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Editorial
Epiphytic Plants: Perspective on Their Diversity, Distribution,
Systematics and Conservation in the Changing Environment

Thorsten Kréomer 1'* and Sven Peter Batke 2

Centro de Investigaciones Tropicales, Universidad Veracruzana, Xalapa 91000, Mexico
2 Biology Department, Edge Hill University, Ormskirk L39 4QP, UK; sven.batke@edgehill.ac.uk
*  Correspondence: tkromer@uv.mx

Epiphytic plants are vital components of tropical and subtropical forests, contributing
significantly to biodiversity, ecosystem function, and structural complexity. Despite their
importance, they remain understudied and face increasing threats from environmental
change. This Special Issue, entitled “Epiphytic Plants: Perspective on Their Diversity,
Distribution, Systematics and Conservation in the Changing Environment”, is a compila-
tion of nine articles, whose authors deepen our understanding of the divergent roles of
epiphytes, i.e., plants that germinate and root non-parasitically on other plants, mainly
on trees. These are a conspicuous and integral component of tropical forest ecosystems in
regard to local and regional plant diversity, especially in the Neotropics [1]. Roughly 10%
of all vascular plants in the world are epiphytes, which are distributed in about 900 genera
and 80 families. However, 85% of the more than 27,600 species recorded globally belong
to only five taxonomic groups: Araceae, Bromeliaceae, Orchidaceae, Peperomia Ruiz &
Pav., and Pteridophytes. Vascular epiphytes fulfill diverse ecological functions in tropical
ecosystems, such as the accumulation of water and nutrients, in addition to amplifying
biodiversity by providing microhabitats and food to different taxa (e.g., invertebrates,
amphibians, reptiles, birds, and mammals). Due to their dependence on host trees and
atmospheric water sources, epiphytes are considered one of the most endangered plant
groups. Landscape fragmentation and forest degradation resulting from human activity
are among the major threats to their survival.

This vulnerability is further illustrated by findings from a literature review by Kromer
et al. (2025) [2], which showed that none of the human-modified ecosystems examined
were able to fully replicate the epiphyte diversity found in undisturbed primary forests.
Human disturbance in tropical forests typically leads to substantial diversity loss, reduced
ecosystem services, and decreased soil health. However, over time, secondary forests
may assist in the recovery of a substantial portion of species diversity and functional roles
and complement primary forest remnants by enhancing landscape connectivity. Even so,
primary forests are irreplaceable for epiphyte diversity conservation, and efforts to mitigate
land-use impacts should focus on preserving these areas and implementing sustainable
land-management practices.

Beyond secondary forests, urban environments represent an even more extreme form
of habitat modification, where structural simplification and altered microclimates often
lead to a further decline in epiphyte diversity. In a second paper by Landeros-Lépez
et al. (2025) [3], it was shown that the structural alterations of urban forests create stress-
ful microclimatic conditions that can influence the morphology of sensitive plants, such
as ferns. Sites with greater modifications in vegetation structure exhibited increased
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canopy openness, solar radiation, and temperature, but a lower relative humidity. Here,
the fern leaves showed an increase in dry matter content and vein density, indicating a
greater investment in resource storage and structural resistance. In the less-disturbed
sites, terrestrial ferns demonstrated larger leaf area and specific leaf area, whereas epi-
phytes generally had smaller leaves, which could represent an adaptive advantage in more
stressful environments.

These kinds of morphological shifts reflect broader ecological responses among epi-
phyte taxa to human disturbance. While certain patterns emerge, such as changes in
abundance or adaptive traits, there is considerable variation across studies and species
groups, cautioning against overly broad generalisations [2]. However, in a third paper,
Siaz Torres et al. (2024) [4] found a higher abundance and species richness of epiphytic
bromeliads in a disturbed forest than in a primary forest. Atmospheric species like Tillandsia
baileyi Rose ex Small, T. ionantha Planch., and T. usneoides (L.) L. were most abundant on
Taxodium mucronatum Ten., a dominant tree in the disturbed gallery forest. These bromeli-
ads have morphological adaptations such as narrow leaves and abundant trichomes, which
enhance their ability to capture atmospheric water and nutrients, facilitating their survival
in disturbed or drier environments.

While some epiphyte species exhibit resilience in altered landscapes, broader envi-
ronmental pressures continue to threaten the group as a whole. In addition to land-use
change, the impacts of climate change, particularly rising temperatures and increased
drought frequency, are emerging as major drivers of epiphyte decline. This is illustrated
in a study on Pleione formosana Hayata, an endemic orchid once widespread across the
mid-elevations of Taiwan, where Hsu et al. (2024) [5] found that populations have steadily
declined, primarily due to orchid poaching and increasing climatic stress. Therefore, orchid
plantlets were reintroduced to an old-growth cloud forest site in 2022, but the seedlings
failed to survive the summer of 2023. The rising temperatures and frequent drought events
threatened orchid growth, potentially increasing susceptibility to pathogens.

Alongside climatic stressors, direct human exploitation also poses a serious threat
to many epiphyte populations. In particular, the mostly illegal harvest of species for
commercial, ornamental, and cultural purposes has led to local declines across various
taxa [2]. Due to their horticultural and ceremonial value, epiphytic orchids are often sold in
local markets, but are also used in traditional medicine or as food supplements in tropical
countries. Prosthechea karwinskii (Mart.) ].M.H. Shaw is an epiphytic orchid endemic to
Mexico, threatened by the destruction of its habitat and the extraction of specimens to
meet its demand for ornamental and religious use. Most of its populations are found in
Oaxaca state, where variations in certain floral traits have been observed. A morphometric
analysis by Santos-Escamilla et al. (2024) [6] identified the most significant floral characters
as potential taxonomic markers for P. karwinskii, demonstrating the species’ value in linking
morphological variation to geographic origin.

Taxonomic challenges associated with floral diversity are also evident in the orchid
genus Cymbidium Sw., which displays intricate floral structures, strong endemicity, and a
fragmented distribution. These features have led to a remarkable range of morphological
forms, but they have also complicated efforts to classify the genus with consistency. To
clarify the phylogenetic relationships within the genus Cymbidium, Peng et al. (2025) [7]
used DNA barcoding and found a consistent separation between epiphytic and terrestrial
species. Both genetic and morphological analyses supported this distinction, with epiphytic
orchids forming a clearly defined clade.

Understanding the evolutionary relationships of epiphytes also requires examining
other structurally dependent plant groups that share similar ecological strategies. Epiphytes
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are one of four such types, alongside climbing plants like lianas, nomadic vines, and
hemiepiphytes, all of which rely on host structures for support at some point in their life
cycle [1]. The latter have captured the attention of biologists since they seemingly hold
clues to the evolution of epiphytes themselves. During fieldwork conducted in Papua
New Guinea, Sundue and Maraia (2024) [8] documented seven hemiepiphytic species of
ferns that all started growth as low-trunk epiphytes, and later, as larger climbing plants,
exhibited long feeding roots that entered the soil. These new records expand the geographic
and taxonomic breadth of hemiepiphytic ferns and offer morphological and phylogenetic
clues to uncover additional records.

Studying structurally dependent plant types in a comparative way may produce
important insights into possible positive or negative interactions between them. Thus,
another study by Ceballos et al. (2025) [9] aimed to evaluate the co-occurrence of vascular
epiphytes and lianas in northwestern Argentina. Both plant groups were found together
on 20% of the sampled trees; they colonized the same canopy tree species with larger
diameters, whereas smaller trees were typically colonized by either lianas or epiphytes, but
not both. Epiphyte species were more likely to co-occur with liana species with specialized
climbing mechanisms. Tree size and forest type (mature vs. successional) emerged as key
factors influencing their co-occurrence.

Several studies on richness patterns of vascular epiphytes suggested that abundance
and diversity are highest in humid montane forests at intermediate elevations [1]. Although
some studies have analyzed epiphytes alongside other plant life forms, comparisons of
elevational patterns in both epiphyte and tree diversity and biomass in tropical dry forests
remain scarce. In southwestern Ecuador, Werner and Homeier (2024) [10] observed that
tree species density and total species richness increased with elevation, while basal area
and biomass showed no consistent trends. In contrast, epiphyte species density, richness,
and biomass all increased markedly with elevation. The authors attribute these patterns,
particularly for epiphytes, to rising humidity at higher elevations, reflecting increasingly
mesic conditions.

Taken together, the contributions to this Special Issue offer a timely and comprehensive
perspective on the ecology, evolution, and conservation of epiphytic plants. By spanning
a wide range of taxa, habitats, and methodological approaches, these studies not only
deepen our scientific understanding but also highlight the urgent need to protect this
vulnerable and ecologically vital plant group. We hope this collection will serve as a
valuable resource for researchers, educators, and conservation practitioners alike, and that
it will help stimulate further work to explore, document, and conserve the remarkable
diversity of epiphytes worldwide.

Author Contributions: TK. and S.P.B. contributed equally to this article. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.
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[ IS Y]

Abstract: Human-caused habitat conversion, degradation, and climate change threaten
global biodiversity, particularly in tropical forests where vascular epiphytes—non-parasitic
plants growing on other plants—may be especially vulnerable. Epiphytes play vital ecolog-
ical roles, in nutrient cycling and by providing habitat, but are disproportionately affected
by land-use changes due to their reliance on host trees and specific microclimatic conditions.
While tree species in secondary forests recover relatively quickly, epiphyte recolonization
is slower, especially in humid montane regions, where species richness may decline by
up to 96% compared to primary or old-growth forests. A review of nearly 300 pertinent
studies has revealed a geographic bias toward the Neotropics, with limited research from
tropical Asia, Africa, and temperate regions. The studies can be grouped into four main
areas: 1. trade, use and conservation, 2. ecological effects of climate and land-use change,
3. diversity in human-modified habitats, and 4. responses to disturbance. In agricultural
and timber plantations, particularly those using exotic species like pine and eucalyptus,
epiphyte diversity is significantly reduced. In contrast, most native tree species and shade-
grown agroforestry systems support higher species richness. Traditional polycultures with
dense canopy cover maintain up to 88% of epiphyte diversity, while intensive management
practices, such as epiphyte removal in coffee and cacao plantations, cause substantial
biodiversity losses. Conservation strategies should prioritize preserving old-growth forests,
maintaining forest fragments, and minimizing intensive land management. Active restora-
tion, including the translocation of fallen epiphytes and planting vegetation nuclei, is more
effective than passive approaches. Future research should include long-term monitoring
to understand epiphyte dynamics and assess the broader impacts of epiphyte loss on
biodiversity and ecosystem functioning.

Keywords: deforestation; disturbed forests; fragmentation; human disturbance; isolated
remnant trees; literature search; tree plantations; secondary forests; selective logging;
urban vegetation

1. Introduction

Human activities, especially the conversion, degradation, and fragmentation of habi-
tats, as well as climate change, are major threats to global biodiversity, especially in the
tropics [1,2]. Habitat loss, either caused by ongoing deforestation or changes in land-use,
is the largest single driver of the decline in terrestrial biodiversity [1,3]. The magnitude
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and negative impact of the human disturbance on tropical forests and their biodiversity
are well documented (e.g., [4-6]). In recent decades, increases in agricultural demand,
logging activities and urban growth have led to unprecedented losses of tropical forests,
with annual deforestation rates of around 0.5% since the 1990s, resulting in an annual loss
of tropical forests of about 7.8 million hectares until the 2000s [7], and an annual loss of
6.4 million hectares between 2010 and 2015 [8]. At present, few truly undisturbed tropical
forests exist, whereas degraded and regrowing forests after the abandonment of agricul-
tural lands are rapidly expanding, currently comprising about half of the world’s tropical
forests [9,10]. Secondary forests may therefore constitute an important role as reservoirs
for biodiversity [11,12]; however, the majority of relevant vegetation studies focuses on
trees (e.g., [13,14]).

A smaller portion of studies are on lianas (woody vines; e.g., [15,16]), a structurally
dependent component of the vegetation, which seems to be rather favored by disturbance,
i.e., liana density and diversity peak following disturbance at local and forest scales [17,18].
This highlights how different components of the forests respond differently to disturbance,
but research on other vegetative components of biodiversity is still very limited. For
instance, despite the large-scale clearing of tropical forests since the 1970s, it took until the
mid-1990s for Turner et al. [19] to show in a study from Singapore that epiphytic species,
as a component of diversity, appear to be particularly threatened by habitat loss. While
the species richness of the most studied life forms, such as trees (19%), shrubs (34%), herbs
(17%), and climbers (23%), was much less affected, epiphyte species richness exceeded
60% loss.

Vascular epiphytes, plants that grow on other plants [20], are a conspicuous and
integral component of tropical forests regarding local, regional, and continental plant
diversity [21-23]. This very heterogeneous and taxonomically diverse group of plants
contributes substantially to plant species richness, accounting for roughly 10% of all
vascular plant species globally [24] and for up to 50% locally [25]. Epiphytes fulfil important
ecosystem functions related to forest nutrients and water cycling [26-29]. Moreover, they
provide food and habitat for canopy-dwelling fauna such as arthropods, birds or bats [30-
33]. Because of these ecological functions, epiphytes are considered secondary foundation
species [34]. These are species that provide structurally complex biogenic habitats that
alter environmental conditions within the matrix of the primary foundation species, e.g.,
in this case, the host trees or shrubs [34]. Consequently, vascular epiphytes add structural
complexity to forest canopies [20]. Therefore, any adverse effects on epiphytes cannot
be viewed in isolation, as land-use change effects on epiphytes would have cascading
consequences and similarly affect other inhabitants, such as associated fauna [34,35].

Without root contact to ground soil and dependent on the stability of their host,
epiphytes might differ substantially from ground-rooted plants regarding their response
to human-driven degradation and the conversion of tropical forests for agriculture and
other land-use purposes. For instance, tree species richness increases very rapidly during
secondary succession in Neotropical forests, with 80% recovery of old-growth values
after only 20 years [36]. Moreover, in many secondary forests, tree species richness has
surpassed that of old-growth forests [15], while epiphytes as canopy-dwelling organisms
are specifically threatened by disturbance and deforestation [19,37,38], and their diversity
is generally low in secondary forests [39-41].

However, little is known about how many and which epiphyte species (genera and
families) may be prone to extinction or are lost, which depends on the type and magnitude
of disturbance and the type of vegetation that replaces the original forest [42]. Several
earlier studies (e.g., [39,40,43]) showed that compared with old-growth forests, epiphyte
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diversity tends to be markedly reduced following disturbance in most of the investigated
human-modified habitats, but these studies were mostly carried out in humid lowland
or montane forests. A growing number of later studies revealed exceptions to this trend,
indicating that changes in epiphyte diversity and species composition vary significantly
with the location and climate regime (e.g., rainfall and seasonality) of the study site, as
well as the type and degree of habitat transformation (e.g., [41,44—46]). Diverging patterns,
however, are actually unsurprising considering that disturbed and secondary habitats differ
greatly in age and structure, and in the degree of structural differences from the original
vegetation [47]. Considering this mixed picture, it is important to determine if epiphytes as
a group really are particularly threatened by land-use change [48].

In this review, we summarize our current knowledge and try to find general patterns of
the effects of land-use changes on epiphytes by analyzing all available information gathered
through an intensive literature revision. As a basis for future work, we identify open questions
within the larger context of human disturbance activities and conservation strategies for
epiphytes in general. By recognizing the main aspects of research, we want to achieve the
following: 1. Weigh into the mixed picture of the subject to determine if epiphytes as a group
really are particularly threatened by land-use change. 2. Suggest plausible future directions
of the field, identifying open questions in the larger context of land-use change. 3. Provide
suggestions for possible conservation strategies for vascular epiphytes.

2. Materials and Methods
2.1. Literature Search

To gather relevant information on the impact of land-use change on epiphyte diversity
and related topics, we conducted an extensive literature search for research articles, reviews,
book chapters, and grey literature (e.g., theses, notes) with a publication date up to October
2024 utilizing common scientific databases including Clarivate Web of Science and the
Scientific Electronic Library Online (SciELO) and internet search engines such as Google
Scholar, using operators such as ‘epiphyt*” AND ‘land-use’” OR “disturbance” OR “deforesta-
tion” OR “logging” OR ‘remnant tree” OR “plantation” OR “urban” OR “fragmentation” OR
‘edge effect’ OR “succession” OR ‘recolonization” OR “harvest” OR ‘trade” OR ‘translocation’
in the titles, abstracts, and keywords. In addition, we revised the comprehensive vascular
epiphyte literature database of Gerhard Zotz, which includes ca. 12,000 references, many
of which are not included in the other databases. After carefully revising the abstracts of
all references obtained, we excluded all publications not dealing with the study topics (e.g.,
focused on non-vascular epiphytes or epiphytic algae on seagrasses). We finally identified
285 relevant references in English, Portuguese, and Spanish (EndNote and Excel database;
Supplementary Material, Table S1), mostly journal articles (254), but also several book
chapters (19) and theses (14). A total of 156 publications focused on vascular epiphytes in
general (some including hemiepiphytes, nomadic vines or accidental epiphytes; [49-51]),
whereas 58 studies focused on orchids, 41 on bromeliads, and 30 on pteridophytes. Some of
the latter research considered two of these three groups and a few also included terrestrial
or saxicolous taxa.

2.2. Identifying the Main Aspects of Research

To obtain the main areas of research when evaluating the impact of land-use change on
vascular epiphytes, we carried out a bibliometric analysis on the current state of knowledge
about the impact of land-use change on vascular epiphytes. We used a text mining approach
with a cooperative cluster-ordination and k-means to create groups representing the most
consistent subjects [52] on the abstracts of the 285 references considered in this review. The
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process involved exporting references from EndNote® TM 21.5 to Microsoft Word®. The
285 references in EndNote were exported (annotated to include the title and abstract) as an
RTF extension and organized in Microsoft Word. The structure was homogenized so that
each paragraph contained the title and the abstract. Spanish or Portuguese content was
translated into English using DeepL translator version 24.11.4.144242. After translating and
homogenizing the abstracts, the RTF file was read into R programming language [53], where
we carried out cleaning and stemming procedures, to finally proceed with the analyses
(ordination and clustering techniques). The abstract list was cleaned by eliminating “stop
words” (such as connectors and abbreviations) and special characters (such as punctuation,
numbers, and symbols) and homogenized by stemming words (e.g., removing or reducing
derived words, epiphytism --> epiphyt).

Following the cleaning and stemming procedures, a word matrix was created, with
285 rows representing the publications and 4080 columns representing the stemmed words.
The cells of the word matrix represented the frequency with which each word appeared in
the abstract of each publication. Among the most frequent terms we found two that referred
to the same concept, which were therefore combined, as follows: “epiphyte” was combined
with “holoepiphyte” and “host” with “phorophyte” and “tree”. The packages qdap [54],
stringr [55], striprtf [56], tm [57], tidyverse [58], and data.table [59] were used for text
cleaning and stemming. The resulting word matrix was used in a detrended correspondence
analysis (DCA; [60]) using the “decorana” command from the vegan package [61] to down-
weigh uncommon occurrences (of words), thus lessening the influence of rare “terms”
(words). This ordination technique is used to obtain a low-dimensional representation of
the word matrix and reduce dimensionality (2-3 axes generally).

Then, to identify homogeneous groups (clusters) within the word matrix, we applied
k-means clustering to the ordination scores. To find the best compromise between a low
number of clusters and a high variance of the word matrix, we use the command “fviz”
from the package NbClust [62]. This method identifies groups by minimizing within-cluster
variation by computing the sum of all within-cluster squares (wss) for each run, which
it does for a total of 10 self-defined clusters [63]. The visual assessment of the “wws”
as a function of clusters was used to determine the number of suitable clusters; we also
performed the same analysis using a different clustering technique (the average silhouette
method), and the results were comparable (Supplementary Material, Figure S1). Once the
clusters were derived from the word matrix, we assigned each abstract to one of the four
resulting clusters; this involved tallying the number of words in the abstracts matching
with the words defining each cluster, and once we had identified the cluster with the largest
number of words matched to an abstract, this publication was assigned to the cluster
(Figure 1; Supplementary Material, Table S1, list of the papers assigned to each group). We
found the abstracts were grouped into four clusters representing the most common research
carried out in the last two decades (Figure 1). These were plotted using the command
“geom_label_repel”, which allows the text labels to shift and reconfigure away from the
data points for readability, but indicates with lines where the exact point was, using the
packages ggrepel version 0.9.6 and ggplot2 version 3.5.1 [64—66].
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Figure 1. Four aspects of the research. A: Trade, use and conservation. B: Climate and land-use change.

C: Human-modified habitats. D: Responses to disturbance. Here, we show the most frequent words
per aspect (cluster) in relation to their frequency (those with a frequency larger than the highest
3rd quartile frequency of all clusters). The percentages of abstracts assigned to each cluster are shown
(next to the cluster name). For the sake of comparison, we include a similar graph including the most
common 20 words per cluster (Supplementary Material, Figure S2, the limit in words was set for
visibility’s sake). Words varied in their frequency per cluster, i.e., some clusters were more consistent
than others (Supplementary Material, Figure S3).

3. Results and Discussion
3.1. General Results

Over the last two decades, many relevant studies related to the effects of land-use
changes on vascular epiphytes have been conducted, although mainly at a local scale
and with a strong bias towards the Neotropics compared to tropical Africa and Asia, or
temperate regions [20]. Only a few publications give a broader overview [20,35,42,67,68]
but do not cover all related topics in detail.

The first study considering the effects of land-use changes on epiphytes was published
in Selbyana by Michael Madison in 1979 [69], addressing the distribution of epiphytes
in a rubber plantation in Malaysia (Figure 2). During the following two decades, only
10 additional studies were published. This number increased in the 2000s to 59 and reached
143 in the 2010s, while during the last five years, the annual number of papers ranged
between 10 and 20, with a yearly mean of 14.4 published studies.

The major regions/continents and countries where these studies were
conducted (Figure 3) show a strong geographic bias towards Central America (107 papers).
In Mexico alone 81 studies were conducted, slightly less than those conducted in eight
countries of South America (87), of which in turn almost half were situated in Brazil (43).
In ten countries of Asia, 33 studies were conducted, led by India (7), and in nine countries
of Africa, 21 studies were conducted, led by Ethiopia (7). In three Caribbean countries,
six studies were conducted, and eight were conducted in Oceania. Furthermore, there are
23 studies, mainly review papers, with no clear geographic focus.
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Figure 3. The number of articles/studies per major region/continent (first bars; indicating the
number of countries in brackets on the x-axis) and main countries (following bars).

3.2. Identifying the Main Aspects of Research

The text-mining analysis based on almost 300 abstracts (summing up 4080 words)
resulted in four clusters (Figure 1; Supplementary Material, Figures S1 and S2), which we
classified into (A) trade, use and conservation, (B) ecological effects of climate and land-use
change, (C) diversity across human-modified habitats, and (D) ecological effects of responses to
disturbance. This classification was based on the most frequent words grouped per cluster
and the majority of abstract titles contained in each cluster in the ordination. The clusters
grouped a very uneven number of abstracts, with the largest number indicating that most
research focuses on evaluating epiphyte diversity across human-modified habitats (68%,
193 abstracts). The other three clusters grouped a third (32%) of the abstracts, with the
cluster of trade, use and conservation having the lowest number of abstracts (8), followed by
the clusters grouping research on the ecological effects of climate and land-use change (32)
and responses to disturbance (52).

In the cluster of diversity across human-modified habitats, research focuses on evaluating
the different aspects of diversity (species richness, abundance, species composition, biomass
and others) across different anthropogenic habitats (e.g., secondary forests, plantations,
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urban areas, etc.) with a focus on specific taxa (e.g., orchids or bromeliads) but with diverse
approaches. The cluster responses to disturbance concentrates on comparative research
where differences at the community level are evaluated between old-growth forests and
habitats that have undergone land-use changes of different types; this is similar to the
cluster of ecological effects of climate and land-use change, with the difference that in most
studies the ecological effects of land-use are evaluated but are mostly used as a proxy for
possible effects of climatic changes. Finally, the cluster trade, use and conservation, is the
most consistent, focusing on research on the use of species and the different aspects of their
trade in the context of conservation.

The total number of words per cluster varied somewhat according to the number of
abstracts (number of words for trade, use and conservation, 91; climate and land-use change, 352;
human-modified habitats, 3575; responses to disturbance, 62; Supplementary Material, Figure S3),
but this could also be influenced by the length of the abstracts per group, the stemming
process whereby several words could be grouped under their stem (e.g., epiphyte, epi-
phytic, forest, forestry, etc.), or the fact that some abstracts contained a large number of
deleted terms (e.g., prepositions, articles, adverbs, and conjunctions). The word abundance
structures of clusters trade, use and conservation and responses to disturbance were more sim-
ilar than they were to climate and land-use change and human-modified habitats, as they con-
tained several common words (those with the highest frequency; for trade, use and conser-
vation the three most frequent words were repeated between 210 and 353 times, and for
responses to disturbance the three most frequent words were repeated from 419 to 1298 times,
Supplementary Material, Figure S3 and Table S2), and these clusters had very few to no rare
words (those with low frequency, e.g., repeated < 20 times); while climate and land-use change
and human-modified habitats had very many rare words (climate and land-use change with
43 singletons and 13 doubletons, and human-modified habitats with 1853 and 571, respectively,
Supplementary Material, Table S2).

This means that clusters on trade, use and conservation and responses to disturbance are
relatively consistent, independently of the number of publications/abstracts contained, or that
the abstracts within these clusters somewhat consistently mainly reflect research on the impact
of trade, use and conservation and climate and land-use change, respectively. The clusters on human-
modified habitats and climate and land-use change grouped research abstracts with far fewer
thematic or words in common. From these clusters, the one on human-modified habitats had
the most heterogeneous content, and is almost miscellaneous, perhaps because the research
into the anthropogenic effects on diversity can be very broad and is very heterogeneous
for vascular epiphytes (e.g., lack of sampling protocols or general recommendations in the
specific field). While the cluster on climate and land-use change, which mainly uses the ecological
effects of land-use as a proxy to evaluate the effects of climatic changes on diversity, contains
less explored avenues of research directly evaluating the impacts of climate change effects
on vascular epiphyte diversity (one from 2002 and all others from 2009 till 2023), e.g., the
modeling of forest dynamics, long-term dynamics, and experimental testing of the climate
change effect (Supplementary Material, Figure S2, Table S1).

3.3. Tropical Forest Conversion and Epiphytes

Habitat loss caused by the growing human pressure on terrestrial ecosystems is one of
the most important threats to biodiversity, especially in the tropics [9,70,71]. The planet is
suffering rapid and dramatic changes across most biomes [72]. Considering the current
high rates of deforestation in most tropical countries [73], it is projected that the few existing
areas with extensive, undisturbed forests will become scarce and fragmented soon [5,9].
Human population growth and the intensification of agriculture are the major factors
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threatening primary forests in the tropics and their associated biodiversity [74]; due to
conversion into cropland, grassland for cattle, and human settlements, many plant taxa
have disappeared [75]. In spite of this bleak scenario, botanists should investigate poorly
explored areas where species new to science can still be found, and possibly, species listed
as extinct may be rediscovered [76].

The conversion of primary or old-growth forests, i.e., forests that have never been
clear-felled and have been impacted by little or no known recent human disturbance [5],
in the tropics to treeless vegetation will result in an almost complete loss of epiphytes
in the affected area [42], although an unknown number of facultative epiphyte species
might survive on the ground or on human-made structures like walls, roofs or electricity
wires [77-79]. In many human-modified landscapes (Figure 4), potential hosts may still be
present, e.g., in the form of fragments of disturbed or secondary forests, isolated remnant
or planted trees, or in plantations [46]. Although in the last two decades the number
of studies considering the effects of various human activities on epiphyte diversity has
increased considerably (Figure 2; Supplementary Material, Table S1), the fate of epiphytes
in anthropogenic tropical habitats remains insufficiently understood. Therefore, a central
question of tropical plant conservation remains whether human-dominated landscapes
can provide suitable refuges for epiphytes, or whether these challenging habitat conditions
result in slowly declining communities with strongly diminished regeneration, rendering
them ‘living dead’ [80].

- S

Figure 4. Views of human-modified landscapes in the Neotropics, including old-growth forest
fragments, secondary forests, cattle pastures or plantations with remnant trees, and agricultural lands
in (A) Los Tuxtlas, Mexico; (B) Central Veracruz, Mexico; (C) Azuero, Panama; (D) Alto Beni, Bolivia.
Photographs by (A,B,D) Thorsten Kromer; (C) Helena J. R. Einzmann.

A few of these studies included three or more relevant types of anthropogenic habitats,
comparing them with old-growth forests along gradients of human impact at a single study
site, while considering all vascular epiphyte taxa in standardized study units in humid
forests in the Neotropics [39,41,81]. We will take these comprehensive investigations as a
starting point to explore the impact of land-use changes on epiphyte diversity in human-
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modified landscapes. It was observed that species richness was consistently the lowest
in young secondary forests, followed by plantations or isolated remnant trees in pastures,
disturbed forest fragments, and it was the highest in old-growth forest. We here conduct
our review of the literature following this gradient in the decline of epiphyte diversity with
increasing degrees of disturbance by starting with the most affected habitat type.

3.4. Secondary Forests

The conservation value of tropical secondary forests has been debated for
decades [12,82,83]. Here, we define a secondary forest as a habitat that has recovered
or regenerated largely through natural processes after significant human or natural distur-
bance (e.g., clearcut logging or hurricanes) that caused a complete removal of the original
forest vegetation [82]. The remaining open area usually has been used as cattle pasture or
for the cultivation of cash crops such as corn or sugar cane, but then due to various reasons
(e.g., infertility of soils, low crop prices), these lands were not intensively used anymore,
and as the result of secondary succession, a young fallow forest has started developing on
the abandoned ground, which initially lacks resident epiphytes [82,84].

Considering trees or lianas, secondary forests may attain many aspects of the structure
and species richness of old-growth forests within a few decades if there are propagule
sources left at a feasible distance, but reaching a similar species composition may take
centuries [15,85,86]. Some plant species, including many vascular epiphytes, however,
appear to be old-growth specialists that only establish on the large host tree species present
in old-growth forests [39,40,87]. This is likely because of the specific abiotic conditions
needed (e.g., stable microclimate with high humidity and low insolation), which are only
found in structurally complex forests [88,89].

Generally, the destruction of old-growth forests results in a considerable species
loss and a major decrease in total species richness, as is found in human-modified
habitats [72,90], but this reduction may be more severe for vascular epiphytes than for other
plant groups [37]. For example, in the few remaining patches of natural vegetation and
mostly secondary rain forest fragments of Singapore, Turner et al. [19] found that epiphyte
diversity was reduced by 62% compared to original flora, and was thus affected much
more severely by local extinction (i.e., extirpation) than any other life form. This consider-
able reduction in the species richness of epiphytes following deforestation is corroborated
by several studies, which indicate that fragments of young secondary forests (less than
20 years old; Figure 5A,B) usually show lower species richness of epiphytes in comparison
with nearby sites of primary forests, while older secondary forests can recover a mayor
part of that diversity [41,87,91].

For example, in three 15-year-old fallows, there was a reduction in species richness
of between 61% and 73% in humid montane forests of Bolivia [40], and between 46% and
66% in comparable young secondary forests in Ecuador [41] and Mexico [81] and lowland
rain forests of Colombia [91] (Figure 6; Supplementary Material, Table S3). In contrast,
Barthlott et al. [39] found a 96% reduction in species-richness in a 23-year-old fallow in
humid montane forests in Venezuela, whereas species numbers were less reduced in a
similar aged secondary forest in lowland rain forests of Mexico [92], as well as in slightly
older secondary forests in other humid forests in South America [41,91]. Finally, in the
oldest secondary forests studied, epiphyte diversity was still reduced by 64% and 29% after
85 and 115 years of abandonment, respectively, in the humid lowlands of Panama [87],
whereas in a 60-year-old subtropical montane forest in Argentina, epiphyte diversity had
almost completely recovered [93].
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Figure 5. Views of two young secondary forests at (A) Central Veracruz, Mexico; (B) Veraguas,
Panama; and cattle pastures with shade trees at (C) Azuero, Panama; (D) Central Veracruz, Mexico.
Photographs by (A,D) Thorsten Kromer; (B,C) Helena J. R. Einzmann.

0 yng I mid I I old I
0 |
-25 |
c o m
Forest type
LDF
a
50 SMF

Reduction %

© I I
g |

—H

te] |

Iz

$3 5

-100

Figure 6. Epiphyte species-richness reduction in secondary forest fragments (young—yng < 25 years;
middle—mid 25-50 years; old > 50 years) compared to old-growth forests (ADF—Andean dry for-
est; HMF—humid montane forest; LDF—lowland dry forest; SMF—subtropical montane forest;
LRF—lowland rain forest) in different study regions in tropical countries: (a) Mexico [94];
(b, k) Colombia [91]; (c) Mexico [92]; (d) Venezuela [39]; (e) Bolivia [40]; (f) Ecuador [41]; (g) Mex-
ico [81]; (h, I) Argentina [93]; (i) Ecuador [44]; (j, m) Panama [87].

14



Plants 2025, 14, 1188

Generally, the recolonization of secondary forest by epiphytes seems to be a slow pro-
cess [46,87,95], but available data are hard to compare because of differences in the spatial
context (e.g., distance of seed sources) [96-98]. Dispersal limitations may hamper the suc-
cessful establishment of epiphytic bromeliads in human-modified habitats [99]. However,
it is challenging to disentangle dispersal limitations from establishment limitations [100],
although the clumped distribution of many epiphytes indicates that dispersal limitation might
be involved [101].

The difference in both vascular epiphyte richness and species composition between
young and old secondary forests is probably due to the unfavorable characteristics of
young trees. On the one hand, they provide a more homogeneous structure with fewer
microhabitats, a drier microclimate and lower bryophyte cover, and on the other hand, a
shorter period for recolonization [81]. Differences in structural variables mainly lead to a
loss of drought-sensitive hygrophilous species, with specific habitat requirements, such as
shade- and humidity-adapted understory orchids and ferns, which might not be able to
persist under modified microclimatic conditions (higher temperature and less moisture) in
the open young fallow forests [102,103]. Similarly, Socratea palm trees were estimated to be
c. 20 years old before colonization with vascular epiphytes began [104], while it took at
least 10 years for epiphyte seedlings to recolonize stripped branches in humid montane
forests [105]. In addition, most studied epiphytes show inherently slow growth; it may
take more than 10 years for certain species to reach reproductive maturity [106,107].

However, two studies conducted in dry secondary forests indicated that
the reduction in epiphyte richness, especially in young fallows, may be less severe
(Supplementary Material, Table S3), as richness in 5-8 year-old and 10-20 year-old forests
in the lowlands of Mexico was reduced by only 62% and 42%, respectively [94], and
the epiphyte diversity of inter-Andean secondary dry forests of 13-28 years was almost
comparable to that in a closed-canopy forests [44]. This relatively rapid recovery of epi-
phyte richness may be attributable to the physiological and morphological traits of the
local drought-tolerant species that help them to cope with the harsh conditions in dry
forests [108,109], whose canopies are usually low and open and provide little microcli-
matic buffering [110]. Many of the local species in these forests are widely distributed in
Neotropical forests, because they are able to survive in a wide range of environmental
conditions [93]. Moreover, dry forests in general have relatively poor epiphyte flora [21,44]
that may recover after disturbance much faster than the highly diverse epiphyte flora with
many rare species in humid montane forests [39,41,81].

Concerning the specific responses of major taxonomic groups, there are some trends,
but substantial variance between studies warns against premature generalizations. For
example, orchid richness in secondary forests of Bolivia decreased by ca. 90% compared
to old-growth forests and by ca. 45% compared to ferns [40]. This study corroborates the
findings from Singapore, where Turner et al. [19] found only 10 of the 110 inland epiphytic
orchids (91% decrease), whereas the epiphytic pteridophytes were much less reduced in
diversity (37%). In contrast, Barthlott et al. [39] documented a total loss of orchids and a
92% reduction in ferns in secondary forests in Ecuador, which had been completely cleared
23 years prior. Orchids were also the most affected epiphyte groups in two secondary forests
in Mexico, showing a loss of >70% compared to adjacent old-growth forests [81,92]. However,
the fate of ferns differed markedly; while the loss was about 65% in the humid montane
forest, no reduction was found in the lowland rainforest. Also, Carvajal-Hernédndez et al. [111]
found that in 10- and 20-year-old secondary forests in humid montane Mexico, epiphytic
fern richness was reduced by 36% and 27%, respectively. The establishment of epiphytic
orchids generally might be hampered by their dependence on mycorrhizal fungi for seed
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germination [112], as well as due to the unfavorable microclimatic and structural conditions
in fallow forests [40]. The latter also affects many drought-vulnerable grammitid, vittarioid,
and filmy ferns [39,89], while some species of the genera Pleopeltis and Polypodium have traits
associated with drought resistance (e.g., poikilohydry, dense scales; [113-115]).

