having trouble finding trace amounts of blood at a crime scene, police inspectors
of the TV show Brooklyn 99 call a superstar forensic entomologist, Dr. Yee (Season 6,
Episode 10, March 2019). Supposedly the scientist has bred a species of flies that can
detect small traces of blood, even when it has been cleaned. Unfortunately, Dr. Yee was
a fraud. But while forensic entomology is still about blowflies and maggots, and not



Insects 2021, 12, 648

mutant flies, some practices of forensic entomology have greatly evolved during the last
40 years. In the first article of this Special Issue, UK forensic entomologist M. Hall shares
his long experience and his point of view on the links between fundamental research
and its application in forensic cases [5]. Review articles are one of these bridges, as they
are useful for all, can focus on any step of the forensic entomology analyses and can be
written by both academics and case-workers (contrary to books that require long-time
and deep knowledge). Unfortunately, such valuable sources of knowledge currently seem
under-represented compared to classical research (Figure 1).

1400 ~

1200 -

Hreviews
1000 -

research articles + case reports
800 A
600 -

400 A

200 A

0 M

2001 2003 2005 2007 2009 2011 2013 2015 2017 2019 2021

cumulated number of publications

Figure 1. Cumulated number of reviews (black) and research (grey) articles published during the
last 20 years (PubMed research performed in March 2021 using “forensic entomology” as keyword).

Due to their low number, forensic entomologists cannot move to all crime scenes, and
sampling is thus often performed by non-specialists [6]. Subsequent transport, conservation
and temperature control are also extremely important for forensic entomology analysis. To
avoid bias, crime scene technicians or forensic pathologists who sample insects must follow
clear, concise and efficient sampling, fixation and conservation protocols. While the Best
practice in forensic entomology—standards and guidelines paper published by Amendt et al. in
2007 [7] remains one of the most cited papers in forensic entomology, it provides general
guidelines rather than a clear sampling protocol and is now out of date. In practice, each
country or even laboratory currently has its own procedures, and there is a lack of widely
accepted international standards. Furthermore, researchers are still working on some key
points. As an example, up-to-date protocols are still needed for those eventual cases where
eggs could be the only entomological evidence recovered in a death scene. While Amendt
et al. [7] recommended to kill and preserve egg specimens—if maintaining living samples
was not possible—by directly placing them in 70-95% ethanol, it was recently shown that
this method results in a marked decomposition of tissues, thus making it impossible to
reliably use age-specific morphological markers [8]. Similarly, the fixation of fly larvae
using very hot water prior to storage in 70-95% ethanol requires anticipation and material
and is most of the time difficult or impossible under harsh crime scene conditions. Finally,
the guidelines by Amendt et al. [7] did not provide any recommendations on how to fix
and preserve the intra-puparial stages. However, this period can be particularly crucial
in minimum post-mortem interval estimations as it can account for more than half of
the developmental duration of the blow fly life cycle. Accordingly, in the last decade, a
number of studies have tested the suitability of different fixation and preservation methods:
at least eight different articles on sample storage have been published in the last ten
years, including one in this Special Issue [9,10]. In this context, it is obviously difficult
for a non-specialist to stay informed and make the right methodological choices. There
is no doubt that an up-to-date review published under a large scientific consensus and
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establishing a step-by-step sampling protocol would be a great milestone for the whole
forensic entomology community.

The next step in the forensic entomology process, species identification, is also crucial.
While the adults of the most common necrophagous species can be easily identified, this
task is more challenging for some incidental species or early instars. Whereas identification
keys to both the larval and adult stages of the most common blow fly species occurring on
cadavers have been published, only spare morphological descriptions might be available
for other forensically relevant taxa, with the immature stages of many species remain-
ing unknown. Molecular biology, and especially DNA-based methods, are thus widely
investigated. In this Special Issue, Gzywacz et al. [11] provide a good example of the
value of molecular methods when morphological identification is not possible. However,
while powerful and increasingly accessible, these methods remain more expensive and
time-consuming than traditional morphological identification. On the other hand, the idea
of traditional morphological identification being a simple and straightforward method
can be misleading. First, it requires a solid background in insect taxonomy and many
forensic practitioners might not be properly trained in the observation of certain diagnostic
characters. Furthermore, some diagnostic morphological characters may be obscured or
altered if the sample preservation is not optimal or if the practitioner lacks expertise in the
handling, processing and /or mounting of insect specimens. In this Special Issue, Pradelli
et al. [12] present simple methods to clean puparial samples in order to facilitate their
morphological identification. Some practitioners may also “feel tempted” to use keys from
a different biogeographic region, sometimes leading to misidentifications. Thus, reviews
focusing on simple and efficient DNA-based methods and straightforward taxonomic
keys dedicated to carrion insects, clearly delimited to particular biogeographical regions
and supported by unambiguous, high-resolution images of the most useful diagnostic
characters, should be encouraged.

Beside molecular species identification, significant changes occurred in forensic ento-
mology during the last decades. In the early 1990s, the “squads” method, first formalized
by J.P. Megnin a century ago [13], was progressively abandoned. As summarized in the
Crime Scene Investigation TV show, this idea was simple and appealing: “Insects arrive at
a corpse in a specific order. Like summer follows the spring. And you can pinpoint time of death,
based on the type and age of insects present on the body” (Grissom, CSI Las Vegas 1.10). How-
ever, what happens in the field is rarely simple enough to be summarized in a punchline,
and Megnin’s necrophagous squads were not reliable enough for forensic purposes [14].
Research indeed evidenced that using the chronological faunal succession for post-mortem
interval estimations actually requires large-scale local studies involving numerous cadavers,
repetitions over years and extensive statistical analysis [15]. In this Special Issue, LeBlanc
et al. [16] show how the occurrence and assemblage composition of necrophagous flies in
small bait traps may differ from that of cadavers, thus warning about the potential issues of
extrapolating trap collection data to courtroom proceedings. Thus, the step between field
experiments and forensic cases application is high: Moreau [15] reviewed these pitfalls, but
also acknowledged the interest of ecological decomposition experiments. He suggest that
“the authors should explicitly recognize that the (successional field) study is descriptive,
thus not allowing for transposition of the results to other situations or use in court”.

On the contrary, development-time datasets, which are quite simple to perform and
an indispensable prerequisite for aging larvae, have received little attention during the
last years. In this Special Issue, Matuszewski [17] highlights the need for development
datasets for potentially useful species that regularly breed on cadavers, but for which no
reference developmental data are available. For those species with wide geographical
distributions, local developmental studies are required as there might be differences in the
developmental rates between populations. In this context, Shin et al. [18] present baseline
developmental data for the blow fly species Lucilia sericata in South Korea, commonly used
as a forensic indicator and for which development-time datasets from other geographical
regions are available [17]. Regrettably, many researchers may be discouraged to perform
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basic developmental studies as they could sometimes be seen as “not innovative enough”
for being published in some high-profile academic journals. In addition, as in the case
of sample collection at the forensic scene, an updated review providing detailed and
standardized rearing and sampling protocols for developmental studies would be highly
beneficial and enable the comparison of different datasets [17]. Laboratory analyses have
indeed demonstrated that numerous biotic and abiotic parameters such as food type, larval
behavior or bacterial load, to name a few, could significantly affect larval development [19].
However, most of these studies lack concrete applied methodologies to take account of
the effect observed experimentally. In such a situation, forensics readers may wonder how
they are supposed to proceed, and the most pessimistic observers would question the
reliability of forensic entomology analyses. Thus, while there is currently almost no review
dedicated to synthesizing the biology and development of key species (e.g., Lucilia sericata),
such reviews could distinguish incidental effects from clear trends and suggest appropriate
case-related methodology.

Even if there are some key areas where much research still needs to be carried out [17],
forensic entomology is today a dynamic science, with the above-mentioned increasing
number of scientific publications and active researchers and practitioners across the world.
However, many other researchers and practitioners can face significant challenges if they
approach this discipline for the first time. Again, updated and comprehensive review
articles can be a valuable tool for those who aim to start forensic entomology in a particular
country or region. In this Special Issue, Wang et al. [20] review the recent progress in
forensic entomology research and application made in China, providing an inventory of
the different types of baseline studies conducted, as well as highlighting the need for proper
entomological training for forensic practitioners.

Collaboration between forensic practitioners and researchers is indeed of mutual
benefit as it enables access to large forensic cases databases, providing new insights into
the biology, ecology and forensic relevance of the insect species associated with human
cadavers. Such meta-analyses of forensic cases can identify, for example, patterns in the
seasonal activity, the colonization of cadavers or the co-occurrence with other species, thus
improving the interpretation of further forensic entomological evidence and stimulating
additional research on forensically relevant species (e.g., [21,22]). They can also shed
some light on the forensic implications of traditionally neglected aspects of the insect
activity on cadavers (e.g., [23]). However, these types of a posteriori analyses of forensic
databases are still scarce. More frequent is the publication of case reports addressing
one or a few particular cases (e.g., [24]). The publication of those particular case reports
can be useful if, for example, they describe the occurrence of a species which had not
previously been considered as forensically relevant [25], highlight how an entomological
analysis can provide new and significant insights into a case [26] or show other utilities
and applications of the evidence [27]. Nonetheless, meta-analyses of large forensic cases
datasets are desirable as they provide strong reference data for the most usual and required
type of entomological analyses in case reports. In this sense, the preparation of a solid
case report is pivotal, as it must show the reliability and significance of the performed
entomological analyses. In this Special Issue, Kotzé et al. [28] propose an overview of
sections to be considered when drafting a forensic entomology case report, which could
certainly contribute to the standardization of these reports among both experienced and
novel practitioners.

As a very specific area of study, forensic entomology is more often requested in
unusual cases that require additional and/or alternative approaches, rather than routinely
applied in forensic casework. Even if a case requiring an entomological analysis is not
particularly “unusual”, it will always be unique, differing spatially and temporally from a
priori similar cases [5]. Therefore, the conclusions drawn from that entomological analysis
and stated in a forensic report will be opinions based on science rather than undisputable
scientific facts. That those opinions should be based on science means that they should rely
both on a solid experience in the area and on related and published peer-reviewed studies.
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This emphasizes the importance of forensic entomology research, either if it consists of
baseline studies stimulated by general needs (e.g., development-time datasets) or on ad hoc
experiments simulating the conditions of a specific case [5,17]. On the other hand, this also
highlights the need for self-criticism and awareness among researchers and practitioners of
the limitations of the application of forensic entomology [29,30].

As pointed out by Hall [5] in the opening of this Special Issue, “Opinion evidence
is clearly important, but the opinions expressed in an expert witness statement come from an
interpretation of the facts of the case (e.g., the presence of larvae or the temperatures recorded)
in the light of the expert witness” experience and their knowledge of data (e.g., rates of insect
development) that are generated through research focused on supporting casework”. Accordingly,
this Special Issue presents a series of remarkable research studies, forensic case reports and
reviews, all of them highlighting the complex and challenging implications of applying
forensic entomology studies to court. It is our opinion that it might be the right time
for critical, disruptive reviews that clearly identify the weaknesses and limitations of our
field. Acknowledging the real nature of forensic entomology and its inherent or current
limitations will avoid misinterpretations, overstatements and troubles in court. It may be
the basis for a more probabilistic/Bayesian approach to the forensic entomology analysis,
transforming what might appear to be weaknesses into a strength.
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Simple Summary: Forensic entomology concerns the use of insects as evidence in legal investigations.
Many sorts of investigation can benefit from an interpretation of insects associated with the crime
scene, but insect evidence is most frequently used in investigations of death. The interpretation of
insect evidence in casework is guided by the data supplied through research. Such data are essential
to improve the casework interpretation of insect evidence, thereby improving the robustness of the
legal systems in which it operates. This paper explores the mutually beneficial relationship between
research and casework in forensic entomology, contrasting the different challenges that each presents
and giving examples of how each can support the other in delivering results of real societal benefit.
It is written from the perspective of the Criminal Justice System of England and Wales, but many of
the points raised are relevant to legal systems worldwide.

Abstract: Research is a vital component of all forensic sciences and is often stimulated by casework,
which identifies gaps in our knowledge. In such a niche area of forensic science as entomology there
should be a close and mutually beneficial relationship between research and casework: to some extent
there is a continuum between the two and many forensic entomologists are involved in both to a
greater or lesser degree. However, research and casework involve quite differing challenges, from the
replicated, highly controlled, sometimes esoteric aspects of research to the very individual, sometimes
chaotic and disruptive, but highly applied aspects of casework. Ideally casework will include the full
involvement of a forensic entomologist, who will collect the insect and climate evidence at the scene
and produce a robust expert witness statement based on a full analysis of this data. Unfortunately, it
can also include situations where samples, if collected at all, are poorly preserved, not representative
of the full cadaver fauna available and presented to the entomologist months or years after the event,
without local temperature data. While research is recognised through publications and their citation
indices, casework and its associated expert witness statements often receive no credit in an academic
workplace, although they do have a positive societal impact and many other benefits of teaching
and public engagement value. This manuscript examines the relationship between research and
casework from a UK perspective, to raise awareness of the need to create an environment that values
the contribution of both, for future generations to flourish in both areas.

Keywords: casework; court; criminal justice systems; expert witness; forensic entomology; insect
evidence; research

1. Introduction

Before the 1980s, research publications in the field of forensic entomology were relatively
infrequent [1] (p. 418), and therefore the research support to investigations of insect evidence
during casework was limited. The first case in which forensic entomology evidence was used
in the UK was the “Ruxton” case of 1935 [2]. Analysis of the insect evidence in this case was
based on records of insect development that were unpublished at the time, nevertheless it was
important as corroboration of other evidence even if not used in court [3,4].

Publication of Ken Smith’s Manual of Forensic Entomology in 1986 [5] was a major
catalyst to research, bringing together the widely scattered forensic entomology literature
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available at that time and combining it with relevant taxonomic and ecological literature
recording the biology of carrion fauna. I believe that it is no coincidence that its publication
was in the decade that saw the start of an almost exponential rise in scientific publications
in the field of forensic entomology [1] (p. 418), which continues to increase year-on-year [6].
A substantial portion of Smith’s book was devoted to insect identification, highlighting
the critical importance of assigning the correct name to insect evidence at the start of
any casework. This landmark book clearly demonstrated the potential value of insect
evidence in criminal investigations, summarizing 19 case histories and suggesting areas for
future research of value to forensic entomology casework, thereby being of importance in
highlighting the relationship between research and casework.

In 2009, Magni et al. [7] published results of a survey of forensic entomologists
worldwide. Of some 300 individuals contacted, 70 responded and by far the largest group
(60%) were employed in universities. However, 67% of all respondents considered forensic
entomology to be only their secondary occupation. Some 79% of respondents published in
the area of forensic entomology or taxonomy while a similar proportion, 74%, undertook
casework. Nevertheless, only 25% of the caseworkers had worked on >100 cases, most
(64%) had worked on <50 cases and half of those on <10 cases. In my opinion, it seems
likely that there are many forensic entomologists who spend far more of their time on
research (and teaching) than on casework, in part because of the difficulty of gaining
casework experience due: (1) to the relatively low number of cases in which it is used; and
(2) the generally pragmatic nature of those who require a forensic entomology input to
their investigations, minimizing risk and/or honouring service contracts by selecting those
they have previously used with success.

The following comparison of research and casework in forensic entomology is very
much a personal perspective developed from working within a UK context. The policing
and legal systems of the UK are complex and differ between those of Northern Ireland,
Scotland and England and Wales—the majority of my experience is within the Criminal
Justice System of England and Wales (abbreviated here as CJS-EW). I look at some of
the challenges of working in casework within an academic or other scientific institute
background, e.g., universities and museums, which Magni et al.’s [7] survey shows to be
the dominant workplace for forensic entomologists.

2. Research and Casework—Similarities and Differences

Table 1 summarises some of the differences between undertaking research and undertaking
casework in forensic entomology, indeed in virtually all branches of forensic science. In addition
to the likely requirement for caseworkers of a research degree, such as a PhD, and subsequently
acquired practical experience of the subject that qualifies them to provide an expert opinion
on specific, insect related aspects of a criminal investigation, it is of great benefit to the forensic
entomologist to acquire training in expert witness skills: if only to make them aware of the
potentially stressful and intimidating environment of a court room [8], to help in writing a
witness statement and to prepare for the likely style of questioning.

Table 1. Some differences between research and casework in forensic entomology:.
Areas of Difference Research Casework
Qualifications needed PhD required PhD and expert witness skills
Experimental replication One-off, unique scenario
. Reacti
Nature of study Proactive eactive

Planned schedule Often highly disruptive

Self-managed deadlines Imposed, strict deadlines
Productions from study Research publications Expert witness statements

Rewards for production Citation indices, academic credit

Often no academic credit but knowledge
of the societal benefit
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Most practicing forensic entomologists can expect to appear in court at some time
to be questioned on the opinions and conclusions in their expert witness statements. Of
course, court rooms and the legal systems practiced within them vary enormously from
country to country. My background is in the adversarial system practiced in the UK
and, during my career, | appeared in court in just 12.3% (18/146) of the cases for which
I submitted one or more expert witness statements. In some cases that did not result in
a court appearance the entomology evidence may either have been submitted, but was
not contested, or it may not have had evidential value. Without the training I received
from an expert witness training provider, which had been assessed, quality assured and
certified by a university school of law [9], I would have been much less comfortable in the
court room. In addition to courses, there are a number of published articles and numerous
books, e.g., [10,11], to help prepare an expert witness for court, in addition to the online
aids available from the judiciaries of England and Wales [12,13] and Scotland [14] and
from the office of the Forensic Science Regulator [15,16]. There are also some invaluable
aids written specifically for forensic entomologists [17,18]. An interesting and personal
perspective on the challenges of presenting forensic entomology evidence in court is given
in an opinion paper by Disney [19], discussed by reference to a number of specific cases,
which together illustrate the wide variety of ways in which insect evidence can be used.

Major differences between research and casework appear in the actual nature of the
study. All research relies on adequate replication [20]. However, each case is a one-off,
unique scenario—even apparently similar cases usually vary spatially and temporally. This
can present real challenges in interpretation. Sometimes valuable information towards an
understanding of the biology of a case can be gathered by simulation of important aspects
of the original case, e.g., use of a buried pig to simulate the decomposition of a victim in a
shallow grave [21]. However, such simulation is often not possible due to time constraints
imposed by the investigation or difficulties in working at the crime scene, especially if
indoors, e.g., due to limited access.

While, by and large, a research study can be conducted within a planned schedule to
self-managed deadlines, casework is often highly disruptive to the timetables of research
and teaching that most forensic entomologists also undertake and it runs to strict deadlines,
imposed both by the needs of the investigation and of any subsequent trial. Research is
much more amenable to control of its timetable than is casework.

Other than products such as patents, the final products from most research work are
peer-reviewed publications in the scientific literature. For these the researcher receives
academic credit based on some form of citation indicator [22]. To my knowledge and
experience, no academic credit is usually given for the expert witness statements which are
the product of a forensic investigation. However, many factors compensate for the lack of
standard academic credit and the caseworker can take credit from the knowledge that their
evidence has benefited more than science, it has made a positive contribution to society,
contributing to the criminal justice system generally as well as to specific individuals,
such as relatives of victims who, from personal experience, can benefit from the closure
given through insect evidence [23]. Feedback is sometimes received by caseworkers from
someone in the judicial system that also demonstrates the societal value of the casework.
Three examples of feedback that I have received are given below and illustrate the value
of forensic entomology, not only in the court room but earlier in the investigation, for
example as a guide to what time period for the investigators to focus on, leading to savings
in increasingly limited resources:

e  “The opinions you expressed in your statement went a considerable way to support
our hypothesis, based on a number of other known facts. Your statement was accepted
in evidence by the defence. I was very pleased with the accuracy of the opinions
you expressed, which I am sure went someway to causing the defendant to change
his account. Had he not changed his account at the eleventh hour we would have
relied considerably upon your evidence to convince the jury (of our hypothesis).
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I am therefore satisfied that the evidence you provided was useful to the case and
represented good value for money.”

e ... the investigation team were very happy to be told that death occurred on the
day [the victim] went missing as this hugely reduced the amount of CCTV they had
to view.” (NB: investigators still had to view >11,000 h of CCTV in this case.).

e  “Your statement was crucial in securing guilty pleas. The two accused were pleading
not guilty up until the moment of the trial beginning. The trial, had it run, would have
lasted a week or so at great expense, so your statement led to those guilty pleas. So,
value for money it was worth it.”

In addition to the knowledge that casework is of societal value, engagement in case-
work provides researchers with practical experience that they can share with students,
adding value to their teaching, it provides ideas for projects (e.g., see Section 3 below), it can
provide income for the institute and it provides experience for use in public engagement
activities.

Writing an expert witness statement can be as challenging as writing a scientific paper,
if not more so. While each witness statement is usually founded on a smaller scientific study
than a research paper, the implications for the conclusions and, therefore, the consequences
of errors, are profound. For forensic entomology cases investigating neglect or death, each
statement usually involves a factual account of when and where specimens were collected,
how they were processed, how they were identified and how they were aged based on
estimated temperatures for the period of development. However, it is not just about facts,
but about how these facts are then interpreted based on experience to assist the court. This
summation of facts and opinion results in an estimation of the time that the earliest female
insect laid her eggs/larvae on the body of the victim, living or dead. In an investigation of
death, this equates to the minimum post-mortem interval, minPMI [24,25]. The witness
statement can also include a testing of any hypotheses proposed by either prosecution (Hp)
or defence (Hy) [26-28].

Of course, with some cases it is possible to prepare not only an expert witness state-
ment but also a scientific publication, with details of cases suitably anonymized [29-31].
Case reports are widely accepted in medical science, with several journals dedicated to
their publication, e.g., BMJ Case Reports, Oxford Medical Case Reports and Journal of Medical
Case Reports. Such publications are also of value in forensic science and can be of enormous
benefit in describing unusual cases (e.g., [32,33]), providing a comparison of similar cases
(e.g., [34-36]), identifying local fauna (e.g., [37,38]), and in discussing the application and
validation of methods (e.g., [39-43]), especially if there is an independent and accurate
verification of time of death to compare with the entomology estimates.

With forensic scientists being under greater scrutiny now than ever before, there is a
great deal of responsibility and legal obligations on any expert witness, as detailed in a
document produced by the Forensic Science Regulator regarding the CJS-EW [44]. I believe
that the pressures on an expert witness have always been there, but they have increased
over the last four decades with, for example, greater scrutiny, greater accreditation, shorter
time scales and tighter budgets. From the first statement I produced in 1992, the only way
that anyone might know that I had any knowledge of entomology was the fact that my
address included “Department of Entomology at the Natural History Museum, London”.
In contrast, in addition to a detailed statement of my qualifications and experience, my
final statement produced in 2019 included a one page declaration with more than 20 bullet
points based on guidance from the Criminal Practice Directions [45] (19B, pp. 35-37),
essentially declaring awareness of my duties as an expert witness, including that “I am
likely to be the subject of public adverse criticism by the judge if the Court concludes that I
have not taken reasonable care in trying to meet the standards set out above”. I think this
declaration is entirely fair and reasonable but, in its clear and unambiguous statement, it is
still a stark reminder of the onus on an expert witness. As mentioned above, the pressure
on expert witnesses has always been there, evidenced by the autobiography of Professor
Keith Simpson [46] in which he says, “My insistence on the timing of death had become
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pretty well known, to the police, the Director of Public Prosecutions, the lawyers—and the
Press, who would have scented a public disgrace for me if I'd been wrong.” [46] (p. 310).
However, in this case, the so-called “Lydney murder”, Professor Simpson had opened
himself up to unnecessary pressure by declaring a period of death, rather than a minPMI, at
the scene, before he had a chance to confirm the larval identification and take into account
the ambient climate conditions [46] (pp. 300-310). His estimate was not unreasonable, but
I would not recommend making such an unequivocal statement at a crime scene without
caveats.

The lack of control of many factors in casework, mentioned above, can make it very
difficult to produce a robust expert witness statement. In an ideal world, a forensic
entomologist would visit the scene and/or the post-mortem to collect the insect evidence.
My own experience is of visiting the scene in just 18.5% (27/146) of the cases for which I
produced a statement. Not visiting a scene does not mean that it is impossible to produce
a robust statement, but the confidence intervals might have to be widened and more
caveats introduced. Additionally, the forensic entomologist can give trained crime scene
personnel timely additional advice and instruction by mobile telephone as they collect
insect evidence at the scene, and the entomologist can visit the scene virtually when they
later view crime scene photographs and videos, including those produced by 360° imaging
techniques [47,48]. However, non-attendance at the scene by an entomologist can introduce
the potential for complications, illustrated in Table 2: examples of those I have experienced
include:

e  Provision of just six larvae for analysis when many thousands are evident on scene
photographs.

e  Puparia (apparent on scene photographs) were overlooked in collections because they
were not on the body and did not move, and so were just not considered part of the
insect evidence, although they were most likely the oldest stages present.

e  Alllarvae collected alive for rearing were dead on arrival at the laboratory as they
were transported in sealed plastic pots inside air-tight evidence bags (Figure 1).

e Being asked to identify and determine the age of dried, flattened larvae 3.5 years
post-collection, following their storage without preservative in a sealed glass jar kept
in a fridge (remarkably, immersion in potassium hydroxide (KOH) [5] enabled them
to be identified to species and assigned to a life stage) (Figure 2).

Table 2. Examples of differences between collection and analysis of forensic entomology evidence in an ideal world and in reality.

In an Ideal World the Forensic Entomologist: In Reality There Are Cases Where:
visits the scene; the forensic entomologist does not visit the scene;
collects a good range of insect evidence; insect evidence collected is suboptimal in range;
preserves the insects appropriately; insect evidence is not preserved properly;
retains some specimens alive for rearing; specimens collected alive die before delivery;

collects scene meteorological data to compare with the nearest
weather station;

no meteorological data is collected at the scene;

collects evidence at the start of the investigation;

evidence is only made available to the forensic entomologist
months/years after the case;

prepares a robust expert witness statement.

it is extremely difficult to prepare a robust expert witness
statement.
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Figure 1. Example of forensic exhibit containing larvae of Calliphora vomitoria (Diptera: Calliphoridae) collected alive, but
then sealed inside an airtight plastic pot (A) inside a plastic evidence bag so that all had died (B) by the time of their arrival
at the laboratory.
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Figure 2. Example of suboptimal maintenance of insect evidence, stored without preservative for 3.5 years in a sealed glass
jar in a fridge. (A,B) dried flattened fragments of fly larvae, resembling flakes of rusted metal; (C) oldest specimens revealed

to be at 2nd-3rd instar moult and early 3rd instars of Calliphora vomitoria (Diptera: Calliphoridae) following immersion in
10% aqueous potassium hydroxide (KOH) [5].

Lutz et al. [49] highlighted the importance of collecting insect evidence at the scene,
especially the oldest stages, as in the second example above: in an analysis of 29 death
investigations, they found that in 21 cases where puparia were collected at the scene,
only in 14 (67%) of the subsequent autopsies were puparia collected. A published case
that mirrors the last example given above is that of the re-examination of specimens in
a "cold case" review nine years after the initial investigation [50]. Effective training of
crime scene personnel with regular updating and use of recommended entomological
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collection equipment (e.g., [25]) are obvious ways to combat the illustrated complications
of non-attendance of an entomologist at the scene.

3. Research and Casework—A Mutually Beneficial Relationship

Casework continuously identifies lacunae in our knowledge that research can ad-
dress. Casework therefore poses questions and research can provide the solutions. Those
solutions must be realistic, practical, validated and, ultimately, accepted in Court. How-
ever, researchers must not be limited at an early stage by what might seem impractical at
the current time. For example, I sometimes questioned how practical for casework our
own research using micro-computed tomography (micro-CT) to explore the intra-puparial
development of the blow fly (Diptera: Calliphoridae) would be [51]. This research was
stimulated by knowledge that the intra-puparial stages occupied at least 50% of the de-
velopmental period of blow flies, yet there were no adequate means available to estimate
the stage reached by puparia collected from a scene. Micro-CT offers a means to virtually
and non-destructively examine puparia, a bonus when this is forensic evidence, and can
provide physiological aging at 10% intervals, equivalent to about one day at UK summer
temperatures [52]. While a micro-CT is still an expensive capital item, it is increasingly
possible to buy time on them, to use even remotely, and this trend is only likely to increase,
as a survey of the use of CT in the field of forensic science reveals, showing a huge increase
in publications in that area since 2000 [53]. Micro-CT in forensic entomology has great
future potential and the research also develops our understanding of biology at a more
fundamental level, e.g., of metamorphosis [54,55].

Examples of casework from my own experience that directly stimulated research
include the following;:

e Andrew Hart and I worked on two cases in quick succession in central and southern
England in which the body of the victim was concealed inside a suitcase. In both cases
there were fly larvae on the bodies and the question was, "can adult flies deposit their
eggs on a suitcase in such a way that the larvae can develop on the body inside?" The
subsequent research showed that not only can first instar larvae penetrate through
suitcase zippers, but also that female flies can insert their ovipositors through the
zippers and lay eggs inside the suitcase, enabling the hatching larvae to colonise the
body [56].

e The oldest insect stages in a case in northern England in late Autumn were newly
hatched first instar larvae from egg batches laid around a neck ligature and in the
facial orifices. Most of the available information on blow fly egg stages gives a period
from egg-laying to egg-hatching, therefore, aging of the specimens in this case was
possible as they had just hatched: it was around six days due to the cool temperatures.
However, if they had not hatched we would have struggled to age them and, at the
low temperatures of this case or even lower, this embryonic period could be quite
lengthy. Therefore, for use in similar future cases, we developed a simple method to
estimate the age of Calliphora vicina (Diptera: Calliphoridae) eggs by morphological
characters [57].

e Anindoor case I attended in southern UK featured a large number of dead adult flies
on the floor together with many dispersing larvae and puparia, but none of the latter
in our collections were empty. Some adults were just emerging from puparia at the
time of collection, so could we have overlooked empty puparia and was there any way
of distinguishing if adults flies found at a scene had developed on the body or had,
instead, flown in from outside? Developing the age-grading technique of wing fray,
that was first used for tsetse flies (Diptera: Glossinidae) [58], we found that there were
indeed major differences between the wing fray of populations of flies that emerged
and died in a room, after developing as larvae on a body, compared with those that
flew into the room from outdoors [59].

Much research is not stimulated by specific cases but arises from a general need recog-
nized in all casework. For example, the provision of insect developmental data gathered in
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the laboratory and validated in the field [60], development of techniques for killing and
preserving insect specimens in casework [61,62] and of methods for collecting temperature
data at scenes of body recovery [63,64]. In most of these papers recommendations for prac-
titioner protocols were included, such that in addition to the science there was guidance
for those involved in casework.

New methods need to be validated before presentation in Court and peer review
through scientific publication is one method of third-party examination of data, although
not infallible. Validity of methods is a requirement highlighted in the Criminal Practice
Directions for England and Wales which state, “Therefore factors which the court may
take into account in determining the reliability of expert opinion, and especially of expert
scientific opinion, include: (a) the extent and quality of the data on which the expert’s
opinion is based, and the validity of the methods by which they were obtained;” [45]
(19A.5, p. 33). With regard to new techniques, the Crown Prosecution Service of England
and Wales sets out that, “Caution should always be exercised in assessing whether a new
technique or novel science is accredited or is sufficiently sound to be admissible as evidence
at trial”. One of the four factors to be considered in assessment was, “Whether the theory
or technique has been subject to peer review and publication;” [13] (Part 1—Guidance:
Admissibility of Expert Evidence, New or Novel Techniques).

At the time of writing, accreditation of individuals or organisations in England and
Wales is only a requirement for DNA and fingerprint evidence [13] (Part 1—Guidance: Ac-
creditation) [65]. Forensic science providers are assessed against ISO standards (especially
[SO17020 and ISO17025) and the Codes of Practice and Conduct of the Forensic Science
Regulator [44]. Some of the challenges around the accreditation of forensic entomology
techniques and practitioners in the UK—e.g., validation of techniques, demonstration of
practitioner competence and evaluating the strength of evidence—have been raised by Hall
et al. [2]. However, it will surely only be a matter of time before some form of accreditation
of individuals for casework in forensic entomology, and for their subsequent submission
of evidence, is required, as appendices on entomology and other niche areas of forensic
science have been drafted for the Forensic Science Regulator’s Code and will be considered
in due course (G. Tully, personal communication). Indeed, the groundwork for this was
laid in Europe with accreditation of the Department of Forensic Entomology of the Institut
de Recherche Criminelle de la Gendarmerie Nationale, France, in 2007, the process for
which is described by Gaudry and Dourel [66], focussing on preparation of documentation
on good working standards and introduction of a quality assurance system. A thorough
discussion of mandatory certification of forensic scientists in general from a United States
perspective was provided by Melbourn et al. [67].

4. Challenges for the Future

Forensic science has faced a challenging last decade or more in the UK, due mainly to
changes in the way forensic services are provided and reduced funding levels, prompting
media headlines, such as “Forensics in Crisis” and “Police forensic science at ‘breaking
point’”, e.g., [68,69]. Discussion of this dynamic situation has also been stimulated in
the scientific literature, with commentaries that consider the impacts of closure of the
UK Government'’s Forensic Science Service in 2012 and the pressures that force forensic
scientists in the commercial market to focus on chargeable casework at the expense of
the broader aspects of science, including research and mentoring the next generation,
e.g., [70,71].

To address the concerns highlighted above, a thorough review of the provision of
forensic services in England and Wales was led by the Home Office, the Association of
Police and Crime Commissioners and the National Police Chiefs” Council [72]. One of its
recommendations was to, “Ensure policing and the CJS [Criminal Justice System] benefits
from advances in science and technology by developing and implementing new forensic
techniques more coherently. Change is needed to bring about structured engagement across
CJS partners, industry, science and academia in the testing, evaluation and development of
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new forensic techniques, improving the case for investment and helping forensic science
providers to bring new innovation to market.” This essentially endorses the close links that
should exist between research and casework.

The UK’s House of Lords conducted a similar review through its Science and Tech-
nology Select Committee [73]. Among its conclusions were recommendations to increase
levels of funding for both technological advances and foundational research in forensic
science and to create a National Institute for Forensic Science, to set priorities and oversee
research on forensic science. One response to these recommendations was the formation
of the Forensic Capability Network, designed and developed under the Transforming
Forensic Programme [74], with the challenging yet exciting task of delivering high quality
forensic science in England and Wales.

It is my opinion that there has never been a better time for more casework-related
research, especially in areas which are not considered sufficiently "blue skies" to attract
regular science funding but are essential "coal face" studies, for example, developmental
studies, e.g., [75,76] of insect species that are frequently encountered in casework but are
currently unavailable for use as evidence because of a lack of data. Areas for research
could be provided by caseworkers in a valuable synergy, as exemplified by that reported
in the social sciences some 70 years ago [77]. We also need to provide opportunities for
young researchers to gain experience in forensic entomology casework and to receive ap-
propriate recognition from academic employers of the value of casework. The relationship
between research and casework seems clear, but the ability of personnel to move from
the research end of the continuum to the casework end needs to be made more available
and straightforward. One avenue that could be explored would be to copy the system for
professional certification of forensic anthropologists adopted by the Royal Anthropological
Institute, whereby aspiring, but inexperienced, forensic anthropologists are mentored by
senior forensic anthropologists, enabling them to gain casework experience under expert
tutelage [78]. Mentoring of students and early-career researchers by experienced forensic
entomologists could improve the quality of entomology casework and, at an early stage,
it could also be a highly influential factor in encouraging interest in the subject. This is
demonstrated by the positive influence of mentors in stimulating the interest of medical
students in a career in forensic pathology [79]. An article that discusses some of the chal-
lenges and rewards of a career as an expert witness in the forensic sciences concluded with
a statement by Owen Jones, Professor of Law and Biological Sciences at the Vanderbilt Law
School in Nashville, USA, saying, in effect, that legal systems will never be better informed
than when those in science spend their time helping those systems advance along a more
constructive and accurate path [80]. I agree strongly with that sentiment, but scientists,
especially early-career researchers, need to be helped to do this in both their research and
casework.

A useful and informative sheet summarising what an expert witness is describes
an expert witness as one who, “may give opinion evidence within their expertise and in
addition evidence of facts” [81]. Opinion evidence is clearly important, but the opinions
expressed in an expert witness statement come from an interpretation of the facts of the
case (e.g., the presence of larvae or the temperatures recorded) in the light of the expert
witness’ experience and their knowledge of data (e.g., rates of insect development) that are
generated through research focussed on supporting casework. This meld of experience
and data is crucial so that the opinions are based on science rather than anecdote. Research
and casework always work best together and the more the casework opinions can be based
on and informed by research data, the better the value of the evidence delivered in court.
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Simple Summary: The post-mortem interval of human cadavers may be estimated based on insect
evidence. In order to identify scientific challenges that pertain to these estimations, I review forensic
entomology literature and conclude that research on the development and succession of carrion
insects, thermogenesis on cadavers and the accuracy of PMI estimates are of primary importance to
advance this field.

Abstract: During death investigations insects are used mostly to estimate the post-mortem interval
(PMI). These estimates are only as good as they are close to the true PMI. Therefore, the major chal-
lenge for forensic entomology is to reduce the estimation inaccuracy. Here, I review literature in this
field to identify research areas that may contribute to the increase in the accuracy of PMI estimation.
I conclude that research on the development and succession of carrion insects, thermogenesis in
aggregations of their larvae and error rates of the PMI estimation protocols should be prioritized.
Challenges of educational and promotional nature are discussed as well, particularly in relation to
the collection of insect evidence.

Keywords: forensic entomology; carrion insects; development; succession; validation

1. Introduction

Carrion insects living in human cadavers can be highly useful for the estimation of
the post-mortem interval (PMI) [1,2]. Methods for PMI estimation based on insect evidence
are developed, validated, improved and applied by forensic entomologists. This field is
growing with a constant increase in the number of scientific publications and countries where
entomology-based estimation of PMI is regularly used in death investigations [3,4]. As a
maturing field, forensic entomology contains several weaknesses and under-researched areas.
These challenges are the focus of this article.

A PMI estimate is only as good as it is close to the true PMI. The accuracy of estimation
is most important, particularly for the end users of insect evidence. Therefore, the major
general challenge for the field is to reduce the estimation inaccuracy. Its sources are related
to both the collection and analysis of insect evidence (Figure 1). I divided this paper into
sections devoted to the collection of insect evidence, research on insect development and
succession, reconstructing temperature conditions, analysis of challenging evidence and
validation of the protocols for PMI estimation.
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Figure 1. Sources of inaccuracy in the estimation of the post-mortem interval (PMI) based on insect evidence. Green

circles represent the sources, their size represents importance of the sources. Pictures of insects were made by Anna

Madra-Bielewicz (Poznan, Poland).

2. Collection of Insect Evidence

Errors in the collection of insect evidence are certainly among the most important
sources of the inaccuracy in PMI estimation. Death scene samples frequently misrepresent
cadaver entomofauna. However, it is difficult to discern how bad these samples usually
are and what the consequences of sampling errors are for the estimation of PMI. In most
cases insects are collected by law enforcement officers or medical examiners, and rarely
by entomologists. In a recent case, insects were sampled by police officers with the
medical examiner and independently by entomologists, which enabled—in this paper—
the comparison of samples taken by non-experts and experts [5]. The sample taken by
non-experts was distinctly less diverse and did not contain insect evidence, based on
which PMI has finally been estimated (see Tables 1 and 2 in [5]). If PMI was estimated
in this case using only the non-expert sample, no meaningful maximum PMI would be
derived, although the minimum PMI would be similar to the one estimated based on the
expert sample (unpublished data). Another kind of error in the collection of evidence
is the error of preservation. Insects may be preserved improperly, for example using an
unsuitable preservative or a leaking container [6,7]. Such errors may limit the scope of
possible analyses and in extreme cases may even destroy the evidence. Although there
are no surveys of errors in the collection of insect evidence, I think that most experts
share the opinion that insect samples frequently misrepresent cadaver entomofauna or
are preserved improperly. We should therefore discuss whether our guidelines for the
collection of evidence are truly fit-for-purpose.

Guidelines for the collection of insect evidence state that death scene samples should
accurately represent cadaver entomofauna, i.e., all life stages of each important species that
inhabit a cadaver should be represented in the sample [8-10]. Cadaver entomofauna may be
very diverse and abundant, consisting of many life stages from many species, some in very
large numbers. However, to estimate PMI only a small part of it is necessary. Usually, we
choose the most developmentally advanced life stage of the most successionally advanced
species, and even if the PMI estimate is based on a larger number of taxa, this is usually no
more than two or three [11]. Therefore, in most cases a representative sample is redundant,

22



Insects 2021, 12, 314

and for this reason we should reshape guidelines for the collection of insect evidence and
abandon our commitment to the true representativeness of death scene samples. I believe
it is possible to develop guidelines that are user-friendly, quick to implement and that yield
more fit-for-purpose samples, i.e., the most developmentally and successionally advanced
insects only (Table 1). Insects are usually collected by the law enforcement officers with
basic skills in entomology, whereas guidelines for the collection of insect evidence are
usually addressed to entomologists. Therefore, we should provide guidelines for non-
entomologists that specify what insect evidence they should look for and where it can be
found, with pictures of the evidence and related preservation protocols.

Table 1. A sketch of guidelines for the collection of insect evidence on a death scene. To make them useful to non-

entomologists, they should be combined with pictures of insect evidence and protocols suitable for the preservation of

particular pieces of evidence.

State of a Cadaver

Insect Evidence

What to Look For Where to Look For

Relatively fresh

Natural orifices (particularly of the

Eggs or larvae of flies head), wounds

Signs of putrefaction (bloating,

marbling, etc.)

Natural orifices, wounds, interface

Larvae of flies cadaver/ground

1. Larval masses, the surface of soil
(outdoor scenarios) or the floor (indoor
scenarios) in the vicinity of a cadaver

Signs of active decay (large masses of
insect larvae, stench of decay, leakage of
decomposition fluids, etc.)

1. Larvae (particularly post-feeding)
of flies
2. Larvae of beetles

2. Larval masses, clothes and cadaver
surface, the soil in the vicinity of a
cadaver (outdoor scenarios, soil samples
are recommended), the floor in the
vicinity of a cadaver (indoor scenarios)

Signs of advanced decay (exposed bones;
greasy by-products of active decay,
darkening of the remaining skin, etc.)

1. Puparia (full and empty) of flies
2. Larvae and pupae of beetles
3. Larvae of late-colonizing flies (e.g.,
skipper flies)

1. The soil in the vicinity of a cadaver
(outdoor scenarios, soil samples are
recommended), the floor (under carpets
or furniture) in the vicinity of a cadaver
(indoor scenarios), pockets and foldings
of clothes, cadaver surface (all scenarios)
2. Larval masses, clothes and cadaver
surface, the soil in the vicinity of a
cadaver (outdoor scenarios, soil samples
are recommended), the floor in the
vicinity of a cadaver (indoor scenarios)
3. Larval masses, the surface of soil
(outdoor scenarios) or the floor (indoor
scenarios) in the vicinity of a cadaver

Signs of minimal insect infestation (e.g.,
massive putrefaction or mummification)

All types of insect evidence

Natural orifices, wounds, clothes and
cadaver surface, the soil (outdoor
scenarios) or the floor (indoor scenarios)
in the vicinity of a cadaver

3. Insect Development

Most frequently, forensic entomologists estimate the age of immature insects collected
on a death scene and use this information as the minimum PMI [12]. The reference
developmental data for the species that was collected on a death scene is necessary for
such estimation. Because developmental data may vary between geographical populations
of insects, it is recommended to use reference data from the closest population [10,13-15].
Although there is constant progress in this field, with new species and populations gaining
developmental data, still much research needs to be done. A review of developmental
datasets available for insect species colonizing cadavers in central Europe reveals that
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among the most extensively researched are cosmopolitan species that colonize cadavers
shortly after death and that were frequently reported from indoor cases (Table 2). Although
several important species have many datasets (e.g., Lucilia sericata or Calliphora vicina),
there are still species that regularly breed in cadavers but for which no dataset has been
published (e.g., Lucilia caesar, Hydrotaea ignava or Necrobia violacea) or only single datasets
are available (e.g., Stearibia nigriceps, Necrodes littoralis, Omosita colon or Necrobia rufipes).
These species should become the hot taxa for forensic entomology research in Europe. The
understudied species ought to be identified also for other geographical regions.

Another point that needs our attention is the lack of standards and guidelines for
developmental studies in forensic entomology. Several elements of the protocol for such
studies were found to affect the quality of the resultant developmental data [16-19]. In
addition, there is unnecessary variation in the type of development data provided and
the way they are presented in publications. Standard research protocols emerge in mature
sciences and I feel it is time to start this discussion in forensic entomology.

Table 2. Developmental datasets available for the species that breed in large vertebrate cadavers in central Europe (species

list compiled based on [20-25]).

Number of Published

Family Species Datasets Country of a Population’s Origin References
Calliphoridae Calliphora vicina 18 US,AT,GB,RU,CA,DE ITEG [26-43]
Calliphora vomitoria 7 US,GB,RU,DE [26,29,31,33,37,44,45]
Chrysonya albiceps 9 BR,RU,AT,ZA,CO,IR,EG [14,26,39,46-51]
Lucilia caesar - - -
Lucilia sericata 27 US,FLIT,GB,RU,CA,AT,CO,IR EG,TR FR,EC KR,CN [26-28,30,31,33,36,48,52-70]
Phormia regina 7 US,RU,CA MX [26-28,31,71-73]
Protophormia terraenovae 7 US,GB,RU,AT,CA [26,31,33,44,74-76]
Sarcophagidae Sarcophaga argyrostoma 3 AT,DE, TR [29,77,78]
Sarcophaga caerulescens - - -
Muscidae Hydrotaea dentipes - - -
Hydrotaea ignava - - -
Hydrotaea pilipes - - -
Fanniidae Fannia canicularis 2 US,PL [79,80]
Fannia scalaris - - -
Fannia leucosticta - - -
Piophilidae Stearibia nigriceps 1 RU [26]
Silphidae Necrodes littoralis 2 PL [81,82]
Thanatophilus rugosus 1 DZ [83]
Thanatophilus sinuatus 1 (@V4 [84]
Histeridae Margarinotus brunneus - - -
Saprinus planiusculus - - -
Saprinus semistriatus - - -
Staphylinidae Aleochara curtula - - -
Creophilus maxillosus 5 US,CN,PL [85-89]
Philonthus politus - - -
Dermestidae Dermestes frischii 3 GB,ES,IT [90-92]
Dermestes lardarius 2 GB [93,94]
Dermestes murinus - - -
Nitidulidae Omosita colon 1 CN [95]
Cleridae Necrobia rufipes 1 CN [96]
Necrobia violacea - - -
Pteromalidae Nasonia vitripennis 5 AT, US,AU,CN,BR [97-101]

AT—Austria, AU—Australia, BR—Brazil, CA—Canada, CN—China, CO—Colombia, CZ—Czech Republic, DE—Germany, DZ—Algeria,
EC—Ecuador, EG—Egypt, ES—Spain, FI—Finland, FR—France, GB—United Kingdom, IR—Iran, IT—Italy, KR—Republic of Korea,
MX—Mexico, PL—Poland, RU—Russian Federation, TR—Turkey, US—United States and ZA—South Africa.
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4. Insect Succession

There are several forensic reasons to study insect succession on cadavers. First, these
studies yield inventories of carrion insects for habitats and geographical locations that form
a starting point for any further research in forensic entomology. Such inventories were
published for many habitats and locations around the world (recently reviewed in [102]),
but there are still white spots on this map.

Second, succession studies provide reference data on the pre-appearance interval
(PAI) and the presence interval (PI) of particular insect taxa. Such data are essential to
use insects that colonize cadavers late in decomposition, as their PAI may be longer than
the development interval, and to get meaningful PMI it may be necessary to combine
insect age with the PAI [5,11,103]. PAI may also support estimates of maximum PMI
when insect evidence is absent [104,105]. PAI may be estimated using the temperature
models for PAI [106]. However, such models are available only for some taxa, and for
several important taxa (e.g., blow flies) PAIl may not be estimated using the temperature
data [107,108]. In such cases, insect succession studies with animal cadavers (preferably
large pigs [102]) yield the best PAI reference data (e.g., average seasonal PAIs). As for the
P, it has a more complex causal background than PAI, its predictions are inherently related
with larger inaccuracy (Figure 1) and currently it may be approximated only based on the
reference data from succession studies. Although in some habitats and locations robust PAI
or PI datasets are available for many taxa, usually there is shortage of such data (Table 3).
In particular, indoor habitats need more attention. Therefore, pig decomposition studies to
yield PAI and PI data of forensically relevant insects should be one of the priority research
areas in forensic entomology.

Third, decomposition experiments using pig cadavers may be useful to validate
the PMI estimation protocols [109]. Such experiments are especially suitable as proof-of-
concept studies or initial validation studies [102]. Although validation of new methods is a
priority in forensic sciences [110], datasets on the performance of insect-based methods for
PMI are very limited. Validation using pig cadavers (ultimately also human cadavers [102])
should be another primary research area in forensic entomology (Section 6 of this article).

There are guidelines for decomposition studies in forensic entomology [102,111-115].
Still, however, more standardization is necessary, particularly in terms of the sampling
frequency, insect identifications and the presentation of the results (summarized in [116]).
We need to remember that PAI and PI data for particular taxa are necessary when results of
the study are to be used for the estimation of PMI. Therefore, the data for immature insects
should be prioritized. When only a few cadavers were used, a daily occurrence matrix may
be the best choice to present the results in a forensically useful way [117,118]. When more
cadavers were investigated, it may be necessary to present insect occurrences in a synthetic
way, but still raw data from individual cadavers (or seasonal averages) should be given on
the PAI and PI of particular insect taxa (e.g., [119]).

Table 3. Datasets on the pre-appearance interval (PAI) and the presence interval (PI) of the species that breed in large

vertebrate cadavers in central Europe (species list compiled based on [20-25]). I reviewed datasets derived from experiments

performed in Europe and on pig cadavers only.

PI—Seasonal Data

PAI (Country/Habitat/Season/Stage) References
Family
Temperature Model Seasonal Data
P (Country/Habitat/Season/Stage)
PL/F/S/A,L1 PL/F/S/AL
IT/Ou/u/AuW/A IT/Ou/u/AuW/A
. . . .. AT/Ou/u/S,Su/A AT/Ou/u/S,Su/A . .
Calliphoridae Calliphora vicina - PT/Ou/u/S,SuAuW/A PT/Ou/u/S,SuAuW/A [22,119-122]
PT/Ou/u/S,AuW/O,L1P PT/Ou/u/S,AuW/ELP
ES/1/S,Su,Au,W/0O ES/1/S,Su,AuW/E
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Table 3. Cont.

PI—Seasonal Data

R PAI (Country/Habitat/Season/Stage) References
Family Species
Temperature Model Seasonal Data
emperature Vlode (Country/Habitat/Season/Stage)
PL/F/S,Su,Au/A,L1,L3 PL/F/S,Su,Au/A,L
IT/Ou/u/AuW/A IT/Ou/u/AuW/A
. o AT/Ou/u/S/A AT/Ou/u/S/A ;
Calliphora vomitoria - PT/Ou/u/S,Su,AuW/A PT/Ou/u/S,Su,AuW/A [22,25,119-123]
PT/Ou/u/S,W/0O,L1,P PT/Ou/u/SW/ELP
ES/1/S/0 ES/1/S/E
IT/Ou/u/Su,Au/A IT/Ou/u/Su,Au/A
AT/Ou/u/Su/A AT/Ou/u/Su/A
Chrysomya albiceps - PT/Ou/u/Su,Au/A PT/Ou/u/Su,Au/A [22,120-122]
PT/Ou/u/Su,Au/O,L1,P PT/Ou/u/Su,Au/E,LP
ES/1/S,Su,Au/O ES/1/S,Su,Au/E
PL/Ou/r/S,Su/A,L3 PL/F/SSuAu/A L
PL/F/S,Su,Au/A,L1,L3 IT/Ou/u/Su AuW/A
Lucilia caesar - IT/Ou/u/Su,AuW/A A [21,25,119-121,123]
PT/Ou/u/S,5u,Au/A
PT/Ou/u/S Su,Au/A PT/Ou/u/S,Su,Au/E,LP
PT/Ou/u/S,5u,Au/O,L1,P [ i
PL/Ou/r/SSu/A IT/Ou/u/Su,AuW/A
IT/0u/u/SuAuW/A PT/Ou/u/S,5u,Au/A
Lucilia sericata - PT/Ou/u/S,Su,Au/A Y [21,120-122]
PT/Ou/u/Au/EL,P
PT/Ou/u/Au/O,L1P ES/1/S,Su,Au/E
ES/1/S,Su,Au/O e
PL/Ou/r/S,Su/A
. . PL/F/S,Su,Au/A,L1 PL/F/S,Su,Au/A,L
Phormia regina A AT/Ou/u/SSu/A AT/Ou/u/SSu/A [21,22,25,107,119,123]
PL/F/S,Su/L3
Protophormia terraenovae - AT/Ou/u/S,Su/A AT/Ou/u/S,Su/A [22]
Sarcophagidae Sarcophaga argyrostoma - - - -
Sarcophaga caerulescens - - - -
PL/F/S,Su,Au/A PL/F/S,Su,Au/A
Muscidae Hydrotaea dentipes A PT/Ou/u/S/A PT/Ou/u/S/A [25,107,119,121,123]
PL/F/S,Su/L1 PL/F/S,Su/L
PL/Ou/r/S,Su/A,L3
PL/F/S,Su,Au/A PL/F/S,Su,Au/A
Hydrotaea ignava A PT/Ou/u/S,Su,Au/A PT/Ou/u/S,Su,Au/A [21,25,107,119,121]
PL/F/S,Su/L1 PL/F/S,Su/L
PL/F/Su/L3
. PL/Ou/r/S,Su/A
Hydrotaea pilipes - PL/F/S,Su Au/A PL/F/Su,Au/A [21,25,123]
Fanniidae Fannia canicularis - IT/Ou/u/AuW/A IT/Ou/u/AuW/A [120]
Fannia scalaris - - - -
Fannia leucosticta - - - -
PL/Ou/r/S,Su/AL3
PL/F/S,Su,Au/A,L1 PL/F/S,Su,Au/A,L
IT/Ou/u/Au/A IT/Ou/u/Au/A
Piophilidae Stearibia nigriceps A0 PT/Ou/u/S,S5u,Au/A PT/Ou/u/S,5u,Au/A [21,25,107,119-121,123]
PT/Ou/u/Su/E PT/Ou/u/Su/E
PT/Ou/u/S,Su,Au/L1,P PT/Ou/u/S,Su,Au/L,P
PL/F/S,Su/L3
o . . PL/Ou/r/S,Su/A,L1 - )
Silphidae Necrodes littoralis ALl PL/F/SSu,Au/A Ll PL/F/S,Su,Au/AL [21,25,103,119,123,124]
PL/F/S,Su,Au/A PL/F/Su,Au/A
Thanatophilus rugosus - IT/F/W/A IT/F/W/A [25,120,123,125]
PL/Ou/r/S/L3 PL/Ou/r/S/L3
PL/Ou/r/SSu/a PL/E/S,Su,Au/A
PL/F/S,Su,Au/A IT/Ou/u/W/A
Thanatophilus sinuatus ALl IT/Ou/u/W/A [21,25,119,120,124-126]
PT/Ou/u/S,AuW/A
PT/Ou/u/S,AuW/A PL/Ou/r/S/L3
PL/Ou/r/S/L3
PL/Ou/r/S,Su/A
Histeridae Margarinotus brunneus A PL/F/S,Su/A PT/ OP];/F/QSS’SUXAW /A [21,25,119,124,126]
PT/Ou/u/S,5u,AuW/A u/us oS AL,
Saprinus planiusculus A PL/F/S/A PL/F/S/A [119,124]
. L PL/Ou/r/S,Su/A )
Saprinus semistriatus A PL/F/SSu,Au/A PL/F/S,Su,Au/A [21,25,119,123,124]
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Table 3. Cont.

PI—Seasonal Data

. PAI (Country/Habitat/Season/Stage) References
Family Species
Temperature Model Seasonal Data
P (Country/Habitat/Season/Stage)
Staphylinidae Aleochara curtula - I"F}éi//ieuW/fA IT/Ou/u/W/A [25,120]
PL/Ou/r/S,Su/A,L1
. . PL/F/S,Su,Au/A,Ll PL/E/SSu,Au/A L [21,25,119,120,123,124,
Creophilus maxillosus ALl IT/Ou/u/AuW/A
IT/Ou/u/Au,W/A PT/Ou/u/S,Su,AuW/A 126,127]
PT/Ou/u/S,Su,AuW/A it
. , PL/E/S,Su,Au/A /
Philonthus politus A IT/Ou/u/Au/A IT/Ou/u/Au/A [25,120,124]
Dermestidae Dermestes frischii - I?IP // 00111// :;g’SE/A[i,I/J/l\ PT/Ou/u/S,Su,Au/A [21,126]
Dermestes lardarius - - - -
. PL/F/S,Su,Au/A ;
Dermestes murinus - PL/F/S/Lm PL/F/Su,Au/A [25,123]
Nitidulidae Omosita colon - - - -
. . ) IT/Ou/u/SuW/A IT/Ou/u/SuW/A )
Cleridae Necrobia rufipes A PT/Ou/u/Su.Au/A PT/Ou/u/Su.Au/A [120,124,126]
PL/Ou/r/S,Su/A
L PL/F/S,Su/A PT/Ou/u/S,Su,AuW/A ,,
Necrobia violacea A PT/Ou/u/S,SuAuW/A PL/F/S/L3 [21,25,119,124,126]
PL/E/S/L3
Pteromalidae Nasonia vitripennis - AT/Ou/u/S/A AT/Ou/u/S/A [22]

A—adult stage PAI or PI, O—oviposition PAI, E—egg PI, L1—first instar larvae PAI, L—larval PI, L3—third instar larvae PAI or PI,
Lm—mature larvae PAI or PI, P—puparial /pupal PAI or PI. S—spring, Su—summer, Au—autumn, W—winter. I—indoor habitats, Ou/u—
outdoor, urban habitats, Ou/r—outdoor, rural habitats, F—forests. AT—Austria, ES—Spain, IT—Italy, PL—Poland, and PT—Portugal.

5. Temperature Conditions

The succession and development of insects on cadavers is largely dependent on the
temperature [124,128,129]. When estimating PMI from insect succession or development,
it is necessary to reconstruct temperature conditions. The accuracy of the PMI estimation
depends largely on the accuracy of the reconstructed temperature conditions. This source
of error is one of the most important.

Forensic entomologists frequently use temperature data from the local weather sta-
tions. Weather station temperatures can be corrected to adjust them to the peculiarities
of a death scene [130-134]. Such corrections are based on the regression analysis between
recordings made on a death scene and recordings from the station and for this reason they
may be unfeasible [135]. Moreover, some authors indicate that the correction protocol
has uncertain benefits for the accuracy of PMI estimation [135,136]. From the other side,
there are robust experimental data indicating that the protocol improves the death scene
temperatures [130,132-134]. It was found beneficial in casework, as well [5,132], although
it was used infrequently [134]. The protocol may be impractical and its use may have a
minor risk of deteriorating the death scene temperatures; however, it is the best tool we
have and we should try to use it more frequently, particularly on outdoor death scenes. We
need to remember that the protocol makes the weather station temperatures closer to the
cadaver’s ambient temperatures only. Therefore, the corrected temperatures may still be
far from the true temperatures experienced by the insects, because the protocol accounts
for peculiarities of a death scene in terms of the factors that affect ambient air temperature
only. In order to take into account other important factors a different approach is needed.

Some authors modelled temperature conditions in parked vehicles [137], contain-
ers [138] or specific urban and semi-natural habitats (e.g., cellars, attics or trailers) [139]. A
model was also derived to extract heat profiles representing the temperatures experienced
by insect populations growing on cadavers [140]. Charabidze and Hedouin [135] devel-
oped an algorithm to correct temperatures through a qualitative analysis of thermal-specific
aspects of the case. The analysis consisted of six stages, starting from the conditions on a
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cadaver and moving towards the outside of the body. This research area is growing and
both quantitative and qualitative approaches may be useful here.

The last factor that needs much more of our attention is the insect-driven thermogenesis.
It has been discovered and extensively studied in aggregations of blow fly larvae [141-152].
Recently, insect-driven thermogenesis has been also reported for carrion beetles Necrodes
littoralis L. (Silphidae), with evidence that heat is produced within the feeding matrix, which
is formed by adult and larval beetles through spreading their exudates over the cadaver
surface [153]. Thermogenesis in larval aggregations may be more common among carrion
insects, and because it may substantially shorten the development interval, it should be factored
when reconstructing temperature conditions [151,153].

When large aggregations of fly larvae (with elevated temperature) are present on
a cadaver, Charabidze and Hedouin [135] suggest to use the minimum development
time for the feeding stage of each species. Unfortunately, minimum times needed to
reach the post-feeding phase in large aggregations of larvae are not available for any
species. Accordingly, it may be tempting to use minimum development times from the
laboratory development studies, as there are many such datasets (Table 2). However, in
such studies minimum development times are recorded at high and constant temperatures
that may be suboptimal for the insects. Experiments using the tracking of blow fly larvae
within aggregations indicated that they have a strong preference for the hottest part of
the aggregation [154]. This finding prompted the authors to state that the maximum
temperatures of the aggregation represent the actual temperatures experienced by the
larvae [154]. More recent data demonstrated that larvae continuously move between the
periphery and the inside of the aggregation, with individual larvae spending from 16 to
68% (mean 43%) of their time at the aggregation periphery [155]. The periphery has a
lower temperature than the inside of the aggregation [154]. For this reason, the heat gain
of individual larvae may be smaller than if they were feeding for the whole time in the
hottest part of the aggregation. The maximum temperature of the aggregation probably
overestimates the true temperatures experienced by the larvae. Perhaps the heat benefit of
the aggregated larvae is somehow related to the temperatures selected by the larvae along
a thermal gradient [143,154,156]. Further research using tracking techniques to monitor
heat benefits and the development time of individual larvae within large aggregations will
be necessary to find the minimum development times or the optimal temperatures for the
larvae that develop in an aggregation.

6. Challenging Evidence

All insect evidence can be challenging in some cases, and some types are always
challenging. The puparia of flies and pupae of beetles are informative pieces of insect
evidence, particularly on decomposed cadavers [5,11]. However, they are difficult to
identify and it is difficult to estimate their age.

The identification of insect evidence is a necessary first step in any analysis. Significant
progress has been recently made in this field, with several forensically important fly taxa
gaining excellent identification keys for adult insects [13,157-161] and larvae [162-164].
Puparia should be the next step. Although some groups of carrion flies have useful descrip-
tions of puparia [165], there is no forensically useful key for this type of insect evidence
in any family of flies. This area is much less developed in the case of the forensically
important beetles. There is just a single identification key for the larvae of beetles that colo-
nize cadavers [166] and a single key for the adult carrion beetles (Silphidae) that frequent
cadavers [167]. Although some descriptions of larval identification features have been
published for forensically important species [168,169], this group needs more attention.
Otherwise, we will still have to base our identifications on the taxonomic references that
may be inaccessible to forensic entomologists with no experience in beetle taxonomy.

It is difficult to estimate the age of the fixed puparia of flies and pupae of beetles. The
most promising techniques for aging such evidence consist of the qualitative morphological
analyses of the intra-puparial forms of the flies [30,35,36]. Intra-puparial development has
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been documented for many forensically important species [35,65,78,170-175]. Although
these techniques have obvious advantages (e.g., they cover most of the intra-puparial de-
velopment, they are generally non-destructive, low-cost and they need a stereomicroscope
only), they have also important disadvantages (e.g., they are qualitative in nature and
therefore less accurate and they are also impractical due to the need to have an expert
knowledge in the intra-puparial morphology) [82]. Recently, a simple-to-use technique has
been developed for aging pupae of the carrion beetle Necrodes littoralis by means of the
quantification of the eye-background contrast, with very encouraging results of the initial
validation [82]. Similar quantitative techniques should be developed in other forensically
important insects.

Empty puparia (i.e., hardened outer shells that remain upon the completion of im-
mature development of some flies) are frequently collected on cadavers with long PMI,
and their examination may provide an estimate of the minimum PMI [176]. This type of
insect evidence poses specific difficulties. When estimating minimum PMI based on the
empty puparium, it is necessary to take the post-eclosion interval (PEI) into account. The
interval starts when an adult fly emerges from the puparium and ends when the empty
puparium is being collected. PEI may be longer than the minimum PMI estimated based
on the puparium. Although techniques to estimate PEI are being developed [177-179],
they are far from the implementation to forensic casework. In a recent PMI simulation
study, seasonal patterns of changes in PMI following various PEIs were revealed for the
empty puparia of two species of flies, demonstrating that the simulation studies may guide
estimation of the minimum PMI based on such challenging evidence [176].

7. Validation of the PMI Estimation Protocols

Forensic entomologists developed several methods for the estimation of PMI based on
insect development [26,41,180-182] or succession [103,105,115,117,118,128,183]. As there
are contemporary reviews of these methods [1,184], in this article I focus only on their
validation (Table 4). Validation of a protocol for the estimation of PMI is of key importance,
as it may demonstrate that the protocol provides robust evidence when used in a forensic
context. Validation studies may also provide PMI errors that could be used to present a
PMI estimate as a meaningful interval. Sometimes entomologists provide point estimates
for PMI (e.g., [185,186]). The inaccuracy of the PMI estimate that usually has many and
diverse sources, but which is inherently related to every analysis of insect evidence, should
be explicit in casework. This may be accomplished by providing ranges for PMI. Therefore,
an interval estimate for PMI should be a standard way to present the results of the insect
evidence analysis. If we knew robust errors, they could be used to transform any PMI
estimate (a point or a range) into a highly informative interval that takes into account all
sources of inaccuracy. The error of estimation is the difference between the estimated and
true PMI, expressed as a percentage of the true or estimated PMI (hereafter error I and II).
If such errors were calculated for a reliable sample of PMI estimations, i.e., a large sample
of forensic case reports with known true PMI or a large sample of PMI estimations for
experimentally used human cadavers, they might robustly approximate the accuracy of
the PMI estimation protocol in a forensic context. I believe that such errors could also yield
a truly informative evaluation of the uncertainty in PMI estimates in casework.

Most of the validation studies in forensic entomology were proof-of-assumptions or
proof-of-concept studies (Table 4). Experiments fully validating the estimation protocols
were rare. Only a few such datasets have been published; most used pig cadavers and
were replicated moderately, at most. Human cadavers in anthropology research facilities
(i.e., body farms) could be used more extensively for that purpose. The estimation of PMI
for such cadavers using mock crime scenarios could provide robust validation data. This
research design is surprisingly underutilised at body farms.

Similarly, validations using casework data were infrequent (Table 4). In order to use
the casework data for the validation, a true PMI needs to be specified based on a confession
or a witness statement about when the victim was last seen alive, or other non-insect
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evidence. Although the non-insect evidence only approximates the true PMI sensu stricto,
this is the only way to use casework data for the validation. However, published case
reports rarely provide information on the true PMI sensu largo. In order to calculate the
errors of insect-based protocols for PMI, I analyzed relevant case reports where the PMI was
estimated based on insect development (Table 5) and separately based on insect succession
(Table 6). Due to the imperfections of the data used, resultant errors need to be treated
with caution. They are only rough approximations of the true errors of the insect-based
protocols for PMI.

Table 4. Validation of the protocols for the estimation of PMI based on insect evidence.

Type of the Validation

Aims

Development-Based Protocols

Succession-Based Protocols

Number of Studies References Number of Studies References
Proof-of-assumptions aZ‘:St;‘gt;’;i‘Sdt‘g toirtehz . 2% [14,17-19,27,29,30,34,41,55— 56 [20,21,24,25,103,107,113,119,
study ! theuroft of the protocol 57,61,144,145,176,187-196] 122,124,127,128,197-240]
Testing validity of the
Proof-of-concept study 1 protocol as used in a 12 [30,73,81,82,87-89,241-245] 3 [103,127,128]
simplified setting
Experimental validation Teigtrgi :’]la;;d:;gffg;e
with non-human p . 6 [109,241,246-249] 6 [105,106,183,249-251]
cadavers non-human cadavers in
an experimental setting
Testing validity of the
Experimental validation protocol as used for 0 1 [183]
using human cadavers human cadavers in an N
experimental setting
Validation usin Testing validity of the
(ﬁ; protocol as used in 7 [46,118,182,185,252-254] 6 [5,108,118,186,255,256]

casework data

forensic casework

1 Selected studies were referenced.

There were surprisingly large differences between the cases. Errors I (differences
between the true and estimated PMI expressed as the percentage of the true PMI) ranged
from 0 to 83% for the development-based estimates (Table 5) and from 2 to 43% for
the succession-based estimates (Table 6). Surprisingly, average errors were larger for
the development-based estimates (22.3%) than the succession-based estimates (13.4%).
Although the average difference between the true and estimated PMI was almost four
times lower for the development-based estimation than the succession-based estimation
(1.5 and 5.6 days respectively, Tables 5 and 6), the latter type of the estimation was usually
used for cadavers with a much larger PMI (Table 6); therefore, it had lower errors, which
are relative values. Differences between the true and estimated PMI increased with the
increase in the true PMI, and this relationship was particularly apparent when plotted for
the development-based estimates (Figure 2).

Summarizing, the protocols for the estimation of PMI based on insect evidence usually
lack errors and their validity has been rather poorly demonstrated in a true forensic context.
Therefore, validation studies using pig or human cadavers and casework data should be
prioritized in forensic entomology. I think this is our greatest challenge.
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Figure 2. Differences between the true and estimated PMI plotted against the true PMI for the
estimations based on insect development that were referenced in Table 5.

Table 5. Errors of the protocols for the estimation of PMI based on insect development.

Difference
True PMI ! True-Estimated PMI Error I3 Error I1 4
Reference N (days) 2 (%) (%) Remarks
(days)
Mean Range Mean Range Mean Range Mean Range
Goff et al.,
1988 [252] 2 55 5-6 0.375 0.25-0.5 6.65 5-8.3 6.95 4.8-9.1 -
No mention
Kashyap, Pillay, of tempera-
1989 [185] 16 4.9 0.5-9 0.438 0-1 13.74 0-50 11.65 0-33.3 ture
data
Grassberger et al.,
2003 [46] 1 17 - 3 - 17.65 - 20 - -
Reibe et al., 2010
[182] 1 4 - 0.125 - 3.125 - 3.03 - -
Single
average
PP tempera-
Pohjoismaki etal, 7 10.6 5-19 457 257 4896  21.1-833 1442  26.7-500 ture
2010 [253] .
assumed in
all cases
(24°C)
Bugelli et al., 2015 4 40 26 0.94 05-15 2375 20-25 31.25 25-33 -

[254]

N—a number of PMI estimations in a dataset. ! PMI determined based on non-insect evidence (a confession, a witness statement
about when the victim was last seen alive, etc.). 2 An absolute difference between the true PMI and the PMI estimated based on insect
development. When the estimated PMI was presented as an interval, I calculated absolute differences between the true PMI and the
lower and upper limit of the estimated interval and then averaged them to get the difference between the true and estimated PML. 3 Error
I = (the difference between the true and estimated PMI/true PMI) x 100. # Error II = (the difference between the true and estimated
PMI/estimated PMI) x 100. When the estimated PMI was presented as an interval, a midpoint of the interval was used in denominator.
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Table 6. Errors of the protocols for the estimation of PMI based on insect succession.

Difference
True PMI ! Estimated True- 300 100
Reference N (days) PMI (days) Estimated Error1° (%)  Error II* (%) Remarks
PMI 2 (days)

Goff et al., 1986 [256] 1 20 19-20 0.5 2.5 2.6 -
Goff and Odom, 1987 [186] 1 53 >52 1 19 19 -
Goff and Flynn, 1991 [255] 1 38 34-39 2.5 6.6 6.8 -
Schoenly et al., 1996 [118] 2 1 10.5-11 0-25 23 23 -

36 34-36 1 2.8 29
Archer, 2014 [108] 1 21 16-34 9 429 36 -
Matuszewski and Less reliable
Madra-Bielewicz, 2019 [5] 1 72 30-64 25 347 53.2 true PMI

N—a number of PMI estimations in a dataset. 1 PMI determined based on non-insect evidence (a confession, a witness statement about
when the victim was last seen alive, etc.). 2 An absolute difference between the true PMI and the PMI estimated based on insect succession.
When the estimated PMI was presented as an interval, I calculated absolute differences between the true PMI and the lower and upper
limit of the estimated interval and then averaged them to get the difference between the true and estimated PML 3 Error I = (the difference
between the true and estimated PMI/true PMI) x 100. 4 Error II = (the difference between true and estimated PMI/estimated PMI) x 100.
When the estimated PMI was presented as an interval, a midpoint of the interval was used in denominator.

8. Conclusions

Although the set of challenges elucidated in this article is somehow subjective, I
believe that most forensic entomologists would construct similar sets. Some challenges
should focus more of our attention, with priority for the resultant research. This applies, in
particular, to the validation research, as well as to development and succession research.
Studies on thermogenesis in larval aggregations on cadavers should be prioritized as
well. There are also highly important challenges of educational and promotional nature.
Although we should look for more optimal guidelines for insect sampling on a death
scene, and this is a scientific task, improvement in the samples taken by a law enforcement
personnel depends equally or even more on the promotion of forensic entomology among
its end-users and on the education of the officers or medical examiners that collect insect
evidence on death scenes.
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Simple Summary: Proper evidence sampling is at the heart of a sound forensic opinion and failure
to follow the standards and guidelines can have serious consequences for the report and expert
testimony in court. In casework, forensic entomologists often must base their expert opinion on
information about the case and insect evidence provided by third parties, and this presents pitfalls.
We analyzed two of those: delayed evidence sampling and the effect of low-temperature storage of
the body prior to the autopsy. Our study shows that sampling at the scene is advisable to facilitate a
sound entomological report and that the cooling sequence of a corpse must be completely tracked
between its removal from the scene until the insect sampling.

Abstract: The aim of the current study was to analyze two major pitfalls in forensic entomological
casework: delayed evidence sampling and the effect of low-temperature storage of the body. For
this purpose, temperature profiles of heavily infested corpses during cooling and cases in which
insect evidence was collected both at the scene and during autopsy were evaluated with regard to
species composition and development stages found. The results show that the temperature in the
body bags remained at higher average temperatures up to 10 °C relative to the mortuary cooler,
therefore, sufficient for larval development, with significant differences in temperature between
larval aggregations on one and the same body. In addition, we found large differences both in
species number, species composition, and the developmental stages found at the scene and during
the autopsy. These data and observations underscore the importance of sampling evidence at the
scene and recording temperatures throughout the cooling period of a body.

Keywords: crime scene; autopsy; cooling period; entomological evidence; expertise

1. Introduction

Forensic entomology i.e., the use of insect evidence in legal investigations [1], has be-
come one of the most accurate and precise methods to establish the minimum post-mortem
interval (PMlin), i.e., the time since the first insect colonization on a body, in the later
stages of decomposition [2-6]. In addition to the worldwide scientific development in this
field, with an average of approximate 100 publications per year since 2013 (Web of Science,
12 August 2020), forensic entomology is now more recognized in forensic casework by
law enforcement: entomological reports are now an integral part of court proceedings in
Europe [7-11], North [12] and South America [13], Asia [14-17], Africa [18], Australia and
New Zealand [19], and the Middle East [20]. To present high quality entomological findings
in the court, various standards and guidelines for sampling, analyzing, and reporting ento-
mological evidence have been published in recent years [21-23]. These “rules” are usually
easy to follow when a forensic entomologist is involved in a crime investigation from the
beginning, but the reality in casework is different and it is sometimes far from “best prac-
tice” [24-26]. A forensic entomologist often must write a report based on the information
provided to them regarding the case (photographs, videos, police reports) rather than
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first-hand experience, and after examination of insect evidence sampled by third parties,
such as death investigators, medical examiners, or non-medical professionals. This could
lead to a number of problems in the collection of insect evidence, e.g., missing the oldest
developmental stage [24], contamination [27], or incorrect sample handling [28,29]. One
of the biggest problems is that evidence is frequently not sampled at the scene but during
the autopsy [24,28,30-34], often several days after the discovery of the body [31,32,35,36].
An analysis of 127 cases from the Harris County Institute of Forensic Sciences found that
autopsy only sampling was performed in 42% of the cases while sampling at the scene and
during the autopsy occurred only in 2% [24]. To our knowledge, no publications analyze
how much the evidence collection differs between the scene and the autopsy on one and
the same case. Sampling only at the autopsy may lead to a delay of several days before evi-
dence collection, which could affect not only the composition of the entomological findings,
but their stage of development. The impetus for this study was a 2018 death investigation
that highlighted the importance to PMI, estimates of who takes entomological samples
and when.

Case Study

On 14 November 2018, the body of a 49-year-old man was found in an apartment after
the janitor of the building complex reported a bad smell from his apartment. The body was
in an advanced stage of decomposition with larval infestation, in supine position on the
floor wearing just a T-shirt. In the apartment, paraphernalia (e.g., syringe and spoon) for
drug use were found. The flat was in a poor state of cleanliness, the window was in a tilted,
slightly open position and the heating was on. In addition to a medical examiner, a forensic
entomologist was at the scene for sampling insect evidence. On the body itself, third instar
larvae of blow flies (Diptera: Calliphoridae) were found and fresh, light colored pupae
underneath a carpet close to the body. The samples were transferred on the same day to
the insect laboratory. Half of the larval sample was killed with almost boiling water and
then stored at 96% ethanol for length measurement and species identification, while the
remaining larvae plus the sampled pupae were incubated at 25 °C until the emergence
of the adult flies. Meanwhile, the body was stored in a plastic body bag in a cooler at
4+£2°C.

On 19 November, i.e., five days after discovery of the body, an autopsy was performed
and insect evidence (third instar larvae of blow flies), was collected. The insect samples
from the autopsy were handled in the same way as those from the scene. The cause of death
could not be determined in the autopsy due to the advanced decomposition of the body;,
but toxicological analyses showed an intoxication. The entomofauna of the body included
larvae and pupae of Calliphora vicina and larvae of Calliphora vomitoria, Lucilia ampullacea,
and L. sericata. Calliphora vicina was the numerically dominant species, accounting for
90% of the specimens. The species composition was almost identical at the scene and
autopsy, except for piophilid larvae which were found on the body only during the autopsy.
However, the crucial difference between the insect evidence from the scene and autopsy in
relation to establishing a PMI,,;, was provided by the pupae from the scene. Due to the
lack of sound temperature measurements at the scene, two different temperatures (20 °C
and 25 °C) were used as the basis for the development of the most important species here,
C. vicina, which were intended to reflect a range of possible room temperatures in the
apartment. The PMI;, for the scene data was estimated to be 8-10 days, while using the
data from the autopsy resulted in a PMI,y,;, of 34 days. In addition to this large difference
in the estimated PMly,i, due to the different developmental stages, the sampled larvae also
differed significantly in length (df = 64.98, p < 0.001), with the larvae from the scene being
on average 3.3 mm longer than the larvae from the autopsy.

In addition to the incomplete and fragmentary insect evidence when obtained only
during the autopsy, a second problem arises, namely the cooling time before the au-
topsy [34,37]. As already mentioned by Charabidze and Hedouin [36], temperature is still a
weak point in forensic entomology due to numerous factors that influence the temperature
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the larvae are exposed to during their growth. Many studies have tried to establish the
most accurate guidelines possible for temperature reconstruction and estimation [36,38-45],
but all of them concentrate only on the temperature history prior to the discovery of the
body. The time between the removal from the death scene and the autopsy is still a “gap of
knowledge” when it comes to accurate temperature estimation and consideration of this
cooling period on the development of forensically important species. Although there have
been many studies on the influence of refrigeration on the development of necrophagous
insects [28,37,46—49], data on the temperatures of heavily infested bodies inside body bags
during the storage prior to an autopsy are still scarce, with only one study published [34].

The current study highlights two of the biggest problems in forensic entomological
casework, i.e., evidence sampling and body storage temperature. Firstly, we analyzed the
temperature profiles of heavily infested bodies stored in body bags in a walk-in cooler to
describe the effect of cooling on the temperature inside the bags, i.e., on the temperature
to which the larvae were exposed. Secondly, we analyzed the effect of who collects the
insect evidence and when, on evidence composition (species and developmental stages),
by examining cases in which insect evidence was collected both at the scene and the
autopsy. Overall, common pitfalls are presented with data from everyday casework, which
nourish and support the need for laboratory studies, along with guidelines for dealing
with these pitfalls.

2. Materials and Methods
2.1. Body Cooling

We evaluated the temperature profiles of eight bodies during the summer months
from May until August 2017. After the discovery of the bodies and a first examination at
the scene, they were placed in white plastic body bags and transported to the Institute of
Legal Medicine Frankfurt. All bodies were heavily infested with insects and stored in a
walk-in cooler after their arrival at the institute. The walk-in cooler was set to a baseline
temperature of 6 £ 2 °C. The day and time of delivery of the body to the institute and
the collection of the body by the mortician, i.e., the beginning and end of cooling, were
noted. As soon as possible after arrival, prior to the temperature measurements, the bodies
were inspected, i.e., pictures were taken, the number of maggot masses was noted, and the
insect evidence was sampled. Since the examination of the bodies had to be included in the
routine activities of the institute, the evaluations and measurements for research purposes
could not always be carried out immediately after the arrival of the bodies, but only on
the next day or the Monday after the weekend. For this reason, the actual temperature
measurement on the bodies may differ from the entire cooling period of the body (Table 1).
For bodies that were cooled more than 6 days (n = 2), insect samples were also taken a
second time during cooling to examine the effect of cold storage on larval development.

Table 1. Information of the bodies (n = 8) used for the temperature profiles in the walk-in cooler. “temperature measurement”

refers to the actual duration of the measurement with the temperature logger on the bodies, while “cooling period” describes
the time between the arrival of the body at the institute, i.e., beginning of cold storage, and the collection of the body by the
mortician, i.e., end of cold storage. N° is the number of body and n the sample size.

N° Body Maggot Position of Temperature Measurement on the Body Temperature Cooling
Masses [n] 1 2 3 Measurement [h] Period [h]
1 1 mouth chest femoral 189 271
2 6 eye cavity right flank left flank 22 57
3 1 eye cavity right neck thighs 142 160
4 2 femoral groin mouth 267 280
5 4 chest armpit legs 192 213
6 2 left neck mouth thighs 25 48
7 2 chest mouth armpit 142 157
8 3 mouth eye cavity groin 76 187
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The temperature was measured hourly with three iButtons (DS1922L-F5, Maxim
Integrated, San Jose, CA, USA) placed in the body bags. If visually clearly defined maggot
masses were present, the iButtons were placed directly into them, otherwise they were
located at sites of moderate maggot aggregations. For this reason, the position of the
iButtons differs between the examined bodies (Table 1). Before placing the data logger
in the body bags, the initial temperature of the walk-in cooler close to the body was
noted/confirmed. The temperature profiles of all eight bodies were visually analyzed
and the temperature difference of the three body parts for each of the cases was tested
for significance using a Kruskal-Wallis test (p = 0.05). The insect samples, i.e., third instar
blow fly larvae, were killed with almost boiling water and then stored in 96% ethanol.
Species identification was performed based on morphological characters with the current
systematic literature [50]. In cases where samples of two events were available, i.e., after a
short (14 and 40 h) and a long (160 and 280 h) cooling period, the length of 100 maggots of
each event was determined using a geometric micrometer [51].

2.2. Scene vs. Autopsy

We evaluated insect-associated cases from the Institute of Legal Medicine Frankfurt
in which entomological evidence was sampled at the scene and during the autopsy from
November 2018 until October 2020 (n = 29). In most cases, the sampling at the scene was
performed by a medical examiner as part of the postmortem inspection, and sampling
during autopsy was performed by a forensic entomologist. Part of the fly larvae were
killed with almost boiling water and afterwards stored in 96% ethanol, and the remaining
specimens were transferred to minced meat and bred under controlled temperature in the
laboratory until the adult stage. Adult specimens as well as beetle larvae were killed by
freezing at —20 °C and then stored in 96% ethanol. Species identification was performed
on the basis of morphological characters with the current systematic literature [50,52]
and voucher specimens. Besides species identification, information on the developmental
stages found at the scene and the autopsy was noted. For cases (n = 13) where a sufficient
number of maggots was present, for both samples, scene and the autopsy, the larval length
was measured with a geometric micrometer [51]. In addition, the date (day, month, year)
of discovery and autopsy, the sex and age of the deceased, the place of discovery (indoor
or outdoor), the presumed PMI, and the type of death (natural, unnatural, unclear) were
noted for each case. We used a paired t test to examine the difference in larval length
for samples from the scene and the autopsy. All data were analyzed and charted with R
version 3.6.2 [53].

3. Results
3.1. Body Cooling—Temperature Profiles

All eight temperature profiles inside the body bags showed higher average temper-
atures (Table 2, Figure 1) of up to ~10 °C more, than the baseline temperature of 6 °C of
the walk-in cooler, independent of the duration of temperature measurement, the entire
cooling period, or the position of the iButton on the body.

In most cases, there was a steep decline in temperature for the first 50 h and then the
temperature fluctuated (£2 °C) around a minimum (Figure 1). The temporal decrease to
the minimum temperature inside the body bags took, depending on the case, from ~80 h
(Figure le,g), over ~100 h (Figure 1c) up to ~140 h (Figure 1d). However, in most cases
the temperature did not reach a stable minimum, even after long cooling periods of 271
(Figure 1a) or 280 h (Figure 1d). Overall, the temperature profiles were highly variable over
time (Figure 1). In the two cases of short cooling periods of up to 57 h the temperature
decreased on average with a rate of 0.25 °C per hour (Figure 1b,f).
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Temperature [°C]

Temperature [°C]

Table 2. Temperature difference between the three positions used for temperature measurement
on each body. Information on the exact position and measurement periods are given in Table 1.
“Temperature” shows the mean values over the measurement period with standard deviation; “Initial
temperature” is the temperature in the cooler directly before the start of the measurements in the
body bags. Its variation is explained by the routine activity and different opening and closing times
of the walk-in cooler in the context of the delivery and examination of other bodies.

Initial Temperature Temperature [°C]

N” Body [°C] iButton 1 iButton 2 iButton 3
1 8.5 154 + 4.2 11.3+1.9 111+ 25
2 9.4 209 £ 2.8 139 £2.6 128 1.6
3 11.3 97+1.3 119+ 1.3 114 +2
4 9.2 11.6 £ 1.9 9.0+ 26 78 +23
5 7.0 8.9+09 9.0£0.9 104+ 1.6
6 15.2 13.3£+1.8 154 +1.7 128 £ 1.2
7 - 119+ 19 99+22 11.58 £ 2.0
8 8.3 124+ 0.9 99+ 0.8 93+09
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Figure 1. Temperature profiles of bodies heavily infested with insect larvae stored in a walk-in cooler in the Institute of
Legal Medicine Frankfurt from May until August 2017. Information on the exact position of the iButton on the body, the
period of temperature measurement and the entire cooling period are given in Table 1. The temperature profiles belong to
corpse 1 (a), corpse 2 (b), corpse 3 (c), corpse 4 (d), corpse 5 (e), corpse 6 (f), corpse 7 (g) and corpse 8 (h).

3.2. Body Cooling—Temperature Difference of Body Positions

In addition to the high variability of the temperature profiles within every single
profile, there were large differences between the temperature profiles of the recorded
positions on one and the same body (Figures 1 and 2, Table 2). In all cases, at least two of
the three recorded positions were significantly different to each other (p < 0.001), which in
extreme cases resulted in the mean temperature at one recorded position being 8.1 °C or
7 °C warmer than at the other positions. In 50% of all cases (Figure 2c—f) the temperature
differed significantly (p < 0.001) between all positions. There was no clear trend that a
certain position of a body, i.e., eye or oral cavity, always has the highest temperature.
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Figure 2. Temperature differences between the maggot masses on bodies stored in a walk-in cooler. Information on the

period of temperature measurement and the entire cooling period are given in Table 1. The temperature profiles belong to

corpse 1 (a), corpse 2 (b), corpse 3 (c), corpse 4 (d), corpse 5 (e), corpse 6 (f), corpse 7 (g), and corpse 8 (h). The asterisks
representing p-values with *** <0.001, ** <0.01, * <0.05, n.s not significant.

3.3. Body Cooling—Temperature Difference of a Body with and without Larvae

For one of the corpses (corpse 4) we had information on the temperature in the body
bag prior to the autopsy and even after the autopsy. The comparison of the temperature
after 24 h of cooling with maggot masses on the body (left side Figure 3) showed that the
decrease over time happens quite slowly with a rate of 0.12 °C per hour and results in a
high minimum temperature of 11.07 °C, which is ~5 °C above the cooler temperature.

X

Temperature [°C]

0 15 20 25 30 35 40 45 50 55 60 65

cooling period [h]

Figure 3. Temperature profile of a body prior to autopsy (with heavy larval infestation and several
larval aggregations) and after the autopsy (almost no larvae left). The red solid line shows minimum
temperature of the body prior autopsy and after the autopsy, respectively. The blue box represents
the temperature measurements during the autopsy. The maggot represents the body with heavy
larval infestation and the maggot with the red X represents the body after the removal of larvae.
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Whereas after the autopsy, when the body was washed and most larvae were removed,
the decline in temperature was faster with 0.41 °C per hour resulting in a minimum
temperature of 7.56 °C after 24 h (right side Figure 3), being just 1 °C warmer than the
overall minimum temperature during the entire cooling.

3.4. Body Cooling—Entomological Evidence and Larval Length

Overall, seven blow flies: C. vicina, C. vomitoria, Ch. albiceps, L. ampullacea, L. sericata,
P. regina, P. terraenovae, and one flesh fly namely S. argyrostoma were identified (Table S1).
The most common species was L. sericata, being present on each of the eight bodies.
All measured temperatures (Table 2) were sufficient for larval development of C. vicina,
C. vomitoria, P. terraenovae and L. sericata inside the body bags, assuming a lower threshold
of 2°C, 3 °C, 7.8 °C and 9 °C respectively [54].

In two cases, we were able to compare the larval lengths after both a short and a long
cooling period. All larvae belonged to L. sericata. The comparison showed that in one
case the specimens underwent significant growth during the cooling (Figure Sla). The
larvae with a short cooling period of 40 h were on average 2.52 mm shorter than after 160 h
of cooling (df = 191.77, p < 0.005). In the second case we found a significant (p < 0.001)
decrease in larval length (Figure S1b). The larvae were on average 1.46 mm shorter after
280 h of cooling than after 14 h.

3.5. Scene vs. Autopsy

In total, we investigated 29 cases from November 2018 to October 2020. Of the 29 cases,
72.4% (n = 21) were male and 27.6% (n = 8) female with an average age of 66.4 years. All
bodies were found indoor and the majority (75.9 %, n = 22) were found during the summer
months from April until September whereas 24.1% (n = 7) were found from October until
February. The suspected PMI averaged 17 days, with two cases showing a rather long PMI
ranging from three months (case 26) to two years (case 13). An autopsy was performed on
average 6.2 days after the bodies were found. In more than 50% (n = 17) of the cases the
autopsy could not find a clear cause of death due to the advanced decomposition of the
body. In 37.9% (n = 11) of the cases the person died of natural causes (e.g., heart failure,
internal causes) and in one case the person died of unnatural causes by intoxication.

3.6. Scene vs. Autopsy—Entomological Evidence

Opverall, we found a large difference both in species number, species composition, and
the developmental stages found at the scene and during the autopsy (Table 3). Only in 6.9%
(n =2; case 8, 14) of all cases exactly the same species were found. In 93.1%, the species
composition was very different from each other, in an extreme case (case 15) even with a
difference of up to six species between the entomological evidence taken at the scene and
during autopsy. There was a general trend that more species were found during the autopsy.
The development stages found, were identical between the scene and autopsy in more
than 50% of the cases, but in almost one third of these cases the PMI was around 7-10 days,
so that probably only one developmental stage (larvae) was available. In 48.3% of the
cases, we saw differences in the developmental stages found, with a slight trend that older
developmental stages such as pupae or puparia were found at the scene but not during the
autopsy. Considering both the species found and the stages of development together, there
were differences in 96.5% (n = 28) of all cases resulting in just one case (case 14) where the
entomological evidence (insect species, developmental stage) was exactly the same both at
the scene and at the autopsy.
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Table 3. Summary of cases where entomological samples were taken at the scene and during autopsy
from November 2018 to October 2020. Information on the number of insect species is given. In
brackets species unique to the scene or autopsy are listed. The stages of development found, where
A= adult specimen, PR = puparia, P = pupae, L = larvae, are listed. In bold are all cases where the
larval length was measured. The check mark indicates if a developmental stage was found and the
dark gray filling if it was missing.

Scene Autopsy
A PR P L Species o e Species P PR A
[n] [n]
v v 1(0) 1 5(1) v
v v 4(1) 2 3(0) v v v
v v 2(1) 3 3(1) v v v
v v 5(0) 4 5(0) v
v v v 3(1) 5 5(3) v
v v 1(0) 6 2(1) v v v
v 1(0) 7 3(2) v v
v v v 1(0) 8 1(0) v v
v v 2(1) 9 1(0) v
v v 3(0) 10 4(1) v v
v v 3(1) 11 2(0) v
v v v 3(0) 12 6 (3) v v v
v v 2(0) 13 3(1) v v
v 1(0) 14 1(0) v
v v 2(0) 15 8 (6) v v v
v v 5(3) 16 2(0) v
v v 4(0) 17 6(2) v v
v v 3(1) 18 42 v v v
v v 2(0) 19 4(2) v v
v 2(1) 20 2(1) v
v 1(0) 21 3(2) v
v 1(0) 2 3(2) v
v v 2(0) 23 3(1) v v
v 3(0) 24 5(2) v
v 3(1) 25 2(2) v
v v 4(1) 26 5(2) v v
v v 4(1) 27 4(1) v v
v v 5(3) 28 3(1) v
v 2(0) 29 3(1) v

3.7. Scene vs. Autopsy—Larval Length

For 13 cases we had a sufficient number of larvae both from the scene and the autopsy
to compare the larval length. In eight cases larvae of L. sericata were measured, in four
cases, larvae of C. vicina, and in one case, larvae of Ch. albiceps.

We found significant differences in larval length in 46.1 % (n = 6) of the cases (Figure 4).
In three cases (Figure 4a,c,e) the larvae underwent significant development during the
time between the discovery of the body and its autopsy. In these cases, the larvae from
the autopsy were significantly larger (p < 0.01) with a mean difference of up to 1.8 mm
(Figure 4e). In the other three cases (Figure 4b,d,f) we found a significant (p < 0.001) decrease
in larval length. The larvae from the autopsy were significantly smaller with a mean
difference of up to 3.2 mm (Figure 4f). In 53.9 % (n = 7) of the cases we found no significant
differences in larval length (Figure S2).
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Figure 4. Larval length in mm for insect samples from the scene and the autopsy (n-values = identical for the scene and
the autopsy; (a) larvae of L. sericata (n = 20) from case 3 after 0 and 8 days of cooling; (b) larvae of L. sericata (n = 60) from
case 5 after 0 and 8 days of cooling; (c) larvae of L. sericata (n = 44) from case 23 after 0 and 5 days of cooling; (d) larvae of
L. sericata (n = 13) from case 24 after 0 and 4 days of cooling; (e) larvae of L. sericata (n = 14) from case 27 after 0 and 8 days
of cooling; (f) larvae of C. vicina (n = 50) from case 1 after 0 and 5 days of cooling. The asterisks representing p-values with
*** <0.001, ** <0.01.

4. Discussion

This study presents real case data on two major pitfalls in forensic entomological
casework: firstly, the thermal history of maggots on a body; i.e., the effects of storage in a
cooler prior to the autopsy, and secondly the sampling of insect evidence with regard to
the place and time of the sampling (at the scene right after the discovery of the body, or
during the autopsy), as well as the training of the person performing the sampling.

4.1. Body Cooling

Knowing and understanding temperature is a key element in forensic entomological
casework due to its effect on carcass decomposition, activity, oviposition, and succession
of insects on a cadaver and especially on the growth of forensically important species.
Therefore, the documentation and estimation of temperature insects experience during
their growth is important, recommended in every standard book of forensic entomology,
and crucial for an accurate PMI,,;, estimation. One temperature-relevant aspect that has
received little attention so far is the storage of the insect-infested body in a cooled morgue
prior to the autopsy, which is of major importance especially in cases where the entomolog-
ical evidence is obtained just during the autopsy. Even in quite recent guidelines for the
use of temperature in casework [36], the use of a margin error of +2 °C on the refrigerator
temperature is given as a solution. Our results showed that all temperature profiles inside
the body bags showed average temperatures that were up to 10 °C higher than the baseline
temperature of the walk-in cooler, no matter the duration of the temperature measurement,
the entire cooling period or the position on the body. Even the lowest mean average tem-
perature was 1.8 °C higher than the cooler. Therefore, adding just 2 °C to the temperature
of the cooler will possibly not reflect the actual temperature the larvae experienced during
growth and could lead to an erroneous PMI estimation depending on the duration of the
impact. Our results are in line with Huntington et al. [34] and Thevan et al. [55] who
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reported a significant temperature difference of up to 8 °C between the inside of the body
bag and the storage cooler’s temperature.

These major temperature differences are caused by the maggot masses on the body,
which have been reported to exceed the surrounding environment in the field much
as 10-30 °C [56,57] and maintain temperature even under cooling [58]. This effect can be
clearly seen when we compare the temperatures of one and the same body with and without
maggots. The decline in temperature without maggots was much faster (0.41 °C/h) and
reached a stable minimum close to the cooler temperature after 24 h, while the decline in
temperature with maggots was very slow (0.12 °C/h) and reached a minimum temperature
still 5 °C higher than that of the cooler. In our study, we focused not only on temperature
profiles in the body bags, but also on recording the temperature inside the maggot masses
during cooling, and especially on the variability on one and the same body. Our results
show that in all cases, at least two of the three recorded maggot masses were significantly
different to each other which, in extreme cases, resulted in the mean temperature at one
recorded position being 8.1 °C or 7 °C warmer than at the other positions.

This problem is further complicated by the fact that specimens of different ages and
sizes can withstand cooling quite differently [48,59], and flies may be able to handle the
temperature decrease at least temporarily with their behavior or physiology [60]. Diapause,
marked by the reduction of metabolic activity, is mainly regulated by the photoperiod acting
on the maternal generation of blow flies and by the thermal conditions of development of
their larvae. Vinogradova and Reznik [61] showed the occurrence of diapause in C. vicina
field populations already from the middle of August, with temperatures relevant for the
larvae in the low double-digit range. Hence, depending on the time of the year (day
length) and the duration of the cold storage (temperature) larval diapause cannot be ruled
out during storage in the morgue. This might be no serious problem in summer and
especially during further breeding of living specimens after sampling at a temperature
of normally >20 °C, as specimens might acclimatize quickly and terminate diapause.
However, we admit that knowledge about species-specific induction and termination of
diapause (and dormancy) in blow flies is still limited. Due to these kinds of impacts and
variations and the fact that the actual dynamics are more complex [62], it will be difficult
or even impossible to establish a serious correction factor for calculating the temperature
experienced by the larvae during storage, not least as not all of them have experienced the
same temperature [34]. Nevertheless, it is important to know about the temporal decline
of temperature inside a body bag after the transfer to the cooler, i.e., the period larvae
experience still high temperatures. The cooling rate of a body without insect infestation
is, depending on the weight, 1-2 °C per hour [63]. Our results showed that the cooling
rate of a heavily infested body is around 0.12 °C per hour and that it can take up to 100 h
until the temperatures inside the bag reaches its minimum - even the lowest temperature
inside the body bag is usually higher than the cooler temperature. Does that special kind of
temperature regime have an effect on maggot development? Our results show that blow fly
larvae can undergo significant development despite the cooling, resulting in a difference in
length of up to 2 mm, which can lead to erroneous PMI estimations depending on species
and temperature. These results are in line with other studies [34,55], according to which
maggots clearly continue to develop during cooling and even complete their development.
In our study, comparison of scene- and autopsy-based PMlyi, estimations based only
on larval length (results not shown) indicates that discrepancies are less than 24 h even
for significantly different larval lengths and therefore likely to be negligible, as PMI i,
is usually narrowed down to the day. However, further studies need to be conducted to
quantify the effect of cooling on different species and their developmental stages.

The ongoing developmental and feeding activity of the insects along with the decay
of the body is not just a problem for the forensic entomologist, but also for the medical ex-
aminer. Since a high larval activity and progressing decay can impact autopsy findings [64]
due to substantial tissue loss [34]. Especially maggot masses around the head i.e., in the
mouth, the eyes, and around the neck, can easily destroy signs of bruises or skin lesions
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that would be helpful to determine a cause of death. We have seen some cases where the
corpses at the scene were just in an early stage of decomposition, with beginning larval
aggregation on the head, but at the autopsy several days later all the tissue of the face
was lost, and the head was almost skeletonized. We believe that these problems are more
common than expected, especially in the summer and recommend that heavily infested
bodies be autopsied as soon as possible.

Besides further growth, i.e., an incline in larval length during the cooling, we also
saw the opposite i.e., a decline in larval length of up to 3.2 mm. This can probably be
explained by the developmental stage that the specimens on the body had already reached
before storage [48]. Archer et al. [28] found that late third instar larvae of C. vicina shrink
on average of —1.2 mm during cooling, whereas second and mid third instar larvae grow
overall during cooling. If the maggots on the body are already in post feeding stage then
they could be preparing for pupation during cooling, which in general is associated with
larval shrinkage of several mm depending on species and temperature [65]. An example of
this phenomenon is provided by the case study presented in the introduction. The majority
of larvae at the scene was probably just before post-feeding, resulting in the maximum
length during their development. Normally, there is a decrease in larval length during
post feeding until the onset of pupation. During the cold storage until the autopsy, the
larvae of the cold adapted species C. vicina continued its development. Reiter [66] observed
shrinkage of 2.9 mm at 6.5 for C. vicina mm during this phase in the development, which is
in a similar range to our results. For casework, it is therefore necessary to know at least the
prevailing development stages prior to cooling and a subsequent preservation.

4.2. Scene vs. Autopsy

Proper evidence sampling is at the heart of a sound forensic entomologist’s opinion
and failure to follow the protocol can have serious consequences for the report and ex-
pert testimony in court [28]. Hence, the gold standard is the sampling of entomological
evidence at the scene and during the autopsy [21], and in cases of low population due to
season or accessibility of the body, even only scene collection by a trained expert may be
sufficient—but this will be the exception rather than the rule: many studies demonstrated
that insect evidence is frequently sampled just during the autopsy [24,28,30-34] and some-
times even several days after the discovery of the body [31,32,35,36]. Our results show
that such practices can lead to large differences in species diversity and the developmental
stages found, leading to a biased or wrong entomological report. Missing the oldest devel-
opmental stage will lead to erroneous and especially compromised interpretation of the
entomological evidence. As shown in the case study (Figure S3), the lack of pupae, i.e., the
oldest developmental stage, at the autopsy, resulted in an underestimation of the PMI i
of up to 5 days, depending on the temperature used for the estimation. This difference
will become larger the older, i.e., further developed, the missed developmental stage is. In
our study, using entomological evidence collected only at autopsy would have led to an
underestimation of the PMI,,;,, in 24.4% (n = 7) of cases.

Additionally, our survey revealed that during the autopsy more species were found.
This is probably because in our study a trained forensic entomologist took the samples
during the autopsy, while a medical examiner was in charge at the scene. Reasons for
poor evidence sampling can be the lack of experience of the persons in charge at the scene
of death (police, crime scene technicians, medical examiner), the lack of time and, above
all, the unawareness of the diversity of entomological evidence. However, to have just a
limited view on the species composition on a body, due to, e.g., missing indicator species
for certain stages of decomposition, seasons of the year, or for post-mortem transfer, can
have a major effect on PMI estimation and case evaluation.

5. Conclusions

Forensic entomology works with live animals that interact constantly and closely with
their environment and faces a diversity of species and morphological manifestations that
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is difficult for an entomological non-expert to handle. It therefore must deal with many
pitfalls when it comes to casework and knowing them will decrease their negative impact.

Our study shows that sampling at the scene is advisable if not mandatory to facilitate
a sound entomological report. Most sub-optimal sampling happens because of the lack
of knowledge and experience. As a forensic entomologist will not attend every scene,
educating and training the police, crime scene technicians and medical examiners is one
important approach to cope this issue.

If on-site sampling has not occurred, the first samples should be taken immediately
upon arrival of the body at the mortuary, even (or especially!) if the autopsy is not
performed until days later. During autopsy, sampling should focus not only on the body
itself but also on the body bag, the clothes and other belongings of the deceased as the
fauna perhaps responded to the changed environment and temperature and left the body
for shelter or preparing for pupation.

A better understanding of the influence of (rapidly and drastically) fluctuating temper-
atures on the growth of necrophagous insects is urgently required in forensic entomology.
For the evaluation of the entomological evidence and writing the report, the temperature
profile and cooling sequence of the body must be completely tracked from its removal of
the scene until the insect sampling. If possible, temperature measurements in the body bags
itself but more important in the larval aggregation should be carried out. In the absence of
these data, the cooling and resulting slower growth should be discussed in the report, but
always the fastest possible development (i.e., without cooling effects, for example) should
be calculated to meet the concept of PMI,yjp.

Even though this study is not based on a designed experiment, but analyzes data
from everyday casework, it is very well suited to illustrate current problems, particularly
in temperature reconstruction and evidence collection. It presents detailed data that
ultimately demonstrate the need to track the temperature profiles of stored bodies and
sample insect evidence both at the scene and during autopsy. Most importantly, it is a
clear call and provides a basis for further research focusing on the link between laboratory
studies and casework.

Returning to the question of “to be there or not to be there”; it is always better for the
forensic entomologist to be at the scene and sample the evidence by him or herself, but this
will not be a regular option. We just need to know then what to do if we were not there,
and what information is mandatory.
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Simple Summary: Experimental studies in forensic entomology must follow a series of rules to
generate accurate predictions about criminal cases. These rules are reviewed and some approaches
that have been used to solve experimental problems in forensic entomology are presented. Finally,
recommendations are provided to avoid the publication and possible use in court of forensic studies
that fall short of experimental standards.

Abstract: To bridge the gap between experimentation and the court of law, studies in forensic
entomology and other forensic sciences have to comply with a set of experimental rules to generate
probabilistic inference of quality. These rules are illustrated with successional studies of insects on a
decomposing substrate as the main example. The approaches that have been used in the scientific
literature to solve the issues associated with successional data are then reviewed. Lastly, some advice
to scientific editors, reviewers and academic supervisors is provided to prevent the publication
and eventual use in court of forensic studies using poor research methods and abusing statistical
procedures.

Keywords: animal carcass; cadaver; decaying substrate; insect succession; postmortem interval;
successional studies; vertebrate decomposition

1. Forensic Entomology, an Inferential Science

Inference is defined as an operation by which one moves from one assertion that is
considered true to another assertion by means of rules that make that second assertion
equally true. Considering this, much of the research carried out in forensic entomology, as
in other forensic sciences, is fundamentally inferential because experiments carried out on
samples are often used to draw conclusions about the general population. For example, it
is common to carry out studies using cadavers [1,2], whole animal carcasses [3,4] or animal
tissues (reviewed in [5]) with the aim of later making extrapolations from experimental
data to estimate a postmortem interval (PMI), a period of insect activity (PIA) or a post-
colonization interval (PCI) in a criminal case. Reasoning from data to an individual case
presents considerable challenges [6]. In addition, as the conditions of the experiment do
not correspond in all points to those of the case, compliance with a set of rules is required
to ensure the quality of the inference being drawn. These rules have been thoroughly
described for over 100 years in treatises on experimental design and statistics [7-10],
and this is where the problem lies: most practitioners in forensic sciences have limited
statistical literacy. While several recent publications have sought to provide tools to
forensic researchers wishing to improve the quality of methods, experimental design and
statistics [11-14], forensic publications and conference presentations with poor research
design and data analysis are still common. It is important to recognize that studies that
fall short of experimental standards encourage false-positive findings, which can lead to
wrongful convictions or exonerations. Incidentally, recent miscarriages of justice have often
been attributable to flawed expert testimony [15].
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What are the main methodological issues observed in the forensic entomology lit-
erature that make inference impossible? The foremost issue is a lack of compliance
with Fisher’s four cornerstones of experimental design: randomization, replication, in-
dependence, and controls [8,9]. This has already been discussed in recent literature re-
views [12-14] and although some progress has been made in the last nine years, the absence
of treatment replication, also called simple pseudoreplication, is still rampant in forensic
entomology. A common form of simple pseudoreplication is to use one replicate per treat-
ment (e.g., one carcass per condition, a single growth chamber per temperature for a study
on maggot development, a single field and forest to test for differences between habitats,
collecting data for a single year, i.e., one spring, summer, fall and winter for a study on
seasonal effects) and consider subsamples to be true replicates when interpreting the data.
The second issue is an absence of inferential statistical tests permitting the generation of
probabilistic inference. It has been argued elsewhere that probabilistic inference procedures
are an appropriate approach for measuring uncertainty in forensic science [16,17]. However,
forensic entomology remains a descriptive science where inferential statistical tests are the
exception rather than the rule and where the uncertainty associated with indicators of PMI,
PIA or PCl is seldom disclosed. A good example of a widespread practice which impedes
probabilistic inference is the presentation of summary tables or histograms pooling the
information of several cadavers/carcasses [12].

There are however cases where even with a well-planned study, the very nature of
the experiment is binding and imposes some adjustments to allow for inference. This
is particularly true for studies of insect succession on cadavers or vertebrate carcasses,
probably the most complex type of experiment from which one would extract a proba-
bilistic inference in forensic entomology. Below, I substantiate this assertion by laying out
the methodological issues associated with successional data recovered during studies of
succession on necromass. While forensic entomology is used as an example, most of the
elements discussed here apply to other forensic sciences as well.

2. Issues Associated with Successional Data

Successional data are samples, measurements, statistics or any factual information
recovered sequentially from a decaying substrate. In forensic entomology, a good example
of successional data is the maggot sample recovered at different time intervals from a
cadaver/carcass to describe fly ontogenic and morphological changes [18,19]. Another
example of successional data is the insect sample [1,2] or the visual count of insects [20]
recovered through time from a cadaver/carcass. Then again, samples of microorgan-
isms/bacteria [21], fungus [22], volatile organic compounds [23], synovial fluid and vitre-
ous humour [24], or taphonomical changes (i.e., body scores, decomposition stages [25-27])
recovered from decomposing necromass are also successional data. To be clear, most of
the time, information used to estimate the postmortem interval is successional data. What
many overlook is that generating inferences from these datasets represents a challenge
because of their inherent properties, which are listed in Table 1 and described below.

2.1. Data Measured Repetitively from a Small Number of Sampling Units and Field Sites

Most of the time, forensic studies use few cadavers/carcasses as sampling units
because of the challenge associated with obtaining them and the time required to sample
them. In addition, studies are usually conducted in the same environment year after
year due to limitations associated with body farms or the difficulty in obtaining and
accessing different experimental sites [28]. This has several consequences other than
considerations linked with carcass enrichment [29,30], the first one being that records
of successional data will be interdependent. Statistically, interdependence means that
successive samples are correlated. This interdependence can sometimes be noticed visually
during an experiment; if a rare insect is observed on a given carcass on day 2 of the study, it
is more likely that the same insect will be observed the next day on the same carcass than on
another carcass. A second consequence is the development of an autoregressive covariance
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structure, which means that interdependence is higher in two adjacent time periods and
systematically decreases as the distance between the time periods increases. Again, this can
be detected during an experiment as species recovered from a carcass/cadaver sampled on
two successive days will be more similar than those collected over a longer time interval,
such as day 1 and day 6 of the study. Both conditions indicate that the variance is not
randomly distributed in the data, contravening a fundamental assumption of several
statistical tests. A third consequence of having a small number of sampling units is that
analyses will have limited statistical power. Statistical power is the likelihood that a
hypothesis test will detect an effect if there is one. It depends on sample size and effect size,
the latter being a quantitative measure of the magnitude of the experimental effect. This
means that if a small difference exists between two sets of conditions (i.e., a small effect
size), a large number of samples is necessary for this difference to be significant (for an
example of insufficient sample size as revealed by power calculation in forensic entomology,
see [13]). Conversely, if the effect size is large, few samples are needed to detect a difference
between two sets of conditions (for an example, see [5]). A fourth consequence of having
a small number of sampling units is that the study has a low internal validity because
there is a greater chance that bias or random effects will have consequences on a significant
portion of the sample. Internal validity describes the extent to which a study establishes
a trustworthy cause-and-effect relationship and is not influenced by other factors. A low
internal validity means that our confidence that manipulated variables caused a change
in measured variables is compromised. In experiments with few carcasses/cadavers, it is
much more difficult to detect bias and ascertain whether the data collected are valid and
only affected by the variables under the control of the researcher than in larger studies.

Table 1. Issues and consequences of successional samples or measurements recovered sequentially
from a decaying substrate.

Issues Consequences

Data interdependence
Autoregressive covariance structure
Low statistical power

Low internal validity

Non-linear effects

Overfitting

Non-Gaussian distribution

3. Datasets with a relatively large proportion of ~ High proportion of systematic variance
unexplained variance Low external validity

4. Data affected by temporal and spatial effects ~Data interrelated in time

Data interrelated in space

1. Data measured repetitively from a small
number of sampling units and field sites

2. Data presenting non-linear trends

5. Datasets including many independent and Auto.corr.elatio.n

dependent variables Multicollinearity
Overfitting
Alpha inflation

2.2. Non-Linearity

Generally, successional data exhibit non-linear trends. Instead of increasing or decreas-
ing linearly (first-order regression) or quadratically (second-order regression), variables
often exhibit complex trends that can only be fitted with high-order polynomial regressions.
For example, insect occurrence or abundance on cadavers/carcasses is bell-shaped or
multimodal, with few insects documented at the beginning and end of succession, and
many insects documented at an intermediate time interval [20,31]. High-order polynomial
models are difficult to translate into biological terms, and their adjustment can lead to
statistical model overfitting. Overfitting means that an overly complex model has been
produced which fits the underlying relationship between the study variables as well as
the noise unique to each sample. As a result, overfitted models produce misleading coef-
ficients and although they generally perform perfectly with the experimental data, they
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are likely to perform poorly when other data (such as from a criminal case) are used [32].
In addition, when successional records of insects or residuals of analyses on successional
records are plotted using frequency distribution histograms, a normal or Gaussian dis-
tribution is seldom obtained. Instead, distributions of forensic data tend to conform to
the binomial distribution, the Poisson distribution or the quasi-Poisson distribution. The
Poisson distribution is one of the best statistical distributions to model the number of
times an event occurs in an interval of time or space, such as the number of times that
Phormia regina (Diptera: Calliphoridae) is observed each day during succession on a given
carcass in my study area. The first consequence of the two conditions identified above
is that statistical models developed without considering non-linearity and non-Gaussian
data distribution tend to have a poor fit. A second consequence is that approximations
provided by the central limit theorem are likely to be inadequate, which signifies that issues
linked to the lack of normality cannot be disregarded. A third consequence is that, usually,
transformations applied to push the data closer to a Gaussian distribution perform poorly.
A final consequence is that classical linear models (e.g., analysis of variance, regression) are
often ineffective with such data.

2.3. Datasets with a Relatively Large Proportion of Unexplained Variance

Statistical tests can generally separate variance into two components: the explained
and unexplained variance. The explained variance is the variance associated with the study
variables whose influence is being studied such as the PMI and postmortem accumulation
of degree-days in successional studies of insects. The unexplained variance is any residual
variance associated with random variance that occurs because experimental units always
exhibit some differences, even in homogeneous conditions, as well as variance associated
with unknown variables, called systematic variance. Systematic variance is non-random
variance due to factors not manipulated or measured during the study. In forensic ento-
mology, systematic variance can overly dominate the explained variance because insect
occurrence is influenced by meteorology, animal behavior, life histories, microhabitat, etc.
This means that study variables often poorly explain the factors responsible for effects, and
that the study has little external validity. External validity refers to the extent to which
research findings can be generalized. A low external validity limits the ability to draw
inferences from experiments and generalize the findings. This implies that it is incorrect to
use the results of the study to explain a given situation occurring elsewhere, including a
case study. For example, if only 15% of the variance is accounted for by a model developed
in a laboratory study to predict the PIA from the size of maggots, this model is unusable in
a forensic case because it has no predictive power.

2.4. Data Affected by Temporal and Spatial Effects

As a rule, all insect successional studies carried out in the field are inevitably affected
by temporal and spatial effects. Temporal effects occur because the same experimental
units (i.e., carcasses/cadavers) are sampled over and over during most forensic studies. In
addition to sometimes causing oversampling problems [33], this leads to an interrelation
of the samples over time. Moreover, repeated samples cannot be considered random
because a sample taken at time 1 is necessarily collected before a sample at time 2. Such a
dataset is unlikely to be stationary in the sense that the mean, variance, autocorrelation
and other statistical properties are all constant over time, contravening another assumption
of several statistical tests. Spatial effects occur because field conditions are often heteroge-
neous and because the placement of sampling units can create interdependence between
units, thereby causing systematic spatial variation that results in observable data clusters.
Cadavers/carcasses that are closely spaced can become linked by dispersing organisms
that synchronize their dynamics [34]. For example, in a recent study [20], we noticed
that less competitive carrion beetles such as Necrophila americana (Coleoptera: Silphidae)
were kept at bay from carcasses by more competitive species such as Necrodes surinamensis
(Coleoptera: Silphidae). The former species thus moved to less interesting habitat patches,
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producing a spatial structure explaining the results of the study. Overlooking or ignoring
these spatial patterns, when they are present, could lead to false conclusions about cause-
and-effect relationships [35]. This issue is particularly problematic for studies conducted in
body farms or small field sites where cadavers/carcasses cannot be placed far apart.

2.5. Datasets Including Many Independent and Dependent Variables

Often, in forensic studies involving cadavers/carcasses, a large amount of data is
collected from each experimental unit (i.e., cadavers/carcasses). For example, several
studies record daily the presence of different taxa, the occurrence of egg masses, the size of
maggots, the temperature of the cadaver, the stage of decomposition of the cadaver, the
postmortem accumulation of degree days, etc. However, the scientific literature recom-
mends that the number of variables remain low compared to the number of observations,
because the chance of finding significant but biologically irrelevant relationships between
the dependent and independent variables increases with the number of variables [36].
Ignoring this recommendation is likely to result in autocorrelation between processes as
well as autocorrelation between response variables. When autocorrelation exists between
two variables, this indicates that one of the study variables is a duplicate of the other
variable more or less shifted in time or in space. For example, during the summer in
my study area, the postmortem accumulation of degree days and the PMI are always
autocorrelated because the temperature is relatively constant. Without proper statistical
adjustment to deal with autocorrelation, multicollinearity, overfitting (discussed in Section
2.2) and Alpha inflation are inevitable. Multicollinearity is a process whereby dependence
among the explanatory variables is strong enough that one explanatory variable can be
accurately predicted from the others. Thus, the collinear explanatory variables contain
the same information about the dependent variables. A model developed using collinear
explanatory variables yields highly volatile parameter estimates with large standard er-
rors [37]. With such a model, a small change in the data can result in a large change or even
a change of sign in parameter estimates. Consequently, little confidence can be placed in
a model affected by multicollinearity. Alpha inflation is also known as familywise error,
experimentwise error or cumulative Type I error. Alpha (or o) refers to the significance
level. In most experimental sciences, « = 0.05, which implies that you have a 5% chance of
incorrectly rejecting the true null hypothesis when you perform a statistical test (i.e., you
have a 5% chance of detecting an effect when there is none). As more tests are conducted
on the same dataset, the likelihood of obtaining at least one erroneous significant result
increases. For example, if the response to a given treatment (e.g., shading) of 20 blowfly
species sampled in an experiment is analyzed individually with « = 0.05, there is 64.1%
chance that one or several analyses of species responses will be significant due to chance.
This number is obtained by the following calculation:

o =1-(1-0.052% =0.641 )

In short, multicollinearity, overfitting and Alpha inflation imply that the interpretation
of the results will be too liberal, that statistical inferences will be less reliable and that the
whole study will potentially be misleading.

3. Possible Remedies to the Issues Associated with Successional Data

To address the problems discussed above, I list in Table 2 and review below some
approaches that have been used to deal with these issues in forensic entomology and in
studies of insects in other degradative systems (i.e., dung, dead wood).
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Table 2. Consequences and possible remedies to the issues associated with successional samples or

measurements recovered sequentially from a decaying substrate.