Similarly, studies on the human impact on bromeliads also showed mixed results. In
humid montane areas, species richness was usually more reduced in young fallow forests
(<20 years; 75-88% reduction) than in old-growth forests [39,40], while secondary forests
of 3040 years could recover some of the species richness present in old-growth forests
(53-30% reduction; [116,117]). In contrast, in moist lowland areas in which the number of
bromeliad species is generally lower, the species-richness of secondary forests was only
slightly reduced compared to old-growth forests [91,92]. Moreover, secondary forests in
dry lowlands can have even more species richness than old-growth forests [94,118].

Some bromeliad species, specifically atmospheric or xeromorphic species of the genus
Tillandsia, can be more abundant in secondary than in adjacent old-growth forests [102,119].
These are well-adapted to anthropogenic habitats, which are more open and drier, through
succulence, foliar trichomes, and CAM [114,120]. Apparently, the increased light levels in
the canopies of secondary forests can favor the survival and growth of some less specialized,
drought-tolerant Tillandsia species [121-123], which can dominate and increase their biomass,
causing the epiphyte community to become less rich and less even [117,124,125].

3.5. Tree Plantations

Over the last several decades, commercial agriculture expansion has become a key
driver of forest loss in the tropics [126]. Currently, agricultural production in tropical
biomes has undergone a dramatic shift that has led to increases in the production of crops
and wood products from plantations [127]. Agriculture plantations are defined as areas that
are typically monocropped with perennials, producing tropical or subtropical products that
commonly require prompt initial processing, and for which there is an export market [128].
Some of the most important tropical plantation crops are bananas, pineapple, sugar cane,
and tobacco [129]. However, these agriculture plantations comprise herbaceous plants
that can hardly host epiphytes, and typically are monocultures without remnant forest or
cultivated shade trees.

Therefore, our discussion is focused on the impacts of different tree plantations on
epiphyte species richness. Tree plantations can be defined as mono- or polycultures of
agricultural arborescent species established and managed by humans for wood, fruit,
luxury food, fiber and other products [130], e.g., oil and coconut palms, or coffee, cacao
and tea under shade trees [131]. The expansion of tree plantation areas in the tropics has
frequently come at the expense of intact forests, and increased from about 6.7 million ha in
1965 to 109 million ha in 2005 [132].

Generally, these kinds of plantations are not known for their high capacity to maintain
or harbor rich epiphyte communities, as studies mainly show reductions > 50% compared
to nearby old-growth forest fragments (Figure 7; Supplementary Material, Table S4). First,
we discuss structurally impoverished timber plantations with exotic pine or eucalypt species
that usually host very few epiphytes [46,133]. Pines have been considered poor epiphyte
hosts, not only because of the contents of phenolic and resinous substances [134-136], but also
because of the instability and low water-holding capacity of their bark [137]. Additionally,
the monopodial growth and lack of large horizontal branches of these conifers might be a
constraining factor limiting epiphyte abundance and diversity [109].

Boelter et al. [133] compared epiphyte richness in a natural Araucaria forest of the
Atlantic Forest in Brazil with that in managed plantations of Araucaria, Pinus, and Eucalyptus.
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The plantations of native A. angustifolia (Bertol.) Kuntze had a much higher conservation
value than the exotic monocultures of P. taeda L. and E. saligna Sm. with reductions of
52% vs. 85% and 89%, respectively. While host trees of A. angustifolia are characterized by
well-developed secondary branching that might favor epiphyte establishment and growth,
the physiognomic and bark characteristics (e.g., crown morphology, textural, absorptive
and physiochemical properties) of Pinus and Eucalyptus trees are mostly unsuitable [133].
In contrast, in an Andean 32-year-old plantation of the native Cedrela montana Moritz ex
Turcz., epiphyte richness was reduced by >90% [39]. This was explained by the uniform tree
structure, the absence of an understory and the poor development of plantation trees with
a crown openness of more than 50%, which reduced the number of suitable micro-habitats
for epiphytes.
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Figure 7. Epiphyte species richness reductions in different tree plantations compared to old-growth
forests (HAF—humid Araucaria forest; HMF—humid montane forest; LRF—lowland rain forest;
TOF—tropical oak forest) at different study regions in tropical countries: (a) Mexico [113]; (b)
Panama [46]; (c) Indonesia [138]; (d) Mexico [92]; (e) Brazil [133]; (f) Venezuela [39].

In a comprehensive study, Einzmann and Zotz [46] found that pine (Figure 8A; Pinus
caribaea Morelet) and teak (Tectona grandis L.f.; (Figure 8B) plantations hosted considerably
fewer epiphytes than the tree stands surrounding them. The short rotation times of the
timber crop leave little time for the colonization of these plantations. Consequently, the
epiphyte individuals observed in the teak (and pine) plantations were mostly juveniles,
and there were hardly any adult plants with reproducing structures [46].

The second types of tree plantations discussed are rubber (Hevea brasiliensis (Willd.)
Mull. Arg.) and oil palm (Elaeis guineensis Jacq.; Figure 8C). The former produces latex sap,
which is the basis for the natural rubber used mostly in the manufacture of automobile
and aircraft tires, while palm oil, obtained from fruits and seeds, is mainly used in making
cosmetics, biofuels, pharmaceuticals, and edible products. These are the two main crops
threatening biodiversity and natural habitats in Southeast Asia and Latin America [139,140];
however, in the last decade, the decreasing prices and high labor costs in contrast to higher
profitability are driving the conversion of rubber to oil palm plantations [141].
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The first study considering the effect of land-use changes on epiphytes was published
by Madison [69], who studied their distribution in a rubber plantation in Malaysia. When
a rubber plantation is established, the forest is cleared and burned, and young trees from a
nursery are planted. As the plantation matures, individual trees are colonized by epiphytes
whose seeds arrive from populations in nearby primary forests or older plantations [69].
Of the 25 recorded epiphytes, orchids and ferns with minute diaspores dispersed by wind
were the most species-rich and showed a random distribution in the plantation, similar to
a few fleshy-fruited species dispersed by birds.

Figure 8. Views of different tree plantations of (A) pine in Veraguas, Panama; (B) teak in Veraguas,
Panama; (C) oil palm in Chiriqui, Panama; (D) citrus in Los Tuxtlas, Mexico; (E) shaded coffee in
central Veracruz, Mexico; (F) shaded cocoa in Tabasco, Mexico. Photographs by (A—-C) Helena J. R.
Einzmann; (D,E) Thorsten Kromer; (F) Jonas Morales-Linares.

Almost four decades later, Bohnert et al. [138] studied the epiphyte richness in rubber
and oil palm plantations in central Sumatra, Indonesia and found a reduction in epiphyte
richness of 74% and 79%, respectively, compared with adjacent rainforest. They suggested
three main factors as responsible, as follows: 1. a less favorable microclimate with hotter
and drier conditions and more limited ecological niche space for a greater number of
specialized epiphyte species; 2. the age and characteristics of the host trees, as these
plantations are generally replanted after about 25-30 years, which abruptly stops the age-
related increase in epiphyte species richness; 3. the occasional removal of epiphytes by
plantation workers who commonly assume that epiphytes reduce yields by parasitizing the
trees. Rubber trees are sparsely colonized by epiphytes anyway, and the removal drastically
curtails any successful establishment of a new epiphyte community [138]. In contrast,
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the complex structure of oil palm stems hampers complete epiphyte removal, and larger
individuals might be the most affected by this practice. In conclusion, the values of both
monotypic tree plantations for epiphyte conservation are very low [138].

Apart from these studies, there is little and mostly anecdotal information on the suitability
of oil palms as a host for epiphytes [142,143], although the accumulation of organic material
in leaf bases makes them unique hosts compared to other plantation trees [144]. However,
as epiphytes are mentioned as problematic in some management practice guides (e.g., [145]),
they are regularly removed from oil palms [142], although Prescott et al. [144] showed that
their removal did not improve the productivity of the crop and thus should be avoided,
even from an economic point of view. Interestingly, oil palms are invasive in parts of Brazil,
at least in part due to fruits that are attractive to many disperser animals, and have high
germination success and establishment rates [146]. Notably, about a third of the epiphytes in
a sub-spontaneous stand of E. guineensis were accidentals, terrestrial species that establish in
the organic matter accumulated in their leaf sheaths.

Another case of cultivated palm trees is coconut (Cocos nucifera L.), which provides
food, fiber, biofuels, cosmetics, medicine, and building material. However, coconut palms
were shown to be poor epiphyte hosts, because of their smooth trunks, low structural diver-
sity and usual occurrence in relatively dry, exposed contexts providing harsh microclimatic
conditions; although a small number of ferns and at least one orchid species have been
found on them [147,148].

The third type of tree plantation is cultivated only for the production of edible fruits,
including important crops such as mango (Magnifera indica L.) and different species of
Citrus (e.g., oranges, mandarins, lemons, grapefruits). Information on the suitability of
mango trees for epiphytes is contradictory: Schimper [149] called them “poor” hosts in the
West Indies, but “good” hosts around Rio de Janeiro. While the first categorization was
supported in Johansson’s study in Africa [150], the latter was supported by observations in
Costa Rica [151]. The study of Nir [151] provided evidence that large/old individuals hold
disproportionately large epiphyte loads, while many smaller mango trees were entirely free
of epiphytes. Hietz [42] found an epiphyte richness reduction of 74% in mango compared
to nearby forest trees. One reason appears to be the very dense foliage concentrated in the
outer crown, which is a strong barrier to propagules [149]. However, once colonization has
occurred as a chance event, plants can thrive because humid conditions inside the crown are
conducive to epiphyte growth, although little light might reach the inner branches [42,152].

There are also ambivalent results regarding the suitability of citrus trees for epiphytes.
Hietz-Seifert et al. [43] noted that young (<25 years) Citrus spp. and Cedrela odorata L.
trees cultivated together in a pasture were poor hosts. On a total of 45 individuals of
both trees, only 15 epiphytic species could be found, equivalent to a reduction of 57%
with respect to a nearby rainforest fragment in Mexico. In contrast, in the same region,
Pérez-Pefia and Kromer [92] recorded only a 14% reduction by recording 51 epiphyte
species in up to 40-year-old Citrus plantations (Figure 8D) without epiphyte removal as a
management practice, where mostly drought-resistant bromeliads and ferns had a higher
richness than in the forest. Interestingly, the number of orchid species was also similar,
which is usually the taxonomic group most negatively affected by disturbance and land-use
change (e.g., [19,39,40,81]). However, it is known that citrus trees can be particularly good
hosts for certain orchid species that can become very abundant on the smaller branches
and twigs, such as lonopsis utricularioides (Sw.) Lindl. [153,154].

The epiphyte assemblages in human-modified systems are typically qualitatively and
quantitatively very different from those found in old-growth forest [20]; however, epiphyte
diversity in plantations is not invariably low. Traditional coffee polycultures with shade
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trees in Latin America can have low reduction values compared to the other tree plantations
described above (Figure 9; Supplementary Material, Table S4). The cultivation of coffee
(different species of Coffea) can be considered as a specific type of tree plantation, as these
consist of small shrubs or bushes that are periodically pruned to improve productivity
and facilitate harvesting the ripened coffee cherries [155]. These are cultivated either in
intensively managed sun plantations or in traditional agroforestry systems, grown under a
more or less dense canopy of various natural humid montane forest or cultivated shade
tree species [156,157].

While epiphytes almost never grow on coffee shrubs in sun coffee plantations [158],
in shaded polycultures in southern Mexico, Mondragon et al. [155] found 23 species of
vascular epiphytes, mostly polypodioid ferns and orchids; in Puerto Rico, Nir [151] found
nine species of epiphytic orchids, and in a review on orchids in Mexican coffee plantations,
Espejo-Serna et al. [159] reported 18 species that grew on the coffee shrubs themselves. In
Ethiopia, the origin of coffee (Coffea arabica L.), Hylander and Nemomissa [160] found that
large, ancient coffee bushes in home gardens carried a low diversity of vascular epiphytes
similar to the surrounding old shade trees. Here, coffee occurs as a natural understory
shrub within more or less intensively managed forest fragments [161]. Despite the generally
low value of the coffee bushes themselves as hosts for epiphytes, plantations of shade-
grown coffee carry great importance for epiphyte conservation because of the old shade
trees that might host a similar diversity of epiphytes to trees in surrounding old-growth
forests ([158]; Figure 8E). For instance, commercial coffee mono- or polycultures with small
or a low density of shade trees showed a reduction of >50% compared to nearby forest
fragments, whereas in traditional polycultures with many old shade trees, the reduction
was only 12-28% [81,158,162,163]. However, epiphyte species richness can also be notably
reduced (68%) on remnant shade trees in coffee agroecosystems as compared with forest
trees in Afromontane forests of Ethiopia [164].

In general, epiphyte communities in coffee plantations are more homogeneous than in
the forest, possibly because the agroecosystem structure is uniform (same tree species and
size), with few long-lived trees and a drier microclimate, which makes them unsuitable
for drought-vulnerable epiphytes [158]. Therefore, large shade trees and remnants of the
original forest represent an essential refuge for some species of epiphytes that have adapted
to the ecological and environmental conditions of the agroecosystem [158,165-167]. For
example, shade coffee agroecosystems in Mexico harbored fewer species of hygrophilous
orchids and ferns, which are more susceptible to disturbance, but more drought-tolerant
bromeliad species, compared to humid montane forest habitats [81,167,168].

Unfortunately, the deliberate removal of epiphytes from shade trees in coffee planta-
tions is a common management practice in Latin America [169]. This activity forms part of
the maintenance of the shade trees to increase the availability of light for the coffee plants,
and because epiphytes are considered as harmful parasites. Indeed, epiphyte removal
from shade trees and coffee bushes might have a positive effect on coffee productivity
as plants produce more flowers and fruits [169,170]. However, this practice leads to a
depauperate agroecosystem, with negative impacts on the epiphyte community and its
associated fauna [168,171,172].

Similarly, Hundera et al. [161] indicated a negative effect of forest fragmentation size
and management on the diversity of epiphytic orchids in shade trees of semiforest coffee
systems, as in large and small managed fragments, epiphyte richness was reduced by
30% and 55%, respectively, compared to old-growth forest. In these agroecosystems, the
canopy layer is manipulated, shrubs are removed, and the herbaceous understory is cleared
to reduce interspecific competition and increase coffee yield quality and quantity [161].
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Even though some endangered orchid species may persist in small managed fragments,
these cannot compete with the conservation benefit generated by extensive unmanaged
Afromontane forests. Besides this, De Beenhouwer et al. [173] showed that coffee shrubs
and their shade trees in managed forest fragments are a suitable habitat for only a limited
set of orchid species. Thus, to conserve orchid diversity, it is necessary to avoid coffee
management intensification in the remaining old-growth forest. At the same time, farmers
should keep old canopy trees and tolerate epiphytes on their coffee shrubs.

Considering the numerous studies on shade coffee agroecosystems, there is
minimal information regarding the diversity of epiphytes in shaded cocoa (Theobroma
cacao L.; Figure 8F) plantations. These can generally be found where tropical rainforests
have been lost or disturbed, and the current landscape is a mixture of secondary vegetation.
In this pastureland for cattle grazing and agroforestry plantations, cacao grows under shade
trees of native or cultivated exotic species [174]. While a study on non-vascular epiphyte
diversity in Ecuador has shown that species richness was usually lower on cocoa trees than
on natural tropical rainforest trees [175], there is no similar research for vascular epiphytes. In
the same country, Haro-Carrién et al. [176] found that epiphyte richness on relict shade trees
in rustic shade cacao plantations was reduced by 30% compared to large trees in adjacent
forest fragments. Aroids, Peperomia, and ferns were less species-rich in plantations than in
forests, while there were no differences in orchids and bromeliads, which shows that cacao
agroforests may preserve a portion of epiphyte diversity but do not fully compensate for
the loss of forest. Similar results were reported by Morales-Linares et al. [174] in Mexico,
where the reduction in epiphytic orchids in cocoa plantations was 31% compared to tropical
rainforest fragments. However, this study considered shade and cocoa trees, which both
contributed to maintaining orchid diversity. Interestingly, more than 50% of these phorophyte
species harbored ant gardens composed of up to 22 epiphytic species [177].
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Figure 9. Epiphyte species richness reduction in different shaded coffee and cocoa plantations (Com-
mercial monoculture with low density of shade trees; Traditional coffee polyculture with high density
of shade trees) compared to old-growth forests (HMF—humid montane forest; LRF—lowland rain
forest; MEAF—moist evergreen afromontane forest) at different study regions in tropical countries
(a) Mexico [158]; (b) Mexico [162]; (c) Mexico [81]; (d) Ecuador [176]; (e) Ethiopia [164]; (f)
Nicaragua [163].
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Similar to traditional coffee and cacao polycultures, ancient tea gardens in the Yunnan
Province of Southwest China were established by the partial clearing of the original vegeta-
tion, where tea (Camellia sinensis (L.) Kuntze) has been planted under shade tree remnants
of the natural tropical montane evergreen forests [178]. These agroforestry systems combine
biodiversity conservation and natural resource utilization, and are essential habitats for
many native plant species, including epiphytic orchids [178,179]. Wang et al. [180] recorded
a total of 19 vascular epiphyte species, including 13 orchids, on a total of 343 top-pruned tea
trees, while Wu et al. [181] identified 85 epiphytic orchid species (in 33 genera) on pruned
tea trees, including several threatened species meeting the IUCN Red List criteria (in
two 40 x 100 m? plots each in three ancient tea gardens). The high richness of orchids on
tea trees may be due to the preservation of a large number of shade trees, which can serve
as a reservoir for propagules and possibly even host a greater variety of orchid species than
the shorter tea trees [181]. In each case, ancient tea gardens were shown to maintain a high
epiphytic orchid diversity, and to provide pollinator services for reproductive success and
a suitable micro-environment for seed germination. Besides this, to date, only one study,
conducted in northern Bengal, India, has investigated epiphyte diversity on shade trees of
tea plantations [182]. The authors found a total of 6704 individuals belonging to 74 species
of 20 families of vascular epiphytes, mostly holoepiphytes (62%), hemiepiphytes (20%),
and a few accidentals. The study shows that epiphyte assemblages on shade trees of tea
gardens have a high potential to contribute to epiphytic diversity in non-forest ecosystems
of this region.

Although some plantations have great potential to host diverse epiphyte communities,
this will almost always go along with the loss of species that are very vulnerable to changes
in microclimate. As epiphytes are mainly forest species, the majority will cope better in
plantations with a structure that resembles an old-growth forest with little intervention
by humans. Unfortunately, this stands diametrically against the intention and practices
mostly applied in this context. Timber production is often executed at a large scale and
with relatively short rotation times, which will drastically reduce the potential for epiphyte
assemblages to fully establish. Furthermore, fruit production involves an even more regular
human intervention in the plantation, be it for harvest or maintenance, and epiphytes are
usually seen as pests in this context, even further precluding their establishment.

3.6. Pastures with Remnant Trees

Much land in the tropics worldwide has been converted to pastures with remnant
trees and planted isolated trees, interspersed with scattered forest patches (Figure 5C,D).
These pasture trees are spared as a source of shade and fodder for cattle and other pasture
animals [183], and incidentally act as islands for epiphytes in human-modified environ-
ments. Thus, individual trees are often described as the minimum habitat unit of epiphytes
(e.g., [184]), which is certainly a valid concept in the case of isolated trees in pastures [20].

Studies of epiphyte communities on such isolated trees usually find a reduction
in species richness compared to undisturbed forests (however, see [43]). However, this
reduction is very heterogeneous (Figure 10; Supplementary Material, Table S5). By far
the greatest loss reported, with almost no epiphytes found growing on isolated trees,
comes from an area formerly covered by Atlantic Forest in Brazil [185]. It is likely that
these isolated pasture trees were not remnants of natural forests, because the trees had
significantly smaller diameters at breast height and smaller statures than trees in the studied
forest. The long history of human modification of the Atlantic Forest region [185] might not
only have led to the loss of the original forest, but also to the greater turnover of pasture
trees, precluding the successful establishment of epiphyte communities in pasture trees.
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Species loss at >50% was reported for epiphyte communities growing in pasture trees
compared to their forest counterparts in montane forests of Mexico and Ecuador [186-188].
In contrast, Hietz-Seifert et al. [43] found more epiphyte species on pasture trees than on
trees close to lowland rainforests in Veracruz, Mexico. The variability in vegetation zones,
from dry to humid lowlands [43,189], and regions of lower humid montane forest [116,190],
montane dry forest [44,191] and humid montane forest [41,45,192], could potentially explain
the observed variation. However, even in the same vegetation zone, i.e., humid montane
forest, in the same country, the recorded species loss varied by an order of magnitude
between two studies, i.e., Larrea and Werner [45] vs. Werner et al. [186].
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Figure 10. Epiphyte species richness reduction in isolated remnant trees in pastures compared to old-
growth forests (ADF, Andean dry forest; AMF, Atlantic montane forest; HMF, humid montane forest;
LREF, lowland rain forest; TDF, tropical dry forest) at different study regions in tropical countries:
(a) Ecuador [44]; (b) Brazil [185]; (c) Panama [189]; (d) Mexico [43]; (e) Mexico [188]; (f) Ecuador [186];
(g) Mexico (2008) [192]; (h) Ecuador [41]; (i) Ecuador [45].

All studies, however, reported some extent of change in epiphyte composition, show-
ing that assemblages on isolated remnant trees had a reduced floristic heterogeneity com-
pared to old-growth forests, which is arguably an important aspect of land-use change in
the context of epiphyte conservation [45]. Most studies concluded that a highly important
driver is the change in microclimate towards higher levels of light and desiccation stress
between the forest habitat and isolated trees that the epiphyte communities must cope
with (e.g., [41,45,186,193]). An isolated tree cannot provide the same microclimate as a tree
growing in a matrix of other trees; light air movement will diffuse humidity much more
easily in an open pasture, and light will not only mainly penetrate the crown from above
but also from all sides, thus reducing the diversity of habitat niches within the crown and
changing the microclimate of the trunk considerably.

Hygrophilous species are usually the first species lost, such as filmy and grammitid
ferns and other understory taxa (e.g., [40,192]), whereas more xerophytic taxa, adapted
to drier climates (e.g., Bromeliaceae, Orchidaceae, Piperaceae, Cactaceae), usually cope
well, and even increase in abundance, in such pasture habitats (e.g., [45,189]). Particularly
drought-adapted bromeliads that thrive in the drier microclimates of isolated growing
host trees are repeatedly observed making up a much higher percentage of the epiphyte
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communities than in trees from closed forests (e.g., [188,194,195]). This floristic turnover
results in epiphyte communities with distinct species compositions compared to those of
undisturbed forest habitats [45]. However, some communities appear to be dynamic, grow-
ing assemblages [194] that could be stepping-stones in time and space for re-populating
nearby or newly forming secondary forests.

The diversity of the community of species on these hosts will depend highly on
whether the trees are remnants of cut forests that already hosted epiphytes, or if the com-
munities must establish from scratch. In both cases, the chance to increase diversity will
depend on whether there are seed sources from which successful dispersal to the isolated
trees is possible [99,105,117]. Also relevant is the constancy of the pasture trees. Much
human intervention in the system will likely lead to the impoverishment of epiphyte
communities, which could be the reason for the poor epiphyte diversity in pastures of the
Atlantic Forest [185]. As short rotation times of tree plantations hamper the development
of epiphyte communities, cutting isolated trees on pastures or in other human-modified
landscapes will diminish their usefulness as stepping-stones for epiphyte communities,
while closer seed sources will most likely increase the probability of re-establishment of
epiphytes in any potentially growing secondary forest, as most epiphytes seem to have a
high potential for long-distance dispersal [98]. Genetic evidence suggests that enough seeds
of wind-dispersed epiphyte species enter the air column, allowing dispersal over several
kilometers in fragmented landscapes [196]. On average, epiphytes have larger geographic
range sizes than closely related terrestrial species, supporting the hypothesis that epi-
phytism favors dispersal into larger geographic areas. However, species in families where
epiphytism is prevalent tend to have small range sizes regardless of their lifeform [197].
Nevertheless, dispersal in open landscapes may be much less limited than in forests [99]. In
line with this notion, although dispersal limitation was repeatedly mentioned as a potential
driver of their diminished diversity on isolated trees, it seemed to be a far less important
driver than the change in microclimate (e.g., [41,45,186,193,198]).

3.7. Fragmented, Disturbed, Degraded and Managed Forests

The widespread deforestation in the tropics does not generally result in a straight
frontier between old-growth forest and deforested land, but human activities encroach on
the forest from many sides, which leads to a complex mosaic of old-growth forest fragments,
negatively affected by edge effects, surrounded by secondary forests, agricultural land
and deforested areas [42]. Understanding how the fragmentation and degradation of their
natural habitats are affecting plants is critical for the conservation of biodiversity [199].
Thus, pertinent studies are urgently needed, as the conservation value of fragmented,
selectively logged or otherwise degraded forest should not be taken for granted [45].

Forest fragmentation creates strong edge effects, abrupt ecological changes in previ-
ously continuous vegetation [200-202]. Haddad et al. [203] showed that approximately
20% of the world’s remaining forest area is within 100 m of an edge, while more than 70%
of the planet’s forest areas are within 1 km from the next forest edge. The consequences
of the edge effect include lower relative humidity, higher light intensity, and increased
temperature and wind exposure [200,202,204]. Although the effect on the species richness
of plant and animal communities has been extensively studied [205], only a few studies
have focused on epiphytes [206-209], indicating reductions in species richness of up to 50%
at the forest edge compared to inner forest sites in Brazil.

In a similar way, forest degradation occurs as a result of human activities; it can
be defined as a state of anthropogenically induced arrested succession, where ecological
processes that underlie forest dynamics are diminished or severely constrained [210]. The
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degradation process can be rapid, or may take place over a long period and only become
evident gradually [211], but it finally leads to a reduction in biodiversity and changes to
the structure and species composition of the forest [212]. It is estimated that more than
2 billion ha of forests are degraded globally [213], while from a remaining area of
1071 million hectares of tropical moist forests, about 10% were degraded in 2019 [214].
The primary causes of forest degradation in the tropics are unsustainable exploitation, such
as harvesting for timber, firewood and charcoal (Figure 11A), uncontrolled forest fires, and
grazing [215]. Furthermore, the overharvesting of non-timber forest products (NTFPs),
i.e., wild plants that are used for food, medicine, construction materials, and fibers, can
have negative effects on the plant communities and lead to the disturbance of tropical
forests [216]. Using the classification of Guzman-Jacob et al. [109], disturbed or degraded
forests are defined as fragments with clear signs of previous logging, sometimes with ongo-
ing cattle grazing, the removal of understory and/or the harvesting of NTFPs. In contrast
to secondary forests, these have not been clear-cut, and thus maintain at least some of the
original canopy trees, but the structure, processes, functions and dynamics in degraded
forests have been altered [212]. One of the main drivers of the degradation process in
a forest is the selective harvesting of economically important trees [212]. Consequently,
there is a need to adopt sustainable forest management practices that promote biodiversity
conservation together with the production of timber [217,218].

Figure 11. Views of (A) forest degradation by logging for timber in Chiapas, Mexico; (B) wild
epiphyte traffic in the streets of central Veracruz, Mexico; (C) ceremonial use of epiphytes in Oaxaca,
Mexico; (D) fallen epiphytes in Los Tuxtlas, Mexico. Photographs by (A) Nayely Martinez-Meléndez;
(B) Thorsten Kromer; (C) Gabriela Cruz Lustre; (D) Esteban Francisco-Ventura.

Forestry management consists of programmed harvesting to achieve continual timber
yield while maintaining considerable forestry carbon stock. In this way, a significant
proportion of the forest’s structural attributes are preserved, allowing for the provision of
those ecosystem services unmanaged forests provide [218]. Nevertheless, different methods
of forest management, such as selective harvesting and rotation with intermediate felling,
modify the composition and structure of tree vegetation [218-220].
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The impact of forest disturbance in the context of different silvicultural management
practices on the diversity of vascular epiphytes has been investigated in several studies
with mixed results (Figure 12; Supplementary Material, Table S6). For disturbed humid
montane forests, severe species richness reductions of about 50% and higher were reported.
In the Atlantic Forest of Brazil, Parra-Sanchez and Banks-Leite [185] found that besides
the drastically reduced number of epiphytic species (—84%), human-modified forests had
low numbers of seedlings and juveniles, which will exacerbate the differences compared
with continuous old-growth forest in the future, because of the high seedling mortality and
lower tolerance to drought of early ontogenetic stages.

In the Venezuelan Andes, Barthlott et al. [39] found a sharp difference in species
richness between a primary and a disturbed forest, although the last selective logging
occurred some 50 years ago. The decrease in species richness of 76% at the disturbed site
was driven mainly by the loss of epiphytes that grow in large stands and mats, which
build up reservoirs of nutrients and water exploitable by many other epiphytes [39].
Consequently, epiphytes in the disturbed forest mostly grew on the bare bark.

Another severe reduction in epiphytic species (49%), mainly orchids, was found by
Kromer et al. [81] in a disturbed humid montane forest in eastern Mexico, located in
close vicinity to a large urban area, which had been used for the extraction of firewood,
construction timber and NTFPs for decades. Specifically, the mostly illegal harvest of
orchids for commercial and cultural purposes further reduced epiphyte abundance.

Due to their horticultural and ceremonial value, wild epiphytes are often sold in
markets and streets in Mexico ([221-225]; Figure 11B,C), and in many other tropical
countries [226]. In Africa and Asia, many epiphytic orchids are used in traditional medicine
or as food supplements [227-230]; in addition, wild-collected orchids are commercially
traded globally [231]. However, only a few studies evaluated the ecological effects of
harvesting epiphytes [232-235]. Most of them show that sustainable use is difficult [236].
Other studies recommended taking advantage of the naturally fallen epiphytes in forests
and agroecosystems ([169,233,237,238]; Figure 11D).

In another study from southern Mexico, Wolf [135] compared epiphyte diversity
between sites of least disturbed old-growth pine-oak forests with cyclically clear-cut and
selectively logged forests. Epiphyte richness in the ca. 25-year-old oak coppices with
regular clear-cutting was 51% lower than in old-growth forests. Thus, cyclical clear-cutting
should be avoided, as the restorative period is apparently too short for epiphytes to fully re-
colonize coppices. In contrast, selectively logged pine-oak forests, in which large trees were
spared, sustain epiphytic vegetation very similar in richness and biomass to old-growth
forests [135]. Such remnant trees are essential for epiphytes that require the presence of
accumulated suspended soil, and they may also serve as epiphyte seed sources for the
re-growing trees in the vicinity. The author concludes that selective logging may help to
protect the epiphyte vegetation locally, but if such management is not adopted over a larger
region, much of the epiphyte species diversity in commercially exploited pine-oak forests
will be lost.

In the same area, Martinez-Meléndez et al. [218] studied the epiphyte diversity in two
pine-oak forest stands that had been subjected to thinning and release cutting (methods of
silvicultural management) in comparison to an old secondary forest, with no timber harvest
since the 1960s. While thinning only slightly reduced species richness by 15%, release cutting
led to a 25% reduction, compared to the secondary forest. The latter is related to the lack of
mature oak trees, which provide more favorable structural conditions (e.g., a variety of bark
types) for successful epiphyte establishment [218]. In contrast, the predominating pine trees
(e.g., Pinus oocarpa Schiede ex Schltdl., P. maximinoi H.E. Moore) are considered less suitable
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host trees for most epiphytes [134,135,137], although Jiménez-Bautista et al. [239] found some
orchids established on P. ayacahuite C. Ehrenb. ex Schltdl.

In humid montane forest in northeastern Ecuador, Larrea and Werner [45] found
that epiphyte species richness was only slightly reduced by 10% in managed forest with
altered under- and midstory due to cattle grazing relative to old-growth forest without
major human interference for at least 50 years. However, the managed habitat differed
considerably in floristic composition from the old-growth forest, suggesting rapid species
turnover in the course of only six years since cattle disturbance started, as shown by
the loss of numerous drought-sensitive species, e.g., the replacement of ferns by more
xerotolerant taxa [45]. It is likely that drought-sensitive species, as a functional group, hold
a disproportionate share of rare and range-restricted species, thus the conservation value
of intensively managed habitats should be viewed with caution.

Similarly, Seshadri et al. [240] showed a reduction of 11% in species richness between
selectively logged (40 years ago) and unlogged wet-evergreen montane forests in the
southern Western Ghats, India. Although there was higher epiphytic diversity and relative
abundance in the selectively logged forest, the vascular epiphyte assemblage did not match
that of the unlogged forest, e.g., there was a greater abundance of drought-resistant species.
This goes in line with the study of Padmawathe et al. [241] in a moist lowland forest of the
Eastern Himalaya, India, where they found in selectively logged forests a slight reduction of
15% in epiphyte richness and abundance, except for orchids, whose survival was ensured by
large remnant trees. However, logging reduced the forest structural complexity and altered
their microclimate, which negatively affected the abundance and species composition of
pteridophytes and non-orchid angiosperm epiphytes, whose diversity can be maintained
only if patches of forests are left uncut in logged areas.
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Figure 12. Epiphyte species-richness reduction in managed (man), selectively logged (log) or dis-
turbed (dis) forests compared to old-growth forests (AMF—Atlantic montane forest; HMF—humid
montane forest; MSLF—moist, semi-evergreen lowland forest; POF—pine-oak forest; SMF—Sabal
mexicana forest; TDF—tropical dry forest; WEMF—wet-evergreen montane forests) in different
study regions in tropical countries: (a) Mexico [218]; (b) Ecuador [45]; (c) India [241] (d) India [240];
(e) Mexico [119]; (f) Brazil [185]; (g) Mexico [242]; (h) Venezuela [39]; (i) Mexico [81].

27



Plants 2025, 14, 1188

In contrast, Flores-Argiielles et al. [119] found that in the three types of tropical decid-
uous and semideciduous lowland dry forests in western Mexico, surprisingly, selectively
logged and grazed sites presented a greater number (18%, 28% and 90% increase) and
abundance of epiphyte species than the adjacent old-growth forest sites. This could in-
dicate that disturbances rather diversified the microhabitat types available in these dry
forests, providing the possibility for other species types to establish (i.e., other than drought-
tolerant species; [108,109]). A similar observation, i.e., slightly higher epiphyte richness
in degraded vs. adjacent old-growth forest, was also made by Guzmaén-Jacob et al. [109]
at a 500 m elevation at the Cofre de Perote in central Veracruz, Mexico. Furthermore,
Aguirre et al. [242] recorded a greater richness of epiphytes (64% increase) in disturbed
sites compared with conserved sites in a forest dominated by the palm Sabal mexicana,
on the Gulf Coast in Veracruz State. This pattern was mainly due to the accumulation of
hemiepiphytic species of low abundance (e.g., Ficus spp.) and the presence of accidental
epiphytes, whose growth was favored by the rich and abundant aerial substrate retained in
old leaf bases of these palms located in open areas.

The impacts of forest fragmentation due to land-use change and degradation on
vascular epiphyte species richness and composition boil down to significant reductions
in epiphyte richness when compared to possible old-growth forests nearby, and shifts in
species composition. Generally, the degree to which epiphytes are negatively affected
depends on the severity of disturbance and the age or size of the remnant trees [125]. In
addition to total species numbers, disturbance affects species composition, as anthropogenic
disturbances force a shift from hygrophilous or mesic to more drought-tolerant species [45],
but also vertical distribution, as epiphyte species from shady canopy strata decline in
more open vegetation types compared with old-growth forests [43,158]. Activities such as
selective logging, clear-cutting, cattle grazing, and the overharvesting of non-timber forest
products (NTEPs) are actions that are largely carried out in already impacted ecosystems,
or may be the direct reason for their conversion. Indirectly or actively, these activities
create edge effects, and alter the structure and microclimate of forests. Because recovering
ecosystems or secondary forests are here to stay, and because they have a high conservation
value for terrestrial vegetation, it is still important to evaluate what possible changes
in selective logging practices may be put into place to avoid the further degradation of
epiphyte assemblages, along with research that can really establish what is the actual
conservation value of remnant trees, as they are implied to be critical for preserving
epiphyte diversity and maintaining ecosystem functions (although there is no evidence of
the latter).

Generally, the degree to which epiphytes are negatively affected depends on the
severity of disturbance and the age or size of the remnant trees [125]. In addition to total
species numbers, disturbance affects species composition, as anthropogenic disturbances
force a shift from hygrophilous or mesic to more drought-tolerant species [45], but also their
vertical distribution, as epiphyte species from shady canopy strata decline in more open
vegetation types compared with old-growth forests [43,158]. For epiphyte conservation
purposes, it is recommended to adopt a management of selective logging instead of periodic
clear-cutting, and to spare large trees during logging [135]. These remnant trees may be
a “refuge” where a substantial portion of local floristic richness can survive and later
serve as propagules, which otherwise would be lost during logging activity if not properly
managed [243]. However, it is recommended that fallen epiphytes be rescued from the
logged trees or the ground for possible translocation and reintroduction into nearby forest
fragments as an enrichment strategy within ecological restoration projects [244-248].
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3.8. Epiphytes in Urban Settings

Human settlements and infrastructure account for an ever-increasing, albeit still
relatively small, portion of the global land surface (c. 0.2 x 10 ha or c. 3% of the total),
although the boundary between rural and urban areas is often blurred. Recent decades have
seen numerous studies on the plant communities that appear spontaneously in these urban
habitats [249]. Vascular epiphytes have not escaped the attention of scientists interested in
the relatively new discipline of urban ecology, and over the last two decades, epiphytes in
urban settings have been the focus of a considerable number of studies.