Consequences of Successional Data

Remedies

1.  Low statistical power Increase the sample size
Low internal validity Increase the number of locations, times, and
Low external validity conditions

2 Data interdependence Generalized linear models (GLMs), generalized

Autoregressive covariance structure
Non-linear effects

linear mixed models (GLMMs), generalized
additive models (GAMs), generalized additive

Non-Gaussian distribution mixed models (GAMMs)
3 Autocorrelation Multivariate statistics

Multicollinearity

Overfitting

Alpha inflation

4 Data interrelated in time
Data interrelated in space

Time series analysis

Spatial statistics

Repeated measures and/or spatially explicit
GLMs, GLMMs, GAMs, GAMMs

5 High proportion of systematic variance Ensure that all influential variables have been
accounted for

Use a model that is better suited to data
Acknowledge this variability

3.1. How to Solve Problems Related to Low Statistical Power as well as to Low Internal and
External Validity

These problems have a single cure: increase the sample size. If this is impossible
because sampling is time-consuming, review the protocol to find out ways to speed up
its implementation. Another method to increase external validity is to repeat the study
in a variety of locations, times, and conditions. This may appear paradoxical because
generally, one seeks to decrease rather than increase natural variability in experimental
studies. However, the purpose of forensic science differs from process-driven science as
the aim is generally not to conclude about the effects of a treatment, but rather to use
the study results for the interpretation of data from a criminal case that occurred under
different conditions than the study. A good example of the two precepts discussed above
is given by Horgan [38] who studied dung beetles attracted to decomposing cow dung
in 16 widely separated locations in the contrasting pasture landscapes of El Salvador and
Atlantic Nicaragua. Because of all the variability that was consciously integrated into
the design of this study, the observed trends are strong and easily transposable to other
environments. For a similar example using saproxylic beetles, see [39].

3.2. How to Solve Problems Related to Interdependence between Records, Auto-Regressive
Covariance Structure, Non-Linear Effects and Non-Gaussian Distributions

The solution to these problems is straightforward: use generalized linear models
(GLMs), generalized linear mixed models (GLMMs), generalized additive models (GAMs)
or generalized additive mixed models (GAMMs). Basically, these models work as analyses
of variance, analyses of covariance or linear regressions but use non-linear link functions
to allow for responses with nonlinear distributions such as Poisson, binomial, gamma,
etc. These models can also account for data interdependence and for the autoregressive
structure of the data. Moreover, additive models use non-parametric smoother functions to
fit models with fewer assumptions. As the description of statistical models is not one of
the objectives of this text, I take this opportunity instead to encourage readers to consult
examples of the application of these models in recent forensic literature. For examples of
GLMs/GLMMs, see [26,31,40,41]. For examples of GAMs/GAMMs, see [5,39,42,43].
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3.3. How to Solve Problems Related to Autocorrelation, Multicollinearity, Overfitting and
Alpha Inflation

The solution to these problems is forthright: use multivariate statistics. Multivariate
statistics encompass all approaches that allow for the simultaneous analysis of several
response variables. They can be grouped into different categories such as the descriptive
or correlative methods (e.g., ordinations, canonical correlations and clustering methods),
or the explanatory and predictive methods (e.g., regression trees, multivariate analysis of
variance (MANOVA), discriminant analysis, random forests). These methods are useful
to deal with autocorrelation, the choice of a method depending on the objectives of the
study, the experimental design and the analyst’s preferences. When multicollinearity
and overfitting are an issue, multivariate statistics can help with variable selection to
reduce dimensionality and allow for further exploration and analysis of the data [44]. As
mentioned above, the description of statistical models is not one of the objectives of this text.
Thus, I encourage readers to consult examples of the application of these models in recent
studies in forensics or other degradative systems. For examples of ordination and canonical
correlations in a forensic context, see [40,45-47]. For examples of multivariate regression
trees, see studies on saproxylic beetles such as [48,49]. For examples of discriminant
analysis, see studies on saproxylic beetles such as [50] or on dung beetles such as [51]. For
examples of MANOVAs in a forensic context, see [33,40,52,53].

3.4. How to Solve Problems Related to Having Data Interrelated in Time or Space

If the objective of the study is to analyze only the temporal trends of a dataset, time
series analysis such as used by Andow and Kiritani [54] in a study of saproxylic beetles is
appropriate. If variables other than time need to be included in the model, then the GLM,
GLMM, GAM and GAMM approaches suggested above are adequate (for an example,
see [5,20]). On the other hand, potential spatial relationships require the use of spatial
statistics that specifically describe and model localized or geo-referenced data. To date,
forensic entomologists have not ventured into spatial statistics, but this is bound to change
as studies encompassing several locations are taking place. In contrast, spatial analyses
are frequently used in studies on other decomposing substrates. For redundancy analysis,
see [55] for an example with saproxylic beetles and [56] for an example with dung beetles.
For an example of a polynomial generalized linear model analysis of the position with
saproxylic beetles, see [57]. For an example of a spatially explicit GAMM with saproxylic
beetles, see [58].

3.5. How to Solve Problems Related to Having a Large Amount of Systematic Variance

First, ask yourself whether all the influential variables were measured, and if the best
model is being used. A research protocol excluding some influential variables as well as
an inappropriate model can limit the ability of statistical tests to account for quantifiable
effects. If the best model and design has been applied, my second recommendation is
to accept this unexplained variance. An even better recommendation is to embrace it!
It would be preposterous to hope to account for all the variance knowing the numerous
factors influencing decomposition and insect colonization [59]. Most insects aggregating
on and around cadavers/carcasses are hardly predictable [20,31], which contribute to this
unexplained variance. Thus, this situation is not alarming and not unique to forensic
entomology; the same large unexplained variance also prevails in studies of saproxylic
beetles [48,49]. In the applied context of forensic entomology, it then appears more impor-
tant to distinguish between what can and what cannot be explained. I firmly believe that
too much time and energy has been spent researching insect species that do not have real
potential for the estimation of the PMI, PIA or PCI.

4. Advice to Scientific Editors, Reviewers and Academic Supervisors

Only 27 out of the 160 field studies published between 1985 and 2013 in forensic
anthropology, forensic entomology and forensic taphonomy had an adequate design and
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analysis [14] and a consultation of the recent literature shows that the situation has changed
little. Therefore, it is no exaggeration to assume that most of the experimental studies in
these fields that are used in court should not be admissible because they cannot generate
probabilistic inference. This embarrassing situation can be explained by the fact that
there is often no negative consequence related to the publication of studies using poor
research methods and abusing statistical procedures [60]. While this situation is not
unique to forensic entomology [61], it has far greater consequences than simply misleading
colleagues and the scientific community because false-positive findings are being used
to solve criminal cases. We all have a responsibility to prevent the publication of studies
that fall short of experimental standards, including false preliminary studies. The prefix “a
preliminary study on” has been overused in the forensic entomology literature. According
to the Merriam-Webster Dictionary, “preliminary” indicates that something is a prelude to
something else. However, most preliminary studies have no follow-up, this term rather
serving as a loophole to allow for the publication of pseudoreplicated studies.

To avoid the publication and possible use in court of forensic studies that are poorly
designed or poorly analyzed, scientific editors and reviewers should make sure that the
following conditions are met by publications:

1. The study is devoid of experimental errors. Scientific editors and reviewers should not
be afraid to require from authors a detailed description and a map of the layout
of the study. Regardless of the nature of the study, the experimental unit should
always be clearly identified. To learn how to recognize the experimental unit and
main experimental errors, read [12-14,62]. Pseudoreplicated studies should never be
published, even as “preliminary studies”.

2. If the nature of the study allows for it, an inferential statistical test that permits
extrapolation of the results to case scenarios is presented. The statistical procedures
should be described in detail and an estimate of the experimental error should be
evident in the tables and figures of the manuscript. If successional data are involved,
the statistical test should comply with elements presented in Table 2.

3. If the nature of the study does not allow for it, no inferential statistical test is presented. In a
widely cited article, Hurlbert [62] suggested that good articles that refrain from using
inferential statistics when these cannot be applied are worth publishing. However,
the authors should explicitly recognize that the study is descriptive, thus not allowing
for transposition of the results to other situations or use in court.

Inevitably, to ensure that forensic entomology studies generate probabilistic inference of
quality, scientific editors and reviewers will have to step up and act as the watchdogs of the
scientific method. Nobody should be reluctant to question why money, time and publication
space is spent on a study that has an inappropriate design, analysis or a lack of analysis.

My last advice is for academic supervisors and concerns the training of students.
To effectively understand and implement the analyzes discussed herein, forensic science
students need statistical knowledge that goes far beyond classical frequentist statistics
and linear models. Therefore, I urge academic supervisors to encourage their students to
pursue advanced training in statistics. More than ever, as access to powerful statistical
tools has become more democratized, knowledge of experimental design and statistics
is proving to be an essential skill to bridge the gap between laboratory/field studies and
court evidence.
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Simple Summary: Insects and other arthropods found at a forensic scene are considered to represent
relevant evidence regarding the time and place of death, a possible antemortem or postmortem treat-
ment of the victim, the geographical origin of narcotic substances, drugs, etc. However, in order to
derive firm conclusions from entomological evidence, it is critical to understand the different aspects
of the insect biology of the whole area under consideration. Moreover, most forensic investigators
are not specially trained in basic entomology procedures, which can result in limitations when trying
to achieve an accurate expert report. The present work illustrates the utility and necessity of such
entomological studies and the expert training that is required using actual forensic cases.

Abstract: The aim of this work is to present a number of forensic cases that took place in Southeastern
Spain (Murcia province) in which the entomological evidence aided to fully solve the issues raised
during the legal enquiry, enhancing the close interrelationships between experimental studies per-
formed and actual forensic cases assessed. In all cases, the expert report was requested by the police
agents or the medical examiners, the latter attempting to make stronger their own conclusions. The
assessment of all cases was possible by comparing the evidence and circumstances of each one with
the experimental data previously obtained in our laboratory concerning aspects such as faunistic,
ecological, morphological, etc., and by considering data from other researchers. In all cases, the
evidence could be addressed, although in some cases, it had not been properly collected or processed.
Thus, the utility of the experimental studies in forensic practice, even when being considered merely
biological, and without immediate practical application, can be demonstrated as well as the need
for providing specialized instruction on Forensic Entomology procedures to the different agents

involved in forensic investigation.

Keywords: Forensic Entomology; Spain; experimental studies; cases

1. Introduction

Although the application of entomology to forensic practice has been largely referred
to in the scientific literature in many countries since the 1970s [1], the legal system in
Spain considers the study of entomological evidence as a supplementary technique. As a
matter of fact, entomological evidence is rarely collected at the crime scene or during the
autopsy procedure. For this reason, an important source of data may be lost during the
enquiry, making it more difficult, or even impossible, to get an accurate diagnosis of the
actual case under investigation. Until now, the scope of recognition and the inclusion of
Forensic Entomology practices into the routine of a forensic investigation has been limited
in Spain. Nevertheless, there are medical examiners and members of the State security
forces who are willing to implement a standardized recovery of entomological evidence to
aid in those forensic cases in which they participate. Sometimes the Forensic Entomology
teams are required to study some entomological evidence from actual forensic cases; as
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an example, the medical examiner may be interested in complementary entomological
evidence to reinforce their own conclusions and make their own results and conclusions of
the entomologist’s expertise [1]. In such cases, the problem can arise when the evidence has
not been properly recovered or processed or does not represent the whole entomological
fauna related to the corpse. This could occur as a consequence of the lack of specific training
on the subject from those recovering the samples, as reported, e.g., in Garcia et al. [1].

Regardless of the source of evidence, the role of forensic entomologists is to study
it and provide an independent expert’s opinion, most often related to the estimation of
the postmortem interval (PMI). This estimation can be made on the basis of the age of
an immature insect fed on the corpse, which provides a minimum PMI, and the carrion
arthropod succession model, which could suggest a maximum PMI [2]. Succession data
have been used to very accurately calculate a PMI as large as 52 days [3] and could
be applied to a much larger interval [2] if the seasonal dynamics and succession of the
entomosarcosaprophagous fauna in a given area are accurately known. In order to apply
any of the two methods, previous information and knowledge are needed on larval growth
rates, and how they are influenced by temperature, as well as on carrion succession. Then,
previously existing experimental data are usually searched [2]. It needs to be considered
that a PMI does not always correspond to the period of insect activity (PIA) [4] because the
time when insects first colonized a body may not necessarily happen at the time of death. It
could occur within minutes of being dead or could be delayed under certain circumstances
(e.g., body buried or wrapped or concealed indoors) [4]. The PIA can eventually agree
with the minimum PMI. As regards the developmental pattern of a certain species, there
is abundant information for different taxa. Nevertheless, further efforts are needed in
order to cover as many different species as possible as well as to properly understand if
the developmental pattern is affected by regional or geographical variations. In fact, and
according to Grassberger and Reiter [5], it seems that intrinsic factors, such as geographic
adaptation, could explain a difference in temperature-dependent development.

With regard to the carrion arthropod succession, much is known on the importance of
the geographical region or biogeoclimatic zone, and even the particular habitat concerning
a concrete case, on insect colonization of such carrion (i.e., [6-9]). It has been proposed
that different environments or habitats can influence the patterns of community assem-
blage [10,11], illustrating the importance of performing studies on carrion entomofauna in
a variety of habitats and scenarios in all regions in which Forensic Entomology is used [6].

In the Iberian Peninsula, there are reports of the contributions to the knowledge
of the structure and dynamics of the entomosarcosaprophagous fauna in several areas
(i.e., [7,9,11-26]), and, in at least one case [14], a relationship between experimental study
and forensic cases’ resolution has been established. Moreover, studies on certain groups
of insects have addressed the morphology of immature stages [27-30] and the develop-
ment of certain species under controlled conditions (i.e., [31,32] among others). Finally,
some case reports have also contributed to promoting the use of Forensic Entomology in
Spain [1,33,34]. Despite all of the above, the use of entomological evidence for solving
forensic cases in Spain is still almost a rarity due, at least in part, to the lack of proper
taxonomic revisions of many groups of arthropods [35]. For this reason, disseminating
cases resolved with the help of this entomological discipline is particularly relevant in
the country.

The aim of this work is to present a number of forensic cases that occurred in South-
eastern Spain (Murcia province) in which entomological evidence was involved to fully
elucidate the issues raised during the legal enquiry. It is important to highlight the close
interrelationship between the experimental studies on entomosarcosaprophagous fauna
that have been previously carried out and the actual forensic cases to be solved. This
relationship is demonstrated by the fact that the assessment of all cases was possible by
comparing the evidence and circumstances of each one with the experimental data that
had previously been obtained and reported.
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2. Cases Presentation

The forensic cases presented below are grouped based on the type of previous studies
that were found to have utility for their resolution.

2.1. Morphological and Faunistic Studies

Knowledge of the morphology of the different species is critical when dealing with
actual forensic cases. In this respect, classical faunistic studies on sarcosaprophagous fauna
provide excellent training for identifying such fauna. The following cases fit well in this
section.

e Case 1. A partly burned woman corpse was found in the early morning hours on the
side of a road in the province of Murcia at the end of March. The police agents did
not recover any entomological evidence but made an excellent graphic report from
which different fly images could be studied. From these images (Figure 1)., and once
magnified, Chrysomya albiceps (Wiedemann, 1819) was identified on the basis of our
own experience and the dark hind stripe of the abdominal terga [36].

Figure 1. Photographs from graphic report by police agents.

Former faunistic studies [12,13] indicated that this species is the most common in
the area, and efforts were directed to solving the case on the basis of this finding.
None of the pictures revealed anything consistent with signs of activity of insects,
such as eggs or larvae. According to what could be observed, the remains appeared
to represent a fresh stage (despite having been superficially burned), suggesting a
recent death. Because previous knowledge of fauna related to corpses in the area
had pointed to a secondary character of Ch. albiceps, we consider the possibility that
there could have also been some other, not graphically illustrated, activity of primary
species. Nevertheless, and in agreement with Avila and Goff [37] and Pai et al. [38],
who indicated that Chrysomya sp. can act as primary fly in burnt corpses, it could be
concluded that the remains had been exposed for a short period. This conclusion was
consistent with eyewitness testimony of a bonfire taking place in the location the same
morning. The subsequent enquiry confirmed this conclusion.

o Case 2. Garcia et al. [1] report the case of an unidentified mummified corpse found
in a rural area of difficult access in Murcia province at the end of August. The police
agents recovered some entomological evidence in situ from the corpse itself and
below it, but this evidence was inadequate, and, as a result, two entomologists had
to recover additional evidence from the corpse at the place where it was guarded.
Among this evidence, a number of small fly pupae and puparia were studied. They
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could be identified as belonging to Piophila megastigmata McAlpine, 1978 on the basis
of the already-existing morphological study of preimaginal stages of this species that
allowed the identification of the found pupae thanks to the very wrinkled tegument
(25-30 wrinkles, or even more, per abdominal segment) [29]. This finding represented
the first report of such species on a corpse in Spain, and its presence was considered
to estimate the PML. For this purpose, a faunistic study of Diptera performed in the
geographical area [39] was considered. This study stated that P. megastigmata could
be present on corpses since the beginning of May. Given that the main question in
the inquiry was whether the person had died on dates close to disappearance or at
a later time, our findings were consistent with death likely occurring by the date of
disappearance (at the end of May). Further details on the recovered fauna and the
estimation of PMI can be found in Garcia et al. [1].

2.2. Faunistic Succession and Developmental Data

Patterns of arthropod succession are considered a good method to estimate the PMI
and can also provide valuable clues to an investigation [40] together with the essential
accurate identification of taxa and with developmental data of species breeding on the
corpse. Because some variation can occur in the colonization patterns due to the environ-
mental and seasonal differences, PMI estimation on the basis of the succession data requires
previous studies performed throughout the year on local carrion fauna [6]. According to
Anderson [6] and Kreitlow [40], one of the most important challenges of Forensic Entomol-
ogy is to provide the means for an estimation of the PMI or PIA as accurately as possible.
In Murcia province, some projects of this kind have been addressed [13,41-43] and some
forensic cases related to the aspects above mentioned are reported.

e  Case 3. This old case (2001) was initially referred to by Arnaldos et al. [14], but some of
its results were later revised in light of new scientific findings (see below) that allowed
properly referring to some taxa initially misidentified or simply not identified. The
corpse of a homeless man was found in the middle of November at the bottom of a
dry pot with some still water, next to Murcia City. The corpse was partially clothed
and showed an incised wound in the abdomen. A recovery of entomological evidence
was performed because two samples (one fixed and one alive) were provided from
the autopsy procedure, although the larvae had been fixed in boiling ethanol. The
fixed sample consisted of larvae of Calliphora vicina Robineau-Desvoidy, 1830 (LIII),
Lucilia sericata (Meigen, 1826) (LII, II-1II, and III), Chrysomya albiceps (LI-1I and II),
Muscina stabulans (Fallén, 1826) (LII, II-11I, and III), Synthesiomya nudiseta (Wulp, 1883)
(LI, II-IMI, and III) and Sarcophaga argyrostoma (Robineau-Desvoidy, 1830), Phoridae
(adults, pupae, and LI and II),and an Acari unidentified. The living sample was
kept in an incubator in the laboratory, where adults of several species (Ch. albiceps,
L. sericata, S. nudiseta, and Phoridae) were obtained. Most larvae of the fixed sample
were initially identified considering Smith [44,45], Reiter [46], and Greenberg [47]. At
the moment of the expertise, S. nudiseta specimens were not identified at the specific
level, and, in the case of Sarcophagidae larvae, accurate identification was impossible
due to the lack of appropriate keys at that moment. The identifications of larvae were
recently reexamined in light of findings from Velasquez et al. [48] mainly for S. nudiseta,
Grzywacz et al. [49] for Muscina and Szpila et al. [50], and Ubero-Pascal et al. [28] for
Sarcophagidae and confirmed the identification provided in the previous paragraph.
Adults Calliphoridae were identified according to Gonzalez-Mora and Peris [36] and
Peris and Gonzalez-Mora [51]. In the case of S. nudiseta, a first approach was made
using keys from Gregor et al. (2002) [52] (they do not include that species) and later
checked with the identified larvae and confirmed with Pont [53]. In this forensic
case, the recovered fauna fits with those characteristic of autumn in Murcia, formerly
studied by Arnaldos et al. [13]. The corpse presented one open wound, which allowed
the implication that the oviposition could have occurred immediately after death, in
particular for C. vicina and L. sericata, primary species present on the corpses from the
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first day [12,13] in the region and that is known can coexist [54,55]. The species, as a
whole, have been considered as belonging to the first waves of arthropods visiting
a corpse [56]. Taking into account the oldest larvae of the primary species (C. vicina
and L. sericata) and the mean temperatures registered in the area (at around 15 °C),
and according to developmental data due to different authors, [57] among them, the
PMI;,, was estimated to be 11-17 days before the corpse was found. Despite the newly
identified taxa, similar conclusions to previous ones were reached because these were
based on L. sericata and C. vicina developmental data.

Case 4. A male corpse was found at a home in Yecla (Murcia province) in the middle of
September. The corpse was partly clothed and appeared to have been attacked by an
animal, likely a dog. The man was last seen alive about 15 days earlier. Entomological
evidence was recovered during the autopsy procedure and consisted of an adult
female, three pupae, and several puparia of Chrysomya albiceps, one adult specimen of
Necrobia rufipes (De Geer, 1875), and only five larvae, well developed, of Dermestes sp.
(Figure 2).

Figure 2. Autopsy procedure showing puparia from Chrysomya albiceps.

The best available evidence to estimate the PMI would be Ch. albiceps (for identi-
fication keys see above) that had clearly come to the end of its cycle. This species
is the most common and abundant at the end of summer and during autumn [12].
Therefore, its presence in the corpse is congruent with the circumstances of the case.
Taking into account the mean temperatures in Yecla during those days (20-25 °C) and
developmental data of the species from several authors [58] and [59] among them, a
PMI of around the time when the man was last seen alive was estimated. The fact of
being inside a home was not considered relevant because the windows were open.
Thus, it was reasonable to assume that the inside temperature was heavily influenced
by the outside one.

Case 5. A male corpse was found inside an abandoned old factory in Murcia province
at the end of April. Entomological evidence was recovered during the autopsy proce-
dure. As supplementary evidence, a complete graphical report was provided by the
medical examiner in which abundant entomological specimens could be observed.
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The decedent was last seen alive about one month and a half earlier. The evidence
consisted of four different samples, two of them directly fixed in ethanol (one from the
clothes and the other from the body itself) and two being alive (one from the clothes
and the other from the body). The fixed samples included Synthesiomya nudiseta
(pupae), Chrysomya albiceps (LI, 11, and IIl and pupae), Piophila megastigmata (pupae
and adults), Dermestes frischi Kugel, 1892 (adults and larvae), and adults of Necro-
bia rufipes and Histeridae (Saprinus sp.). (Figure 3) Diptera species were identified as
indicated above. Coleoptera species were identified according to Bajerlein et al. [60]
and Hackston [61].

Figure 3. Entomological evidences (a) Piophilidae pupae (b) Chrysomya albiceps pupae (c) adult of
Dermestes frischi.

From the living samples, kept at the lab, Lucilia sericata, Chrysomya albiceps, Phoridae,
Chalcidoidea, and some unidentified Muscidae were obtained. The overall evidence
was consistent with the sarcosaprophagous fauna characteristic of the season in the
area [13] and suggested an advanced decomposition stage because Piophilidae, Der-
mestidae, and Histeridae, as well as aged preimaginal stages of Diptera, were present.
Among all the taxa present, the most valuable for PMI estimation purposes were
Ch. albiceps, of which some pupae were recovered. Adults emerged at the lab only two
days after being kept in the incubator, suggesting that the pupae were very close to the
end of the cycle. Taking into account the mean temperatures during the considered
period (13.2 °C during March and 15 °C during April) and developmental available
data (see former Case), a PMI,, consistent with the last time in which the decedent
was seen alive was estimated.

Case 6. A male corpse was found in an arid outdoor environment of Murcia province
at the end of September. Entomological evidence recovered during the autopsy
procedure was provided. Upon the request of the Forensic Entomology team, the
medical examiner provided supplementary entomological evidence, proceeding of
the moment of the corpse removal, and a graphical report, the latter providing an
illustration of the dry decomposition stage of the corpse. The evidence from the
autopsy consisted of two containers, one containing living specimens and the other
individuals fixed in 80% ethanol. The evidence collected in situ consisted of one
container with individuals that, although kept alive first, died at an unknown time
and were preserved in 80% ethanol. The living sample was opened at the breeding lab,
where it was found not to contain preimaginal stages of Diptera. This sample contained
adults of Necrobia rufipes and Histeridae and adults and larvae of Dermestes frischi. The
fixed sample from the autopsy contained adults of Chrysomya albiceps, Cataglyphis sp.,
and Histeridae and larvae of Sarcophaga sp. (LIII), Lucilia sericata (LIII), Piophilidae
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(LIII), and Dermestidae. The overall evidence is consistent with the dry stage of the
corpse because Dermestidae larvae are characteristics of such stage, as well as N. rufipes
and LIII of Piophilidae [62]). Aged larvae of Calliphoridae and Sarcophagidae were
seen as residual elements because it is more likely that they had completed their
developmental cycle at the time that the evidence was recovered. In this case, the PMI
estimation was performed on the basis of developmental data of Dermestes species as
described by Martin-Vega et al. [63] and considering the environmental temperatures
of the site during the summer (about 25-27 °C as a mean), concluding a period of
about 23 days from the oviposition. According to Arnaldos et al. [13], during the
summer season, adults of Dermestes are present on a corpse from Day 7 onwards, and
larvae were recorded from Day 22, reaching a maximum around Day 37. Thus, a
PMI,, of about 30 days was estimated.

Case 7. A male corpse was found inside his home in Jumilla (Murcia province),
lying on the ground and wrapped in a blanket, on November 19. According to the
testimonies, the man was last seen alive on November 8. Entomological evidence
was collected during the removal of the body and from the autopsy procedure. In
addition, a graphical report was provided. The evidence consisted of four containers,
two of them with living larvae, one with adult specimens dead and dry, and the other
with immature specimens in 70% ethanol. The two living samples were introduced
in an incubator chamber and kept at a temperature of 25 °C and a RH of 60%. Most
specimens had pupated in about 10-13 days, and the adults emerged about one
month later. The emerged adults belonged to Calliphora vicina, Sarcophaga argyrostoma
(Robineau-Desvoidy, 1830) and Chrysomya albiceps. Meanwhile, the dead and fixed
samples contained C. vicina, L. sericata, Ch. albiceps, S. nudiseta, and Polistes gallicus
(Linnaeus 1767), as well as larvae II and III of Sarcophagidae (probably S. argyrostoma
because the emerged adults belonged to this species) and abundant unidentified
Diptera eggs and young larvae. From an in-depth study of the graphical report,
it could be deduced the existence of abundant evidence on the blanket wrapping
the corpse, in particular on the areas where fluid loss had occurred, as well as in
contact with the body surface. There was no evidence on the head (eyes, mouth, etc.).
The overall evidence was dominated by Diptera species that are common during
the season [13]. A period of about seven days was estimated on the basis of the
development of C. vicina and S. argyrostoma, to which the most aged larvae belonged,
according to data reported in [57] and [64]. The mean outdoor temperatures at those
days oscillated between 11 and 16 °C. A more accurate PMIy, could not be estimated
because no data on environmental indoor conditions were provided. Moreover, the
fact of the house being closed, with windows and shutters also closed, must have
made it difficult for the insects to access the corpse. Thus, it was considered reasonable
to add a minimum period of three days, following the experience of Goff [65], to
estimate the PMIy,. This delay (colonization period) was considered on the basis of
the circumstances of the scene (completely sealed building and the corpse wrapped)
when compared with data from Goff [65], who stated a delay of two and a half
days in the colonization of a corpse also wrapped but exposed at much higher mean
environmental temperatures (20.5-23.8 °C) than in our case (11-16 °C). Therefore, an
additional half-day was considered to estimate a minimum colonization period, as
stated above. All considered, allowed us to conclude that death occurred around the
day of the decedent’s disappearance.

3. Discussion

Basic sciences are the first step in the translation of scientific knowledge to practical

application. Without basic research, scientific advances would be limited and, overall,
knowledge would stagnate. This situation applies to Forensic Sciences and, in particular,
Forensic Entomology. Thus, it is quite difficult to reach a valid conclusion concerning ento-
mological evidence if no previous understanding of entomofauna composition, dynamics,
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or any other matter exists. These issues are particularly relevant in geographical areas
displaying biodiversity hot spots that may contain a high number of species and where
some of which have not been studied in detail. This is the case of the Iberian Peninsula.

In addition, and as it concerns Forensic Entomology practice, Spain, like other coun-
tries, presents additional difficulties because this discipline is not included in the forensic
routine and is only considered a supplementary technique. Moreover, the collection of
entomological evidence can only be done by the police officers responsible for visual in-
spection and medical examiners, and, unfortunately, just a few professionals are willing to
spend the time and efforts that are needed to recover entomological evidence for expert
studies. Finally, and with very few exceptions, neither police officers nor medical examiners
have been appropriately trained for entomological purposes and lack expertise on what is
needed for a Forensic Entomology expert report, as proposed by Amendt et al. [4,66].

We have presented some actual interesting forensic cases that exemplify the applica-
bility of studying entomological evidence related to corpses regardless of the appropriate
protocols that might have been followed by the police officers and medical examiners. Few
forensic cases reports exist in Spain, which may be the result of a low number of researchers
interested in Forensic Entomology, probably due to the difficult research conditions and the
lack of specific academic programs focused on this discipline. According to Wang et al. [67],
case reports are quite valuable because Forensic Entomology is constantly evolving and
broadening with its application. Thus, in order to increase interest in the discipline in
countries, like Spain, it would be important to make more information available on actual
cases related to Forensic Entomology. Examples of forensic case reports of interest in a
number of countries are presented [67-69].

We think that collecting environmental data in situ or worrying about obtaining it both
in situ and from the meteorological station should be done, even when dealing with an
indoor location. This is a recurring issue in all the cases we studied. In Case 1, the absence
of entomological evidence other than a reasonable graphical report made the conclusions,
by themselves, weak. Despite that, such conclusions allowed the judicial police officers
to open a new line of research that was finally successful and supported our statements.
It is curious that we are usually responsible for obtaining data from the weather station.
This situation can be problematic, especially in cases such as Case 7, where the indoor
environmental conditions were unknown and only an approximation to the PIA could
be achieved.

As indicated above, another limitation of the current forensic practice dealing with
Forensic Entomology concerns the lack of training in the procedures to be followed in
collecting evidence at the scene or from the corpse. This issue has been highlighted in all
the presented cases, where a lack of appropriate collection of evidence made it difficult
to achieve expert conclusions. Some examples of nonoptimal techniques concern the
collection of a nonrepresentative sample of the existing fauna on the corpse (Cases 2, 4,
and 7), bad preservation of living samples that can arrive dead to the lab (Cases 6 and
7), inadequate fixing of larvae (Cases 3, 5, and 7), or the lack of entomological evidence
except for a graphical report (Case 1), which was of great quality. All the above highlight
the need for providing specialized training in Forensic Entomology procedures to the
different agents involved in a forensic investigation if the aim is to apply entomology to
such forensic investigation.

Despite all the above, an expert report could be provided in the presented cases thanks
to the previous knowledge obtained from faunistic, ecological, biological, etc., studies on
entomosarcosaprophagous fauna, not from our lab in Southeastern Spain but also from
other researchers. Thus, when considering the fauna collected as a whole, we were able
to compare it with the results of former studies on seasonal cadaveric fauna in the area,
allowing us to confirm both the environmental and seasonal origin of the studied samples.

As indicated above, knowledge of the morphology of the different species allows the
accurate identification of the specimens, even when no complete individuals are available
but only fragments of activity remain. Such is the situation of Case 2.
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Despite all the available data on the life cycle and developmental patterns of some
of the main species of forensic interest, much research is needed for more species and in
more geographical areas. This is an especially important issue in areas such as the Iberian
Peninsula, with high biodiversity and significant endemism in certain groups. Furthermore,
the Peninsula, due to its particular geographical situation, has a high potential level of
exchange between populations of different ranges.

An example of a case that could be solved thanks to the different previous studies here
mentioned (faunistic, morphological, and developmental) is reported in Arnaldos et al. [34].
Moreover, this case allowed reporting for the first time a species related to a corpse (Telom-
erina flavipes (Meigen, 1830)), enlarging the global list of Diptera of forensic importance.
This case, in addition, emphasizes the need for a proper collection of evidence and the
identification of all entomological evidence to the deepest possible level in forensic practice
because the recognition of new species involved in this process could provide additional
information related to PMI [34].

All the above issues have been previously discussed by other authors in different
countries. Thus, not much novelty regarding new taxa or new developmental data is
now presented, although it reinforces the need for performing basic studies on taxonomy;,
ecology, succession process, etc., that can be applied to forensic practice. As stated by
Salofia-Bordas et al. [35], although major advances in Forensic Entomology have occurred
in Spain, further efforts are needed in the basic aspects of fauna related to corpses in
different environments and regions. New trends in Forensic Sciences related to entomology
point to microbiome [70], genetics [71], and cuticular hydrocarbons [72,73] studies among
others; however, if one does not know what insect species are involved the features of
the succession process in a given area, all attempts to deepen in the other, and newest,
aspects would be predicted to be unsuccessful. It is important to remember that the first
and critical attribute to be discerned concerns the fauna related to a corpse and its state
and both aspects vary according to the environments, regions, and seasons.

4. Conclusions

The cases presented here demonstrate the utility of performing biological studies of
all the entomological fauna of forensic interest. While the general opinion may be that most
of the obtained results of such studies are not directly applicable to the forensic practice,
the tremendous variability of forensic scenes and situations (corpse size and condition,
wounds, wrapping, type of habitat, season, particular environment, etc.) validate the fact
that almost every result is useful for providing an accurate expert report when needed.
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Simple Summary: Fly families such as Calliphoridae and Muscidae contribute to the decomposition
of cadavers and play an important role in courtroom proceedings, in part because of the clues they
provide to help determine the time of death. In forensic entomology studies, they are often sampled
using small bait traps containing a small amount of decomposing animal tissue. To determine
whether the fly assemblages recovered by small bait traps are similar to those found on whole
remains, we simultaneously documented the flies found on domestic pig carcasses and within small
traps baited with pork liver. Results indicated that the fly assemblages found in the small bait traps
and on the carcasses were different and reinforced the fact that caution should be exercised when
data obtained from small bait traps are used in court.

Abstract: Small bait traps are beginning to emerge in forensic entomology as a new approach to
sample early-colonizing necrophagous Diptera species while reducing the investment in time and
energy in obtaining information. To test the hypothesis conveyed by the literature that these traps can
be a substitute for whole carcasses, we simultaneously documented the Diptera assemblages visiting
and colonizing domestic pig carcasses and small traps baited with pork liver. Results indicated
that Diptera species occurrence and assemblage composition in the small bait traps and on the
carcasses differed, while they were similar when comparing only the pig carcasses. These results
are in agreement with the literature that examined insect colonization of other decaying substrates.
Although small bait traps can be useful tools to document the communities of necrophagous Diptera
in a given area, we stress that caution must be exercised when extending the data obtained by these
traps to courtroom proceedings.

Keywords: animal carcasses; bait attraction; decaying substrate; insect succession; forensic entomol-
ogy; postmortem interval; vertebrate decomposition

1. Introduction

Passive data retrieval methods are widely used in different fields of research to reduce
the investment in time and energy in obtaining information [1-4]. This trend is for example
present in the field of forensic entomology, which is the study of the association between
insects and corpses for forensic and legal purposes, often to determine the post-mortem
interval (PMI) of a corpse [5-7]. In this field of applied research, insect traps are increasingly
used for the sampling of necrophagous Diptera [1,8], one of the key sarcosaprophagous
faunal groups [5,9]. Different models of large and small bait traps have been developed,
the more commonly used traps in forensic entomology being bottle traps, Schoenly traps,
sticky target traps, wind-oriented traps, funnel traps, and bait bins [1,3,8-13]. Schoenly
traps are baited with whole carcasses [3]. They have proven to be more representative
of the colonization of carcasses by both Diptera and Coleoptera than traditional forensic
methods. The latter involves direct manual capture using tools such as sweep nets, brushes,
tweezers, and aspirators [9]. However, Schoenly traps represent a significative investment
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and their deployment in a large-scale entomological monitoring program or in a highly
urbanized environment might be unrealistic.

Small bait traps are often advantageous compared to the human cadavers, vertebrate
carcasses, or Schoenly traps because they emit a faint odor and there are no ethical, legal,
or convenience implications associated to their use [1]. These traps mainly target Diptera,
notably blowflies (Diptera: Calliphoridae), which are often the first arthropods to colonize
carcasses [14]. They are generally baited with a small amount, being 50-200 g, of various
animal organs such as pork muscle, pork liver, beef liver, chicken liver, or squid [1,12,15,16].
Synthetic compounds such as sodium sulfide, which act as constant chemical attractants
to necrophagous Diptera, may also be used as bait, often with pork liver [8,11,13,17,18].
These small bait traps are emerging in forensic entomology as a method to record the local
biodiversity of early-colonizing necrophagous Diptera species [1,15,19], which is known to
vary according to the environmental conditions and the geographical region (e.g., [1,5,9]).
The literature herein indeed shows that small bait traps are increasingly used to develop
databases by forensic institutes and forensic medicine departments in various countries
such as Australia, Austria, Brazil, Canada, Croatia, Germany, Portugal, Romania, Spain,
Turkey, the United Kingdom, and the United States, to name a few. However, to our
knowledge, no experiment has been done to statistically compare the composition of the
insect assemblages found in these traps and on whole carcasses placed simultaneously in
the same habitat. Nevertheless, some authors have claimed that small bait traps can be
a replacement for human cadavers, based on the untested assumption that the bait must
emit volatile organic compounds similar to those emitted by a cadaver/carcass in the early
stages of decomposition [1,20]. This claim seems to be at odds with the literature indicating
that the amount of animal carrion available has a significant impact on its visitation and
colonization by Diptera in terms of their abundance and composition (e.g., [5,15,21,22]).
As two very different animal substrates, sampling approaches and sampling intervals are
compared, we have difficulty believing that previous studies have been able to obtain
similar insect assemblages, even in the early stages of decomposition.

To test the claim that small bait traps can be a substitute for whole cadavers or car-
casses, which affects the interpretation of data from these traps in case scenarios, we
examined the visitation by necrophagous Diptera of domestic pig carcasses (Sus scrofa
domesticus) and commercial traps baited with 60 g of pork liver. Domestic pig carcasses
of ~22 kg are considered the best replacement for human cadavers, due to their anatom-
ical characteristics, diet, replicability and practicality, and fur [10,23,24]. The hypothesis
tested here is that the attractiveness of carrion to Diptera changes with species interactions,
decomposition, and amount of available tissue. From this and the above cited literature,
we predict that the Diptera assemblage collected on carcasses and in small bait traps will
differ. If this prediction is rejected, we predict that the trapped insects will be represen-
tative of those which are collected on remains for a short period in early decomposition.
Nevertheless, we not only documented early decomposition but prolonged the study until
the dry stage to determine whether the small bait traps may be representative of a later
decomposition stage, because they were baited with partially decomposed internal tissues.

2. Materials and Methods
2.1. Experimental Design

Domestic pig carcasses weighing 22.6 £ 3.3 kg were purchased from a certified hog
farm located approximately 60 km from the study site. The animals were killed using a
compressed air pistol with a retractable pin placed directly on the forehead. They were
immediately placed in two airtight plastic bags to prevent colonization by insects prior to
their arrival to the study site and transported there in less than 2 h. The study site was a
large abandoned agricultural field located approximately 40 km northeast of Moncton in
Cocagne, New Brunswick, Canada (46°20.364" N, 64°39.724' W). Abundant vegetation in
the study field included Canada goldenrod (Solidago canadensis L.), dandelion (Taraxacum
officinale Weber ex Wiggers), flat-top white aster (Doellingeria umbellata (Mill.) Nees), grasses
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from the Poaceae family (e.g., Festuca trachyphylla (Hack.) Krajina, Phleum pratense L.), and
red clover (Trifolium pratense L.). A few spaced trees were present within the field, such as
tamarack (Larix laricina (Du Roi) K. Koch), grey alder (Alnus incana (L.) Moench ssp. rugosa
(Du Roi) R.T.Clausen), black spruce (Picea mariana (Mill.) Britton, Sterns & Poggenb.),
dogwoods (Cornus spp.), and spruces (Picea spp.).

On 6 July 2020, two fresh carcasses and two small bait traps were set at the study site
in direct sunlight. These four experimental units were placed in a way to maximize the
distance which separated them (Figure S1). The carcasses were positioned 144 m away
from one another, the traps were positioned 149 m from one another and at least 90 m from
carcasses. A distance exceeding 50 m prevents cross-contamination by crawling fly larvae
between carcasses [25,26]. This trial ended on 20 July 2020 and the carcasses, which had
all reached the dry decay stage, were removed. A new set of four experimental units
(i.e., two new carcasses and two traps) were set at the study site on 5 August 2020
(Figure S1). These carcasses were 142 m away from one another and the traps were
147 m from one another and at least 98 m from carcasses. This second trial ended on 19
August 2020, when the carcasses had all reached the dry decay stage.

The carcasses were placed on a 61 x 122 x 1 cm perforated plastic surface covered
in soilless potting soil. The plastic surface allowed decomposition fluids and rain to leach
away, delineated the sampling area, and facilitated the identification and recovery of insects
that burrow in the soil or hide in the vegetation [27]. Each carcass was protected from
vertebrate scavengers by a 61 x 61 x 122 cm cage made with chicken wire and anchored to
the ground using pegs, bungee cords, and cinder blocks. Small bait traps consisted of “Flies
Be Gone” commercial traps, modified to recover necrophagous Diptera. The closed bottom
part of the trap was cut to create an opening and insert a 120 mL cylindrical plastic cup
containing 60 g of minced pork liver as bait that was attached using duct tape. To hinder
the direct colonization of the liver while allowing for the propagation of volatile organic
compounds, the open end of the cup was wrapped in tulle fabric. Previously frozen baits
were removed from the freezer and allowed to defrost and decompose at room temperature
24 h before the traps were set. When set, the traps were suspended from metal rods on-site,
about 1.5 m from the ground and secured to the rod using zip ties.

2.2. Sampling Procedure

The sampling protocol was adapted from a previously published procedure [28].
During the decomposition process, the fauna visiting the carcasses was documented daily
between 10:00 A.M. and 11:59 A M. Carcasses were sampled in a random order. They were
approached carefully to diminish disturbance of insects due to visitation. For up to 10 min,
we observed the carcasses to tally the number of specimens per family. To complement
this, a 10-min period was allocated for collection of flying insects using an entomological
net. The few crawling insects that could not be identified in the field were collected using
forceps for a maximum of 10 min. To minimize the impact of investigator disturbance on
the decomposition process, less than 10% of any taxa was collected. The exact number of
specimens collected was based on the number from each taxon that were visually tallied
above. As can be seen in Section 3, only two families (i.e., Calliphoridae and Piophilidae)
were abundant enough to be sampled from carcasses. Collected specimens were then
placed in a jar containing 70% ethanol for preservation until further identification. Every
three days, the small bait traps were replaced with new ones. This interval was used
because in our geographic area, small bait traps are usually still empty after a single day
of sampling.

All Calliphoridae and Piophilidae specimens were identified at the species level using
Marshall et al. [29] and the Université de Moncton reference collection, with the exception
of Pollenia sp. and Protocalliphora sp., which were identified at the genus level. Other Diptera
that were not abundant enough to be sampled from carcasses were identified at the family
level. Specimens were deposited in the Université de Moncton reference collection. Air
temperature was obtained from a federal weather station located in Bouctouche, approxi-
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mately 17 km from the study site. The average temperature and postmortem accumula-
tion of degree-days over 5 °C (ADDs) was calculated daily using the following formula:
ADDs = [{Tmin + Tmax}/2] — 5 °C, where Tpin and Tmax represent the daily minimum
and maximum air temperatures, respectively, and 5 °C represents the minimum develop-
mental threshold over which the accumulation was considered. The 5 °C threshold was
selected because it led to the best models in terms of overall fit and percentage of variability
explained by these models.

2.3. Statistical Analyses

To allow for the comparisons between traps and carcasses, the Diptera documented
on each carcass as well as the postmortem ADDs during the trap sampling interval were
individually summed up and the mean daily temperature was averaged for the same period.
To examine the effects of postmortem ADDj5 on the abundance of Calliphoridae and other
dipterans on carcasses and in small bait traps, we used generalized additive mixed models
(GAMMs). The abundance of observed Diptera identified to the family level was used for this
analysis. The GAMMs accounted for the autoregressive structure of the data, the repeated
measures and the Poisson data distribution [30]. To examine the effects of the carcasses on
small bait traps and vice-versa, a GAMM including the abundance on the other type of unit
as a covariate was carried out. The Serensen’s and Percent similarity indices were calculated
by comparing the species composition of adjacent pairs of carcasses and traps obtained from
a combination of the abundance data from visual estimations and from the collection and
subsequent identification of Diptera. A descriptive table presenting this data in terms of
the percentage of the species encountered was also produced. The effects of postmortem
ADDs on the index values were examined using the same GAMMs as above but with
Gaussian (Serensen) and quasipoisson (Percent similarity) data distribution. The Serensen’s
and Percent similarity indices were also calculated by comparing species composition on
carcasses exposed in the same month. Finally, we performed a canonical correlation analysis
on data obtained from a combination of the abundance from visual estimations and from
the collection and subsequent identification of Diptera using the CCorA function from the
package vegan. Canonical correlation analysis allows an evaluation and an illustration of
the relationships between two multivariate sets of variables, namely the study parameters
(matrix of independent variables) and the abundance of each of the taxa (matrix of dependent
variables). All statistical analyses were performed using R version 3.5.2 [31]. We ensured that
all assumptions of each analysis were satisfied.

3. Results
3.1. Abundance Data

During the study, a total of 5001 Diptera specimens were captured using small bait
traps and 4619 Diptera specimens were documented on the carcasses. Of the Diptera
specimens collected in the traps, 98.0% were Calliphoridae, whereas they represented
40.3% of the specimens retrieved from the carcasses. Other Diptera represented 2.0%
and 59.7% of the specimens in the baited traps and on the carcasses, respectively. For
Calliphoridae, the abundance on the carcasses and in the baited traps reached a peak
between 50 and 100 postmortem ADDs before plummeting (Figure 1a,b). The relation-
ship between the Calliphoridae observed on the carcasses and postmortem ADDs was
strong (i.e., > = 0.63) but was comparatively weak for those captured by the baited traps
(.e., 2 = 0.09) (Figure la,b). In fact, the abundance of Calliphoridae on the carcasses
strongly influenced the abundance of Calliphoridae captured in the baited traps, with
this being a positive relation (F = 21.602; p < 0.01). However, the presence of the traps
did not have an effect on the abundance of Calliphoridae observed on the carcasses
(F = 1.424; p = 0.22). Similarly, the abundance of other dipterans peaked between 50
and 200 postmortem ADDj5 on carcasses and between 50 and 100 postmortem ADDs in
traps (Figure 1c,d). However, for both types of experimental units, the relationship between
dipteran abundance and postmortem ADDs was weak (i.e., < 0.10).
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Figure 1. Dipterans documented as a function of postmortem accumulated degree-days over 5 °C, for: (a) Calliphoridae
observed on carcasses (r2 = 0.63; edf = 3.903; F = 442; p < 0.01), (b) Calliphoridae captured in baited traps (r2 =0.09; edf
=2997; F = 676.7; p < 0.01), (c) other dipterans observed on carcasses (r* = 0.05; edf = 3.961; F = 87.03; p < 0.01) and
(d) other dipterans captured in baited traps (r? = 0.10; edf = 2.555; F = 8.87; p < 0.01). The solid black line indicates the model
prediction and the confidence interval of the prediction is illustrated with small dashes.

3.2. Comparison of Species Composition

The assemblages of Diptera documented on carcasses and in traps are presented in
Table 1. The most abundant Calliphoridae associated with the carcasses were Phormia regina
(25.6%), Lucilia illustris (9.0%), and Pollenia sp. (3.2%) (Table 1). Piophilidae
(i.e., all Stearibia nigriceps: 48.6%), Sepsidae (4.1%), Muscidae (4.9%), Drosophilidae (0.9%),
Sarcophagidae (0.8%), Anthomyiidae (0.4%), and Phoridae (0.1%) specimens were also
sampled from the carcasses (Table 1). In the traps, the most commonly recovered Diptera
were Calliphoridae, of which L. illustris (72.1%), P. regina (21.0%), and Pollenia sp. (4.1%)
were most abundant (Table 1). Muscidae (0.8%), Sarcophagidae (0.5%), and Anthomyiidae
(0.7%) were also recovered from the traps (Table 1). Five species captured by the traps were
not sampled on the carcasses (Table 1), whereas one Calliphoridae genus was sampled only
on the carcasses (Protocalliphora sp.). Drosophilidae, Sepsidae, Phoridae, and Piophilidae
were never captured by the baited traps despite their presence on the carcasses (Table 1).
When assemblages in traps and on carcasses were compared in terms of Diptera occur-
rence (Serensen’s index, Figure 2a) and abundance (Percent similarity index, Figure 2b),
the highest similarity between carcasses and traps was observed below 50 postmortem
ADDs. Serensen’s index indicated that a maximum of 60% of species or families were
shared between traps and carcasses early in the decomposition process (Figure 2a). In
contrast, the percent similarity index indicated that the level of similarity in species com-
position documented within traps and on carcasses in the same period was 30% at best
(Figure 2b). Afterward, the Diptera assemblages increasingly differed between carcasses
and traps (Figure 2a,b). By comparison, 90% of the species that were present early in
decomposition were shared between pairs of carcasses, after which the level of similar-
ity decreased steadily (Figure 2a). The species composition of necrophagous Diptera
assemblages on the carcasses were also highly similar throughout decomposition (~75%
similarity) until no insects were observed (i.e., postmortem ADDs > 200; Figure 2b).
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Table 1. Percentage of specimens of each species, genera and family of Diptera recovered during successive sampling intervals (PMI) from carcasses (n = 4) and small traps baited with pork liver
(n = 4) in Cocagne, New Brunswick in July and August 2020.

Experimental Unit Carcasses Traps
Sampling Month July August Average July August Average
Postmortem Interval (PMI) 0-2 3-5 6-8 9-11 12-14 0-2 3-5 6-8 9-11 12-14 0-2 0-14 0-2 3-5 6-8 9-11 12-14 0-2 3-5 6-8 9-11 12-14 0-2 0-14
Lucilia illustris (Meigen) 357 131 - 5.0 - 36.0 - - - - 35.9 9.0 877 424 743 75.7 57.1 89.8 529 578 94.3 88.9 88.8 721
Phormia regina (Meigen) 143 810 846 10.0 7.1 22.0 34.8 24 - - 18.1 25.6 14 542 143 16.4 429 59 370 284 42 5.6 3.7 21.0
Pollenia sp. 43 - 26 50 7.1 2.0 11 - - - 8.1 32 110 20 57 73 - 25 22 34 10 56 68 4l
Robineau-Desvoidy
Protophormia terraenovae
(Robineau-Desvoidy) . 2.4 5.1 - - 2.0 22 - . - 1.0 1.2 - 0.2 - - - - - — - - - 0.0
Calliphora terraenovae 71 R B ~ R R B R R B 36 07 B _ R B B B 14 B R R B 01
Macquart
Calliphora vicina
Robineau-Desvoidy 36 ) ) ) B ) } B ) } 18 04 ) 0.0 ) ) B ) ) B ) ) } 0.0
Lucilia sericata (Meigen) - - - - - - - - - - - - - - 29 - - - 0.7 - - - - 0.4
Calliphora livida Hall - - - - - - - - - - - - - 0.0 - - - - 14 - 0.5 - - 0.2
Protocalliphora sp. Hough - - - - - 2.0 - - - - 1.0 0.2 - - - - - - - - - - - -
Lucilia silvarum (Meigen) - - - - - - - - - - - - - - - 0.6 - - - - - - - 0.1
Culhph_om vomitoria B B B B B B B ~ B B ~ B B ~ B B ~ 02 B B B B 01 0.0
(Linnaeus)
Lucilia magnicornis (Siebke) - - - - - - - - - - - - - 0.0 - - - - - - - - - 0.0
Piophilidae—Stearibia 36 36 - 600 786 140 337 929 1000 1000 88 48.6 - - - - - - - - - - - -
nigriceps (Meigen)
Muscidae 10.7 - 2.6 5.0 7.1 16.0 7.9 - - - 134 49 - 11 - - - 0.8 22 43 - - 0.4 0.8
Sepsidae 3.6 - 2.6 10.0 - 2.0 18.0 4.8 - - 2.8 4.1 - - - - - - - - - - - -
Sarcophagidae 3.6 - - - - 4.0 - - - - 3.8 0.8 - 0.0 - - - 0.4 0.7 34 - - 0.2 0.5
Anthomyiidae 3.6 - - - - - - - - - 1.8 0.4 - - 29 - - - 14 2.6 - - - 0.7
Drosophilidae - - 2.6 5.0 - - 11 - - - - 0.9 - - - - - 0.2 - - - - 0.1 0.0

Phoridae - - - - - - 1.1 - - - - 0.1 - - - - - - - - - - - -
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Figure 2. Comparison of Diptera documented in traps and on carcasses using the (a) Sorensen’s index (2 = 0.78; edf = 1;
F = 85.42; p < 0.01) and the (b) percent similarity index (> = 0.29; edf = 1.584; F = 14.72; p < 0.01) as a function of postmortem
accumulated degree-days over 5 °C. The solid black line indicates the model prediction and the confidence interval of the

prediction is illustrated with small dashes. For comparison purposes, the large dash line indicates the value of the index

when used for carcass to carcass comparison.

To identify the taxa responsible for these differences, we produced a canonical correla-
tion (Figure 3). The first canonical axis separated the Diptera assemblages from carcasses
and traps (Figure 3). All other explanatory variables (i.e., postmortem ADDs, mean temper-
ature, sampling month) loaded onto the second canonical axis, indicating that the effect of
the type of experimental unit is largely independent of them (Figure 3). Lucilia illustris was
largely overrepresented by the traps and Calliphora vomitoria, C. livida, L. sericata, L. silvarum,
L. magnicornis, Pollenia sp., and Anthomyiidae were also recovered more frequently in traps
than on carcasses (Table 1; Figure 3). Conversely, Protocalliphora sp., C. terraenovae, C. vicina,
Protophormia terraenovae, Muscidae, Phoridae, and Drosophilidae were more abundant on
the carcasses than in the traps (Table 1; Figure 3). Muscidae, which on average represented
4.9% and 13.4% of the dipterans found on the carcasses throughout the decomposition and
in early decomposition respectively, represented only 0.8% of trapped dipterans (Table 1).
Similarly, C. terraenovae, C. vicina, Sarcophagidae, and Anthomyiidae were common on car-
casses (composition > 1%) early in decomposition (i.e., PMI 0-2) but were rarely retrieved
from traps (composition < 1%) (Table 1). Phormia regina and Sarcophagidae were equally
abundant in the traps and on the carcasses (Table 1; Figure 3). However, Sarcophagidae
represented a greater proportion of the specimens recovered from the carcasses in early
decomposition than was represented by the traps (Table 1).

4. Discussion

Small bait traps are useful in forensic entomology to maintain a database of local
and seasonal forensically important necrophagous insects [20,32-34], which may be cru-
cial for analysis of entomological evidence in a given area [20]. That being said, the
correlation between assemblages of Diptera captured by small bait traps and found on
cadavers/carcasses has never been studied simultaneously, although some authors have
used pre-existing data or literature to compare data [1,20,21]. However, these methods
may be problematic because geography, climate, species-specific habitat associations, and
seasons are known to have an important impact on Diptera communities [11,19,35-38].
Additionally, some authors have demonstrated the importance of biases associated with
small bait traps, such as those caused by weather factors, height of traps, and position,
as well as biased sex ratios and age-classes of captured Diptera [11,39,40]. Furthermore,
the flight patterns of Calliphoridae are known to vary throughout the day [41,42]. As
such, from an experimental standpoint, small bait traps which sample constantly are more
likely to capture taxa which may not be active when the carcasses are being sampled. The
aforementioned factors which influence Diptera assemblages and the many possible biases
made us question the reliability of the previous comparisons between carcasses/cadavers
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and traps. These doubts have arisen because the experimental units were often geograph-
ically distant, located within different environments, and exposed to different climates
and seasons.
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Figure 3. Canonical correlation analysis (Pillai’s trace = 2.68; adjusted redundancy 2 = 0.37; p < 0.01)
between Diptera abundance (empty circles) and the study variables (i.e., type of experimental unit,
sampling months, postmortem accumulated degree-days over 5 °C, and mean temperature—Tmean;
arrows). Calliphoridae species are identified using the acronym of the first two letters of their genus
and species.

The present study compared carcasses and small bait traps exposed to the same
microclimate and community while avoiding cross-contamination by crawling insects. We
documented a similar abundance of Diptera in early decomposition between traps and
carcasses. However, the composition and richness of the Diptera assemblages found in the
small bait traps and on the carcasses differed significantly even in early decomposition,
while these were very similar when comparing only the carcasses. These results support
our predictions and the hypothesis that the attractiveness of decomposing animal matter to
Diptera changes with species interactions, decomposition, and amount of available tissue.
Despite previous studies claiming the opposite [1,20], we found little evidence to support
the idea of a resemblance between the Diptera assemblages during early decomposition on
the carcasses and in small bait traps, at least in our study area. In addition, the data did not
support the idea that the assemblages within small bait traps may be representative of a
later stage of decomposition.

4.1. Discrepancies between Small Bait Traps and Remains

Our analysis indicated that the differences in species compositions were mainly caused
by the overrepresentation of L. illustris in trap captures. This may be caused, in part, by
the inability of this species to compete with the dominant species on the carcasses, such
as P. regina [43]. Other Calliphoridae species such as C. vomitoria and L. sericata were
also overrepresented in trap captures. This was expected because certain necrophagous
insects are known to be more drawn to smaller baits [5], and because previous studies
have suggested that the Diptera collected from baited traps may provide an exaggerated
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representation of those on cadavers [33]. Furthermore, studies have shown that certain
Diptera species preferentially colonize carrion at greater heights from ground level than
others [44]. Comparatively, other Diptera such as Protocalliphora sp. and C. terraenovae were
sampled in greater abundance from the carcasses than by the traps, in agreement with
field observations that many necrophagous Diptera species are probably more attracted
to larger amounts of animal carrion [5,15,21,22]. Furthermore, a study in Brazil which
compared the Diptera associated with 14 murder cases and traps set at the scene of the
death found that many species were present in the traps while they were absent from the
cadavers [33]. Similarly, recent work, which compared the initial species composition of
piglet carcasses and baited beef liver traps placed in the same habitat but during subse-
quent years, demonstrated that the three dominant Calliphoridae species found on the
carcasses did not all correspond to those captured by the baited traps [20]. However, unlike
Weidner et al. [20], many of the early-colonizing Diptera retrieved in this study from the
carcasses during early decomposition (i.e., PMI 0-2) were rarely recovered from the traps
(e.g., C. terraenovae).

Diptera other than Calliphoridae were also underrepresented in trap captures. For
example, the total proportion of Muscidae captured by the small bait traps was lower
than that found on the carcasses by a ratio of 5:1. This may be related to the presence of
excrement released by the carcasses [45,46] but further studies will be needed to test this
hypothesis. We also suspect that the absence of smaller Diptera (i.e., Piophilidae, Sepsidae,
and Phoridae) in the traps could be due, in part, to trap design but further work will be
needed to confirm this. Trapping studies using small bait traps rarely document smaller
Diptera, although Schoenly traps, Malaise traps, yellow pan traps, or sweeping over a
bait have been successful in capturing Piophilidae and Sepsidae [47,48]. It is important
to mention that previous studies of small bait traps only reported Calliphoridae, even
though the other families included in our study are of forensic relevance. Nevertheless,
had we done the same, our conclusions would not have changed because the Calliphoridae
complex is largely responsible for the differences documented here.