These studies cover numerous types of urban habitats (Figure 13), from urban forest
fragments [250] to parks [251], college campuses [252,253], botanical gardens [254], private
gardens [255], and single roadside trees [256,257], or deal with epiphytes on artificial
substrates like electricity wires [79] or on buildings [78]. Although most of these studies
were performed in America (e.g., [252,258-260]), there are reports from all over the globe,
e.g., from Africa [261], Europe [262], Asia [257], Australia [263] and New Zealand [264].
The studies provide important baseline information, but a common disadvantage of most
of these studies is their entirely descriptive nature, along with a lack of context—in most
cases, there is no comparison of the urban epiphytic vegetation with that of an old-growth
forest in the vicinity standardized for area or number of trees. Comparisons are also
hampered by the frequent taxonomic bias, e.g., on orchids [253,265], bromeliads [266,267]
or ferns [268,269].

Figure 13. Views of (A) Tillandsia schiedeana Steud. on a mesh wire fence in central Veracruz, Mexico.
(B) Epiphytes on power cables in central Veracruz, Mexico. (C) Epiphytes on park trees in central
Veracruz, Mexico. (D) Epiphytes on fence tree in Las Lajas, Panama. Photographs by (A,C,D) Helena
J. R. Einzmann; (B) Thorsten Kromer.
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A few studies, however (e.g., [152,257]), applied a comparative approach.
Adhikari et al. [257] compared the species numbers and abundance of epiphytic orchids
along a gradient of naturalness from single trees in urban settings to trees in nature reserves
along Kathmandu Valley—urban settings” median richness was 5% that of the nature re-
serves, while median abundance was also much lower (with c. 30%). Einzmann et al. [152]
used a similar approach in southwestern rural Panama, and compared epiphyte diversity
and abundance on trees in human settlements with those on trees in pastures and forests.
Species numbers derived from rarefaction curves suggest a two-fold difference between
the species numbers of urban habitat and nearby forest, but neither the average number of
species per tree nor their abundance were significantly different. Aoki-Gongalves et al. [266]
analyzed epiphyte diversity and abundance in the city of Xalapa along a woody cover
gradient from 10 to 100% in a 100 m buffer. As expected, epiphyte species richness was
positively related to woody cover, but surprisingly, community composition was not. The
most abundant species was Tillandsia recurvata (L.) L., a generalist species that is very
common in urban contexts in much of the Americas. A study by Alvim et al. [270], which
compared epiphytes in 26 urban green areas in Brazil, is highly instructive in this context.
They reported a set of dominant species like T. recurvata or Pleopeltis pleopeltifolia (Raddi)
Alston, with low diversity and a large proportion of accidental epiphytes, suggesting that
the urban environment acts as a strong filter for widely distributed species, thus resulting
in the homogenization of the potential regional epiphyte flora.

Most studies report the results of single censuses without information on size structure,
which does not allow us to predict the longer-term perspectives of epiphytes in urban
habitats. Again, there are exceptions; Mondragén and Mora-Flores [271] analyzed the size
class structure of two Tillandsia species in the city of Oaxaca, Mexico. At least for T. recurvata,
the large proportion of seedlings and juveniles suggests a dynamic population [272]. Clearly,
repeated censuses are needed to obtain information on the dynamics of urban epiphytes.
Results will certainly differ among species. A genetic study with T. recurvata highlighted
the different consequences of the low connectivity of urban populations for selfing and
outcrossing species [267].

Among the tree flora of many cities, exotic species are not uncommon. There is
no indication that these differ from native trees as regards suitability as potential hosts
(e.g., [253,271,273]). Quite a few species even seem to be particularly good hosts. For
example, Samanea saman (Jacq.) Merr. from South America, which is frequently planted
along roads in the city of Singapore, has a very rich epiphyte flora [274]. Similarly, locally
exotic palm trees of the genera Phoenix or Elaeis were the focus of several studies because
of their conspicuously rich epiphyte flora [275-277]. Noteworthy, a large proportion of
the recorded epiphytes were actually accidentals. This observation is not idiosyncratic
for palms—numerous studies of epiphytes in urban settings report a large proportion
of accidental epiphytes (Table 1). Further increasing the heterogeneity of the epiphyte
communities in urban settings is the occurrence of exotics, e.g., Dendrobium nobile Lindl. or
Platycerium spp. in the Americas, where they have escaped from cultivation, or ornamentals
may have intentionally been attached to trees [274,278-280].

In summary, the currently available evidence leads to the unsurprising conclusion
that urban areas are quite impoverished in epiphyte diversity and abundance compared to
a forest of similar size and location. Moreover, accidentals play a much larger role than in
undisturbed vegetation. Nevertheless, there is a substantial number of epiphyte species,
which led Neo et al. [281] to call cities “a botanical oasis rather than a biological desert”.
We partially agree that, far from being diverse or hotspots, urban areas can play a certain
role in epiphyte conservation.
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Table 1. Epiphyte communities in urban settings. Given are the total numbers (#) of species growing
epiphytically, the total and relative numbers of accidental epiphytes and exotics, the study site and

the source.
Total # Species  Accidental # Accidental % Exotics Study Site Source

10 1 10 - Piratininga, Brazil [256]

8 2 25 1 Port Harcourt, Nigeria [260]
16 4 25 - Bogor, Indonesia [282]
49 18 36.7 8 Mar de Espanha, Brazil [283]
43 16 37.2 - Juiz de Fora, Brazil [252]
110 46 41.8 30 Juiz de Fora, Brazil [270]
47 21 447 - Juiz de Fora, Brazil [258]
15 9 60 - Buenos Aires, Argentina [284]
72 48 66.7 - Douala, Cameroon [276]
34 23 67.6 12 Santo Domingo, R Dominicana [285]
71 60 845 3 Quito, Ibarra, Riobamba, Mendoza; [275]

South America

4. Conclusions

This review provides a comprehensive overview of the literature on the impact of
land-use change on vascular epiphytes, and thus spans individual studies that often focus
on a locally and temporally restricted scale. Most studies across forest types agree that the
conversion of tropical old-growth forests, typically into a mosaic of secondary forests, cattle
pastures with remnant trees, and plantations of native exotic tree species leads to a general
decline in epiphyte richness (e.g., [39,41,46,81]). However, the magnitude of the impact
depends on the magnitude of disturbance and the type of vegetation that replaces the
original forest, and varies with functional types. The associated changes in microclimate
are much more severe for hygrophilous species in constantly humid ecosystems, such
as lowland rain or montane cloud forests, while more drought-resistant species in less
rich dry forests seem to be less affected, or may even benefit from these changes [44].
Three large groups, bromeliads, ferns, and orchids, seem to show distinct patterns regarding
human disturbance when analyzed separately [40,45]. This is not very surprising; epiphytes
are simply defined by their structural dependence on trees, but are functionally highly
diverse [286]. Thus, we cannot expect a consistent response across all species.

The impact of climatic changes on vascular epiphytes, though still a relatively underex-
plored field, is increasingly being studied experimentally. The existing small body of literature
indicates that epiphytes are affected by shifts in climatic conditions, particularly changes
in precipitation patterns and the frequency of extreme weather events [287,288]. This will
influence epiphyte diversity and community composition, with observations suggesting that
canopy-dwelling plants are often, but not always, more vulnerable to such changes than
terrestrial counterparts [35]. Although few studies have directly addressed the effects of cli-
mate change on epiphytes, evidence from various sources supports the notion that sustained
microclimatic changes, regardless of disturbance intensity, will adversely affect many epiphyte
populations [21,48,289]. Considering this, disturbances, which have long been used as a proxy
for understanding potential climate change effects, are examined as factors contributing to
the vulnerability of epiphytes to both natural and human-induced environmental shifts [290].
This review highlights how land-use changes—such as deforestation and conversion to agri-
cultural land—impact epiphyte diversity across a wide range of systems. We assume the
mechanisms in many cases are related to the drastic alteration of the microclimate, making
the habitat unsuitable for epiphytes while allowing terrestrial vegetation to persist. This is
because, unlike terrestrial plants, epiphytes are more dependent on their host trees and specific
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microclimatic conditions [95]. Hence, the regeneration of vascular epiphytes is slower than
that of terrestrial plants, and this difference in recovery rates is essential when considering the
ecological consequences of land-use changes for epiphyte populations.

While the value of secondary forests for biodiversity is increasingly acknowledged,
none of these ecosystems entirely replicate the biodiversity of undisturbed primary forests.
Nevertheless, they provide critical habitats for metapopulation persistence, but also con-
tribute to carbon sequestration. Over time, secondary forests may assist in the recovery of a
substantial portion of species richness, taxonomic diversity, and functional roles, including
threatened and endemic species. Additionally, they complement primary forest remnants
by enhancing landscape connectivity and offering alternative habitats. Even so, land-use
change in tropical forests typically leads to substantial biodiversity loss, reduced ecosys-
tem services, and decreased soil health. Primary forests are irreplaceable for biodiversity
conservation, and efforts to mitigate land-use impacts should focus on preserving these
areas and implementing sustainable land-management practices [291-293]. This irreplace-
ability paints a bleak scenario for plant biodiversity in tropical forests. The scenario is even
worse for vascular epiphytes, which face several challenges regarding reestablishment after
disturbance related to low dispersal, drought sensitivity, high mortality, and unsuitable
substrates, microsites, or habitats. Also, epiphytes need not only terrestrial vegetation, but
also a degree of habitat diversity in the forest so as to find suitable habitats, colonize, and
recover once the challenges they face are overcome.

5. Future Directions

The plethora of methods and sampling designs applied when evaluating the ef-
fects of land-use on epiphyte diversity prevents a quantitative analysis of the different
results [294,295]. To allow such analyses in the future, ecological studies on epiphytes
require standardization; also, greater replication within and between trees, sites, and habi-
tats is needed for a more rigorous statistical and quantitative assessment of the impact.
Researchers should take measurements of climatic variables at sampling locations both
within and outside of tree crowns, along the vertical gradient, with attention paid to the
edge effects on epiphyte communities. Much more long-term research is needed to un-
derstand the consequences of disturbance on epiphytes at larger spatial scales and longer
timescales [68]. The results of the few published long-term studies (e.g., [194,296,297])
suggest that epiphyte communities at a plot scale of, e.g., 1 ha are not at equilibrium. Thus,
changes in secondary habitats may be unrelated to disturbance, but simply represent typi-
cal dynamics of epiphyte communities. An interpretation of such studies is only possible
with similar studies in undisturbed forests.

Degraded habitats are becoming increasingly prevalent in tropical ecosystems. There-
fore, it is key to understand the baseline of vascular epiphyte assemblages in natural
habitats and across degraded ecosystems, as well as what temporal changes occur in de-
graded or non-natural ecosystems, so as to best inform restoration efforts. Although it is
difficult to draw an overall picture of the impact and, therefore, solutions, some studies
on the ecological restoration of degraded and secondary forests with naturally fallen epi-
phytes or those collected from felled trees reported encouraging results [244-247]. Active
interventions or restorations seem to be more effective than a passive approach. For in-
stance, active interventions are mentioned for areas with slow natural regeneration due to
long disturbance histories, whereby actively planting vegetation nuclei may produce seed
sources, accelerate recovery, and establish vegetation nuclei to mitigate dispersal limitation.
Any effort should recognize and acknowledge the value of vascular epiphytes as secondary

32



Plants 2025, 14, 1188

foundation species, whereby any active restoration would consider the species” ecotypes
and requirements.

For successful restoration with or without transplants, it is essential to understand
abiotic and biotic influences (e.g., rainfall, drought, substrate conditions, branch and bark
quality) on survival, colonization, and extinction. Vegetation restoration may enable the
restoration of canopy vegetation. For instance, the transplantation of vascular epiphytes
to host trees can be effective, with high survival rates influenced by species traits and
environmental conditions. Focusing on particular “ecotypes” according to the forest’s
stage of recovery could be a strategy, whereby tank bromeliad transplantation offers cost-
effective support by creating stable microhabitats. Case studies, such as in the Colombian
Andes [247], highlight the importance of host tree selection and considering epiphyte
species-specific responses when transplanting.

None of these measures guarantee success without knowing the spatio-temporal dynam-
ics. Temporal dynamics are almost unexplored, whether in old-growth forests or in degraded
or secondary forests. We know very little about the long-term temporal changes of vascular
epiphyte communities; therefore, long-term monitoring to evaluate the temporal variation of
epiphyte assemblages at a fine-grain and broad-grained level is key to understanding how to
aid regeneration and restoration best. Epiphyte survival and demographics show substantial
variation over time, driven by both abiotic and biotic factors.

As a final thought, although our review focuses on vascular epiphytes, it seems
essential that the research on the impact of land-use on vascular epiphytes be expanded
to understand the cascading effects that the loss of vascular epiphytes may have on other
components of the ecosystem.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants14081188/s1, Figure S1: Visual assessment of the different
methods for determining the optimal number of clusters for k-means; we used two types: total within
sum of square or “wws” (upper graph) and gap statistics or “gap_stat” (lower graph) as a function of clus-
ters. These methods include a direct method, consisting of optimizing a criterion, such as within-cluster
sums of squares, and statistical testing, consisting of comparing evidence against null hypothesis, respec-
tively; Figure S2: Four aspects of research: A, Trade, use and conservation; B, Climate and land-use change;
C, Human-modified habitats; D, Responses to disturbance. Here we show the 20 most frequent words per
cluster derived from the overall word matrix (based on all abstracts), independently of their frequency
or the number of papers represented in each cluster. Words varied in their frequency per cluster; these
are depicted in the Supplementary Material, Figure S3; Figure S3: Word clouds of the four aspects
of research (upper graph): Trade, use and conservation (upper left, word input from eight references,
see Table S1), Climate and land-use change (upper right, word input from 33 references), Human-modified
habitats (lower left, word input from 195 references; an inset (lower graph) is provided for this category
for the sake of visibility), Responses to disturbance (lower right, word input from 52 references). Word
size reflects word frequency in relation to other words of the respective word cloud; Table S1: List of
references resulting in four clusters of the following aspects of research: A, Trade, use and conservation;
B, Climate and land-use change; C, Human-modified habitats; D, Responses to disturbance; Table S2: Comparison
of the frequency of words in the different clusters (A, B, C, D), the frequency indicates the number
of times the word is repeated in a given cluster, and it ranges from 1 (singletons) to 1298, whereby
some cluster have a large number of common words (A and D) and others a large number of “rare”
words or singletons (B and C); the differences in the abundance structure of the words per cluster can
be contrasted graphically with Figure S3; Table S3: Comparison of epiphyte species richness reduction
in old-growth vs. secondary forest fragments (SFF) at different study regions, indicating vegetation
type (VT), elevational range (ER), annual precipitation (AP), and references in chronological order;
Table S4: Comparison of epiphyte species richness reduction in old-growth forest vs. different types of
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plantations at different study regions, indicating vegetation type (VT), elevational range (ER), annual
precipitation (AP), and references in chronological order; Table S5: Comparison of epiphyte species-
richness reduction in old-growth forest vs. isolated remnant trees in pastures at different study regions,
indicating vegetation type (VT), elevational range (ER), annual precipitation (AP), and references in
chronological order; Table S6: Comparison of epiphyte species richness reduction in old-growth forest
vs. disturbed, managed or selectively logged forests at different study regions, indicating vegetation
type (VT), elevational range (ER), annual precipitation (AP), and references in chronological order.
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Abstract: Urban forests are remnants of forest habitats within urban areas. Their structural
alterations create stressful microclimatic conditions that can influence the morphology of
sensitive plants, such as ferns. This study analyzed variations in the morphological traits of
ferns in four urban forest sites in central Veracruz, Mexico, considering the microclimatic
differences arising from vegetation structure. Temperature, humidity, canopy openness,
and radiation were measured, along with eight foliar traits, while assessing the impact of
site and habit (terrestrial or epiphytic) on the response. Sites with greater alterations in
vegetation structure exhibited increased canopy openness, solar radiation, temperature,
and a higher number of days with lower relative humidity. In these sites, leaves showed an
increase in dry matter content and vein density, indicating a greater investment in resource
storage and structural resistance. In the less-disturbed sites, terrestrial ferns demonstrated
larger leaf area and specific leaf area, suggesting greater growth potential. Conversely,
epiphytes generally had smaller leaves, which could represent an adaptive advantage for
these species. The results also suggest a process of biotic homogenization within this plant
group, reflecting a similar morphological response, except for indicator species restricted
to less disturbed sites. Thus, this study reveals that microclimatic variations induced by
urbanization significantly affect plant morphology and, ultimately, species diversity.

Keywords: plant communities; vegetation structure; pteridophytes; anthropized ecosystems;
functional traits; environmental stress

1. Introduction

Urban forests are plant communities with regenerative capacity characterized by a
well-defined tree canopy and lower strata. They are formed from remnants of natural
habitats or secondary vegetation that arise from natural or induced regeneration, currently
surrounded by urban infrastructure [1,2]. These forests exhibit variation in structure and
plant species composition, ranging from structurally complex native forest fragments to
simplified systems dominated by a few exotic species [3-5]. Their ecological importance
lies in their contribution to regulating temperature, as well as water, soil, and air flows in
urban ecosystems, while also providing habitat for biodiversity [6,7].

Like other ecosystems, these forests are influenced by a wide range of factors, such
as climate, substrate, resident organisms, relief, and the history of the system [8]. How-
ever, urban forests are also impacted by anthropogenic effects [9]. Proximity to urban

Plants 2025, 14, 1732 46 https://doi.org/10.3390/plants14111732



Plants 2025, 14, 1732

environments results in several negative consequences for these areas due to changes in
land use, the influence of pollutants, continuous recreational pressures (which impact
the environment through soil compaction, species extraction, alteration of fauna, etc.),
separation from propagule sources, reduced regeneration capacity, and the introduction
of exotic species [2,9]. These factors affect the structure and density of existing vegetation,
which, in turn, impacts the physical environment of these forest ecosystems, leading to
increased solar radiation, higher temperatures, greater evaporation, and lower relative
humidity, along with the heat island effect and heat retention by urban surfaces [10-12].

The set of these alterations represents stressful environmental conditions, which
induce changes in ecosystem processes and the ecology of the organisms present in these
forests [13,14]. In plant species, the selection of more tolerant organisms to the adverse
conditions of the urban environment described above has been observed, evidenced by
their phenotypic plasticity and traits that enhance resilience [9,15]. At the same time, native
and sensitive species are eliminated, which ultimately leads to a reduction in diversity,
resulting in a process of biotic homogenization [9,16-18].

Ferns are vascular plants that do not depend on any pollination mechanism, since
their reproduction is carried out through the dispersion of spores by wind or water [19,20].
Thus, the distribution and establishment of this group allow them to reflect the abiotic
conditions of their habitat [21]. Additionally, this group of plants has a close relationship
with environmental humidity due to their limited hydraulic capacity and passive stom-
atal control [22,23]. Many ferns also have a certain dependence on trees, which provide
shaded environments and act as hosts for epiphytic species [24,25]. Therefore, it is un-
derstood that alterations in light and humidity conditions can significantly affect their
development and establishment, making them particularly sensitive to disturbances in
their environment [26-29].

The above mentioned has been demonstrated through a remarkable variation in their
functional responses to different environmental conditions [30-32]. Specifically, changes at
the microenvironmental level can influence variations in their morphological traits [33,34].
For example, conditions of high light intensity and water limitation tend to produce
smaller leaves [30,35,36]. Likewise, sites with extreme temperatures, as well as low relative
humidity and higher solar radiation, indicate stressful conditions for these organisms,
resulting in leaves with greater laminar thickness, moisture content, and dry mass per
unit area [31,37,38]. This reflects a protective response to abiotic stressors in this group.
However, to our knowledge, there are no studies related to functional or morphological
variation in ferns exclusively in urban forests.

The Xalapa-Banderilla conurbation area is situated in central Veracruz, Mexico, origi-
nally characterized by humid montane forest (HMF) vegetation and known as the region
with the highest diversity of ferns within the state [27,39,40]. However, this area has expe-
rienced significant demographic growth in recent decades, leading to a direct transition
from woody vegetation to urban usage, resulting in a noticeably fragmented landscape [41].
Currently, the urban vegetation comprises both native and introduced species distributed
throughout its network of green areas, among which forest fragments in various stages of
anthropization stand out [42—44]. These forests provide essential ecosystem services to the
capital city of Xalapa, including climate regulation, carbon sequestration, and serving as
a refuge for biodiversity [45-47]. However, recent studies in the area indicate variations
in the structure and composition of the urban forests, reflecting their environmental and
anthropogenic usage history [42,47,48]. These differences may influence microclimatic
conditions, which directly affect the functional responses and distribution of the present
fern communities.
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Therefore, the objective of this study was to evaluate the variation in morphological
traits of terrestrial and epiphytic ferns most representative of four urban forest sites in
central Veracruz, Mexico, in response to microclimatic variation associated with the vegeta-
tion structure of these forests. This study adopts a functional ecology approach, focusing
on how morphological traits reflect the functional responses of ferns to environmental
conditions. We hypothesize that the microclimatic conditions of each urban forest are
determined by the vegetation structure of the corresponding forest. These conditions,
in turn, will influence the functional response of the ferns, which will be manifested in
morphological traits adapted to the microclimatic characteristics of each site. Thus, this
evaluation will allow us to better understand some of the adaptive mechanisms of this
group of plants in urbanized ecosystems.

2. Results

2.1. Microclimate

The evaluated microclimatic variables revealed differences between sites. For temper-
ature (Kruskal-Wallis: H = 244.25, df = 3, p < 0.0001), the highest daily mean was recorded
at NAT (17.84 °C), while the lowest was found at MAR (15.83 °C; Figure 1a). Sites at
approximately the same altitude (CLA, NAT, and KAN) showed a variation of less than
0.5 °C among them, but a difference greater than 1.5 °C in comparison to MAR, the site
at the highest elevation (Figure 1a). Regarding relative humidity, variations of less than
2% were observed among the four sites, but with statistical significance (Kruskal-Wallis:
H =41.37, df = 3, p < 0.0001; Figure 1b). In this case, MAR recorded the highest mean
(95.03%), while CLA had the lowest (93.83%; Figure 1b).
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Figure 1. Microclimatic variables measured at the four study sites from August 2021 to August
2023. These include (a) daily temperature; (b) daily relative humidity; (c) canopy openness; and
(d) total photosynthetic radiation transmittance. CLA: ANP Francisco Javier Clavijero, MAR: ANP La
Martinica, NAT: Parque Natura, KAN: Kana Agroforestry. Different letters above the boxes indicate
significant differences between sites (p < 0.05).

The canopy openness and radiation transmittance variables responded similarly to
one another. In this case, KAN exhibited the highest values (29.0% and 13.5 mol/m?d,
respectively; Figure 1c,d), followed by MAR and NAT, while CLA recorded the lowest
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values (12.4% and 4.77 mol/m?2d). This finding was reflected in the statistically signif-
icant differences in both variables, according to the ANOVA results (F (3, 16) = 6.81,
p<0.01; F (3,16) =4.93, p < 0.05, respectively), particularly between the CLA and KAN
sites (Figure 1c,d).

The time series analysis confirmed that NAT and KAN were the warmest sites, as
they recorded the highest number of days with temperatures exceeding 23 °C and the
fewest days below 16 °C (Figure 2a; Supplementary Table S1). In contrast, MAR exhibited
the opposite pattern, registering the lowest daily temperatures, with values close to 6 °C
(Figure 2a). Moreover, MAR had the highest number of days with temperatures below 16 °C
and none above 23 °C (Supplementary Table S1). CLA followed MAR in the number of days
below 16 °C and had only a minimal proportion of days exceeding 23 °C (Supplementary
Table S1).
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Figure 2. Time series of daily temperature and relative humidity for the four study sites from August
2021 to August 2023. (a) Time series of daily temperature means; (b) time series of daily relative
humidity means. Black lines indicate the mean values across the four sites (temperature: 17.10 °C;
relative humidity: 94.41%). Red and blue lines represent environmental thresholds observed in HMF
of the region in previous studies [27,49]: red = values typically found in disturbed sites (temperature:
23 °C; relative humidity: 70%), blue = values characteristic of well-conserved sites (temperature:
16 °C; relative humidity: 90%). CLA: Francisco Javier Clavijero, MAR: La Martinica, NAT: Natura
Park, KAN: Kana Agroforest.

Regarding relative humidity, MAR and KAN recorded the highest number of days
below 70% (Figure 2b; Supplementary Table S2). Nonetheless, MAR also showed the
highest proportion of daily values above the overall mean of the four sites (94.41%; Sup-
plementary Table S2). In the case of NAT, a progressive decrease in relative humidity was
observed starting in 2022 (Figure 2b). Meanwhile, CLA showed the least variation over
the two-year period, with neither the lowest nor the highest values for temperature or
humidity (Figure 2).

2.2. Principal Component Analysis

Principal component analysis (PCA) revealed that the first component (Dim. 1) ex-
plained most of the variability with a variance of 42.83%. This was primarily influenced by
the variables VD and SLA, contributing 46.41% and 30.94%, respectively, and exhibiting
opposite orientations according to their correlations (positive for VD: 0.86, negative for
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SLA: —0.70; Figure 3). The second component (Dim. 2) accounts for 24.95% of the variance,
with the variables LDMC and LA being the most significant, contributing 43.17% and
31.45%, respectively, and positive correlations (0.72 and 0.61, respectively) indicating their
influence on vertical separation (Figure 3).
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Figure 3. Principal component analysis of the morphological traits of ferns present at the four study
sites. CLA: Francisco Javier Clavijero; MAR: La Martinica; NAT: Natura Park; KAN: Kana Agroforest;
LA: leaf area; SLA: specific leaf area; LDMC: leaf dry matter content; VD: vein density.

This analysis also indicated that the ordination reflects patterns associated with both
species and sites (Figure 3). The most notable is that of the epiphytic species Polyphlebium
capillaceum, which demonstrated a strong relationship with the SLA trait, distinguishing
itself from the other species. Similarly, the terrestrial species Parablechnum schiedeanum and
Pteris orizabae exhibited strong relationships with LDMC and LA, also setting themselves
apart from the rest. In contrast, the epiphytic species Vittaria graminifolia was organized
in the opposite direction of the LA and LDMC traits. These four species were exclu-
sively found at the CLA and MAR sites, suggesting an association with these locations,
while the remaining species, including those from NAT and KAN, did not exhibit clear
ordination patterns.

2.3. Generalized Linear Mixed Model

The model indicated that random effects associated with differences among indi-
viduals and species carried a significantly greater weight in explaining variability (LA:
R?%c = 0.678; SLA: R%c = 0.162; LDMC: R%c = 0.036; VD: R%c = 0.298) compared to fixed
effects (R?m = 0.000). Nevertheless, it remained evident that morphological traits are sub-
stantially influenced by site, habit, and their interactions, with CLA serving as the reference
site. For the trait LA, the terrestrial habit exhibited a significant positive effect (p = 0.006),
indicating that leaves of terrestrial ferns tend to be larger in size, particularly in CLA and
MAR (Table 1; Supplementary Figure Sla). Meanwhile, this effect was significantly reduced
in NAT (3 = —0.75, p < 0.001) and KAN ( = —0.45, p = 0.005), as shown by the negative
interaction terms. Regarding SLA, the site displayed a significant positive effect (p < 0.001),
being highest in KAN (3 = 0.17, p < 0.001) and significantly decreasing in the leaves of
terrestrial species in MAR (3 = —0.10, p = 0.017; Table 1, Supplementary Figure S1b).
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Table 1. Generalized linear mixed models for the evaluation of morphological traits of terrestrial and
epiphytic ferns present at the four study sites. Estimates, 95% confidence intervals (CIs), t-values,
and p-values are shown for fixed effects. Marginal and conditional R? values (R>m/R?c) indicate
the proportion of variance explained by fixed effects alone and by both fixed and random effects,
respectively. LA: leaf area, SLA: specific leaf area, LDMC: leaf dry matter content, VD: vein density;
CLA: Francisco Javier Clavijero; MAR: La Martinica; NAT: Natura Park; KAN: Kand Agroforestry.

Trait Predictor Estimate (3) CI (95%) t r RZm/R? ¢

(Intercept) 3.59 2.55-4.63 6.756 <0.001
Site KAN 0.03 —0.16-0.21 0.275 0.783
Site MAR —0.05 —0.17-0.07 —0.781 0.435

LA Site NAT 0.17 0.01-0.33 2.142 0.032 0.000/0.678
Terrestrial Habit 2.15 0.62-3.69 2.748 0.006
SiteKAN x TerrestrialHabit —0.49 —0.83-—-0.15 —2.798 0.005
SiteMAR x TerrestrialHabit —0.12 0.34-0.09 —1.158 0.247
SiteNAT x TerrestrialHabit —0.75 —1.05-—-0.45 —4.875 <0.001
(Intercept) 5.13 4.80-5.46 30.661 <0.001
Site KAN 0.17 0.09-0.25 4.027 <0.001
Site MAR —0.03 —0.07-0.00 —1.823 0.069

SLA Site NAT 0.02 —0.07-0.11 0.417 0.677 0.000/0.162
TerrestrialHabit 0.18 —0.31-0.67 0.727 0.467
SiteKAN x TerrestrialHabit 0.07 —0.08-0.23 —0.950 0.342
SiteMAR x TerrestrialHabit —0.10 —0.19--0.02 2.401 0.017
SiteNAT X TerrestrialHabit 0.08 —0.07-0.23 1.030 0.303
(Intercept) 5.59 5.44-5.73 75.152 <0.001
Site KAN —0.16 —0.23--0.10 —4.953 <0.001
Site MAR 0.07 0.03-0.11 3.818 <0.001

LDMC Site NAT —0.08 —0.13-—-0.03 —3.006 0.003 0.000/0.036
TerrestrialHabit 0.07 —0.15-0.29 0.634 0.526
SiteKAN x TerrestrialHabit 0.16 0.04-0.29 2.515 0.012
SiteMAR x TerrestrialHabit 0.11 0.05-0.18 3.422 0.001
SiteNAT x TerrestrialHabit —0.02 —0.13-0.09 —0.281 0.779
(Intercept) 1.68 1.25-2.11 7.649 <0.001
Site KAN 0.03 —0.04-0.10 0.810 0.418
Site MAR 0.07 0.02-0.12 2.746 0.006

VD Site NAT 0.07 0.00-0.13 2.048 0.041 0.050/0.298
TerrestrialHabit 0.72 0.08-1.35 2.222 0.027
SiteKAN x TerrestrialHabit —0.20 —0.33-—0.06 —2.884 0.004
SiteMAR x TerrestrialHabit —0.14 —0.22-—-0.05 -3.137 0.002
SiteNAT x TerrestrialHabit —043 —0.55-—-0.31 —7.125 <0.001

For LDMC, site (p < 0.001) and its interaction with habit (p = 0.012) exhibited a signif-
icant positive effect. In this context, KAN and NAT recorded significantly lower values
(B =-0.16,p <0.001; p = —0.08, p = 0.003), whereas MAR showed higher values (3 = 0.07,
p < 0.001; Table 1, Supplementary Figure Slc). Additionally, interactions demonstrated a
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significant increase in KAN (3 = 0.16, p = 0.012) and MAR (3 = 0.11, p = 0.001) terrestrial
leaves. Ultimately, terrestrial leaves displayed the highest VD (8 = 0.72, p = 0.027), particu-
larly at the MAR site (3 = 0.07, p = 0.006; Table 1, Supplementary Figure S1d). Conversely,
a significant decrease was noted in the terrestrial leaves of NAT and KAN (3 = —0.43,
p <0.001; p = —0.20, p = 0.004).

3. Discussion
3.1. Microclimatic Variation

The higher values of canopy openness, radiation transmittance, and temperature
in KAN and NAT result from their vegetation structure and conservation status [48]
(Table 2). Human modifications to the sites have decreased vegetation cover and tree
density, leading to more clearings and allowing for increased sunlight penetration [50,51].
This change has increased the total radiation transmittance and ultimately raised the
understory temperature [52-54]. The reduced vegetation cover in these sites also leads
to lower thermal buffering and evapotranspiration capacity [11,55], which explains why
they exhibited low daily relative humidity values and a gradual decline over the two-
year period (Figure 2). In addition, NAT and KAN showed the highest frequency of days
exceeding 23 °C and below 70% (Supplementary Tables S1 and S2). These specific variations,
although moderate individually, accumulate over time and significantly shape the site’s
microclimate, generating thermal and hydric stress in the understory. Furthermore, days
with temperatures exceeding average maximum temperatures [55] often coincide with
particularly hot periods during which the average temperature for the region is exceeded
(18 °C). This suggests that, during an already warm and stressful season for certain groups,
such as ferns, the level of thermal stress intensifies in these sites. It has been documented
that in ferns of the humid montane forests of this region, an average increase of 1 °C
associated with changes in forest conditions can cause a decrease of up to 37-63% in their
richness [27]. Moreover, the urban heat island effect caused by the proximity of these
sites to urban areas may also contribute to the temperature rise, which is consistent with
previous findings in forests in the area, showing that urban environments significantly raise
air temperature due to reduced vegetation and high impermeable surface cover [46,49].

The CLA site, in contrast, exhibits a denser vegetation cover, featuring a forest structure
indicative of a higher conservation status [48]. This condition resulted in reduced values of
canopy openness and consequently lower levels of radiation transmittance and temperature
(Figures 1 and 2a). In this scenario, the site’s vegetation functions as a thermal buffer and
a direct source of water vapor, helping to mitigate extreme temperature fluctuations and
fostering more stable conditions within the forest [10,56,57]. This is further reflected in the
fact that it exhibited the lowest daily fluctuations in temperature and relative humidity
(Figure 2).

On the other hand, MAR had the lowest daily temperature and the highest daily
relative humidity (Figure 1). In this case, altitude was the main factor determining mi-
croclimatic variation, surpassing the influence of vegetation structure and cover, as it is
the only site located approximately 300 m higher than the others (Table 2). The lower
temperature aligns with previous studies indicating a decrease in temperature with in-
creasing altitude, with an average decrease of 0.5 °C for every 100 m of elevation [58,59].
Similarly, MAR’s higher altitude favored relative humidity retention, as the persistence of
condensation increases in HMF as it approaches the cloud belt, typically found between
2000 and 3000 masl [60-62]. Furthermore, the drop in temperature with altitude leads to
cooler air, which promotes moisture retention and condensation, thereby increasing water
vapor presence in the environment [63,64].
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Table 2. Description of the vegetation structure and composition of the four urban forests comprising
the study sites. DBH: diameter at breast height; PNA: protected natural area [48].

Area  Altitude Basal Area . Density  State of Maturity of
Urban Forest (ha) (masl) (m?/ha) DEH (cm) Height (m) (tree/ha) the Vegetation
PNA
Francisco Mature forest with
Javier 22.06 1362 33+1.14 19.08 £21.89 1348 +7.19 32 +46 fragments of
Clavijero secondary forest
(CLA)
PNA La Mature forest with
Martinica 52.30 1599 1.6 £0.72 13.57 £ 14.66 1420+ 6.80 49 +78 fragments of
(MAR) secondary forest
PNA Natura with few rematnin
Park 80 1320 1.6 £0.40 1492 £1338 11.20+550 46+ 75 5
trees of mature
(NAT) P
orest
Sy v
Agroforestry 5 1366 1.9 £ 0.56 14.86 £ 16.27 9.88 £5.73 37 + 35 1 ¢
(KAN) elements of mature

forest

3.2. Microclimatic Influence on Morphological Variation

The statistical model used indicates that species and individuals account for a consid-
erable proportion of the total variability. However, significant differences related to site and
habitat confirm their substantial influence on the morphological traits of the ferns in this
study. This suggests that these are relevant variables capable of modulating the functional
responses of this plant group, especially in urban environments.

Leaf area (LA) is a trait associated with ecological strategies regarding nutrient avail-
ability and resource utilization, as well as allometric factors such as plant size [65]. In this
study, the leaves of terrestrial species were notably larger than those of epiphytes. This
difference may arise from the more stressful conditions that epiphytic species typically
face while growing in the tree canopy [66,67]. The increased solar exposure and reduced
water availability tend to favor smaller leaves, which help conserve resources, lower water
demand, and optimize water use efficiency [66,68,69], possibly explaining these results. A
particularly strong positive effect of the terrestrial habit was observed in CLA and MAR,
likely associated with the presence of Pteris orizabae and Parablechnum schiedeanum, two
large terrestrial species found exclusively in these sites [69]. In contrast, the interaction
effect between terrestrial habit and site was significantly lower in NAT and KAN, indi-
cating that the difference in leaf area between terrestrial and epiphytic species was less
pronounced. This reduction may be explained, conversely, by the absence of these large
species [70], which considerably raise the mean leaf area in CLA and MAR. These findings
suggest that species composition modulates the expression of habit effects at each site and
further support the idea that species identity contributes substantially to the variability
explained by the model.

Specific leaf area (SLA) indicates how plants allocate resources for leaf growth, reflect-
ing their ability to capture light and photosynthesize [65,71]. Leaves from terrestrial and
epiphytic species exhibited the highest values of SLA in CLA and KAN (Table 1). In the
case of CLA, this suggests that individuals benefit from the dense canopy and use efficient
photosynthetic mechanisms to maximize absorption in low-light conditions, which may
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indicate a significant adaptation of the associated ferns to thrive in umbrophilous environ-
ments. (e.g., Asplenium miradorense Liebm.) [25,69,70]. This is consistent with findings that
showed that many epiphytic ferns adopt acquisitive strategies characterized by high SLA
and low tissue density, particularly in humid, shaded microhabitats where maximizing
light capture is advantageous [72-74].

Conversely, in KAN this result may relate to the presence of terrestrial disturbance
indicator species, such as Adiantopsis radiata (L.) Fée, Pteris pulchra Schltdl. and Cham., and
Christella dentata (Forssk.) Brownsey & Jermy [70]. These species have diverse functional
response capacities, enabling them to capitalize on greater light availability, enhancing their
photosynthetic capacity, and optimizing growth and development in disturbed environ-
ments [71,75]. This is particularly common in species of the Polypodiaceae family, which
have been shown to have the ability to occupy more variable or disturbed environments,
ranging from humid conditions to more exposed microhabitats [74].

Leaf dry matter content (LDMC) determines the physical resistance of leaves and
their resource storage capacity [65,76]. In MAR, the highest LDMC values were found in
the leaves of terrestrial and epiphytic species (Table 1, Supplementary Figure S1). This
response is typically linked to stressful conditions and, in this case, can be attributed to
low temperatures and abrupt decreases in relative humidity at the site (Figures 1 and 2).
Evidence suggests that as temperatures drop, plants tend to produce leaves with higher dry
matter content as a mechanical support mechanism to endure cold conditions [77-79]. This
occurs due to a greater number of cell layers, resulting in structurally denser leaves that
are better equipped for heat retention, thanks to the high thermal capacitance provided by
the water in these cells [80,81]. Research on ferns has linked increased lamellar thickness
to higher LDMC in extreme conditions of greater altitude, which correspond to lower
temperatures and increased aridity [31,37], so the situation observed in MAR aligns with
this response.

Regarding the significant increase in dry matter in the leaves of terrestrial KAN species,
this can also be attributed to stressful site conditions related, conversely, to higher solar
radiation, elevated temperatures, and reduced water availability. This can be explained
by the increased thickness of cell walls resulting from the compaction of mesophyll cells,
which aids in water conservation under water-stress conditions [68,78,79]. This is linked
to the high SLA values at this site, suggesting that greater light availability encourages
disturbance indicator species. These species also exhibit a relatively robust structure that
helps them endure challenging site conditions [68,80]. In contrast, epiphytic species in both
CLA and KAN exhibited lower LDMC values, suggesting a different strategy. Epiphytic
ferns may prioritize flexibility in water uptake because they are exposed to variable canopy
microenvironments, with intermittent moisture sources [66,69,74]. So rather than investing
in denser tissues, they may rely on reduced leaf area or increased water storage capacity.

Finally, the density of venation (VD) is often associated with facilitating water
transport and thermal regulation in hot environments or those with limited water
availability [62,81,82]. In ferns, it has been documented that vein density has a signifi-
cant relationship with ambient humidity, decreasing as humidity increases [31]. In this
study, the highest values of this trait were observed in the leaves of terrestrial species at
the site with the highest relative humidity, MAR (Table 1, Supplementary Figure S1d).
However, this trait is highly variable among species and is influenced significantly by
phylogeny [65]. Thus, this result may be attributed to the influence of the large terrestrial
species, Pteris orizabae and Parablechnum schiedeanum, which are specifically found at the
sites with the highest relative humidity, CLA and MAR.
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3.3. Morphological Differentiation and Tendency Towards Biotic Homogenization in Urban Forests

Two species exhibiting differential arrangement are Polyphlebium capillaceum and
Vittaria graminifolia, both epiphytic ferns known as indicator species of natural forests,
as they typically thrive in humid and shaded environments [27,29,82,83]. In particular,
filmy ferns like P. capillaceum are sensitive to environmental changes due to their thin leaf
structure and lack of cuticle, making them dependent on high relative humidity and shaded
conditions [35,84,85]. These characteristics were evident through their corresponding
morphological responses in the PCA (Figure 3), where P. capillaceum was observed to
be strongly associated with the SLA trait, reflecting its thin and delicate leaves, while V.
graminifolia appeared in the opposite direction, also demonstrating its small leaf size but a
lower dry matter content.

Similarly, the terrestrial species Parablechnum schiedeanum and Pteris orizabae showed
evident morphological responses, with a strong association with LDMC and LA traits
(Figure 3), indicating a robust leaf structure and higher biomass investment. These species
are commonly found in low-disturbance environments, where light, water, and nutrient
availability are not limiting for their establishment [27,66,69]. Their ordination patterns in
the PCA therefore suggest a strategy oriented towards structural persistence and competi-
tive performance.

These four species (P. capillaceum, V. graminifolia, P. schiedeanum, and P. orizabae) were
found only in CLA and MAR, the sites with the most mature forests [48,70]. By presenting
a morphological response distinct from that of the other species (Figure 3), they indirectly
reflect the microclimatic and structural conditions of these sites. This indicates that species
sensitive to disturbance and changes in the microclimate are linked to forests with a
higher degree of conservation [27,29]. These findings align with previous reports of other
conservation indicator fern species at the CLA and MAR sites, such as the epiphytic
fern species Asplenium sphaerosporum A.R.Sm. and Didymoglossum reptans (Sw.) C. Presl,
as well as the terrestrial Asplenium miradorense Liebm. [70]. Furthermore, these distinct
morphological patterns and their contribution to overall trait variability (Figure 3, Table 1)
reflect the greater diversity and heterogeneity present in the best-preserved forests. This
supports the idea that structurally complex environments promote a broader spectrum of
functional strategies, both acquisitive and conservative, especially in ferns [74].

In contrast, the leaves of the NAT and KAN sites showed more clustered positions in
the PCA space, indicating less variation in morphological traits across species (Figure 3).
This pattern likely reflects the environmental filtering imposed by more open and disturbed
forest structures, which tend to select for species with similar ecological strategies, such as
tolerance to increased light and temperature, and reduced humidity, and displacing more
sensitive ones, such as the four aforementioned species [15,18]. The frequent presence of
species identified as disturbance indicators, such as the terrestrials Adiantopsis radiata (L.)
Fée, Pteris pulchra Schltdl. & Cham., and Christella dentata (Forssk.) Brownsey & Jermy,
common in NAT and KAN but absent in CLA and MAR, reinforces this interpretation [70].

Although variation among species is still present, the reduced morphological diver-
sity and limited ordination patterns in NAT and KAN suggest an early stage of biotic
homogenization, where environmental stress filters out species with narrower ecologi-
cal requirements and favors the persistence of generalist and tolerant taxa. This aligns
with observations in other urban green areas in tropical regions worldwide with similar
environmental conditions, where the flora underwent homogenization due to environ-
mental filters imposed by urban expansion, resulting in a decline in species richness and
diversity [16,86-88].
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4. Materials and Methods
4.1. Study Sites

The study was conducted in the Xalapa—Banderilla conurbation area, located in Ve-
racruz State, Mexico, between the coordinates 19°29’ and 19°36’ N latitude and 96°48’
and 96°58’ W longitude, with an altitude ranging from 1120 to 1700 masl [89] (Figure 4).
The region’s climate is semi-warm-humid, with an average temperature of 18 °C and
an average annual rainfall of 1500 mm [90]. The most prevalent vegetation type in the
area is the humid montane forest (HMF), although other communities, such as oak, pine,
and low deciduous forests, are also present [91,92]. Currently, this area has a combined
population of over 500,000 inhabitants, making it one of the fastest-growing urban areas in
the state [93,94].
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) PNA La Martinica (MAR)
] PNA Natura Park (NAT)

Kana Agroforestry (KAN)
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Author: Landeros-Lépez J.G.
Data: MAXAR (2021)
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Figure 4. Spatial locations of the four selected urban forest sites in the Xalapa—Banderilla conurbation
area, Veracruz State, Mexico.

The four urban forest sites selected for this study include Natura Park (NAT), part of
the Protected Natural Area (PNA) “El Tejar Garnica”; Kand Agroforest (KAN), affiliated
with the Campus for Culture, Arts, and Sports of the University of Veracruz; the Francisco
Javier Clavijero PNA (CLA), situated in a polygon managed by the Ministry of Environment
of Veracruz; and the PNA “La Martinica” (MAR; Figure 4). These forests exhibit remnants
of HMF, yet they differ in structure and plant composition due to varying processes of
anthropic modification and the influence of the urban environment [48] (Table 2). For
instance, NAT and KAN are fully embedded in the urban sprawl, leading to total or
partial isolation caused by avenues, shopping centers, and other urban developments. In
these areas, secondary tree species dominate (e.g., Dendropanax arboreus (L.), Citharexylum
caudatum L., Piper amalago L., Vachellia pennatula (Schltdl. & Cham.) Seigler & Ebinger),
while primary HMF species are observed to a lesser extent. Conversely, CLA and MAR are
located on the periphery, in less developed regions, exhibiting a tree species composition
more similar to mature forests (Liquidambar styraciflua L., Quercus L. spp.) [48] (Figure 4).
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4.2. Data Collection

For the evaluation of microclimatic conditions, three digital sensors (Track-It™ RFID
Dataloggers) were placed on tree trunks and branches at a height of 2 m per site to
record temperature and relative humidity every hour from August 2021 to August 2023.
In the case of MAR and KAN, data loss occurred during March and April 2022 due
to sensor malfunction. As a result, the total number of days recorded per site was as
follows: CLA—674, MAR—621, NAT—699, and KAN—642. During the same period,
one hemispherical photograph was taken at each of the five sample plots established in a
previous study [48] to describe the light environment. The photographs were captured at a
height of 1 to 1.5 m in the central area of each plot to minimize the influence of the edges.
In total, five photographs were obtained per site, which were subsequently analyzed using
the Gap Light Analyzer application [95] to determine canopy openness and solar radiation
transmittance.

For the evaluation of morphological traits in ferns, individuals were collected in the
same established plots where the structure and composition of the woody vegetation,
as well as the diversity of ferns, have been characterized [48,70]. Since the sites exhibit
heterogeneous communities in terms of species count [70], this study considered the most
frequent terrestrial and epiphytic species that represent at least 30% of the total fern richness
at each site [70]. Therefore, a total of 13 species were selected, distributed as follows: 10 at
the CLA site, 11 at MAR, and 7 both at NAT and KAN (Table 3).

Table 3. This study selected species of terrestrial and epiphytic ferns due to their abundance. T:
terrestrial, E: epiphytic. CLA: Francisco Javier Clavijero, MAR: La Martinica, NAT: Natura Park,
KAN: Kand Agroforest. The letter X indicates presence at the site.

Family Species Habit CLA MAR NAT KAN
Pteridaceae Adiantopsis radiata (L.) Fée T X
Aspleniaceae Asplenium miradorense Liebm. T X X
Blechnaceae Blechnum appendiculatum Willd. T X X X X
Thelypteridaceae Christella dentata (Forssk.) Brownsey & Jermy T X X
Blechnaceae Parablechnum schiedeanum (Schltdl. ex C. Presl) Gasper & Salino T X
Polypodiaceae Phlebodium pseudoaureum (Cav.) Lellinger E X X X X
Polypodiaceae Pleopeltis crassinervata (Fée) T. Moore E X X X X
Polypodiaceae Pleopeltis furfuracea (Schltdl. & Cham.) A. R. Sm. & Tejero E X X X X
Polypodiaceae Pleopeltis plebeia (Schltdl. & Cham.) A. R. Sm. & Tejero E X X X X
Hymenophyllaceae Polyphlebium capillaceum (L.) Ebihara & Dubuisson E X X
Polypodiaceae Polypodium conterminans Liebm. E X X
Pteridaceae Pteris orizabae Mart. & Galeotti T X X
Pteridaceae Vittaria graminifolia Kaulf. E X X

Thirty fronds per species were obtained by sampling a variable number of individuals
according to their availability, with each individual contributing a different number of
fronds. Individuals considered healthy and mature were collected with their entire rhizome
and allowed to rehydrate for 24 h in resealable plastic bags with the rhizome submerged
in water. Subsequently, the fronds were transported to the laboratory, where eight mor-
phological traits were measured following Pérez-Harguindeguy et al. (2013) [65]: total
length (L), lamina length (LL), leaf area (LA), specific leaf area (SLA), leaf thickness (LT),
leaf dry matter content (LDMC), water content (WC), and vein density (VD) (Figure 5).
For compound-leaved fern species, we included the petiole area as part of the total leaf
area (LA), as it represents a significant portion of the leaf structure and contributes to its
functional surface. This approach is consistent with established protocols, which indicate
that including the petiole is valid depending on the study context [65].
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Figure 5. Illustrative scheme for measuring the eight morphological traits of a fern leaf. L: total
length, LL: lamina length, LA: leaf area, SLA: specific leaf area, LT: leaf thickness, LDMC: leaf dry
matter content, WC: water content, VD: vein density. Concept by Landeros-Lépez, ].G. Illustrated by
Mufioz-Velazquez, M.

4.3. Data Analysis

Daily means of temperature and relative humidity, and overall means of canopy
openness and radiation transmittance, were evaluated using the Shapiro-Wilk normality
test. Since temperature and relative humidity data did not follow a normal distribution
(Shapiro-Wilk: p < 0.0001), their means were compared using the non-parametric Kruskal-
Wallis test. In contrast, canopy openness and radiation transmittance data were normally
distributed (Shapiro-Wilk: p > 0.05), so their means were analyzed using one-way ANOVA.
Post hoc comparisons were performed to identify significant differences between groups.
For ANOVA, Tukey’s Honest Significant Difference (HSD) test was applied using the
TukeyHSD() function, which includes built-in correction for multiple comparisons. For
Kruskal-Wallis tests, pairwise comparisons were run with pairwise.wilcox.test() using
Holm-adjusted p-values (p.adjust.method = “holm”). Letters indicating group differences
were added to the graphs based on these post hoc results.

Additionally, time series were generated to visualize daily variation in temperature
and relative humidity. These series were constructed by using daily means for each variable
across the four study sites and organizing them chronologically. To facilitate interpretation,
we included reference lines representing extreme thresholds of temperature and humidity
reported for HMF in the region [27,49]. Summary tables indicating the number of days in
which values exceeded these thresholds are provided to support the visual interpretation
of the time series (see Supplementary Tables S1 and S2).

The morphological variables were also evaluated using the Shapiro-Wilk normality
test. Since the data did not follow a normal distribution (Shapiro-Wilk: p < 0.0001), a
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Spearman correlation analysis was performed for non-parametric data. This allowed us
to eliminate highly correlated variables (p > 0.80) that provided redundant information.
Spearman correlation analysis revealed strong correlations among several morphological
traits, indicating potential redundancy (See Supplementary Figure S2). In these cases,
highly correlated variables may provide overlapping information, which can distort multi-
variate analyses or inflate the importance of certain trait dimensions. Therefore, to reduce
redundancy and improve interpretability, total length (L) and lamina length (LL) were
excluded because of their high correlation with leaf area (LA; r > 0.90). Leaf thickness
(LT) was also removed because of its high negative correlation with specific leaf area (SLA;
r = —0.81). Similarly, leaf dry matter content (LDMC) and water content (WC) exhibited a
strong negative correlation (r = —0.98); LDMC was retained due to its greater functional
importance. Therefore, the traits retained for further analysis included LA, SLA, LDMC
and vein density (VD).

Using the selected variables, a principal component analysis (PCA) was performed to
observe the ordination of traits according to species and sites. Prior to the analysis, all vari-
ables were standardized using z-score standardization with the scale() function from base
R, which centers and scales each variable to have a mean of zero and a standard deviation
of one. Finally, a generalized linear mixed model (GLMM) was fitted to evaluate the effects
of site, habit (terrestrial or epiphytic), and their interaction on morphological traits, consid-
ering a random effect of the leaves of each individual nested within the species to account
for the individual effect of species richness at each site. The model employed a Gaussian
distribution with a logarithmic link. This choice was made because the morphological
trait data were strictly positive and continuous, and the residuals deviated from normality
and homoscedasticity. The log link is recommended in such cases to stabilize variance
and improve model performance [96,97]. In addition, following the recommendations of
previous studies, the transformation was applied within the model framework rather than
to the raw data [98]. Therefore, its final form was as follows: glmer((X) ~ Site + Habit +
Site:Habit + (1 | Species/Individual), data = Data, family = gaussian(link = “log”)), where
X corresponds to each trait evaluated. The fit of the variables in the model was evaluated
using pseudo-conditional and marginal R? values [99]. The corresponding analyses and
graphs were executed using the statistical programs RStudio version 2024.09.1 (with the
packages nortest, psych, Hmisc, FactoMineR, factoextra, stats, ggplot2, tidyverse, dplyr,
grid, Ime4, and lubridate) and JAMOVI version 2.3.28 [100,101]. Normality tests (Shapiro-
Wilk), as well as ANOVA and Kruskal-Wallis analyses, were performed using the functions
from the base R package.

5. Conclusions

In the studied urban forests of central Veracruz, ferns exhibited morphological varia-
tion in response to microclimatic and structural changes. Despite the variation caused by
species and individuals, both site and habitat were determining factors for the evaluated
morphological traits. Generally, responses were linked to microclimatic variation at the
four sites, where traits related to resource acquisition influenced morphological variation.
This was evident through the optimization of light capture and photosynthetic efficiency in
response to changes in light availability, as well as water and biomass conservation due to
water limitations. Overall, this provides evidence of the group’s ability to respond even
to minimal environmental variations, demonstrating that, like other plant groups, they
possess mechanisms that allow them to adapt to different environments. This contributes to
their persistence in diverse habitats and makes them ideal subjects for studying adaptation
and ecological transformation processes.
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When analyzing growth habits, terrestrial ferns tended to have larger leaves, a greater
specific leaf area, and a higher dry matter content in wetter and shaded sites—traits con-
sistent with better resource acquisition under favorable conditions. In contrast, in drier
and more open environments, these species exhibited smaller leaves and lower SLA, likely
adapting to water stress. Epiphytic ferns, on the other hand, generally displayed smaller,
thicker leaves, with lower SLA and LDMC across all sites, where slight variations sug-
gested a more conservative strategy adapted to limited water access and canopy exposure.
Meanwhile, vein density was more closely associated with a taxonomic response. Overall,
these patterns indicate that terrestrial species exhibit greater morphological plasticity across
environmental gradients, while epiphytes maintain more stable trait expressions, possibly
due to greater physiological constraints associated with their habit.

Microclimatic variations in central Veracruz’s urban forests primarily result from
structural modifications, which appear to favor generalist species while displacing native
specialists. This leads to a predominance of similar morphological traits and reduced
diversity, potentially limiting the ecological functionality of these urban ecosystems. The
principal component analysis (PCA) performed provides initial evidence that most of
the studied fern species share similar morphological traits, regardless of the site’s degree
of urbanization, highlighting a clear trend toward biotic homogenization. Hence, this
study also serves as a reminder of the ongoing fundamental role of old-growth forests
in biodiversity conservation and ecosystem functioning [102]. While urban forests are
often regarded as biodiversity refuges and vital sites for microclimate maintenance, their
proximity to urban environments and constant anthropogenic modifications are key factors
that make them potential refuges for generalist and tolerant species [4,103].

Finally, this study highlights relevant trends in a group that has been explored little in
urban and functional contexts, emphasizing the impact of human modifications on their biodi-
versity and functionality within urban ecosystems. We acknowledge the limitations of working
with this group due to the challenges of measuring morphological traits in ferns; however, these
limitations do not diminish the value of the observed patterns, which contribute to a better
understanding of their ecological responses. For future related research, we suggest consid-
ering the inclusion of species-specific abundance data, as this would allow for a more robust
assessment of functional diversity metrics and the processes associated with homogenization.
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Abstract: Epiphytes represent a key component in tropical forests. They are affected by anthropogenic
and natural disturbances suffered by forests, since they depend on their hosts and the microclimatic
conditions they generate. We analyzed differences in abundance, species richness, and vertical
distributions of epiphytic bromeliads in primary and disturbed forests. We found a higher abundance
(5316 individuals) and species richness (8 species) of bromeliads in disturbed forest than in primary
forest (1360 individuals and 4 species, respectively). Most bromeliads (97%) were found on Taxodium
mucronatum, a dominant tree with rough bark in the disturbed forest (gallery forest). Bromeliads
were more abundant in the middle of the tree and diminished towards the trunk base and the upper
crown. Tillandsia baileyi was the most abundant bromeliad, and the size categories of this species
differentially colonize trees in gallery forest according to Johansson zones; seedlings of T. baileyi
abundantly colonize the upper canopy, and juveniles colonize the middle canopy or secondary
branches. Gallery forest represents an important reservoir for epiphytic bromeliads. Hence, it is
important to extend this kind of study to wetland sites to understand the role they play as a habitat
for epiphytes, as well as the dynamics and ecological processes that occur in such habitats.

Keywords: gallery forest; Johansson zone; plant size; submontane scrub; Tillandsia

1. Introduction

Tropical forests face serious problems due to land-use changes affecting biodiver-
sity. Several studies have demonstrated that the number of epiphyte species is greater in
conserved sites or tropical primary forest due to microclimatic conditions such as tem-
perature, light, and humidity being more favorable for the establishment and growth of
epiphytes, thereby helping to maintain their relationships with pollinators, dispersers, and
mycorrhizas, among others [1-3]. Other studies have reported higher species richness
and epiphyte abundance in isolated trees or secondary forests due to drought-tolerant
species dominating modified ecosystems [4], while a few works found no differences [5,6].
Although vascular epiphytes are a major element of tropical forest ecosystems, our under-
standing of how disturbance affects epiphyte diversity is scarce. Epiphytes are considered
an indicator of environmental quality, since they are sensible to microclimate shifts caused
by anthropic disturbance [7]. In fact, the level of forest disturbance determines the plant
composition and species richness.

Vascular epiphytes are relevant components of tropical forest biodiversity; they com-
prise over 31,000 species in 79 families and 918 genera, accounting for about 10% of
total plants [8]. Epiphytes establish relationships with pollinators and dispersers in the
canopy and form part of the water and nutrient cycle in tropical forests [9-11]. Among
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the best-represented families of vascular epiphytes are Orchidaceae, Araceae, Piperaceae,
and Bromeliaceae [12,13]. The latter group is a Neotropical family integrated by a high
diversity of terrestrial, saxicolous, and epiphytic species distributed from humid to arid
environments [14]. In addition to their ecological contribution, bromeliads provide sub-
stantial ecosystem services in terms of capturing water, in addition to providing shelter
and breeding sites for a variety of organisms, such as amphibians, bats, and mutualistic
ants and spiders [10,15]; they are also a biological indicator of environmental disturbance
and climate change [16].

A gallery forest or riparian forest is an ecosystem dominated by Taxodium mucronatum
Ten. trees in the riparian corridors of major Mexican rivers [17,18]. This ecosystem provides
landscape diversity and plays an important role in the ecotone dynamics of swamps and
other wetlands [19,20]. Vascular epiphytes are rarely studied in gallery forests, maybe
because such forests have lower abundance and species richness [21], in spite of individual
trees such as T. mucronatum being abundant and dominant [22,23], which may increase habi-
tat diversity for epiphytes, combined with the permanent presence of water. For example,
members of the Peperomia genus have a marked preference for warm or temperate sites but
are found in high-humidity environments such as gallery forest [24]. This ecosystem has
been affected by agriculture and paddocks that have been established in surrounding areas,
altering microclimatic conditions, including water flux [25], forming patches of vegetation
on the borders of rivers or water channels, which affect the epiphyte community.

Other ecosystems, such as submontane scrub, are characterized by the prevalence
of drought conditions for epiphytes due to low precipitation and high temperatures [26].
Species belonging to the Tillandsia genus are common in this ecosystem, since they possess
morphological and anatomical traits such as narrow leaves, abundant trichomes, and
crassulacean acid metabolism, avoiding water loss by transpiration [27,28]. Species such
as T. recurvata L., T. schiedeana Steud., and T. pringlei S. Watson have also been reported in
submontane scrub, although they are the least abundant species [29].

Vascular epiphytes show vertical distribution patterns on trees, indicating their ranges
of tolerance to light, moisture, and other microclimatic factors [30]. Usually, epiphytes are
more abundant in the intermediate zone on host trees and least abundant in the upper
crown [10,31,32], where the prevalence of high radiation levels and less water availability
are restrictive for some species [33,34]. The bark type of host trees plays an important role
in successful dispersal, since rough bark is better at catching seeds than smooth bark, from
which seeds can slip to the ground [35-37]. Additionally, host size is a determinant factor
for the establishment of epiphytes, since taller individuals are older and have a greater
probability of increasing epiphytic colonization [38].

The vertical distribution of vascular epiphytes on host trees can vary according to
plant size. It has been suggested that adult (or larger) plants occupy the thickest branches
because they can support more weight, while seedlings (or smaller plants) are distributed
on the periphery or in the upper crown [39-41]. However, the vertical distribution of
plant size in modified or disturbed ecosystems is poorly studied. Therefore, the success
of epiphytes is related to the size and position they occupy in the host tree, among other
factors. We propose the following questions: (a) How do the abundance, species richness,
and vertical distribution of epiphyte bromeliads vary in forests with different degrees of
conservation? (b) How does the vertical distribution of plant size of Tillandsia baileyi Rose
ex Small differ in gallery forest? We hypothesize that (i) abundance and species richness
are higher in gallery forest due to the frequency of high humidity, despite being a modified
ecosystem, and (ii) the distribution of adult plants of T. baileyi is higher in the middle zone
of host trees, while seedlings and juvenile plants occupy the upper and lower strata.

2. Results
2.1. Abundance, Species Richness, and Vertical Distribution of Bromeliads at Two Study Sites

Species richness of bromeliads was two-fold in the gallery forest (eight species) in
comparison to submontane scrub (four species). Additionally, the abundance of epiphytic
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bromeliads was higher in the gallery forest (5316 individuals) than in submontane scrub
(1360 individuals) (p < 0.05; Figure 1). Tillandsia baileyi was the most abundant in the gallery
forest (3467 individuals), followed by T. ionantha Planch. (811 individuals) and T. usneoides
L. (688 individuals). In contrast, T. usneoides was the most abundant (1170 individuals) in
submontane scrub, and T. baileyi was the least abundant (19 individuals) (Figure 2). In the
gallery forest, Tuxodium mucronatum had the highest relative abundance, coinciding with its
high relative dominance and IVI (Table 1), while in submontane scrub, two host species
(Ehretia anacua (Teran & Berland.) I. M. Johnst and Ocotea tampicensis (Meisn.) Hemsl.) had
the highest relative abundance, relative dominance, and IVI. Despite Quercus sp. being
fourth in IVI, it hosts half of the epiphyte bromeliads in submontane scrub (Table 2). We
found one host species of each type of bark in the gallery forest, but in submontane scrub,
61.5% of the trees had smooth bark, followed by 30.8% with rugose bark and 7.6% with
semi-rugose bark.
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Figure 1. Abundance of epiphytic bromeliads in gallery forest and submontane scrub in Tamaulipas,
Mexico. Each bar represents the mean + SE. Different letters indicate significant differences with a p
value of <0.05.
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Figure 2. Abundance of Bromeliaceae species in gallery forest and submontane scrub in Tamaulipas,
Mexico. Each bar represents the mean =+ SE.
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Table 1. Host-tree traits from the gallery forest (DBH > 10 cm), including bark type, relative abun-
dance (%), relative frequency, relative dominance (%), importance value index (IVI), and epiphyte
abundance (%).

Relative Relative Relative IVI Epiphyte
Tree Species Family Bark Type Abundance Frequency Dominance 100% Abundance
(%) (%) (%) ’ (%)
m];ug,gi%;”m Cupressaceae Rugose 88.88 60 80.08 76.34 97.31
Ficus sp. Moraceae Smooth 8.35 30 19.89 19.40 2.60
Tabearlrézeﬂrz/gﬁtana Apocynaceae Semi-rugose 2.77 10 0.03 4.26 0.09
Total 100 100 100 100 100

Study sites and Johansson zones influenced the abundance of epiphytic bromeliads
(F3.43 =15.1, p <0.001). JZ2, 3, and 4 contributed positively to the model, while submontane
scrub had a negative effect on the abundance of epiphytic bromeliads (Table 3). Differences
were found only between JZ1 and other zones (JZ2, JZ3, and JZ4; p < 0.001; Table S1;
Figure S2). Moreover, the abundance of epiphytic bromeliads differed between sites
(p <0.001).

2.2. Distribution of T. baileyi in Two Forests and on Host Tree Species

The abundance of T. baileyi significatively differed among size categories (Fy 3, = 3.37,
p < 0.05) and between study sites (F; 3p = 270.15, p < 0.001) (Figure 3). Submontane scrub
was the only variable that significantly contributed to the model, although it was negative
(p < 0.001) (Table S2). The only size-pair category that was significant was juvenile vs.
seedling T. baileyi (p < 0.05) (Table S3). The abundance of each size category of T. baileyi
was significantly differed among JZs in the gallery forest (X* < 494.99, gl = 3, p < 0.001;
Figure 4). However, in submontane scrub, only the juvenile category showed differences
among the ]Zs (X2 <19.143, gl = 3, p < 0.005; Figure 4).
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Figure 3. Abundance of Tillandsia baileyi based on size categories in gallery forest and submontane
scrub in Tamaulipas, Mexico. Each bar represents the mean =+ SE.

Contingency table analysis showed that the distribution of T. baileyi by category size is
not homogeneous in the Johansson zones of host trees in the gallery forest (X? = 87.5, df = 6,
p <0.001, Table S4). Standard residual analysis indicated that seedlings of T. baileyi were
significantly more abundant than expected by chance in Johansson zones 1 and 4, where
seedlings have a 34% chance of occurrence. Moreover, juvenile plants of this species were
more abundant in Johansson zone 3, with 43% of occurrence on trees in the same forest
(Figure 5).

68



Plants 2024, 13, 2754

00T 00T 00T 00T 001 [e3oL
. . . . 9SOy
0 841 ve0 €Ce 8L'T poows OEDBAEN X3 'J Ioyeq 19 3SOY] L0]0ISIP V]]IU0SUIGOY
aLe 80C €81l €Ce ST'T qroowg deddeIne| ZIIN HUUDULQIL] DISI]
0 18°¢ W'l 79 €q'e qroowg aeadeqeq Jausg 147]1n03 U1V
qaro 0¥ 0¢'s €Ce €q'e qroowg QLIORIqNYY UOSYeM °S DjupL03qo UIPpUDY
€L L 9¢¥ 60°¢ St9 €q'e qroowg seaoepurdeg ‘Tpuq vs019ads vipvusH
0 96'S 89F% 896 €q'e qroowg radeINy| Suery) (U0S}eM'S) 188248 DouuISD)
190 609 ¥6'S St9 88'G aso3mny aeadeqeq noD (ypuag) ajnwoixalf uiniqojjaoaiid
69°T /€9 6€C 896 902 9s08NnI-Twag deadeIqIoyonyg [PNIA vruoavd vuvsvqas
20T 949 66 St9 T8 qroowg oeddeqeq *250y 79 UoNLIg (yyuag) suajjvd vipvavE]
a8'6¥ 1101 8L¥1 896 88°G 2503y aeadese] ds snauan®y
VL PI°0T L6'8 89'6 9LTL asodmy SLERE N “81eg (17) vavdpf wnjihiydoyyuvy
60T QL LT €961 06CT VA 74 qroowg deddeIne| S1sUa01dY] DI}
[4%°r4 LT'TC 19°0¢ 06CT 0002 2s03my seadeurderog vnovuy vijoiyyq
(%) %00T (%) (%) (%)
duepunqy aAydidg IAIL dURUTWO(] dATJR[Y Ad>uanbairg aanedy duepUNqy dAR[dY 2dAy syreg Anureg sapadg 221,

“(o4,) @ouepunge a3Aydids pue “(JA]) Xepur anfea aduejroduur
/(04,) ddURUTWOP dATje[a1 “Adusnbaiy aanerar /(o) souepunge aanear ‘2d4£) yreq Surpnpur (o (7 < () qrIds SURJUOWNS UL S}eI) 991-)SOL] g d[qeL

69



Plants 2024, 13, 2754

Table 3. Generalized linear model with quasi-Poisson distribution where the variables of Johansson
zone (]Z2, J73, and JZ4) and the submontane scrub were evaluated. Variable JZ1 and the gallery
forest are not presented as coefficients because they were taken as reference points. p value < 0.001.

Estimate Standard Error t Value Pr(>1tl)
Intercept 3.730 0.394 9.45 0.001
JZ2 1.759 0.416 4.22 0.001
JZ3 2.116 0.411 5.14 0.001
J74 1.673 0.422 3.96 0.001
Submontane scrub —1.324 0.197 —6.70 0.001
2.5
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Figure 4. Size categories (seedling, juvenile, and adult) of Tillandsia baileyi based on Johansson zone in
the gallery forest and submontane scrub in Tamaulipas, Mexico. Each point represents the mean + SE;
asterisk indicate significant differences among Johansson zones for each size category with p < 0.05.
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Figure 5. Mosaic display of the standardized residuals of (A) Johansson zones (JZ1, JZ2, JZ3, and
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JZ4) and (B) size categories of Tillandsia baileyi in the gallery forest. Blue boxes indicate a significant
association between epiphyte species and hosts (p < 0.05). Association was considered positive when
standardized residual values were >2 and negative when they were <—2 [42].
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3. Discussion

Epiphytes are generally more abundant and species-rich in primary forests than in
disturbed or modified landscapes, a pattern observed in diverse ecosystems [1,7,43-46].
For instance, 178 species of vascular epiphytes were recorded in primary forest, compared
with only 81 species found in secondary forest in the Venezuelan Andes [43]. However,
our results did not fulfill this expectation, as both the abundance and species richness of
bromeliads were higher in the gallery forest than the disturbed forest. This unexpected
result could be explained by the ability of certain epiphyte species to thrive in disturbed
environments or on isolated trees due to their drought-adaptive traits [45,47-49]. For
example, some ecosystems, such as wetlands, are characterized by high humidity and
support greater epiphyte biodiversity, despite human disturbance being less pronounced
in such environments [46,50,51].

Although the gallery forest represents a disturbed site, the species richness of bromeli-
ads was comparable to that found in drier, more conserved habitats, such as the tropical dry
forest and the submontane scrub in the Biosphere Reserve of “El Cielo” [29], where species
richness is relatively lower. Despite its disturbance, the gallery forest supports a relatively
high abundance of specific bromeliad species, while generally known for hosting only 8%
of Mexico’s total epiphyte species (144 species) [21]. In our study, atmospheric bromeliads
like Tillandsia baileyi, T. ionantha, and T. usneoides were most abundant in the gallery forest.
Similarly, T. usneoides and T. recurvata were dominant in the submontane scrub. These
species cataloged as atmospheric epiphytes have morphological adaptations such as nar-
row leaves and abundant trichomes, which enhance their ability to capture atmospheric
water and nutrients, facilitating their survival in disturbed or drier environments [52]. In
contrast, less abundant tank bromeliads such as T. sp1 and T. sp2 exhibit adaptations like
broad, flat leaves that form water-holding chambers, which allow them to capture and
store water from fog or dew. This water retention capability likely increases resilience in
the species in drier and sun-exposed environments [53]. These ecological adaptations offer
a potential explanation for the success of bromeliads in both disturbed and conserved sites,
highlighting the complex relationship between disturbance and epiphyte diversity.

On the other hand, low abundance and species richness in the submontane scrub coin-
cides with previous findings with respect to the same vegetation type within the “El Cielo”
Biosphere Reserve, where epiphytes were also found to be less abundant than semidecidu-
ous and tropical montane cloud forest [29]. This may be attributed to the environmental
conditions in submontane scrub characterized by high irradiance and drought [26], where
trees and shrubs have broad crowns that expose epiphytes to increased light levels. Only
species adapted to these stressful conditions, such as drought-tolerant bromeliads, can
survive under the intense radiation in this habitat. For instance, T. usneoides, one of the few
species present, has small leaves (43 mm leaf length; [52]) covered by abundant trichomes
that aid in water absorption and uses crassulacean acid metabolism (CAM) to minimize
water loss through transpiration [52]. Another plausible factor contributing to low epiphyte
abundance is the prevalence of trees with smooth bark; in submontane scrub, approxi-
mately 70% of trees have smooth bark, which lacks the surface irregularities necessary to
anchor fragile coma hairs.