4.2. Other Considerations

The potential reasons for the sampling differences of the Diptera species and families
documented are numerous. First, the fact that our bait was frozen and thawed may be
involved, but this remains questionable. While one study reported that frozen meat attracts
Calliphoridae differently than never-frozen meat [49], another study found no difference
in Calliphoridae activity between refrigerated and frozen pig carcasses [50]. Second, the
two sampling methods greatly differed, as the traps are passive, and the use of a sweep
net is more active. For this reason, it is more likely for the data retrieved from sweeping
over the carcasses to be biased, depending on the individual carrying out the sampling
procedure. However, sweep net sampling remains the most widely used method for re-
trieving flying insects from a corpse during forensic investigations. For this reason, despite
the biases this methodology may introduce, it was necessary in this study to allow for a
proper comparison.

An interesting aspect of the current study is that trap captures are affected by the
proximity of decomposing animal matter. This source of bias should be considered when
setting small bait traps for necrophagous Diptera in an urban setting where trashcans
containing decomposing animal tissues (e.g., meat) may be nearby. Moreover, the influence
of carcasses on trap catches suggests that without the presence of the carcasses to attract
necrophagous insects from afar, the insect assemblages captured by the small bait traps
could have been even less similar to those found on the carcasses than what were docu-
mented here. One way to test this would be to place traps at increasing distances from
carcasses in a given habitat.

Finally, one of the singular aspects of this study is the statistical effect size (i.e., the
magnitude of the experimental effect [31]), which tells us a lot about the disparity between
what is sampled by small bait traps and on carcasses. In the present study, the effect size
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was so large that after performing a first fully replicated experiment in July, the results
were already clear and very significant. We did however replicate the experiment a second
time in August to ensure that these results were not obtained by chance and documented
the same consistent differences. Thus, despite the small sample size, the effect size was so
large with eight experimental units (and 9620 documented Diptera) that we did not have
any reason to believe that additional experimental units were needed.

5. Conclusions

While the results of the current study are in contradiction to the claim that small bait
traps could be an accurate predictor of early arriving Diptera of forensic importance [1],
they are not surprising. As early as the 1940s, a descriptive study carried out in South
Africa had reached the same conclusions [51]. In addition, the effects of abundance and
type of necromass on colonizing insect communities have been documented beyond doubt
on other decaying substrates (e.g., dung, dead wood: [52-55]). Moreover, in previous study
of sapromyiophilous plants that attract fly pollinators by mimicking carrion and dung
odors, antennae of houseflies showed positive dose-dependent responses to the volatile
compounds released by flowers [56]. There is no rationale why these effects should be
any different with carrion. It appears implausible that a time-limited sampling protocol
could be comparable to method sampling around the clock. In addition, considering that
traps are often baited with homogeneous tissues from internal organs, there is a strong
possibility that they emit different volatile organic compounds than whole carcasses [57].
Realistically, the effect of the bait itself in small bait traps still needs to be tested using proper
design, solid controls and appropriate statistics [31]. To verify the untested assumption
discussed above that bait emits volatile organic compounds similar to those emitted by
a cadaver/carcass, the first logical step would be to perform a chemical analysis of the
volatile organic compounds released by different types of bait and carcasses or cadavers
throughout decomposition. This leads us to suggest that although our results are not
necessarily applicable to all trap designs or locations, if the trap in question is baited with a
small amount of animal tissue, there is no reason to believe that the results will be different.
In the meantime, small bait traps should be considered useful tools to provide baseline data
on Diptera occurrence if cadavers or large carcasses are not readily available. In agreement
with Arnaldos et al. [58], we stress that caution must be exercised when extrapolating data
obtained from non-human experimental methods to forensic cases, and especially when
using data from small bait traps in courtroom proceedings.
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Simple Summary: Forensic entomologists utilize sarcosaprophagous insect species to estimate the
postmortem interval to aid death investigations. In this paper, we present the recent chronology of
forensic entomology in China and illustrate how identification, development, and succession data are
obtained and applied at the scale of such a large country. To overcome the difficulties and challenges
forensic entomology faces in China, a number of countermeasures are provided.

Abstract: While the earliest record of forensic entomology originated in China, related research
did not start in China until the 1990s. In this paper, we review the recent research progress on the
species identification, temperature-dependent development, faunal succession, and entomological
toxicology of sarcosaprophagous insects as well as common applications of forensic entomology in
China. Furthermore, the difficulties and challenges forensic entomologists face in China are analyzed
and possible countermeasures are presented.

Keywords: forensic entomology; postmortem interval; development; succession; species identification

1. Origin and Development of Forensic Entomology in China

The book Washing Away of Wrongs, published during the Song dynasty, describes the
earliest case report of forensic entomology [1]. No obvious progress was achieved in foren-
sic entomology in China until the 1990s. In the 1990s, influenced by the boom of forensic
entomology across Europe, North America, and Australia, Cui Hu and Hongzhang Zhou
started exploratory research in southern and northern China, respectively [2]. With the
publishing of Forensic Entomology by Hu [3], forensic entomology began to attract extensive
attention in China. An array of studies focusing on species identification, temperature-
dependent development, insect succession, and entomological toxicology have been con-
ducted since then.

1.1. Species Identification

Forensic entomology represents the application of the study of insects (and other
arthropods) to legal issues [4]. The most common use of entomological evidence in medi-
colegal investigations is the estimation of the time that has passed since death, which is
referred to as the postmortem interval (PMI) [5]. The proper identification of forensically
important species constitutes the first step and also the most crucial element in forensic
entomology [6]. Species identification allows the application of the proper developmental
data and insect succession patterns in an investigation [7]. If species determination is
incorrect, the estimated PMI will also be incorrect [5]. Without the accurate identifica-
tion of forensically important insect species, basic forensic entomology research is also
not possible [2]. In China, entomologists conducted comprehensive and systematic work
on the identification of sarcosaprophagous insects [8-17]. Most of their peer-reviewed
findings have been absorbed into books. The Key to the Common Flies of China (2nd Edition)
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by Fan [18], published in 1992, contains 1547 common fly species in nine families and
250 genera. Flies of China by Xue and Zhao [19], published in 1996, contains 4209 fly
species of 30 families and 660 genera. Fauna Sinica Insecta Diptera: Calliphoridae by Fan [20],
published in 1997, contains five subfamilies, 48 genera, and 232 species of blow fly. These
books lay a solid foundation for both research and application of forensic entomology.
Beetles Associated with Stored Products in China by Zhang et al. [21], Carrion Beetles of China
(Coleoptera: Silphidae) by Ji [22], and Atlas of Chinese beetles: Staphylinidae by Li [23] have
laid the foundation for the identification of forensically important beetle species. However,
research on the larval morphology of sarcosaprophagous beetles is still insufficient.

Chinese forensic entomologists have conducted many studies on the molecular iden-
tification of forensically important insect species and a wide range of mitochondrial and
nuclear DNA markers has been identified [24-31]. Many taxa have been studied includ-
ing Calliphoridae [26,27], Sarcophagidae [28-30], Muscidae [32], and several Coleoptera
species [25]. Because the sole reliance on single DNA fragments for defining closely related
species is perilous, multiple gene regions have been used for a more reliable diagnosis
of forensically important flies [29]. Single-nucleotide polymorphisms (SNPs) have been
used to aid the molecular identification of sarcosaprophagous flies [24]. The availability of
complete mitochondrial genomes also offers an important basis for the identification and
phylogenetic analysis of forensically important species [33,34]. Moreover, researchers found
that cuticular hydrocarbon composition in the puparium can also be used for taxonomic
differentiation of sarcosaprophagous flies [35].

In other countries, forensic entomologists have established useful keys for the mor-
phological identification of forensically important insects [36-39]. These identification keys
facilitate more detailed and species-specific knowledge of relevant species for forensic
entomology experiments and real cases [36]. Although identification keys for forensically
important insects were already established for taxonomic purposes in China [18-23], a more
rigorous taxonomic foundation is still required for forensic purposes. In addition, molecu-
lar identification studies still need to sample taxa from different geographical regions and
take better account of genetic intra- and interspecific variabilities.

1.2. Temperature-Dependent Development of Sarcosaprophagous Insects

Accurate and reliable temperature-dependent development data of insects form the
basis for PMI estimation [40]. In China, the earliest developmental studies from the
perspective of forensic entomology were launched in the 1990s. Ma et al. [41] and Wang [42]
studied four and five common sarcosaprophagous fly species, respectively. For estimations
of larval age, changes in body length and changes of morphological features (e.g., larval
cuticle, cephalopharyngeal skeleton, and posterior spiracles) have been studied [42,43]. The
results suggested that larval age can be estimated not only from the number of spiracular
slits and changes of body length but also from the presence, thickness, color [42], and
sclerotized area of the posterior peritreme [43]. In addition, the sclerotized area of the
cephalopharyngeal skeleton is also a promising indicator for the estimation of larval
age [43-45] (Table 1).

The concept of the minimum PMI (PMly), as proposed by Amendt et al. [46], elim-
inates the uncertainty of the pre-colonization interval and provides a guideline for re-
searchers to study the post-colonization interval of sarcosaprophagous insects. Conse-
quently, they can establish more reliable development data for PMl,;, estimation. To obtain
more reliable and scientific results for the determination of the developmental patterns of
sarcosaprophagous flies, recent studies of Chinese forensic entomologists have assessed
wider temperature ranges and narrower sampling and observation intervals [47,48]. More-
over, forensic entomologists in China have also adopted more accurate temperature control
devices and established additional developmental models for the estimation of PMI [49,50].
Investigated species include Hemipyrellia ligurriens (Wiedemann, 1830) [50], Chrysomya
megacephala (Fabricius, 1794) [48], Lucilia illustris (Meigen, 1826) [47], Parasarcophaga similis
(Meade, 1876) [51], Boettcherisca peregrina Robineau-Desvoidy, 1830 [52], Calliphora grahami
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(Aldrich, 1930) [53], Musca domestica Linnaeus, 1758 [54], Chrysomya pinguis (Walker,
1858) [55], Muscina stabulans (Fallén, 1817) [56], Lucilia sericata (Meigen, 1826) [57], Chrysomya
rufifacies (Macquart, 1842) [58], Hydrotaea spinigera Stein, 1910 [59], and Sarcophaga dux
Thomson, 1869 [49].

In flies, the intrapuparial period includes quiescent developmental stages that account
for about half of the development time of the life cycle, which has important implications
for accurate PMI,,,i,, estimation [60,61]. Chinese researchers have conducted several studies
on morphological changes during the intrapuparial period and have divided this period
into several events based on morphological and color changes [42,51,62-68]. The aim was
to improve the accuracy of age estimation when using puparial samples. The investigated
flies and other species include C. megacephala [63], C. rufifacies [68], Ca. grahami [42],
L. sericata [42], M. domestica [42], P. similis [51], L. cuprina (Wiedemann, 1830) [62], Megaselia
spiracularis [67], Megaselia scalaris (Loew, 1866) [66], Dohrniphora cornuta (Bigot, 1857) [64],
and Hermetia illucens (Linnaeus, 1758) [65]. In particular, Wang et al. [69] conducted a
study on the morphological changes of L. illustris during the intrapuparial period, which
further identified detailed changes in various structures. The age of intrapuparial forms
can not only be estimated from overall morphological changes but also be more accurately
identified by the developmental processes of compound eyes, mouthparts, antennae,
thorax, legs, wings, and the abdomen. These changes offer the potential to increase the
accuracy of age estimation during the intrapuparial period [69].

In recent years, researchers worldwide have broadened the scope of their research
in development biology. Particularly forensically important beetles have been gradually
incorporated in their studies [70-72] as these beetles can be used to extend the estimation
range of PMI when primary colonizers are no longer associated with the corpse or have
emerged from puparia [73]. Chinese researchers also carried out temperature-dependent
developmental studies on several forensically important beetles (e.g., Creophilus maxillosus
(Linnaeus, 1758) [73], Necrobia rufipes (De Geer, 1755) [74], Omosita colon (Linnaeus, 1758) [75],
and Dermestes tessellatocollis Motschulsky, 1860 [76]).

In addition to morphological observations, hemolymph soluble proteins [77], cuticular
hydrocarbons [78], and differential gene expression [69,79-81] have also been applied to
estimate the age of immature stages. Cuticular hydrocarbons in fly puparium were found
to significantly change with weathering time, indicating their potential use for PMI;y
estimation [82,83]. The use of gene expression level changes to estimate the age of stage has
proven to be an effective approach to estimate the PMlyi,. The most prominent advantage
of differential gene expression technology is that the obtained data represent quantitative
results that can be subjected to error analysis, better conform to the Daubert test in forensic
science, and are therefore more readily accepted by courts [84]. Notably, the combina-
tion of morphological observations with differential gene expression technology achieves
higher estimation accuracy than either method alone [69,85]. Recently, researchers have
studied the gene expression changes of L. illustris [69], C. megacephala [79], Ca. grahami [80],
and B. peregrina [81] during the intrapuparial period and have further explored the gene
expression changes of additional species at different stages. These studies lay a sound
foundation for the molecular age estimation of sarcosaprophagous insects. Previous stud-
ies merely focused on establishing a connection between gene expression changes and
development time. However, these studies commonly did not provide deep insight into the
function of each differentially expressed gene and the molecular mechanism of phenotypic
changes during growth and development [86]. In response to the rapid development of
transcriptome sequencing technology and the increasing maturation of sequencing and
data analysis techniques, research can now focus on developing transcriptome sequencing,
gene screening, and bioinformatics analyses [86]. The generated data can be used to identify
more optional, high-sensitivity genetic markers as candidates for molecular age estimation
studies in forensic entomology [86]. These technologies can be expected to help establish
more scientific and accurate methods for estimating the age of sarcosaprophagous insects.
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species, humidity, and photoperiod.

The importance of a rigorous approach for the acquisition of reference development
data for forensic applications has been highlighted by several researchers [46,87]. A stan-
dard approach that can be used to guide the development study is still missing in forensic
entomology. Researchers in different regions or even within the same country often apply
very different methods in their development studies. The divergence of these method-
ologies obstructs comparison of the results, thus limiting the exchange of data that may
otherwise be helpful in forensic cases [88]. The studies of Bernhardt et al. [89] showed
that not all tissues are similarly suitable for the gathering of sound growth data for sarcos-
aprophagous Diptera. Bernhardt et al. [89] suggested using minced pork as a non-human
nutrition medium, since there are no developmental differences in this diet compared with
human tissue. Bugelli et al. [90] found that the killing and storing methods of entomological
samples can affect larval age estimation and suggested that the storing of maggots in 96%
ethanol does not affect age estimation, or the specimen measurements should be done right
after killing. The studies of Bernhardt et al. [89] and Bugelli et al. [90] provided important
guidelines for the development of studies on forensic entomology. Further studies are
needed to explore the effect of other factors with regard to the development of forensically
important insects, such as fluctuating temperature and population competition between

Table 1. Summary of studies that reported the development of sarcosaprophagous insects in China.

Order

Species

Citation

City (Province)

Temperatures (°C)

Indicators

Diptera

Boettcherisca peregrina
Robineau-Desvoidy, 1830

Wang et al. [42]

Hangzhou (Zhejiang)

16, 20, 24, 28, 32

Dd, Lbl, Ty, K, Imc, Lmc

Wang et al. [91] Guangzhou (Guangdong) 15, 20, 25, 30, 35 Dd, Lbl, Lbw, Lbwi, Wp
Wang et al. [52] Suzhou (Jiangsu) 16,19, 22, 25, 28, 31, 34 Dd, Then, Lbl, Ilen, Ty, K
Shang et al. [85] Changsha (Hunan) 15, 25,35 Ige

Calliphora grahami Ma et al. [41] Hangzhou (Zhejiang) 12,15, 18, 21, 24, 27, 30 Dd

(Aldrich; 1930)

Wang et al. [42]

Zhao et al. [92]

Wang et al. [53]
Liu et al. [84]

Chen et al. [93]

Hangzhou (Zhejiang)
Shijiazhuang (Hebei)
Suzhou (Jiangsu)
Changsha (Hunan)

Changsha (Hunan)

12,16, 20, 24, 28
16, 20, 24, 28, 32
16,19, 22, 25, 28, 31, 34
15,22,27
Constant vs.
fluctuating temperature
(8 vs. 6-12; 12 vs. 10-16;
16 vs. 14-20)

Dd, Lbl, Ty, K, Imc, Lmc

mc
Dd, Then, Lbl, Ilen, Ty, K
Ige

Dd, Ihen, Lb], Ilen, Ty, K

Chrysomya megacephala
Fabricius, 1794)

Ma et al. [41]

Wang et al. [42]
Zhao et al. [92]
Yang et al. [48]

Zhang et al. [63]

Hangzhou (Zhejiang)

Hangzhou (Zhejiang)
Shijiazhuang (Hebei)
Chongging (municipality)

Suzhou (Jiangsu)

18,21,24,27,30, 33

16, 20, 24, 28, 32
16, 20, 24, 28, 32
16,19, 22, 25, 28, 31, 34

16, 19, 22, 25,28, 31, 34

Dd

Dd, Lbl, Ty, K, Imc, Lmc
Lmc

Dd, Ihen, Lb], Ilen, Ty, K

Dd, Then, Lbl, Tlen, To, K,

Imc
Wang et al. [83] Suzhou (Jiangsu) 225,275,325 Ige
Chrysomya nigripes Lietal. [94] Guangzhou (Guangdong) 20, 24,28, 32 Dd, Lbl, Lbw

Aubertin, 1932

Chrysomya pinguis
(Walker, 1858)

Zhang et al. [55]

Suzhou (Jiangsu)

16, 19, 22, 25,28, 31, 34

Dd, Then, Lbl, Ilen, Ty, K

Chrysomya rufifacies
(Myacquyart, {1542)

Ma et al. [68]
Hu et al. [58]

Guangzhou (Guangdong)
Suzhou (Jiangsu)

20, 24, 28, 32
16,19, 22, 25, 28, 31, 34

Imc
Dd, Then, Lbl, Ilen, Ty, K

Dohrniphora cornuta
(Bigot, 1857)

Feng et al. [64]

Shenyang (Liaoning)

15,18, 21, 24, 27, 30, 33,
36

Imc

Hemipyrellia ligurriens
(Wiedemann, 1830)

Yang et al. [50]

Chongging (municipality)

16,19, 22, 25, 28, 31, 34

Dd, Then, Lbl, Ilen, Ty, K

Hermetia illucens
Linnaeus, 1758

Lietal. [65]

Guangzhou (Guangdong)

20, 24, 28, 32

Dd, Imc

Hydrotaea spinigera
Stein, 1910

Wang et al. [59]

Suzhou (Jiangsu)

16,19, 22, 25, 28, 31, 34

Dd, Ihen, Lb], Ilen, Ty, K

Lucilia cuprina
(Wiedemann, 1830)

Wang et al. [62]

Shijiazhuang (Hebei)

16, 20, 24, 28, 32

Imc

Lucilia illustris
(Meigen, 1826)

Wang et al. [47]
Wang et al. [69]

Suzhou (Jiangsu)
Suzhou (Jiangsu)

15,17.5, 20, 22.5, 25,
27.5,30,32.5, 35
20, 25,30

Dd, Ihen, Lb], Ilen, Ty, K
Imc, Ige
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Table 1. Cont.

Order Species Citation City (Province) Temperatures (°C) Indicators
Diptera (’f\j[‘g’llé‘é rsl‘f’llg‘;tg) Ma et al. [41] Hangzhou (Zhejiang) 18,21, 24, 27, 30, 33 Dd
Wang et al. [42] Hangzhou (Zhejiang) 16, 20, 24, 28, 32 Dd, Lbl, Ty, K, Imc, Lmc
Li [43] Shijiazhuang (Hebei) 16, 20, 24, 28, 32 Lmc
Wang et al. [57] Suzhou (Jiangsu) 16,19, 22,25, 28,31, 34 Dd, Ihen, Lb], Ilen, Ty, K
Mf{gseiiff‘fggg‘)”s Feng and Liu [66] Shenyang (Liaoning) 18,21, 24, 27, 30, 33, 36 Imc
MEgs“CSﬁg’fifglq“;ggl“”S Feng and Liu [67] Shenyang (Liaoning) 21,24, 27, 30,33, 36 Imc
Wang et al. [95] Suzhou (Jiangsu) 16, 19, 22, 25, 28, 31, 34 Dd, Then, Lbl, Ilen, Ty, K
Jﬁﬁ;‘ fgfﬁs%fg Wang et al. [42] Hangzhou (Zhejiang) 16, 20, 24, 28 Dd, Lbl, Ty, K, Imc, Lmc
Wang et al. [54] Suzhou (Jiangsu) 16,19, 22, 25, 28, 31, 34 Dd, Then, Lbl, Ilen, Ty, K
Mf‘g;ﬁ’jn“fgi’%”s Wang et al. [56] Suzhou (Jiangsu) 16,19,22,25,28,31,34  Dd, Then, Lbl, Tlen, Ty, K
P h ipalpi N
“mfgzgog(’] lfgl‘ftcg“;;g)’” pis Ma et al. [41] Hangzhou (Zhejiang) 18,21, 24,27, 30, 33 Dd
Wang et al. [44] Shijiazhuang (Hebei) 16, 20, 24, 28,32 Lmc
P “”Zi‘}[’eg’ggf’%g;é’)””is Yang et al. [51] Suzhou (Jiangsu) 16,19,22,25,28,31,34  Dd, Ihen, Lbl, Tlen, Ty, K, Imc
Tsﬁgcr‘r’fs’fg @ iy Zhang et al. [49] Changsha (Hunan) 16,19,22,25,28,31,34  Dd, Then, Lbl, Tlen, Ty, K, Ige
i i . 17.5,20, 22.5, 25, 27.
Coleoptera Cr&)ﬂlrzll:;urg,ai(;lé%s)us Wang et al. [73] Suzhou (Jiangsu) 5 O’O, 5,25,27.5, Dd, Then, Lbl, Ilen, Ty, K
?gg’gﬁfrrﬁ‘%gﬁ Hu et al. [74] Suzhou (Jiangsu) 22,25,28,31, 34,36 Dd, Then, Lbl, Ilen, Ty, K, LD
(L?r:?liséffsfq%g) Wang et al. [75] Suzhou (Jiangsu) 16,19, 22, 25, 28, 31 Dd, Then, Ty, K
Hymenoptera Nasonia vitripennis Zhang et al. [96] Suzhou (Jiangsu) 16,19, 22, 25,28, 31, 34 Dd, Then, Lbl, Ty, K

(Walker, 1836)

Abbreviations: Dd: developmental duration; Ihen: isomorphen diagram; Lbl: larval body length; Ilen: isomegalen diagram; Lbw: larval body
weight; Lbwi: larval body width; Wp: weight of puparia; Ty: developmental threshold temperature; K: thermal summation constant; Imc:
intrapuparial morphological changes; Ige: intrapuparial gene expression; LD: larval instar determination; Lmc: larval morphological changes.

1.3. Faunal Succession of Insects

Different insect species visit and leave human remains in different orders and time

sequences [97]. These regular insect activities are referred to as the faunal succession of
insects and can be used to estimate the range of PMI [97]. Succession studies also provide
information on the insects that occur in particular geographical regions or during particular
seasons, which can be used to estimate the seasons and regions in which particular cases
have taken place [2]. China has a vast territory with wide latitudinal coverage, complex
geographical environments, and diverse climatic conditions. However, so far, only 20 insect
succession studies have been published in 13 provinces (17 cities), accounting for about
1/3 of the total number of provincial-level administrative regions in China (Table 2).

Initially, most studies only addressed the species composition on remains in outdoor

environments [98,99]. Later, researchers began to investigate the insect succession patterns
under different environmental conditions [100-102]. The effects of indoor/outdoor envi-
ronments [100], enclosed /unenclosed environments [103], exposure time [101], cadaver
types [102], and toxicants [104] were explored with regard to body decomposition and
insect succession. In particular, studies conducted in South China and the Yangtze River
Delta region included not only the succession of adult insects but also the dynamic change
processes of sarcosaprophagous insects on remains (such as egg laying, hatching, wan-
dering, pupariation, eclosion, and disappearance) [102,105]. Insect succession matrixes of
different seasons were obtained containing the residence times of different insects and their
developmental stages [102,105].

Researchers used different types of models in insect succession studies [102,106,107].

Pig and rabbit carcasses were the most commonly used experimental remains, both of which
were in nine studies. Three studies used animal tissues or organs to attract forensically
important insects (Table 2). Human remains were used by four studies [98,99,102,108]. For
instance, Zhou et al. [98] and Yang et al. [99] identified 38 species of sarcosaprophagous
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beetles and 14 species of sarcosaprophagous flies on human remains in Beijing. Chen [108]
studied the body decomposition patterns and insect compositions on four human remains
for four seasons under field conditions in Guizhou. Chen [108] applied the same method as
used at the Anthropological Research Facility of the University of Tennessee, also known
as the “Body Farm”. However, such a “body farm” does not exist in China yet. A study
conducted in Shenzhen found that large pig carcasses, with similar weight to human
corpses, also decomposed in a similar manner to human corpses; moreover, the species
composition and succession pattern of insects were similar to that of human corpses.
The carcasses of small pigs decomposed faster, attracted less insect species, and had a
simpler succession pattern [102]. Rabbit carcasses could not fully reflect either the body
decomposition or the changes of insects that occurred on a human corpse [102].

Research on the succession patterns of insects constitutes a number of the most fun-
damental tasks of forensic entomology [5,102], and the significance of such research is
mainly embodied in the following three aspects: First, important basic data on species
composition and succession patterns of sarcosaprophagous insects can be obtained via
insect succession studies, which can be used to estimate the PMI [109,110]. Second, during
succession studies, live insects with forensic importance can be collected and supplied as
important colony sources for developmental research [53]. Third, researchers can accu-
mulate precious practical experience, which cannot be otherwise obtained via laboratory
studies. After weeks or months of body decomposition and insect succussion observations,
forensic entomologists will have gained a clearer understanding of the decomposition
processes of remains and will have acquired a basic time frame of the arrival orders of
insects [2]. In addition, forensic entomologists will learn how to collect insect samples and
where certain species of insects can be found [3]. With such knowledge and understanding,
forensic entomologists can be more efficient and confident when dealing with real cases.

Forensic entomologists in different countries have conducted comprehensive work
on the faunal succession of insects. Succession patterns have been identified under dif-
ferent types of environments (e.g., burying [111], vehicle environments [112], and dry
environments [113]) and treatments (e.g., burning [114], hanging [115], and clothing [116]).
Although these studies provided an important database, the difference between the insect
fauna of China and other countries, as well as differences in other factors (e.g., climate and
flora) justify the need for establishing patterns of insect succession for different regions
of China [102]. Currently, insect succession data are not available for most parts of China.
Most existing studies only concentrated on investigating species composition while failing
to meet the requirements for establishing a succession matrix, which is required for PMI
estimations. Considerable opportunity still remains for studying the faunal succession of
insects in all parts of China.

Table 2. Summary of studies reporting body decomposition and insect succession in China.

Citation

City (Province)

Experimental Model

Season/Month

Insect Species/Other

(Numbers of Remains) Information
Zhou et al. [98] Beijing (capital) Human corpse (NS) March to August Coleoptera: 38 species
Yang et al. [99] Beijing (capital) Human viscera (NS) March to November Diptera: 14 species

Diptera: 12 species

Ma et al. [117] Hangzhou (Zhejiang) Pork meat (NS) All seasons Coleoptera: 16 species
Hymenoptera: 2 species
. . . . . Diptera: 8 species
Lietal. [118] Harbin (Heilongjiang) Pork meat (NS) Spring, summer, and autumn Coleoptera: 19 species
Chen et al. [119] Twelve sites (Guizhou) Pork lung (NS) All seasons Diptera: 27 species
. . 1st year: May to November . . .
Wang et al. [120] Chengdu (Sichuan) Rabbit (28) 2nd year: March to September Diptera: 5 species
Chen [121] Zhongshan (Guangdong) Pig (4) Autumn and winter Total: 38 species
Chang et al. [106] Hohbhot (Inner Mongolia) Rabbit (25), Dog (1) July to October Diptera: 10 species
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Table 2. Cont.

Citation

City (Province)

Experimental Model
(Numbers of Remains)

Season/Month

Insect Species/Other
Information

Diptera: 17 species

Wang et al. [105] Pear] River Delta (Guangdong) Pig (18) All seasons Coleoptera: 16 species
Other: 9 species
. . Diptera: 10 species
Wu et al. [122] Guangzhou (Guangdong) Rabbit (NS) Spring and summer Coleoptera: 7 species
Dong et al. [123] Sanmenxia (Henan) Rabbit (5) July to October Three families, 13 species

Chen et al. [108] Guiyang (Guizhou) Human corpse (4) All seasons Diptera: 11 species
Diptera: 10 species
Nie et al. [124] Xi’an (Shanxi) Rabbit (4) Spring Coleoptera: 4 species
Other: 2 species
. . Effects of malathi th
Shi et al. [104] Guangzhou (Guangdong) Rabbit (4) Summer ecirsl s?ecrtnszicels(;?o(r)ln €
Jiang et al. [125] Yongzhou (Hunan) Rabbit (9) July to September Total: 26 species
. . Indoor: 14 species
Yin et al. [100] Shenzhen (Guangdong) Pig (4) Summer Outdoor: 18 species
Jiang et al. [126] Qingdao (Shandong) Pig (12) All seasons Diptera: 23 species
Lv [127] Chongqing (municipality) Pig (11) All seasons Insecta: 94 species
Comparative study of
. - carcasses between
Lietal. [103] Guangzhou (Guangdong) Pig (2) Summer enclosed and
open-air conditions
Diptera: 16 species
Yang [128] Suzhou (Jiangsu) Pig (22) Summer and autumn Coleoptera: 12 species
Other: 5 species
Wu et al. [107] Xinxiang (Henan) Rabbit (5), rat (6) July to August Diptera: 7 species
Insect succession on pig
Wang et al. [101] Guangzhou (Guangdong) Pig (6) Summer carcasses using different
exposure times
Total: 42 species; insect
Human corpse (1), assemblages are more
large pig (2), complex on larger
Wang et al. [102] Shenzhen (Guangdong) small pig (2), August to December carcasses, following the
rabbit (2) order of human = large

pig > small pig > rabbit

NS: not specified.

1.4. Forensic Entomotoxicology in China

Chinese research on forensic entomotoxicology primarily focused on the effects of
toxicants/drugs on the growth and development of insects. Tian [129] and Zhao et al. [130]
found that morphine accelerated the development of flies and resulted in increased lar-
val body length and weight [129], which caused a PMI deviation of up to 84 h [130].
Dai et al. [131] and Wang et al. [132] reported that diazepam accelerated fly development
and shortened the larval development periods of L. sericata and C. megacephala by 55 and
60 h, respectively. Lv et al. [133] showed that ketamine inhibited the larval development rate
of C. megacephala in a both dose-dependent and time-dependent manner. Zou et al. [134]
showed that ketamine shortened the larval development period of L. sericata; the authors
further showed that the development period of L. sericata larvae feeding on muscles and
receiving ketamine at twice the lethal dose was 24 h shorter than that of control larvae.
Liu et al. [135] reported that malathion inhibited the growth of larvae and puparia of
C. megacephala, extended their developmental period by 36 h, and shortened their maxi-
mum body length by 1.1 mm. The study by Shi et al. [136] indicated that malathion and
white arsenic affected the decomposition of carcasses by inhibiting insect colonization.
Wang et al. [137] showed that the larval developmental time of Ca. grahami was signifi-
cantly shorter on rabbit mince containing methamphetamine and further reported that
methamphetamine can increase larval body length.

The effects of various toxicants/drugs on the growth and development of insects have
also been studies by forensic entomologists in other countries. The results indicate that
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a number of toxicants/drugs, e.g., paracetamol [138], diazepam [139], cocaine [140], and
codeine [141], can accelerate the development of forensically important insects. Other toxi-
cants/drugs inhibited insect development, e.g., methamphetamine [142], malathion [143],
alcohol [144], and amitriptyline [145]. Desmethyldiazepam [146], nandrolone [147], and
gentamicin [148] did not significantly change the growth and development of sarcos-
aprophagous insects. The results obtained by Chinese researchers were consistent with
the above results, and the same effects were found on insect development in the same
toxicants/drugs. Forensic entomotoxicology was once extensively studied as a branch of
forensic entomology from the end of the 20th century to the beginning of the 21st century;
however, studies in this field have been declining over recent years. One of the main rea-
sons restricting the development of forensic entomotoxicology is that although qualitative
detection has been achieved, quantitative analyses still remain problematic [149]. Further
studies are still required to overcome existing bottlenecks.

2. Applications of Forensic Entomology in China

The Regulations on the Classification of the Practice of Forensic Judicial Appraisal, released
by the Chinese Ministry of Justice on 9 May 2020, stipulates that insects can serve as evi-
dence for PMI estimation. This regulation establishes the legal status of forensic entomology.
However, Chinese judicial or police departments have no full-time forensic entomology
positions. Forensic entomologists are mainly researchers working at institutions of higher
education or employees of research institutions, who may participate in cases as expert
witnesses similar to other countries. When forensic entomologists are asked to provide
expert opinions that may ultimately decide how cases are adjudicated, they will be invited
to attend field investigations. In most circumstances, the police will only mail specimens
or send photos of related insects to forensic entomologist, combined with brief details of
the case. The resulting PMI estimated is then only used to narrow the scope of the police
investigation. China has not yet established specialized academic institutions for forensic
entomology research, and researchers are most commonly members of the Entomological
Society of China or the Forensic Medicine Association of China. A few universities are
offering forensic entomology education to M.Sc. and Ph.D. students, while undergraduate
education is still not available. Because of this lack of full-time forensic entomology posts,
most interested postgraduates have to consider career changes. So far, fewer than a dozen
researchers are qualified to present judicial expertise on forensic entomology in the entirety
of China.

Currently, forensic entomology is only applied in a few regions of China. The identi-
fication of insect species is largely based on morphological identification keys provided
by entomologists [150,151]. Peer-reviewed development and succession data are used to
estimate the PMI [54,150,151]. Plasticity of developmental rates has been reported between
different colonies of the same species [152,153]; therefore, in applications with multiple
literature reports on the development of one species, the development data obtained from
the same or a nearby geographical region will be prioritized [154]. Succession data from
the same or similar regions and months will be used to estimate the PMI [155].

More than 23 case reports of the application of forensic entomology in China have been
published [54,58,150,151,154-164]. The most widespread application of forensic entomology
is the provision of PMI clues for criminal investigators [58,150,151,154-160,163,164]. Forensic
entomology also played an important role in an insurance compensation case [54]. There
were 14 reported cases in the outdoor environment [58,150,151,154-157,160-164] and nine
cases occurred indoors [54,151,155,158,159]. The development duration and larval body length
of flies were the most commonly used indicators for the PMI estimation, both of which
were utilized in 10 cases [54,58,150,151,154-156,159,161,162]. Three cases utilized the thermal
summation constant of flies to estimate the PMI [158,160]. The development and succession
patterns of beetles were only utilized for PMI estimation in one case [155]. Other cases used the
biological characteristics of forensically important blow flies to estimate the PMI. On the basis
of the seasonal distribution characteristics of C. pinguis and Ca. grahami, Li et al. [162] inferred
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the initial occurrence time of two fly species (from the end of February to the beginning of
March) as the most likely time frame of PMI of the deceased. The actual result confirmed
this inference. In a case reported by Hu et al. [164], a cadaver, found in a suitcase, contained
H. illucens, Me. scalaris, and Fannia canicularis, while blow flies were absent. Analysis indicated
that the deceased likely began to decompose during winter, and that, as the weather warmed,
the cadaver was already highly decomposed and no longer attracted calliphorid species (as
these prefer fresh remains). On this basis, it could be inferred that the PMI of the corpse started
at the beginning of winter, which was later confirmed by investigation results.

3. Challenges for Forensic Entomology in China and Proposed Countermeasures

Forensic entomology faces many challenges in China. First, new technologies, such as
video surveillance technology, DNA technology, and big data technology, have developed
rapidly over the past few years [165]. These technologies contribute to the increase of
police detection rates, and many of them can help to estimate the PMI [2,165]. For example,
if the decedent was identified by the technology of DNA, his/her debit and credit card
expenditures and telephone, accommodation, and traffic records can provide a clue for PML
Impacted by various newly emerging case-solving technologies, the demand of criminal
investigators for forensic entomology has decreased [2]. Second, forensic entomologist
usually cannot provide a precise PMI result as forensic entomology is limited and can only
provide a PMl,i, or a PMI range [166]. These usually deviate by days or even months
from the real PMI [151], thus making it difficult for criminal investigators to fully accept
the value of forensic entomology. Third, a number of criminal investigators do not have the
basic knowledge of forensic entomology and might not follow the recommended standards
and practices in forensic entomology. This potentially limits the accuracy of the obtained
PMI estimations. For example, the insect evidence provided may not include the first
arriving species or the oldest immature insects. Without reliable and sufficient insect
evidence, forensic entomologists cannot provide an accurate result. Therefore, it would be
advisable if forensic entomologists could be present at the scene for specimen collection, as
no one else can fully understand the importance of each piece of insect evidence.

However, forensic entomologists cannot attend every case. Consequently, educa-
tion and training need to be strengthened to enhance the ability and understanding of
the criminal investigators who are frequently involved in cases that would benefit from
forensic entomology. Most investigators do not consider using forensic entomology when
encountering death cases. The reason most often is that they are not familiar with forensic
entomology or think that the application of forensic entomology is too complex. Therefore,
an urgent need for education and training exists to help these investigators to understand
the theory of forensic entomology, e.g., why temperature data is so important, under which
circumstances forensic entomology can be utilized, and how entomological evidence is
collected correctly. To achieve this, Soochow University has offered a course of 36 credit
hours to undergraduate students with specialization in forensic sciences. The purpose of
this course is not for students to become competent forensic entomologists but to enable
them to correctly collect insect evidence or at least to induce their proactivity for asking for
forensic entomologists in their future work. Forensic entomology researchers should also
be trained. Some researchers cannot correctly identify the species of sarcosaprophagous
insects, especially when these are immature. Some researchers have never performed
basic experimental studies and/or lack the required expertise to analyze the entomological
evidence associated with a case. Hence, more comprehensive training should be offered to
help them overcome application barriers.

In the application, forensic entomologists should try their best to provide a scientif-
ically informed PMI estimate. Although the PMI estimate may not absolutely coincide
with the actual PMI, it is better if the real PMI falls within the scope of the estimated PML
To improve the accuracy of PMI estimation, the following conditions must be met: (1) all
entomological evidence must be collected systematically and comprehensively; (2) case
information and environmental information must be understood systematically and com-
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prehensively; furthermore, weather data must be retrieved, and accurate environmental
data must be obtained through field measurements and corrections; (3) the species and
stages of all insects present at the scene must be correctly identified; (4) adequate labora-
tory work must be conducted and accurate reference data on insect development must
be obtained; (5) investigations of insect succession must be conducted in similar regions;
(6) various types of cases need to be studied to accumulate experience; (7) all cases should
be pre-appraised by forensic entomologists. If the insect evidence is not provided correctly
and appropriately by criminal investigators, forensic entomologists should request an
additional collection. Otherwise, PMI estimation should be refused. Cases that exceed the
scope of forensic entomology should also be rejected to avoid mistakes.

4. Conclusions

Over nearly 30 years of exploration and development, forensic entomology has begun
to play an increasingly important role in forensic practices; however, it is still far from
the ultimate goal of achieving universal application in China. Faced with the challenge of
various newly emerging case-solving technologies, if forensic entomology wants to further
develop and progress, basic research must be strengthened. Further studies should be
conducted to establish more accurate development data, based not only on morphological
methods but also on techniques of differential gene expression, biochemical properties,
and artificial intelligence. Moreover, basic data of succession patterns of insects should
be obtained in more environments and regions, to further probe into the mechanisms of
colonization of corpses by insects. Both training and education of criminal investigators
should be strengthened to promote the application of forensic entomology.
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Simple Summary: Proper collection and analysis of physical evidence including insects, bloodstains,
or any other material can be of probative value in a court of law. This is the first casework where hairs
were involved as insect-related evidence. Hairs constitute important categories of trace evidence
as they can provide useful information for an association between a suspect and a crime scene or a
suspect and a victim. Two “cold cases” occurred in two different European countries in which the
trace evidence relating to insects was the last piece of a complex puzzle useful for the conviction of
the perpetrator.

Abstract: Insect-related evidence must be considered of probative value just as bloodstains, finger-
prints, fibers, or any other materials. Such evidence if properly collected and analyzed can also
provide useful details in the reopening of old unsolved murders, also called “cold cases”. This paper
presents the case of two murders that occurred in two different European countries and remained un-
solved for years. The remains of a girl found in Italy 17 years after her disappearance helped to solve
a murder that occurred in Britain 8 years prior. The cases were unexpectedly linked together because
of the similarities in the ritualistic placing of strands of hair and connections with the suspect. The
trace evidence relating to insects and hairs played a relevant role in the conviction of the perpetrator.
In Italy, the defense raised the doubt that the strands of hair found nearby the skeletal remains could
be the result of insect feeding activity and not the result of a cut by sharp objects. Therefore, it was
fundamental to distinguish between sharp force lesions and insect feeding activity on hair. This
unusual application of insect-related evidence clearly emphasizes the importance of an appropriate
professional collection and analysis of any physical evidence that could be of robust probative value.

Keywords: forensic entomology; cold cases; insect evidence; hair evidence

1. Introduction

The major goal of medicocriminal entomology is the determination of time, cause,
and manner of an investigated death [1]. The most frequently requested task is the esti-
mation of the time since death, better known as the minimum postmortem interval (PMI
min) [2]. However, new insights into and achievements of carrion entomology and ecology
have increased the opportunities for the use of insects in death investigations and their
accuracy [3-5].

Several useful elements can be inferred from the study of insects found on the cadaver
or nearby. The correct analysis and interpretation of insect evidence can be crucial in
any death investigation, especially when dealing with badly decomposed or skeletonized
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human remains. Insect-related evidence can provide valuable information to answer ques-
tions concerning the use of drugs, child and elderly neglect, sexual abuse, cadaver transfer
and concealment of the remains following death, victim identification, determination of
specific sites of antemortem trauma, and postmortem artefacts on a body and at the death
scene [6,7]. The final aim of any criminal investigation is to provide a strong basis for an
association between a suspect and a crime scene or a suspect and a victim.

Therefore, insect-related evidence must be considered of probative value just as
bloodstains, fingerprints, hairs, fibers, or any other biological materials. In the recent
past, several papers have highlighted the crucial role of correct procedures in sampling
and storing entomological evidence [8-10]. If collected properly, such evidence can also
provide useful details in the reopening of old unsolved murders and in the presentation of
important evidence to the court [11].

This paper presents the case of two murders that occurred in two different European
countries and remained unsolved for years. The murders were unexpectedly linked to-
gether because of the similarities in the ritualistic placing of strands of hair and connections
with the suspect. Hair evidence and its postmortem infestation by insects played a relevant
role in the conviction of the perpetrator. The remains of a girl found in Italy 17 years after
her disappearance helped to solve a murder that occurred in Britain 8 years prior.

2. Case History

On 17 March 2010, the mummified remains of a 16 year old female were discovered
hidden under curved tiles in the darkest corner of a church’s loft in Southern Italy. The
victim was identified as that of a teenage girl who disappeared from her home 17 years
before, on 12 September 1993. The cause of death was massive blood loss due to multiple
stab wounds. At autopsy, the signs of multiple stab wounds (15 in total) were found on
the skeletal remains. Large amounts of Diptera puparia (mostly parasitized) and cast pupal
skin of clothes moths (Lepidoptera) were present on the body and nearby the corner of the
church’s loft where the victim was dragged and concealed. Among the Diptera species,
Sarcophagids, Phoridae, Fanniidae, Muscids of Muscina stabulans, and Calliphorids of
Calliphora vicina, Lucilia sericata, and Chrysomya albiceps, on which the clothes moths fed,
were found (Figure 1). Among the clothes moths, Tinea pellionella and Tinea bisseliella were
found. The insect species collected were those that were active during the fall, when the
victim disappeared. Physical evidence collected at the death scene was some light-brown
strands of hair, perfectly and squarely cut, near the skeletonized hands (Figure 2).

(a) (b)

Figure 1. (a) Diptera puparia mostly parasitized; (b) clothes moth cases and hairs.
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(b)

Figure 2. (a) Strands of hair found nearby the skeletal remains of a 16 year old female found in Italy 17 years after death;

(b) close up of the lock of hair clearly cut by sharp force trauma (scissors).

The murder case showed some coincidences with a similar case that occurred in
England 8 years prior. A 48 year old seamstress was found dead in her apartment on
12 November 2002. The woman was beaten with a hammer-type object before her throat
was cut and body mutilated. She was also stabbed several times and strands of hair were
placed in both of her hands. The lock of hair in the victim’s left hand was cut from her own
head, but that in her right hand was not hers. The main suspect in this murder was the
victim’s neighbor. He was a 39 year old Italian male who arrived in England several years
before from a small town in southern Italy, where the teenage girl went missing. Although
the neighbor initially became the main suspect, the British police was unable to collect
sufficient evidence for prosecution. After the discovery of the Italian girl in 2010, the cases
were linked together because of the similarities in the ritualistic placing of strands of hair
and connections with the suspect. The manner in which the English woman was murdered
was considered a trademark of the suspect, and the killing was linked to the murder of
the adolescent girl in Italy. Two months after the discovery of the Italian girl in 2010, the
suspect was arrested in England and charged with the murder of the British woman. In
June 2011, he was found guilty by the English jury and sentenced to spend the rest of his
life in prison. On October 2014, he was also condemned by the Italian Supreme Court to
30 years in prison for the murder of the 17 year old teenage girl.

3. Insect-Related Evidence

At the trial, the perpetrator consistently denied any involvement in both cases. How-
ever, under cross-examination he admitted to having a hair fetish and cutting the hair of
girls occasionally met on the street. He liked to touch and smell the hair of girls without
planning cutting episodes. According to such admission, the two murders were referred as
hair fetish murders. Hair fetishism or trichophilia is a paraphilia, which is a sexual perver-
sion, a condition characterized by abnormal sexual desires. In the case of hair fetishism,
seeing or touching hair is particularly erotic and sexually arousing for a person [12]. Dur-
ing the trial, several women reported having their hair cut by an unknown man. One of
them described finding something white and sticky in her hair afterwards. Another man
described seeing the suspect sitting behind a woman on a bus with her hair in his hands.

In Italy, the defense raised the doubt that the strands of hair found nearby the skeletal
remains were not cut by sharp objects but could be the result of insect feeding activity on
hair. Therefore, it was fundamental to distinguish between sharp force lesions and insect
feeding activity on hair. In order to study if the features in hair lesions were caused by
traumatic/sharp forces or by insects, hair samples were subjected to blunt and sharp force

115



Insects 2021, 12, 444

trauma and used as pabulum for common clothes moth (Tineola bisselliella Lepidoptera,
Tineidae) and carpet beetles (Anthrenus sp., Colepoptera, Dermestidae) [13]. These species
colonize bodies in the late stages of decay when the food source is completely dry [14,15],
feeding not only on natural fiber such as hairs, but also on clothing [16]. Artefacts on hairs
caused by the feeding activity of moths and beetles were studied by two of the coauthors
in a published manuscript [13].

The hair samples examined by stereomicroscopy and scanning electron microscopy
(SEM) showed clear differences in hair lesions depending on the type of trauma. They
can be summarized as follows: (1) irregular edges without striations and concavities, but
with hair elements on different levels in hair locks manually broken; (2) regular edges with
parallel striations (similar to marks from sharp weapons observed on bone and cartilage)
and hair elements on the same plane in hairs cut by a knife, with the same features but of
oval shape due to the compression of the two edges of scissors in hairs cut by scissors; (3)
irregular edges with concave shape lesions and cocoons in hair locks used as pabulum for
insects [13].

The strands of hair found close to the hands of the victim showed regular edges of
the hair lesions with parallel striations of oval shape consistent with hairs cut by scissors.
These findings and the results of the experimental study were considered of probative
value. The hair lesions distributed on the same plane were clearly cut and not the result of
gnawing activity easily distinguishable from breaking and tearing. In the Italian case, the
hypothesis of insect feeding on hair was ruled out.

4. Discussion

Hair evidence is one of the most common pieces of physical evidence applied in
criminal investigations [17]. The forensic analysis of hair evidence can be extremely
valuable in demonstrating that there may have been an association between a suspect
and a crime scene, a weapon, or a victim [18,19]. Comparing strands of hair under a
microscope can provide robust corroborative evidence to establish these associations as
hairs constitute important categories of trace evidence [19]. Microscopical analysis of hairs
can give significant information regarding the ancestry, the body area the hair came from,
and whether or not the hair was artificially treated or damaged. Toxicological and genetic
analysis of hair can also provide useful information from the identification of the hair donor
to the detection of drugs and pharmaceuticals and their chronology of intake, especially in
drug-facilitated crimes and sexual assaults [20,21]. To the best of our knowledge, this is the
first forensic case where hair evidence was related to insect artefacts due to feeding activity
on hair.

At a death scene, fly and larval activity can produce several different types of arte-
facts: from fly specks due to regurgitation and defecation to floor and wall stripes due
to post-feeding larval dispersal [22]. Other modifications of the bloodstain pattern are
represented by transfer stains due to the migration of insects from a blood pooling [23].
However, Diptera larvae can also produce relevant modifications of superficial injuries on
the human body. Stab wounds and gunshot injuries can be easily enlarged, distorted, or
made unrecognizable by the feeding larval activity at the injury site [24]. Larvae actively
feeding on soft tissues can destroy the residual part of the physical evidence still present
on the body. Therefore, corpses heavily colonized by larval masses should be considered a
matter for urgent forensic pathology examination, and the autopsy should be performed as
soon as possible [6,24].

Artefacts made by insects that arrive late on the body are also reported. Dominant taxa
in the late stages of decomposition are commonly species of Coleoptera and Lepidoptera
such as the clothes moths (Tineidae), very common in mummies and skeletonized bod-
ies [14,15]. These species colonize bodies when the remnants of soft tissues are really dry,
feeding on them, as well as on hairs and other natural fibers such as those of clothing [16].
Coleoptera and Lepidoptera can also feed on Diptera puparia.
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Puparia consist largely of chitin, a long, complex polysaccharide polymer composed
of n-acetylglucosamine that is similar to keratin in human hair. Keratin and keratin-
associated proteins are the major structural components of human hair fiber. Human hairs
are proteinaceous shafts with circular or elliptical cross-sections with three morphologically
distinct regions in each hair (medulla, cortex, and cuticle) [19]. They can be considered
as fiber-reinforced composites consisting of crystalline intermediate filaments embedded
in an amorphous protein matrix [25]. The strength and robustness of keratin is derived
from tightly packed filaments containing a high degree of disulfide bonding, which confers
rigidity and chemical resistance.

The structure and mechanical properties of puparia and human hair explain why
sclerotized puparia and hairs do not degrade much, which allow samples to survive for
thousands of years [19,26]. Fly puparia and human hairs have been found in ancient
graves from Egypt to South America, long after soft tissues have disappeared [27,28].
Diptera puparia may represent useful evidence for reconstructing postmortem events in
both forensic and archaeo-funerary contexts [29]. However, they may contaminate the
forensic entomological evidence if they originate not from human remains but from animal
cadavers or other decomposing organic material [30].

The taphonomic degradation process for teeth and bones is well studied, but the
same cannot be said for human hair as very little is known about how environmental
conditions may alter hair morphology [19]. A recent review [31] addressed the main factors
that correlate with decompositional changes of hair. Temperature, environment, and
microbes are the major factors affecting the decay of hair. In particular, humidity /aqueous
conditions and warm temperatures appear to have a significant effect on the rate of hair
decomposition [32,33].

Fungi and bacteria can break down hair; however, insects such as clothes moths and
carpet beetles can also easily destroy such evidence as they feed on dried food sources
such as natural fibers [34-36]. Many moths and beetles use keratin as a nutrient source.
Moth larvae are common sources of damage of woolen textiles, and many Dermestidae
larvae also consume hair. The gnawing insect activity usually leaves microscopical signs of
erosions and concave lesions on the surface of the hair, but these signs were not observed in
the hair samples found close to the skeletonized hands of the victim. In the Italian case, the
absence of such microscopical features related to feeding insect activity were considered
enough evidence to exclude hair damages due to postmortem infestation by insects as
suggested by the defense. Therefore, the hypothesis of insect feeding on hair was ruled
out. The hair samples showed only the marks produced from sharp force weapons such as
those produced by the compression of the two edges of scissors. Such evidence was just a
piece of the big puzzle presented by this international death investigation of unsolved and
heinous crimes that occurred in England and Italy, but no less important and crucial for
the indictment and final conviction of the suspect.

5. Conclusions

The mutually beneficial relationship between research and casework was largely
discussed by Hall [37]. The unusual application of insect-related evidence to hair evidence
clearly emphasizes the importance of an appropriate professional collection and analysis
of any physical evidence that could be of robust probative value [38]. Differentiation of
entomological activity, taphonomy, and sharp force trauma on hair can be crucial in the
recovery and analysis of hair evidence.

The take-home message is to call the attention of forensic entomologists to hair exami-
nation in skeletonized or mummified bodies or in an advanced stage of decay. Forensic
experts should cover every corner of the crime scene and treat each and every piece of
evidence as vital. Investigative research has contributed to advancing knowledge of the
basic biological and ecological processes of human and animal decomposition, increasing
the chances for the admissibility of entomological evidence [39,40]. Because criminal inves-
tigations are context-dependent, any trace evidence can provide useful information about
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the event under investigation, and proper collection and preservation of physical evidence
is mandatory [41]. The final aim of any forensic examination must be to provide statements
based on objective scientific observation that can be of value in a court of law or for any
interested party involved in criminal investigations [18].
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Simple Summary: The burial of corpses may interfere with the succession of sarcosaprophagous
fauna and forensic evaluation of post-mortem interval. For the first time in Italy, an experimental
study was conducted on arthropods associated with buried pig carcasses in a rural area near Cosenza
(Southern Italy). One carcass was left above the ground and five were buried: one of the buried ones
was periodically exhumed to evaluate the effects of disturbance on decay processes and on arthropod
fauna, and the other four were exhumed only once at given time intervals. The results revealed
differences in taxa and colonization of arthropod fauna in the above ground and periodically exhumed
carcasses. No arthropod colonization was detected in the carcasses exhumed only once, showing that
a burial at about 25 cm depth could be sufficient to prevent colonization by sarcosaprophagous taxa.

Abstract: Burial could be used by criminals to conceal the bodies of victims, interfering with the
succession of sarcosaprophagous fauna and with the evaluation of post-mortem interval. In Italy,
no experimental investigation on arthropods associated with buried remains has been conducted to
date. A first experimental study on arthropods associated with buried carcasses was carried out in a
rural area of Arcavacata di Rende (Cosenza), Southern Italy, from November 2017 to May 2018. Six
pig carcasses (Sus scrofa Linnaeus) were used, five of which were buried in 60-cm deep pits, leaving
about 25-cm of soil above each carcass, and one was left above ground. One of the buried carcasses
was periodically exhumed to evaluate the effects of disturbance on decay processes and on arthropod
fauna. The other four carcasses were exhumed only once, respectively after 43, 82, 133, and 171 days.
As expected, the decay rate was different among carcasses. Differences in taxa and colonization of
arthropod fauna were also detected in the above ground and periodically exhumed carcasses. In
carcasses exhumed only once, no arthropod colonization was detected. The results showed that a
burial at about 25 cm depth could be sufficient to prevent colonization by sarcosaprophagous taxa
and these data could be relevant in forensic cases involving buried corpses.

Keywords: arthropods; burial; decay; forensic entomology; insects; pig

1. Introduction

Diptera and Coleoptera are the most studied insect orders in forensic entomology
because they are associated to dead bodies for both trophic and reproductive activities [1-3]
Insects are well known to colonize a corpse immediately after death [4] although intrinsic
and extrinsic factors may affect their arrival and activities on the remains [5]. Temperature,
humidity, and environmental conditions around the dead body affect the decay rate and
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the species composition [6,7]. Criminals sometimes use burial to conceal the bodies of
their victims: this practice favors a reduction of the decay rate [8] and often prevents
the arrival of sarcosaprophagous fauna on the body. When burial prevents access of
insects to a body, entomological methods to estimate post-mortem interval (PMI) are not
sufficiently reliable [9,10]. When colonization occurs, investigators may use the discovered
specimens for forensic analyses, but insect relative abundance and diversity are often
different between buried and exposed corpses [11]. Previous studies on buried corpses
and flesh pieces reported the presence of many necrophagous species, mostly belonging to
families of Diptera, such as Phoridae, Muscidae, and Sarcophagidae [11-23].

Forensic entomology practitioners may also have trouble in correctly evaluating PMI
in the case of buried corpses because of lack of reference data (as occurring in Italy) and
interference of local factors. These challenges may be met by a correct integration of field
casework and laboratory studies, also requiring experimental studies on animal models in
scenarios relevant for forensic entomology. These experimental studies may provide useful
data for future applications to forensic investigations.

In order to identify arthropod taxa and succession on buried remains, we carried out
for the first time in Italy an investigation using an animal model, namely pig carcasses
buried in a rural area in Calabria (Southern Italy).

2. Materials and Methods
2.1. Study Site

The investigation was carried out from 28 November 2017, to 17 May 2018 in a rural
area in Southern Italy, located within the campus of the University of Calabria (Arcavacata
di Rende, Cosenza, 39°21/35.31” N and 16°13/53.48” W). The site was about 220 m a.s.l. and
consisted of a grassy area with juvenile trees of Quercus pubescens Wild. (Fagales: Fagaceae),
Olea europaea L. (Scrophulariales: Oleaceae) and Populus alba L. (Salicales: Salicaceae)
(Figure 1). The soil granulometry, analyzed by the Laboratory of Geodynamics and Earth
Surface Processes of the Department of Ecology, Biology and Earth Sciences of the Univer-
sity of Calabria, revealed a composition of 54% sand, 23% silt, 14% clay, and 9% gravel. The
soil was therefore identified as “sandy clay loam”, according to the classification by the
United States Department of Agriculture. Based on previous studies [21], six 120-kg female
pigs, Sus scrofa Linnaeus (Artiodactyla: Suidae), were used. The experimental animals
were purchased at a farm adjacent to the sampling site and the animals were sacrificed at
the local slaughterhouse under veterinary control, according to Regulation (EU) 2017 /625
of the European Parliament on animal health and welfare (Document 32017R0625), pub-
lished in Official Controls Regulation (EU) L95 (ISSN 1977-0707) on 7 April 2017. Five pits,
each 1.2 x 1.5 m large and 60-cm deep were mechanically excavated two days before the
beginning of the experiment. The pits were spaced at least 15 m from each other on all
sides (Figure 1) to prevent interference in the succession fauna. All animals were set inside
the pits on the left side over a 25-mm mesh chicken wire. Since the pig carcasses laid on
the left side were about 35-cm high at their maximum, the thickness of soil above each
carcass was about 25 cm. Four carcasses were respectively labelled as B1, B2, B3, and B4
(Figure 1). For comparison, a fifth carcass, labelled SC, was positioned at the same time and
location on the soil surface and left to open air, protected by the chicken wire which was
removable for inspections. A sixth carcass, labelled BE, was placed in another pit in similar
conditions to those of B1, B2, B3, and B4, but was periodically exhumed to evaluate the
effects of disturbance on decay processes and on the associated arthropod fauna (Figure 1).
Carcasses B1, B2, B3, and B4 were exhumed only once during the experimental period,
respectively after 43, 82, 133, and 171 days. Carcass BE was exhumed every 10 or 15 days
according to weather conditions. Data of air temperature for each day during the exper-
imental period were provided by Centro Funzionale Multirischi—ARPACAL (Agenzia
Regionale per la Protezione dell’Ambiente della Calabria) (Catanzaro, Italy), referring to
the station Cosenza 118. Figure 2 shows the average values of air temperature between
9 a.m. and 5 p.m. for each day of the experimental period. Soil temperature was measured
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with a digital thermometer with a probe (IHM Moineau Instruments, Boutonne, France)
every day, during the experimental period, each hour from 9 a.m. to 5 p.m., at 10-cm depth.
The average of data of soil temperature are shown in Figure 2. Daily data about mm of
rainfall were provided by ARPACAL pluviometer station (website http:/ /www.arpacal.it/;
accessed on 7 August 2020), referring to station Cosenza 118 (cod. 1017) (Figure 3).