In contrast T. baileyi, an atmospheric epiphyte, was highly abundant in the gallery
forest, constituting 97% of all bromeliads and colonizing 89% of T. mucronatum trees, which
were the primary host in this ecosystem (Table 1). While the abundance of T. baileyi was
notable in our study, its overall distribution in Mexico has been declining. Previously
recorded across southern Mexico [54], recent reports suggest its current distribution is
limited to the northeast [21], likely due to the extensive transformation of tropical dry forest
caused by agricultural expansion and human disturbance [55]. The tropical dry forest, once
a suitable habitat for T. baileyi, [54], may no longer support its populations effectively.

Our study indicates that T. mucronatum trees, which grow in disturbed gallery for-
est areas surrounded by agricultural land, play a critical role in supporting epiphytic
bromeliads. These trees are large and old and have extensive, well-branched canopies (the
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widest tree has a DBH of 228 cm)—traits that enhance their suitability as phorophytes.
Additionally, their crowns provide a heterogeneous microenvironment for epiphytes, re-
maining leafy for most of the year, except from December to January, when sunlight is
lowest [56]. This structural complexity is crucial for bromeliad colonization, as tree height
and branch circumference have been positively correlated with the abundance of epiphytic
bromeliads in different forest types, including the Atlantic Rainforest [57] and tropical
forests [58]. Larger trees offer multiple shaded habitats, which are favorable for the growth
of epiphytes [40,59,60].

Moreover, T. mucronatum may function as remanent tree species in gallery forest,
providing essential support structures for epiphytic bromeliads. Studies have shown that
isolated trees can harbor a significant number of epiphyte species; for example, one tree was
found to support 34 epiphytic species, compared to a maximum of 66 species in primary
forest [43]. This underscores the importance of remanent hosts for the conservation of
epiphytes. It is also unlikely that seed dispersal limitations explain the abundance patterns
observed in the gallery forest, as epiphyte seeds have been shown to disperse over distances
of up to 2 km from their source [61]. Despite being surrounding by agricultural land,
isolated patches of tropical dry deciduous forest may serve as a viable seed source for
epiphytic colonization in the gallery forest.

Additionally, cypress (Taxodium sp.) host trees exhibit rough bark that facilitates the
anchoring of bromeliad seeds, as similarly observed with Taxodium ascendens Brongn in
Florida, USA; this rough bark hosts abundant Tillandsia circinatta Schlecht [62]. The rough
bark of these trees presents fissures and cavities that can accumulate dust, moisture, and
nutrients, providing an advantageous microenvironment for epiphytes [35,63]. In this study,
cypresses growing along creek edges were found to benefit from the permanent availability
of water, which contributes to a humid microclimate that mitigates the harsh conditions
typically found in epiphytic habitats. This is analogous to findings in a tropical dry forest,
where bromeliad abundance was found to decrease with distance from cenotes (water
holes), as sites closer to cenotes experience higher nighttime humidity, which contributes
to the maintenance of the bromeliad community [64].

Our results indicate that epiphytic bromeliads were more abundant in Johansson
zones 2, 3, and 4 at both study sites, where host trees exhibit well-branched canopies. This
pattern aligns with other studies suggesting that intermediate zones (JZ2 and 3) on the
host trees provide more colonization area, favorable microclimates, and increased survival
chances for epiphytes [10,31,34,65].

The abundance of T. baileyi sizes varied significantly between seedlings and juveniles,
with fewer seedlings indicating low recruitment rates. While other clonal species also
showed low seedling recruitment despite high-speed production [66-68], it is generally
observed that smaller plants are more susceptible to desiccation during the dry season,
which is a critical phase for epiphyte establishment. Seedlings are particularly vulnerable
in the epiphytic habitat, which poses a significant challenge for their survival [68]. Un-
derstanding population structure is crucial when implementing conservation strategies,
especially when detailed demographic data are lacking [69].

Tillandsia baileyi displayed differential colonization patterns on T. mucronatum host
trees, preferring juvenile and adult individuals in the middle canopy (JZ3), while seedlings
were more frequently found in the upper canopy or twigs (JZ 4) (Figure 5, Table 54). The
higher-than-expected number of seedlings in the upper canopy of the gallery forest suggests
that the dense foliage of T. mucronatum may mitigate harsh microclimatic conditions, such
as intense solar radiation and low humidity [70], thereby facilitating colonization in these
zones. This is similar to Tillandsia schiedeana in tropical dry forests, which colonizes the
outer crown of Bursera simaruba (L.) Sarg., showing drought adaptations throughout its
morphophysiology [37]. The preference of juvenile T. baileyi for the middle canopy (JZ3),
which offers more stable microhabitats, further supports the notion that well-structured
host trees are essential for epiphytic colonization [10].
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4. Materials and Methods
4.1. Study Site

This study was carried out at two sites in Tamaulipas. (1) The first site was ejido
La Cabecera in the municipality of Aldama, which is a gallery forest with anthropic
disturbance, which was considered a disturbed forest. Gallery forest comprises groups of
trees that develop along more or less permanent water courses. The vegetation in gallery
forests is heterogeneous, with tree species that can reach 4 to 40 m in height, including
numerous climbers and epiphytes. Some of the representative genera are Salix, Taxodium,
Acer, Inga, Carya, Fraxinus, and Alnus [17]. (2) The second site was ejido Carricitos in the
municipality of San Nicolas, which is characterized by generally unarmed, 3 to 5 m high
and dense submontane scrub; this site was called primary forest. While dominant tree
species vary from one region to another, the most frequent are Helietta parvifolia (A. Gray ex
Hemsl.) Benth, Neopringlea integrifolia (Hemsl.) S. Watson, Gochnatia hypoleuca (DC.) A. Gray,
Pithecellobium brevifolium Benth, Quercus fursiformis Small, and Cordia boissieri A.DC [17]. At
both sites, a semi-warm, sub-humid climate predominates, with summer rains, presenting
an average annual temperature higher than 18 °C and annual rainfall ranging from 900 to
1000 mm (UNAFOR 2803 and 2801, 2010).

4.2. Data Collection

Six 50 x 5 m linear transects were established at each study site (1.5 ha per site).
In each transect, the tree species were identified. Subsequently, each tree was measured
for diameter at breast height (DBH) and height using a tape measure and a distance
meter (D210; Leica, Wetzlar, Germany), respectively. Only trees with a DBH greater than
10 cm were considered, since they offer a great diversity of ecological niches due to their
variety of sizes and positions of their branches, facilitating colonization by epiphytes [71].
Identification of the trees at the species level was carried out using taxonomic keys and
with the help of a specialist from the Institute of Applied Ecology of the Autonomous
University of Tamaulipas. Tree bark was classified into the following three categories [72]:
rugose (with deep grooves and ridges), semi-rugose (with small grooves and ridges), and
smooth (lacking peeling or cracks).

Individuals of all epiphytic bromeliads at both study sites were recorded by direct
observation with the aid of binoculars (EO-D102; Eagle optics, Middleton, WI,, USA). When
the epiphytic individuals were at a distance greater than 5 m from the ground, a simple
rope technique [73] was used to ascend to the canopy. The height of the bromeliads on the
host was measured using a distance meter (D210, Leica, Wetzlar, Germany). Clones from
rhizomatous plants or clumps of plants were considered one individual.

Since T. baileyi was the most abundant species in the gallery forest, the size categories
of this species were analyzed to determine its structure and vertical distribution. T. baileyi
individuals were classified into the following three categories according to size: seedling,
juvenile, and adult. The seedling individuals measured between 1 and 10 cm in height without
inflorescence, juveniles were between 11 and 25 cm tall and could present inflorescence or not,
and adult plants measured more than 26 cm in height and presented inflorescence (Figure S1).
Plant height was considered from the base to the longest leaf of the plant (Figure S1).

Vertical distribution of epiphytic bromeliads in the host was established through the
following categories proposed in [63] and modified in this work: Zone 1 (JZ 1) corresponds
to the total portion of the trunk, Zone 2 (JZ 2) is the lower canopy or first branches, Zone 3
(JZ 3) concerns the middle canopy of secondary branches, and Zone 4 (JZ 4) represents the
upper canopy or twigs.

4.3. Data Analysis

Data were analyzed with R software version 4.0.4 [74]. The relative abundance of
species was calculated as the number of individuals of each species/total abundance x 100.
We assessed the importance value index (IVI) to ascertain the dominant tree species in each
forest [75]. For details of IVI calculation, see [37]. If the IVI value for different species is
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similar, they contribute similarly to the composition, structure, site quality, and dynamics
of the forest [76]. A one-way ANOVA was used to analyze the differences in abundance
between study sites.

The effects of the Johansson zones (JZ1, JZ2, JZ3, and JZ4) and sites on the abun-
dance of epiphytic bromeliads and the effects of Johansson zones and the size categories
(seedling, juvenile, and adult) of T. baileyi on the abundance of T. baileyi were evaluated
using generalized linear models. To correct overdispersion, a quasi-Poisson distribution
and a logit link function were used [77]. An analysis of variance (ANOVA) was applied
to determine the significance of the following factors: Johansson zone, size category of T.
baileyi, and site [78]. Normality was checked using the Shapiro-Wilk test. Subsequently,
multiple means comparisons (Holm, p < 0.05) were performed to evaluate possible differ-
ences between sites, Johansson zones, and size categories for T. baileyi. Holm’s method
is a p-value adjustment used in multiple-hypothesis testing to avoid false statistical infer-
ences [79]. An x? analysis was performed to evaluate the possible significant differences
among the Johansson zones for each studied species. A contingency table with three size
categories (rows) and four Johansson zones (columns) was structured. The association
of size categories with Johansson zones of the gallery forest was evaluated with an x>
test [80]. The frequency of the expected abundance of bromeliads was obtained with the
product of the row and column totals divided by the total number of observations. When
the x2 test was significant (p < 0.05), a standardized residual analysis was performed [42].
The association between the size categories and Johansson zones, on the one hand, was
considered positive when the observed values were higher than the expected values and
the values of the standardized residuals were >2. A negative association was considered
when the observed values were lower than the expected values and standardized residual
values were <—2 [42].

5. Conclusions

The gallery forest, despite being surrounded by agricultural land, is an important
reservoir for epiphytic bromeliads. This means that large and old trees of T. mucronatum
offer a great microsite to epiphytic bromeliads are crucial for their conservation and the
maintenance of the species richness of the site. T. baileyi was the most abundant species in
the gallery forest, and seedling was the least abundant category size, abundantly colonizing
the upper crown, maybe in response to the dry and bright conditions prevalent in the outer
crown. Our results represent a tool to propose conservation initiatives and management
programs in the gallery forest, especially for T. baileyi, a species that has reduced its distribu-
tion in recent years [21]. According to NatureServe, T. baileyi is considered an endangered
species in the USA [81], but in Mexico, its ecological and physiological requirements are
unknown. Therefore, this study establishes a baseline for the conservation of this species.
Research in gallery forest is essential and should be extended to wetland sites to better
understand the role it plays as a habitat for epiphytes and the dynamics and ecological
processes that occur in such habitats.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ plants13192754/s1, Figure S1. Size categories of bromeliad T.
baileyi: (A) seedling; (B) juvenile; (C) adult. The diameter of the coin is 2.5 cm. Figure S2. Abundance of
epiphytic bromeliads based on Johansson zone in gallery forest and submontane scrub in Tamaulipas,
Mexico. Each bar represents the mean £ SE. Table S1. Paired comparisons between the Johansson
zones of the gallery forest and submontane scrub in Tamaulipas, Mexico. JZ = Johansson zone.
Table S2. Generalized linear model with quasi-Poisson distribution where the size categories of
Tillandsia baileyi were evaluated. The adult category and the gallery forest were taken as reference
points (p < 0.001). Table S3. Paired comparisons for size categories of Tillandsia baileyi in the gallery
forest and the submontane scrub in Tamaulipas, Mexico. Table S4. Observed values and standardized
residuals showing the association between size categories of Tillandsia baileyi and the Johansson zones
of trees from the gallery forest. Association was considered positive when standardized residual
values were >2, indicating that individuals of T. baileyi were more abundant than expected by chance
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and negative when residuals were <—2, suggesting that individuals of this bromeliad were less
abundant than expected by chance [42].
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Abstract: Pleione formosana Hayata is an endemic orchid that was once widely distributed across
the mid-elevations of Taiwan. However, populations of this orchid have steadily shrunk due to
orchid poaching in most of its habitats. By correlating data from micrometeorological stations that we
installed in the cloud forest canopy at the study site, Yuanyang Lake (YYL) from 2017, we discovered
the critical role of spring rainfall in triggering flowering and summer rainfall in promoting the growth
of new bulbs. We found that rising temperatures and frequent drought events threaten orchid growth,
potentially leading to pathogen infections. We climbed old-growth yellow cypresses to collect seed
capsules of P. formosana for in vitro germination at YYL beginning in the autumn of 2018. Orchid
plantlets were reintroduced to the study site in mid-August of 2022. However, the seedlings failed to
survive the summer of 2023. This study is the first persistent monitoring of this rare orchid in the
forest canopy of this old-growth cloud forest. Based on the result, we propose conservation strategies
and directions for protecting this orchid on a regional scale. Our study highlights the mounting
challenge to conservation efforts posed by global climate change.

Keywords: ex situ conservation; in vitro germination; montane cloud forest; reintroduction biology;
vascular epiphyte

1. Introduction

Montane cloud forests (MCFs) are recognized as one of the most valuable ecosystems
threatened by climate change from many perspectives [1-4]. First, the seasonal and diurnal
changes in the microclimates of MCFs are generally small due to their constant envelopment
in daily clouds, which moderate temperature fluctuations and sustain high humidity [5,6].
Therefore, many species inhabiting MCFs are adapted to relatively stable microclimates
and sensitive to climate changes [7]. Second, as the climate warms, the altitude of cloud
formation rises [2], and species, especially plants, may have difficulty migrating to keep
pace with these changes. The cloud belt occurring at a specific elevation also isolates
the species that grow within it, hindering interpopulation connection and promoting
endemic specification [8]. Therefore, many MCF species are relatively rare, with fragmented
distributions, which increase their vulnerability in the face of climate change [9].

Astride the Tropic of Cancer in the southwest Pacific, more than half of Taiwan’s land
is over 1000 m above sea level [10], where moist ocean winds induce cloud formation and
nurture a vast expanse of montane cloud forests [7]. Our previous study revealed that the
montane cloud forest ecosystem of NE Taiwan may be the most severely impacted under
various climate change scenarios compared to other forest types, threatening the suitable
habitats of many epiphytic plants of this ecosystem [11]. Our species distribution models
(SDMs) for the year 2100 found that cypress forests and many associated epiphytic plants
will lose their suitable habitats. The forests of Chilan were one of the areas found to be in
need of monitoring in our previous study [11]. The area is located in the Central Mountain
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Range in northern Taiwan, ranging in altitude from 1650 to 2444 m. It is a typical montane
cloud forest ecosystem comprising pristine old-growth forests of mainly yellow cypress
(Chamaecyparis obtusa var. formosana (Hayata)) (Figure 1). The area, including Yuanyang
Lake (YYL), has been declared a nature reserve and is a long-term ecosystem research
(LTER) site. The epiphyte inventory shows that YYL has the most abundant and diverse
epiphytic community in Chilan [12].

26°N, 124.3°E

Ryukyu island

T dﬁi?:;fif”P

Elevation
< 1000 m
~1500 m
~ 2500 m
> 2500 m

100 km

20.5°N, 119 “E

Figure 1. Distribution of cypress forests (red areas, MCFs) in Taiwan. Chilan, located in NE Taiwan
(cyan boundary), comprises a vast area of cypress forests.

YYL is one of the most intact habitats of Pleione formosana Hayata, hosting abundant
populations in northern Taiwan (Figure 2). The epiphytic orchid P. formosana is endemic
to Taiwan, growing on peat moss-covered branches or rocks, distributed between 1200
and 2500 m elevation in montane cloud forests throughout the island. The species was
discovered and named in 1911 [13]. The white flower variety was initially described as
a new species in 1933, but this was later corrected [14]. Although commercial nurseries
cultivate the orchid for ornamental use, the wild population continues to shrink due to
orchid poaching [15]. Moreover, populations of P. formosana are predicted to diminish
dramatically under the future effects of climate change [16,17]. In 2017, we established a
study site in YYL, recording the microclimate and monitoring populations of P. formosana.
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We also collected seed pods of P. formosana from the forest canopy and tested these for
asymbiotic seed germination to preserve the species ex situ. We also planned to experi-
ment with reintroduction procedures in the event that the species could be restored to its
native habitats.

Figure 2. P. formosana in the canopy of old-growth yellow cypress forest at YYL.

2. Material and Methods
2.1. Study Area and Species

The study was conducted at Yuanyang Lake (YYL), where the climate is generally
warm, with a mean annual temperature of 13.9 °C and annual rainfall of ca. 4000 mm,
which varies erratically with the torrential rains brought by typhoons in summer [18]. The
winter NE monsoon brings intense fog and rain. In addition to vertical precipitation, fog
water deposition is significant at YYL. This cloud forest is immersed in daily afternoon
fog, and the area has recorded over 300 foggy days per year. A previous study found that
annual fog deposition at YYL from 2003 to 2004 accounted for 10% of the total atmospheric
hydrological input [19]. Persistent high air humidity at YYL nurtures abundant epiphyte
communities that make up a conspicuous portion of the forest canopy.

The genus Pleione comprises ca. 26 species, mainly found in the Himalayan regions,
SW China, and Taiwan [20]. Populations of P. formosana in Taiwan vary in leaf size, flower
color, and the shapes of the keels on the lip [21]. Taxonomically, P. formosana belongs to
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the P. bulbocodioides (Franch.) Rolfe complex. Recent research using molecular information
has found that P. formosana has at least two genetically diverse populations in Taiwan
and is distinct from the population in SW China [15]. Most nurseries breed P. formosana
by bulb propagation [22], and there are few cases of asymbiotic seed germination [23].
This is because bulb propagation produces good-quality flowering individuals in a rela-
tively short period despite asymbiotic seed germination producing far more genetically
diverse individuals.

2.2. Canopy Microclimate Measurement

The study began in December 2017. A micrometeorological station with loggers and
sensors (Decagon devices, ICT International, Pullman, WA, USA) was installed about 20 m
above ground in the forest canopy. The station measures and records wind velocity and
direction, rainfall, air temperature, relative humidity (RH), and light intensity (using a
HOBO Pendant UA-002-64) every 10 min (Figure 3). A visibility meter (MiniOFS model,
Sten Lofving Optical Sensors, Goteborg, Sweden) was placed at a nearby site (3 km away)
to record fog events every 30 min during the study. The visibility sensor outputs visibility
as a voltage, where visibility of 1 km is represented by 1 volt, measuring up to 4 km,
represented by 4 volts. A backup temperature/RH data logger (HOBO U23-001A, Onset
Computer Corp., Bourne, MA, USA) was also installed in the canopy and on the forest floor.
A ground weather station administered by the Central Weather Administration (CWA) is
located within 1.5 km of YYL. We compared our canopy weather station data with CWA
records to evaluate accuracy.

trunk
VP-4 .

\ Camera tripod

G

Anemometer

Fixed chain

i

Leaf wetness sensor

=

= ==
\§\\\\\,— /

Figure 3. A canopy meteorological station was used in this study. An anemometer was fixed on a
camera tripod facing north, with other sensors attached to the shared platform. All lines connected to
sensors were routed to the bottom of an enclosed box and attached to the data logger inside. A pack
of silica gel was left inside the box to keep the logger functioning reliably. All devices were attached
to an adjustable steel platform mounted on a tree trunk.
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2.3. In Vitro Germination and Reintroduction

We have climbed yellow cypress trees to collect seed capsules of P. formosana every
autumn since 2018 and brought intact seed capsules back to the lab for asymbiotic seed
germination (Table 1). In the first three seasons, we germinated seeds at an orchid nursery
in Yilan near the study site. Beginning in 2021, the capsules collected were brought back to
the lab of the Taiwan Forestry Research Institute (TFRI) for asymbiotic seed germination
(Figure 4). Capsules were surface-sterilized using 70% (v/v) ethanol for 1 min and 1% (v/v)
sodium hypochlorite solution (NaOCl) with Tween 20 for 5 min under ultrasonication.
Finally, the capsules were rinsed with autoclaved distilled water three times in a laminar
flow cabinet, and moisture on the capsule surface was absorbed using sterilized filter paper.
The capsules were cut longitudinally, and the seeds were equally distributed in bottles
containing sowing medium (1/4 strength Murashige and Skoog (MS) medium [24], with
20 g L=! sucrose, 2 g L ™! active charcoal, and 8 g L~! agar, adjusted to pH 5.6 prior to
autoclaving for 15 min at 121 °C). Seed-derived protocorms were transferred to seedling
multiplication medium (1/2 MS, supplemented with 20 ¢ L=! sucrose, 8 g ."! agar,2 g L~}
activated charcoal, and 3 g L~! Hyponex No. 1, 1 g L™! tryptone, adjusted to pH 5.6
prior to autoclaving) to promote seedling growth and development [25]. Bottle seedlings
were cultured in a growth chamber with the temperature controlled at 21 (£2) °C under
a 12 h dark and 12 h light cycle at TFRL In the summer of 2022, aggregate seedlings with
3 cm-long leaves and mini bulbs were reintroduced to natural peat moss at YYL.
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Figure 4. The adult P. formosana with a seed capsule and a new bulb formation (a), fully matured
seed capsules were collected in late September before dehiscing (b), capsules were cut longitudinally
after surface sterilized (c), and a healthy capsule contains many dusty seeds (d).
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Table 1. Phenology of P. formosana observed from 2018 to 2023 at YYL. Bold text indicates extreme
values during the study period. Canopy temperature records in the summer of 2020 were lost due to
mechanical problems.

Year 2018 2019 2020 2021 2022 2023
Flowering Date ! +1.1 —-0.5 0 0 0 +0.7
Flowers Average Average Few Few Average Few
Fruiting Date ! +3.3 -2 0 0 0 +1.1
Fruits Average Average Few Few Abv. average Few
Spring
rainfall 2 210 397 236 197 355 154
temperature 3 —-1.7/21.2 1.6/25.5 —-0.5/21.3 2.2/21.2 —0.8/21.4 —1.8/24.2
Summer
rainfall 2 761 715 711 1178 216 755
temperature 3 11.1/24.6 13.1/25.4 - 12.3/25.6 12/26.5 12.9/26.8
Extreme Foehn
Weather Event Snow event Drought wind
6 EE

Seed Collection 4 1 2% 6 ** 21 June and 22 0
Date 7 November 10 September 9 October 23 September

September

* One capsule dehisced before germination, ** two capsules dehisced before germination, *** capsules collected in
June did not germinate. 1 Days/year compared with 2009, 2 mm, 3 min/max °C.

2.4. Data Analysis

We calculated vapor pressure deficit (VPD) using a simple, accurate formula proposed
by Huang [25], described in our previous study [12]. The formula takes into account
both temperature and relative humidity (RH). Statistical analyses were conducted using R
version 4.1.0 [26]. The mean climatic factors among different years were compared using
an ANOVA test, and the correlation between visibility and temperature was assessed using
Pearson correlation preceded by a Shapiro-Wilk normality test.

3. Results
3.1. Climate Recorded on Site
3.1.1. Temperature and Rainfall from 2018

Summaries of rainfall and mean temperature during the spring (March and April)
and summer (July and August) at YYL recorded by the CWA local meteorological station
from 2018 are shown in Figures 5 and 6. Spring rainfall ranged from 155 to 355 mm,
with an average of ca. 250 mm. Rainfall for 2023 was only half of that of 2022 due to
abnormal drought. Since 2018, there have been fewer typhoons across Taiwan, especially
across NE Taiwan, which historically is most frequently affected by typhoons, so summer
rainfall was significantly reduced at YYL over the last six years. In October of 2022,
torrential rain brought by Tropical Storm Nesat, along with the NE monsoon, caused
serious damage to the roads around YYL, so we stopped visiting study sites until March
of 2023. In August of 2023, foehn winds brought by Typhoon Khanun caused dry leaves
for most P. formosana individuals in YYL. Although the overall summer precipitation
remained relatively unchanged (Table 1), the three-day mean temperature (from 5 to 7
August 2023) rose to 20.8 °C, with a maximum of 26.8 °C recorded, and the mean relative
humidity dropped to a very low 76%. These conditions are stressful for the survival of
P. formosana. Additionally, we noted a trend of reduced low-cloud events at YYL consistent
with observations at other MCFs [3]. Our visibility records also showed a significant
positive correlation (r = 0.59, p < 0.001) between daily mean temperature and visibility (i.e.,
fewer cloudy days, Figure 7).
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Figure 5. Spring rainfall (bars) and average temperature (lines) in YYL from 2018 to 2023
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Figure 6. Summer rainfall (bars) and average temperature (lines) in YYL from 2018 to 2023
(CWA records).
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R =059, p=0.00014

18 20 22
°C
Figure 7. Pearson correlation between daily mean temperature (°C) and visibility (voltage) in 2020
summer. Data excluded rainy days with relative humidity (RH) over 95 percent.

3.1.2. Canopy Sensors

We calculated the 24 h VPD and temperature differences for 2018 and the summer
(July and August) of 2022 (Figure 8). Temperature changes are presented in line charts,
and compared with 2018, the average summer temperature rose about 1.5 °C by noon and
dropped 0.35 °C before dawn in 2022. The VPD (bar chart) increased more through the day
and night in 2022 than in 2018, with the greatest increase (0.23) at 10 AM.
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Figure 8. VPD (bar chart, kPa) and 24 h temperature (line chart, °C) difference between 2018 and
2022 summers (July and August).
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3.2. Observations on P. formosana Phenology and Field Collection

Beginning in 2018, we observed six flowering seasons and collected five seasons of seed
capsules (Table 1, Figure 9). Seed capsule maturation dates varied from early September to
early November, and the flowering dates determined the dates of mature fruits. We found
fluctuated flowering and fruit mature dates rather than delayed or advanced trends. The
flowering date was decided by the spring mean temperature and rainfall. In 2018 and 2023,
a cold spring caused postponed flowering, while P. formosana flowered about five days
earlier in 2019 than in 2009. Extreme weather and a heavy snow event in February 2018
delayed the flowering of P. formosana until May (usually in late March), and abnormally
high spring temperatures brought by EI Nifio in 2019 accelerated fruiting by one month to
August (normally in late September), so we only collected one capsule in 2019. Insufficient
rainfall in March 2020, 2021, and 2023 resulted in poor flowering conditions in those years.
In general, over the last 6 years, only 2022 was a rewarding season for fruit collection.
Flowering was delayed in the spring of 2023, probably due to a cold and dry spring
(Figure 5), compounded by the previous dry summer. In 2023, no mature fruits were
observed in the field, making it the only year that we did not collect any capsules.

Figure 9. Delayed flowering was observed on 22 March 2018 (b) and 23 March 2023 (c). Compared
with 31 March 2009 (a), flowering individuals have declined sharply over the last five years, as
observed on 31 March 2021 (d) and 26 March 2022 (e), especially for the white variety, as observed on
26 March 2022 (f). Photo credit: Rebecca Hsu.

3.3. Growth of Seedlings and Reintroduction

We collected six capsules on 23 September 2021, while two capsules dehisced before
germination. The average length (£SE.) of capsules was 2.82 (0.53) cm, and the average
width was 0.85 (0.12) cm. In comparison with terrestrial orchids, we found that epiphytic
P. formosana was relatively easy to germinate asymbiotically. All capsules collected in
June 2022 failed to germinate (Table 1), suggesting that mature seeds were necessary for
the successful germination of P. formosana. There was an absence of seed dormancy of P.
formosana, and within 50 to 80 days of inoculation, mature seeds began to germinate and

86



Plants 2024, 13, 2414

started to show healthy growth (Figure 10). We speculated that the bottle seedlings of the
first 3 years (2018 to 2020) died gradually in summer due to lowland heat. Therefore, we
cultured embryos in a growth chamber with the temperature controlled at 21 °C at the
TFRI in 2021 and 2022, and the young grew quickly. On 17 August 2022, we introduced the
plantlets germinated in 2021 to YYL (Figure 11). The young plants survived until 3 May
2023 but waned after the summer of 2023. The 2023 summer was particularly dry and hot
due to extreme foehn winds brought by Typhoon Khanun.

75 days after germination == 9 months =) 14 months

Figure 10. In vitro germination of P. formosana after 75 days (a,b), seedlings grew densely after nine
months (c), and seedlings were ready to transplant after 14 months (d).

Figure 11. Plantlets were reintroduced to YYL in August of 2022 (a) but disappeared after the summer
of 2023. September 2022 (b), March 2023 (c), May 2023 (d).

4. Discussion
4.1. Key Climate Factors for P. formosana Survival

There is no constant change in direction from our six-season phenology observation,
especially the flowering date of P. formosana (Table 1). In comparison with 2009, peak
flowering dates shifted back and forward during the study period. Climatic records
suggest that spring (March and April) rainfall is crucial for the flowering condition of the
orchid. Summer rainfall helps the new bulbs grow, which is important for the next year’s
flowering. Lower summer rainfall may have reduced the mature size of P. formosana’s
bulbs, which we observed in the autumn of 2022. The following spring (2023) was the
worst flowering season during the study period due to very low spring rainfall and small
bulbs.
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Table 1 shows the trend of rising maximum summer temperatures during the study
period. Compared to 2018, the summer mean temperature increased about 1.5 °C at
noon in 2022. There were 10 days in 2022 with daily maximum temperatures exceeding
25 °C, while there were no records above 25 °C in 2018. The extreme heat event was
critically unfavorable to P. formosana survival; the ideal cultivation temperature at the
orchid nursery is under 25 °C [27]. From our germination experiment, we also found that
temperature is a decisive factor in the survival of P. formosana. Rising temperatures are
especially harmful to seedling growth and will reduce the population of P. formosana in the
future. We also noted an increased diurnal range of temperatures in 2022 (Figure 8). This is
probably due to radiation cooling before dawn in the forest. Nights with clear skies result
in steep temperature declines [7]. Although the R squared value of 0.35 is not particularly
high, Figure 7 highlights the significant relationship between reduced clouds and rising
air temperature. This suggests a more variable temperature regime of this cloud forest
ecosystem in the future.

Our previous study found that the VPD is a decisive factor for epiphyte distribution
in the studied forest [12]. The VPD takes into account both relative humidity (RH) and air
temperature; therefore, it is an informative indicator of the key microclimate conditions
for epiphytic plants [28]. Our results suggest stable VPD favors epiphyte diversity and
abundance; however, there were also significantly rising mean and extreme values of VPD
over the five years (Figure 12, ANOVA, p < 0.001). The mean VPD and standard deviations
dramatically increased both in the forest canopy and on the forest floor, suggesting a trend
of drought stress and unstable microclimates for P. formosana in the future.

year Y2018 B9 Y2022
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VPD(kPa)
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canopy ground
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Figure 12. Boxplots (range with median line in the box) of mean VPD in 2018 (blue) and 2022 (red) in
the forest canopy and on the forest floor (differences: sites, p < 0.05; year, p < 0.001).
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4.2. Potential Threats from Changing Climate to P. formosana Survival

During the study period, we observed a decline in the population size of P. formosana
in situ. From photos taken during the study period, we found many populations had
disappeared from branches or trunks where they once grew. Since YYL is a conservation
site, illegal poaching is unlikely to be the main reason for population decline. We also
observed that populations of P. formosana near the forest floor sharply decreased. Two years
ago, there were many individuals growing near the forest floor, but these have nearly
all disappeared in recent years (field observation). Our data reveal that the VPD and
mean temperature at the forest floor were lower than in the canopy, although both vertical
forest strata exhibited an increasing trend (Figure 12, Appendix A Figure Al). If rising
temperatures and the VPD were not the main reason for the disappearance of P. formosana
near the forest floor, we can consider other influential microclimatic factors. Aside from
light intensity, wind flow is one of the major differences between the forest canopy and
floor. Raised garden beds are usually recommended for P. formosana nurseries [27] because
elevated cultivation promotes air circulation and prevents pathogen infection in the orchid.
Recent studies suggest that rising temperatures and high humidity may reduce disease
resistance for native orchids [29]. A possible pathogen (Trichosphaeriaceae, unpublished
data) that causes leaf spot in P. formosana was detected in the canopy soil at YYL [30]. However,
strong airflow increases evapotranspiration in the forest canopy (Video, https:/ /photos.app.
200.gl/dRFNVFVzsfikHZQSA, accessed on 2 April 2024) and is probably unfavorable
to the pathogen growth that infects P. formosana. We also found that individuals of the
white flower variety have gradually disappeared at YYL. Further research is needed to
determine whether the habitat niche of the white variety is more limited than that of pink
flower individuals.

4.3. Implications for Re-Establishment of P. formosana

The P. formosana plantlets were reintroduced to YYL in mid-August of 2022. The
onset of the NE monsoon (the first drop of air temperature below 10 °C) in 2022 was on
September 8. The NE monsoon usually brings abundant rainfall to YYL, which enhances
the survival of P. formosana seedlings. However, the reintroduced seedlings did not survive
the following summer of 2023 and eventually shriveled. Snow events occur regularly at
YYL, but the preliminary outcome of the reintroduction experiment suggests that summer
heat rather than winter cold is probably the limiting factor for the survival of the species.
The most suitable reintroduction season for YYL may be autumn rather than spring because
the constant light rain brought by the NE monsoon provides the necessary moisture for
young plants [30]. Moreover, to improve the survival rate, it is best to acclimatize the
plantlets for a few months in the nursery on sphagnum moss after they are taken out from
aseptic culture bottles [31].

5. Conclusions

This conservation project of P. formosana at YYL highlights the importance of the
long-term monitoring of sensitive ecosystems in the face of anthropogenic climate change.
Our six-year climate record reveals that climate change is not constant in direction, and it
fluctuates greatly; therefore, it is difficult for forest organisms to adapt. Extreme weather
events, such as drought or torrential rain, are becoming more likely with climate change
and can have a greater impact on forest ecosystems than gradual global warming. The
interaction between organisms of the forest ecosystem (e.g., microbial connections) may
change with rising temperatures [32]. Preserving rare species in the face of global climate
change is a mounting challenge to modern conservationists. An intact old-growth forest,
such as the one at YYL, provides a micro-site with relatively stable habitats for sensitive
species in a changing climate. Our report presents practical conservation measures to
preserve the population of P. formosana, and our goal going forward is to focus on the
management of local healthy populations of P. formosana.
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Figure A1. Comparison of 24 h temperature (lines chart, °C) and VPD (bar chart, kPa) in summers of
2018 and 2022 in the forest canopy (C) and on the forest floor (G).
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Abstract: Prosthechea karwinskii is an orchid endemic to Mexico, threatened by the destruction of its
habitat and the extraction of specimens to meet its demand for ornamental and religious use. Most of
its populations, including the most locally abundant ones, are found in Oaxaca state. Variations in
some floral traits have been observed in these populations. We implemented a morphometric analysis
to assess their floral variation and identify the most significant characters in the morphological
patterns of this orchid. Floral samples were collected from 17 populations of P. karwinskii in Oaxaca,
as well as from specimens used as ornaments during Easter in an Oaxacan community (Zaachila),
whose origin is unknown. Sampling of natural populations covered the environmental, geographic,
and morphological variation of the species. We performed an analysis of variance (ANOVA), prin-
cipal component analysis (PCA), canonical variate analysis (CVA), and cluster analysis, including
185 individuals and 45 variables (12 of them were discarded in the multivariate analyses due to high
correlation). Characters of the column, lateral sepal, and labellum were most informative for the
observed morphological patterns. Albarradas showed the greatest morphological differentiation,
mainly due to the column. In general, individuals from the same locality tended to overlap more,
especially the populations of Jaltianguis and Yahuiche, which were different from the geographically
close population of Etla. Teposcolula presented the highest values in perianth characters, unlike
Sola_Rancho Viejo. The specimens recovered from religious ornaments were morphologically more
similar to those from Yanhuitlan and Etla. This morphometric analysis identified characters as
potential taxonomic markers for P. karwinskii and related species, showing its potential to associate
specimens of unknown origin with their probable geographical region. Our work encourages work-
ing on collaborative conservation strategies to ensure the long-term permanence of both the species
and its traditional uses.