Figure 1. Satellite view (Google Earth) of the experimental site showing the rural area where the
pig carcasses were positioned (Flags). SC, position of carcass set above the soil; B1-B4, positions of
buried carcasses exhumed only once; BE, position of periodically exhumed carcass.

8

Temperature °C

S

Figure 2. Data of soil (T. soil) and air temperature (T. air) and recorded at the experimental site from 28 November 2017, to
17 May 2018. Data are expressed as average of daily measurements at each hour from 9 a.m. to 5 p.m. Soil temperature
data were measured with a manual probe every day, each hour from 9 a.m. to 5 p.m., at 10-cm depth above carcass B4. Air
temperature data were provided by Centro Funzionale Multirischi—ARPACAL (Catanzaro, Italy), station Cosenza 118.
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2.2. Arthropod Sampling and Carcass Decay

Every day, carcass SC and the surfaces of all pits were examined for arthropod presence
twice a day (from 9 a.m. to 1 p.m., and from 3 p.m. to 5 p.m.). The decay process of carcasses
SC and BE was also examined according to a previous protocol [21]. For each carcass, the
decomposition rate and the duration of each decomposition stage were recorded. Sampling
of arthropods for carcass BE was carried out every 10-15 days: the carcass was exhumed
and carefully observed only for 20 min, to avoid any interference on arthropod colonization.
Adults were captured by an entomological net and tweezers and larvae were hand collected
by tweezers during the observation time.

The same sampling procedure of arthropod fauna was carried out at the exhumations
of carcasses B1, B2, B3, and B4. At each exhumation of BE and of the other buried carcasses,
soil samples from the sides, above and (when possible) under the carcass, in positions
corresponding to the head, anus, dorsum, back and abdomen (for a total of about 10 kg
of soil) were collected and examined by a Berlese funnel in the Applied and Forensic
Entomology Laboratory of the University of Calabria [24].

The adult arthropods collected during the observation time and by the Berlese funnel
on soil samples were stored in 60% ethanol and taxonomically identified at the maximum
possible level using keys [25-41]. Concerning the dipteran larvae collected by tweezers,
they were reared to adults in plastic boxes containing a layer of sand covered with about
100 g bovine liver, at a temperature similar to that of field collection. Once the larvae
reached the pupal stage, the liver residuals were removed, leaving only the sand where the
larvae reached the pupal stage. The emerged Diptera adults were stored in 60% ethanol
and identified at the maximum possible level using keys [35,38]. Concerning the larvae of
Dermestidae, those collected by tweezers were reared to adults in plastic boxes containing
a layer of sand covered with about 100 g dry pork skin, at a temperature similar to that of
field collection. Once the larvae reached the pupal stage, the skin residuals were removed,
leaving only the sand where the larvae reached the pupal stage. The emerged Dermestidae
adults were stored in 60% ethanol and identified at the maximum possible level using
keys [41]. Concerning the arthropods collected by the Berlese funnel, that causes the
death of arthropods, preserving them in a liquid, the collected larvae were identified using
taxonomical keys for larvae at the maximum possible level [42,43].

3. Results
3.1. Decay Rate

All along the experimental period, for air temperature the daily average ranged from
a minimum of 5.6 to a maximum of 26.5 °C, and for soil temperature the daily average
ranged from a minimum of 7.0 to a maximum of 26.5 °C (Figure 2). Rainfall throughout
the duration of the study was frequent and abundant (Figure 3), with a total of 600.6 mm,
according to rain data provided by ARPACAL pluviometer station Cosenza 118 (cod. 1017).

The decay rate of the buried carcasses compared to carcass SC was much slower.
The depth of pit, the soil compactness (due to abundant rainfall) and the average low
temperature recorded at 25-cm depth may have affected the decomposition process.

The decay of carcass BE lasted 171 days, while that of carcass SC required 82 days.
Four decomposition stages were observed for carcass SC (fresh, bloated, decay/advanced
decay and dry), and for BE (fresh, bloated, adipocere/advanced decay and dry).

Carcasses Bl and B2, respectively exhumed after 43 and 82 days, were observed at
the adipocere stage, while B3 and B4, respectively exhumed after 133 and 171 days, were
observed at the advanced decay stage.

3.2. Insect Succession

From carcass SC, a total of 6162 arthropod specimens were collected and identified as
belonging to five orders and 25 families (Tables 1-3). The most abundant order was that of
Diptera, with 12 families (Table 1).
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Table 1. Taxa of Diptera found as adults (A) and larvae (L) in carcasses SC and BE, with number of individuals in brackets,

at each of the four decay stages. The decay/advanced decay stage of carcass SC corresponds to the adipocere/advanced

decay stage of carcass BE. Specimens were collected by an entomological net and/or tweezers, or by a Berlese funnel (*) or

by mixed methods (**). SC, carcass set above the soil; BE, periodically exhumed carcass.

Stage of Decomposition

Infraorder/ Genus/
Family Species Fresh Bloated Decay/Advanced Decay Dry
SC BE SC BE SC BE SC BE
Calliphora vicina A(3) - A(129); L(6) L(92) A(38); L(1) - L(4) -
) o ) A(93);
Calliphoridae Calliphora vomitoria ~ A(16) - A(258); L(14) - L(534) L(617*)  L(3695) _
Chrysomya albiceps - - A(74) - A(17) - - -
Lucilia caesar A(7) - A(103) - A(10) - - -
Lucilia sericata - - A(107); L4) - A(18) L(7) - -
Fanniid Fannia canicularis - - A(26) - A(24) L(26) - -
annudae Fannia lineata - - - - A1) L(5) - -
Hydrotaea aenescens - - - - - L(123) - -
Hydrotaea capensis - - - - A1) L(1373) - -
. A(147);
Hydrotaea dentipes A1) - A(149) - L(50) - L(87) -
Hydrotaea ignava - - - - A1) L(19) - -
Musca domestica A(10) - A(235) - A(45) - - -
Muscidae Muscina levida - - A1) - A1) - - -
Muscina prolapsa - - A(6) - - L(26) - -
Muscina stabulans - - A1) - - L(118) - -
Phaonia subventa - - A(7) - A(4) - - -
Polietes meridionalis - - A(D) - - - - -
Azelia sp. - - - - A1) - - -
Helina sp. - - A(3) - - - - -
Thricops sp. - - A(10) - - - - -
Megaselia scalaris - - A(3) A1) - A(3) - A1)
Phoridae Conicera tibialis - - - - _ AG *) _ _
Chaetopleurophora sp. - - A(2) - - - - -
Piophila casei - - A(7) - A(6) - - -
Piophilidae Stearibia nigriceps - - A(46) - A(10) - - -
Prochyliza sp. - - A(3) - - - - -
. Sepsis duplicata - - A(11) - A(3) - - -
Sepsidae Sepsis cynipsea - . A(2) - - - - -
Anthomyiidae Anthomyia sp. - - A(2) - A1) - - -
Sarcophagidae Sarcophaga sp. - - A1) - - - - -
Cecidomyidae - - - - - - A(2) - -
Drosophilidae - - - - A1) - A(4) - -
Dryomyzidae - - - A®4) - - - - -
Ephydridae - . . - A2%) - - - -
Heleomyzidae - A1) - - - - - - -
Lauxaniidae - A1) - - - - - - -
Psychodidae - - - - A1) - A(12**) - -
Scatopsidae - - - - A(2) - A(2) - -
Sciaridae - - - - A(7%) - A(30 **) - A(13 %)
Simulidae - - - A@2*) - A(8*%) A1) A(l*) -
Sphaeroceridae - - - - A(17%) - A(36 %) - -
Tipulomorpha - - - - - - L(13 %) - -
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Table 2. Taxa of Coleoptera found as adults (A) and larvae (L) in carcasses SC and BE, with number of individuals in brackets,
at each of the four decay stages. The decay/advanced decay stage of carcass SC corresponds to the adipocere/advanced

decay stage of carcass BE. Specimens were collected by an entomological net and/or tweezers, or by a Berlese funnel (*) or

by mixed methods (**). SC, carcass set above the soil, BE, periodically exhumed carcass.

Stage of Decomposition

Famil Genus/
y Species Fresh Bloated Decay/Advanced Decay Dry
SC BE SC BE SC BE SC BE
. Necrobia ruficollis - - - - - A(2) - -
Cleridae Necrobia violacea - - - - - A(4) - -
Dermestidae Dermestes frischi - - - - - A(9); L(10) - A(2)
Geotrupidae Anoplotrupes - - A1) - - - - -
stercorosus
Mngarmotus 3 3 3 3 3 A®6) _ AB)
Histeridae runnens
15 Margarinotus ventralis - - - - - A(1) - A(1)
Saprinus semistriatus - - - - - A(10) - A(2)
Hydrophilidae  Sphaeridium lunatum - - - - - A1) - -
Nitidulidae  Nitidula flavomaculata - - - - A(11) - A(19) -
o Necrodes littoralis - - - - A1) - - -
Silphidae Thanatophilus rugosus - - - - - A1) - -
Creophilus maxillosus - - - - A(14) A(5) A(3) -
Anotylus sp. - - - A3 *¥) - A(3) - -
Carpelimus sp. A1) - A(10) - - - - -
Heterothops sp. - - - - - A(4) - -
. Paederus sp. - - - - A1) - A(2) -
Staphylinidae Platystethus sp. - - - - - A©9) - -
Philonthus sp. - - - A(17%) - A1) - -
Quedius sp. - - - A1) - A(4) - A1)
Aleocharinae - - - A(16) - A(10) - -
Piestinae - - - - - A(1) - -
Abax sp. - - - A1) - - - -
Acinopus sp. - - - A1) - - - -
Carabidae Ophonus cribricollis - - - AQ1) _ _ _ _
Ophonus sp. - - - A(1) - - - -
Trechus quadristriatus - - - A1) - - - -
Buprestidae - - - A1) - - - - -
Chrysomelidae - - - A1) - - - - -
Curculionidae - - - A1) - A1) - - -
Scarabeidae - - - A1) - - A(3) - -

During the fresh stage (about 18 h from positioning) the taxa of adults collected were
Calliphora vicina Robineau-Desvoidy, Calliphora vomitoria (Linnaeus), Lucilia sericata (Meigen)
(Diptera: Calliphoridae), Hydrotaea dentipes (Fabricius), Musca domestica Linnaeus (Diptera:
Muscidae), Homoneura sp. van der Wulp (Diptera: Lauxaniidae), Heleomyzidae (Diptera)

and Carpelimus sp. Leach (Coleoptera: Staphylinidae).

The first oviposition by Diptera was observed as early as five minutes after the

positioning of carcass SC on the soil, inside an eye.

The first instar of dipteran larvae was observed 96 h after egg laying, due to the low
temperatures on the day of positioning and on the following days. After 96 h, the carcass

SC was in the early bloated stage.
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Table 3. Other arthropod taxa found as adults (A) in carcasses SC and BE, with number of individuals in brackets, at each of

the four decay stages. The decay/advanced decay stage of carcass SC corresponds to the adipocere/advanced decay stage

of carcass BE. Specimens were collected by an entomological net and/or tweezers, or by a Berlese funnel (*) or by mixed

methods (**). SC, carcass set above the soil; BE periodically exhumed carcass.

Stage of Decomposition

Famil Genus/
Order amty Species Fresh Bloated Decay/Advanced Decay Dry

SC BE SC BE SC BE SC BE

Araneae Amaurobiidae - - - — A(2) _ _ _

Lycosidae - - - - A7) - - - -

Thomisidae - - - - - A1) _ _ _

Salticidae - - - - — A1) _ _ _

Dermaptera Forficulidae Fogﬁculq - - - A1) - - - -

auricularia

Hymenoptera Braconidae - - - A8 A(1H A(8) A1) - -
Formicidae Messor sp. - - - A1) A1) - - A

Camponotus sp. = - AQ2) - - - -

Pheidole sp. - - - - - A(36) - -
Pteromalidae Nasonia vitripennis - — - - - A(19*) - A2

Rhynchota Cicadellidae Eupteryx sp. - - A - - - - -

Delphacidae - - - A - - — - -

Geophilomorpha - - - - A(1) — _ _ _

During the bloated stage (lasting about 13 days), the taxa of adults were C. vomitoria,
C. vicina, Chrysomya albiceps Wiedemann, Lucilia caesar (Linnaeus), L. sericata (Diptera:
Calliphoridae), Fannia canicularis (Linnaeus) (Diptera: Fanniidae), H. dentipes, M. domestica,
Muscina prolapsa (Harris), Phaonia subventa (Harris), Polietes meridionalis Peris & Llorente,
Thricops sp. Réndani (Diptera: Muscidae), Piophila casei (Linnaeus), Stearibia nigriceps
(Meigen) and, Prochyliza sp. Walker (Diptera: Piophilidae), and Sepsis duplicata Haliday
(Diptera: Sepsiidae). During this stage, adults belonging to the families Dryomizidae,
Sarcophagidae (Diptera) and Braconidae (Hymenoptera) and to the genus Carpelimus sp.
were also identified.

During this stage, the larvae detected belonged to the species C. vicina, C. vomitoria
and L. sericata (Table 1).

In the decay/advanced decay stage (lasting about 38 days) the most abundant taxa
of adults collected on carcass SC were C. vomitoria, C. vicina, Ch. albiceps, F. canicularis, H.
dentipes, L. sericata, L. caesar, M. domestica, Pi. casei, and S. nigriceps.

Adults belonging to the family Braconidae and adults of Nitidula flavomaculata Rossi
(Coleoptera: Nitidulidae) were also collected. Among larvae, the most abundant taxa were
C. vomitoria and H. dentipes.

In the dry stage (lasting about 27 days), the collected taxa of adults were C. vicina,
C. vomitoria, H. dentipes and Simulidae for Diptera, and Creophilus maxillosus (Linnaeus),
Paederus sp. Fabricius (Staphylinidae) and N. flaveomaculata for Coleoptera. The only larvae
collected belonged to C. vicina, C. vomitoria, and H. dentipes.

Based on the immature stages collected, the only species breeding on carcass SC were
respectively C. vomitoria, C. vicina, H. dentipes, and L. sericata.

Concerning the other carcasses exhumed only once (B1, B2, B3, and B4, respectively
exhumed at 43, 82, 133, and 171 days after the date of positioning), carcass B1, exhumed
43 days after the positioning, was in the decay/adipocere stage. Carcass B2, exhumed
82 days after the positioning, was also in the decay/adipocere stage. Carcass B3, exhumed
133 days after the positioning, was in the advanced decay stage, as well as carcass B4,
exhumed 171 days after the positioning.
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After a careful examination of all carcasses, no signs of colonization by arthropods
was detected on them at the date of exhumation. No arthropods were also detected or
collected during the daily inspections of the surface of all pits of B1-B4.

Concerning the carcass BE, which was exhumed every 10-15 days to evaluate the
effects of disturbance on decay processes and associated arthropod fauna, during daily
inspections on the pit surface a total of nine taxa of adults were collected: C. vomitoria,
C. vicina, Helina sp. Robineau-Desvoidy, Hydrotaea meteorica (Linnaeus), M. domestica, P.
subventa (Diptera: Muscidae), Sarcophaga tibialis Macquart (Diptera: Sarcophagidae), Messor
sp. Forel (Hymenoptera: Formicidae), and Scolopendra cingulata Latreille (Scolopendromor-
pha: Scolopendridae).

Carcass BE appeared in the bloated stage from 10 to 65 days from positioning (respec-
tively corresponding to the first and sixth exhumation), thus this stage lasted about 56 days.
In this time interval, during the third exhumation (43 days after positioning), carcass BE
was mostly colonized by larvae of C. vicina and of the coleopteran families Staphilinidae
and Carabidae.

The same carcass appeared in the adipocere/advanced decay stage from 74 to 163 days
after positioning (respectively corresponding from the seventh to the twelfth exhumation),
thus this stage lasted about 90 days. In this time interval, the most frequent orders were
Diptera and Coleoptera (Tables 1 and 2), and the order with the highest number of taxa
detected at the larval stage was Diptera.

The taxa recorded at the larval stage were C. vomitoria, L. sericata, F. canicularis and
Fannia lineata (Stein) (Diptera: Fanniidae), Hydrotaea aenescens (Wiedemann), H. capensis, H.
ignava, Mu. prolapsa, and Muscina stabulans (Fallén) (Diptera: Muscidae).

Concerning Coleoptera, the only species found at the larval stage was Dermestes frischi
(Kugelann) (Coleoptera: Dermestidae). Larvae belonging to the infraorder Tipulomorpha
(Diptera) were also detected. At the dry stage, occurring 171 days after positioning (corre-
sponding to the thirteenth exhumation) no larval stage was detected. Concerning adults,
for Diptera, only individuals of Megaselia scalaris (Loew) (Phoridae) and other individuals
belonging to the family Sciaridae were found.

Some Coleoptera of the families Histeridae, Dermestidae and Staphylinidae were
also found. From dipteran larvae collected from carcasses and reared in laboratory the
parasitoid Nasonia vitripennis (Walker) (Hymenoptera: Pteromalidae) emerged and this
species was also detected in soil samples analyzed by the Berlese funnel.

4. Discussion

The size and instar of dipteran larvae and/or patterns of postmortem insect succession
are relevant to estimate the interval of arthropod colonization on a corpse [2]. Although
biotic and abiotic factors may affect both decay and insect successional pattern, the entomo-
logical method used to estimate PMI could be applied when corpses colonized by insects
are discovered in both outdoor and indoor environments. Burial is a common method used
by criminals to conceal a corpse, but burial depth and soil hardness are physical barriers
that significantly affect temperature and insect succession [13]. In our study, in which pig
carcasses weighing about 120 kg each were buried at a depth of 60 cm, a layer of about
25 cm was on the top of each carcass exhumed only once (B1-B4). According to our data,
this layer of soil was sufficient to prevent the arrival of arthropods and slow down the
decay rate of carcasses.

The decay rate was therefore different among the carcass left above ground (SC), the
carcass periodically exhumed (BE) and those exhumed only once (B1-B4). No arthropods
were observed on the surface of the pits of carcasses exhumed only once, probably because
the soil compactness at 25-cm depth prevented the spread of odors arising from decaying
remains. It is also possible that anoxic conditions may have developed though high
saturation of the soil by water associated to low evaporation. This hypothesis is supported
by the low temperatures and frequent rains detected during the experimental period and
by the observed adipocere stages.
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Concerning the periodically exhumed carcass, the effects of the disturbance on the pit
surface were the reduced soil compactness and the mixing of the surface with the deeper
soil in contact with the carcass, thus spreading odors, attracting arthropods and increasing
the number of colonizing taxa.

Although the above ground and buried carcasses were set simultaneously in their
positions, a different insect successional pattern was found on the exposed carcass in
comparison to the buried ones. Dipteran species such as C. vicina, C. vomitoria and L.
sericata arrived and bred on both carcasses SC and BE. On carcass SC, Ch. albiceps arrived
but did not breed, and H. dentipes was the only one of its genus breeding on it. Contrary
to what occurred in the carcasses exhumed only once (B1-B4), in carcass BE the larvae,
whose presence signaled breeding activity, belonged to the species F. canicularis, F. lineata,
H. aenescens, H. capensis, H. ignava, Mu. prolapsa and Mu. stabulans. Some colonization
by Tipulomorpha was also found. The highest number of larvae detected belonged to H.
capensis. The presence of H. ignava and other unidentified species of the genus Hydrotaea
was previously reported in buried remains at 30-cm and 60-cm depth [21]. Colonization
by Mu. prolapsa and Mu. stabulans on buried animal remains was also reported [44]. The
relatively low insect diversity on carcass SC in comparison to carcass BE is interesting and
could be related to the different decay rate, but this aspect requires more in-depth studies.
It is interesting to notice that in carcasses exhumed only once (B1-B4) no colonization
by arthropods was detected, not even that due to common forensic indicator species
reported in buried remains, such as Conicera tibialis Schmitz (Diptera: Phoridae) and Me.
scalaris [2,16,21,23,45]. However, these two dipteran species were found at the adult stage
in carcasses SC and BE: Me. scalaris was found in both carcasses, but Co. tibialis only
on BE. The absence of these two species is intriguing: probably the soil texture or some
other factor may be involved, and this point requires further investigation. In Italy, Me.
scalaris was reported as the only species colonizing a human corpse buried in a wooden
coffin at 30-40 cm depth [46]. This species, also reported in pig carcasses buried at 60-cm
depth [21], has medical and forensic interest because it is known to cause myiasis [47].
The species Co. tibialis, commonly known as “coffin fly”, is usually detected in exhumed
human corpses [16,20,48]. In our investigation, this was observed visiting carcass BE but
no larvae were detected. Because the decay of buried carcasses usually occurs at a much
slower rate than air exposed ones [13], dipteran larvae normally associated with the earlier
stages of decomposition were detected later on carcass BE in comparison to carcass SC. It
is also interesting to notice that species considered “thermophilic”, such as Ch. albiceps, L.
caesar and L. sericata [49] were found in carcasses SC and BE in winter months. Moreover,
according to a previous study conducted in Region Calabria, C. vomitoria is a species
abundant in Fagus sp. L. (Fagales: Fagaceae) woodlands and infrequent in rural and urban
areas [50]. However, in our study this species resulted abundant both as adults and larvae,
although the investigation was carried out in a rural area near urban settlements.

Concerning Coleoptera, in carcass BE a higher number of taxa of the family Staphylin-
idae was found in comparison to the other carcasses. The species of this family colonizing
carcasses are characterized by predatory habits towards adults and immature stages of
sarcosaprophagous insects [1,2]. A species that was found on both carcasses SC and BE
is Cr. maxillosus, commonly reported as a carrion colonizer [51-53]. Its role as a forensic
bioindicator of PMI is under evaluation [54]. In Italy, Cr. maxillosus was previously re-
ported on two human bodies found in rural areas in Region Veneto [55] and on another
mummified body found in a woodland area of Northwestern Italy [56].

A possible explanation of the high number of taxa of Staphylinidae on carcass BE,
periodically exhumed and reburied, was the fact that the soil was mixed, becoming more
humid, less compact and carrying attractive odors, thus more suitable for colonization by
hypogean Coleoptera. Moreover, on carcass BE the necrophagous coleopteran D. frischi
and the coleopteran species with necrophilus habits Margarinotus brunneus (Fabricius),
Margarinotus ventralis (Marseul), Saprinus semistriatus (Scriba) (Histeridae), Necrobia ruficollis
(Fabricius) and Necrobia violacea Linnaeus (Cleridae) were found. Among Coleoptera, the
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only species found breeding on BE was D. frischi. Adults and preimaginal stages of this
species were previously detected in Northwestern Italy on the mummified human body
found outdoor in woodlands [56]. In the region of Calabria, preimaginal stages of D. frischi
were previously reported in another mummified human body, found outdoors in a rural
area [57].

The hypothesis that periodical exhumation and reburial of carcass BE has a role in
making soil more suitable to colonization by predator Coleoptera may be supported by the
presence of some adults belonging the family Carabidae, such as Abax sp. Bonelli, Acinopus
sp. Dejean, Ophonus sp. Dejean, Ophonus cribricollis (Dejean) and Trechus quadristriatus
(Schrank), and an adult of the water beetle, Sphaeridium lunatum Fabricius (Coleoptera:
Hydrophilidae), usually found in very humid environments [58].

Concerning the effects of the soil granulometry on arthropod colonization, in a previ-
ous study on a similar soil type a large colonization was detected on pig carcasses buried at
depths of 30 and 60 cm [21]. However, in our study no arthropod colonization was detected
in carcasses B1-B4, exhumed only once, probably because the soil became too compact
due to winter rains and low temperatures. On the contrary, on carcass BE the arthro-
pod colonization was present because of soil reworking during periodical exhumation
and reburial.

Overall, the results show that in our experimental conditions a burial at about 25-cm
depth is sufficient to prevent colonization by sarcosaprophagous taxa. These findings,
obtained for the first time in Italy on pig carcasses, have forensic relevance because they
provide useful data when the depth of burial, the type of soil and the weather conditions
interfere with a correct evaluation of PMI by entomological methods in cases involving
buried corpses. In our experimental conditions, in buried carcasses the delay in the
decay process was affected by the lack of necrophagous insects, in turn affected by the
compactness of the soil. A whole range of factors should be considered when entomological
evidence is used for forensic purposes. The rate of decomposition and the regular sequence
of sarcosaprophagous fauna related to decomposition stages is affected by many factors, in
turn related to the location of the corpse and/or its burial [59].

Our results represent an experimental investigation of the effects of burial on arthro-
pod colonization of corpses, which should be extended to different environments, such
as urban, suburban, and forest ones, and to different seasons, in order to support future
forensic investigations.
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Simple Summary: In the current study, we present the first record of twin-spot centurion fly larvae,
Sargqus bipunctatus (Scopoli, 1763), feeding on a human corpse. The morphology of collected imagines
and larvae of S. bipunctatus was documented, and a standard COI barcode sequence was obtained.
Morphology- and DNA-based methods were used to distinguish the larvae of S. bipunctatus and its
relative, Hermetia illucens (Linnaeus, 1758). The potential of S. bipunctatus for practical applications in
forensic entomology is currently difficult to assess.

Abstract: The only European Stratiomyidae species known for feeding on human corpses was the
black soldier fly Hermetia illucens (Linnaeus, 1758). Analysis of fauna found on a human corpse,
discovered in central Poland, revealed the presence of feeding larvae of another species from this
family: the twin-spot centurion fly Sargus bipunctatus (Scopoli, 1763). The investigated corpse was in
a stage of advanced decomposition. The larvae were mainly observed in the adipocere formed on the
back and lower limbs of the corpse, and in the mixture of litter and lumps of adipocere located under
the corpse. Adult specimens and larvae were identified based on morphological characters, and final
identification was confirmed using DNA barcoding. Implementing a combination of morphological
and molecular methods provided a reliable way for distinguishing the larvae of S. bipunctatus and
H. illucens. The potential of S. bipunctatus for practical applications in forensic entomology is currently
difficult to assess. Wide and reliable use of S. bipunctatus in the practice of forensic entomology
requires further studies of the bionomy of this fly.

Keywords: carrion; larva; first record; barcoding DNA; integrative taxonomy

1. Introduction

The family Stratiomyidae (soldier flies), representing the suborder of Brachycera
Orthorrhapha, includes more than 2600 described species [1]. Large stratiomyiids are often
characterized by their mimicry of wasps or bees (Hymenoptera: Aculeata). Larvae of these
flies are dorso-ventrally flattened, with strongly sclerotized integument. Their cuticle has a
polygonal pattern due to numerous calcareous incrustations. The larvae of the majority of
species live in terrestrial, humid environments, with the exception of a few typically aquatic
species. Terrestrial species usually feed on dead organic matter, e.g., humus, decaying
parts of the plants and fungi, and the faeces of vertebrates and invertebrates. Stratiomyidae
utilize a mode of pupation unique among the Orthorrhapha, pupating inside the cuticle of
the last larval instar [2,3].
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The only species of Stratiomyidae with confirmed forensic importance is the black
soldier fly Hermetia illucens (Linnaeus, 1758). This species, probably native to Central
America, can currently be found in warmer regions around the world. In the northern part
of North America, it reaches the province of Ontario [4]. In Central Europe, it is distributed
from the south up to the Czech Republic [5]. The larvae of H. illucens are polyphagous,
being able to feed on almost any type of decaying plant or animal matter. Since the 1970s,
these larvae have been often used to accelerate the decomposition of organic waste, and
bred as food for poultry, pigs, fish, terrarium animals, or as fishing baits [6]. As a result,
the species is continuously transferred to new territories [4]. Larvae of black soldier fly
have been known to be forensically important since 1915 [7]. They feed on carcasses in a
phase of advanced decomposition, and are active only at temperatures exceeding 20 °C.
At an optimal temperature of 30 °C, the full development cycle from hatch to maturity
takes 43 days [8]. Larvae are also used to estimate the postmortem interval (PMI) in cases
where several weeks have passed since death [9]. However, the use of H. illucens larvae
to determine PMI based on the development approach is quite problematic, due to their
presence on highly decomposed corpses, when the time between death and oviposition
is long and difficult to estimate [9]. Moreover, specimens from different populations of
this species may differ significantly in the rate of development, so that the broad use of
developmental models established for particular populations is not valid [8].

Entomological material collected from a recent case from Poland indicates that H.
illucens is not the only species of Stratiomyidae that can successfully develop on human
corpses. Stratiomyiid larvae were collected feeding on human remains and identified,
using DNA barcoding and morphological characters, to be Sargus bipunctatus (Scopoli,
1763). The trophic relationship of S. bipunctatus with dead organic matter of animal origin
has already been mentioned by Chick [10]. However, this study marks the first record of
larvae of this species feeding on human remains, thereby extending the list of European fly
species potentially important for medico-legal purposes.

2. Case Description

An unidentified human corpse in an advanced stage of decomposition was found
in the City of Lodz (central Poland) on the evening of 21 April 2019, in Jozef Pilsudski
park (51°776278' N, 19°400248’ E). It was located in a small clearing surrounded by dense
vegetation, 10 m from a small open river channel. The body was lying in an anatomical
position on the ground covered with creeping vegetation, mainly blackberry (Rubus L.)
(See Figure 1).

Figure 1. The site of the corpse disclosure, 22 April 2019. Photo—M. Michalski.
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The corpse was dressed in an undershirt and long denim trousers. The head and torso
were almost completely skeletonized. Soft tissues of the upper back and the proximal parts
of the upper limbs were mummified. The lower parts of the back and the tissues of the
lower limbs, covered by denim trousers, had changed to adipocere. Gnaw marks on the
feet phalanges and the presence of faeces indicated the activity of vertebrate scavengers.
Based on the morphological features of the skeleton examined by the forensic physician, it
was initially estimated that the human remains belonged to a woman aged 25-45 years.
During the examination, as well as during the subsequent autopsy, no antemortem injuries
were found. Therefore, it was impossible to establish the circumstances and cause of death.

After the body examination, the remains were taken to the morgue. The entomological
material was collected at the site of their disclosure the next morning. The supplementary
material was collected during the autopsy and subsequent body examination on the
23 April 2019. The collected material was preserved in 75% ethyl alcohol.

Imagines of predatory beetles, from the families Staphylinidae and Histeridae, were
most dominant on the corpse. A few specimens of Omosita spp. (Nitidulidae), Necrobia
violacea Linnaeus, 1758 (Cleridae), Thanatophilus sinuatus (Fabricius, 1775), and Oiceoptoma
thoracicum (Linnaeus, 1758) (Silphidae) were also found. Among the flies, the most abun-
dant were larvae of the Piophilidae family feeding in the adipocere. Numerous larvae and
pupae of Fannia sp. were collected from the folds of the clothes, and a few Muscid larvae be-
longing to the genera Hydrotaea Robineau-Desvoidy, 1830 and Muscina Robineau-Desvoidy;,
1830 were collected from the soft tissue residue. Three empty puparia of Chrysomya albi-
ceps (Wiedemann, 1819), attached to clothing, were the only indicators of the presence of
blow flies.

Several larvae, ~1 cm long, were collected from the folds of the clothes covered with
litter and adipocere formed on the back and lower limbs of the corpse. The specimens,
covered with moist soil mixed with organic matter, were preliminarily identified as larvae of
H. illucens. After cleaning in an ultrasonic cleaner, the surface of the larvae was re-examined
and showed a clear striped pattern, uncharacteristic for H. illucens.

On the 1 October 2019, numerous mature specimens of Sargus bipunctatus were found
in the compost and manure dumping place in the £6dZ Zoo, located approximately 1.1 km
away from the site where the body was discovered (Figure 2). This is likely the primary
origin of S. bipunctatus specimens in the area.

Figure 2. Imago of Sarqus bipunctatus. L6dZz—Zoo, 1 October 2019. Photo—M. Michalski.
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3. Material and Methods

Larval specimens were identified first as the genus Sargus Fabricius, 1798 [=Geosargus
Bezzi, 1907] based on available literature [11], then to the species level based on the keys
provided by Rozkosny [12]. Species-level identification and subsequent photographic
documentation was performed using a Leica M205 FA stereo microscope (Leica Microsys-
tems GmbH, Wetzlar, Germany) with imaging software provided by the manufacturer.
FOCUS Projects 4 Professional software (Franzis Verlag GmbH, Haar, Germany) was used
to perform photo stacking. To confirm species identifications, the barcode region of cy-
tochrome oxidase unit I (COI) was amplified from DNA extracted from three specimens,
and compared to data stored in online repositories. DNA extraction was performed in the
Molecular Laboratory of the Department of Invertebrate Zoology and Hydrobiology at
the University of Lodz, Poland. DNA was extracted from tissue dissected from the anal
segments of the larvae using a GeneMATRIX Tissue DNA Purification Kit (EURx, Gdansk,
Poland), following manufacturer protocol. Dissected tissue was incubated overnight in
lysis buffer with Proteinase K. The 658 bp barcode region of COI was then amplified
for each specimen using a Polymerase Chain Reaction (PCR) and the standard barcode
primer pair, LCO1490/HCO2198 (Biomers.net GmbH, Ulm, Germany, [13]). A PCR was
performed in a final volume of 11 pL reaction mix, containing 5 uL of DreamTaq reaction
Buffer (ThermoFisher Scientific, Waltham, MA, USA), 0.8 uL of LCO1490 primer, 0.8 uL
of HCO2198 primer, 2.4 uL of ultrapure water, and 2 pL. of DNA template. The PCR
conditions consisted of 94 °C for 1 min followed by 5 cycles of 30 s at 94 °C, 1 min 30 s
at 45 °C and 1 min at 72 °C; 36 cycles at 94 °C for 30 s, 51 °C for 1 min 30 s, and 72 °C
for 1 min; with the final extension of 5 min at 72 °C. Amplification success was confirmed
via visualisation using agarose gel electrophoresis. PCR products were purified using a
mix of FastAP (1 U/uL, ThermoFisher Scientific, Waltham, MA, USA) and Exonuclease
I (20 U/uL ThermoFisher Scientific, Waltham, MA, USA). Direct sequencing of the PCR
product with the marker-specific primers was outsourced to Macrogen Europe (Amster-
dam, The Netherlands). The obtained COI sequences were edited and primers removed
using Geneious Pro 11 (Biomatters Ltd., Auckland, New Zealand [14]). From three anal-
ysed specimens, only one DNA extraction was successful, and provided a good quality
sequence (617 bp). The identity of the obtained COI sequence was verified using the
Barcode of Life Data System (BOLD) Identification Engine [15]. As a result, a list of twenty
top matches was obtained with 99.82% similarity, with all sequences belonging to Sargus
bipunctatus (Scopoli, 1763) (BIN URI: BOLD:ACI9008). Nineteen records were collected in
Vancouver, Canada, and one from Frankfurt, Germany. The obtained COI sequence was
then deposited in the BOLD v4 and GenBank online repositories under accession numbers:
BOLD Process ID: DPTPL001-21 (Sample ID: DptPL_Lodz_LA_1); GenBank: MW661345
(dx.doi.org/10.5883/DS-DIPTPL) to make it available for future studies [15,16].

4. Discussion

The twin-spot centurion fly, Sargus bipunctatus (Scopoli, 1763) [=Chrysochroma bipunc-
tatum (Scopoli, 1763); Sargus bipunctatus Costa, 1844], is widespread in Europe and the
northwest of North America [1,11,17]. Single records are also known from the moun-
tainous areas in Iran, Tunisia, and Turkey [1,18-20]. According to Nartshuk [21], it is a
Euro—Caucasian species associated with temperate deciduous forests. The larvae of this
fly feed in terrestrial environments on various substrates, such as decaying plant debris,
compost, and the faeces of vertebrates [11,22-24]. According to Dusek and Rozkosny [25],
larvae can also be found in egg sacs of the Moroccan locust Dociostaurus moroccanus (Thun-
berg, 1815), and Oldroyd [26] recorded larvae in decaying mushrooms of the species,
Cerioporus squamosus (Huds.) Quélet (1886). The variety of substrates from which larvae
of S. bipunctatus has been collected indicates a broad feeding spectrum. Despite this, only
Chick [10] has reported the relationship between larvae of S. bipunctatus and decaying
animal remains. Numerous females of the species were observed on the carcass of a
domestic pig on the 24th day of decomposition. Nineteen days later, larvae were found
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feeding in a mixture of soil, mulch, and the putrefactive liquid exuding from the carcass.
Sukontason et al. [27] recorded single cases of Sargus sp. larvae feeding on human bodies
found in the forests of Thailand from 2000-2006.

Larvae of S. bipunctatus are very distinctive and easy to distinguish from the specimens
of other necrophagous flies by their dorsoventral flattening. The only species possible to
misidentify it with is Hermetia illucens, which belongs to the same family Stratiomyidae.
The geographic distributions of both species overlap [17,28-30] (see Figure 3). Moreover, it
is expected that the northern range of H. illucens will expand through both natural processes
and the unintentional release of mature flies from black soldier fly breeding farms. Larvae
of S. bipunctatus and H. illucens can be easily distinguished based on morphological features
alone. Sargus bipunctatus has a distinct colouration pattern, with six longitudinal stripes
on its abdominal segments, and very short dorsal, dorsolateral, lateral and ventral bristles
(Figure 4).

e Hermetia illucens

® Sargus bipunctatus

Figure 3. Distribution of Hermetia illucens and Sargus bipunctatus in Western Palearctic, based on data
coming from GBIF and iNaturalist.

Figure 4. Third instar larvae of Sargus bipunctatus. (a): upperside, (b): underside and Hermetia illucens,
(c): upperside, (d): underside. Scale bar: 5 mm. Photos—M. Michalski.
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Due to the characteristic morphology of both larvae (Figure 4) and adult forms
(Figure 2), this species is difficult to overlook when observing its food substrate. Despite
this, larvae of this species have not been recorded on the corpses of large vertebrates in
any succession experiments conducted in Central Europe to date [31-36]. As such, the
presence of S. bipunctatus in this case, may only be an incidental colonization of human
remains. At the current time, it is difficult to evaluate the potential of this species in forensic
applications, due to the narrow range of environments included in the studies of insect suc-
cession on carcasses in Central Europe [31-33]. In the discussed case, there is a significant
correlation between the presence of larvae and the stage of advanced decomposition. This
relation indicates that the species could be used for the estimation of postmortem interval,
using a method based on successional patterns rather than development rate.

Imagines of S. bipunctatus are active from July to November, with maximum abun-
dances recorded from September to October [28]. In the analysed case, the presence of
fully developed larvae of S. bipunctatus in spring may indicate that the corpse was in the
advanced decomposition stage during the period of imagines activity, probably in the fall
of the previous year. This hypothesis may also be confirmed by the observed coexistence
of fully grown larvae of Muscidae and empty puparia of Chrysomya albiceps [35]. More
detailed conclusions are not currently possible due to the lack of precise data on the devel-
opment of S. bipunctatus. Access to such information is a crucial issue for the practical use
of forensic entomology [37]. Based on the well-planned field and laboratory experiments,
even relatively rare insects may be considered highly important for medico-legal purposes.
A good example is the beetle, Necrodes littoralis (Linnaeus, 1758), included in the red lists of
threatened animals in Central European countries [38,39]. Analysis of specimens collected
in real cases and during insect succession studies has shown its frequent presence on large
vertebrate carrion, including human corpses [33,40]. Such knowledge stimulated extensive
studies of N. littoralis development, conducted under laboratory conditions [41,42]. Finally,
the presence of immature stages of this beetle was used for the estimation of the time
of death [43,44]. We hope that this model path from the laboratory studies to casework
will be, at least partly, successfully replicated for S. bipunctatus. Further studies of this
species should have a precise forensic profile and cover field studies of environmental pref-
erences, preferred food sources and habitats, role in necrophagous insect community, and
activity period during successional changes of carrion, as well as laboratory experiments
concerning thermal requirements during the development of immature life stages.
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Simple Summary: Forensic entomologists are most often tasked with determining when arthropods
colonized living or deceased vertebrates. In most cases, this estimation involves humans; however,
pets, livestock, and other domesticated animals can also be illegally killed or victims of neglect.
Globally, there is no standard format for the case report, and much of the content is based on the
personal preferences of the analyst or standards set within a country. The article below proposes a
general overview of sections to be considered when drafting a case report.

Abstract: Forensic practitioners analyzing entomological evidence are faced with numerous chal-
lenges when presenting their findings to law practitioners, particularly in terms of terminology
used to describe insect age, what this means for colonization time of remains, and the limitations
to estimates made. Due to varying legal requirements in different countries, there is no standard
format for the entomological case report prepared, nor any guidelines as to the sections that are
required, optional or unnecessary in a case report. The authors herein propose sections that should
be considered when drafting an entomological case report. The criteria under which entomological
evidence is analyzed are discussed, as well as the limitations for each criterion. The concept of a
global, standardized entomological case report is impossible to achieve due to national legislative
differences, but the authors here propose a basic template which can be adapted and changed accord-
ing to the needs of the practitioner. Furthermore, while the discussion is fairly detailed, capturing all
differences between nations could not be accomplished, and those initiating casework for the first
time are encouraged to engage other practicing forensic entomologists or professional associations
within their own nation or region, to ensure a complete report is generated that meets lab or national
requirements, prior to generating a finalized report.

Keywords: Calliphoridae; legislation; expert witness statement; criteria; limitations

1. Introduction

In the last ~20 years, developments in the field of forensic entomology have progressed
greatly and at pace. These increased research efforts and applications have resulted in over
1100 research and review articles, and books, published since 2000 [1]. Despite the vast
number of references available, one of the many challenges faced in allowing entomological
evidence to be admitted into court is an understanding of what exactly forensic entomology
entails, what information the arthropod evidence can provide, and the application of such
information to the case at hand, in addition to meeting standards for a given legal system,
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such as the Daubert standard of admissibility in the USA [2] and ISO 17025 (predominantly
in the European Union) [3]. Of course, such standards vary between legal systems.

Due to such standards being in place in most parts of the world, efforts have been
aimed at developing specific guidelines for forensic entomology. Accreditation standards,
such as those implemented by the European Association for Forensic Entomology (EAFE)
for the sampling and evaluation of entomological traces, and the certification of ento-
mological experts by the American Board of Forensic Entomology (ABFE), as well as
the accreditation of laboratories (such as the Forensics Sciences Laboratory of the French
Gendarmerie and the laboratory of the Belgium Institut National de Criminalistique et
Criminologie) [4], have allowed for entomological evidence to be admitted into courts and
analyzed as part of the legal proceedings. Similar standards are being developed in the
USA by the Organization of Scientific Area Committees for Forensic Science (OSAC) [5],
-Crime Scene Investigation Subcommittee, Forensic Entomology Task Group (Tomberlin,
personal communication).

Forensic entomologists are often tasked with determining “how long the victim has
been dead” by law enforcement and other officials [6], and may provide a written report (or
expert witness statement), detailing an estimated time frame since insects first colonized
the remains, and also present expert testimony in Court. The purpose of this article
is to provide guidance for the preparation of an entomological case report and clarify
its interpretation, with an outline of criteria, terminology, limitations/restrictions and
applications of medicolegal forensic entomology, for use by both students new to the field,
as well as investigators and legal counsel for clarity in a court of law. This work may also
aid seasoned practitioners to improve the presentation of their findings and pave the way
for a universal minimum standard in entomological case reports worldwide, adapted to
suit relevant legal circumstances. However, it should be noted that such recommendations
will vary in terms of their applicability depending on the location and agency involved in
the investigation.

2. Criteria and Limitations

The overarching principle of forensic entomology is based on the arrival of insects
to remains shortly after death, whereafter eggs or larvae are deposited. Larvae develop
on the remains, and the age of the oldest developmental stages can be determined when
the remains are discovered [6]. Assuming no disturbance, and ideal conditions, the age
of the oldest developmental stages is determined to be close to the interval since time
of death, termed the minimum post-mortem interval (minPMI). However, there are a
number of factors which can cause deviation from ideal conditions, and thus affect the age
determination. The role of the author of a forensic entomology report is to identify the
factors present in each case, evaluate their weight and influence, and explain their impact
on the minPMI estimation.

Due to the ectothermic nature of insects, much of their physiology, ecology, and behav-
ior has been documented in relation to environmental conditions, especially temperature,
but also including humidity, light intensity and wind. Insects inhabiting carrion, which in-
clude mainly flies (Diptera: e.g., the families Calliphoridae, Fanniidae, Muscidae, Phoridae,
Piophilidae, Sarcophagidae, Stratiomyidae, and Syrphidae) and beetles (Coleoptera: e.g.,
the families Carabidae, Cleridae, Dermestidae, Histeridae, Silphidae and Staphylinidae),
have been extensively studied and various criteria have been set forth to evaluate their
development and succession on remains for a forensic report. The author of a forensic
report should never assume (i.e., accept as being true without proof) anything; nevertheless,
there are certain criteria related to insect biology which have support from scientific study
and can act as guides to an analysis of insect evidence, unless there is compelling evidence
to the contrary. Some of the basic criteria used by forensic practitioners, as well as their
limitations, are listed below [6]:

142



Insects 2021, 12, 283

Environmental weather records in the area reflect those at the body, and thus directly
affect the development of the arthropods present:

The consideration of temperature is fundamental in estimating the age of insects [7,8].
The microclimates in which insects develop at a scene can potentially vary greatly from
the temperatures provided by a nearby environmental monitor (e.g., national weather
station). Regardless of the debate among scientists as to whether the temperatures
to which the developing insects were exposed should be taken one-to-one from that
monitor or modelled site-specifically, practitioners should clearly state which method
of estimating temperature was used, e.g., whether it was nearby weather station data,
scene temperature logger data, or some form of regression analysis based on these
two sets of data. Challenges exist with each method, and there are numerous factors
that may affect the developmental patterns within the parameters of the influence of
temperature [9].

Published developmental datasets based on laboratory studies accurately reflect
developmental patterns in the nature of the insect evidence collected:

The vast majority of published and accepted insect developmental datasets have been
derived under laboratory conditions. These conditions usually applied a range of tem-
perature profiles (constant or with daily variations), controlled humidity and specified
light: dark cycles. When developing in a natural environment, none of the above-
mentioned factors are controlled, and can affect development accordingly [10-12].
Temperature cycles fluctuate greatly, both daily and seasonally [13], humidity is de-
pendent on a number of factors, including season and precipitation, and light: dark
cycles are highly dependent on season and region (not to mention possible artificial
lighting conditions). Although some field studies have validated laboratory data [14],
the general assumption that developmental patterns observed in the laboratory are
reflected in natural environments may result in an under- or overestimate of larval
developmental patterns. More validation studies between laboratory and field de-
velopmental data are needed, in pursuit of increasing the accuracy and precision of
entomological estimates, as well as their reliability;

Colonization occurred after death (i.e., no myiasis):

In certain situations, oviposition or larviposition may occur before death, for example,
when the decedent has open and possibly necrotic wounds such as decubitus ulcers
(bed sores). Myiasis is the colonization of a living vertebrate host by fly larvae [15],
and if the victim is not discovered until after death, it may not be known whether
the colonization occurred before or after death [16,17]. While this could lead to an
overestimation of time since death if not considered, it could also provide new leads
for the investigation, e.g., in cases of suspected neglect, where demonstration of
ante-mortem myiasis can be crucial evidence [18].

Specimens collected and analyzed developed on the body of the victim:
Contamination of insect evidence can occur from other organisms that are deceased
and within close proximity of the remains under scrutiny. For example, in an outdoor
case, empty puparia in soil samples from a crime scene could originate from flies that
had developed on a dead animal in the immediate vicinity at an earlier time.
Carrion-colonizing Diptera are diurnal and do not usually oviposit at night:
Nocturnal oviposition is very rare and is thus usually excluded from analyses. Histor-
ically, it was assumed that oviposition only occurs during the day and, thus, hours of
darkness were not considered when estimating the minPMI based on calculating the
time of oviposition [19-21].

Carrion-colonizing insects (specifically Diptera and Coleoptera) have free access to
the body:

Oviposition or larviposition on the deceased occurs shortly after death without
hindrance (physical and/or temporal/seasonal). However, in medico-legal cases
where entomological evidence is to be obtained, a decedent may be concealed in order
to prevent law enforcement from finding the body. This concealment may include
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burial, wrapping or disposal in bodies of water. In such instances, carrion-colonizing
arthropods are limited in their access to the remains, often only gaining access after
the remains have been discovered or exposed by the elements or by scavengers. In
such instances particularly, the entomological evidence obtained provides details
regarding the period of environmental exposure, provided the remains have always
been in the conditions of their discovery, but cannot provide more specific information
regarding a time frame of the decedents’ death.

7. Faunal succession patterns on, in and under the body can be used in estimating
colonization intervals:
While faunal succession patterns are somewhat predictable [22], they are seasonally
and environmentally-dependent, and depend largely on the faunal species present
in an area [23,24]. However, precise estimates of exact species present and their
arrival patterns at remains cannot be determined without conducting field trials
in many different environments, and creating a database of these findings, which
is an unrealistic task and not necessarily reproducible outside of an experimental
framework. Producing an entomological estimate based solely on faunal succession
patterns is not likely to be robust and will have large confidence intervals. In most
cases, faunal data are presented in terms of overlapping time frames, from which a
minPMI can then be estimated [25-28]. In some instances, species level data can be
used to interpret successional data; however, such cases are rare [29].

While the above criteria and limitations are broadly applicable to most cases, it must be
noted that each case containing entomological evidence is unique and should be analyzed
accordingly—there is no “one size fits all” approach.

3. Use of Terminology

There have been some disputes in recent years regarding the terminology used by
forensic practitioners concerning entomological evidence [30]. Historically, entomological
evidence was used to estimate the postmortem interval [31,32]. This term implies that the
time of death of the decedent could be accurately estimated using arthropods present but
this does not consider that there may be a delay in colonization for many different reasons,
e.g., in an enclosure without insect access, such as a car trunk or locked room. All such
issues would affect access to the remains by arthropods.

A myriad of alternative terms has been introduced to describe the activity of arthro-
pods on remains. In some manner or another, each term that is used describes the time since
arthropods have colonized the remains. The terms include: minPMI; post-colonization
interval (PCI); and time of colonization (TOC) [33,34].

Irrespective of the terminology selected by the practitioner, it is critical that the reader
understands what the term used in the report is referring to and what it means; namely, a
period of time which has passed at least since the occurrence of death. The clarification
of terms is important for interpretation of the report by individuals without entomologi-
cal/scientific training, such as law practitioners or judges/jurors.

4. Insect Identification and Reliability of Keys

Numerous dichotomous and pictographic keys exist for the identification of arthro-
pods based on physical characteristics. These keys are still the most frequently used means
of identification for both immature and adult specimens of forensic importance. In many
instances, samples may be received by the practitioner that have been damaged or are
missing body parts. In such situations, the use of a dichotomous or pictographic key may
not be the best avenue, as these keys reference specific body regions. Resources such as
Lucidcentral [35] allow for the identification of specimens that are missing aspects critical
for identification, as the data are arranged in a spreadsheet rather than a dichotomous key
format. Additionally, voucher specimens from museums may also be used for comparison
and identification.

144



Insects 2021, 12, 283

With the advent of molecular identification techniques, such as DNA barcoding,
arthropod identification, especially that of insect fragments, has become easier [36—40].
However, despite the vast number of researchers using databases such as GenBank, errors
in gene sequences still exist, and are being continuously detected and corrected. One of the
most important benefits of using techniques such as DNA for identification is the accurate
differentiation of morphologically and behaviorally similar species (provided that the cor-
responding developmental data set are available), such as Lucilia cuprina (Wiedemann) and
L. sericata (Meigen) [41], or Hemilucilia segmentaria (Fabricius) and H. semidiaphana (Rondani)
(all Diptera: Calliphoridae) [37]. While these species are behaviorally and morphologically
similar, they differ in their developmental patterns, so accurate identification is important
to provide a reliable estimate of colonization periods [42].

Whichever method of identification is used by the practitioner to identify specimens
must be mentioned in the report.

5. Recommended Sections and Explanations for an Entomological Case Report

The following proposed sections for an entomological case report have been adapted
and extended from those proposed in the Standard Operating Protocol for medico-criminal
case reports by the American Board of Forensic Entomology in 2009 (see Table 1 for
template/summary).

1. Title indicating the contents of the report:

e  This should include a case number or legal system reference if applicable, as well
as an indication that the report is of an entomological nature.

2. Analyst/practitioner contact information (including location):

e  This should include a working postal or email address and contact telephone
number. The practitioner’s title and affiliation should be included.

3. Contact information of investigating officer or law practitioner (i.e., the person re-
questing the report):

e Again, a working postal or email address and contact telephone number, plus
title and affiliation of contact person included.

4. Instructions received:

e  This section should include a brief note on when and how the practitioner was
contacted and a precise description of what was being asked of them by the
investigating officer or other person requesting evidentiary analysis.

5. Case information (summary based on case file):

e  The purpose of this section is not to restate the entirety of the case file; rather,
a brief summary of the biographic details of the case (date, time, location) and
details pertinent to the victim(s) and entomological evidence.

6. Summary of insect evidence received, including at least a description of different
developmental stages:

e  Many practitioners relabel evidence once received, based on their own prefer-
ences or the labeling system of their laboratory. Both the original evidence details
and the renamed details should be included here, to cover the bases for chain of
custody:.

e If vials containing evidence are split or repackaged for any reason, this should be
indicated, with a reasonable explanation as to the reasoning behind repackaging
(e.g., to change or add preservative). Vials that have been split into multiple
sections must be relabeled, and new labels names indicated as well. This should
follow chain of custody protocols as dictated by the regulating authority of the
country.

e  For preserved evidence, the time of collection and time of preservation should
be included.
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10.

11.

12.

If used, the preservation medium used by the practitioner should be indicated—
often law enforcement officials do not have the necessary chemicals for preser-
vation available at a collection scene and will use any suitable substance that
is readily available (e.g., gin, vodka). Evidence is then analyzed and replaced
into vials with a more standard ethanol preservative (the concentration of which
must be indicated).

If live samples were provided, a detailed timeline of collection and transportation
should be provided. This includes storage conditions (e.g., in coolers), if oxygen
supply was limited in a sealed container, as well as dietary medium provided
during transport. If samples were further reared once reaching the practitioner,
rearing details (e.g., temperature, food supplied) should also be provided.

This would also be an appropriate section to indicate any external factors that
may have affected insect colonization and development on the remains (such as
concealment, found in a closed room /building with no open windows, thermo-
stat on/off at constant temperature, as well as whether specimens had, at any
point, faced refrigeration at a mortuary).

Environmental conditions obtained from weather stations:

Since weather stations are not always conveniently located near crime scenes,
it is advisable to use the most relevant climatic data available, from a certified
meteorological organization, such as the national meteorological institution of
your jurisdiction/country, and also indicate if data loggers placed at the scene
after body discovery have been used to reconstruct scene data.

The weather conditions at the time of insect collection should also be included if
they were provided by the investigating officer.

Identification of species and biological background:

A brief background of the species identified should be presented, including
geographic range and life cycle.

Suitable references that have been used in the analysis should also be included
here. These should include references to the identification keys, voucher speci-
mens and molecular techniques used for identification and comparison;

If a large number of specimens were provided, and only a subset analyzed, the
criteria for subset selection should be mentioned.

Estimation of insect age:

This section, the bulk of the report, should be a brief summary of the estimation
of the age of insect evidence based on temperature. This section should be broken
down by species identified.

Case summary (including date range of colonization if applicable):

This section should highlight the most important findings and/or date range of
colonization if applicable.

There are a number of ways this could be presented; it may be helpful to separate
date ranges by species, with a conclusive statement encompassing the chosen
range.

Criteria/caveats:

There is a long list of criteria as stated above. It should not be necessary to
include all of these, but definitely those most pertinent to the specific case. These
can also be included wherever relevant throughout the report, rather than as a
separate section.

Declaration:

This should be based on the requirements of the legal system into which the
report is submitted, which can vary greatly, and include a statement indicating
that analyses were performed based on currently available information and,
should more information become available, the findings are subject to change.
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13.

14.

15.

16.

Signature:

e  The report should be signed in accordance with the local requirements for docu-
ments of legal value.

Accreditation statement (if available):

e  Alist of professional qualifications of the author can be included here, including
professional qualifications and the number of cases worked. This section may be

omitted where national legislature does not require it, or where pre-accredited
lists exist which include such information.

Reference list:

e C(itations identified in the report should be provided. These citations support the
approaches, interpretation, and conclusions made in the report (see discussion
below).

Supplementary documentation (if required):

e  Chain of custody documents (courier receipts etc.) if available.
e Developmental data sets and calculations (upon request).
e Tabulated weather data (upon request).

Table 1. Proposed template for a forensic entomological report, with summary of content.

Proposed Report Section

Summary and/or Example of Content

Title indicating the contents of the report

e.g., “Estimation of post-mortem interval based on evaluation of
entomological evidence.” File/case number as provided by law
enforcement official, as well as location.

Analyst/practitioner contact information (including location)

Practitioner name, contact details (postal address, email address,
telephone number), institutional affiliation.

Requested by

Officer /analyst/judge.

Instructions received

e.g., “Request for an estimate of post-mortem interval from
entomological evidence collected from remains of
(decedent/case number) on (date) at (location)”.

Person contacting practitioner, date contacted, evidence

Case information (summary based on case file) received, location of discovery, scene description (e.g., indoors,

sealed room, thermostat reading (if applicable)).

e.g., “500 larval specimens preserved in (preservation

Summary of insect evidence received, e.g., including taxa, medium)—rough estimates can also be provided, e.g., 3 adult

numbers received

specimens (preserved), 25 live larval specimens on (rearing
medium)”.

Local weather data for a relevant period—including an

Environmental conditions obtained from weather stations indication of where weather data were obtained from (e.g.,

national meteorological weather station, website, access date).

Identification techniques, distribution of species, number of

Background of species identified and analysis of evidence specimens analyzed, techniques used to age the insects based

on their stage of development and environmental conditions.

Estimation of insect age

Estimation of age of insect evidence based on temperature,
broken down by species.

Case summary (including date range of colonization if

applicable)

If more than one species was identified, multiple date ranges
should be presented with the broadest range of overlap
presented.

Criteria/caveats: these can be omitted as a separate section

and included where they apply

Caveats need to be stated when applicable to the case
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Table 1. Cont.

Proposed Report Section

Summary and/or Example of Content

e.g., “Practitioner reserves the right to change the document as
new information becomes available; report may only be

Declarati o :
eclaration reproduced in its entirety; the contents of the report are true and
accurate”.
Signature Full signature at the end of report.
e.g., “Member—American Board of Forensic Entomology”, as
Accreditation statement (if available) well as professional qualifications as applicable, and

membership to local certification bodies.

Reference list (¥)

Developmental datasets/voucher specimens used for
comparison and identification.

Chain of custody documentation; summary of weather data;

Supplementary documentation (if required *) documented analysis (e.g., for insect aging methods); summary

of entomological terms; professional qualifications.

* does not necessarily need to be provided with the report, but a statement of availability on request is then necessary.

6. References and Citations Selected

References included in the case report should reflect the locality of the entomological
evidence as far as possible, as well as being relevant to the species identified. Key aspects
to consider when compiling/utilizing references include:

1. Locality:
Where applicable, the datasets used should be based on insect populations as close
to where the evidence was collected as possible. In cases where no local datasets are
available, the practitioner should include a statement indicating that local data were
not available. It must be noted, however, that developmental patterns by geographic
separation may not always differ, and, in some cases, are comparable irrespective of
location [34,43].
2. Species specificity:

Where available, datasets pertaining to the actual species identified should be used.
When this is not possible, it is preferable to exclude these species from analysis rather
than use a dataset for a closely related species. However, the exclusion of such data is
at the discretion of the practitioner, provided they maintain transparency regarding
their findings, as sometimes it might be better to guide an investigation with a much
more general conclusion based on data from a related species, suitably qualified with
regard to accuracy, than to provide no conclusion. In such cases, the practitioner
may refer to a generalized larval life cycle of the organisms concerned, or datasets
for closely related species, to indicate a possible time of colonization estimate based
on prevailing conditions. Irrespective of which sources a practitioner opts to utilize,
these sources should be cited and the data should be accessible to any individual who
is to read /analyze the submitted report.

7. Application and Conclusions

The goal of any entomological report is a reliable estimate of the TOC, which some
interpret as a minPMI, of vertebrate remains by arthropods in cases where such events
occurred after death. The report should be written and constructed in such a way that it is
understood by individuals regardless of their level of scientific training. The report should
be grounded in scientific principles and expertise, but not so saturated with scientific jargon
that non-scientists struggle to understand or interpret the report. We acknowledge that an
entomological report is not a scientifically peer-reviewed paper, but it should be prepared
to the same high standards and, in order to meet legal standards (such as the Daubert
standard in the USA, and ISO 17025), a significant element of scientific expertise is required.
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Quality assurance in entomological reports is of the highest importance, and fact-based
evidence will be critical. However, it is acknowledged that every report will also contain
opinion-based evidence, based on the knowledge and experience of the person compiling
the report, and the judge presiding over the case will need to acknowledge that each case
is unique and will need to be considered, in some aspects, independently of other case
reports and studies [4].

As indicated by the title of this communication, the points expressed above are
recommended contents and points for consideration when compiling an entomological
report for any legal purposes, including investigations of death, neglect, or stored product
scenarios. As forensic practitioners, we understand that standards and legislation differ by
country, and some sections may need to be revised to deviate slightly from those discussed,
or the order of topics restructured to reflect the specific needs of the investigating officer or
person requesting the report for its intended purpose (for example, not all entomological
reports go to court). Without a global standard of legislature, the implementation of a
standard entomological report may not be possible, but, at the very least, we hope this
manuscript can provide a framework which entomological practitioners in any area can
modify to develop a standardized report that is accepted by the respective jurisdiction in
which the report is to be presented.
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Simple Summary: Insects are frequently attracted to animal and human cadavers, usually in large
numbers. The practice of forensic entomology can utilize information regarding the identity and
characteristics of insect assemblages on dead organisms to determine the time elapsed since death
occurred. However, for insects to be used for forensic applications it is essential that species are
identified correctly. Imprecise identification not only affects the forensic utility of insects but also
results in an incomplete image of necrophagous entomofauna in general. The present state of
knowledge on morphological diversity and taxonomy of necrophagous insects is still incomplete
and identification of immature and female forms can be extremely difficult. In this study, we utilized
molecular identification methods to link conspecific sexes and developmental stages of forensically
important flies. We identified larvae and females of flies collected from animal and human cadavers
which otherwise were morphologically unidentifiable. The present study fills a gap in taxonomy of
flies and provides data facilitating application of new species as forensic indicators.

Abstract: Application of available keys to European Fanniidae did not facilitate unequivocal species
identification for third instar larvae and females of Fannia Robineau-Desvoidy, 1830 collected during
a study of arthropod succession on pig carrion. To link these samples to known species, we took the
advantage of molecular identification methods and compared newly obtained cytochrome oxidase
subunit I (COI) barcode sequences against sequences deposited in reference databases. As an outcome
of the results obtained, we describe for the first time a third instar larva of Fannia nigra Malloch, 1910
and Fannia pallitibia (Rondani, 1866) and a female of Fannia collini d’Assis-Fonseca, 1966. We provide
combinations of characters allowing for discrimination of described insects from other Fanniidae. We
provide an update for the key by Rozkosny et al. 1997, which allows differentiation between females
of F. collini and other species of Fanniidae. Additionally, we provide a case of a human cadaver
discovered in Southern Poland and insect fauna associated with it as the first report of F. nigra larvae
developing on a human body.

Keywords: Fanniidae; larval morphology; forensic entomology; human cadaver

1. Introduction

Fanniidae is one of the dipteran families that are attracted to and develop in decom-
posing animal carrion and human bodies [1-5]. Fanniids can be found at various stages
of decomposition and are also known for their ability to exploit both buried remains [6,7]

153



Insects 2021, 12, 381

and those restricted to indoor conditions [8,9]. Under certain circumstances, species of
Fanniidae may be utilized as forensic indicators [4,5,8,9]. However, the broad application
of Fanniidae for medico-legal purposes is inhibited by the general difficulty of species iden-
tification in this family [10] and the absence of information linking females and immature
stages to the more rigorously studied adult males.

In many species the linkage of conspecific males and females is hindered by sexual
dimorphism, especially differences in coloration and leg ornamentation between males and
females of the same species. Morphological characters that are diagnostic in males, such
as the body color, specific structures on legs and genital structures, frequently vary or are
uninformative for the identification of females. Further complicating the identification of
female fanniids are two issues; firstly, that some species are described only from males, and
secondly females of closely related fanniids (when described) are frequently discriminated
based only on a few vague characters, such as minor differences in body coloration or the
number or size of fine setae. This is of particular detriment to the forensic utility of fanniids
as the majority of adult specimens collected from carrion succession experiments or crime
scene are females [1,2,4], and therefore in some cases the adult females are impossible to
identify based on morphology alone.

The differentiation of larvae and puparia of Fanniidae from other forensically relevant
dipteran families is relatively straightforward due to the characteristic dorso-ventrally
flattened body, thoracic and abdominal segments equipped with fleshy projections and
posterior spiracles raised on stalks. The pattern of fleshy processes on thoracic and abdom-
inal segments is often species-specific [11,12]. However, morphological interpretations of
some character states vary between various authors and require revision, without which ac-
curate discrimination between closely related species will be challenging [13]. Furthermore,
immature stages have only been described for several species attracted to carrion and dead
bodies, and therefore it is likely that there is much morphological diversity among larvae
yet to be discovered.

Animal carrion and dead human bodies have been observed to attract more than 50 species
of fanniids worldwide [1-3,14-16], with 15 species confirmed as developing on cadav-
ers [3,4,16-25]. However, due to taxonomic issues and difficulties in obtaining accurate
species identifications, most studies refer only to a few common species of Fannia Robineau-
Desvoidy, 1830 (e.g., Fannia canicularis (Linnaeus, 1761), Fannia manicata (Meigen, 1826),
Fannia pusio (Wiedemann, 1830) and Fannia scalaris (Fabricius, 1794)) [23,26]. The over-
representation of these species in the literature provides an incomplete representation of
carrion entomofauna, which falsely implies that the most frequent and numerous elements
of carrion fanniid assemblages are the commonly identified species mentioned above.

During a study on insect succession on pig carrion, we found two distinct types
of third instar larvae, hereafter Fannia sp. 1 and Fannia sp. 2, and females, hereafter
Fannia sp. 3, which were not morphologically linked to the commonly encountered carrion-
breeding species of Fannia [11,12,27,28]. These unidentified Fannia spp. outnumbered
many other necrophagous species [16]. Furthermore, several specimens corresponding
with Fannia sp. 1 have also been collected from a dead human body in Southern Poland as
part of a forensic investigation.

Based on these findings, we hypothesized: (1) Fannia sp. 1 and Fannia sp. 2 represent
two species which are not known from third instar larvae, (2) Fannia sp. 3 represents
a species unknown from the female sex and (3) either Fannia sp. 1 or Fannia sp. 2 is
conspecific with Fannia sp. 3. To validate our hypotheses and assist in identifying unknown
Fannia spp. we utilized DNA barcoding. First, we obtained cytochrome oxidase subunit I
(COI) barcode sequences, and secondly we compared those against sequences deposited in
reference databases.
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2. Materials and Methods
2.1. Sampling

Materials for this study were collected during a field study of arthropod succession on
pig carrion, conducted in Central Poland and from a human cadaver discovered in Southern
Poland. The carrion succession experiment was carried out in spring, summer and autumn
of 2012 and 2013. Four carcasses were used in every study season (24 pig carcasses total).
Comprehensive description of the experimental design and field protocol of the carrion suc-
cession experiment can be found in Jarmusz & Bajerlein 2019 and Jarmusz et al. 2020 [16,29].
Insects have been identified using the keys of Rozkosny et al. [27] and Chillcott [28] for
immature stages. For morphological examination, larvae were cleaned with a fine brush
and anterior body parts were slide mounted in Hoyer’s medium, using concave slides.
Images were taken with a Leica DFC450 C digital camera mounted on a Leica DM2500 LED
microscope (Leica Camera AG, Germany). Terminology follows Courtney et al. [30] for the
general morphology. For family-specific structures, particularly for the processes covering
body segments, we are following Lyneborg [12] and Grzywacz et al. [20]. Voucher speci-
mens have been deposited in the collection of the Department of Ecology and Biogeography,
Nicolaus Copernicus University in Torun.

2.2. DNA Extraction, Amplification and Sequencing

Total genomic DNA was isolated from thoracic muscles in females and thoracic and
abdominal tissues in larvae using a DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA,
USA) following the manufacturer’s protocol. Isolated DNA was quantified with a Qubit
3.0 fluorometer using dsDNA High Sensitivity Assay Kit (Life Technologies, Inc., Carlsbad,
CA, USA) following the manufacturer’s instructions. To obtain the COI barcode region, we
used the primers TY-J-1460 and C1-N-2191 [31,32]. We performed a standard 25-ul PCR for
each sample using 1 x PCR buffer, 0.2 mM dNTPs, 0.2 uM of each primer, 2 mM MgCl,,
1 U of Tag DNA polymerase (Qiagen) and 1-2 uL of the DNA template. The PCR cycles
were as follows: 94 °C for 2 min, 30 cycles 94 °C for 30 s, 50 °C for 30 s and 70 °C for 45 s,
followed by a final extension at 70 °C for 10 min.

The PCR products were electrophoresed in a 1% agarose gel, stained with GelRed
(Biotium, Darmstadt, Germany) and photographed with a gel documentation system.
For sequencing, we only used samples without obvious polymorphisms (multiple bands
from a single PCR product). The PCR products were purified with AMPure XP (Beckman
Coulter, Carlsbad, CA, USA) (1 x ratio of beads to sample volume). Purified products
were re-suspended in TE buffer and the DNA yield was measured using a Qubit 3.0
fluorometer and 2100 Bioanalyzer with the High Sensitivity DNA Analysis kit. Cycle
sequencing reactions were carried out using the PCR product (5-20 ng/uL of template
DNA) and fluorescent Big Dye terminators (Applied Biosystems, San Francisco, CA, USA).
Final products of sequencing were resolved using an automated DNA sequencer at the
Laboratory of Molecular Biology Techniques, UAM (Poznar, Poland). Both forward and
reverse strands were edited and then assembled using SeqMan II ver. 4.0 (DNASTAR,
Lasergene, Madison, WI, USA).

2.3. Sequence Alignment and Data Analysis

Obtained sequences were identified by comparison to sequences available in the
NCBI database (National Center for Biotechnology Information, Bethesda, MD, USA)
using the Basic Local Alignment Search Tool (BLAST) and BOLD v4 (Barcode of Life Data
Systems) using BOLD Identification System [33]. All COI barcode sequences available
for Fannia, including library of COI reference sequences available for forensically relevant
Fanniidae [10], have been downloaded from BOLD database and supplemented with newly
obtained data. DNA sequences were aligned using MAFFT v7 [34] and visually inspected
and trimmed to a 658-bp long barcode fragment in Seaview 4.4.0 [35]. For the graphical
presentation of our data, we performed Neighbor Joining (NJ) phylogenetic analysis using
the pairwise distance with 1000 bootstrap replications. We pruned from the NJ analysis
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sequences not assigned to species and when multiple sequences were available for a species,
we used up to 20 randomly selected sequences.

3. Case Report

On 14th October 2016, at noon, the corpse of a woman was discovered in a forest near
the DK86 road in Southern Poland. The body was in a state of active decomposition except
the head, where signs of advanced decomposition were observed. The body was naked, and
clothes were scattered around it. No signs of unnatural death were observed. The deceased
was schizophrenic, in the last period of her life she stopped taking medications and showed
psychotic symptoms. According to the findings of the investigation, the woman was last
seen alive on 10th September. Entomological material was collected during the inspection of
the crime scene. Larvae and pupae of Diptera were immediately preserved in 96% ethanol.
Entomological material was identified according to keys of Szpila [36], Fremdt et al. [37],
Martin-Vega et al. [38] and Rozko$ny et al. [27]. Preimaginal stages of the following species
were recorded: third instar larvae of Calliphora vomitoria (Linnaeus, 1758), third instar larvae
and pupae of Chrysomya albiceps (Wiedemann, 1819), third instar larvae of Fannia sp. 1 and
third instar larvae of Stearibia nigriceps (Meigen, 1826). The oldest developmental stages
noticed on the corpses were pupae of the Ch. albiceps. However, the temperatures in the
area of the crime scene between when the deceased was last seen alive and the discovery
of the corpse, were low (average 11.1 °C) and close to or below the lower developmental
threshold reported for this species [39,40]. Using thermal data provided by a prosecutor, we
estimated that the minimum time necessary for pupariation of Ch. albiceps was considerably
longer than the time the deceased person was missing. Analysis of the C. vomitoria larvae
gave minimum PMI of 17-18 days before the body was found, before 28th September
2016. The investigation was legally discontinued, as no evidence was found that indicated
criminal activity had contributed to the woman’s death.

4. Results
4.1. Molecular Data and Identification

We successfully amplified the full 658bp COI barcode sequence for two specimens
of Fannia sp. 1, and two specimens of Fannia sp. 3. Due to poor quality material, it was
only possible to amplify a short 311 bp fragment for Fannia sp. 2. All sequences can be ac-
cessed in GenBank through the following accession numbers: MW670438 (Fannia_sp_1_1),
MW670439 (Fannia_sp_1_2), MW670440 (Fannia_sp_2), MW670441 (Fannia_sp_3_1) and
MW670442 (Fannia_sp_3_2). The newly sequenced COI barcodes were then supplemented
with additional 4421 COI barcode sequences, representing 67 Fannia species, retrieved from
the online databases BOLD. Among those sequences 114 have not been assigned to species
or recognized as uncertain identifications.

Comparison of COI barcodes for Fannia sp. 1, sp. 2 and sp. 3 with COI data deposited
in BOLD and GenBank, enabled identification of these unknown specimens. Sequences
obtained for Fannia sp. 1 (Fannia_sp_1_1 and Fannia_sp_1_2) were identified as Fannia nigra
Malloch, 1910, based on 100% similarity with sequences provided from a male (KY511202)
and a female (KY511203) of F. nigra by Grzywacz et al. [10].

Sequences obtained for Fannia sp. 3 (Fannia_sp_3_1 and Fannia_sp_3_2) were identified
as Fannia collini d”Assis-Fonseca, 1966, based on 99.85% similarity with sequences obtained
from male specimens (KY511166, KY511167, KY511168) of E. collini by Grzywacz et al. [10].

The sequence obtained for Fannia sp. 2 (Fannia_sp_2) was identified as Fannia pallitibia
(Rondani, 1866) based on 100% similarity with an unpublished sequence assigned to
F. pallitibia and available in BOLD.

To validate obtained identifications, the COI dataset retrieved from BOLD was sup-
plemented with two additional sequences of F. pallitibia (voucher specimens jka(09-04927
and KWi-1777 accessible through the Finnish Museum of Natural History (FMNH)) and a
newly obtained sequence of Fannia pruinosa (Meigen, 1826), a species closely related with
F. pallitibia. COI barcode sequences, referring to unidentified Fannia sp. 1, 2 and 3, were
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Fannia_paljitibia _1ka09-04927_FMNH

Fannia_pallitibia_KWi-1777_FMNH

Fannia_pruinosa "

Fannia_sp_2_larva } -

compared against the combined dataset using Speciesldentifier v1.8 [41]. This approach
confirmed identifications obtained from the BOLD Identification System. Fannia_sp_2
sequence was found 100% similar with F. pallitibia (jka09-04927). Additionally, phylogenetic
analysis confirmed those identifications (Figure 1), and sequences Fannia_sp_1_1 and
Fannia_sp_1_2 clustered with those referring to F. nigra (BS = 87%), Fannia_sp_2 with
F. pallitibia (BS = 100%) and sequences Fannia_sp_3_1 and Fannia_sp_3_2 with F. collini
(BS =99%).

Fannia_sp_3_2_female
Fannia_sp_3_1_female
KY511168_Fannia_coliini
5annia_sp_1_1_|arva
annia_sp_1_2_larva
KYst -
KY51112255—I’::: a_nigra
—rannia_njigy,

Figure 1. Neighbor joining phylogenetic analysis of 596 COI barcode sequences representing 67 species of Fannia retrieved
from BOLD and GenBank supplemented with six newly obtained sequences, including three query morpho-species and
Fannia pruinosa. Values above nodes indicate support for sequence clusters obtained from 1000 bootstrap replications.

4.2. Fannia nigra Malloch, 1910

In Figure 2A,B and Figure 3. Material examined. Third instar larvae from pig carrion:
2,23V 2012;2,2VI2012;2,5VI2012; 6,7 VI 2012; 1,11 VI 2012; 1, 13 VI 2012; 2, 15 VI 2012;
2,22 VI 2012; 1,25 VI 2012; 3, 2 VII 2012; 2, 6 VII 2012; 2, 19 VII 2012; 2, 2 VIIT 2012; 1, 4
VIII 2012; 1, 7 VIII 2012; 4, 10 VIII 2012; 2, 12 VIII 2012; 2, 23 VIII 2012; 1, 27 VIII 2012; 2, 3
IX2012;4,111X 2012; 1,5 X 2012; 1, 11 X 2012; 2, 14 X 2012; 2, 15 X 2012; 2, 19 X 2012; 10,
23X 2012; 20, 25 X 2012; 18, 27 X 2012; 19, 3 XI 2012; 36, 7 X1 2012; 6, 11 XI2012; 34, 15 XI
2012;7,26 X12012; 17,3 X112012; 1,26 V 2013; 1,29 V 2013; 1,30 V 2013; 2,1 VI 2013; 1, 2
VI12013; 10, 3 VI2013; 2,4 VI 2013; 2, 5 VI 2013; 13, 6 VI 2013; 6, 7 V1 2013; 7,9 VI 2013; 11,
11 VI 2013; 4, 13 VI 2013; 5,15 VI 2013; 1, 17 VI 2013; 25, 21 VI 2013; 157, 26 V1 2013; 42, 30
VI12013; 24, 4 VII 2013; 2, 11 VII 2013; 1, 18 VII 2013;1, 6 VIII 2013; 6, 9 VIII 2013; 3, 10 VIII
2013; 1,12 VIII 2013; 1, 14 VIII 2013; 1, 16 VIII 2013; 2, 18 VIII 2013; 4, 20 VIII 2013; 4, 22 VIII
2013; 1,30 VIII 2013; 14, 41X 2013; 3, 11 IX 2013; 5, 18 IX 2013; 2, 22 X 2013; 1, 23 X 2013; 4,
25X 2013; 4, 28 X 2013; 9, 30 X 2013; 3, 1 XI 2013; 14, 3 XI 2013; 10, 5 XI 2013; 20, 7 XI 2013;
19,9 X12013; 13, 12 X1 2013; 8, 15 X1 2013; 2, 18 X1 2013; 23, 25 X1 2013; 12, 2 XII 2013; 14,
16 XII 2013; 3, 12 II 2014; hornbeam-oak forest, Biedrusko, Poland, M. Jarmusz leg. Third
instar larvae from a human cadaver: 8, 14 X 2016; Sarnow near Bedzin, Poland.

Third instar larva dorso-ventrally flattened; young larvae creamy-white, mature larvae
yellowish to brownish.
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Figure 2. Third instar larvae of Fannia: (A) cephaloskeleton, Fannia nigra; (B) larva in dorsal view, Fannia nigra;
(C) cephaloskeleton, Fannia pallitibia; (D) larva in dorsal view, Fannia pallitibia. Scale bare 100 um (A,C) and 1 mm (B,D).
Abbreviations: acc, accessory stomal sclerite; ap, anterior process; as, anterior spiracle; db, dorsal bridge; dc, dorsal cornu,
de, dorsal extension; dl, dorsolateral process; dm, dorsomedian process; ds, dental sclerite; es, epistomal sclerite; hy,
hypopharynx; is, intermediate sclerite; 1, lateral process; 1d, laterodorsal process; Is, labial sclerite; mh, mouthhook; pp,

posterior projection; ps, posterior spiracle; sa, subapical process; sl, sublateral process; vb, ventral bridge; vc, ventral cornu;
vp, vertical plate; x, sensory organ X.
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Figure 3. Third instar larva of Fannia nigra: (A) anterior body end with cephaloskeleton; (B) seventh abdominal segment,
dorsal view; (C) posterior body end, dorsal view; (D) seventh abdominal segment and anal division, dorsal view; (E) larva
in dorsal view. Scale bar 100 um (A), 250 um (B-D) and 1 mm (E). Abbreviations: dl, dorsolateral process; dm, dorsomedian
process; 1, lateral process; 1d, laterodorsal process; sa, subapical process; sl, sublateral process.

Cephaloskeleton. Cephaloskeleton distinctly chitinized (Figure 3A). Mouthhook (1mh)
with apical part downcurved and basal part of mh anteriorly equipped with a distinct,
ventrolateral extension (Figure 2A). Posterodorsal and posteroventral angles of mh drawn
out into pointed processes. Paired dental sclerites (ds) and accessory stomal sclerites
(acc) below the basal part of mh. Intermediate sclerite (is) elongated and H-shaped, with
a broad crossbeam. In the lateral view crossbeam visible as a distinct process directed
postero-ventrally. Epistomal sclerite (es) lies freely between anterior arms of is, above the
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crossbeam; es not visible in lateral view. A pair of labial sclerites (Is) present below the
crossbeam. Basal sclerite (bs) consists of very broad vertical plate (vp), dorsal cornu (dc)
and ventral cornu (vc). Parastomal bar not developed. Both vp connected antero-dorsally
by a perforated dorsal bridge (db) and antero-ventrally by a ventral bridge (vb). Anterior
margin of vp, between vb and db, equipped with lighter portion of sclerotisation (possibly
additional patch of sclerotisation increasing with larval age). The length of dc is about the
same or slightly longer than vc. Dorsal extension (de) of vc equipped with well sclerotized
and down-curved posterior projection (pp). Vertical plate (vp) and vc are connected below
for their entire length by a weakly chitinized hypopharynx, bearing longitudinal ridges. In
lower posterior part of vc, a sensory organ X (x), equipped with paired sensilla is present.

Anterior and posterior spiracles. Anterior spiracles (as) fan-shaped, with about
6-9 relatively long lobes, each. Posterior spiracles (ps) well separated from lateral mar-
gin of anal division (ad) (Figure 3C). Posterior spiracles (ps) slightly raised on stalks above
the surface of ad (Figure 3D). Each of the three respiratory slits (rs) placed on a short undis-
tinguished finger-like lobe. The plate of each of ps without distinct spiracular tufts (st),
which are probably reduced to a form of single sensillum or complex of trichoid sensilla.

Pattern of processes. Thoracic (T1-3) and abdominal (A1-7) segments equipped with
relatively short or inconspicuous projections (Figures 2B and 3E). On T1, two pairs of lateral
processes (Ip), each in form of a cluster of short prominences, present below as. Anterior
margin of T1 dorsal surface with a pair of forwardly directed, short anterior processes (ap).
Dorsomedian (dm), dorsolateral (dl), laterodorsal (Id), lateroventral (Iv), ventrolateral (vl)
and ventromedian (vm) processes present from the second thoracic (T2) to the seventh
abdominal (A7) segment. Dorsomedians (dm) weakly developed, and present in form of
a basal ring equipped with a cluster of minute projections (Figure 3D). Dorsolateral (dI)
present as a circle of minute projections. Both dm and dI of similar size, but dl devoid of the
basal ring. On the thoracic segments dl are situated in the anterior part of each segment,
between dm and Id, but when on abdominal segments d! are placed on the posterior part of
each segment, close to the base of Id. The strongest processes on thoracic and abdominal
segments are Id (Figures 2B and 3B). On T2 Id form a process with minute lateral projections.
On remaining segments, T3—A7, Id in form a short process equipped with lateral projections.
On T2 Id directed anteriorly, on remaining segments Id directed posteriorly. Rows of minute,
simple projections precede abdominal Id (Figure 3B). Thoracic [v form a circle of minute
projections placed either on the anterior part of the T2 or in the middle part of the T3. On
T3 Iv followed by a short row of minute projections. Abdominal /v present as very short
stalks with lateral projection, placed on the posterior part of each segment, and preceded
with a row of minute projections. Thoracic vm present on the anterior part of segments, and
abdominal v on the posterior margin Al-7, all have a form of a pair of circles of minute
projections. Second pair of vm indistinct. Ventrolaterals (vl) in form of small, yet distinct
tufts of projections and are well marked on T2-A7 and ad.

Sublateral processes (sl) and lateral (/) processes on anal division of similar length
(Figure 3D). Subapical (sa) processes appear somewhat, yet not distinctly longer. All three
pairs of processes equipped with distinct lateral projections, mostly simple, not bifurcated.
Lateral projections are longest in basal half of each process and shorten towards apical part
of process.

Integumental sculpture. Thoracic and abdominal segments with a pattern of small,
discrete elements, some of which grouped in irregular polygons (Figure 3B). Elements
grouped in polygons separated by fine lines, while others widely spaced. Dorsally, in-
tegumental pattern is more or less obscured by uniformly smooth, dark areas, arranged
in transverse lines. Anterior margin of T3—A7 dorsally covered with smooth polygonal
plates arranged in a single row. Posterior margin of T1-A7 dorsally and anterior margin of
T1-Al ventrally, covered with fine, dense, convex elements devoid of projections. Anterior
margin of A2-7 with transverse line of scale-like elements ventrally, arranged in groups of
at least three elements.
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4.3. Fannia pallitibia (Rondani, 1866)

In Figure 2C,D and Figure 4. Material examined. Third instar larvae from pig carrion:
1,19 VII 2012; 3, 7 XI 2013; hornbeam-oak forest, Biedrusko, Poland, M. Jarmusz leg.

Figure 4. Third instar larva of Fannia pallitibia: (A) anterior body end with cephaloskeleton; (B) sixth abdominal segment,
dorsal view; (C) posterior body end, dorsal view; (D) seventh abdominal segment and anal division, dorsal view; (E) larva
in dorsal view. Scale bar 100 um (A), 250 um (B-D) and 1 mm (E). Abbreviations: ap, anterior process; 1, lateral process; 1d,
laterodorsal process; sa, subapical process; sl, sublateral process.

Third instar larva dorso-ventrally flattened, young larvae creamy-white, mature larvae
yellowish to brownish.

Cephaloskeleton. Cephaloskeleton well chitinised, with postero-ventral part of basal
sclerite transparent (Figure 4A). Apical part of mh directed dorsally, with hook-like distal
part (Figure 2C). Basal part of mh distinctly bifurcated posteriorly, anteriorly equipped with
an indistinct ventrolateral extension. Paired scale-shaped ds and minute acc present below
basal part of mh. Intermediate sclerite (is) long, yet in general appearance not enlarged,
arms relatively narrow. In the lateral view crossbeam of is distinctly elongated postero-
ventrally. Epistomal sclerite (es) well visible in lateral view; a pair of labial sclerites (Is)
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present below the crossbeam. Basal sclerite (bs) consists of very broad, vertical plate (vp),
dorsal cornu (dc) and ventral cornu (vc). Parastomal bar not developed. Both vp connected
antero-dorsally by a perforated dorsal bridge (db) and antero-ventrally by a ventral bridge
(vb). The anterior margin of vp, between vb and db, equipped with lighter portion of
sclerotisation (possibly additional patch of sclerotisation increasing with larval age). The
length of dc is the same as vc. Dorsal extension (de) of vc equipped with indistinctly
sclerotized, yet well visible, down-curved posterior projection (pp). Ventral cornu (vc)
generally smooth, extends posteriorly with weakly pigmented scale-like element. Upper
margin of this element is delimited by pp and lower margin by a hypopharynx. Through the
entire length pairs of vp and vc are connected below by a weakly chitinized hypopharynx,
bearing longitudinal ridges. In lower posterior part of vc, a sensory organ X (x), is present
and equipped with paired sensilla.

Anterior and posterior spiracles. Anterior spiracles (as) small, rounded, equipped
with about 6 indistinct lobes. Posterior spiracles (ps) well separated from each other,
placed on the lateral margin of anal division (ad) (Figure 4C). Posterior spiracles raised on
distinct, apically bifurcated stalks (Figure 4D). Two respiratory slits (rs) placed on single,
distinct finger-like lobe, the third rs, the outer one, placed on a second finger-like lobe.
Spiracular tufts (st) indistinct, most likely reduced to a form of single sensillum or complex
of trichoid sensilla.

Pattern of processes. Thoracic (T1-3) and abdominal (A1-7) segments with long
laterodorsals (Id), remaining processes inconspicuous or absent (Figures 2D and 3E). Pro-
cesses close to anterior spiracles (as) not present. Anterior margin of T1 with a pair of
forwardly directed, long anterior processes (ap). Dorsomedians (dm) weakly developed
and in form of minute filiform processes. Thoracic dm located in the mid part of each
segment and directed anteriorly. Abdominal dm present on the posterior part of each
segment and directed posteriorly and. Dorsolaterals (d/) absent or indistinguishable under
the stereomicroscope (Figure 4D). Laterodorsals (Id) strong. Thoracic Id equipped with
long, bifurcated lateral projections in the basal half, while abdominal Id equipped with
long projections in the basal two thirds. Thoracic Id not directed posteriorly, abdominal /d
directed posteriorly. Lateroventrals ([v) in a form of a cone, built from a circle of minute
projections. First pair of v (on T2) minute and placed close to the base of Id. Thoracic
Iv smaller than abdominal [v. One pair of ventromedians (vm), in form of a circle of
minute projections, present on each thoracic segment. Second pair of vm indistinct. Each
abdominal segment carries two or three pairs of vm in form of a sensillum on low callus.
Thoracic vm present on the anterior part of segments, and abdominal vm on the posterior
margin of each segment. Thoracic ventrolaterals (vl) very small, in form of circles of minute
projections. Abdominal vl small, yet well visible, present as cones composed from minute
projections. Sublateral processes (sl), lateral (I) and subapical (sa) processes long and of
similar length (Figures 2D and 4C). Three pairs of processes on anal division equipped
with distinct, bifurcated lateral projections in basal half.

Integumental sculpture. Thoracic and abdominal segments with a pattern of small,
discrete elements (Figure 4B). Elements on outer margins of thoracic and abdominal
segments and on the basal part of laterodorsals (Id) wart-like in shape. In the middle part
of segment, towards lateral margins, elements are grouped in irregular polygons. Polygons
separated by fine lines, while other elements are widely spaced. Dorsally, integumental
pattern more or less obscured by uniformly smooth, darker areas (Figure 4C,E). Anterior
margin of T3-A7 dorsally covered with smooth polygonal plates arranged in a single row.
Posterior margin of T1-A7 dorsally, and anterior margin of T1-A1 ventrally, covered with
fine, dense, convex elements devoid of projections.

4.4. Fannia collini d’Assis-Fonseca, 1966

In Figure 5. Material examined. Adult insects: 299, 29 IV 2012; 1,1V 2012; 19,6 V
2012; 19,7V 2012; 12,8 V 2012; 399, 9 V 2012; 19, 13 V 2012; 299, 14 V 2012; 299, 15 V 2012;
12,16 V 2012; 299, 17 V 2012; 529, 18 V 2012; 992, 19 V 2012; 529, 20 V 2012; 592, 21 V 2012;
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12,22V 2012; 299,23 V 2012; 12, 24 V 2012; 499, 26 V 2012; 12,29 V 2012; 12, 30 V 2012;
399, 5 VI 2012; 629, 7 VI 2012; 622, 9 VI 2012; 12, 13 VI 2012; 392, 13 VI 2012; 322, 15 VI
2012; 399, 28 VI 2012; 12, 2 VII 2012; 329, 6 VII 2012; 292, 10 VII 2012; 19, 22 VII 2012; 19, 23
VII 2012; 229, 24 VII 2012; 399, 25 VII 2012; 329, 26 VII 2012; 222, 27 VII 2012; 19, 29 VII
2012; 399, 31 VII 2012; 399, 1 VIII 2012; 592, 2 VIII 2012; 399, 3 VIII 2012; 399, 4 VIII 2012;
12, 8 VIII 2012; 299, 10 VIII 2012; 799, 17 VIII 2012; 12, 19 IX 2012; 592, 20 IX 2012; 299, 21
1X2012; 329,22 IX 2012; 12, 251X 2012; 19, 27 IX 2012; 12, 28 IX 2012; 12, 29 IX 2012; 392, 1
X 2012; 12,2 X 2012; 399, 8 X 2012; 12,9 X 2012; 12, 10 X 2012; 12, 14 X 2012; 12, 8 V 2013;
12,9V 2013; 12,15V 2013; 19, 16 V 2013; 12, 17 V 2013; 592, 18 V 2013; 1229, 19 V 2013;
1099, 20 V 2013; 692, 21 V 2013; 499, 22 V 2013; 12, 23 V 2013; 629, 24 V 2013; 729,25 V
2013; 19,26 V 2013; 1299, 27 V 2013; 622, 28 V 2013; 12, 29 V 2013; 2799, 30 V 2013; 229, 31
V 2013; 299, 1 VI 2013; 399, 2 VI 2013; 3792, 3 VI 2013; 322, 4 VI 2013; 19, 5 VI 2013; 39%, 6
VI2013; 1199, 7 VI 2013; 292, 9 VI 2013; 12, 11 VI 2013; 2992, 13 VI 2013; 299, 31 VII 2013;
12,2 VIII 2013; 12, 3 VIII 2013; 392, 6 VIII 2013; 19, 7 VIII 2013; 399, 8 VIII 2013; 492, 9 VIIL
2013; 19, 10 VIII 2013; 19, 12 VIII 2013; 12, 16 VIII 2013; 19, 18 VIII 2013; 19, 27 VIII 2013; 12,
30 VIII 2013; 19, 11 IX 2013; 19, 23 IX 2013; 12, 25 IX 2013; 222, 1 X 2013; 299, 5 X 2013; 1029,
6 X 2013; 19,7 X 2013; 2929, 8 X 2013; 12, 10 X 2013; 329, 16 X 2013; 12, 17 X 2013; 399, 21 X
2013; 299, 22 X 2013; 399, 24 X 2013; 12, 9 XI 2013; hornbeam-oak forest, Biedrusko, Poland,
M. Jarmusz leg.

Figure 5. Female of Fannia collini: (A) lateral view; (B) head in anterior view; (C) legs in dorsal aspect. Scale bar 1 mm (A)
and 500 um (B,C).
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Description of the female.

Body length 4.8 mm, wing length 4.2 mm.

Head. Eyes sparsely haired. Palpi uniform, not flattened, dark, slightly longer than
proboscis (Figure 5A,B). Genae, parafacials and fronto-orbital plates grey, frontal vitta
brownish in frontal view (Figure 5B) and black in dorsal aspect. Parafacials narrow and
bare. Frontal vitta about as broad as fronto-orbital plates. Proboscis dusted. Three pairs of
strong and long frontal setae with at least three pairs of shorter setae between them; two
pairs of orbital setae. Upper postocular setulae uniserial. Lower orbital setae inserted close
to outer margin of fronto-orbital plates. Arista dark, sparsely haired.

Thorax. Ground-color black, greyish dusted without distinct stripes (Figure 5A).
Proepisternum bare. Presutural acrostichals biserial, postsutural acrostichals triserial,
dorsocentrals 2 + 3. Notopleuron without additional short hairs. Two prealar setae,
anterior seta stronger and about half as long as posterior notopleural seta. Proepisternum,
meron bare. Calypters yellowish, lower one broad, projecting beyond upper one. Scutellum
with two pairs of long setae. Spiracles yellowish.

Wings. Basicosta and veins yellowish-brown. Halters whitish. Wings membrane hyaline.

Legs. Generally dark, except fore tibiae which are narrowly pale at base (Figure 5C).
Fore femora with a row of short posterodorsal setae. Fore tibia with only preapical se-
tae. Mid femora apically with row of anterior setae and posterior setae. Mid tibia with
1 anterodorsal and 1 posterodorsal setae. Hind femora with 3 long anteroventral setae
in apical half. Inner posterior side of hid coxa with seta. Hind tibia with 1 anterodorsal,
2-3 anteroventral, 1 median and 1 preapical dorsal setae.

Abdomen. Uniformly dark, with gray pruinosity (Figure 5A), without distinct spots
or median vitta. Segments 1-3 with indistinct brownish coloration in dorsal view.

5. Discussion
5.1. Tnxonomy

Using DNA barcoding we were able to assign unknown Fannia morpho-types to
species and reveal their potential forensic utility. However, accuracy of identification
by means of DNA barcoding depends on many factors, such as availability of extensive
reference library of gene sequences [42]. Taxonomic representation of Fanniidae in reference
databases is uneven, with sampling biased towards common species while many other
species are underrepresented or represented only by single sequences [10]. Even though
undersampling may increase error rate of DNA barcoding [43], in our previous study we
observed very high accuracy in species identification using COI barcode sequences in
Fanniidae [10]. A distinct barcoding gap was revealed even for species in which females
are indistinguishable, e.g., F. aequilineata Ringdahl, 1945 and F. latipalpis (Stein, 1892) [10].
The misidentification of voucher specimens may be detrimental for end users of reference
libraries [42]. However, the identifications we obtained in this study are considered to be
valid, as all query sequences had the highest similarity with sequences obtained from what
we consider to be accurately identified voucher specimens.

The present state of knowledge on Fanniidae taxonomy is still incomplete. Even
though recent studies have improved our taxonomic understanding of this family [44,45],
conspecific specimens belonging to different sexes or developmental stages are yet to be
described for many species [27]. This gap in knowledge could have severe implications,
for example, in Europe where females of many species remain unknown (i.e., F. alpina
Pont, 1970, F. brinae Albuquerque, 1951, F. conspecta Rudzinski, 2003, F. fasciculata (Loew,
1873), F. limbata (Tiensuu, 1938), F. pseudonorvegica d’ Assis-Fonseca, 1966, F. rabdionata Karl,
1940 and F. ringdahlana Collin, 1939). This is of particular concern when conspecific males
are known to be attracted to carrion and thus by extension are forensically important
(i-e., F. conspecta) [2,46]. Because of the incompleteness of Fanniidae taxonomy, researchers
and practitioners should utilize molecular techniques such as DNA barcoding to verify the
identity of specimens which cannot be identified with current keys and/or are discordant
with morphological descriptions. The utility of this approach is exemplified in this study,
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in which molecular barcoding allowed the identification and description of the female of
F. collini, a species previously known only from males.

Immature stages are still unknown for the great majority of Fanniidae. More than
50 species of fanniids have been reported from decomposing cadavers worldwide [1,2,10].
However, many of these records are based on only a few adult specimens collected from
a single cadaver and as such may represent an accidental occurrence rather than a true
association. The presence of immature stages can help to confirm a species association
with carrion, but this is reliant on the ability to accurately identify these larval stages.
The utility of larvae to confirm species association with carrion was exemplified during
our two-year carrion succession experiment. Throughout this experiment only two males
and two females of F. nigra were collected (Jarmusz unpubl.). However, DNA barcoding
facilitated association of many unidentified larvae with adult conspecifics, and thus F. nigra
has been recognized as regular element of necrophagous fauna [16] and as discussed below,
a valuable forensic indicator.

The two distinct larval morpho-types which we have examined can easily be placed
in the identification key provided by Rozkosny et al. [27], and thus differentiated from
remaining European larvae of Fanniidae. First and foremost, the pattern and structure
of abdominal dorsolaterals (dl) in F. nigra and F. pallitibia are unique among larvae of
Fanniidae. In F. nigra thoracic and abdominal d! consist of a minutely projected ring, and in
F. pallitibia dI are completely absent. It should be noted that it is possible that d! are present
in F. pallitibia but in an extremely reduced form and as such we were unable to distinguished
them using a stereomicroscope. Nevertheless, in the remaining Fannia, even when thoracic
dl are weakly developed, abdominal d! are present as at least minute stalks with a few
projections. Only Euryomma peregrinum (Meigen, 1826) lacks abdominal d/, yet even this
species displays dI on T2. In addition to the dI pattern, F. nigra can be easily differentiated
from other Fanniidae by the following combination of characters: uniquely small thoracic
and abdominal processes, specifically, minute dm and dI, very short ap and Id and the latter
with only minute lateral projections. Similarly, F. pallitibia can be distinguished from other
known larvae by the following combination of characters: posterior spiracles placed on
lateral margin of the anal division, dm minute and filiform, dI absent and all processes on
the anal division of the same length and equipped basally with long, bifurcated projections.

Fannia collini was known only from Great Britain [27,47], until recent collections of
this species were reported from Czech Republic (a single male specimen collected in
2012 in Bohemia) [46] and Central Poland (more than 20 males collected during carrion
succession experiments; first records originating from 2006) [1]. Even though F. collini
has been considered a rare European fanniid, we currently recognize it as a regular and
relatively frequent element of carrion arthropod assemblages in Central Europe. Females
of Fannia collini run to the couplet no 49 in the key for European Fanniidae [27] and key
out as Fannia immutica Collin, 1939. However, females of Fannia collini are morphologically
discordant with females of F. immutica. A single COI barcode sequence was available
for F. immutica in the online GenBank database (MF874564), and our molecular analysis
showed interspecific distance between F. immutica and F. collini was higher than 12%. Based
on literature data [27,28,47] and examination of specimens deposited in the collection of
the Natural History Museum (London, UK), we propose the following combination of
characters for the separation of these two species in the key of Rozkosny et al. [27]:

49. Two prealar setae, anterior prealar seta longer than half length of posterior notopleural
seta and inserted nearer to suture than to supraalar seta ... 49a

49a. Hind tibia with 8-10 short anterodorsal setae in addition with 1 strong seta; lower
orbital setae in the middle of fronto-orbital plates ... F. immutica Collin

- Hind tibia with 1 strong anterodorsal seta, without additional setae above; lower
orbital setae inserted nearer to outer margin of fronto-orbital plates ... F. collini
d’Assis-Fonseca

- Only one weak prealar seta inserted nearer to supra-alar seta ... 50
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5.2. Forensic Importance

Imprecise identification of material collected during carrion succession experiments
gives an incomplete image of necrophagous entomofauna. Comparison of COI barcode
sequences against those in depository databases enabled unequivocal identification of
fanniids and thus better understanding of the composition of carrion insect assemblages
in Central Europe. For this reason, the results we obtained in this study, specifically
identifications of Fannia sp. 1 as Fannia nigra, have already been used in practice and
detailed analysis of F. nigra association with carrion has been published in Jarmusz et al. [16].
A significant correlation between the appearance time of F. nigra third instar larvae and the
onset of active decay of carrion decomposition process was revealed by Jarmusz et al. [16].
We confirm this association with data obtained from a case study, that is, third instars
of F. nigra have been collected from a human body which was in the active stage of
decomposition. Recent re-analysis of data provided by Sonet et al. [48] revealed F. nigra
adult specimen has already been collected from a human cadaver [10], despite the authors
not being able to identify it to species level.

Analysis of entomological evidence obtained from the aforementioned casework
did not provide unequivocal PMI estimations. According to laboratory observations of
Grassberger et al. [39], Ch. albiceps larvae in central Europe do not develop below 15 °C.
However, Richards et al. [40], after reanalysis of data obtained by Grassberger et al., found
that lower developmental threshold for pupariation is Tp = 11.65 °C and for eclosion is
Tp = 10.10 °C. Additional data from other studies confirm Ch. albiceps is able to develop in
temperatures below 15 °C [49,50]. We used the lower development threshold of Ch. albiceps
identified by Richards et al. [40] to identify the development time, however, our results were
unsatisfactory for the prosecutor in the context of last time the deceased person was seen
alive. Estimations from Ch. albiceps significantly overestimated, and those from C. vomitoria
underestimated mPMI.

Fannia nigra, was utilized to help refine the calculation of mPMI in this case. According
to Jarmusz et al. [16], the appearance time on carrion, (the time until when first specimen of
a given taxon was recorded on a carcass) for third instar larvae identified herein as F. nigra
is 34.8 days in autumn [51]. After analysis of entomological evidence, we conclude that
(1) thermal requirements for the development of immature stages of Central European
population of Ch. albiceps require reinterpretation; (2) the time of cadaver exposure was
longer than mPMI estimated from C. vomitoria larvae; and (3) PMI estimation obtained
from information about F. nigra association with carrion were the most congruent with
the time the deceased person was last seen alive. In this study we provide, for the first
time, morphological data which enable prompt and easy identification of third instars and
puparia of F. nigra and thus facilitate its broad application as forensic indicator.

Four larvae of F. pallitibia have been collected during our carrion succession experiment.
As such, F. pallitibia was either a rare element of necrophagous fauna or the four larvae
were randomly present in the surrounding environment, e.g., in soil beneath the corpse,
and their presence was solely an artefact of application of pitfall traps used as part of the
collecting protocol. Thus, until future studies investigate this relationship, we refrain from
considering F. pallitibia as a forensic indicator.

This study revealed, adults of F. collini are a regular element of carrion insect assem-
blages in Central Europe, and in some cases the most abundant fanniid species (data un-
published). As such, we preliminarily assumed immature stages representing Fannia sp. 1
or Fannia sp. 2 were conspecific with the adult Fannia sp. 3 (identified as F. collini), however
this was not confirmed. It is possible that, F. collini repeatedly visit carrion in adult stage,
likely to obtain protein meal, yet its larvae do not develop in decomposing carrion or
cadavers. This behavior is commonly observed in other insects [52], e.g., hundreds of
adults of Thricops simplex (Wiedemann, 1817) and Pollenia Robineau-Desvoidy, 1830 have
been reported from pig carrion [51,53], however, not a single report of larvae is available for
either species. Another, somewhat unlikely, possibility is that larvae of F. collini are present
on dead bodies, yet despite intensive sampling, they have not been collected. Nevertheless,
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this study emphasizes the importance of taxonomic skills among forensic entomologists.
In particular, a wide knowledge of morphological diversity of adults and immature stages
of insects.

6. Conclusions

The present study fills a gap in taxonomy of Fanniidae and our knowledge of mor-
phological diversity of the preimaginal instars of Fannia. DNA barcoding enabled the
assignment of unidentified larvae and females to species and revealed their potential
forensic utility. Fannia nigra and F. collini appeared to be repeatable elements of arthropod
carrion assemblages in Central Europe.
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Simple Summary: Sometimes, police need to collect fly maggots as evidence. If the proper equipment
is not at hand, alternatives might need to be found. This evidence can later be given to a forensic
entomologist for further examination. The alternative methods, however, can have unknown effects
on the samples. We placed maggots in different alcoholic beverages and measured size changes
happening over time to provide experts with such information. Our results show that low alcohol
beverages can cause samples to shrink. With knowledge about these specific effects, the samples can
still be used for casework in forensic entomology.

Abstract: Unexpected findings of forensically important insects might prompt makeshift storage in
alternative liquids if the proper equipment is lacking. The assessment of whether such evidence can
still be used and correctly interpreted can be difficult. In this study, the effects of using alcoholic
beverages as storing agents for post-feeding larvae of Calliphora vicina and Lucilia sericata were
analyzed. Larvae were killed with boiling water (HWK) or placed alive into four alcoholic liquids:
two spirits, vodka and brandy, and two liquors, Jagermeister and peppermint schnapps. Storage
effects were documented after one day, nine days, and one month and compared to larvae treated
according to guidelines for forensic entomology. Results show that the method of killing larvae is
more important than the storing medium. Storage of HWK larvae in high-alcohol /low-sugar spirits
had almost negligible effects on both species, while all fresh larvae shrank significantly. High sugar
contents of the beverages might additionally lead to shrinkage of larvae.

Keywords: forensic entomology; biological variation; death time estimation; alternative storage; casework

1. Introduction

Forensically relevant flies deposit their eggs on cadavers and carrion where their
offspring hatch, feed, and develop [1,2]. This process was described and even denominated
as a “biological clock” for the estimation of the minimal postmortem interval (mPMI) [3,4].

Oftentimes, human bodies colonized by fly larvae are discovered within a domestic
setting. In many instances, investigators might presume natural death. Police personnel, as
a precaution, might still want to collect and preserve a number of larvae. Circumstances
indicating a crime might become known only after the body was cremated and the apart-
ment cleaned. It can take an unpredictable amount of time for a previously unsuspicious
death to change into the result of a crime.

The guidelines of forensic entomology [5], which recommend using boiling water
for killing and fixation and ethanol for storage of fly larvae, should always be followed
when collecting and storing insect evidence. The best medium for storage in forensic
entomology casework is 70-80% ethanol [6], while some even suggest 70-95% ethanol [7].
The effect of numerous other media of known fly larvae killing and preservation methods
have been investigated, from formaldehyde [6,8] to Kahle’s solution [8] and San Veino [9].
Investigators, however, might not always be able to provide ethanol, other chemicals,
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or hot water when larvae are unexpectedly found at a scene. In such cases, imaginative
caseworkers might turn to materials at hand for emergency storage of larvae. Oftentimes, a
range of alcoholic spirits or liquors are present right at the scene or a liquor store is nearby.

The aim of this study was to evaluate whether such evidence can still be interpreted
and the results presented in court. To achieve this, post-feeding larvae of two species were
treated as recommended in the guidelines, but stored in easily achievable alcoholic liquids,
as well as 70% ethanol. Furthermore, living larvae were killed by transferring them directly
into the tested liquors. Effects of storage up to one month were investigated.

2. Materials and Methods

Larvae of two forensically important fly species were used in this study: Calliphora
vicina Robineau-Desvoidy, 1830 and Lucilia sericata (Meigen, 1826) from laboratory colonies
kept in a climatic chamber at 21 °C with 60% humidity. Larval age was synchronized by
24 h periods, during which flies were offered minced meat for oviposition. Emerging
larvae were left undisturbed in a rearing container for six days until most had reached
peak length and started migration.

The larvae were extracted from the rearing container and randomly assigned to
two treatments and five storing liquids. Fresh larvae were transferred directly into their
assigned liquids. HWK (hot-water-killed) larvae were killed by placing not more than
20 individuals at a time in a tea strainer and doused with boiling water for at least 20 s;
after dabbing with a paper towel, they were transferred to their assigned liquids. The
abbreviation HWK (hot-water-killed) was established for this method of killing before [6]
and maintained even though boiling and not just hot water was used.

To investigate the effect of alcoholic beverages as storage agents, popular spirits like
vodka (Kaliskaya, 37.5% vol.) and brandy (Chantré, 36% vol.), as well as liquor specialties
like Jagermeister (35% vol.), a well-known brand of herbal liquor as representative for
locally diverse brands, and peppermint schnapps (18% vol.) due to its low alcohol content,
were used. Fresh larvae were also stored in 70% ethanol. A second trial was performed
five days later, for a total of 350 larvae (Table 1).

Table 1. Average sizes (£SD 1y and size ranges of larvae in first measurement (1 day) in mm, controls
are HWK larvae stored in 70% ethanol for 1 day.

Si Calliphora vicina Lucilia sericata
izes
Fresh HWK 2 Control Fresh HWK 2 Control
n =100 n=80 n=20 n=75 n =60 n=15
average 14.7 (£1.2) 159(+1.2) 16.1(£09) 12.7(£0.9) 14.0(+1.5) 15.2(+0.7)
range 12.0-17.01 13.3-18.4 14.5-17.9 10.3-15.1 10.8-16.3 13.6-16.3

18D = standard deviation, 2 HWK = hot-water-killed.

HWK post-feeding larvae of C. vicina and L. sericata stored in 70% ethanol were used
as control and their lengths at the respective time served as reference points for both HWK
and fresh larvae.

For each measurement, larvae were extracted from their vials, placed into a petri
dish, photographed with a camera and a Zeiss Stereomicroscope Stemi 2000, and put back
into their original vials without changing the storing medium. Length of the larvae was
measured using Zeiss software in the images yielded from the microscope and documented.

In the first trial, maggots were measured after 2 h, but because at least 25% of the fresh
larvae were still alive after this time, the data were disregarded and the measurement was
not repeated. Subsequent length measurements were performed after 1 day, 9 days, and
1 month. These periods were deemed reasonable for domestic deaths to potentially change
from unsuspicious to ominous.

A nonparametric Mann-Whitney U test was performed to compare samples of dif-
ferent sample sizes to their control group. Statistical analyses were conducted using IBM
SPSS Statistics 26.
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Storage temperature was not altered from laboratory average temperature of 20 °C, as
a study of Richards et al. [10] showed no statistically significant effect of storage tempera-
ture between —25 °C and +24 °C in larval length and weight.

3. Results

When living fly larvae were placed directly into their respective storage liquids, all
animals squirmed and contracted (Figure 1a). Larvae were still alive for up to three hours
in their respective media. Killing with boiling water, on the other hand led to death and
instant straightening of the whole body (Figure 1b). The first length measurements were
performed after one day (Table 1).

Figure 1. Larvae of Calliphora vicina after one day in 70% ethanol, (a) fresh: larvae placed into liquid while alive, (b) HWK:
larvae hot-water-killed before placement in liquid.

The first experiment compared lengths of HWK larvae of both species stored in
alternative alcoholic liquids to their counterparts treated according to the guidelines for
forensic entomology [5] in 70% ethanol (Figure 2 and Table 2).

After one day, sizes of all C. vicina larvae in all spirits and liquors were within two per-
cent points compared to controls, and thus not significantly different. Larvae in peppermint
schnapps over time remained shorter than the control, but in a statistically nonrelevant
range. Samples in Jagermeister shrank most and resulted in significantly shorter larvae
than the controls. Lengths of larvae in the two spirits, vodka and brandy, in contrast,
slightly increased to more than 100% of the size of control larvae over time, but differences
were not statistically significant (Table 2).

Larvae of L. sericata in alternative liquids were 6-18% smaller than their controls on
day one, and thus significantly different. Over time, larvae stored in brandy expanded the
most and their lengths reached 99% of the size of controls. Larvae in vodka reached 97% of
the size of controls by the end of the storage time of one month. These differences were
no longer statistically significant (Table 2). Sizes of larvae in Jigermeister and peppermint
schnapps differed more from controls over time. Lengths of larvae in Jagermeister shrank
from 91% on day 1 to 83% of the size of controls after one month. Larvae in peppermint
schnapps shrank from 82% to 79% on day nine, but reversed to 81% by one month storage
time (Figure 2).
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Figure 2. Percentage changes in lengths for Calliphora vicina (left column) and Lucilia sericata (right column) post-feeding
larvae after hot-water-killing (HWK) and storage in four alcoholic liquids for 1 day, 9 days, and 1 month compared to HWK
larvae in 70% ethanol (=100%).

Table 2. Average sizes of Calliphora vicina and Lucilia sericata larvae in mm, standard deviations (£SD), and number of
larvae (n) measured after 1 day (1 d) and after 1 month (1 m) in alcoholic liquids, alcoholic content given in % vol., grey

fields indicate controls.

Calliphora vicina

Lucilia sericata

Alcoholic
Liquid Fresh HWK! Fresh HWK !

1d 1m 1d 1m 1d 1m 1d 1m

- 128% 38~ 163 227 128~ 155 152
Ethanol 70% 1 5y, _ 09 (+1.2) (09 n=20 O1E0 50015 (+0.8) (06 n=15  (£0.7)

Vodka 37.5% 13.1% 152+ 165 16.4 11.5% 128 14.6% 147
: (+£1.0)n =20 (+0.8) (£12)n =20 (£1.1) (£0.6)n =15 (+£09) (£07)n=15  (+£07)

Brandy 36% 142% 15.3* 16.0 16.3 12.1% 132 145% 15.1
(£1.8) 1 =20 (+£1.0) (£12)n =20 (+£12) (£08)n =15 (£1.0) (£08)n=15  (£10)

Jégermeister 357% 13.7% 14.6* 16.0 152% 1.7+ 123 14.1% 12,6
(£17)n =20 (+1.1) (+1.1)n =20 (+1.1) (+1.0)n =15 (+0.6) (07 n=15  (+L.1)

Pempermint 181 13.9* 14.6 * 16.0 155 12.1% 123+ 128+ 124%
pp ° (+18)n=20 (+1.3) (+1.3) n =20 (+13) (+1.0)n =15 (+0.9) (+1.0)n=15  (+0.9)

I HWK = hot-water-killed, * statistically significant differences compared to controls (Mann-Whitney U test).

The second experiment compared fresh larvae stored in 70% ethanol and alternative

liquids without previous hot-water-killing to the same control group of HWK larvae in
70% ethanol (Figure 3).
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Figure 3. Percentage changes in lengths for Calliphora vicina (left columns) and Lucilia sericata (right columns) post-feeding

larvae stored alive in five alcoholic liquids for 1 day, 9 days, and 1 month compared to hot-water-killed (HWK) larvae in

70% ethanol.

All freshly stored larvae were smaller than their HWK controls and all differences were
statistically significant (Table 2). On day one, C. vicina larvae freshly stored in ethanol were
22% smaller, and fresh L. sericata larvae in ethanol were 21% smaller than their controls.
These values represented the lowest discrepancy for L. sericata, while it was the highest
recorded for C. vicina.

While the differences in sizes between fresh larvae of L. sericata and their control group
were larger than in C. vicina, the range of variation between liquids tested was larger in
C. vicina. Sizes of fresh larvae in all liquids over time approximated the sizes of control
larvae for both species, but differences remained significantly different (Table 2).

4. Discussion

The effect of numerous methods of scientific killing and preservation for fly larvae
have been investigated [1,6-10] to date. No investigations, however, have been conducted
on the effects of improvised methods, such as the use of alcoholic beverages for storage of
fly larvae, which might become necessary due to a lack of equipment.

For this study, post-feeding C. vicina and L. sericata aged six days were used. Nu-
merous aspects concerning the larvae of these two forensically important species are well
investigated [11-44]. At constant temperatures of about 20 °C, they develop at very similar
rates. Days to maximum length, and thus the beginning of the nonfeeding stage, is given
for C. vicina as 5.12 days and for L. sericata as 5.81 days [45]. This temperature regime, how-
ever, is marginally suboptimal for L. sericata [46,47], which resulted in slightly diminished
oviposition, hatching activity, and sample sizes for this species (Tables 1 and 2).

Adams and Hall [6] noted that the rate of expansion in larvae was highest during the
first 3 h in 80% ethanol. In our study, at least 25% of the fresh larvae were still alive after two
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hours. Placement of living larvae into liquids led to contraction in all samples, which is due
to the long drowning and suffocation process. Some larvae were still alive after three hours.
The early measurement data could therefore not be incorporated. This resulted in a lack of
data on the initial length of larvae tested. There is, to our knowledge, only one method to
measure living larvae using a geometrical micrometer [48]. This method, however, is not
suited for measurement of 350 mobile larvae in a reasonable amount of time.

The first measurements were performed the next day to ensure the death of all larvae.
Subsequent measurements after nine days and one month were conducted to account for
potential revelations of new information in casework. It takes at least a few days for a
previously unsuspicious domestic death to change into a potential crime due to newly
discovered evidence. It can also take up to a few weeks until the samples are sent to a
forensic entomologist. Handling of samples was restricted to avoid damages.

Even though the age of larvae was synchronized by limiting oviposition for 24 h, the range
in sizes was considerable (Table 1), with maximal sizes consistent with literature [10,34,46].
Biological variation in length within larvae of the same species was larger than the largest
experimental difference in average lengths (Table 2). Size ranges are seldom specified in
publications on development of forensically relevant insects. The provision of such data
should be encouraged in publications on forensic entomology. It could contribute to the
awareness of biological variation in entomological samples. Furthermore, analyses should
not be based on larval sizes alone, but should incorporate the developmental stage in order
to differentiate between an unusually large feeding larva and an unusually small post-
feeding individual. Such tasks are especially difficult for nonexpert police personnel. It is
therefore important to develop illustrated guidelines designed specifically for nonexperts
in order to capacitate police personnel to perform useful insect collections.

The effects of alternative storage over all alcoholic beverages and both treatments were
smaller in C. vicina than in L. sericata (Figure 2 and Table 2). This indicates that C. vicina might
be a more robust fly species, which is also reflected in a wider temperature tolerance [47].

Comparison of HWK larvae showed that sizes of C. vicina larvae stored in the spirits
vodka and brandy, as well as the liquor peppermint schnapps, were statistically similar to
their controls in all measurements (Figure 2, Table 2). The effects of vodka and brandy were
also statistically nonsignificant in HWK larvae of L. sericata after nine days and after one
month. The European spirits regulation (EU Spirituosenverordnung [49]) defines vodka as
a spirit gained from distillation of potatoes or grain. The maximal content of sugar allowed
is 8 g per liter, alcohol content must be at least 37.5% vol. Brandy is a liquor produced by
distilling wine and the sugar content allowed is no more than 35 g per liter, alcohol content
must be at least 36% vol. Herbal liquors like Jagermeister and peppermint schnapps are
required to contain at least 80 g sugar per liter and at least 15% vol. of alcohol.

This indicates that sugar content needs as much attention as alcohol content when
trying to determine possible effects of storage media on samples of forensically important
fly larvae.