Keywords: endangered species; epiphyte; floral variation; intraspecific variation; morphometrics;
orchids; ornamental /useful species

1. Introduction

Prosthechea karwinskii (Mart.) J.M.H. Shaw is an orchid endemic to western and
southern Mexico, inhabiting mountainous regions where it grows as a hanging epiphyte
in oak or oak-pine forests subject to a well-marked seasonal drought (Figure 1A). The
inflorescence is a two-flowered (exceptionally three flowers) raceme arising from the last
developed pseudobulb (Figure 1B). The taxon was described in 1830, but its taxonomic
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history has been linked to that of Prosthechea citrina (Lex.) W.E. Higgins, or any of its
nomenclatural synonyms, a very similar species, with which it becomes sympatric in some
locations in Guerrero and Michoacdn. In the past, the information available for P. karwinskii
was invariably attributed to P. citrina; only in recent years have both species come to be
considered different [1,2]. This species is one of the most distinctive orchids in the Mexican
flora, valued for the ornamental beauty and pleasant aroma of its flowers, as well as
having cultural significance since pre-Hispanic times. It was one of the orchids from which
mucilage was obtained and used as an adhesive in feather art in pre-Hispanic times and
during the colonial period [3]. In traditional medicine, it has been used to soothe coughs,
heal wounds and burns, treat diabetes, prevent miscarriage, and aid in childbirth [4-7]. The
flowers are used as decorations in homes, commercial stands, and temples during Easter
commemorations [8,9]. Additionally, due to the beauty, color, and aroma of its flowers, this
plant is cultivated in a rustic manner in orchards in many communities in Oaxaca.

Figure 1. (A) Habitat of Prosthechea karwinskii, an oak forest in San Pedro y San Pablo Teposcolula,
Oaxaca. (B) Prosthechea karwinskii growing in situ as a hanging epiphyte on Quercus sp. in Santo
Domingo Yanhuitlan, Oaxaca. Photographs by R. Solano.

In most of the localities where P. karwinskii grows, it is locally scarce and survives
in forest fragments surrounded by a matrix of environments modified by anthropogenic
causes (conversion into crop fields, human settlements, opening of new roads, goat farming).
In Oaxaca, the most abundant populations of the species occur, but they face the risk of
extraction for temporary adornment in local trade [8-10], for religious purposes [8], and
to a lesser extent, for medicinal use [4]. This practice occurs annually, mainly during the
species’ flowering season, leading to its inclusion in the list of species of Mexican wild flora
at risk [11]. For other epiphytic orchids growing in the mountain forests of Mexico, it has
been demonstrated that extraction for local trade has effects on species subjected to this
practice, such as reductions in population size and rates of fertility and recruitment, as well
as loss of genetic diversity [12-15].

In the localities of P. karwinskii in Oaxaca, variation has been observed in some floral
traits, such as flower size and coloration, the shape of the labellum, and the shape of the
apical teeth of the column. This leads to the assumption of the existence of intraspecific
variation, at least among populations in the state, which has not been analyzed either
through the use of morphological or molecular markers. The analysis of this variation will
be important for identifying morphotypes with ornamental potential and desirable in a
management program, recognizing phytogenetic diversity present in the species, identify-
ing forms or subspecies within the orchid, as well as determining a possible geographical
pattern associated with morphological variation.

Morphometric studies have been employed in some species of Orchidaceae, primarily
analyzing variation associated with floral morphology [16-22], although vegetative mor-
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phology has also been considered, including attributes of leaf anatomy [17,22]. Studies
in this regard seek to find intraspecific differences [18,23] and interspecific differentia-
tion to delimit similar taxa considered as cryptic species [16,22], recognize taxa of hybrid
origin [24], or identify morphotypes with phytogenetic value [19,20]. The quantitative
analysis of characters identified in the labellum has been valuable for recognizing and
characterizing intraspecific variation in orchids [19,20], although the use of traits present in
other floral structures has also been useful [18]. Morphometry has also been used to trace
the geographical origin of samples of unknown origin, particularly for species or products
of economic importance [25-30]. Although various sources of information (e.g., genetic
and chemical) and analytical tools can address this issue, the use of multivariate methods
with morphological characters offers the advantage of low cost [27-30] and relatively easy
data collection for a large number of individuals [26,27]. However, this topic is analytically
complex and requires caution in its implementation and interpretation due to the need for
a robust reference and the requirements of the analyses [26,28].

The objective of this study was to analyze the variation among populations from
different localities in Oaxaca, Mexico, and to identify variables with taxonomic potential,
through a morphometric analysis. Additionally, an attempt was made to determine if
this set of characters allows relating specimens extracted from their habitats and whose
origin is unknown, which were recovered after having had a religious use. Predictions
for this study are as follows: (1) the floral morphology of P. karwinskii, analyzed using
morphometric methods, will allow us to recognize the interpopulation variation of the
species; and (2) the floral traits of P. karwinskii could serve as a morphological marker to
associate the geographical origin of specimens from unknown localities.

2. Results
2.1. ANOVA and Kruskal-Wallis Tests

Most of the 40 floral variables analyzed with ANOVA showed significant differences
among the localities of P. karwinski (Table 1). However, the characters lengths between
maximum width and apex (SlLa) and angle at the apex (S1Aa) of the lateral sepal, width at
1/3 (SdA1), length between maximum width and apex (SdLa), and angle at the apex (SdAa)
of the dorsal sepal, and width at the base of the middle lobe of the labellum (LaAbm)
did not show significant differences among localities. The specimens from Teposcolula
exhibited the highest values for the length and width of floral segments, which determine
flower size, such as total length (SILt) and maximum width (S1Am) of the lateral sepal,
total length (SdLt) and maximum width of the dorsal sepal (SdAm), total length (PeLt)
and maximum width (PeAm) of the petal, total length (LaLt) and maximum width (LaAm)
of the labellum, and total length of the column (CoLt) (see Table S1). In contrast, the
specimens from Sola_Rancho Viejo appeared to have the smallest flowers, as characters
like total length (SdLt) and maximum width (SdAm) of the dorsal sepal, total length (PeLt)
and maximum width (PeAm) of the petal, total length (LaLt), and maximum width (LaAm)
of the labellum showed the lowest values (see Table S1). Additionally, the locality of
Albarradas showed the highest values in two characters of the labellum (LaAml, LaA1l), in
the separation between the teeth of the column (AnDIDm) and in the width of the cuniculus
near the base (CuAl). However, it presented the lowest values for one character of the petal
(PeAa), two in the labellum (LaAul, LaAlm) and three in the teeth of the column (DIA],
DIAn, DmALI).

The Kruskal-Wallis test revealed significant differences among localities (df = 11,
p-value < 0.05) for the thickness at the middle part (CoGm, X? = 39.759) and the anther level
of the column (CoGa, X? = 40.521), and width of its middle tooth (DmAn, X? = 27.5236).
However, there were no differences among localities (df = 11, p-value > 0.05) for the apex
angle of the middle lobe of the labellum (LaAam, X2 = 18.374) and width of the column at
the stigma level (CoAe, X? = 17.823). The specimens from Teposcolula and Sola_El Lazo
recorded the highest values for the thickness of the column at the anther level (CoGa),
while the individuals from Zaachila and Albarradas had the lowest values for this character
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(Table S1). For thickness at the middle part of the column (CoGm), the individuals from
Teposcolula had the highest value. For the width of the middle tooth of the column (DmAn),
the individuals from Sola_El Lazo had the highest value, while those from Albarradas had
the lowest value.

Table 1. Results of the analysis of variance (ANOVA) for 40 of the 45 floral characters that met the
assumption of normality recorded in 185 individuals from 12 expanded populations of Prosthechea
karwinskii, including Zaachila. df = degrees of freedom, ss = sum of squares, ms = mean square.
Differences are significant at p < 0.05, number of asterisks indicates increasing levels of significance,
a dot indicates that the test value was not significant.

Variable df ss ms F-Value p-Value Significance
SILt 11 1546 140.51 3.214 <0.001 ok
SIAm 11 120.4 10.944 2.213 0.015 *
SIA1 11 127.1 11.552 2.096 0.022 *
S1A2 11 135.1 12.278 2.209 0.022 *
SlLa 11 463 4213 1.35 0.201
SlAa 11 1846 167.86 1.702 0.076 .
SdLt 11 2005 182.27 4.338 <0.001 ok
SdAm 11 142 12.913 2.262 0.013 *
SdA1 11 121.9 11.084 1.72 0.072 .
SdA2 11 137.1 12.462 2177 0.017 *
SdLa 11 467 42.47 1.718 0.072
SdAa 11 2178 198 1.513 0.130 .
PeLt 11 1777 161.52 4.154 <0.001 ok
PeAm 11 516.8 46.98 3.065 <0.001 R
PeAl 11 473.5 43.05 3.222 <0.001 ok
PeA2 11 351.4 31.95 2.592 0.004 **
PeLa 11 515.5 46.86 2.643 0.003 **
PeAa 11 8608 862.5 4.436 <0.001 i
LaLt 11 2123 193 4.351 <0.001 ok
LaAm 11 677 61.55 2.497 0.006 **
LaLl 11 678 61.63 2.99 0.001 **
LaAml 11 3.817 0.347 4.113 <0.001 ok
LaAll 11 172.9 15.714 3.881 <0.001 e
LaAul 11 14463 1314.8 9.014 <0.001 ok
LaAlm 11 3.817 0.347 4.113 <0.001 ok
LaLm 11 5.668 0.5152 4.874 <0.001 ok
LaAbm 11 172.6 15.695 1.839 0.050
LaAmm 11 169.7 15.423 1.816 0.054 .
CoLt 11 262.2 23.836 6.174 <0.001 R
CoAl 11 46.92 4.266 2917 0.001 **
RoAl 11 48.02 4.366 3.471 <0.001 ok
RoAn 11 42.36 3.85 2.119 0.016 *
DIAl 11 95.07 8.642 14.04 <0.001 ok
DIAn 11 27.24 2.4768 3.08 0.008 **
DmAl 11 109.69 9.972 18.58 <0.001 R
AnDIDm 11 12.45 1.1315 6.602 <0.001 ok
CulLt 11 112.9 10.264 2.263 0.013 *
CuAm 11 12.1 1.1 3.215 <0.001 e
CuAl 11 1.27 0.11542 3.472 <0.001 ok
CuA2 11 7.75 0.7046 2.245 0.014 *

2.2. Multivariate Analyses (PCA, CVA, and Cluster Analysis)

Both the PCA and CVA produced similar results whether the samples obtained in
Zaachila were excluded or included. Therefore, for both methods, only the results of
the analyses including the floral samples obtained from this community in Oaxaca are
presented. For the final analyses (PCA and CVA), 185 individuals and 33 morphological
variables of P. karwinskii were included.
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The PCA showed that eight principal components had eigenvalues > 1.0, which
together accounted for 71.91% of the total variance (Table 2). Among the eight components
that retained the highest percentage of variance, the first one explained a third of it (33.51%)
and was more correlated with variables related to floral size. Specifically, the maximum
width of the labellum (LaAm), the petal (PeAm), and the lateral sepal (SIAm) were the
most important variables in the morphological patterns observed in this axis. This analysis
showed a high overlap among individuals from different populations; however, some
individuals from Teposcolula and the populations of Yanhuitlan, Etla, and Sola_Rancho
Viejo appeared at the extremes (Figure 2).

Table 2. Contribution between variables and axes with eigenvalues > 1.00 of PCA (18 populations,
including Zaachila) and CVA (12 expanded populations) of Prosthechea karwinskii from Oaxaca,
Mexico. Values in bold correspond to the three highest for each axis (A).

Variable PCA (1 =185) CVA (1 =185)

Al A2 A3 Ad A5 A6 A7 A8 Al A2 A3
SILt —0.835 0.367 0.015 0.063 0.114 0.132 0.030 0.031 —0.128  —0.941  —0.066
SIAm —0.852 —0.089  —0.055  0.070 —0247  0.085 0.067 —0.019  —0551 0230 —0.146
SlLa —0.671 0.369 —0.209  0.087 —0.050  0.187 —0.059  —0.117 0435 —0.159  —0.004
SlAa —0.281 —0.701  0.027 0.372 —0.134  0.054 —0.001 —0.050 0411 0.241 0.222
SdLa —0.657 0.403 —0.166  0.028 —0.041  0.161 —0.051 —0242  —0230  0.006 0.112
SdAa —0.174 —0.696  —0.001  0.407 —0.121  —0.033  0.056 0.161 —0242  —0.121 —0.024
PeAm —0.853  0.104 —0.045  0.114 —0.221  0.025 0.059 0.092 0.062 0.352 —0.007
PeLa —0.706 0.407 —0.128  0.124 0.002 0.043 0.032 —0.164  0.082 —0.188  0.205
PeAa —0.176 —0632 0114 0.457 0.059 0.189 0.016 0.129 0.341 —0.104  0.191
LaLt —0.827 0.323 0.106 0.103 0.121 0.063 —0.067  0.153 0.158 1.015 0.088
LaAm —0.861  0.069 0.069 0.236 —0.244  —0.081  —0.007  0.081 0.291 —0.420  0.480
LaLl —0.804 0.201 0.147 0.205 —0.006  —0.021  —0.040  0.150 0.143 0.241 —0.436
LaAml —0.630 0.199 0.145 0.204 -0376  —0276  —0.052  0.184 —0533  0.040 —0.050
LaAul 0.251 —0.043  —0518  —0.069  0.206 0.137 0.018 —0.242  0.082 —0230  0.628
LaAlm —0.074 0.020 —0.022  -0.010 0474 0.441 0.375 0.404 0.034 —0.040  0.157
LaLm —0.604 0.329 0.096 0.049 0.147 0.192 —0.094  —0.031 0227 —0273  —0.064
LaAmm —0.661 —0.047  —0018  0.131 —0.121 0270 0.028 —0.166  —0432  —0.050  —0.139
LaAam 0.016 —0.220  0.070 0.026 —0.102 0458 —0.717  —0.011  0.049 —0.104  —0.053
CoLt —0.622 0.168 —0.107  0.016 0.249 —0313  —0.037  0.161 —0.152 0557 —0.050
CoAe —0.729 —0390  —0297  —0277  —0.039  —0.125  0.024 0.078 —0497  —0334  0.034
CoAl —0.711 —0.311 —0327  —0208  —0.065  0.094 0.204 —0.065  0.031 —0.074  —0.076
CoGa —0.750 —0274  —0345  —0.195  —0.002  —0.090  0.233 —0.026  0.081 0.142 0.484
RoAl —0.394 —0.147  —0248  —0.405  0.094 —0.156  —0.488  0.207 —0327  —0.198  0.354
RoAn —0.588 —0372  —0350  —0.404  0.009 —0062  —0.121  0.145 0.285 0.219 —0.269
DIAl —0.339 0.008 0.067 0.189 0.580 —0345  —0.163  0.260 0.162 0.594 0.339
DIAn —0.543 —0.199  —0204  0.021 0.137 —0316  0.028 —0297 —0240  —0393  0.309
DmAl —0.252 —0.253  0.140 0.261 0.505 0.237 —0.057  —0.193  0.950 —0243  —0.160
DmAn —0.494 —0329  —0.09  —0.040  0.262 0.044 —0.071 —0.283  0.108 —0213  —0.342
AnDIDm —0.089 —0.043  0.019 —0489  —0278 0463 0.081 0.314 —0311  —0402  —0.360
CuLt —0.466 —0.051  0.303 —0273 0306 0.073 —0.035  —0.019  —0.098 0211 —0.088
CuAm —0.424 —0.186  0.651 —0.201 —0.088  —0.131 —0.102  —0.133  0.144 0.206 —0.107
CuAl —0.486 —0.126  0.647 —0315  0.108 0.013 0.117 —0.088 0217 0.221 —0.202
CuA2 —0.484 —0218  0.622 —0356  —0.026  —0.042  0.146 —0169  —0.096  —0.088 0016
Eigenvalue 11.06 3.16 2.35 1.93 1.65 142 1.13 1.03 3.29 1.96 1.27
Accumulated 35 5y 43.10 50.23 56.09 61.08 65.37 68.80 71.91 33.56 53.52 66.46

variance (%)

In the CVA, three canonical axes had eigenvalues > 1.0 and together explained 66.46%
of the total variance (Table 2). The first canonical axis explained 33.56% of the variance and
reflected a greater contribution of the height of the middle tooth of the column (DmALl),
the maximum width of both the lateral sepal (SIAm) and the lateral lobe of the labellum
(LaAml). On this axis, there was a clear separation of individuals from the Albarradas
population from the other populations (Figure 3A). The samples from Jaltianguis and
Yahuiche showed less dispersion along the first three canonical axes and overlapped
with each other. Along axis 1, individuals from these two populations were completely
separated from Etla and Zaachila (except for one individual from Jaltianguis). Axis 1
also showed a complete separation of the samples from Zaachila from those from Juquila
and the populations of Sola (El Lazo and Lachixio), with only a marginal overlap with
the remaining Sola population (Rancho Viejo) and Tlaxiaco. Except for one individual,
Teposcolula was also almost completely separated from Zaachila and Etla.
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Principal component 1 (33.51 %)

Albarradas

Etla

Jaltianguis
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Sola_El Lazo
Sola_Lachixio
Sola_Rancho Viejo
Sola_San Agustin
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Teposcolula
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Figure 2. Representation of axes 1 and 2 of the PCA resulting from the variation of 33 floral variables
in 185 individuals of Prosthechea karwinskii from 18 localities (including Zaachila) in Oaxaca, Mexico.
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Figure 3. Representation of the axes 1-2 (A) and 1-3 (B) of the CVA resulting from the variation
of 33 floral variables in 185 individuals of Prosthechea karwinskii from 12 expanded populations in
Oaxaca, Mexico. See Section 4 to see how the expanded populations were integrated.

The second axis explained 19.96% of the variance and showed a greater contribution
from the total length of both the labellum (LaLt) and the lateral sepal (SILt), as well as the
height of the lateral tooth of the column (DIAl). On axis 2, individuals from the Yahuiche
and Jaltianguis populations were completely separated from Tlaxiaco and Teposcolula
(Figure 3A) and present a marginal overlap with Juquila and Sola_El Lazo. On this axis, Yan-
huitlan is completely separate from Teposcolula and partially overlaps with Sola_Rancho
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Viejo. The third axis accounted for 12.94% of the variance and had as the most important
variables the angle between the lateral lobe and the claw of the labellum (LaAul), the
thickness of the column at the level of the anther (CoGa) and the maximum width of the
labellum (LaAm). On this axis, the separation of individuals from Albarradas from all
other populations was again highlighted (Figure 3B), as seen on axis 1. Along the first three
axes, the samples from Zaachila showed greater overlap with those from the populations
of Yanhuitlan and Etla (Figure 3).

The cluster analysis also revealed the high morphological divergence of Albarradas
population (Figure 4). In the UPGMA dendrogram, this population was externally linked
to the group containing the remaining populations. This latter group is divided into three
subgroups: the first formed by intermixed populations from the southern regions of Oaxaca
(Sola_El Lazo and Juquila) and two populations from the Mixteca (Teposcolula and Tlaxi-
aco); the second includes the remaining populations from Sola de Vega (Sola_Rancho Viejo
and Sola_Lachixio) nested between those of the Sierra Norte (Jaltianguis and Yahuiche);
and the third subgroup comprises Zaachila linked to Yanhuitlan, with Etla also joined
to them.

Sola_El Lazo

Juquila —

Teposcolula

Tlaxiaco

Jaltianguis

Sola_Rancho Viejo
Sola_Lachixio |
Yahuiche —

Etla

Yanhuitlan

Zaachila

Albarradas

0 10 20 30 40 50 60

Linkage Distance

Figure 4. Phenogram showing the relationships between 12 expanded populations of Prosthechea
karwinskii from Oaxaca, Mexico. The dendrogram was constructed using the UPGMA clustering
algorithm and the squared Mahalanobis distances between the population centroids, calculated from
33 floral variables.

3. Discussion
3.1. Morphological Variation in Natural Populations of Prosthechea karwinskii

Plants have the ability to modify their phenotype in response to environmental condi-
tions. However, the variation within a species due to the environment is expected to be
smaller and more limited in floral characters compared to vegetative ones, since the former
are related to reproductive success and must maintain their function [31,32]. The variation
in floral morphology can be interpreted as an adaptation to selection by different polli-
nators [33,34]. Interactions between plant-pollinators and climatic influence can explain
the variation in floral traits, suggesting that the variation expressed on them is a product
of an adaptive response [35]. However, other processes can produce divergence among
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geographically separated populations of flowering plants, such as random genetic drift,
isolation, indirect selection, and genetic factors [36,37]. Because floral traits are considered
phenotypically more stable than vegetative ones, their variation tends to be less within
populations, making them valuable for recognizing infraspecific variation [19,23]. Studies
evaluating infraspecific morphological variation in orchids have so far been conducted
using floral traits and have generally been useful in identifying such variation [16-25].

Of the floral characters evaluated in the ANOVA, most (38 out of 40) showed signifi-
cant variation among the populations of P. karwinskii analyzed here, as demonstrated by
the ANOVA and Kruskal-Wallis tests. Of the other five floral characters that did not show
normality and were evaluated with the Kruskal-Wallis test, three of them (corresponding
to the column) showed significant differences among populations (thickness in the middle
part, thickness at the level of the anther, and width of the middle tooth). These tests identi-
fied Teposcolula (Mixteca region) as the population in Oaxaca that includes individuals
with the largest flowers (showing the highest values for sepal, petal, and labellum length
and width), while those from Sola_Rancho Viejo (Sierra Sur region) include individuals
with the smallest flowers. Among orchids of ornamental value, specimens with larger
flowers are preferred for cultivation and are selected as mother plants or as parents for
artificial hybrids. Since P. karwinskii is an orchid appreciated for its ornamental value,
the Teposcolula population holds greater importance in horticulture compared to other
localities in Oaxaca.

The PCA conducted with the set of floral characters for P. karwinskii showed a high
overlap between individuals from the 17 sampled locations and those obtained from
Zaachila. Thus, it seems that the traits of floral morphology do not allow for detecting
differences between populations, or their number is not sufficient to discriminate the in-
fraspecific variation of P. karwinskii. Nevertheless, along the axis that accumulated the
highest percentage of variance, several individuals from Teposcolula and Yanhuitlan appear
at the extremes. The characters associated with this pattern were related to the width of the
perianth segments (labellum, petal and lateral sepal). Among all the populations analyzed,
Teposcolula has the widest segments, while Yanhuitlan, Etla, and Sola_Rancho Viejo have
the narrowest segments, as also revealed by the univariate analyses. Ibafiez [27] suggested
that complex patterns revealed through multivariate analyses of morphological data may
be associated with the life history of the organisms. The localities of Teposcolula and
Yanhuitlan host two of the largest populations of the species in Oaxaca, where the highest
percentage of individuals are reproductive. Possibly, these two populations present high
levels of genetic variation, which could be related to how their individuals are dispersed
in the PCA graph. Other studies that have evaluated interspecific [17,22] or intraspecific
variation [23] in orchids have also not found differentiation between populations that are
geographically separated when analyzing floral characters with PCA. Such results are
common given the method’s assumptions, particularly the lack of a priori categorization
into groups that would typically minimize intragroup variance and maximize intergroup
variance [38]. However, this multivariate method has been useful for recognizing mor-
photypes in orchid species represented by wild specimens [20] or cultivated ones [19,25]
in Mexico.

The analysis of P. karwinskii’s floral morphology with the CVA and cluster analysis
were informative for discriminating infraspecific variation. These analyses showed that
individuals from Alabarradas are well separated from the rest of the localities. Differences
in the teeth of the column discriminate these individuals from those from other localities.
Additionally, individuals from Jaltianguis and Yahuiche showed low dispersion and tended
to overlap with each other. This morphological pattern is congruent with geography since
these two locations are very close to each other in the region known as Sierra Norte of
Oaxaca. Interestingly, individuals from Etla, the locality closest to the previous two, tend to
show low dispersion among themselves and separate from those of Jaltianguis-Yahuiche.
The morphological differentiation that is present with respect to Teposcolula is more
expected. The CVA showed that the variables with the greatest contribution are traits of
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the column (height of the middle and the lateral teeth, and thickness at the level of the
anther), lateral sepal (maximum width, total length), labellum (maximum width of the
lateral lobe, total length, angle between the lateral lobe and claw, and maximum width).
Due to the nature of the characters revealed by the analyses as the most important for
the morphological patterns of the species, these traits could be related to the attraction of
pollinators, as has been hypothesized in other studies analyzing morphological variation
in other plants [22,39]. We recommend paying attention to the most important variables
presented in this work, as they can be useful as taxonomic markers at the intraspecific level
and possibly at the level of the Prosthechea citrina complex, the species group to which P.
karwinskii belongs.

The population of Albarradas turned out to be the most differentiated among those
of P. karwinskii from Oaxaca. The individuals from this locality exhibit the lowest height
of the middle and lateral teeth of the column, the smaller angle between the lateral lobe
and claw of the labellum and the thinnest thickness of the column at the level of the
anther. Additionally, they have the greatest maximum width of the lateral lobe of the
labellum. This population could be recognized as a variety or geographic form of the
species, geographically isolated in the central part of the state of Oaxaca. Moreover, the
locality of Albarradas is a priority for the conservation of the species, as it represents
a unique morphological variant. Unfortunately, the forest where this form grows in
Albarradas hosts one of the least numerous populations of this orchid in Oaxaca. It will be
interesting to verify if the morphological differentiation of the Albarradas population is
related to genetic differentiation, as has been corroborated for other orchid species using
vegetative characters [17].

3.2. Morphological Patterns of Zaachila Flowers of Unknown Origin

Among the natural populations of P. karwinskii used as reference in this study to
compare flowers obtained from Easter celebrations in Zaachila (2017-2019), morphometric
analyses revealed greater overlap and morphological similarity between the Zaachila
material and populations from Yanhuitlan and Etla. Flowers from Zaachila are distinct
from those in Albarradas, Jaltianguis and Yahuiche (Sierra Norte), Teposcolula (Mixteca),
Juquila and Sola_El Lazo (Southern mountains of Oaxaca). Conversely, Zaachila specimens
exhibit varying degrees of overlap with individuals from the Sierra Sur (Sola_Lachixio and
Sola_Rancho Viejo) and Mixteca (Tlaxiaco) regions. While the species is relatively common
across various forests in Oaxaca, our inference suggests that individuals rescued from
Zaachila could come from the Mixteca or vicinity of Etla. However, the available material
spans more than one year of festivities, indicating participants likely gathered flowers from
multiple locations over three years. The findings presented are specific to the study period,
and we caution that they may vary annually depending on where extraction occurs.

Morphometric methods have been successfully employed to determine the unknown
origins of organisms in various animal groups, utilizing live specimens, preserved in
museums or commercialized [26-30]. However, they are relatively unexplored in plant
species for this purpose. This study represents an initial attempt to infer the origins of
Zaachila individuals based on morphological data. We point out the challenges (even
with other types of data, e.g., genetics), including potential variance due to collection from
multiple localities during the sampling period, gaps in samples from other distribution
sites [26,28], and varying population sizes [40], which are intrinsic to orchids and other
epiphytes [41].

Several populations studied here are situated in areas where specimens are harvested
for local markets and religious use [3,8,9], impacting genetic variability and effective pop-
ulation sizes, as well increasing the chances of experiencing inbreeding depression and
bottleneck events [13-15]. Genetic analysis could help elucidate the causes of floral mor-
phological variation in P. karwinskii and its biogeographical patterns, though correlations
between genetic and morphological variability are not always straightforward.
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Mexico’s use of plants to satisfy aspects of the cultural and social life of local com-
munities is vast, given the high cultural and biological diversity [42—44]. Among them,
ceremonial uses constitute a cultural element of the people, making their transmission
important. However, the extraction of wild plants used in such ceremonies often has a
negative impact on their populations [45,46]. The conservation and use of wildlife are
controversial [47], but these topics must be addressed through collective strategies [45,48].
There are some preliminary initiatives for P. karwinskii [10,49]. These efforts motivate us to
develop collaborative conservation strategies that ensure the maintenance of the morpho-
logical and genetic variability of the species in regions most susceptible to flower extraction
for traditional uses, as well as in the communities where these extracted specimens are
destined. This will help guarantee the long-term preservation of both the species and its
cultural significance.

4. Materials and Methods
4.1. Biological Material

During the flowering season of P. karwinskii (March—April), localities (populations)
representing its distribution in Oaxaca were visited between 2015 and 2021. The geograph-
ical information of the sampled localities is presented in Table 3, while Figure 5 shows
their geographical distribution on a map of Oaxaca. In each visited locality, one flower
per individual was collected, ensuring they were on different host trees to avoid collecting
ramets from the same individual; the proximal flower on the inflorescence was chosen
when it had more than one. The sample size of each locality depended on the popula-
tion abundance and is indicated in Table 3. A voucher specimen (herbarium or spirit)
was prepared from each locality, which was deposited in the Herbarium OAX (acronym
according to [50]. Additionally, flowers rescued from specimens used as decorations in
Catholic temples during the Easter celebration in the Villa de Zaachila, Oaxaca (2017-2019)
were obtained. These samples, whose original locality is unknown, were obtained with
permission from the organizing committee of this commemoration in the community in
2019, once they were removed from the temples. Both the flowers collected in the field and
the rescued ones were preserved in a fixing solution of water (78%), ethanol 96% (21%),
lactic acid 85% (6%), benzoic acid (0.5% w/v), and glycerin (5%), and then deposited in
the Laboratory of Extraction and Analysis of Natural Products (CIIDIR Oaxaca, Instituto
Politecnico Nacional).

Table 3. Geographic information for the localities of Prosthechea karwinskii in Oaxaca, Mexico.
See Section 4.2 to know how the expanded populations were integrated. QF = Quercus forest,
QPF = Quercus-Pinus forest. n = number of individuals represented in the sample size per population.
The locality /population numbers correspond to those shown in the map of Figure 5. The species is
an orchid protected by Mexican environmental legislation; therefore, the coordinates of the localities
were omitted. NA = the data does not apply.

Number Locality/Population n Expanded Population (1) Elevation Vegetation
1 Amialtepec, Santa Catarina Juquila 14 Juquila (14) 2105 m QF
2 El Lazo, Sola de Vega 6 Sola_El Lazo (6) 1840 m QPF
3 El Vergel, Tlaxiaco 1 1900 m QPF
4 La Purisima, Tlaxiaco 1 2160 m QPF
5 San Mateo Pefiasco, Tlaxiaco 1 Tlaxiaco (15) 2150 m QF
6 Tlaxiaco 8 2160 m QPF
7 Santiago Nundiche, Tlaxiaco 4 2200 m QPF
8 Rancho Viejo, Sola de Vega 11 1838 m QF
9 San Agustin, Sola de Vega 10 Sola_Rancho Viejo (21) 2091 m QPF
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Table 3. Cont.

Number Locality/Population n Expanded Population (n) Elevation Vegetation
10 San Agustin, Etla 19 Etla (19) 1950 m QPF
11 San Pedro y San Pablo Teposcolula 13 Teposcolula (13) 2410 m QPF
12 El Vado—SanSSTb;;sh;a/n de las Grutas, 4 2100 m QF

ola de Vega Sola_Lachixio (20)
13 San Vicente Lachixio, Sola de Vega 16 2240 m QPF
14 Santa Maria Jaltianguis 11 Jaltianguis (11) 2164 m QPF
15 San Lorenzo Albarradas 6 Albarradas (6) 2230 m QPF
16 Santo Domingo Yanhuitlan 22 Yanhuitlan (22) 2400 m QPF
17 Yahuiche, Ixtlan de Juarez 19 Yahuiche (19) 2017 m QF
18 Zaachila 19 Zaachila (19) NA NA
LOCALITIES
1. Juquila 7. Tlaxiaco_Nundiche 13. Sola_Lachixio
2. Sola_El Lazo 8. Sola_Rancho Viejo 14. Jaltianguis
3. Tlaxiaco_El Vergel 9. Sola_San Agustin 15. Albarradas
4. Tlaxiaco_La Purisima 10. Etla 16. Yanhuitlan
5. Tlaxiaco_San Mateo Pefiasco 11. Teposcolula 17. Yahuiche
1 6. Tlaxiaco 12. Sola_San Sebastian  18. Zaachila
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Figure 5. Localities where individuals of Prosthechea karwinskii were sampled in Oaxaca, Mexico. See
Table 3 for additional information of the localities.

4.2. Selection of Floral Characters

Each flower of P. karwinskii was dissected into sepals, petals, labellum, and column
to select the characters used as variables in the morphometric analyses, according to
Borba et al. [18] and da Cruz et al. [23] with some modifications. Photographs (Canon
Rebel camera) were taken of the sepals, petals, and labellum, which were spread out as
shown in Figure 6A. The column was separated from the rest of the perianth for recording
the characters on this structure, as shown in Figure 6B. The ovary and column were
longitudinally sectioned to show the nectary or cuniculus and to record their characters,
as shown in Figure 6C. Since the flower of P. karwinskii has bilateral symmetry, only the
right-side sepal, petal, lateral lobe of the labellum, and lateral tooth of the column were
considered. A total of 45 characters were selected from these structures, of which 39 were
linear measurements and 6 were angles (Table 4, Figure 6). Each linear measurement was
taken with a digital caliper, and the angles were measured with a protractor. Missing
data in some individuals for certain characters, due to herbivory, were replaced with
the population average for that variable. The set of these continuous characters was
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recorded in a total of 185 individuals of P. karwinskii. Specimens rescued from Zaachila were
considered as a separate population. Specimens morphologically similar from populations
very close to each other (<5 km apart) were integrated as a single population (expanded
population); when a locality was represented by fewer than five specimens, they were
also integrated with those from the nearest locality, thus avoiding the effect of a non-
representative population. Due to this, the CVA and cluster analysis included 12 expanded
populations, as shown in Table 3.

o0

(o)

Figure 6. Floral structures showing the variables evaluated in the morphometric analyses of the
18 populations (including Zaachila) of Prosthechea karwinskii from Oaxaca, Mexico. (A) Flower dissec-
tion. (B) Lateral and ventral views of the column (C) Longitudinal section of the column and ovary,
showing the cuniculus. SI = lateral sepal, Sd = dorsal sepal, Pe = petal, La = labellum, Co = column,
DI = lateral tooth of the column, Dm = median tooth of the column, Cu = cuniculus. See Table 4 for
the names of the variables. Photographs by R. Solano.

Table 4. Floral morphologic variables of Prosthechea karwinskii and their coding used in the present
study. The number and code of these variables correspond to those shown in Tables 1 and 2, as well
as in Figure 6.

Floral Structure Variable Number Code
Total length 1 SILt
Maximum width 2 SIAm
Width at1/3 3 SIA1

Lateral sepal
Width at 2/3 4 SIA2
Length between maximum width and apex 5 SILa
Angle at the apex 6 SlAa
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Table 4. Cont.

Floral Structure Variable Number Code
Total length 7 SdLt
Maximum width 8 SdAm
Dorsal sepal Width at 1/3 9 SdA1
Width at2/3 10 SdA2
Length between maximum width and apex 11 SdLa
Angle at the apex 12 SdAa
Total length 13 PeLt
Maximum width 14 PeAm
Width at 1/3 11 PeAl
Petal Width at 2/3 16 PeA2
Length between maximum width and apex 17 PelLa
Angle at the apex 18 PeAa
Total length 19 LaLt
Maximum width 20 LaAm
Length of the lateral lobe 21 LaLl
maximum width of the lateral lobe 22 LaAml
Width at 1/3 of lateral lobe 23 LaAll
Labellum Angle between lateral lobe and claw 24 LaAul
Angle between lateral and middle lobes 25 LaAlm
Length of middle lobe 26 LaLm
Maximum width of middle lobe 27 LaAmm
Width at the base of the middle lobe 28 LaAbm
Angle at the apex of the middle lobe 29 LaAam
Total length 30 CoLt
Width at the stigma level 31 CoAe
Column Width at1/3 32 CoAl
Thickness in the middle part 33 CoGm
Thickness at the level of the anther 34 CoGa
Rostellum Height of the stigmatic cavity 35 RoAl
Width of the stigmatic cavity 36 RoAn
Height of the lateral tooth 37 DIAl
Width of the lateral tooth 38 DIAn
Teeth of the column Height of the middle tooth 39 DmAl
Width of the middle tooth 40 DmAn
Width of the gap between the middle and the lateral teeth 41 AnDIDm
Total length 42 CulLt
Maximum width 43 CuAm
Cuniculus Width at1/3 44 CuAl
Width at2/3 45 CuA2
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4.3. Statistial Analyses

An analysis of variance (ANOVA) and a Tukey test as a post-hoc analysis were con-
ducted to find significant differences among each of the 45 floral characters and the origin
locality of the individuals. Out of the 45 floral traits, 5 did not meet all the assumptions
for applying an ANOVA, including normality. To assess if there are differences between
populations for these five characters (angle at the apex of the middle lobe, thickness at the
level of the anther, thickness in the middle part, width at the stigma level, and width of the
middle tooth), a Kruskal-Wallis non-parametric test was applied, followed by Dunn’s test
with Bonferroni correction as a post-hoc analysis. These analyses were performed using R
2023.12.0 [51] in the stats package.