The largest effect detected in this study did not arise from the choice of storing media,
but treatment of larvae before storage. While HWK larvae of both species stored in vodka
and brandy were similar to their HWK controls in 70% ethanol, all fresh larvae were
significantly different. Size differences of freshly stored samples to controls diminished
over time for both species, where the effect was more pronounced in C. vicina larvae
(Figure 3). Longer storage times might partly balance initial shrinkage effects caused by
missing fixation via HWK. Interestingly, of all storage media, 70% ethanol had the largest
effect on fresh larvae of C. vicina over all measurements, while it had the least effect of fresh
L. sericata larvae. This result must be investigated further.

The lengths of most larvae collected and stored in alternative liquids were smaller
than those of their HWK controls in 70% ethanol. This indicates a need for cautious
estimations of minimal PMIs when interpreting specimen stored in alternative liquids with
lower alcohol concentrations. Calculations based on size might underestimate the real
development time of inspected larvae stored in media similar to those investigated here.
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5. Conclusions

This study shows that storage of larvae in an alcoholic liquid is preferable to omitting
collection at all due to lack of proper equipment. Subpar storage methods in weaker
liquors than 70% ethanol did not have fatal effects on fly larvae or make them unusable
for further examinations. The effect on fresh larvae was significant shrinkage compared to
control samples. This can lead to an underestimation of developmental times. For larvae
previously HWK on the other hand, spirits with high alcohol and low sugar contents were
found to have almost negligible effects. HWK, and thus fixation of the larvae, should
therefore always be aimed for when collecting fly larvae. It might help counteract effects of
subpar storage media and increase comparability to existing data. It furthermore sterilizes
the larvae and reduces degradation during longer storage times.

Exact documentation of treatments and storage liquids is imperative, especially in
cases with makeshift methods. Casework in forensic entomology can never incorporate
all influencing factors. Even less when working with external samples and/or a small
amount of specimen and a lack of supplemental data. Such caveats must always be pointed
out when asked specific questions in order to help an investigation. The denomination of
insects developing on a human body as a “biological clock” increased expectations for the
science of forensic entomology. In reality, the method cannot be as accurate as a clock, as
determination of minimal PMI based on insect development must always be an estimation.
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Simple Summary: In forensic entomology, the correct identification of the species colonizing a body
is fundamental. In old cases, puparia of Diptera represent the only entomological evidence available.
Their identification is made particularly difficult not only because the lack of identification keys,
but also because the presence on their surface of elements (dust, soil, dry decomposition fluids,
bacteria, etc.) that can cover the diagnostic characters. Because of their fragility and the low amount
of DNA, six cleaning techniques based on chemical and physical treatments have been tested. The
results of this study indicate that cleaning via warm water/soap, the sonication and treatment with a
sodium hydroxide solution are the best methods to achieve a good quality of the samples.

Abstract: Diptera puparia may represent both in forensic and archaeo-funerary contexts the majority
of the entomological evidence useful to reconstruct the peri and post-mortem events. Puparia
identification is quite difficult due to the lack of identification keys and descriptions. In addition,
external substances accumulated during the puparia permanence in the environment make the
visualization of the few diagnostic characters difficult, resulting in a wrong identification. Six
different techniques based on physical and chemical treatments have been tested for the removal
of external substances from puparia to make identification at species level feasible. Furthermore,
the effects of these methods on successful molecular analyses have also been tested as molecular
identification is becoming an important tool to complement morphological identifications. The
results of this study indicate that cleaning via warm water/soap, the sonication and treatment with a
sodium hydroxide solution are the best methods to achieve a good quality of the samples.

Keywords: Diptera; identification; forensic entomology; funerary archaeoentomology

1. Introduction

One of the most important taxa involved in the decomposition processes of animal
organic matter is Diptera [1]. Flies, belonging to Calliphoridae, Sarcophagidae, and Musci-
dae families, are particularly important in legal investigation being the first colonisers of a
body after death [2]. In medico-legal forensic entomology, the estimation of the minimum
post-mortem interval (minPMI) and other evaluations about the relocation and/or conceal-
ing of a body, are possible only after an accurate identification at species level [3]. In fact,
Diptera development, and more generally insect development, is temperature dependent
but species specific, very often population related [4]. Moreover, the habitat preferendum,
phenology, digging attitude, chronobiology, and distribution that represent the knowledge
used to answer the investigative questions depend on the species [5-8].
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Being associated with human decomposition Diptera are also commonly recovered
from archaeological excavations. The study of insects associated with ancient human re-
mains, such as natural and anthropogenic mummies or graves has been defined as Funerary
Archaeoentomology [9]. This discipline provides information not only about thanatology
(the scientific study of death and all the body modifications that happen after it), but
also about funerary practices [10], season of death, social habits, and hygiene and health
condition of past populations [11]. Also, in this case, any evaluation and interpretation of
the archeological hypothesis needs a correct identification of the species [12].

Flies are holometabolous insect. Generally, the life cycle of flies includes egg, larval,
pupal and adult stages. During the pupariation process, the larval cuticle goes through a
series of chemical and physical changes, with the final formation of a hard case known as
“puparium” [13]. It acts as a protective case in which metamorphosis takes place. After the
adult emergence, the puparium is left empty on the site. Due to its high resistance to decay;,
puparia can be found in crime scenes [14,15], and they are particularly important in old
cases when other developmental stages are no longer present. Moreover, these structures
can be found even in archaeological contexts, where they might be the only traces of insect
activity left after centuries or millennia [11,16-18].

The morphological identification of puparia is challenging due to the presence of a
few diagnostic features on their outer surface. Most of the distinctive features are found in
the posterior region, such as posterior spiracles and anal plate, and, on the ventral side of
abdominal segment number 7, such as the size, shape, and distribution of spiculae [19].
It is worth mentioning that oral sclerites can be analysed from a puparium but often,
especially in archaeological contexts, they are no longer present [2]. Puparia, depending
on the context and on their conservation, are very often coated by external substances,
like dust, decomposed fluids, dirt, fibres and soil debris which might cover and hide
the above-mentioned diagnostic characters making difficult, if not impossible, a correct
identification of the specimens [20].

During the past decades, several methods and techniques of insect cleaning, designed
especially for adult beetles belonging to museum collections or for immature stages pre-
pared for scanning electron microscopy (SEM) observation, have been described [21-26].
In literature, cleaning techniques are categorised into two main groups: methods based
on a mechanical removal of the dirt particles, and methods based on a soaking system
using different solvents [25]. The selection of which method is the most suitable for a
specific specimen is strictly related to the state of insects” conservation (how fragile the
specimen is, the developmental stage considered, how old the sample is, etc.) and to the
chemical and physical nature of the substance deemed to cover it. In principle, in order
to be correctly identified, specimens have to preserve all the distinctive features after the
cleaning treatment. Therefore, avoiding any damage to the sample is a priority. In practice,
all methods and techniques affect the state of preservation of specimens, both molecularly
and morphologically, although the extent of these effects can vary significantly based on
the amount of time each sample is processed. Thus, it is important to balance the efficiency
in processing entomological samples. In addition, because of the more and more com-
mon application of DNA techniques for species identification [27], also used for puparia
identification [28], cleaning processes should not interfere with the DNA extractability
and integrity.

In order to better understand which cleaning technique was the most suitable to
be used for puparia, six chemical-physical methods have been tested. Two different
experiments have been performed. The first one aimed to evaluate the efficiency of each
method in removing external substances, improving the visual assessment of diagnostic
features. The second one was designed to investigate the compatibility of each cleaning
technique with potential molecular identification. Procedure guidelines are presented and
tooltips for each method are listed.
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2. Materials and Methods

Six methods were selected from the literature according to their ability to dissolve or
remove specific substances (Table 1). Costs and availability of solutions were considered
to select methods affordable by a standard laboratory. Diptera puparia in the families
Calliphoridae, Sarcophagidae, Muscidae, and Sphaeroceridae, from forensic and several ar-
chaeological contexts were selected from the FLEA collection (Forensic Lab for Entomology
and Archaeology based till 2019 at the University of Huddersfield (UK) and now at the
University of Genoa (Italy)), and used for this study. All the specimens (ranging from 0.3 to
1 cm depending on the family) were visibly covered by substances of an unknown chemical
composition deriving from the context of origin and therefore likely including non-insect
organic material, botanical and soil residuals and other debris. As a result, the original
appearance of the specimens was concealed. After a preliminary qualitative evaluation
under a stereomicroscope (Leica M60, Leica, Wetzlar, Germany), the most adequate method
according to the substances present was applied to the puparia (5-8 puparia tested for each
cleaning method).

Table 1. Cleaning methods tested with reference and target substances.

Method Suitable for References
Warm Water and Soap solution Fibres
(WH,O) Dust [16]
2 Sludge
Dross
. Soil debris
Sonication (SON) Sand [29]
Botanical residues
Glacial Acetic Acid (GAA) Inorganic crystals [30]
Sodium Hydroxide solution Putrefactive liquids [31,32]
(NaOH) Any organic matter o
Hydrochloric Acid/Sodium Oily substances [30]
Bicarbonate (ZAN) Grease
Organic matter
Sodium Hypochlorite (BL) Bacteria [33,34]

Mould/Fungi

A pictorial archive of specimens before and after treatments was created using a
Keyence VHX-S90BE digital microscope, equipped with Keyence VH-Z250R and VH-Z20R
lens and VHX-2000 Ver.2.2.3.2 software (Keyence, Osaka, Japan).

(a) Warm water and soap solution: puparia were soaked in a solution of warm water
(~60 °C) and commercial dish soap (depending on the brand of dish soap, component
percentages might vary: sodium linear dodecyl benzene sulfonate, sodium lauryl
alcohol triethoxy sulfate, lauric/myristic monoethanolamide, hydrotrope mixture,
magnesium sulfate, colorant, petrolatum, perfume, ethyl alcohol 95%, deionized
water) for approximately 10-30 min depending on the substances attached on their
surface, and then they were wiped with paintbrushes. The processed samples were
then rinsed with deionized water and air dried.

(b) Sonication: puparia were placed separately inside vials filled with deionized water
and then individually sonicated between 5 and 15 s, depending on the preservation
status, using a sonicator bath (QH Kerry Ultrasonic Limited, f = 50 Hz). The samples
were rinsed with clean deionized water and air dried.

(c) Glacial acetic acid: puparia were gently wiped with a paintbrush soaked in glacial
acetic acid (CH3COOH)) or totally immersed in the acid for 5 min. They were then
rinsed several times with deionized water, in order to stop the chemical reactions,
and air dried afterwards.
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(d) Sodium hydroxide solution: puparia were immersed in sodium hydroxide (NaOH)
10% solution either for 5 or for 10 min. The solution was prepared by adding sodium
hydroxide solid crystal to water. The samples were then washed gently in running
deionized water to stop the chemical reaction, and air dried.

(e) Hydrochloric acid/sodium bicarbonate: this method was described by Zangheri [30]
in order to clean Coleoptera from museum collections. The method combines several
different solutions in a pre-set order. Puparia were first immersed in distilled water
for 24 h, and then placed in a clean vial with hydrochloric acid (HCI) for 10 min and
soaked in a saturated solution of sodium bicarbonate (NaHCO3) for 15 min immedi-
ately afterwards. Finally, puparia were wiped with paintbrushes. The samples were
washed with deionized water and air dried, prior to being microscopically observed.

(f)  Sodium hypochlorite: puparia were soaked for 5 and 10 min in a 5% solution of
sodium hypochlorite (NaOCI). The specimens were washed under deionized running
water and air dried before identification.

All the molecular analyses were performed on modern puparia of Lucilia sericata
(Meigen, 1826) obtained from a breeding colony at the University of Huddersfield (UK).
Puparia were subjected to two different treatments prior to DNA extraction. The first
batch of puparia underwent previously described cleaning procedures immediately after
the adults’ emergence; straight after DNA extractions had been performed (as a control,
three puparia without any cleaning treatment were selected). The second batch, after
adults” emergence, was placed in small pierced plastic boxes containing a mixture of
decontaminated horse blood, cat food, and ground soil, mimicking the conditions of
thanatocoenosis and taphocoenosis. The containers were closed and stored inside the
laboratory at room temperature. After seven days of incubation inside the mixture, the six
cleaning techniques were applied to the puparia (as a control, six puparia were selected,
three not placed in the mixture and not cleaned with any methods and three placed in
the mixture but not cleaned with any techniques). In addition, further sodium hydroxide
concentrations (saturated and 1%) were tested.

All DNA extractions were performed in triplicate on a single empty puparium using the
QIAamp DNA Investigator Kit (QIAGEN, Redwood City, CA, USA). The manufacturer’s pro-
tocol was followed, and slightly modified by additional use of Proteinase K (100 ng/mL) from
PROMEGA (Madison, WI, USA). Elution was performed with 50 pL of Buffer ATE. Quantifi-
cation was performed using a Qubit® 3.0 Fluorometer (Thermo Scientific, Waltham, MA, USA).
Universal LCO-1490 Forward primer (5 GGTCAACAAATCATAAAGATATTGG-3') and HCO-
2198 Reverse primer (5-TAAACTTCAGGG TGACCAAAAAATCA-3') were used [35,36]
to amplify the mitochondrial COI gene (658 bp long) using Polymerase Chain Reaction
(PCR). Master-mix reactions of 20 uL final volume were prepared following the PROMEGA
GoTaq® Flexi Polymerase protocol, which included Colourless GoTaq Flexi Buffer (5x),
MgCI2 (25 mM), primers (IDT) (10 pmol/uL), Nucleotide Mix (10 mM), GoTaq DNA Poly-
merase (5 u/pL) and 2—4 uL of DNA template. The amplification programme (initial heat
activation step at 95 °C for 10 min, 35 cycles of 95 °C for 1 min, 49.8 °C for 1 min, 72 °C for
1 min, and a final extension step at 72 °C for 10 min) was set up on a BioRad C1000 Thermal
Cycler (Bio-Rad Laboratories, Inc., Hercules, CA, USA). A standard gel electrophoresis, in
1.5% agarose gel stained with Midori Green Advanced DNA Stain (Geneflow, Elmhurst,
UK), was used to check PCR products. In case of positive results, 15 pL. of PCR products
were purified using QIAquick PCR Purification Kit® (QIAGEN, Hilden, Germany) fol-
lowing the manufacturer’s instructions. Purified amplicons were sequenced by Eurofins
(Eurofins Operon MWG, Ebersberg, Germany) following the standard Sanger method.
For species identification purposes, DNA sequences were searched on GenBank database
through BLASTN® tool (NCBI, Bethesda, MD, USA).
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3. Results

All the methods selected impacted the external appearances differently and led to
various amplification results. Most of them removed the bulk of external substances after
the first cleaning attempt. Examples of before and after-treatments are shown in Figure 1.

A B

H

Figure 1. Puparia before and after treatment: (A,B) Water and soap solution, (C,D) Glacial Acetic
Acid, (EJF) Sonication; (G,H) Sodium hydroxide 10% solution, (I,J) Hydrochloric acid/sodium
bicarbonates solutions, (K,L) Sodium hypochlorite 1-5% solution. Scale bars: 500 pm.
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Despite the excellent visual results, it is worth mentioning that it is not always possible
to achieve a totally cleaned puparium surface, due to the nature of the substances covering
the puparia, which are a heterogeneous mixture. However, in the majority of the cases,
specimens result cleaned enough to make visible the diagnostic features and allowing their
identification. Different types of substances can simultaneously cover the external surface
of a puparium. Hence, according to the composition of each substance, it may be necessary
to use more than one method or to perform the same cleaning method several times to
obtain a perfectly clean surface. Even though it may seem reasonable and fair to proceed
until reaching the highest level of cleanliness, those multiple and/or combined methods
affect the structure of the puparium. A brief qualitative analysis and tool tips for each
method are listed below.

(a) Warm water and soap solution: This is the most affordable and the most effective
method. The permanence of the puparia in warm water and soap can be prolonged
as long as the operator is aware of the positive correlation between time and softness.
This means that, during the final brushing, the operator needs to pay attention not to
crush the puparium, which becomes more fragile.

(b) Sonication: This method is particularly effective on encrusted debris. It works also
on desiccated muddy or sludgy material, but in those cases, it is a time-consuming
process. In fact, desiccated material, once rehydrated, usually stains the water inside
the vial, not allowing a precise check on the status of the specimens treated. A multiple
and/or prolonged sonication can widen the cracks present naturally on the puparia
after the eclosion of the adults. In worst cases, posterior spiracles and anal plate
can be ripped out from the puparium by the vibration, with the consequent loss of
identification features. It is suggested, especially on archaeological samples, to check
carefully the conservation status (presence of cracks on the surface) of each specimen
prior to treat them with sonication. The more cracks are present, the less time the
specimens should be kept in the sonication bath.

(c) Glacial acetic acid: This method is effective at dissolving inorganic crystals. Com-
monly used by coleopterists, it was not previously tested on dipterous puparia. Due
to its corrosive nature, low quantities and several rinsing steps are suggested. Some
archaeological samples have to be evaluated closely before using acetic acid. In
specific cases, due to the process of per-mineralisation (fossilisation process, during
which mineral deposit creates a cast of the organism), a total or partial substitution of
the organic matter can happen to the pupae. In these cases, acetic acid can destroy the
sample totally.

(d) Sodium hydroxide solution: The solution is very effective on samples covered by
organic substances such as putrefactive liquids. This method is also commonly used
to diaphanise larvae for slide microscopy [37].

(e) Hydrochloric acid /sodium bicarbonate: It is the most time-consuming method as it
involves an initial 24-h immersion in water. It is also the least effective of all methods,
usually leaving a thin residue layer behind. Hence, additional cleaning with one of
the other methods is also required.

(f)  Sodium hypochlorite: It is a common chemical and easily present in an entomological
laboratory. It is known to disinfect and to react with many natural pigments. However,
the solution is not particularly effective as a cleaning solution and, as a minor result,
it decolours the specimens.

In term of DNA extractability, the results of the first group of puparia treated with
cleaning procedures immediately after the adults” emergence are presented in Table 2.
DNA was positively extracted from the controls, from all the samples that were immersed
in sodium hydroxide 10% solution for 5 and 10 min, from sonicated samples, from samples
washed with water and soap, and from samples brushed with glacial acetic acid. However,
DNA extraction failed when samples were immersed in glacial acetic acid, in bleach for
5 and 10 min, and with samples treated with the combination of hydrochloric acid and
sodium bicarbonate solutions.
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Table 2. Quantifications of DNA (average + stdev) extracted from the first group of puparia cleaned
immediately after adults” emergence (CNTRL = control; NaOH = sodium hydroxide; SON = sonica-
tion; GAA = glacial acetic acid; WH,O = warm water and soap; ZAN = hydrochloric acid/sodium
bicarbonate solutions; BL = bleach; v’ positive results for the expected fragment, Xnegative results
for the expected fragment).

Samples DNA (ng/uL) PCR
CNTRL 0.427 £0.26 v
NaOH 10%, 5 <0.001 v
NaOH 10%, 10’ <0.001 v
SON 0.045 + 0.034 v
GAA immersed 0.408 + 0.109 X
GAA paintbrush <0.001 Ve
WH,O <0.001 v
ZAN <0.001 X
BL 5 <0.001 X
BL 10/ <0.001 X

Results of the second group of puparia, which were placed in a mixture of decontami-
nated horse blood, cat food, and ground soil for a week and then cleaned, are presented in
Table 3. DNA was extracted from all the controls: the three control puparia who were not
placed in the mixture and not cleaned with any methods (CNTRL1) gave good quality PCR
amplification; in contrast, the three control puparia placed in the mixture but not cleaned
with any techniques (CTRLN 2) did not show any amplification. PCR was successful from
samples immersed for 5 and 10 min in sodium hydroxide solutions (1%, 10% and satu-
rated), from sonication, and from the samples brushed with glacial acetic acid. One sample
washed in warm water/soap solution, and one sample immersed in glacial acetic acid, also
showed positive results. The rest of the puparia cleaned with warm water/soap solution,
immersed in glacial acetic acid and bleach, and treated with hydrochloric acid/sodium
bicarbonate solutions did not show any positive results.

Table 3. Quantifications of DNA (average + stdev) extracted from the second group of puparia
placed in the mixture for a week and then cleaned (CNTRL1 = puparia not placed in the mixture and
not cleaned; CNTRL2 = puparia placed in the mixture and not cleaned; NaOH = sodium hydroxide;
SON = sonication; GAA = glacial acetic acid; WH,O = water/soap; ZAN = hydrochloric acid/sodium
bicarbonate solutions; BL = bleach; v’ positive results for the expected fragment, Xnegative results
for the expected fragment).

Samples DNA (ng/uL) PCR
CNTRL_1 0.871 + 0.219 v
CNTRL 2 4.251 + 1.988 X

NaOH 10%, 5’ <0.001 v
NaOH 10%, 10/ <0.001 v
NaOH 1%, 5' <0.001 v
NaOH 1%, 10’ <0.001 v
NaOH sat, 5’ <0.001 v
NaOH sat, 10 <0.001 v
SON 0.053 + 0.081 v
GAA immersed 0.345 + 0.373 X
GAA paintbrush <0.001 v
WH,O <0.001 X
ZAN <0.001 X

BL 5/ <0.001 X

BL 10/ <0.001 X
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The mean quantification of both puparia groups was quite low, in agreement with
the scarce availability of tissue in a single puparium suitable to extract nucleic acids from.
In fact, most of the samples showed concentrations below the detectable threshold of the
Qubit 3.0 fluorometer (0.001 ng/uL). However, DNA was successfully amplified, and
the fragments successfully sequenced allowing to confirm the identification of all the
specimens as Lucilia sericata.

4. Conclusions

All six methods selected successfully cleaned the puparia. However, if morphological
and molecular analyses are taken into account together, the best methods, with positive
results in both analyses, were the warm water/soap, sonication and sodium hydroxide
solutions. Hydrochloric acid/sodium bicarbonate solutions, bleach, and glacial acetic acid
immersion are, therefore, not recommended to clean entomological samples if molecular
analysis is intended to be carried out. Furthermore, prolonged and multiple treatments
with any of the cleaning methods might result in damage of insect remains and negatively
affect DNA analysis.
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Simple Summary: This study provides a detailed growth data for Lucilia sericata (Meigen) collected
in South Korea. With the growth data, authors compared different minimum ADH models and found
little differences. However, the logalithmic model was the best fit among differenct models.

Abstract: Development of forensically important Lucilia sericata (Meigen) was analyzed in South
Korea. Rearing was replicated five times at seven constant temperatures between 20-35 °C to
elucidate changes in accumulated degree hours, based on developmental stage and body length, and
2673 individuals were statistically analyzed. The results indicated that the optimum temperature, the
base temperature, and the overall thermal constant were 22.31 °C (+1.21 °C, 95% CI), 9.07 °C, and
232.81 £ 23 (mean + SD) accumulated degree days, respectively. In the minimum ADH models of
each development stage, nonlinear regression graphs were parallel at the immature stages. Based
on the scatter plot (n = 973) of immature stages using ADH values and body length, the logarithmic
model using LogjgADH as the dependent variable was identified as the best fitting regression model.
Additionally, the adjusted R? value and mean square of error were 0.911 and 0.007, respectively. This
is the first forensically focused study on the development of L. sericata for the estimation of minimum
postmortem interval in South Korea. In future studies, we intend to study the development of other
necrophagous fly species and to identify parameters for the determination of age at post-feeding and
pupal stages.

Keywords: development; minimum postmortem interval (PMI-min); rearing; calliphoridae;
Lucilia sericata

1. Introduction

In medico-legal entomology, insects are used as scientific evidence to solve cases
related to the time since death (TSD), entomotoxicology, abuse, and neglect, etc. This field
focuses primarily on the time at which insect eggs (or larva in Sarcophagidae) are laid on
the body after death to estimate the minimum postmortem interval (PMI-min) [1]. PMI-min
is assumed to be most accurately predicted by calculating the age of immature insects [2],
even when the body is badly decayed. As a real case, fly pupae in the soil and maggots
found in the freezer for body preservation were collected 45 days after the discovery of a
putrefied male cadaver in fallow ground. The PMI-min was estimated at 10 days before
the discovery of the body, based on egg laying time from the growth rate of insects, the
distribution of pupae toward pupariation sites, weather information, and so on [3].

The growth rate of insects is strongly influenced by temperature and can be presented
as an S-shaped velocity curve at constant temperatures [4]. Further, the growth rate of
immature insects is considered to have a linear relationship with developmental tempera-
tures [5]. In these linear models, energy budgets designated for physiological development
are considered to remain constant through the various developmental stages [5]. How-
ever, base temperature varies from species to species and can also vary with geographic
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location [5]. Considering these dependent relationships, the values of accumulated de-
gree hours or days (ADH or ADD, respectively) for specific developmental stages (while
estimating the age of forensically important insects) and the base temperature should be
predetermined by setting constant temperatures in rearing experiments [5-7].

Lucilia sericata (Meigen), the earliest arriving necrophagous fly species on corpses,
is known as one of the most dominant forensically important species in the temperate
zone of the Northern Hemisphere as well as in both urban and suburban areas [2,7,8] and
has been found in such places as apartments in Germany [9], some stagnant water in a
city of Spain [10], the Iwate prefecture in Japan [11], indoors in Italy [12], and indoors
in South Korea [13]. In addition, this species is causing myiasis in South Korea, and
the importance of myiasis with this species as an indicator of a poor hygienic condition
and a lack of due care is ever growing in an aging society such as is South Korea [14].
Consequently, numerous studies on the growth of L. sericata have been performed in several
countries [15-20]. Anderson [18] documented the minimum and maximum time taken to
reach each developmental stage as a way to estimate the time since death. Shortly afterward,
Grassberger and Reiter [19] illustrated morphological length and stage changes using
isomegalen- and isomorphen-diagrams. Nevertheless, Roe and Higley [21] emphasized that
methodological inconsistencies in the previous studies made it difficult to apply error rates
or confidence intervals to cases within a given region. These inconsistencies stimulated the
launch of studies on blind validation [22] and field validation [23] of development datasets.

The goal of the present study was to generate practical development data for L. sericata,
the most common indoor insect species in South Korea [13]. The rearing experiments
were replicated five times at seven different temperatures, held constant throughout the
investigation, to analyze the changes in ADH or ADD according to developmental stage
and body length.

2. Materials and Methods
2.1. Identification and Rearing of Adult Flies

Maggots of L. sericata were collected from autopsies in northeastern Seoul, Korea. After
their emergence in incubators, the adults were identified by the following morphological
characters: 6 to 8 occipital setae behind the vertical bristle, acrostichal bristles 2 + 3, and
dorsocentral bristles 3 + 3 [24]. The adult flies were provided with a damp paper towel
as a water source, along with a mixture of powdered milk (50%) and dry granular sugar
(50%). Newly identified adult flies were occasionally added to acryl cages (the dimensions
of 40 x 40 x 40 cm3), which were constructed to prevent odor and the trapping of flies
in the folds. A mesh cloth (20 x 20 cm) was used for the lateral sides and was attached
using Velcro tape. This design facilitated internal cleaning and also provided ventilation.
Moreover, the size of the mesh was small enough to prevent the intrusion of coffin flies
(Phoridae) (Figure 1).

After emergence,
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Figure 1. A diagram showing the preparation process for the growth experiment of Lucilia sericata.
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2.2. Sampling and Rearing of Maggots

Fresh pork liver was sliced into pieces (approximately 50 g in weight) and the pieces
were frozen at —20 °C until use. They were thawed slowly at 25 °C for 24 h in order to
maintain freshness and minimize blood leakage. Eggs were collected from a piece of fresh
pork liver within 40 min of the beginning of egg laying. Eggs were then separated from
each other by soaking in sodium sulfate solution (2%) and rinsing with distilled water [19].
Twenty-five of these moist eggs were then deposited onto a new piece of fresh pork liver
(50 g) using a small moist brush to prevent them from drying. Ten bottles (diameter 10 cm,
height 9 cm) containing the eggs and liver were placed at the center of a growth chamber
(50 x 50 x 50 cm) to reduce the effects of location. The process of rearing—from eggs to
adult stages—was duplicated five times at 70% relative humidity with a photoperiod (h) of
16:8 (L:D) at seven constant temperatures—namely, 2 °C, 22 °C, 24 °C, 26 °C, 28 °C, 32 °C,
and 35 °C (for a total of 35 experiments). This was done considering the possibility of
diapause [18,25] and the upper temperature threshold [19,26]. When the movement trace
of post-feeding larvae could be observed, dry wood sod (depth 6 cm) was added to the
10 bottles for pupation. Once the first adult fly emerged, the bottles were transferred to
acryl cages to continue the rearing of adult flies. Notably, the selected temperature of the
growth chambers was not assigned to a single temperature. This was done to distinguish
between the effect of the selected temperature and the mechanical error of the growth
chamber [27]. Moreover, the center temperature of the growth chambers was measured for
temperature correction. Regardless of body length or developmental stage, four individuals
were removed from one bottle every 12 h. Afterward, the same bottle was replaced, and
the other bottles in the chamber were shuffled. Specimens (four individuals) were killed by
submersion in boiling water for 30 s to prevent shrinkage. Specimens were then preserved
in an 80% ethanol solution [28] and placed in a freezer (—20 °C).

2.3. Body Length, Larval Stages, and the Optimum Development Temperature

Body length was measured using micrographs (Olympus, SZX10) and calculated
using Microsoft Office Excel 2007 (Microsoft Corp., Redmond, WA, USA) (Table S1). Larval
stages were determined based on the condition of the crop and the number of posterior
spiracle slits [5]. Additionally, the minimum time taken to reach each developmental stage
was based on the time at which the first observed individual was discovered (Table S2).
The optimum development temperature was statistically estimated from the inflection in
the sigmoid model of growth rate [27]. Additionally, ADH (or ADD) was calculated using
the following equations [5] (Table S3):

Time (h) x (temperature — base temperature) = ADH (°H) 1
Time (days) x (temperature — base temperature) = ADD (°D) 2)

2.4. Data Fit and Statistical Analysis

SigmaPlot (version 10.0) and Microsoft Office Excel 2007 were used for plotting all
graphs and for performing basic statistical analyses. Two-way ANOVA, without replica-
tion, was conducted using the SAS program (ProcMIXED, SAS9.4) [29] to determine the
differences among minimum mean hours spent in each development stage and temper-
ature (p < 0.05) [23]. In addition, the growth data from egg to adult were fitted with a
four-parameter sigmoid model to determine the minimum growth rate (yo) as well as the
optimum development temperature (x°):

F(x) = y° + a/ (1 + exp (— (x — xo) /b)) (3)
where y° is the minimum developmental rate, x° is the inflection or the optimum develop-

ment temperature in the sigmoid curve, “a” is the difference between the maximum and
minimum developmental rates, and “1/b” is the steepness of the sigmoid curve [27,30].
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The fitted curve for growth rate was compared with rearing results from previous studies
using 95% confidence and 95% prediction intervals. In addition, a scatter plot was pro-
duced to illustrate the correlations among the following variables: body length, ADH, and
growth stage, including the transition stages in the first and second instar. Using the scatter
plot, linear regression and nonlinear regression analyses were performed to conform to the
growth model of the immature stages using ADH and Log1oADH values.

3. Results
3.1. Body Length and Minimum Development Time

Among 8750 eggs (25 eggs x 10 bottles x 7 temperatures x 5 replicates), 2673 individ-
uals were sampled and statistically analyzed (sample coverage, 32.7%), including 200 out-
liers. Body length values (mean + SD) were 1.17 £ 0.13 mm (egg), 2.45 £ 0.65 mm (first
instar), 6.29 + 1.54 mm (second instar), 13.16 & 2.40 mm (third instar), 12.12 + 1.99 mm
(post-feeding larva), and 7.73 £ 0.63 mm (pupa) (Figure 2). Additionally, the minimum de-
velopment time (mean =+ SD, n = sample size) from egg to adult stages at each of the seven
temperatures was 20.60 + 1.53 days (20 °C, n = 499); 16.42 + 1.54 days (22 °C, n = 357);
14.78 £ 0.61 days (24 °C, n = 361); 12.75 £ 0.96 days (26 °C, n = 332); 11.70 £ 0.84 days
(28 °C, n = 360); 10.90 £ 0.55 days (32 °C, n = 390); and 10.70 & 0.45 days (35 °C, n = 374).
Values for the minimum mean development time were significantly different among the
developmental stages (F = 53.8; df = 5; p < 0.05) and temperatures (F = 3.6; df = 6; p < 0.05).
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Figure 2. Boxplot of body length according to developmental stages in L. sericata (n = sample size).
Body length was greatest at the feeding third instar stage but decreased during pupation.

3.2. Base Temperature, Optimum Temperature, and Comparisons with Previous Studies

The base temperature was calculated as 9.07 °C (Table 1), and the growth data were
fitted with the four-parameter sigmoid model. The statistically adjusted R? value was 0.93,
and the mean square error (MSE) was 3.10; coefficient values were calculated as 28.56,
3.28,22.31, and 11.14 for a, b, 0, and yo, respectively. The optimum temperature (or the
inflection (xY)) was estimated as 22.31 °C (+1.21 °C, 95% CI) (Figure 3). Additionally, the
growth rate in the present study corresponded to that reported in most previous studies in
the 95% prediction interval (Figure 3).
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Table 1. Base temperatures and p values for Lucilia sericata according to development stage.

Stage Regression Equation R? Base Temperature (°C) p-Value
Egg Y =39.9305x — 479.1665 0.8701 12.0000 0.0207 *
First instar Y =25.4630x — 164.0213 0.5673 6.4416 0.1416
Second instar Y =21.3656x — 147.9693 0.6338 6.9256 0.1071
Third instar Y =12.5778x — 92.7091 0.6265 7.3709 0.1106
Post-feeding Y =9.2416x — 65.3248 0.3773 7.0686 0.2703
Pupa Y =4.4917x — 46.8452 0.9152 10.4293 0.0108 *
Egg to adult Y =1.9040x — 17.2758 0.9907 9.0734 <0.0004 *

* p-value < 0.05.
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Figure 3. Four-parameter sigmoid model for the growth rate of Lucilia sericata from eggs to adults at
five temperature regimes with 95% confidence and 95% prediction intervals. Although rearing was
duplicated five times at seven temperatures, the dots of the present study overlapped due to similar
results. Data from most previous studies fell within the 95% prediction interval.

3.3. Minimum ADH Models and Scatter Plots

When plotted, the minimum ADH models based on the same development stages ran
parallel at feeding larval stages. However, the plots curved upward at the post-feeding
and pupal stages (Figure 4). In addition, the scatter plots (n = 2566) developed from
ADH values and body length presented a constant relationship during the feeding larval
stage (<1551.60 ADH). Moreover, minimum ADH values at each developmental stage
were estimated as follows: first instar: 203.16 ADH; second instar: 524.64 ADH; third
instar: 812.64 ADH; post-feeding third instar: 1551.60 ADH; and pupa: 2492.04 ADH
(Figure 5). The first and second instar larvae transitioning to the next developmental stage
and characterized by one additional slit under the posterior spiracle slits [4] presented
relatively narrow ADH ranges—f{rom 454.3 ADH to 622.3 ADH and from 812.6 ADH to
1612.4 ADH (Figure 5).
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Figure 4. Minimum accumulated degree hours (ADH) model for Lucilia sericata developed by
accumulated minimum development hours at each developmental stage, at seven temperature
regimes, with a base temperature of 9.07 °C. Regression curves were fitted with polynomial cubic
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Figure 5. Scatter plot (n = 2566) of Lucilia sericata developed based on ADH values and body
lengths at each developmental stage. It shows a constant relationship during feeding larval stages
(<1551.60 ADH), minimum ADH values for each developmental stage, and the possibility of transi-
tion forms as a forensic indicator.

3.4. Linear and Nonlinear Regressions during Immature Stages

Both linear regression and nonlinear regression were performed using ADH values
(f(x)) and body length (x) during the feeding larval stage (<1551.60 ADH) in the scatter
plot (n = 973). It is important to note that the adjusted R? value of the secondary model
was higher than that of the linear model, whereas the MSE using Log1gADH was lower
(Table 2). Therefore, the logarithmic model (2 Parameter I) using Log;gADH was estimated
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as the best fitting regression model (Figure 6), considering the RZadj value (0.911) and MSE
(0.007) (Table 2).

Table 2. Linear and nonlinear regression models during immature stages using ADH and Log;oADH values (n = 973).

Model Y Regression Equation Rzad]- SE MSE

Linear ADH Y =238.508 + 83.076x 0.872 142.800 204 x 102
Quadratic ADH Y =41.570 + 158.911x — 4.814x> 0.920 112.729 127 x 102
Logarithm ADH Y =38.392 + 466.960 Log1g (X) 0.899 126.993 161 x 107

Linear Log1gADH Logig (Y) =2.469 + 0.053x 0.744 0.141 0.020
Quadratic Log1oADH Logo (Y) =2.228 + 0.146x — 0.006x2 0.892 0.091 0.008
Logarithm Log10ADH Logio (Y) = 2.295+ 0.327 Logjg (x) 0.911 0.083 0.007

SE: standard error of estimation, MSE: mean square error.
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Figure 6. A nonlinear regression analysis was performed from the scatter plot (1 = 973) of feeding
larval stages (<1551.60 ADH) of Lucilia sericata to determine the correlation between ADH values
and body lengths. The adjusted R? value and mean square error were 0.911 and 0.007, respectively.

4. Discussion

The growth rate of insects is strongly influenced by temperature and is presented
as an S-shaped velocity curve at constant temperatures [4]. In the present study, the
forensically important L. sericata was reared under conditions that aligned with five criteria
for controlling variation factors—namely, a food source of fresh pork liver thawed within
24 h [31], a photoperiod of 16 h (light) [25], the placement of rearing bottles in the center of
the chamber with a thermometer [32], the number of eggs being limited to 25 to prevent
heat generation by friction [33], and the random use of chambers to distinguish the effect
of programed temperatures and mechanical errors [32].

In our pilot study, the sampling of entire-age cohorts at 20 °C to produce insect
growth models [34] led to the number of bottles exceeding the capacity of a rearing
chamber. This problem eventually caused poor ventilation, thereby reducing the effect
of the programed temperature. Meanwhile, in the present study, four individuals were
sampled from one of the ten shuffled bottles every 12 h, and rearing experiments were
repeated five times at seven temperatures to meet the minimum sample size for statistical
significance (n = 318) [35]. This was done in accordance with the sampling method outlined
by Anderson [18]. In addition, because it is difficult to count moving first instar immediately

197



Insects 2021, 12, 323

after hatching, the hatch rate for 25 eggs could be estimated through the sum of the number
of sampled individuals from egg to adult and the number of left puparia.

It is important to note that the minimum amount of time taken to reach each stage of
development was not based on ecologically meaningful 50% transition times but rather on
the observed time of the first individual [17-19]. This is because, in forensic science, the
existence of each development stage in a scene becomes scientific evidence, and the best
standard practice recommends collecting at least 10% of the total population to ensure the
collection of the oldest (or the largest) insects [36]. In addition, it was confirmed that the
previous growth data were mostly included within 95% prediction intervals based on the
growth data of this study (Figure 2), despite differences in geographic region and type and
properties of food. These results suggest that the application of a consistent analysis method
of developmental stages, based on the observed time of the first individual (minimum), is
more important than geographic region or food in insect growth model studies.

Currently, forensic entomologists need to know the minimum growth time of the
oldest insect collected at a scene and also need to require information on the optimal
temperature for laboratory rearing after sampling [27]. In a study of larval mass effect
on Lucilia sericata, ambient temperatures between 22 °C and 25 °C were reported as the
optimal temperature range for the highest heat emission per larva [37]. These results were
consistent with the fact that 22.31 °C (£1.21 °C, 95% CI) was measured as the optimum
temperature for this study, and it was thought to be related to the fact that the growth of
insects is dependent on the temperature. Kotzé et al. (2015) found that the body length
of Lucilia cuprina was greatest near the optimal temperature [38], and this result was
also the same as our result, as mean body lengths of third instar were greatest at 24 °C
(14.06 + 1.85 mm).

For the estimation of base temperature from egg to adult, five temperatures between
20 and 28 °C were used on a linear growth graph, and minimum ADH values were
determined using the x-intercept approach at 9.07 °C [39] (Table 1). Notably, this value
is similar to the 9.0 °C reported by Marchenko [20]. This similarity suggests that there is
little difference by geographical region between Russia and South Korea for Lucilia sericata
and that methodological factors (food, larval mass effects, etc.) were consistent with this
study, including the setting of the temperature range centering on the flection point of the
sigmoid growth curve (the optimum temperature) [27].

The minimum ADH model of this study (Figure 4) was produced using the minimum
time required to reach each developmental stage, from the initial egg laying phase, for easy
identification of minimum ADH values in a scene. Reibe et al. (2010) [40] also published a
ADH model similar to this study, but this study used a base temperature of 9.07 °C and
growth data made of 25 eggs, whereas they used 8.0 °C and growth data made of 100 eggs
by Grassberger & Reiter (2001) [19]. Unlike this study, according to Marchenko (1985) [41],
their growth data were estimated to reflect the larval mass effects. Therefore, in order to
reduce the estimation error of PMI-min, it was considered essential to select an appropriate
ADH model according to the field situation even if the same species of insects were found.

Additionally, the regression curves in Figure 3 demonstrate the delay in puparia-
tion due to the extension of the post-feeding larval stage, which resulted from the high
programed temperature rather than the crowding of larvae [17]. We excluded any heat
generated from the larval population because we had placed only few individuals in each
bottle to avoid the heat generated by their bodies [33]. In addition, food and dry sawdust
were sufficiently provided [42].

A practical ADH model should include useful parameters such as body length and
growth stage, as well as prediction intervals. However, the isomegalen- and isomorphen-
diagrams by Grassberger and Reiter [19] have no error values, and the ADH model by
Reibe et al. [40] has no data for body length. For these reasons, a new scatter plot was
designed to show body length, growth stage, and ADH values (Figure 5). The following is
a summary of our findings. First, ADH values and body length during feeding larval stages
have a linear relationship. Second, other parameters such as gene expression differences
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are needed for age prediction during the post-feeding third larval stage and the pupa
stage [43]. Third, the minimum ADH values taken to reach each developmental stage can
be determined from 20 to 35 °C, and lastly, the first and second instar larvae transitioning
to the next developmental stage have potential as forensic indicators due to their relatively
narrow ADH ranges.

In the feeding larval stages of the scatter plot, linear and nonlinear regressions were
performed to understand the correlation between ADH values and body length. The best
fit regression model was the logarithmic model (2 Parameter I) using Log;gpADH as the
dependent variable (Table 2), considering the R? adj value and MSE. It was expected that
using ADD, rather than ADH, as the dependent variable would result in a low MSE [44].
However, it was excluded from this study because it was thought that the precision was
low, even though the measurement of the growth period in units of days had high accuracy.
In addition, 95% of the prediction intervals in fitted models, or errors of ADH estimates
from body length values, were due to variability within a species [27] and the sampling
interval of 12 h. Therefore, shorter sampling intervals were suggested within a growth
period of 120 h for a more precise estimation of PMI-min [1,34].

5. Conclusions

The growth models for Korean L. sericata showed little difference in this study when
compared with the results of previous studies; minimum ADH values at each stage of
development could be determined. Based on the scatter plot of ADH values and body
length values at immature stages, the logarithmic model was the best fit. In addition,
minimum ADH values and 95% prediction intervals at each body length value could be
statistically estimated (adjusted R? = 0.92). In future studies, it is our intention to rear
subdominant necrophagous fly species and develop additional markers for age prediction
at post-feeding and pupal stages.
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10.3390/insects12040323 /51, Table S1. Body lengths (mean + SD, mm) for each stage of Lucilia
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sericata. Table S3. Minimum ADH values (mean + SE, ADH) for each stage of Lucilia sericata.
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Simple Summary: In forensic entomology, blow flies are often the first insects to arrive to decompos-
ing remains. The development rates of blow flies are used to estimate the minimum amount of time
between death and discovery of the remains, or post-mortem interval (PMI). When there are multiple
species of flies interacting on the same remains, there could be changes in the development of the
flies. We tested the development of three different species of blow flies in different combinations at
different temperatures and measured the development and the rate of growth. One species (Lucilia
sericata) grew larger when it developed with the species Phormia regina at certain temperatures. The
larvae of Calliphora vicina gained weight slower when interacting with P. regina and P. regina grew
faster when interacting with these two other species. Due to these differences in the development
rates of the flies, depending on the species they are interacting with, more research is needed to

further examine other species combinations and temperatures.

Abstract: Estimates of the minimum post-mortem interval (mPMI) using the development rate of
blow flies (Diptera: Calliphoridae) are common in modern forensic entomology casework. These
estimates are based on single species developing in the absence of heterospecific interactions. Yet,
in real-world situations, it is not uncommon to have 2 or more blow fly species developing on
a body. Species interactions have the potential to change the acceptance of resources as suitable
for oviposition, the timing of oviposition, growth rate, size and development time of immature
stages, as well as impacting the survival of immature stages to reach adult. This study measured
larval development and growth rate of the blow flies Lucilia sericata (Meigen, 1826), Phormia regina
(Meigen, 1826) and Calliphora vicina Robineau-Desvoidy (Diptera: Calliphoridae) over five constant
temperatures (15, 20, 25, 30, 35 °C), in the presence of conspecifics or two-species heterospecific
assemblages. Temperature and species treatment interacted such that L. sericata larvae gained mass
more rapidly when in the presence of P. regina at 20 and 30 °C, however only developed faster at
first instar. At later stages, the presence of P. regina slowed development of L. sericata immatures.
Development time of C. vicina immatures was not affected by the presence of P. regina, however
larvae gained mass more slowly. Development time of P. regina immatures was faster in the presence
of either L. sericata or C. vicina until third instar, at which point, the presence of L. sericata was neutral
whereas C. vicina negatively impacted development time. Phormia regina larvae gained mass more
rapidly in the presence of L. sericata at 20 °C but were negatively impacted at 25 °C by the presence of
either L. sericata or C. vicina. The results of this study indicate that metrics such as development time
or larval mass used for estimating mPMI with blow flies are impacted by the presence of comingled
heterospecific blow fly assemblages. As the effects of heterospecific assemblages are not uniformly
positive or negative between stages, temperatures or species combinations, more research into these
effects is vital. Until then, caution should be used when estimating mPMI in cases with multiple
blow fly species interacting on a body.
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1. Introduction

To estimate the minimum Post-mortem Interval (mPMI) using insect evidence, there
are two general approaches; one method uses the predictable rates of development of
blow flies (Diptera: Calliphoridae) [1-3] and the other uses the predictable changes in
community composition in the succession of insects through decomposition [4,5]. Blow
fly species have different growth and developmental rates, which have been measured
for numerous species including: Lucilia sericata Meigen [6-11], Calliphora vicina Robineau-
Desvoidy [6,8,10,12,13], and Phormia regina Meigen [6,8,14,15]. Using these species-specific
development rates, combined with temperature conditions that the larvae experience
during development, the mPMI estimate can be calculated. Numerous studies provide
examples of variable development within species of blow flies. This may be a result of
different methods such as food source, density, constant versus fluctuating temperatures,
or different geographic populations [7,11,16-18]. Greater awareness of this issue is being
addressed in the forensic entomology community through validation studies that compare
estimates of mPMI using different developmental data [19].

Developmentally based estimates of mPMI must first determine how far along the
insect evidence has progressed through immature larval development. This is done by
examining the larval spiracular slits for instar determination [2,20], and/or by measuring
larval size using either length or weight [3,21]. Any factors that impact the timing of
larval development between instars or impact the rate at which larvae grow or gain mass
will impact mPMI estimates based on these metrics. It is well known that growth rate,
larval weight and adult size may all be influenced by temperature [22] and density of
larvae on the food source [23-25]. Less well studied is the effect of species interactions,
including competition, which can alter body size and fecundity of blow flies [25-30].
Yet, understanding the role of species interactions and temperature on the behavior and
development of blow flies should allow for more accurate estimates of mPMI [31].

Although many development studies have examined the influence of temperature on
blow flies, many of these studies examine only conspecifics developing, with species inter-
actions noticeably absent [14,15,32-34] and it is likely that species interactions together with
environmental effects result in variable blow fly development. Group oviposition sets up a
potential scenario for different species interactions among larvae, such as intraspecific and
interspecific competition [24,35,36]. The blow flies L. sericata, C. vicina and P. regina are three
widely distributed species that are frequently encountered on decomposing remains [37].
These blow fly species often arrive to carrion and oviposit large aggregations of eggs. Lucilia
sericata and P. regina have the same developmental range of 10-35 °C [14,38-40], and often
colonize the same carrion resource [41-44]. Calliphora vicina has a colder developmental
range of between 3.5-30 °C [13,45]. In southern Ontario (Canada), C. vicina and P. regina
co-occur during the spring and late fall, whereas L. sericata and P. regina co-occur during
the late spring through to early fall (VanLaerhoven, personal observations).

It is generally believed that L. sericata is a poor competitor, exhibiting negative effects
such as reduced body size and reduced survival due to intraspecific competition [35,46,47].
However, when competing with P. regina, L. sericata development and survival were not
reduced, but P. regina larvae were completely eliminated from resources when competing
with L. sericata [48].

The growth rate of C. vicina is often greater than that of other species, due to the larger
size of this species [35]. This species experiences increased mortality and reduced adult size
due to intraspecific competition during development, indicating that the growth of C. vicina
should be reduced during intraspecific interactions [24,35]. Due to their large size, C. vicina
may not be as heavily impacted by interspecific competition when competing with smaller
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larvae and may have the ability to outcompete and exclude a smaller species. Conversely,
the larger size of C. vicina may result in increased competition with other species due to
their greater resource requirements.

The objective of this study was to measure the effect of conspecific or heterospecifics
rearing conditions at five different constant temperatures between 15-35 °C on develop-
ment time and growth rate of the blow flies L. sericata, C. vicina and P. regina.

2. Materials and Methods
2.1. Colony Maintenance

All adult flies were maintained in colonies at the University of Windsor and were
housed in 46 x 46 x 46 cm aluminum cages (Bioquip 1450C aluminum collapsible cage) at
25 °C, 60% RH and a 12:12 L:D diel cycle. Colonies originated from wild-caught females,
collected in Windsor, Ontario, Canada with new wild type flies trapped and added to the
colonies every year. Adult flies were provided with sugar and water ad libitum. Pork liver
was used as an oviposition substrate for gravid females within the colony cages. Larvae
were given fresh liver throughout development and were monitored until emergence of
adults. After emergence, flies were transferred to clean colony cages.

2.2. Experimental Design

The species treatments for this study were as follows: (1) P. regina only, (2) L. sericata
only, (3) C. vicina only, and (4) P. regina and L. sericata mixed (5) P. regina and C. vicina mixed.
In treatments 1-3, each species developed with conspecifics and therefore experienced in-
traspecific interactions only. Treatments 4-5 represented mixed species treatment, with the
species experiencing both intra and interspecific interactions. All species and temperature
treatments were replicated five times. Prior to setting up each treatment replicate, colony
cages of adult flies were supplied with pork liver as an oviposition media to obtain egg
masses of up to 2000 eggs. Eggs were held at 25 °C until eclosion, at which point, they were
transferred to treatment conditions within an hour of eclosion. For each temperature and
species treatment, 40 cups were prepared and were composed of 20 first stage larvae were
transferred to 59 mL polystyrene cups using a dampened paintbrush. Density of larvae
was maintained at 20 individuals regardless of treatment, thus in mixed species treatments,
10 individuals of each species were placed into the cup. Each cup contained 20 g of pork
liver to ensure that excess liver would be present, as each larva requires between 0.5-1 g
liver [49,50] and 1.5 cm of sawdust, to act as a pupation medium. All cups were covered
with landscape tarp and secured with a plastic lid. Cups were placed into growth chambers
(Conviron Adaptis A1000) that were programmed to a constant temperature, with 50%
(£0.41-2.59) RH and a 12:12 L:D cycle. Temperatures within the growth chambers were
programmed to be one of five temperatures (15 °C, 20 °C, 25 °C, 30 °C, 35 °C (£0.66)).
Dataloggers (HOBO U-12 data loggers, Onset, Pocasset, MA, USA) were placed into the
growth chambers to record hourly temperature and relative humidity.

2.3. Sampling

For development up to pupation, cups were checked every 8-12 h for developmental
stage based on the number of spiracular slits or visual observation of pupation. Following
pupation, cups were checked every 20-24 h for adult emergence. At each check, one
cup from each species and temperature treatment was removed entirely from the growth
chambers. All larvae present in that cup were immediately placed into boiling water for
30 s to prevent shrinkage and were then preserved in 70% ethanol. This continued until
pupation was observed for all larvae in the polystyrene cups. In heterospecific treatments,
larvae were identified to species using the peritreme and accessory oral sclerite [51] prior
to determination of stage or larval mass. The wet mass of individual larvae was measured
to the nearest 0.1 mg using an analytical scale (Denver Instruments M-120).
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2.4. Statistical Analyses

Analyses were conducted for each mixed species combination (L. sericata with P. regina,
C. vicina with P. regina, P. regina with L. sericata and P. regina with C. vicina) to determine
if species composition influenced growth rate, minimum development time and pupal
mass. To satisfy the assumptions of normality and homogeneity of variance for ANOVA,
variables were square-root (larval weight) transformed.

Given the strong known effect of temperature on development time, instead of a
two-way ANOVA to analyze interactions between temperature and species composition
treatment, Bonferonni corrected t-tests were used to compare individual pairwise compar-
isons within stage and temperature combinations that differed between of a species on its
own compared to development time in the presence of the second species. Thus, & = 0.003
was used to distinguish significant differences.

To analyze if growth rate (mg larval mass/sampling time) differed between larvae
in conspecific or heterospecific conditions, the relationship of larval mass over time was
transformed into a linear relationship for each species treatment at each temperature using
the equation:

HM = wH+ k 1)

HM = product of duration of growth (in hours) and larval mass (in mg)
k =y intercept or cumulative mass acquisition during development

w = rate of change in mass or slope

H = duration of growth (in hours)

Within each temperature and pairwise species treatment of conspecific to heterospe-
cific, an indicator variable linear regression with interaction analysis was conducted to
determine if slope of the conspecific treatment regression differs from that of the heterospe-
cific treatment regression (indicated by an interaction term with p < 0.05). In addition,
evidence of an overall mean difference between conspecific and heterospecific growth rate
is indicated by a significant species treatment term (p < 0.05).

3. Results
3.1. Development Time

As expected, temperature affected the minimum development time to each stage of
all three species in this study, with faster development times as temperature increased
(Tables 1-3). Phormia regina took less time to develop at all temperatures tested when com-
pared to L. sericata and C. vicina, whether developing with conspecifics or heterospecifics.

The presence of p. regina reduced the developmental time of L. sericata compared to
developing with conspecifics for the first larval stages at some temperatures, but increased
the developmental time of L. sericata for the second, third and pupal stages at some temper-
atures (Table 1). Development time to second instar was shorter when developing with
P. regina than when developing with conspecifics at 20 and 30 °C with development time
either not different or not significantly shorter but trending shorter at other temperatures.
In contrast, development time to subsequent stages was longer when L. sericata developed
with P. regina, particularly for time to third instar at 25 °C, time to pupation at 15 °C and
time to adult emergence at 25 °C. Development time between L. sericata raised alone or
with P. regina either did not differ or was not significantly longer but trending longer at
other stages and temperatures for those reared with P. regina.

The presence of L. sericata reduced the developmental time of P. regina compared to
developing with conspecifics for the first and second larval stages at some temperatures
(Table 2). Development time to second instar was shorter when developing with L. sericata
than when developing with conspecifics, except at 30 °C. Development time to third instar
was only shorter when developing with L. sericata than when developing with conspecifics
at 15 °C. Development time to pupal and adult emergence did not differ between those P.
regina with conspecifics compared to those with L. sericata.
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The presence of C. vicina reduced the developmental time of P. regina compared to
developing with conspecifics for the first and second larval stages at some temperatures
(Table 2). Development time to second and third instar was shorter when P. regina devel-
oped with C. vicina than when developing with conspecifics at 15 and 25 °C, and either not
different or not significantly shorter but trending shorter at other temperatures. Develop-
ment time to pupation was only longer when P. regina developed with C. vicina than when
developing with conspecifics at 20 °C. Development time to adult emergence was longer
for P. regina developing with C. vicina compared to those with conspecifics at 15-25 °C and
not significantly longer but trending longer at 30 and 35 °C.

The presence of P. regina had no effect on the developmental time of C. vicina compared
to developing with conspecifics at any stage or temperature (Table 3).

Table 1. Mean minimum development times (h) to reach each life stage starting from 1 h old first
instar larvae for L. sericata when developing with conspecifics (L. sericata alone) and heterospecifics
(L. sericata with P. regina). Variation around the mean is presented as the greater of either half the
sampling interval (6 h for second instar to pupal stages, 12 h for adult stage) or the calculated
standard error. Asterisk * indicate differences (p < 0.003) between L. sericata alone or with P. regina
combinations within a single stage and temperature pairwise comparison.

Species L. sericata Alone L. sericata with P. regina
Temp (°C) L2 L3 Pupae Adult L2 L3 Pupae Adult
15 92+6 125+6 437+6 1119 + 12 87+ 6 147 +16 498 +£30* 1122+ 55
20 49+6 65+6 221+6 533+12 24+6* 72+6 228 £17 524 £+ 30
25 16+ 6 30£6 158 £9 325 £12 16+ 6 61 £6* 139+ 6 385 +12*
30 25+6 49+6 111+6 236 + 12 l6t6* 35+6 128 +8 282 +£17
35 17£6 32+6 145£10 248 £18 12+6 306 138 £ 12 244 £ 12
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Table 2. Mean minimum development times (h) to reach each life stage starting from 1 h old first instar larvae for P. regina when developing with conspecifics (P. regina alone) and
heterospecifics (P. regina with L. sericata or with C. vicina). Variation around the mean is presented as the greater of either half the sampling interval (6 h for second instar to pupal stages,
12 h for adult stage) or the calculated standard error. Asterisk * indicate differences (p < 0.003) between P. regina alone and with L. sericata combinations, or with C. vicina combinations
within a single stage and temperature pairwise comparison.

Species P. regina Alone P. regina with L. sericata P. regina with C. vicina

Temp (°C) L2 L3 Pupae Adult L2 L3 Pupae Adult L2 L3 Pupae Adult
15 156 £ 7 209 £6 439 + 42 869 £ 51 87+ 6* 147 £ 16 * 488 £+ 40 972 £ 47 26+6* 101 +6* 370 £ 6 1202 £ 12*
20 51+6 73£6 217 £6 409 £+ 12 24+6* 65+ 6 212 £10 420 £+ 20 43+6 72+6 298 £10* 537 £27*
25 50+ 6 65+6 139+ 6 253 £12 16+6* 61+6 133+ 6 259 £ 12 24+6* 48 & 6* 158 £ 6 277 £12*
30 19+6 35+6 95+ 6 201 +£12 16 £6 35+6 121 £10 227 +£12 12+6 2446 9% + 6 216 £ 12
35 16 £6 31+6 93+6 174 £ 12 10+6* 27+6 9+6 195 £ 12 12+6 24+6 86 + 10 182 £ 12
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Table 3. Mean minimum development times (h) to reach each life stage starting from 1 h old first
instar larvae for C. vicina when developing with conspecifics (C. vicina alone) and heterospecifics (C.
vicina with P. regina). Variation around the mean is presented as the greater of either half the sampling
interval (6 h for second instar to pupal stages, 12 h for adult stage) or the calculated standard error.
N/ A indicates all individuals died prior to reaching this stage.

Species C. vicina alone C. vicina with P. regina
Temp (°C) L2 L3 Pupae Adult L2 L3 Pupae Adult
15 33£6 78+£6 342+6 798+£12 26+6 72+6 322+6 787+12
20 15+6 536 197+6 506+£12 23+6 53+6 178+ 6  432+25
25 15+6 27 +6 140+8 413+£13 1246 24+6 130 £10 451+12
30 12+6 24+6 154+6 366+12 1246 24+6 146 £ 6 N/A
35 29 £6 50+ 6 216 £6 N/A 26 £6 55+ 6 124 £+ 33 N/A

3.2. Growth Rate

As expected, temperature affected growth rate (larval mass/time) of all three species
in this study, with faster mass acquisition as temperature increased through larval stages
until the start of the post-feeding period prior to pupation (Figures 1-3).