Multivariate analyses were implemented in Statistica 10 [52]. First, a correlation test
was conducted between all possible pairs of variables. Out of the 45 selected variables,
12 showed a correlation greater than 0.9 with each other and were therefore discarded
for further analyses. By floral structure, the discarded variables were from the lateral
sepal (width at 1/3 of its length, width at 2/3 of its length), dorsal sepal (total length,
maximum width, width at 1/3 of its length, width at 2/3 of its length), petal (total length,
width at 1/3 of its length, width at 2/3 of its length), labellum (width at 1/3 of its length,
width of the base of the middle lobe), and column (thickness in the middle part). The
remaining 33 characters were subjected to ordination analysis to evaluate morphological
variation among populations, which allowed identifying the most significant variables
for morphological patterns. To explore the data structure and detect possible outliers, a
principal component analysis (PCA) based on the correlation matrix (correlated variables
excluded) was performed. Since this exploratory analysis did not show the presence
of outliers, no individuals were removed from the analyses. Subsequently, a canonical
variate analysis (CVA) was performed using the expanded populations as categorical
variables. We used the standardized coefficients for canonical variables to identify the
most important in the observed patterns [18]. Both the correlation test, PCA, and CVA
were conducted including and excluding samples from Zaachila (of unknown origin). We
calculated a matrix of squared Mahalanobis distances between the expanded population
centroids (including Zaachila), using the expanded populations as the group variable and
the 33 floral variables. This matrix was used to perform a cluster analysis using UPGMA
(unweighted pair-group method) with arithmetic averages as the clustering algorithm.

5. Conclusions

Through morphometric analysis, we examined the intraspecific variation in the floral
morphology of P. karwinskii, identifying characters as potential taxonomic markers for the
species related to the P. citrina complex. Traits from lateral sepal, labellum, and column, are
useful for this purpose and they are related to the morphological patterns of P. karwinskii.
The majority of floral characters analyzed here varied significantly among populations of P.
karwinskii. The CVA was informative for discriminating the infraspecific variation in this
orchid, but the PCA was not. Albarradas harbors the most differentiated population of P.
karwinskii in Oaxaca, and it might be recognized as a variety or geographical form of the
species and thus considered a priority for conservation. The Teposcolula population has
value for horticultural management due to its individuals having the largest flowers in
this species.

The results show that the floral characters have the potential to associate specimens of
unknown origin with their probable geographical region. The individuals rescued in the
Zaachila group with those from Etla and Yanhuitlan suggest that the origin of the former
might be assigned to these two localities or others very close to them. Additional studies
are recommended to compare morphological variation with genetic and geographical
variation of the populations studied here. Finally, this study constitutes an initial attempt
to determine the unknown geographical origin of an orchid extracted for religious use by
Mexican communities. The method employed here is low-cost, allows the analysis of a
large number of individuals, and could be applied to other orchid species. However, the
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results must be interpreted with caution, as the accuracy of traceability depends on a good
reference and a careful analysis.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/plants13141984/s1, Table S1: Results of the ANOVA and
Tukey tests for the floral characters recorded in 12 expanded populations of Prosthechea karwinskii
from Oaxaca, including individuals rescued from Zaachila. The values in parentheses show the mean
+ standard error (in mm) for each floral variable recorded in each population. The populations
did not show significant differences among themselves when the value of the variable shared the
same script letter; when the script letter was different, there were significant differences between
populations (with p < 0.05). See Table 4 for variable names.
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Abstract: The genus Cymbidium, with its intricate floral elements, pronounced endemicity,
and patchy distribution, evolves a rich diversity of morphological forms and a wide variety
of species while causing an indistinctness in the classification of its species. To elucidate
the phylogenetic relationships among Cymbidium species and enhance their taxonomic
classification by DNA barcoding, this study conducted amplification and sequence results of
nuclear (ITS) and chloroplast genes (matK, rbcL, trnL-F, psbA-trnH) with phenotypic genetic
diversity analysis, genetic distance analysis, and phylogenetic analysis from 48 samples of
Cymbidium species. The comparison of genetic distance variations showed that psbA-trnH,
ITS + psbA-trnH, and ITS + matK + psbA-trnH exhibit minimal overlap and significant
genetic variation within Cymbidium species. The phylogenetic analysis indicated that
the combination, ITS + matK + psbA-trnH, has the highest identification rate. Notably,
both the phylogenetic analysis and the genetic diversity analysis of phenotypic traits
consistently indicated a clear divergence between epiphytic and terrestrial orchids, with
epiphytic orchids forming a distinct clade. This provides reference evidence for studying
the ecological adaptations and evolutionary differences between epiphytic and terrestrial
orchids, as well as a scientific basis for the classification and identification, germplasm
conservation, resource utilization, and phylogenetic evolution of orchids.

Keywords: Cymbidium; phenotypic diversity; DNA barcoding; classification identification;
affiliation

1. Introduction

Cymbidium Sw., a member of the Orchidaceae family within the Epidendroideae
subfamily, includes perennial herbs predominantly found in the tropical and subtropi-
cal regions of Asia, extending southward to Australia [1]. It stands as one of the most
prolific flowering families globally. The genus Cymbidium occupies a leading position in
orchid plants, with its scientific, economic, cultural, and social values being of paramount
importance. Notably, the terrestrial species (such as C. goeringii, C. faberi, C. ensifolium,
C. kanran, and C. sinense), colloquially known as ‘Guolan” in China, have been cultivated in
the country for over two millennia [2]. Since 1981, scholars have initiated the establishment
of orchid germplasm conservation nurseries in Zhejiang Province, with subsequent centers
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and nature reserves being set up in various provinces such as Guangxi, Jiangsu, and Guang-
dong, emphasizing the importance of enhancing and safeguarding orchid germplasm
resources [3]. This indicates that the preservation and utilization of orchid germplasm
resources in China have officially commenced. However, the widespread natural hy-
bridization phenomenon of Cymbidium species enhances the diversity of morphological
features but makes its classification ambiguous. Moreover, the nomenclature system for
Cymbidium resources lacks standardization, leading to frequent issues with synonyms and
homonyms [4]. The confusion between Latin and Chinese names, coupled with the out-
dated methods of information resource management, impedes the conservation, exchange,
utilization, and innovation of Cymbidium germplasm resources. These factors exacerbate
the difficulties in research classification and the study of genetic diversity within Cymbidium
species [5].

The infrageneric classification of Cymbidium was initially based on the classification
system proposed by Schlechter, which divided the genus into eight sections [6]. Scholars
initially categorized the genus Cymbidium into three subgenera, such as subgenus Cym-
bidium, subgenus Cyperorchis, and subgenus Jensoa [7]. Subsequently, Puy and Cribb [8]
and Liu et al. [9] made further discoveries regarding the classification of the genus and
conducted supplementary research and refinements. However, morphological character-
istics and their statistical descriptions are easily influenced by environmental variability,
making it challenging to distinguish Cymbidium species solely based on phenotypic traits.
Therefore, utilizing more stable and concise methods for the identification and classification
of Cymbidium species is extremely necessary.

DNA barcoding is a method of molecular identification that employs short, standard-
ized DNA sequences to swiftly ascertain the species of biological specimens [10-13]. In
2003, Hebert first formally proposed the concept of DNA barcoding at the first International
Conference on the Barcoding of Life (CBOL), introducing molecular biology techniques
into the broader realm of biological classification [14] and announcing it as an essential tool
for the identification of species across the globe. The Sloan Gene Society (2004) established
a consortium for the CBOL to develop a standard barcode process and a comprehensive
DNA barcode database and gradually extend DNA barcoding research to unknown species
and to develop a global standard for species identification [15]. At the Third International
Conference on DNA Barcoding in 2009, rbcL and matK were proposed as core barcodes
for terrestrial plants, with the rapidly evolving ITS and psbA-trnH sequences suggested as
supplementary barcodes for plant identification [16]. The Chinese Plant Barcoding Consor-
tium assessed the identification ability of psbA-trnH, ITS/ITS2 and rbcL + matK sequences
or combinations in 2011. The results showed that the ITS/ITS2 sequence could serve as the
core barcode for seed plants, with psbA-trnH emerging as a candidate barcode sequence [11].
In addition, previous studies have shown that a complete chloroplast genome can serve as
an effective tool for identifying Cymbidium species and resolving their phylogenetic rela-
tionships [17-19]. Despite some progress in these studies, the phylogenetic relationships
among many Cymbidium species remain controversial [20-22]. Therefore, more effective
molecular techniques are needed for further research on orchid species. As a form of
digital information, DNA barcoding technology holds significant value in taxonomy with
its accuracy, richness, and unique repeatability [12,23,24]. With the rapid advancement
of biotechnology, sequencing reactions are becoming more accessible and cost-effective,
facilitating the comprehensive construction of public sequence databases. Consequently,
DNA barcoding, with its speed and efficiency, is becoming increasingly practical [25]. Its
applications extend beyond taxonomy to include evolutionary ecology, food quality and
safety, forensic evidence, pharmacology, and other fields of identification.
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The application of DNA barcoding technology has greatly enriched the genetic infor-
mation of Cymbidium species, aiding in the exploration of plant morphological evolution
caused by genetic mutations and variations. Therefore, in order to resolve the taxonomic
ambiguities caused by the rich and diverse phenotypic variations, genetic variations, and
taxonomic confusion in Cymbidium, this study employed five single-DNA-fragment bar-
codes and four combined barcodes to conduct phylogenetic analysis on 48 plant materials
of Cymbidium. Concurrently, combined with morphological classification, we aim to iden-
tify superior and more precise DNA sequence markers for the classification of Cymbidium
species and comprehensively explore the affiliation and potential divergence of closely
related Cymbidium species across different life forms. This study aspires to tackle theoretical
challenges in the classification of Cymbidium species, lay a foundation for clarifying the
genetic variation of Cymbidium, and provide basic technical support for regulating and
managing orchids that can be used in legal trade, as well as for accurately determining the
geographical origin of unknown specimens in illegal trade.

2. Results
2.1. Analysis of Amplification Success Rate and Sequence Characteristics

We initially employed five barcode sequences to amplify and sequence 48 samples
of Cymbidium species. The findings demonstrated a 100% success rate in amplifying the
five DNA barcodes (Table 1), along with a 100% success rate in sequencing matK and rbcL
genes. Additionally, the ITS, psbA-trnH, and trnL-F genes exhibited a sequencing success
rate of 95.8%, resulting in obtaining ideal sequences from 46 samples. These results indicate
that the amplification and sequencing outcomes of these five barcodes were satisfactory,
rendering them suitable for subsequent research on Cymbidium using DNA barcoding.

Table 1. Amplification and sequencing of DNA barcoding.

DNA Number Number of Amplification Number of Sequencing
Successful Successful
Barcodes of Samples e Success Rate Success Rate
Amplifications Sequences
ITS 48 48 100% 46 95.8%
matK 48 48 100% 48 100%
rbcL 48 48 100% 48 100%
psbA-trnH 48 48 100% 46 95.8%
trnL-F 48 48 100% 46 95.8%
Among the single sequences, the analysis of each barcode sequence (Table 2) revealed
that the length of sequence alignment was ordered as follows: ITS > psbA-trnH > matK >
trnL-F > rbcL. The GC content, ranked from highest to lowest, was ITS > rbcL > rnL-F >
psbA-trnH > matK. Considering the percentage of each site relative to the total length, ITS
exhibited the greatest variability, while rbcL showed the highest level of conservation. In
summary, ITS has the potential to become the DNA barcode of Cymbidium species.
Table 2. The sequence features of the DNA barcoding.
Sequence Information ITS matK rbecL trnL-F psbA-trnH
Comparison length (bp) 885 861 645 775 865
GC content (%) 63.6% 31.1% 41.1% 34.62% 33.36%
Conserved site 672 (75.93%) 784 (91.06%) 627 (97.21%) 721 (93.03%) 732 (84.62%)
Total variation sites 165 (18.64%) 73 (8.48%) 17 (2.64%) 23 (2.97%) 96 (11.10%)
Parsimony-informative site 49 40 10 11 74
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Among the combination sequences, the results (Table 3) indicated that the ITS + matK
+ psbA-trnH sequence yielded the longest sequence alignment length, and the ITS + psbA-
trnH sequence resulted in the shortest sequence alignment length. The GC content, when
ranked from highest to lowest, was as follows: ITS + psbA-trnH > ITS + matK > psbA-trnH +
ITS + matK > matK + psbA-trnH. Considering the percentage of variation sites to the length,
the highest proportion was ITS + psbA-trnH (17.8 %), followed by ITS + matK (17.7 %), with
a very minimal difference between them. In terms of the percentage of conserved sites
to the length, the proportion of matK + psbA-trnH was the highest (87.8 %), followed by
ITS + matK + psbA-trnH (83.8 %). Based on the above information, it was concluded that
ITS + psbA-trnH exhibited the greatest variability, while the matK + psbA-trnH showed the
strongest conservation.

Table 3. DNA combination barcode sequence characteristics.

Sequence Information ITS + matK matK + psbA-trnH ITS + psbA-trnH ITS + psbA-trnH + matK
Comparison length (bp) 1716 1726 1720 2581
GC content (%) 48.1% 32.5% 50.3% 43.6%
Conserved site 1399 (81.53%) 1516 (87.83%) 1367 (79.48%) 2162 (83.77%)
Total variation sites 303 (17.66%) 169 (9.79%) 306 (17.79%) 368 (14.26%)
Parsimony-informative site 124 114 154 188
Single polymorphic loci 179 54 151 179

2.2. Analysis of Barcoding Gap

The ITS, matK, psbA-trnH, rbcL, and trnL-F all produced correct sequencing signals and
were used for resolution analyses. The results of genetic distance for the five single-segment
barcodes (Table 4) indicated that the average intraspecific genetic distance, from largest to
smallest, was ordered as ITS > psbA-trnH > matK > trnL-F > rbcL, and the average interspecific
genetic distance followed the same order: ITS > psbA-trnH > matK > trnL-F > rbcL. The smallest
genetic distance, both interspecific and intraspecific, was observed for rbcL. The barcode ITS
exhibited larger interspecific and intraspecific genetic distances, and the average interspecific
genetic distance for each barcode was greater than the average intraspecific genetic distance.
Based on the above information, ITS displayed the highest level of genetic variation, followed
by psbA-trnH, while rbcL showed the lowest level of genetic variation.

Table 4. Comparison of genetic distance differences of single-segment DNA barcodes.

DNA Intraspecific Genetic Distance Interspecific Genetic Distance
Barcodes Minimum Maximum Mean Minimum Maximum Mean
ITS 0 0.09657 0.01759 0 0.14136 0.02890
matk 0 0.02262 0.00335 0 0.03115 0.01208
rbcL 0 0.00782 0.00088 0 0.01731 0.00424
trnL-F 0 0.00980 0.00168 0 0.02004 0.00434
psbA-trnH 0 0.02128 0.00513 0 0.04525 0.01588

Among the combined barcode genetic distance (Table 5), the findings revealed that
the order of average intraspecific genetic distance was ITS + psbA-trnH > ITS + matK > ITS
+ matK + psbA-trnH > matK + psbA-trnH. The order of average interspecific genetic distance
was ITS + psbA-trnH > ITS + matK > ITS + matK + psbA-trnH > matK + psbA-trnH. The largest
interspecific and intraspecific genetic distance was observed for the ITS + psbA-trnH, with
the smallest one, matK + psbA-trnH. The average interspecific genetic distance of barcodes
in each combination was greater than the average intraspecific genetic distance. Based
on the above information, it is evident that ITS + psbA-trnH exhibited a relatively large
variation in intraspecific genetic distance, followed by ITS + matK.

112



Plants 2025, 14, 619

In this study, we plotted the distributions of interspecific and intraspecific genetic dis-

tances for five barcode sequences to evaluate the barcoding gap among different barcodes.

The results showed that there is a certain overlap in the distribution of interspecific and in-

traspecific genetic distances of DNA barcodes in Cymbidium species, but the overlap of ITS and

psbA-trnH barcodes is minimal and skewed towards the extremes compared to other barcodes,
with the psbA-trnH sequence showing the least overlap (Figure 1). In summary, pshA-trnH
and ITS sequences are relatively suitable for the identification of Cymbidium species.
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Figure 1. Barcoding gap distribution of five monolithic segments. (a) ITS; (b) matK; (c) psbA-trnH;
(d) rbcL; and (e) trnL-F.

The genetic distance distribution plots of the four combined barcodes reveal that
there are certain overlaps in the genetic distance distributions between intraspecific and
interspecific barcodes for these combined barcodes (Figure 2). However, the variations in
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intraspecific genetic distance are primarily concentrated on the lower end of the value spec-
trum, while the variations in interspecific genetic distance are predominantly on the higher
end. Among them, the ITS + psbA-trnH and ITS + matK + psbA-trnH barcode combinations
exhibit a trend of bidirectional dispersion in their distribution, with less overlap compared
to other barcode combinations, which could become a focus of subsequent research.

Table 5. Comparison of genetic distance differences of DNA combination barcodes.

Intraspecific Genetic Distance Interspecific Genetic Distance

DNA Barcodes . . . . .
Minimum Maximum Mean Minimum Maximum Mean
ITS + matK 0 0.04979 0.01041 0 0.07025 0.02025
ITS + psbA-trnH 0 0.04855 0.01147 0 0.09987 0.02258
matK + psbA-trnH 0 0.02387 0.00409 0 0.04290 0.01366
ITS + matK + psbA-trnH 0 0.03395 0.00824 0 0.06201 0.01841
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Figure 2. Barcoding gap distribution of four DNA barcode combination sequences. (a) ITS + matK;
(b) ITS + psbA-trnH; (c) matK + psbA-trnH; and (d) ITS + matK + psbA-trnH.

2.3. Phylogenetic Analysis

To assess the genetic diversity of the Cymbidium species, a phylogenetic tree was

constructed using different barcode regions and analyzed using the best match and best
close match methods. In terms of the single-barcode identification rate, the ITS region
exhibited the highest success rate at 41.66 %, followed by psbA-trnH at 41.30 %, and rbcL
with the lowest value of 4.16 %. Combinations of two regions, such as ITS + psbA-trnH,
demonstrated the lowest success rate of species discrimination at 43.47%. On the
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other hand, the highest species discrimination success was observed in combinations of
ITS + matK + psbA-trnH, which showed a success rate of 55.55% (Table S1), followed by
matK + psbA-trnH at 52.17%. The combination barcodes yielded a higher identification rate
than individual barcodes due to the low level of variation in the rbcL and trnL-F region.

Incorporating both sequence feature analysis and genetic distance analysis, the
neighbor-joining phylogenetic tree was constructed based on psbA-trnH of the single-
fragment barcodes, matK + psbA-trnH and ITS + matK + psbA-trnH of the combined barcodes
to explore the taxonomic and phylogenetic relationships among Cymbidium species. The
phylogenetic analysis (Figure 3) showed that all the Cymbidium species were classified into
six primary clusters. All the species belonging to the sect. Jensoa of the subgenus Jensoa
were grouped together. Most varieties of C. goeringii are clustered together, while C. faberi
and its varieties are clustered into a separate clade. Four epiphytic orchids (C. tracyanum,
C. aloifolium, C. eburneum, and C. elegans) were clustered into one category, and the terrestrial
plant, C. lancifolium, is also categorized separately. The combination method of using two
barcodes yielded similar results to the individual barcode approach, which revealed that
all the Cymbidium species were classified into eight primary clusters.
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Figure 3. Phylogenetic tree of some Cymbidium species based on psbA-trnH and matK + psbA-trnH.
Numbers above the branches indicate bootstrap (BS > 50) values. (a) psbA-trnH, all Cymbidium
species were classified into five primary clades: I-VI. (b) matK + psbA-trnH, all Cymbidium species

were classified into five primary clades: I-VIIIL. The outgroup was represented by three species from
Pleione D. Don.

The phylogenetic tree, based on ITS + matK + psbA-trnH of three barcode combinations
(Figure 4), reveals that all species within Cymbidium were categorized into seven primary
clusters. Clade I comprised 11 species, which included one species from sect. Floribunda of
the subgenus Cymbidium, while all the remaining species belong to the sect. Jensoa of the
subgenus Jensoa. All species and varieties of C. faberi from the sect. Jensoa of the subgenus
Jensoa were clustered in Clade II. All species of C. goeringii, some varieties of C. tortisepalum,
and the variety of C. goeringii known as ‘Chunjian’, along with its varieties, together form
Clade III, which is the most species-rich taxonomic group. The Clade IV was the most
complex, with 12 species, including six from the subgenus Cyperorchis (three species from
sect. Cyperorchis, one species from sect. Eburnea, and two species from sect. Iridorchis),
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one species from the subgenus Cymbidium (C. floribundum from sect. Floribunda), and three
species from sect. Geocymbidium of the subgenus Jensoa. Clade V was composed of C. kanran
from the sect. Jensoa of the subgenus Jensoa.
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Figure 4. Phylogenetic tree of some Cymbidium species based on combined barcodes (ITS + matK +
psbA-trnH). Numbers above the branches indicate bootstrap (BS > 50) values. All Cymbidium species
were classified into five primary clades: I-V. The outgroup was represented by three species from

Pleione D. Don.

The phylogenetic analysis showed that unsupported relationships were primarily

found within the sect. Jensoa of the subgenus Jensoa and were often associated with low

levels of sequence variation, with the bootstrap value above 50%. The two accessions of

the epiphytic orchid (C. floribundum) appear in different clades. All epiphytic orchids were

clustered in Clade IV, and the terrestrial C. lancifolium was also grouped within this clade.

Through the analysis of the phylogenetic tree, we have discovered that the Cymbidium

species with the same life forms exhibit closer affiliation. By integrating barcode sequence

characteristics and genetic distance analysis, it was revealed that employing the combined

117



Plants 2025, 14, 619

barcode (ITS + matK + psbA-trnH) technique significantly improves the species identification
rate and classification efficiency of Cymbidium species. To delve deeper into the taxonomic
relationships among Cymbidium species, we have also conducted an analysis of the genetic
diversity associated with phenotypic traits.

2.4. Genetic Diversity Analysis of Phenotypic Characters in Orchid Germplasm Resources
2.4.1. Diversity Analysis of Quantitative Traits

We analyzed the variation of 11 quantitative traits of Cymbidium species and observed
that the degree of diversity of different quantitative traits was also different. The coeffi-
cient of variation of 11 quantitative traits ranged from 28.2% to 128.9%, demonstrating a
considerable degree of trait diversity (Table S2). Among them, the trait with the highest
coefficient of variation was the number of flowers in the flower bract, followed by leaf
width and the height of scape, indicating that these three traits exhibit high polymorphism.
The petal width had the lowest coefficient of variation, followed by sepal length, indicating
that these two characters were relatively stable. The average coefficient of variation of other
quantitative traits was 36.8%, which was relatively concentrated. These findings reveal a
rich genetic variation in phenotypic traits among different varieties of Cymbidium species.

The correlation analysis of 11 quantitative traits among orchids revealed that 21 pairs
of traits exhibited significant correlations, with all being positive correlations (Table S3).
Notably, eight pairs demonstrated significant positive correlations. The height of flower
scape, length of leaf, number of flowers, and number of leaves all correlated significantly,
indicating a reflection of the plant’s robustness. In contrast, leaf width, sepal length, sepal
width, and petal width showed negative correlations. The most substantial correlation was
found between flower length and labellum length, while the least significant correlation
was detected between the number of flowers and sepal length. Significant correlations
were also identified between the length and width of the sepal, the length and width of
the labellum, and the length of the petal, suggesting a close interrelation between these
floral structures.

2.4.2. Diversity Evaluation of Quality Traits

We observed 16 quality traits of Cymbidium species phenotypes, including 2 leaf ap-
pearance traits, 13 petal appearance traits, and 1 pseudobulb trait. There were 52 variation
types among the 16 quality traits, with an average of 3.2 variation types per trait. The
Shannon-Wiener index ranged from 0.22 to 2.20 (Table 54), with an average of 1.14, among
which the main color variation of the middle sepal was the highest, and the leaf tip pattern
variation was the lowest. In the leaf appearance traits of Cymbidium species, the tip shape
of most varieties is sharp, and the edge of the leaf is slightly serrated. The main color
phenotype of the middle sepal was the most abundant, including white, green, yellow, red,
purple, and brown, followed by the main color of the middle sepal and the middle petal.
Regarding the labellum flaps, the shape and color of the lobes in the labellum lobe of most
tested varieties were triangular and pale yellow. In terms of flower spots and stripes, most
of the varieties to be tested had streaked sepals without stripes, petals with streaks without
stripes, and labellum petals with spots without stripes. Among the characteristics of pseu-
dobulb size, as epiphytic orchids, C. floribundum, C. aloifolium, C. elegans, and C. tracyanum
have obviously larger pseudobulbs than those of other terrestrial orchids, which aligns
with the characteristics of common epiphytic and terrestrial pseudobulbs.
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Eigenvalue

2.4.3. Principal Component Analysis of Phenotypic Traits

After measuring and statistically analyzing 27 quantitative and qualitative traits, we
identified eight components with eigenvalues higher than one, which serve as the principal
components of the 27 phenotypic traits. These eight principal components cumulatively
account for 87.75% of the information in the original traits, with the first and second
principal components alone contributing a significant 44.70% (Figure 5). The first principal
component is most heavily weighted by the quantity of flowers, closely followed by
the height of the scape, indicating that the growth of the scape greatly influences the
classification of Cymbidium species. In the second principal component, the length of the
labellum and petal, and the width of the sepal have substantial weight coefficients, all of
which are dimensions of flower size, highlighting the significant role that flower size plays
in the classification of Cymbidium species. The principal component analysis reveals that
these eight components encapsulate the floral traits, encompassing aspects such as the
number of flowers, the height of the scape, petals, sepals, labellum, etc. Therefore, the traits
of floral phenotype can be used as the main traits for the classification and identification of
Cymbidium species, while the traits of leaf phenotype and pseudobulb characteristics can
serve as supplementary traits for their classification and identification. By describing and
analyzing these phenotypic traits as the basis for the classification of Cymbidium species,
species groups with similar adaptability can be identified, which reflects the genetic and
morphological diversity of the species and thus better understands the diversity and
evolutionary relationships of Cymbidium species.
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Figure 5. The principal component analysis of 27 phenotypic trait indicators among Cymbidium
species. (a). The scree plot from principal component analysis. Includes the eigenvalues and
contribution rates of each component. (b). The loading plot from principal component analysis.
Includes the impact of 27 phenotypic traits on the first and second principal components, as well as
the contribution rates of the first and second principal components.

2.5. Cluster Analysis of Phenotypic Traits

In order to validate the rationality of trait selection, we conducted in-depth discussions
on the correlation between 27 phenotypic traits using R-type clustering analysis. According
to the clustering spectrum diagram, when the Euclidean distance was set to 20, we divided
the 27 phenotypic traits into 5 groups (Figure 6). Among them, groups A, D, and E
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Main color in the middle of petals :I_
Main color in the middle of labellum flap f——
Leaf tip shape

contain a relatively large number of phenotypic traits. The five traits of sepal width, petal
width, labellum lobe shape, sepal shape, and petal shape in Group A are highly correlated,
reflecting the characteristics of flower shape and size. The main color in the middle of the
sepals is highly correlated with the main color in the middle of the petals, and the main
color in the middle of the labellum is highly correlated with leaf tip traits in Group D. There
is also a close correlation between the obvious trichotomy of the labellum, the size of the
pseudobulb, and the width of the leaf, and C. elegans and C. tracyanum can be distinguished
from other varieties because of the large pseudobulb and the obvious trichotomy of the
labellum. The labellum length, labellum width, petal length, and the sepal length and sepal
height of Group E are highly correlated, while the number of leaves, number of flowers,
leaf length, and scape height are correlated, reflecting the size of flowers and the abundance
of plants. This indicates that among the 27 phenotypic traits of Cymbidium species, floral
characteristics exhibit higher discriminatory power in distinguishing closely related species
within the same genus, thus serving as a pivotal factor for classifying the phylogenetic
relationships of Cymbidium species using phenotypic traits.
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Figure 6. The R-type cluster analysis of 27 phenotypic traits in Cymbidium species. When the
Euclidean distance was 25 and 20, the 27 phenotypic traits were divided into two groups (I-1I) and
five groups (A-E).

Based on the analysis of phenotypic traits, we performed dimensionality reduction on
27 phenotypic traits and ultimately simplified them into 21 phenotypic traits, which were
subjected to Q-type clustering analysis. The results revealed significant segregation among
various Cymbidium species, which were divided into seven clusters (Figure 7). C. faberi,
C. kanran, and C. ensifolium were predominantly closely related together, characterized by a
longer labellum, petals, and a higher number of flowers in the phenotype. At this level,
they have a high degree of similarity and are suitable for clustering together. Because of
the high similarity of petal stripes and spots and labellum stripes and spots, C. sinense and
C. tracyanum are gathered in one branch. C. tortisepalum, C. goeringii var. longibracteatum,
and C. goeringii all exhibit narrow leaves and small pseudobulbs in phenotype, with high
similarity at the sublevel, making them suitable for clustering together. The leaf length,
number of leaves, scape height, number of flowers, three-lobed labellum, and pseudobulb
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size of C. elegans and C. floribundum differ greatly from other terrestrial orchids, while the
leaf shapes of C. lancifolium and C. aloifolium are different from other terrestrial orchids, and
their phenotypes are significantly different from those of the A, D, and E clusters, so they
are all grouped separately.
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Figure 7. Q-type cluster analysis based on morphological characters depicting the relationship of
Cymbidium species. All Cymbidium species were classified into seven primary clusters: A-G.

2.6. The Support of Molecular Characters for Morphological Features

To further discuss the correlation between the combination of phenotype and DNA
barcode identification results, we will also conduct an analysis that compares the pheno-
typic clustering results with the barcode tree construction results, examining the similarities
and differences from the perspective of diverse life forms. According to the analysis of
phenotypic traits, Figure 7 reveals that C. lancifolium, C. floribundum, C. aloifolium, and
C. elegans each form a distinct branch. The phylogenetic tree (Figure 4) constructed by
combining DNA barcodes also demonstrates that C. lancifolium, C. floribundum, C. aloifolium,
C. tracyanum, and C. elegans were all clustered separately within individual branches.
From the R-type cluster analysis of phenotypic traits (Figure 6), we indicated that floral
characteristics are the primary morphological features for orchid classification. The floral
diagrams of these plant materials among Cymbidium in this study showcased a variety of
floral traits, including various flower colors, flower spots, and labellum spot variations.
Significant differences in the petal patterns were observed between the four epiphytic
orchids (C. floribundum, C. aloifolium, C. tracyanum, and C. elegans) and the terrestrial or-
chids, as well as among these four epiphytic orchids themselves. When classified using
DNA barcodes, these four types of epiphytic orchids were divided into one major category,
indicating that the formation of different life forms in Cymbidium species is closely related
to genes, and Cymbidium species with significant morphological differences also share close
genetic relationships.

Admittedly, there is a significant divergence in floral characteristics between epiphytic
and terrestrial orchids (Figure 8). However, C. lancifolium, a species of terrestrial plants,
exhibits closer affinities with four epiphytic orchids based on both morphological traits
and molecular markers. Although phylogenetic trees may have maximum branch support
at their nodes, they can still display a notable lack of consistency in phylogenetic signals
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derived from different genes or regions of the genome, and additional data may not resolve
these inconsistencies. Nonetheless, there is substantial potential to understand the basis of
phenotypic variation in orchids, from DNA molecular markers to entire genomes, thereby
gaining insight into evolutionary changes and their significance within populations.

Figure 8. Flower diagram of phenotypic trait test varieties. The white box contains epiphytic orchids,
while the rest are terrestrial orchids. (A) Cymbidium goeringii; (B) Cymbidium goeringii ‘Song Mei’;
(C) Cymbidium goeringii “‘Huan Qiu He Ban’ (D) Cymbidium goeringii ‘Da Fu Gui’; (E) Cymbidium
goeringii “Wang Zi’; (F) Cymbidium faberi; (G) Cymbidium faberi “Wenzhousu’; (H) Cymbidium faberi
‘Zhengxiaohe’; (I) Cymbidium faberi ‘Dayipin’; (J) Cymbidium lancifolium; (K) Cymbidium tortisepalum;
(L) Cymbidium tortisepalum ‘Baixuegongzhu’; (M) Cymbidium tortisepalum ‘Jian Yang Die’; (N) Cymbid-
ium tortisepalum ‘Bilongyusu’; (O) Cymbidium floribundum; (P) Cymbidium goeringii var. longibracteatum;
(Q) Cymbidium goeringii var. longibracteatum ‘Xishudaoguang’; (R) Cymbidium tortisepalum ‘Long
Chang Su’; (S) Cymbidium goeringii var. longibracteatum “Yulu’; (T) Cymbidium aloifolium; (U) Cym-
bidium kanran 01; (V) Cymbidium kanran 02; (W) Cymbidium kanran 04; (X) Cymbidium sinense var.
haematodes; (Y) Cymbidium elegans; (Z) Cymbidium sinense ‘Qihei’; (a) Cymbidium sinense “Yang-
mingjin’; (b) Cymbidium ensifolium 01; (c) Cymbidium ensifolium 02; and (d) Cymbidium tracyanum.
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3. Discussion

The species of Cymbidium exhibit extensive morphological and genetic variability due
to variations in morphology, genetics, and ecological habits among different species, which
poses challenges for species identification and classification. The reasons for these differ-
ences in Cymbidium plants may be due to variations in the genetic material of Cymbidium
germplasm and the influence of diverse environmental conditions [26-30]. To adapt to
local ecological environments, different genetic traits are produced, and morphological
characteristics may not accurately reflect the complete genetic information. Thus, this
study employs the more stable and precise DNA barcoding technique to assist us in the
classification and identification of Cymbidium species.

3.1. The Universality and Applicability of Sequences

DNA barcoding technology is an emerging species identification technique that has
gained popularity in recent years due to its rapidity, accuracy, and user-friendliness [31].
An ideal DNA barcode should meet three criteria: standardization, extreme simplification,
and scalability. It should enable routine and reliable sequencing across diverse sample sets
to obtain easily comparable sequences with minimal intraspecific variations but substantial
interspecific variations [32]. In this study, we amplified fragments from both nuclear
genes (ITS) and chloroplast genes (matK, rbcL, psbA-trnH, trnL-F) for barcode analysis. Our
findings indicate that there are some differences in PCR amplification and sequencing
success rates among the genotypes and loci investigated, which may be related to primer
specificity, PCR settings, and the competency of the DNA template. Similar results were
also present in previous studies, demonstrating that these factors have a certain impact
on the success rates of PCR amplification and sequencing [33]. Sequence feature analysis
revealed that ITS exhibited a higher number of variation sites, which was also supported
by previous studies on Uncaria, Rhododendron, and Gastrodia elata [34-36]. Additionally,
the chloroplast gene fragment psbA-trnH showed a greater number of variation sites and
exhibited a more pronounced barcoding gap. However, both the sequences of trnL-F
and matK displayed relatively low variability in this study, while the variability of rbcL
was predominantly located at the end of candidate chloroplast genomes without a clear
barcoding gap. Therefore, based on the characteristics of these five single-fragment DNA
barcodes, ITS and psbA-trnH have the potential to serve as effective DNA barcodes for the
classification and identification of Cymbidium species in this study. Moreover, the specificity
of DNA barcoding can reveal the high degree of morphological and genetic variability in
Cymbidium species. These findings are similar to some previous studies, indicating that
DNA barcode regions can serve as reliable markers for the identification and classification
of Cymbidium species and their genotypes [33,37]. To further validate these results and
assess the effectiveness of these barcodes across a broader taxonomic range, additional
research is needed to discover and explain the potential of DNA barcodes in distinguishing
between closely related species.

3.2. Assessment of the Discriminating Power of Single and a Combination of Barcodes

The discriminating power of different DNA barcodes for species identification may
vary depending on the taxonomic group studied. Sayed et al. [38] assessed the efficacy of
DNA barcodes for species identification and found that matK and ITS regions have high
universality and sequencing success rates, providing 100% species resolution except for
the trnH-psbA region. However, in this study, although matK and ITS had high sequencing
success rates, the psbA-trnH sequence, which had a low sequencing success rate, achieved
the highest identification success rate and has been successfully applied to identify Dendro-
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bium and Dioscorea [39,40] as well as other plants. Nevertheless, the species identification
success rates for the trnL-F sequence and rbcL sequence were relatively low. Among the five
single-fragment DNA barcodes analyzed in this study, the psbA-trnH sequence demon-
strated higher specificity and identification success rate, making it more suitable for the
classification and identification of Cymbidium species. Relying on a single DNA barcode
marker may not always provide sufficient variation information for species identification,
thereby presenting certain limitations.