The slope of the regression line for larval growth rate of L. sericata differs between
developing on its own compared to with P. regina at 30 °C such that L. sericata is slower
in gaining mass over time when developing on its own (Figure 1; > = 0.96, F; 14 = 4.6,
p = 0.05). In addition, L. sericata acquires less overall mass when on its own compared to
with P. regina at 20 and 30 °C (r? = 0.86, F148=6.7,p=0.01; 2 =0.96, F1,14 =10.8, p = 0.005,
respectively).

At 20 °C, P. regina acquires more overall mass when with L. sericata than when on its
own or with C. vicina (r? = 0.89, Fj 56 =24.2, p <0.0001). At 25 °C, larval growth rate of P.
regina differs between developing on its own compared to with L. sericata or C. vicina at
25 °C such that P. regina is initially slower in gaining mass but as development progresses,
becomes faster when developing on its own (Figure 2; r? =092, Fy30=4.3,p=0.02). In
addition, at 30 °C, both the slope of the regression line and the overall growth rate differ
such that P. regina larvae developing with C. vicina gain more overall mass at a faster rate
than P. regina alone or with L. sericata (r2 =0.89, slope: Fp 29 =3.7, p = 0.04, overall: F ) =54,
p =0.01).

The slope of the regression line for larval growth rate of C. vicina differs between
developing on its own compared to with P. regina at 15 and 25 °C such that C. vicina is
initially slower at gaining mass when developing on its own but becomes faster when
developing on its own over time (Figure 3; r* = 0.89, Fys3 = 6.46, p = 0.01; r*> = 0.93,
F1,19 = 13.5, p = 0.002, respectively). In addition, C. vicina acquires more overall mass when
on its own compared to with P. regina at 25 and 30 °C (r2 = 0.93, F119 = 14.1, p = 0.001;
2 =0.94, F1 23 =5.44, p = 0.03, respectively).
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Figure 1. Mean (£SE) larval growth rate (mg/time) of L. sericata larvae reared with conspecifics, or reared with P. regina
larvae at various temperatures. Indicator variable linear regression with interaction was conducted on the product of larval
mass (mg) and time (in h) over time (not shown) for each species treatment and temperature combination. Slope (growth
rate) differs at 30 °C (r2 =0.96, F1 14 = 4.6, p = 0.05). Overall growth rate differs at 20 and 30 °C (r2 =0.86,F1 48 =6.7,p=0.01;
12 = 0.96, Fy 14 = 10.8, p = 0.005, respectively).
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Figure 2. Mean (£SE) larval growth rate (mg/time) of P. regina larvae reared with conspecifics, or reared with L. sericata or

C. vicina larvae at various temperatures. Indicator variable linear regression with interaction was conducted on the product

of larval mass (mg) and time (in h) over time (not shown) for each species treatment and temperature combination. Slope
(growth rate) differs at 25 °C for P. regina alone (Fp 3¢ = 4.3, p = 0.02) and at 30 °C for P. regina with C. vicina (2 = 0.89,
Fj 00 =3.7, p = 0.04). Overall growth rate differs at 20 °C for P. regina with L. sericata (r2 = 0.89, Fy 56 =24.2, p <0.0001) and at

30 °C for P. regina with C. vicina (r2 =0.89, Fp00 =54, p=0.01).
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Figure 3. Mean (+SE) larval growth rate (mg/time) of C. vicina larvae reared with conspecifics, or reared with P. regina
larvae at various temperatures. Indicator variable linear regression with interaction was conducted on the product of larval
mass (mg) and time (in h) over time (not shown) for each species treatment and temperature combination. Slope (growth
rate) differs at 15 and 25 °C (r2 =0.89, F1 53 = 6.46, p = 0.01; 2 =0.93, F119 =13.5, p = 0.002, respectively). Overall growth
rate differs at 25 and 30 °C (r*> = 0.93, F; 19 = 14.1, p = 0.001; 12 = 0.94, Fy 53 = 5.44, p = 0.03, respectively).

4. Discussion

This study has demonstrated that metrics such as development time or larval mass
used for estimating mPMI with blow flies are impacted by the presence of comingled
heterospecific blow fly assemblages and the effects are not uniformly positive or negative
between stages, temperatures or species combinations (Table 4). Indeed, this complexity in
response to heterospecifics is expected as co-existence of these three blow fly species within
overlapping temporal and spatial scales requires evolution of fluctuation dependent and
independent stabilizing mechanisms such as facilitation, environmental fluctuation and
resource partitioning [52,53]. Similarly, it has been argued that larval aggregation may be
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costly or beneficial [54] but it is expected that the outcome depends on the specific species,
stages, densities, amount of resources and temperatures [52].

Table 4. Summary of heterospecific species treatment effects on development time and growth rate
(larval mass/time) when compared to species reared alone. + indicates a positive effect; — indicates
a negative effect; = indicates a neutral effect.

Species Treatment Development Time Growth Rate
+
until 2nd instar, particularly at +
L. sericata with P. regina 20 & 30 °C at 20 & 30 °C

2nd instar onward

C. vicina with P. regina = _

+ +
P. regina with L. sericata untl 3r_d mnstar at 28 c
3rd instar onward at25°C
+

until 3rd instar —
— at25°C
3rd instar onward

P. regina with C. vicina

Previous studies have found that L. sericata is a poor competitor, by displaying negative
effects on survival and adult size due to interspecific competition [35,46,47]. When reared
together with C. vicina, L. sericata developed slower than when developing with conspecifics
at 25 °C [55]. It has been suggested that costs of interspecific aggregation may be from
generating temperatures closer to thermal maximum of a species, decreased quantity of
food resource and availability of nutrients, and increased risk of pathogens and disease [54].

Other studies have indicated that L. sericata may be facilitated by the presence of other
species, such as P. regina [56]. In our study, temperature and species treatment interacted
such that L. sericata larvae gained mass more rapidly when in the presence of P. regina at
20 and 30 °C, providing support for the idea that L. sericata may benefit by the presence
of P. regina. Indeed, L. sericata also developed faster with P. regina, but only during the
first instar. However, at later stages the presence of P. regina slowed development of L.
sericata immatures. In studies with C. vicing, L. sericata pupae were larger when reared
with heterospecifics at 15 °C [57] and at 25 °C [55]. In a study by Fouche et al. [58], L.
sericata adult size was larger when larvae were reared with C. vicina, than when reared
separately at 25 °C on 7 day rotted liver but not on fresh liver. Similarly, L. sericata had
reduced mortality when developing with C. vicina, than when developing with conspecifics
at 25 °C [55] but not at 15 or 28 °C [57].

Lucilia sericata demonstrates considerable plasticity in growth and development [17,55,59,60]
and adaptations to combat adverse conditions, either environmental or due to species
interactions, consist of rapid growth during larval stages to reach their critical weight for
pupation in order to promote greater survival [17,59]. Developmental plasticity is also
observed in C. vicina, when developing in heterospecific combinations with L. sericata,
developed faster and migrated earlier at higher temperatures [57,60].

At temperatures above 30 °C, Reiter [12] reported that C. vicina larvae exhibit inhibited
growth, with high mortality and few surviving to pupation. This is not surprising given that
C. vicina is considered a cold weather species [2,13]. At 35 °C, C. vicina did not successfully
emerge from pupation regardless of species treatment. However, when developing with P.
regina, C. vicina larvae failed to successfully emerge from pupation at 30 °C, an indication
that P. regina negatively impacted C. vicina at this temperature. Given that development
time of C. vicina immatures was not affected by the presence of P. regina, it is possible that
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temperature and the presence of P. regina interacted to reduce the ability of C. vicina to
achieve its critical weight for successful pupation and emergence to adult.

Critical weights required for pupation have been studied in many insect systems [61-63].
Saunders and Bee [24] found that the minimum pupal weight for C. vicina was 30 mg when
developing in low densities of less than 50 larvae, but this critical weight was reduced
to 15-20 mg when C. vicina was developing at higher densities of 150 conspecific larvae
or more. These results indicate that critical weight may fluctuate due to the influence
of species interactions and competition. In this study, C. vicina larvae gained mass more
slowly in the presence of P. regina, which may explain the lack of survival of C. vicina to
adult emergence at 30 and 35 °C.

The presence of proteolytic enzymes released by L. sericata may facilitate more efficient
feeding by other blow fly species [25,30,47,64]. Scanvion et al. [65] found that exodigestion
with enzymes aided in the consumption of the carrion resource and enhanced development
of L. sericata. When developing in higher densities, L. sericata developed faster and had de-
creased mortality, due to enzymatic activity [65]. Development time of P. regina immatures
was faster in the presence of either L. sericata or C. vicina until third instar, at which point,
the presence of L. sericata was neutral whereas C. vicina negatively impacted development
time. The release of these enzymes may be a mechanism that facilitates feeding by P. regina,
resulting in larger larvae at some temperatures and faster initial development.

Temperature can also have an effect, as there is a direct relationship between tempera-
ture and feeding rates; as temperatures increase, feeding rates increase and larvae may not
be able to metabolize as quickly, leading to smaller individuals [17,66]. This may explain
why P. regina larval growth rate was negatively impacted at 25 °C by the presence of either
L. sericata or C. vicina but P. regina larvae gained mass more rapidly in the presence of L.
sericata at 20 °C.

5. Conclusions

As presented in this study, there is complexity to understanding the impact of species
interaction on the metrics used to estimate immature development, whether it be growth
rate measured by larval mass or length over time, or time to each developmental stage.
Clearly it depends on the particular species involved and the temperatures.

Fluctuating temperatures exemplify temperatures blow flies experience in natural
conditions, but the results of fluctuating temperatures on larval development are mixed.
Some species develop faster under fluctuating temperatures, such as Calliphora vomitoria
L. [67], whereas development of L. sericata, P. regina and C. vicina are delayed under periods
of fluctuating temperatures [8,68]. In addition, larvae may balance thermoregulation and
social behavior, trading off aggregation in suboptimal temperatures with thermal optimiza-
tion [69]. Since temperature interacts with development to mediate species interactions,
fluctuating temperatures have the potential to change outcomes of species interactions.

It is likely that density of individuals will impact these outcomes. The density of
20 larvae utilized in this study limits the amount of competition/facilitation that the larvae
can experience while developing. On carrion, much higher densities of larvae occur which
is influenced by the recruitment of gravid females and larval aggregation behavior. Benefits
of aggregation include increased heat production, enzyme activity and cooperative feeding,
reduced risk of predation and parasitism and protection from fluctuations in environmental
factors which overall may result in faster development and increased survival [3,54,70].
However, as density of individuals increases, the cost associated with aggregation are
generating temperatures closer to thermal maximum of a species, decreased quantity of
food resource and availability of nutrients, and increased risk of pathogens and disease
which may result in smaller sizes, decreased weight and decreased survival of the species
involved [54]. Presumably, this would also exacerbate species interactions.

However, it is not only the overall density that is important. It is likely that initial
densities of each species’ population affect the outcome of the interaction, where the more
abundant species has the greatest probability of dominating a resource [52,71]. Known as
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founder control, at each carrion resource, a different species could arrive to and colonize
the resource at a greater abundance ultimately resulting in different potential outcomes of
species interactions on each of these carrion patches [52].

Ultimately, research that incorporates species interactions and ecological theory should
allow forensic entomologists to better model insect development for use in estimating
mPMI. As we account for more of the factors affecting insect development of each forensi-
cally relevant species we will improve our estimates, thereby increasing confidence in the
interpretation of insect evidence in the judicial system [31].
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Simple Summary: Among the investigative questions to define the temporal frame of a criminal
event, the time since death plays a fundamental role. After death, the body goes through a series of
physical and chemical transformations—known as decomposition. The way in which different parts
of the body undergo these transformations can be quantified with a scale of scores (TBS, the total
body score) and used for the time since death evaluation using the accumulated degree-days (ADDs)
parameter, which accounts for time and temperature. This method is reported as TBS/ADD. Another
way to estimate the time since death is based on the insect development on the body. Flies represent
the first body coloniser and the development of their immature stages is used to define the time of
colonisation that is temperature dependent and species specific. In this study, the two methods were
compared based on 30 forensic cases occurring in northern Italy. The results highlighted the limits of
the TBS/ ADD method and the importance of the entomological approach, keeping in mind that with
insects the colonization time is evaluated. This time is the minimum time since death.

Abstract: Establishing the post mortem interval (PMI) is a key component of every medicolegal death
investigation. Several methods based on different approaches have been suggested to perform this
estimation. Among them, two methods based their evaluation on the effect of the temperature and
time on the considered parameters: total body score (TBS)/accumulated degree-days (ADDs) and
insect development. In this work, the two methods were compared using the results of minPMI and
PMI estimates of 30 forensic cases occurring in northern Italy. Species in the family Calliphoridae
(Lucilia sericata, Calliphora vomitoria and Chrysomya albiceps) were considered in the analyses. The
results highlighted the limits of the TBS/ADD method and the importance of the entomological
approach, keeping in mind that the minPMI is evaluated. Due to the fact that the majority of
the cases occurred in indoor conditions, further research must also be conducted on the different
taxa to verify the possibility of increasing the accuracy of the minPIM estimation based on the
entomological approach.

Keywords: ADD; TBS; Diptera; PMI; colonisation; temperature
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1. Introduction

Establishing the post mortem interval (PMI) is a key component of every medicolegal
death investigation. The longer the time since death, the more imprecise the chronological
or sequential indicators detectable on the remains are [1]. A reliable PMI estimation is
extremely important for the reconstruction of events surrounding the death. Testimonial
statements provided by neighbours, family members and co-workers are not always reli-
able, thus, crime investigators normally base the PMI assessment on ante mortem physical
evidence when available (e.g., video recording, cell phone records, bank activities, calen-
dars, social networking, medicine reminders, medical records, etc.). However, scientifically,
the most accurate and precise PMI estimate relies on post mortem changes and decompo-
sition processes, which are the prerogative of forensic pathologists or, depending on the
country, of other forensic medical specialists (e.g., coroner) [2].

Human decomposition is a complex biological and chemical process that begins
immediately after death and involves the interaction of cadaver enzymes, bacteria, fungi,
and protozoa [3,4]. Body decomposition is characterised by stages of gradual physical
decay, from the fresh stage to skeletonization, through a bloated stage, followed by an
active and then an advanced stage [5-7]. Vass (2011) described the four main abiotic factors
that affect the decomposition rate: temperature, moisture, pH and the partial pressure of
oxygen [8]. In addition, other parameters influence the decomposition such as the cause
of death, wounds or trauma, bodyweight, degree of exposure to sunlight, body coverage,
insect activity and subsoil parameters [9-15].

Temperature is the most important factor affecting decomposition and for this reason,
meteorological information is fundamental to estimate the PMI [9]. Obtaining measure-
ments with the best possible confidence of the actual temperatures the body experienced at
the potential crime scene is crucial for an accurate estimation [16]. After death, the envi-
ronmental temperature affects the body’s chemical and biochemical processes, impacting
the decomposition and at the same time, affecting the entomological colonisation, both in
terms of body search and insect development. Moreover, the temperature and moisture
also have great influence on other organisms that can develop on or around the body, such
as plants, fungi, bacteria and other microorganisms [17].

In forensic practice, methods for PMI estimation are based on the macroscopic ex-
amination of the soft tissues” decomposition degree. However, when the skeletal stage is
reached, few markers for this purpose exist [18,19]. In the literature, the morphological
changes that take place during decomposition have been described in detail [5,20]. Most
of these descriptions are qualitative, based on personal opinions and experience, and not
applicable to all geographic and environmental conditions [10,21,22]. Furthermore, many
decomposition studies have been conducted in different seasons and climatic conditions
using varying methods [15,22,23]. To bypass the limitation mentioned above, a method
based on the observation of decomposition stages of different body districts have been
developed in forensic anthropology. The body decomposition degree can be quantified
using the total body score (TBS) [10]. It is a scale that distinguishes the different stages
of decomposition, allowing to assign points to specific categories and eventually to score
overall decomposition [24,25]. Numerous studies utilised the TBS method either with or
without some modification [8,24-32].

Due to the relationship between temperature and decomposition, a semi-quantitative
model to estimate PMI was based on accumulated degree-days (ADD). ADD represent the
combination between chronological time and temperature. They are defined as heat-energy
units representing the accumulation of thermal energy needed for chemical and biological
reactions to take place in soft tissue during decomposition [10]. This method takes into
consideration the overall body decomposition (evaluated by a score like the TBS) and the
number of environmental degrees recorded since the death. Megyesi et al. (2005) proposed
a retrospective study in which TBS and ADD could be used to quantitatively estimate
PMI [10]. A few authors have tested Megyesi’s research in their countries and have found
positive correlation [33-35]. However, worldwide there is an increasing number of authors
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that did not manage to corroborate Megyesi’s equation at their latitude (such as South
Africa [22], Netherlands [32], Australia [36], Canada [37]). An alternative method for PMI
estimation is based on the study of the insects developing on a body, taking in account
that insect development is temperature dependent and species specific [38—42]. Forensic
entomology uses, depending on the case, the development of necrophagous insects and the
composition of insect communities present on the body after the death for the minimum
PMI (minPMI) estimation defined as the colonisation time [41-51].

Despite several attempts and new technologies, medicolegal death investigation still
lacks a universal and reliable method to estimate PMI that allows an investigation to pro-
ceed appropriately and without delay, while providing time for more complex analyses [2].
Currently, there is no scientifically recognised PMI estimation method for any specific or
general geographic region. As more and more knowledge is gained from thanatological
experimental studies, a working model that encompasses the factors affecting decomposi-
tion is becoming more and more plausible. Furthermore, since the environment plays a
large role in the rate of decomposition, the applicability of current PMI models needs to be
tested and validated at a regional level.

For these reasons, this study was aimed to test the efficiency and reliability of the semi-
quantitative method of TBS and ADD applying the Megyesi mathematical formula [10]
on real forensic cases and to compare it with the entomological evaluations of the PMI to
verify the complementarity of the two methods in death investigations.

2. Materials and Methods
2.1. Accumulated Degree-Days Analysis

Thirty human corpses in an advanced decomposition stage from the Lombardia
region (Northern Italy), subjected to on-site external examination and then to autopsy
at the Institute of Legal Medicine, University of Milan, between 2016 and 2018, were
included in this study. The bodies were stored under refrigerated conditions in adherence
to local laws between the scene recovery and the autopsy. Photographs shot during the
crime scene inspection and during the autopsy were used to quantify/evaluate the level
of decomposition of each body using the TBS as suggested by Galloway et al. (1989) [5]
and Nawrocka et al. (2016) [24]. The ADD for the PMI estimation were calculated using
Megyesi’s formula [10].

2.2. Entomological Analysis

The insects were sampled from the bodies before their removal from the crime scene
and later during the autopsy following the EAFE (European Association for Forensic
Entomology) guidelines [51] and stored at —20 °C until analysis as per GIEF (Gruppo
Italiano di Entomologia Forense) protocol (GIEF, 2016) [52]. After defrosting, the larvae
were fixed with hot water (80 °C, 1 min) and finally stored in an 80% ethanol solution.

Entomological samples were observed and photographed using a Leica M60 stereomi-
croscope equipped with a DFC425C camera and the LAS software (Leica, Germany).

Species were identified using morphological keys [53,54] and confirmed by molecular
analysis after dissection as described by Tuccia et al. (2016) [55]. DNA was extracted from
a fraction of larval tissue using the QIAamp DNA Investigator Kit (QIAGEN, Redwood
City, CA, USA). The manufacture protocol was partially modified in order to increase the
quality of the reaction by adding 4 puL of RNAse A (4 mg/mL) after over-night incubation
with the Proteinase K (100 pg/mL) (PROMEGA, Madison, WI, USA). DNA was eluted
in 100 pL of elution buffer and quantified via Qubit 3.0 fluorimeter (Thermo Scientific,
Waltham, MA, USA). Polymerase Chain Reaction was carried out on mitochondrial COI
gene 658 bp long and commonly used as a molecular target for insects’ barcoding [56].
Universal LCO-1490 Forward primer (5-GGTCAACAAATCATAAAGATATTGG-3') and
HCO-2198 Reverse primer (5-TAAACTTCAGGGTGACCAAAAAATCA-3") were used as
described by Folmer and co-workers (1994) [57]. PROMEGA GoTaq® Flexi Polymerase
protocol (PROMEGA, Madison, WI, USA) was followed in order to prepare a master
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mix reaction of 20 uL final volume: 4 pL of Colourless GoTaq Flexi Buffer (5x), 2 uL of
MgCl, (25 mM), 0.5 pL of each primer (10 pmol/pL), 0.5 uL of Nucleotide Mix (10 mM),
0.25 pL GoTaq DNA Polymerase (5 u/puL) and 2 uL of DNA template. The following
amplification program was set up on BioRad C1000 Thermal Cycler (Bio-Rad Laboratories,
Inc., Hercules, California, USA): 95 °C for 10 min, 35 cycles of 95 °C for 1 min, 49.8 °C
for 1 min, 72 °C for 1 min and a final elongation step at 72 °C for 1 min. Each reaction
was confirmed by standard gel electrophoresis in 1.5% agarose gel previously stained with
Midori Green Advanced DNA Stain (Geneflow, ElImhurst, UK). Thirty-five microliters
of PCR products was purified using QIAquick PCR Purification Kit® (QIAGEN, Hilden,
Germany) following the manufacturer’s instructions. Purified amplicons were eluted in
40 pL of sterile/deionised water and sequenced by an external company (Eurofins Operon
MWG, Ebersberg, Germany).

2.3. PMI Estimation and Statistical Analysis

Insect development is temperature dependent and species/population specific in the
range between the minimal and the maximal developmental thresholds. Depending on the
nature of the sample (already fixed or living specimens, larvae, close or empty puparia) two
different methods can be applied to estimate the age of an insect. ADD is currently the most
common method used for this estimation when living specimens can breed until the adult
stage or when empty puparia are collected from the crime scene. Because of the minimal
developmental threshold, the ADDs used in entomology differ from the ADDs applied
in the anthropological method. For this reason, ADDs were derived from the average
temperature as absolute values for the morphological evaluation, whereas if needed for
the entomological evaluation, the minimal developmental threshold was subtracted from
the absolute value.

minPMI was also evaluated using the larvae measurements applying the data available
in the literature [58] when the samples were already fixed. In this case, the size of the
larvae was compared with diagrams reporting the relations between size, temperature
and time. Whereas some authors only report the size as a function of the temperature
and time [58-60], others also provide the formulas and the interval of confidence of the
larval length based on the ADDs [61]. Larvae were counted and then measured using Leica
M60 stereomicroscope equipped with a CCD camera (Leica, Wetzlar, Germany) and the
automatic measurement tool. When the numbers of larvae were under fifty, measurements
were performed on all the specimens. When the count exceeded fifty, only fifty larvae
were considered. Measurements were expressed in mm as the average and standard
deviation (SD).

The estimations derived from the two methods were compared using an interclass
correlation according to Cicchetti (1994) [62] and Koo and Li (2016) [63]. Statistical analyses
were performed using the SPSS Statistics software (IBM, Armonk, NY, USA).

3. Results

Twenty-four of the deceased cases were males (80%) whereas 6 were females (20%).
At the time of death, the mean age was 63 years (range of 37-88 years). According to the
autopsy’s reports, the main cause of death was cardiovascular diseases (22 cases, 73.5%),
followed by cerebrovascular diseases and acute drugs intoxication (three cases, 10%).
Pneumoniae was the cause of death in two cases (6.5%). The last time the person was seen
alive ranged between 2 and 10 days. The average temperature for the period before body
recovery is summarised per each case in Table 1.

3.1. Accumulated Degree-Days Estimate

The decomposition scores were evaluated for every region, and then added up to
calculate the TBS. Data are summarised in Table 1, whereas the derived ADD with the
PMI based on circumstantial data and entomological data are reported in Table 2. One
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case was removed from the PMI evaluation because the body conditions did not allow the
application of the morphological method.

Table 1. Summary of the circumstantial, environmental temperature and stage of decomposition for each case (TBS: Total

Body Score).
Month and Year of Environmental Stage of Decomposition
Case Discovery Temperature -
(Average + SD, °C) Head/Neck Score Trunk Score Limbs Score TBS

1 X.2016 165+ 1.0 4 3 2 9
2 11.2017 8.0+ 20 6 3 4 13
3 11.2017 75+15 4 3 3 10
4 V.2017 20.5£3.0 5 3 4 12
5 1v2017 140+ 15 4 3 4 11
6 111.2017 85+25 4 4 4 12
7 X.2017 145+ 15 4 3 3 10
8 1.2018 6.0+25 4 4 3 11
9 11.2018 40+£25 5 3 4 12
10 11.2018 55+1.0 5 4 4 13
11 XII1.2018 35+25 5 4 4 13
12 VIL.2016 285+1.5 5 4 3 12
13 VIIL.2016 285+ 1.5 5 4 3 12
14 VIIL.2017 285+ 2.5 5 3 4 12
15 IvV.2018 18.0 £2.5 5 4 3 12
16 VIIL.2018 27.0£2.0

17 IvV.2016 20.5+ 1.0 4 3 2 9
18 X.2018 16.5 £2.0 8 3 3 14
19 VII2018 26.0 £2.5 6 4 3 13
20 X.2016 20.0 = 4.0 5 3 3 11
21 VIIL.2018 29.0+1.0 6 4 3 13
22 VIL.2018 29.0£1.0 7 5 4 16
23 VIIL.2018 26.0 £ 2.0 4 3 3 10
24 VIIL.2016 26.0 £20 5 4 4 13
25 VIIL.2018 29.0+£ 0.5 5 5 3 13
26 VIIL.2018 28.0£ 1.5 7 5 3 15
27 Iv.2017 15.0 £ 3.0 2 3 2 7
28 VIIL.2017 25,5 £2.0 6 5 4 15
29 VI1.2017 285+25 5 3 4 12
30 VII.2018 265+ 15 6 4 3 13

Table 2. Comparison between the circumstantial data estimation and technical assessment using accumulated degree-days
(ADDs) converted in a 24 h range.

Entomological min PMI

Taxon Case Number PMI from Circumstantial Data TBS PMI Estimation ¢ .
Estimation
C. vicina 1 120 144 120 144 120 270
2 168 192 168 192 120 200
3 120 144 120 144 96 170
4 120 144 120 144 96 180
5 144 168 144 168 120 180
6 144 168 144 168 96 144
7 96 120 144 168 96 170
8 96 120 144 168 96 170
9 144 168 144 168 120 200
10 96 120 168 192 72 110
11 168 192 168 192 110 180
L. sericata 12 72 96 96 120 48 72
13 72 96 96 120 48 72
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Table 2. Cont.

Taxon Case Number

PMI from Circumstantial Data TBS PMI Estimation Entomological min PMI

Estimation
14 72 96 96 120 48 72
15 168 192 168 192 84 180
16 72 96 - - 48 84
17 96 120 96 120 78 108
18 192 216 240 264 132 204
19 96 120 168 192 54 920
20 168 192 168 192 96 216
21 48 72 72 96 48 54
22 48 72 72 96 48 54
23 216 240 96 120 48 84
24 216 240 96 120 54 84
25 48 72 144 168 48 60
26 48 72 144 168 48 60
27 144 168 120 144 168 204
C. albiceps 28 144 168 144 168 84 144
29 72 96 96 120 60 108
30 96 120 120 144 60 102

(green = positive concordance; yellow = concordance at ranges’ limits; orange = no concordance) (PMI: post mortem interval; TBS:

TotalBody Score).

The PMI based on the ADD estimates in 12 cases (40%) was in good agreement with
the circumstantial data; in the remaining cases, it was overestimated (15 cases, 50%) or
underestimated (three cases, 10%).

All cases resulting as positive outcomes were above 5 days for PMI, with the exception
of one case, which had a PMI estimate in 4 days (Table 2).

3.2. Entomological Estimate

Calliphoridae sampled from the cases and used for the estimation were: Lucilia sericata
(Meigen, 1826) in 16 cases (53%), Calliphora vicina Robineau-Desvoidy, 1830 in 11 cases
(87%) and Chrysomya albiceps (Wiedemann, 1819) in three cases (10%).

In 21 cases (70%), the minimum entomological PMI correlates positively with the time
of death from the circumstantial data; in the other cases there is an underestimation (9-30%)
of the PMI provided by circumstantial information (Table 2).

3.3. Comparison

In 10 cases (33%), both methods allowed to have an estimate of the post-mortal interval
in agreement to what was given by the circumstantial data. In 9 out of the 10 cases, the
PMI exceeded over 5 days. In the tenth case, the PMI was included between 4 and 5 days
(Table 2).

3.4. Statistical Analysis

Interclass correlation for the absolute value based on the central tendency value which
resulted to be 0.58 (95% CI: 0.11-0.80) for circumstantial data vs. the ADD estimate and
0.71 for circumstantial data vs. the entomological evaluation (95% CI: 0.39-0.86).

Due to the fact that the ADD method estimates the PMI whereas the entomological
one estimates the minimum PMI, the interclass correlation of these two variables was
estimated in terms of consistency and not, as in the previous analysis, in terms of absolute
value. The results indicate a value around 0.65-0.69 (95% CI: 0.25-0.85) for the lower, upper
and central tendency values of the estimates, with an average underestimation of 49 h (95%
CI: 36.4-61.5) for the lower limit and of 19.7 h (95% CI: 1.1-38.2) for the upper limits of
the estimate.
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4. Discussion

In this study, the PMI provided by the circumstantial data showed high variability,
from a minimum of two days to a maximum of ten days. The ADD estimates did not allow
to positively correlate the derived TBS with the circumstantial data in 60% of the cases. In
these cases, the TBS scale presented a higher score of decomposition for the head /neck
region, compared to the other body regions. These cases are distributed throughout the
whole year and in no case was the body naked, the only parts exposed to the air were the
head and the extremities of the limbs. In the remaining cases (40%), a positive concordance
between the ADD estimate and the PMI derived from circumstantial data was found. The
positive outcomes were shown for PMI above 5 days. This concordance can be explained
by the fact that the ADD conversions and subsequent estimations became more accurate
during the later stages of decomposition, as suggested by Parsons (2009) [34].

For shorter intervals, the ADD derived from the TBS scale lost effectiveness, while
forensic entomology remains the most reliable method. This aspect should be considered
as an important tool for the forensic pathologist who approaches a corpse in an advanced
state of decomposition. In fact, anomalies of decomposition, affecting the TBS, can easily
occur because of ante mortem injuries or post mortem scavenging of human remains due
to insects or larger animals such as wolfs, dogs, birds, etc. [64].

Regarding the entomological estimate, our study showed more than two-thirds of
the estimations positively arranged the PMI derived from circumstantial information. In
other cases, an underestimation of minPMI was found. This observation does not surprise—
despite it is, very often, a matter of discussion in the court of law—due to the fact that with
insects the minimum time since death is calculated. In fact, for estimating PMI from imma-
ture insects it has to be considered also the development interval and the pre-appearance
interval (PAI), which is currently scientifically invaluable [65-68]. The “underestimation”
is explained as the time of insects” occurrence on a corpse. The casuistry considered for
the study was composed of indoor cases, whereas the colonisation of bodies can record
delays, depending on how easy it is for gravid females to access the body. Access of the
body to insects is the second most important variable affecting the decomposition rate
of the human body after temperature [9]. Since blowflies (Diptera: Calliphoridae) are
usually the first necrophagous fauna to find a cadaver, the PMI estimation needs to take
into account the factors that may delay the arrival of adult flies and subsequent oviposition
by the females [68-70]. Further works, based on real cases have, however, to consider the
time of colonization in indoor cases by other taxa (e.g.: Phoridae), and their informative
potentiality, as already suggested by Bugelli and other authors [71,72]. The interclass
correlation (0.71) calculated turned out to be “good” (very close to “excellent”). So, these
results emphasise the applicability of forensic entomology in legal and medical cases, in ac-
cordance with the international guidelines and standards that help and strengthen forensic
practitioners’ assessment. Nevertheless, these real forensic cases could be an important
factor in improving data collection, and thus optimising scientific results and inferences.

Further retrospective studies and experimentation research should indeed be con-
ducted using cases with a known and large PMI so that not only the precision of the
estimation could be measured but also the accuracy. Moreover, other PMI estimation
assessments could be taken into account.

5. Conclusions

In conclusion, forensic pathologists must consider every aspect before giving a state-
ment about PMI. They always have to be aware of the possible source of errors and
variability, particularly when dealing with cadavers in active-advanced decomposition. If
the decomposition stage of the corpse is highly developed, additional pieces of information
can be provided by ADD and entomological assessments of PML

In our study, the ADD method has shown some limitations, probably due to the
experimental morphological approach still not being validated. The TBS and the derived
ADD tend to overestimate the degree of the decomposition. The high variability can
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probably be due to the different stages of decomposition, especially for the head district,
even if all the body came from the same geographical area and death occurred in indoor
environment [29,73].

The results of our study, as observed by other authors in the literature [31,74], showed
that scoring scales and regress equations derived for predicting ADD seem to be of little
help in forensic practice, because of the so many factors affecting human decomposition
and leading to irregular decomposition patterns. Furthermore, the TBS compared to ADD
proved to be a good method for a PMI over 5 days. This emerging result represents an
interesting new finding that still needs more research to be statistically validated and
considered in real forensic practice.

On the other hand, forensic entomology has been confirmed as a well-validated
approach in the field.

The study of these cases has therefore led to confirm that the PMI estimate of hu-
man remains requires multidisciplinary activity between different professional figures
(anthropologists, entomologists, botanists, geologists and zoologists) aimed to integrate
and interpret available data, all subjected to the medicolegal assessment of cadaveric
decomposition.
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Simple Summary: Many factors can influence the appearance of human remains. In the case
presented here, the remains appeared to be exposed for months, because the bones were visible. Fly
maggots collected from the body, however, suggested a much shorter period of only about two weeks.
The confession of the perpetrator ultimately confirmed the shorter exposure time of the remains.

Abstract: Skeletonization is often perceived as an indicator of long post-mortem intervals. The
finding of feeding larvae of first colonizers, on the other hand, indicates days. We present a case
in which both findings were present. Larvae of Phormia regina, aged 9 days, and skeletonization
of the head and part of the thorax were both found on an unidentified female body. Identification
of dentures eventually led to resolution of the case and a confession, which settled the seeming
contradiction in favor of forensic entomology.

Keywords: thanatology; confession; post-mortem interval; forensic entomology

1. Introduction

The fascination with grisly crimes and the resulting supply of crime fiction in books,
movies, and shows have increased the popularity of forensic entomology. If, in crime
fiction, insects are recognized on a body, they predominantly lead to resolution of the case,
sometimes with as little as one maggot. In casework, however, entomological evidence
is oftentimes not valued as highly as other indicators. Cases in which entomological
estimations are independently verified through confessions can therefore be of valuable
help for forensic entomologists [1]. Unfortunately, not many case reports are published [2],
and of those, even fewer contain confirmation of the estimated minimal post-mortem
intervals (mPMIs) [3,4]. Oftentimes, only witness statements about when the victim was
last seen alive are available [5,6].

We present a case in which entomological evidence was unappreciated because it seem-
ingly contradicted another taphonomic indicator that suggested a far longer postmortem
interval.

2. The Case

At the beginning of July, in a rural part of Germany, a dog walker discovered the body
of an unidentified woman in a pit at the side of a dirty road bordering on a cornfield. The
body was deposited on its right side in a fetal position. It was partly covered with soil and
partly skeletonized (Figure 1); the skull and a number of ribs were visible. Police personnel
collected live third instar larvae at the scene. Photographic evidence showed no presence
of puparia.
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Figure 1. Partly skeletonized human remains found at the edge of a cornfield.

Due to skeletonization, the doctors examining the body during autopsy the next day
estimated the time of death to have been several weeks, if not months, before discovery. The
buried parts of the body, however, showed only slight decomposition. Medical examiners
also found conspicuous dental work, which resulted in a postmortem pantomogramm
(OPG) of the victim’s dentures. No additional entomological evidence was collected
during autopsy.

Investigators were not able to identify the woman. No missing person’s report from
previous months matched the description. Interrogation of witnesses did not yield any
meaningful results. About three weeks after discovery of the body, the case was therefore
going to be presented on television to gain information from the public. Investigators
requested a forensic entomological expertise before airing the TV show for a more accurate
assessment of the possible time of deposition of the body.

2.1. Analysis of Insect Evidence

Maggots recovered from the scene reached the Institute of Legal Medicine on the
day of their collection. They were divided into three groups: one was frozen, one was
transferred to 70% ethanol, and one was stored in the refrigerator. The forensic entomologist
was informed about it on the next day after the autopsy, and fortunately, the maggots from
the refrigerator were still alive (after about 15 h at +5 °C). The 135 maggots previously
stored in 70% ethanol or frozen were hot-water-fixated even after that, and the 50 largest
individuals were measured. The average length of the 50 largest larvae was 16.05 mm (size
range: 15.30-17.32 mm; median: 16.11 mm; standard deviation: £0.57 mm). All the larvae
collected were identified as Phormia regina (Meigen, 1826) (Diptera: Calliphoridae) [7,8].
The living larvae were placed on minced meat and kept at 24 °C in the laboratory. After
two days in the lab, the first puparia were formed, and nine days after finding of the body;,
a large number of adult P. regina [9] emerged.

According to temperature data from a nearby weather station (8 km north from the
location where the body was found), the average daily temperature for 18 days prior to
the finding was 17.7 °C. Based on published data from Nunez-Vazquez et al. [10], P. regina
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requires 12 days at 15 °C and 5.5 days at 20 °C to reach a length of 16 mm. For 17.7 °C,
therefore, 9-10 days’ developmental time were assessed.

Accumulated degree-day (ADD) data for the emergence of adult P. regina from Nabity
et al. [11] are 202 ADD at 15 °C and 205 ADD at 20 °C with “investigator-preferred
minimum” [11] and a base temperature of 10 °C (Table 1).

Emergence of adult flies after nine days in the laboratory at 24 °C, therefore, accumu-
lated to 126 ADD. The day of the discovery (day 0) of the body was added with 0 ADD due
to 15 h in the refrigerator at 5 °C, which left 7679 ADD prior to discovery. For each day
before discovery, the respective average daily temperature was calculated from weather
data (Table 1). The most likely day of egg deposition was determined to be nine days prior
to the discovery of the body. Weather data showed no rainfall or cold temperature episode
for this or the previous day.

Table 1. Calculation of accumulated degree-days (ADD) for Phormia regina, based on temperature
information from the nearest weather station. bold: estimated day of body deposition

Day Daily Average °C Threshold °C Degree-Days ADD
—-10 15.5 10 5.5 209.9
-9 17.4 10 7.4 204.4
-8 17.3 10 7.3 197.0
-7 19.2 10 9.2 189.7
—6 22.5 10 12.5 180.5
-5 17.2 10 7.2 168.0
—4 15.8 10 5.8 160.8
-3 16.7 10 6.7 155.0
-2 194 10 9.4 148.3
-1 229 10 12.9 138.9
Day 0 5.0 10 0 126.0
Lab1-9 24.0 10 14 126.0

With the age of P. regina established to have been 9 days based on both results, we
were confident that this was the most likely minimum time that had elapsed since the
deposition of the body.

During the TV show, however, the most probable PMI was still given as multiple
weeks up to several months on grounds of the skeletonization of the head and the thorax.

2.2. Victim Identification

After the TV show, police received multiple tips from viewers. Especially, the OPG
and the dentures attracted a lot of attention. Dental assistants pointed out that dental
prostheses oftentimes feature serial numbers, and one was indeed detected in the artificial
teeth. Investigators were able to find the dentist, and he identified one of his patients. One
month after the discovery of the body, the victim was unequivocally identified through her
dental prosthesis.

2.3. Suspect Identification

After the successful identification, the victim’s apartment was located five weeks
after the discovery of her body. Interestingly, the mailbox was empty. This prompted
investigators to monitor the building’s main entrance to find out who was in possession
of a key to her mailbox. Only two days later, a man was observed emptying the victim’s
mailbox and leaving the apartment building. He was soon identified as a resident of a
nearby apartment building.

During police questioning, the suspect confessed to killing the victim. He strangled
her during the course of an argument over the future of their secret relationship and
left the body in the bathroom. Two days later, he decided to discard the remains before
suspicion would arise, and bought a large suitcase. Four days after the act, the victim’s

233



Insects 2021, 12, 294

References

body was transported to a remote cornfield, where it was discovered nine days later, partly
skeletonized and with larvae of P. regina.

3. Discussion

For the entomological expertise in this case, publications analyzing US populations
of P. regina were used. This could be seen as the wrong dataset for European populations.
Marchenko [12] worked with Eastern European populations of the species but calculated
the pupal stage of P. regina to being short. His data did not correspond to our results of
7-8 days for this development period. Other publications were more comparable [11-14].
Due to its very detailed data, Nabity et al.’s study [11] was exclusively used for our
calculations of accumulated degree-days.

A large number of variables affects decomposition and taphonomic processes. The
interpretation of post-mortem interval determination can therefore be deceptive [15]. Skele-
tonization is oftentimes expected to occur only after long exposure times. This, however,
might only be true in the absence of or with minimal insect activity. Studies on the decom-
position of pig carcasses illustrate this phenomenon. In Matuszewski et al. [16], clothed
and unclothed pig carcasses with different body masses were studied. In some cases, the
onset of active decay was detected as early as two days after death. Anton et al. [17] had
medium-size pig carcasses in summer, going from the fresh stage to the remains stage,
with extensive skeletonization within 8 days. In this case, the larvae themselves, due to the
diminished accessibility of other body parts, probably accelerated skeletonization.

In the case report presented here, entomological expertise was not valued as evidence
and thus mostly disregarded during the investigation. Fortunately, the means to identify
the victim were found in the serial number of the dental prosthesis. Would that not
have been possible, the case might have remained unsolved. Even if a missing person
report would have been filed eventually, investigators could have rejected it due to the
presumption of an older age of the remains.

When human remains are found, it is therefore important to evaluate all processes
and give them equal prominence in estimating plausible post-mortem intervals.

4. Conclusions

Insect evidence resulted in an estimation of time since the deposition of the body of less
than two weeks and was regarded as potentially erroneous in light of the skeletonization.
The time frame established by forensic entomology was later confirmed by the confession.
Such results strengthen the scientific value of entomological expertise in casework and its
standing in criminal investigations.
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Simple Summary: Numerous studies report a decline in insect biodiversity and biomass on a
global scale. Since forensic entomology relies on the presence of insects, the question of whether
this discipline will be or already is affected by such a decrease is not only posed to investigative
authorities and the public, but also to the scientific community. While the data does indeed provide
overwhelming evidence of insect decline, even if the methods of evaluation and data pooling
are occasionally questioned, only a few studies deal with forensically relevant insects. These few
data do hardly prove a decrease in forensically relevant insect species so far. However, one factor
driving insect decline is likely to have also a strong influence on necrophagous insects in the future:
climate change.

Abstract: Recent reports have shown a dramatic loss in insect species and biomass. Since forensic
entomology relies on the presence of insects, the question is whether this decline effects the discipline.
The present review confirms that numerous studies document insect population declines or even
extinction, despite the fact that the rates of decline and the methods used to demonstrate it are still
much debated. However, with regard to a decline in necrophagous insects, there is little or only
anecdotal data available. A hypothetical decrease in species diversity and population density in
necrophagous insects could lead to a delayed colonization of dead bodies and a modified succession
pattern due to the disappearance or new occurrence of species or their altered seasonality. Climate
change as one of the drivers of insect decline will probably also have an impact on necrophagous
insects and forensic entomology, leading to reduced flight and oviposition activity, modified growth
rates and, therefore, an over- or underestimation of a minimum postmortem interval. Global warming
with increased temperature and extreme weather requires a better understanding about necrophagous
insect responses to environmental variations. Here, transgeneration effects in particular should be
analysed in greater depth as this will help to understand rapid adaptation and plasticity in insects of
forensic importance.

Keywords: forensic entomology; climate change; global warming; development; succession; carrion

1. Introduction

Nature seems to be losing, as a current United Nations report estimates that more
than one million species are at risk of extinction in coming decades [1]. While such
statements in recent years have mostly been based on summary studies of the most diverse
vertebrate groups (e.g., [2,3]), insects have only become the focus of (public) interest in
recent years. Despite the fact that there are more than a million described species of insects
(and bearing in mind that another 4.5 to 7 million remain unnamed [4]), time-series data on
e.g., ecological aspects and taxonomic nature of insect population trends are rare, compared
to vertebrates, and often focused on certain groups of specialized taxa like agriculturally
important species [5]. Nevertheless, recent reports have shown a dramatic loss in the
biomass of flying insects over a period of less than 30 years [6,7] and sharp declines in
the abundance of various insect groups [8-10]. Since forensic entomology relies on the
presence and functionality of (mostly necrophagous) insects, the question is whether this
massive loss of insects calls into question the applicability or flawless performance of this
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particular discipline. This paper summarizes the current knowledge of this topic and
discusses potential issues in forensic entomology.

2. What We Know

In 2017, [6] measured total insect biomass over 27 years in 63 nature protection
areas in Germany and collected a total of 53.54 kg of invertebrates within an average of
176 exposure days per location-year combination, assuming that this amount of biomass
represents millions of specimens. They estimated a seasonal decline of 76%, and mid-
summer decline of 82% in flying insect biomass over the 27 years of study, regardless of
habitat type [6]. This study hit like a bomb and (as of 11 March 2021) has been cited more
than 1500 times, triggering a flood of media coverage, conference symposia and special
issues on insect decline. Follow-up studies confirmed the drastic decline of terrestrial
insects e.g., [11-14] and led to newspaper headlines such as “The insect apocalypse is
here” (The New York Times Magazine, 27 November 2018). However, there are conflicting
critical voices about shortcomings in data selection and methodology of such studies like
e.g., categorical versus continuous time series, temporal pseudoreplication, the application
and comparison of different diversity metrics [15,16] or about data interpretation and
communication [17,18]. There are even opposing findings, like the study by Crossley et al.
which states an apparent robustness of US arthropod populations and a lack of overall
increase or decline [16]. However, the majority of studies confirm a decrease and just
disagree about its magnitude, and [5] recently summarises that, despite much variation
across time, space, and taxonomic lineage, reported rates of annual decline in abundance
frequently fall around 1% to 2%, which is a worrying number. It is pointed out by [14]
that most of the studies on insect decline are restricted geographically and taxonomically.
While the former can be easily verified by looking at the exemplary map of the world from
the study by Sanchez-Bayo and Wyckhuys ([17] Figure 1), using total insect biomass as
a proxy for biodiversity [6] or aggregating data across higher taxonomic categories and
ecological groups (e.g., [16]) might help to deal with the complexity of population-level
stochasticity in insects, but often overlook species-level trends [5].

It must be stated once again that the study that fuelled the whole current discussion [6]
does not offer any taxonomic resolution, but merely caught and weighed “flying insects”.
Taxon-specific findings could hardly be derived here. Nevertheless, we can refer to some
works to better assess the extent of the situation at order or family level. The majority of
studies on terrestrial insects deal with the orders Coleoptera, Hemiptera, Hymenoptera,
and Lepidoptera [18]. Hallmann et al. ([19]) found in a 30 year survey in the Netherlands
that ground beetles (Coleoptera: Carabidae) showed a mean annual decline of 4.3% in
total numbers over the period of 1985-2016 and calculate a reduction in total biomass
of at least 42% for ground beetles. Interestingly, they showed an increase in carrion-
beetles (Silphidae) and explained that by carrion experiments done close to the traps. This
illustrates how highly context- and taxon-specific temporal changes in insect populations
must be evaluated. Bell et al. [20] showed that aphid annual totals fluctuated widely in the
UK, but this group was in a steady state over the long-term, with a non-significant decline
of —7.6%. Such a trend may have been driven by three of the most abundant species,
highlighting the need to work and understand the taxonomy of the target taxa.

Carvalheiro et al. [21] compared in three European countries four 20-year periods
of rapid land-use intensification and natural habitat loss (1930-1990) with a period of
increased conservation investment (post-1990) and found extensive species richness loss
for bumblebees before 1990. In the same study authors found that richness of butterflies
in the UK, Netherlands and Belgium declined from 1950 to 2009, and [22] showed for the
tropical island state of Singapore that 32% of 413 recorded species of butterflies eradicated
since 1854.
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Figure 1. Geographic location of the 73 reports studied on the world map. Columns show the relative proportion of surveys
for each taxa as indicated by different colours in the legend. Data for China and Queensland (Australia) refer to managed
honey bees only; from [17].

These examples confirm the described trend of decline for selected groups [18]. The
main causes of the aforementioned insect decline are rapid urbanisation and habitat ho-
mogenisation, industrialisation and agricultural expansion based on monocultures, and the
use of pesticides like neonicotinoids. Reference [17] identify agriculture associated factors
and pesticides as the main drivers in over 1/3 of the studies on insect decline (Figure 2).
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Figure 2. Main factors associated with insect declines according to reports in the literature (from [17]).

Once you have gained an overview from the literature, you will quickly realise that
there are little or no data available for the families that govern forensic entomology. Here,
taxa from the order Diptera and Coleoptera dominate carrion globally and thus also
human cadavers [23-28]. Studies on the decline of Coleoptera mainly deals with Carabidae,
saproxylic beetles, or aquatic taxa, or highly specialised species like fireflies. When it
comes to carrion associated taxa, evidence for decline is rare. References [29,30] discuss
the decline of some groups of dung beetles, which play an important role especially in
the carrion community of tropical habitats, and [31] found in Italy a relative decrease in
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frequency of roller species (an ecological subgroup of dung beetles) by 31%. Even though
Staphylinidae can be present with quite a large diversity of species on carrion and often
occur there as predators, data are available mainly on other ecological guilds of this family,
e.g., saproxylic taxa [32]. The already mentioned increase in the number of Silphidae
specimens [19] should be cited with caution due to its possible bias caused by bait and
carrion experiments nearby the sampling area. However, also [33] confirm a steady state or
even increase of Silphidae during two periods of sampling in New Hampshire/USA in
1973-1977 and again in 2015-2017. The state of knowledge is not much better for the most
important group in forensic entomology, the Diptera. Most of the insect decline studies
focus on hoverflies, which are of particular ecological and system-maintaining importance
due to their role as beneficial insects in pest control and pollination [21,34,35]. Despite the
fact that such approaches neglect or even ignore the importance of non-syrphid flies as
pollinators [36], they lead to a surprising knowledge gap when it comes to the decline of
necrophagous Diptera. The most important families due to their abundance on human
bodies and often timely occurrence post mortem are the Calliphoridae, Sarcophagidae
and Muscidae. While there are numerous data on their presence, seasonal occurrence and
succession on carrion, there are almost no long-term studies. The only exception are studies
on climatic change and warming in the Arctic. Here, the Muscidae are in focus, as they play
a key role in these extreme habitats as pollinators [37]. Reference [38] showed a significant
decline of Muscidae from 1996 until 2009 for high-Arctic Greenland and [39,40] confirmed
such significant declines in 7 of the 14 muscid species found in five or more years between
1996 and 2014, as well as a dramatic (80%) decrease in diversity and abundance in some
habitats. Beyond that, there are only avenues to speculate on potential trends. Amendt
(unpublished data, [41]) and [42-44] sampled necrophagous insects in Frankfurt (Germany)
and the surrounding area over a period of 20 years and could not detect any change in
species diversity; moreover, the number of insect-infested corpses did not decline, on
the contrary, one rather gets the impression (i.e., not statistically proven) of an increase
if one looks at the number of insect-infested corpses at the Institute for Legal Medicine
in Frankfurt. However, as the respective research question of these studies determined a
diversity of different methods (trap and bait type, collection intervals, species selection,
etc.) these data can only be used with caution for a serious evaluation of necrophagous
insects decline.

In summary, there are numerous well-documented examples of insect population
declines and extinctions in the context of the anthropogenic drivers of global change, and
even the rate of those declines is still hotly debated, fuelled by a lack of standardised,
systematically collected data. With regard to a decline in necrophagous insects or possibly
opposing trends, there are little or only anecdotal data available.

3. What We Do Not Know (But Could Be ... )

Even though there are currently no reliable data on a decline in forensically relevant
insects, it makes sense to address the issue. After all, it cannot be ruled out that the factors
that are driving back numerous insect species and populations have at least some influence
on the biological and ecological characteristics of necrophagous insects and thus ultimately
on the informative value of forensic entomology.

Before discussing possible impacts of insect decline on necrophagous invertebrates,
there is one major issue to emphasise: reduced resource availability, e.g., due to urbanisation
or agriculture, is a very important aspect when understanding insect decline. Flower visitor
declines, for example, have been linked to changes in resource availability [45]. But resource
availability has always been a challenge for necrophagous insects, since carrion is an
unpredictable, patchy and ephemeral resource (whether a dead mouse or a human body),
and its exploitation and use as feeding and breeding habitat poses particular challenges to
its necrophagous community on a spatial and temporal scale. Quantitative data on carrion
biomass are lacking e.g., due to methodological issues [46—48] and it is difficult to evaluate
whether carrion availability is (or will be) reduced if there is no baseline to refer to. It seems
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reasonable, however, not to assume any reduction; there is, for example, a clear increase
in rodent populations in the US (which is thought to be linked to a rise in temperature,
among other things)—and an increase in living animals will sooner or later also lead to an
increased supply of carrion. Therefore, typical drivers of insect decline will probably not
lead to a reduced resource availability for necrophagous insects. However, there could be a
change in the composition of the carrion supply, away from large vertebrates (e.g., because
of loss or modification of natural habitats) towards small species such as rodents, where at
least certain pests could be the winners of climate change. This in turn would possibly have
an influence on the species composition of the necrophagous community since, for example,
not all fly species colonise small carcasses. In Europe, large vertebrate carrion, including
human cadavers, can attract many species of Sarcophagidae (Diptera: Flesh flies), but only
a few of them utilize it for their offspring, i.e., larvi- or oviposit on it [49]. Additionally, in
various baiting experiments with small rodent carcasses, the author always finds the flesh
fly Sarcophaga caerulescens (Zetterstedt, 1838) but never S. argyrostoma (Robineau-Desvoidy;,
1830), the only flesh fly species of forensic relevance in Central Europe. The situation is
similar for the blow fly Protophormia terraenovae (Robineau-Desvoidy, 1830)—this species is
of certain forensic relevance due to its common presence on human bodies, but seems to
ignore small carrion. Hence, a shift towards more small carrion might favour certain taxa
and modify, therefore, the species composition and abundance. However, a reduced species
diversity would not necessarily have to be a disadvantage from a forensic-entomological
point of view: 4-5 species might be easier to deal with than 24-25 species. At the end of
the day, it could even be an advantage to work with a small number of species, since one
would have to study and know a smaller set of species in terms of their biology and ecology
Less reference data on growth and less ecological data on phenology need to be gathered,
identification becomes easier due to fewer possibilities for confusion and error, and even
the appropriate sampling and further rearing of insect evidence could be easier. However,
in the worst case, species relevant for the assessment of the succession interval become
rarer or will even disappear, and thus the templates and patterns defined on the basis of
previous studies can no longer be applied in certain cases or simply lead to less accurate
estimates. A decline in species leading to only one fly species instead of three or four
species developing on the corpse after e.g., a postmortem interval (PMI) of 8 days could
impact the estimation of an accurate date based on the age of those specimens for the same
reason, as data based on e.g., three or four different species and their development rates
provide more certainty in the assessment. However, one should not lose sight of the fact
that there is already now no high species diversity on one and the same body, especially
during the first days or even weeks postmortem [43]. Reference [42], for example, found
13 species of flesh flies attracted to baited traps, but on human corpses just one of them,
S. argyrostoma, is representing the family in central Europe almost exclusively. Hence, a
small number of species on dead bodies does not necessarily have a negative effect when it
comes to PMI estimation as forensic entomology is already used too.

Reduced species diversity and insect abundance could lead to delayed colonisation,
but it is not proven so far that a smaller number of species means a lower number of
colonised corpses and a higher number of insect-free bodies. Instead, the low number of
species which succeed the competition could be much more present than before. Typical
“winners” could be highly adaptive and competitive native species such as Lucilia sericata
(Meigen, 1826), or invasive taxa like several species of the genus Chrysomya (Robineau-
Desvoidy, 1830, e.g., Ch. albiceps (Wiedemann, 1819) or Ch. megacephala (Fabricius, 1784).

One driving factor of insect decline is climate change, and global warming and extreme
weather (e.g., heavy rain, storms and droughts) are one of its most important effects. It can
be expected that they will also have an impact on necrophagous insects, whereby one must
distinguish between two targets: The “adult level” and the “juvenile level” (Figure 3).
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Figure 3. Global warming as a driver of insect decline and its possible impact (+ and —) on the necrophagous fauna and

forensic entomology (grey background: juvenile stages, light blue: adult stages).

Increased (average) temperature and frequency of extreme weather events will impact
the activity and behaviour of adult insects, but the direction of such an effect is not clear.
Heavy wind or rain might decrease the rate of detection of carrion due to reduced flight
activity and the scattering of odours that are relevant for cadaver discovery. Due to milder
winters and longer summers, adult activity will start earlier and end later over the course
of the year. Low temperatures are generally a key factor limiting the range of insect
species, and even a small increase in winter temperatures enables survival in areas that
were previously inaccessible. The adult phenology of single species will, therefore, change.
Beside this shift (or extension) of activity, species will be able to access more habitats, e.g.,
be found in higher altitudes as insects move uphill to escape warming temperatures. All
this could increase the timely detection and colonization of dead bodies in more habitats
and for a longer period of the year. A shift in temperature profiles could enable larger
range expansion due to higher chances of winter survival, as it is typical for invasive
species like Ch. albiceps [50], Ch. megacephala [51] or L. cuprina (Wiedemann, 1830) [52]. The
more common presence could affect the local fauna due to interspecific interactions and
competition and there might be negative effects of invasive species (see also above “What
we know”). But even though this is regrettable for many reasons, it is not proven whether
there will be a negative effect for routine work in forensic entomology. Of course, a lack of
awareness about the possible presence of invasive species in the native region could lead to
misidentifications and incorrect age determinations [52]. Moreover, there is no doubt that
certain biological characteristics like the predatory behaviour of the larvae of that invasive
species have a negative impact on the presence, abundance and maybe even development
of native species. But I also put forward the hypothesis that a small number of species (the

“winners”) might be more to hand and useful for the expert than several dozens of different

taxa. Nevertheless, a low number of species could lead to a decreased population and, due
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to e.g., hot weather and high wind speeds, climate change might lead to a reduced flight
and oviposition activity and as a consequence to a delayed colonization of dead bodies.
Moreover, existing succession templates may need to be revalidated or adapted.

The juvenile stages on a dead body in the field could experience increased mortality
or possibly aberrant growth behaviour due to periods of extreme heat or heavy rainfall.
Temperatures can also impact the transition to the next developmental stage in summer.
The effects of mild winter temperatures and extreme summer temperature fluctuations
on the development of the local necrophagous fauna have hardly been investigated so
far. New invasive taxa could eliminate native species through cannibalism and cause
altered growth through competitive situations. Such alteration or modification might
lead to over- or underestimations of a PMI,,;, and, therefore, impact the outcome of the
entomological report. An exciting interface between the adult and the juvenile stages
are the so-called transgenerational effects. Phenotypic plasticity across generations is an
important mechanism for organisms to cope with climate variability at different temporal
scales [53]. In the context of fast climate change and increase in temperature fluctuation and
unpredictability, a better knowledge about response to environmental variations through
such transgeneration effect may help to understand the ability of rapid adaptation and
plasticity [53,54]—an issue which so far has been neglected in forensic entomology.

4. Conclusions

Up until now there has been no evidence for a decline in necrophagous insects. If there
is any indication, it has no relevance for forensic entomology so far. This need not always be
the case, and it is quite possible that single drivers of insect decline will sooner or later also
affect forensically important taxa. Here, in particular, climate change and global warming
can be named. It cannot really be expected that these factors will result in a decline, but
they will have a strong impact on the biology and ecology of necrophagous insects. In
this respect, therefore, it is not the decline in insects but climate change that will have a
strong effect on forensic entomology and which research will have to address in the future.
Here, the focus should be on transgenerational plasticity, because climate change will pose
major challenges to the short-term adaptive abilities of insects. Existing associations such
as the European Association for Forensic Entomology or the North American Forensic
Entomology Association should establish a network of baseline data on the occurrence
and activity of necrophagous insects, backed up with the relevant local climatic data and
next-generation effects. Such cooperation and interaction will help to better understand
key species and to better target the impact of climate change on forensic entomology, for
example, by identifying specific factors such as e.g., droughts or the presence of heat
islands in urban environments, as key players in triggering transgenerational effects and
associated modified development.
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