Therefore, the utilization of multiple DNA markers for plant identification has been
gradually implemented [22], enabling the acquisition of adequate species variation. For
instance, the combination of arpF-atpH + pabK-psbL + psbA-trnH as a DNA barcode has been
shown to achieve an impressive species identification rate of 98.8% in orchids [41]. When
four DNA fragments were employed to identify Alnus, it was observed that the resolution of
a single fragment was inferior to that of a combination of multiple fragments [42]. Fazekas
et al.’s examination of 251 plant individuals demonstrated mere recognition rates of 44%
and 45% for psbK-psbl and atpF-atpH, respectively; however, when matk + psbK-psbl + atpF-
atpH were combined as barcodes, the identification success rate climbed to 69% [43]. Our
investigation also revealed that the combination of barcode fragments outperformed single
fragments in identifying Cymbidium species. Among these combinations, ITS + matK + psbA-
trnH exhibited superior resolution with minimal overlap in the "barcoding gap" among
other fragment combinations. Similar verification was conducted within the buckwheat
genus, where this sequence combination facilitated accurate identification and supported
buckwheat’s monophyletic grouping [44]. Furthermore, in identifying medicinal orchids,
complementary performance was observed among matK, ITS and psbA-trnH sequences.
The ITS + psbA-trnH sequence displayed substantial genetic variability with improved
"barcoding gap" performance. Nevertheless, its effectiveness in identifying Cymbidium
species was somewhat limited, possibly attributable to insufficient intraspecific variation
or the presence of unusually large intraspecific distances.

3.3. The Phylogeny of the Cymbidium

Incorporating both sequence feature analysis and genetic distance analysis, the
phylogenetic tree was constructed based on psbA-trnH of the single-fragment barcodes,
matK + psbA-trnH and ITS + matK + psbA-trnH of the combined barcodes. It was found
that the Cymbidium species consisted of six major clades, eight major clades, and five major
clades, respectively. Based on the analysis of these three phylogenetic trees, the subgenus
Jensoa does not appear to form a monophyletic group. Among them, the C. lancifolium
was embedded in the branches of other subgenera in the phylogenetic tree constructed
based on ITS + matK + psbA-trnH, while it formed a separate small branch in the phylo-
genetic trees constructed based on the psbA-trnH barcode and the combined barcode of
matK + psbA-trnH. Although most species of the subgenus Jensoa were closely related to-
gether in the phylogenetic trees constructed based on the psbA-trnH and matK + psbA-trnH,
some varieties of the same species were closely related together with other Cymbidium
species, such as some varieties of Cymbidium goeringii (Figure 3). The existence of these dif-
ferences may be due to natural hybridization between species [45-48], which led to genetic
variation, and may also be due to the lack of plastid information characteristics [22,49],
resulting in inconsistent classification results. Which was quite different from the phyloge-
netic tree by ITS + matK + psbA-trnH, all samples and varieties of the same species were not
separated by the embedding of other species, indicating that the multi-fragment combined
barcode enhanced the sequence information characteristics and was more conducive to the
classification of the Cymbidium species to a certain extent.
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During the evolution of orchids, unique characteristics such as deceptive pollination
and dust-like, wind-dispersed seeds often lead to gene flow between populations. Decep-
tive pollination, which involves orchids mimicking sex pheromones and the appearance of
specific female insects to sexually lure common male insects as pollinators, allows some
orchid species to share pollinators [50]. Therefore, most orchids that use the same pol-
lination strategy and grow in the same habitat share a greater number of insect species
than expected. These reproductive strategies make them highly susceptible to interspe-
cific hybridization in nature, resulting in significant genetic heterogeneity between orchid
populations [51]. In this study, the analysis of the phylogenetic tree constructed based on
the combined barcode revealed that a sample of the epiphytic orchid (C. floribundum) was
closely related to terrestrial orchids such as C. ensifolium in a large clade. It is speculated
that this sample of C. floribundum may have undergone interspecific hybridization with
other Cymbidium species. C. floribundum primarily relies on insect pollination, and bees
are one of the main pollinator groups [52]. Since C. floribundum produces a large number
of flowers when blooming, it attracts a significant amount of bees as potential pollinators.
Given the low specificity of insect pollination, it is likely that during the long cultivation
history of C. floribundum, cross-pollination with other Cymbidium species occurred, leading
to genetic changes and variations in the offspring. Additionally, the samples we collected
have a relatively longer life history, which may have enabled gene flow between different
species via insect pollination in the natural environment. This can lead to genetic variations
in Cymbidium species without morphological changes, thereby producing classification
results that differ from the traditional categorization of Cymbidium species.

3.4. Identification and Classification of Cymbidium Species Through the Combination of
Morphological Analysis and DNA Barcoding Technology

The traditional morphological analysis [53,54] for classifying orchids has certain
limitations and deficiencies, as plant characteristics are finite and varying interpretations of
phenotypic traits among individuals can result in inconsistent results. In Cymbidium genera,
phylogenetic trees based on morphology struggle to achieve precise positioning due to
rapid dispersal and hybridization, which can induce swift alterations in morphological
traits, thus complicating phylogenetic analyses based on morphology [55]. The integration
of DNA barcoding technology with morphological analysis offers a more comprehensive
basis for classification, from external characteristics to genetic insights. Previous research on
phenotypic traits has found that the species of C. sinense, C. ensifolium, C. kanran, and C. faberi
were closely related, as were the species of C. goeringii, C. goeringii var. longibracteatum,
and C. tortisepalum [56]. This supports the results of the morphological analysis in this
study. Another study, which utilized both morphological analysis and molecular markers,
found that C. kanran and C. sinense cluster in a group, while all species of C. goeringii,
C. goeringii var. longibracteatum, and C. tortisepalum cluster together, and C. faberi forms
a separate branch [56]. Although these research findings [56-58] have many similarities
with this study, they only explore the classification relationships of terrestrial orchids
within the Cymbidium species. However, our study also investigates the taxonomic status
and relationships of epiphytic orchids within the Cymbidium species, which indicate that
the genetic relationships among epiphytic orchids are different from those of terrestrial
orchids and that species with the same life form have closer phylogenetic relationships.
Furthermore, the difference is that a species of C. floribundum was closely related together
with two species of C. ensifolium on a small branch. These discrepancies between these
two research methods have also been observed in the identification of Amorphophallus and
Rhododendron [34,59]. However, discrepancies are noted in the classification relationships
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among the Cymbidium species known as C. kanran, C. floribundum, and C. lancifolium; the
taxonomic status of these three species of Cymbidium requires further investigation.

It is noteworthy that C. lancifolium, which has some phenotypic differences from the
typical terrestrial orchids in the Cymbidium species, clusters with the majority of terrestrial
species within the Cymbidium in some research reports, indicating a closer phylogenetic
relationship with terrestrial orchids [60,61]. However, other studies [62] on the classification
of Cymbidium species show that C. lancifolium forms a separate cluster, which is consistent
with the phenotypic trait clustering results of this study. Although this differs from the phy-
logenetic tree analysis results within this study, which indicated that C. lancifolium grouped
with epiphytic orchid species (such as C. aloifolium, C. tracyanum, C. elegans, etc.) in Clade
IV (Figure 4), it still indicates a closer phylogenetic relationship with epiphytic orchids. We
posit that C. lancifolium has a potential that is more inclined towards epiphytism, making
it closer to epiphytic orchids. It is speculated that this may be related to the origins and
evolution of terrestrial orchids and epiphytic orchids. The origin and evolution of epiphytic
orchids are similar to the various origins of ferns, Bromeliaceae, and eudicots [63-66],
suggesting that the transformation of epiphytism may rely on certain morphological or
genetic prerequisites that are common among members of large taxonomic groups. Given
the discrepancies among different research findings [22], there is a need for more accurate
molecular identification methods to precisely determine its classification and life form.

Our research findings highlight the practical application of the barcode method in
accurately determining the geographical origins of orchid specimens. This capability is
of great significance for managing the legal trade in medicinal and ornamental orchids,
ensuring that such trade does not adversely affect threatened populations. In addition, by
enabling law enforcement agencies to assign geographical origins to unknown specimens
extracted in illegal trade, barcode technology has great potential in combating illegal trade
and conserving biodiversity. However, we also recognize that, in order to realize its full
potential, barcoding should be used in conjunction with other verification methods and
implemented within a broader policy and regulatory framework.

3.5. Cymbidium Species Diversity

In recent years, research on molecular markers has mainly focused on selecting the
most suitable barcode for specific families and genera [18,20]. The use of certain single-gene
fragments or combinations currently cannot distinguish all higher plants and is limited to
a narrow range, such as family, genus, and species levels [67,68]. Even within a specific
range, the results may sometimes be erroneous or contradictory to traditional morpho-
logical classification. Moreover, the majority of studies [69—-73] on orchid morphology or
genetic evolution primarily focus on epiphytic orchids within the entire orchid family or
subfamily, with limited analysis conducted on species diversity within Cymbidium species
and particularly the evolutionary disparities among Cymbidium species from different
regions.

In this study, the phylogenetic tree constructed using single-fragment barcodes was not
as effective in species identification and classification as the phylogenetic tree constructed
using combined barcodes. Yang et al. also found that, with the increase in sequences, the
phylogenetic resolution and node support values significantly improved, and phylogenetic
analyses based on the complete chloroplast genome could overcome the limitations of
insufficient DNA sequence sampling [17]. Previous studies, although providing better
identification and classification of Cymbidium species, did not explore the possible reasons
for such classification results. A recent study using the chloroplast genome of Cymbidium
species speculated that the ancestral life form of Cymbidium species was epiphytic and
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discovered that the northernmost species of the genus had undergone three transitions
from epiphytic to terrestrial habits, which seemed to be related to adaptation to the colder
northern environment [61]. In this study, a sample of the epiphytic Orchis (C. floribundum)
collected in Hunan, China, was closely related to some terrestrial Orchis also collected
in Hunan in the phylogenetic tree, which is likely due to genetic variation in internal
structure for adaptation to local climate change. Climate change is widely recognized as
a significant driver of species diversity, and its impact on other plant lineages has been
extensively studied [74-76]. In particular, monsoon climates have been shown to shape
the evolutionary trajectories of many plant species [77]. Climate change and geographical
distribution together influence the life-form changes of Cymbidium species and affect their
diversity by altering their living environments [61]. In this study, species collected in
southern China were predominantly epiphytic, while those collected further north were
terrestrial. The phylogenetic tree classification results indicated that species with the same
life form had closer phylogenetic relationships. This indicates that the phylogenetic tree
constructed using DNA barcoding technology can, to some extent, analyze the geographical
origins of species.

The phylogenetic perspective is greatly helpful for understanding the evolutionary
development of Cymbidium species, but the process of morphological evolution in Cymbid-
ium species is highly complex. Amidst the increasing habitat changes caused by humans,
many types of orchids are still being discovered and statistically described, which increases
the chance of documenting diversity. Therefore, it is imperative to employ genome se-
quences of Cymbidium species in future research to explicate their adaptability to various
environments and investigate the evolution of diverse phenotypes and forms. Comparative
genomics serves as a potent tool for studying evolution and morphology, while genome
assembly will provide invaluable resources for identifying genetic variations associated
with ecological traits in Cymbidium species and facilitating genomics-assisted breeding.

4. Materials and Method
4.1. Plant Materials

Germplasm resources of the Cymbidium species were collected in regions including
Hunan, Yunnan, Guangdong, and Fujian, compiling a total of 48 individuals from 30
Cymbidium species resources, including species, varieties, and cultivars [7,78]. This study
selected 30 species of Cymbidium. to serve as taxonomic units for the classification analysis
of phenotypic traits. The specimen details are presented in Table S5. To enhance the
controllability of the data, 48 individuals from 30 species were used to assess the success
rate of PCR amplification and sequencing. Species information is detailed in Table S6. Leaf
samples from Cymbidium species were collected in batches, and DNA was extracted to
evaluate the success rate of PCR amplification and sequencing. All experimental materials
are maintained and managed in the flower garden of Hunan Agricultural University, with
the requirement that the plants tested be healthy and free from diseases.

4.2. DNA Extraction, Amplification, and Sequencing

The total DNA of Cymbidium plants was extracted using the Polysaccharide Polyphenol
Plant Genomic DNA Extraction Kit (DP360) from Tiangen Biochemical Technology Co.,
Ltd. (Beijing, China). The specific steps are described in the instructions. The extracted
total DNA was subjected to concentration determination and stored at —20 °C for later
use. Through a literature review and repeated amplification tests, the universal primer
sequences of ITS, matK, rbcL, psbA-trnH, and trnL-F were ultimately selected. The detailed
information of the primers and reaction procedures is presented in Table 6, with the
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primers synthesized by Shanghai Sangon Bioengineering Co., Ltd. (Shanghai, China).
PCR amplification products with bright bands, high specificity, and correct fragment size
were chosen and submitted to Shanghai Sangon Bioengineering Co., Ltd. for bidirectional
sequencing. Because of the varying barcode characteristics, the number of orchid genus
sequences obtained from sequencing is unequal (Table S7).

Table 6. PCR primers and reaction procedures of five DNA barcodes.

Barcodes Primer Name Primer Sequence (5'-3') Reaction Procedure References
TS 17SE ACGAATTCATGGTCCGGTGAAGTGTTCG 95 °C 3 min, 35 cycle (95 °C 15 s, Sun et al., 1994 [79]
26SE TAGAATTCCCCGGTTCGCTCGCCGTTAC 62°C155,72°C155),72°C5 min Sun et al., 1994
matK 390F CGATCTATTCATTCAATATTTC 95 °C 3 min, 35 cycle (95 °C 155, Cuenoud et al., 2002 [80]
1326R TCTAGCACACGAAAGTCGAAGT 465°C155,72°C155),72°C5 min Cuenoud et al,, 2002
psbA-trnH psbA GTTATGCATGAACGTAATGCTC 95°C 3 min, 35 cycle (95 °C 155, Sang et al., 1997 [81]
trnH2 CGCGCATGGTGGATTCACAATCC 55°C155,72°C155), 72 °C5 min Tate, 2002 [82]
rbcL 1F ATGTCACCACAAACAGAAAC 95 °C 3 min, 35 cycle (95 °C 155, Goldman et al., 2001 [83]
724R TGCCATGTACCYGCAGTTGC 56°C15s,72°C155),72°C5 min Goldman et al., 2001
trnL-F c CGAAATCGGTAGACGCTACG 95 °C 3 min, 35 cycle (95 °C 15, Taberlet et al., 1991 [84]
f ATTTGAACTGGTGACACGAG 53°C155,72°C155),72°C5 min Taberlet et al., 1991

4.3. Data Analysis

The sequence peak image files obtained from sequencing were corrected and con-
catenated using the Seqman 7.1 software, and the BLAST (Basic Local Alignment Search
Tool) online tool (https:/ /blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 7 January 2025)
was used for alignment verification. With MEGA 11.0 software and a genetic distance
model based on the Kimura two-parameter (K2-P) method [85], we calculated the intra-
and inter-species genetic distances for each barcode of Cymbidium species and compared
the sequence differences between intra- and interspecific variations [86-88]. An area chart
of the frequency distribution of genetic distance was plotted using Origin 2022, which
facilitates a clear observation of whether there is a barcoding gap in each DNA barcode
sequence within Cymbidium species [87].

Phylogenetic trees provide an intuitive assessment of the species identification ability
of DNA barcodes and are among the evaluation criteria for DNA barcodes [89]. In this
study, we employed the neighbor-joining method in the MEGA 11.0 software to construct a
phylogenetic tree. The K2-P genetic distance model was selected, with the bootstrap test
set to 1000 replications [90]. The bootstrap values support rate needs to be greater than or
equal to 50% for accurate and reliable identification results.

Phenotypic trait variability and correlation analyses were performed using Excel 2022
and Spss 27.0. A principal component analysis of 27 phenotypic traits was conducted using
Origin 2022. Additionally, R-type cluster analysis was employed to perform a correlation
analysis on the 27 phenotypic traits, and Q-type cluster analysis based on phenotypic
traits was used to conduct a qualitative analysis of the relationships among the 30 species
of Cymbidium.

4.4. Selection and Determination Methods of Phenotypic Traits

In accordance with the testing guidelines for the specificity, consistency, and stability
of orchid species issued by the Ministry of Agriculture of the People’s Republic of China
(TG/164/3), 27 representative phenotypic traits such as leaf length, sepal length, petal
traits, and middle sepal traits were selected, including 11 quantitative traits (Table S8)
and 16 qualitative traits (Table S9). During the full-bloom stage of each species, the
quantitative traits were measured using tapes and vernier calipers as detailed in Table S8§,

128



Plants 2025, 14, 619

while qualitative traits were coded and assigned as shown in Table S9. The traits related
to color were obtained with reference to the Royal Horticultural Society’s standard color
card. Ultimately, the average of the actual measured values was calculated, and both the
quantitative traits and the assigned qualitative traits were documented and analyzed.

5. Conclusions

Based on the similarities between cluster results and phylogenetic tree results, we
verified and selected the combination sequence ITS + matK + psbA-trnH as a high-quality
DNA barcode for Cymbidium species. Furthermore, by constructing a phylogenetic tree with
combined barcodes, we observed that epiphytic orchid species clustered together on a single
clade, and species with similar life forms were closely related. Our study also revealed
that phenotypic analysis successfully classified the germplasm resources of Cymbidium into
seven groups. Floral phenotypic traits were confirmed as the primary characteristics for
differentiating both interspecific and intraspecific variations within Cymbidium species. The
aforementioned findings not only elucidate the application of DNA barcoding techniques
for Cymbidium species classification but also enhance our comprehension of the taxonomy
and geographic distribution of Cymbidium species. Simultaneously, they foster deeper
contemplation of the taxonomic relationships among diverse life forms of Cymbidium
species while offering novel ideas and insights for future research on genetic diversity and
adaptive evolution within different life forms of Cymbidium species.
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species. Table S3: Correlation analysis of 11 quantitative traits of Cymbidium species. Table S4:
Frequency distribution of 16 quality traits of Cymbidium species. Table S5: Cymbidium species samples
and their information used to determine phenotypic traits in this study. All plant samples were
maintained and managed in the flower base of Hunan Agricultural University. Table S6: 48 plant
samples of Cymbidium and information used for DNA extraction in this study. All plant samples were
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Abstract: Hemiepiphytes have captured the attention of biologists since they seemingly hold clues to
the evolution of epiphytes themselves. Hemiepiphytes are known to occur sporadically in the lep-
tosporangiate ferns, but our understanding of their evolution remains limited by the relatively small
number of detailed observations. This study adds to our knowledge by documenting seven species
previously assumed to be holoepiphytes. This finding was based on fieldwork conducted in the
Baining Mountains of Papua New Guinea that resulted in 319 collections representing 206 species. Ap-
proximately 3% of these species were hemiepiphytes: Asplenium acrobryum, A. amboinense, A. scandens,
A. scolpendropsis, Crepidomanes aphlebioides, Leptochilus macrophyllus, and Sphaerostephanos scandens.
All started growth as low-trunk epiphytes, and later, as larger climbing plants, exhibited strongly
dimorphic roots consisting of short clasping ones that affixed the rhizome to the trunks and long
feeding roots that entered the soil. Most of the seven hemiepiphyte species that we found exhibited
distichous phyllotaxy and dorsiventrally flattened rhizomes, suggesting morphological convergence
associated with this habit in four families. These new records suggest that large hemiepiphytic clades
occur in Asplenium and Leptochilus. Our observations expand the geographic and taxonomic breadth
of hemiepiphytic ferns, provide a baseline estimate of their diversity within a tropical flora, and offer
morphological and phylogenetic clues to uncover additional records.

Keywords: epiphyte; morphological convergence; plant habit; New Britain

1. Introduction

Most ferns species are terrestrial understory perennial herbs, but a variety of other
habits are known, including lithophytic, arborescent, vines, scandent disturbance coloniz-
ers, and epiphytes [1,2]. Epiphytes are particularly well developed in ferns; ferns comprise
3% of the world’s vascular flora, but nearly 10% of all epiphytes [3]. Hemiepiphytes also
occur in the ferns. They begin life as low-trunk epiphytes [4] but later connect to the ground
via roots [5,6]. The recognition of hemiepiphytes in ferns dates back at least 20 years, prob-
ably longer, but many early authors did not apply the term as it is currently understood,
and those records need to be reassessed [7-13]. Nitta and Epps [14] established a new wave
of publications in their study of Vandenboschia collariata (Bosch) Ebihara & K. Iwats. by
explicitly documenting its life history starting as gametophytes establishing on trunk bases
and later connecting to the soil via roots. This inspired additional studies, and within the
last fifteen years, about 10 new examples have been documented. In many of these cases, a
holoepiphytic (on trees, disconnected from the ground) habit had been previously assumed,
and the hemiepiphytic habit was only determined through careful field study [5,15-17]. In
others, the habit was noted in the description of a new species [18-21]. These new records
have captured the attention of biologists since they seemingly hold clues to the evolution
of epiphytes themselves, with recent investigations asking whether hemiepiphytes have
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evolved from terrestrial, epiphytic, or epipetric ancestors [22-25]. To date, all three of these
evolutionary histories have been supported. To further explore this topic, we searched for
new hemiephytic records in Papua New Guinea, an understudied biodiversity hotspot [26].

2. Results

We found seven species of hemiepiphytes: Asplenium acrobyrum, A. ambioinsene,
A. scandens, A. scolopendropsis, Crepidomanes aphlebioides, Leptochilus macrophyllus, and
Sphaerostephanos scandens. In each species we observed the second and third criteria (see
Section 4) used to diagnose them as hemiepiphytes; namely, that they make root con-
tact with the soil, and the rhizomes are only found upon trees—never on the forest floor
(Table 1).

Table 1. Habit criteria scored for the seven species of hemiepiphytes found in this study. Check
marks indicate that the observation was confirmed.

Plants Are Pl Gametophytes or Young Roots
. ants Never Seen
Species Low-Trunk Growing Terrestriall Plants Observed Connected
Epiphytes 8 y Upon Phorophyte to Ground
Asplenium acrobryum v v v v
Asplenium amboinense v v v
Asplenium scandens v v v
Asplenium scolopendropsis v v v v
Crepidomanes aphlebioides v v v
Leptochilus macrophyllus v v v
Sphaerostephanos scandens v v v

In both Asplenium amboinsense and A. scolopendropsis, we also confirmed that game-
tophytes established upon the phorophyte (criterion number one). We observed root
dimorphism in each of these species, which is one of the morphological traits we expect to
observe in hemiepiphytes. All our hemiepiphytic species except A. scandens had distichous
phyllotaxy (Table 2). Dorsiventrally flattened rhizomes were observed in A. amboinense,
A. scandens, and Leptochilus macrophyllus; the rhizomes were terete or nearly so in Asplenium
scolopendropsis, Crepidomanes aphlebioides, and Sphaerostephanos scandens. While all ferns
exhibit, to some degree, heteroblastic leaf sequences from small to large leaves, we observed
an abrupt transition from small to large in A. scolopendropsis after roots had contacted the
soil. Crepidomanes aphlebioides exhibited leaf dimorphy, but we are uncertain of the relation
between leaf dimorphy and soil contact of the roots in that species.

Table 2. Observed morphological characters of the hemiepiphytic habit. Check marks indicate that
the observation was confirmed, and “no” indicates it was confirmed to not be the case.

Roots Dimorphic Leaves with a Phyllotaxis
Gametophytes Rhizomes with “Clasping” Developmental Distichous or
Species Non- Dorsiventrally " s Series That Changes Leaves All
. and “Feeder . .
Cordiform Flattened Roots upon Contact with Emerging
the Ground from One Side
Asplenium acrobryum v v v
Asplenium amboinense v v v
Asplenium scandens v v no
Asplenium scolopendropsis v no v v v
Crepidomanes aphlebioides no v v
Leptochilus macrophyllus v v v
Sphaerostephanos scandens no v v

135



Plants 2024, 13, 1104

Our expedition to the Baining Mountains resulted in 319 collections representing
206 species of ferns and lycophytes. Of these species, seven are hemiepiphytes; thus,
this life form comprises at least 3% of the fern and lycophyte species diversity in the
Baining Mountains. In contrast, 43 species (~21%) were interpreted as holoepiphytes. The
remaining 156 (76%) were terrestrial with a variety of habits, including climbers, scandent
species, and tree ferns.

2.1. Enumeration of Species
2.1.1. Asplenium acrobryum Christ. (Aspleniaceae)

Observations—Asplenium acrobryum (Figure 1A) is a short-creeping low-trunk hemiepi-
phyte with large simple arching leaves (Figure 1B) that spread away from the phorophyte.
The rhizome bears dorsal leaves (Figure 1D) and lateral roots (Figure 1D). The roots are
dimorphic, and both types of roots, clasping and feeding (Figure 1E), are abundant. The
long feeder roots branched profusely upon contacting the soil (Figure 1F), but not before
then. The leaves also bear subapical proliferous buds (Figure 1C).

Figure 1. Asplenium acrobryum. (A) Sporophyte. (B) Sori. (C) Subapical proliferous bud. (D) Rhizome
with dense clasping roots. (E) Descending feeder roots on the trunk base. (F) Feeder roots removed
from soil at contact point. (A-F) Sundue & Maraia 4250 (VT).
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Vouchers—East New Britain Province: Wild Dog Camp, former site of SINIVIT Wild
Dog Mine, Bootsiqui trail, —4.62616 152.04406, 1012 m, Sundue & Maraia 4250 (BISH, LAE,
VT). Madang Province: Madang, Bundi, —5.759149 145.235891, 1800 m Sundue 3773 (LAE,
VT, UC). Madang Province: Madang, Bundi, —5.759149 145.235891, 1800 m Sundue 3775
(LAE, VT, UQ).

2.1.2. Asplenium amboinense Willd. (Aspleniaceae)

Observations—Asplenium amboinense (Figure 2A) juvenile plants (Figure 2B) were
observed establishing as low-trunk epiphytes. Rhizomes are strongly dorsiventral with
dorsal leaves and lateral roots (Figure 2D,E). The roots are conspicuously dimorphic, with
short clasping roots (Figure 2E), and elongate feeder roots (Figure 2D). The simple and
entire leaves spread from the phorophyte (Figure 2B,C) and bear proliferous buds at the
lamina apices (Figure 2A).

Figure 2. Asplenium amboinense. (A—C) Sporophyte growing as a low-trunk epiphyte. (B) Young

sporophyte establishing upon the phorophyte. (D) Sporophyte with feeder roots (black arrow).
(E) Dorsiventral rhizome showing leaves departing from the upper surface and clasping roots (white
arrow). (F) Mature leaf with sori. (A-F) James & Sundue 1519.

137



Plants 2024, 13, 1104

Vouchers—Northern Province: Akupe Camp, Kuriae River, Sibium Mountains, Umate
Village., —9.285825 148.27266, 740 m, James & Sundue 1519 (BISH, LAE, VT). Madang, Bundji;
—5.758982, 145.186093, 2200 m, Sundue 3825 (LAE, VT, UC).

2.1.3. Asplenium scandens J. Sm. (Aspleniaceae)

Observations—Asplenium scandens is a long-creeping low-trunk hemiepiphyte with
divided leaves (Figure 3A,F) that spread away from the phorophyte (Figure 3B). The leaves
are held in distichous arrangement, but close observation indicates that the phyllotaxis
develops as helical. The rhizome is prominently dorsiventral (Figure 3D), with dorsal leaves
and lateral roots (Figure 3D). The roots are sparsely produced, but strongly dimorphic with
both clasping and feeding roots (Figure 3E).

Figure 3. Asplenium scandens. (A) Habit of sporophyte growing as low-trunk epiphyte. (B) Creeping

rhizome with leaves directed toward the ventral side. (C) Ventral surface of rhizome showing short
clasping roots and elongate feeder roots (arrow). (D) Apex of rhizome showing phyllotaxis. The
light-green longitudinal lines on the leaves are aerophores. (E) Rhizome cross-section showing
dorsiventral compression. (F) Detail of sori. (A-F) Sundue & Maraia 4333 (VT).

Vouchers—East New Britain Province: Wild Dog Camp, former site of SINIVIT Wild
Dog Mine, slopes above stream, —4.62616 152.04406, 1012 m, Sundue & Maraia 4333 (BISH,
LAE, VT). Madang. Bundi, 5°45'32.3958"S, 145°14/9.2076"E, 1800 m, Sundue 3786 (LAE,
VT, UC)
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2.1.4. Asplenium scolopendropsis F. Muell. (Aspleniaceae)

Observations—Asplenium scolopendropsis gametophytes and juvenile plants
(Figure 4A-D) were observed establishing on the lower portions of trunks. Rhizomes
were long-creeping, with conspicuously distichous phyllotaxis (Figure 4E-H). The roots
were dimorphic, with short clasping roots, and elongate feeder roots that connect to the soil.
Leaf development exhibited strong heteroblasty, with the smallest (earliest produced) leaves
simple and entire (Figure 4A), the next set of leaves deeply pinnatifid (Figure 4B-E), and the
largest leaves proximally divided and distally entire (Figure 4G), or sometimes irregularly
serrate (Figure 4H). Our observations indicate that the fully entire leaves characteristic of
the mature plants do not develop until after roots contact the soil (Figure 4I).

Figure 4. Asplenium scolopendropsis. (A) Juvenile sporophyte developing from gametophyte with

first leaf. (B-D) Sporophyte showing early leaf transition series. (E) Small sporophyte climbing
phorophyte showing distichous leaf arrangement and transition from simple to divided leaves.
(F-H) Mature sporophyte showing transition from divided to simple leaves. (I) Mature sporophyte.
(A-T) James & Sundue 1503 (VT).
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Vouchers—Northern Province, Akupe Camp, Kuriae River, Sibium Mountains, Umate
Village, —9.285825 148.27266, 740 m, James & Sundue 1503 (BISH, LAE, VT); East New
Britain Province: Wild Dog Camp, former site of SINIVIT Wild Dog Mine, Collected in
ravine below Wild Dog Camp, —4.62616 152.04406, 1012 m, Sundue & Maraia 4409 (BISH,
LAE, VT).

2.1.5. Crepidomanes aphlebioides (Christ) I. M. Turner (Hymenophyllaceae)

Observations—Crepidomanes aphlebioides was seen growing as a short-creeping, low-
trunk hemiepiphyte growing on both large (Figure 5A,B) and small (Figure 5C) trees.
Plants were seen to have root dimorphy, and the feeder roots were observed to connect
with the ground (Figure 5A arrows). Crepidomanes aphlebioides has dimorphic fronds, with
short sessile (epetiolate) fronds, and larger petiolate fronds. The short fronds are highly
dissected, with elongate filiform segments that spread in various directions (Figure 5C,E).
In some cases, the short fronds cover the rhizome (Figure 5B). The larger fronds are
planar and spread away from the rhizome (Figure 5D). Whether the development of these
different frond types is related to the transition from holoepiphyte to hemiepiphyte was
not determined by us.

Figure 5. Crepidomanes aphlebioides. (A) Rhizome with elongate feeder roots growing along phoro-
phyte (arrows). (B). Rhizome covered by aphlebieae (reduced leaves). (C) Ventral surface of rhizome
with mass of roots. (D) Mature sporophyte growing as low-trunk epiphyte. (E) Rhizome with
aphlebieae and clasping roots (arrow); apex (not seen) toward the right. (F) Detail of frond. (G) Detail
of frond with receptacle. (A—-G) Sundue & Maraia 4214 (VT).

Vouchers—East New Britain: Wild Dog Camp, former site of SINIVIT Wild Dog Mine,
Omrock trail, —4.62616 152.04406, 1012 m, Sundue & Maraia 4214 (BISH, LAE, VT).
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2.1.6. Leptochilus macrophyllus (Blume) Noot.

Observations—Leptochilus macrophyllus occurred as a low-trunk hemiepiphyte
(Figure 6A,B) The rhizome is long creeping and dorsiventrally compressed with dorsal-
lateral leaves and lateral roots (Figure 6C,D). The rhizomes also bear lateral branch buds
(Figure 6C), and some older populations seemed to be spreading by branching (Figure 6A).
The roots were dimorphic with short clasping roots adhering to the phorophyte, and elon-
gate feeder roots that connected with the soil. The simple entire leaves were arching and
generally spreading away from the phorophyte. Besides living trees, we also observed this
species on a fallen dead branch (Figure 6A); whether the L. macrophyllus established on a
living or dead tree was unclear to us.

Figure 6. Leptochilus macrophyllus. (A,B) mature sporophyte growing as low-trunk epiphyte. (C) Ven-
tral surface of dorsiventrally compressed rhizome with lateral clasping roots. (D) Dorsal surface of
rhizome with distichous phyllotaxis. (E) Mature sori. (A-E) Sundue & Maraia 4398 (VT).

Vouchers—East New Britain: Wild Dog Camp, former site of SINIVIT Wild Dog Mine,
Walk to Camp III at Regess, —4.67986 152.01701, 1355 m, Sundue & Maraia 4398 (BISH,
LAE, VT).
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2.1.7. Sphaerostephanos scandens Holttum (Thelypteridaceae)

Observations—Sphaerostephanos scandens occurred as a low-trunk epiphyte on the root
mantle of tree fern trunks (Figure 7A,B). The long-creeping rhizomes were radially sym-
metrical (Figure 7C), with short clasping roots and many elongate feeder roots (Figure 7D)
connecting to the ground. The leaves emerged in spiral phyllotaxis and spread away from
the phorophyte (Figure 7A,B,E). We found only a single population, all of which grew on
tree fern trunks.

Figure 7. Sphaerostephanos scandens. (A,B) Sporophyte growing as a low-canopy epiphyte upon
a tree fern trunk. (C) Rhizome apex showing radially symmetrical growth. The light-colored
longitudinal lines are aerophores. (D) Rhizome with petioles departing petioles and elongate feeder
roots. (E) Sporophyte removed from the phorophyte. (F) Abaxial lamina surface with mature sori
(arrow). (A-F) Sundue & Maraia 4420 (VT).

Vouchers—East New Britain: Wild Dog Camp, former site of SINIVIT Wild Dog Mine,
Walk to Camp III at Regess, —4.67986 152.01701, 1355 m, Sundue & Maraia 4420 (BISH,
LAE, VT).

3. Discussion

Our results for the Baining Mountains indicate that at least 3% of the New Britain fern
flora are hemiepiphytic. This percentage is small compared to the nearly 21% of species
that were holoepiphytes, but an important finding because they represent a very different
ecological niche. These new records occur in taxonomically disparate groups of eupolypod
ferns—Aspleniaceae, Hymenophyllaceae, Polypodiaceae, and Thelypteridaceae; these
families are not closely related to each other but show signs of morphological convergence
to this habit. All species were found to have dimorphic roots (i.e., roots differentiated as
either feeding or clasping roots), and all but A. scandens were found to have a distichous
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phyllotaxy (Table 2). Three of the seven species exhibited dorsiventrally flattened rhizomes,
and two of them exhibited dramatic changes in leaf morphology throughout the leaf
developmental series. These results reinforce the hemiepiphytic syndrome described
by Testo and Sundue [5] and suggest that these traits can guide the discovery of other
hemiepiphytic ferns.

Our results also reveal that both Asplenium and Leptochilus have clades comprised
primarily of hemiepiphytic species. In Asplenium, the three species reported here were
found to be closely related by Xu et al. [27]. They found a clade comprising A. amboinsense,
A. marattioides, A. scandens, and A. scolpendropsis, which together were sister to other
simple-leaved species, their “Neottopteris” clade. Asplenium marattioides has not been
reported as a hemiepiphyte, but examination of A. marattioides herbarium specimens online
(e.g., Braithwaite 4528, L; Fawcett 687, MICH; Game 95/295, VT) show traits characteristic of
hemiepiphytes including a dorsiventral rhizome, root dimorphy, and strong morphological
differences throughout the leaf developmental series. It should be targeted for future study.
Species similar to A. scolopendropsis such as A. schizocarpum, and A. translucens should also
be targeted. Xu et al. [27] also reported A. simplicifrons as belonging to this clade, but it is
epipetric and holoepiphytic. However, the sample Xu et al. [27] used was reported to be
from Papua New Guinea, where A. simplicifrons does not occur. Given that it was nested
within two samples of A. amboinense in their results, it seems likely that it is a misidentified
sample of that species. Ohlsen et al. [28] sampled A. simplicifrons from near the type locality
and resolved it in an unrelated clade.

The recognition of a hemiepiphytic clade in Asplenium provides an opportunity to infer
the evolution of habit in these clades. The hemiepiphytic clade is sister to the Asplenium
nidus group (bird’s nest ferns) sensu lato in Xu et al. [27]. That clade is large and variable
but is mostly epiphytic. Sister to both of these are the A. scolopendrioides clade and then
the A. ceterach clade, which are terrestrial or epipetric. Although there is a great deal of
disparity between these clades, the topology does indicate a transition from an ancestrally
terrestrial /epipetric habit diverging into hemiepiphytic and holoepiphytic sister groups.

Our results also reveal phylogenetic patterns in Leptochilus. Three other species
have been reported as hemiepiphytes, namely, L. brevipes, L. ornithopus, and L. scandens.
Together, these reports suggests that hemiepiphytes might be widespread in the genus but
overlooked. In addition, other evidence suggests that Leptochilus may often be facultatively
hemiepiphytic. Yu et al. [21] reported that L. brevipes grows both hemiepiphytically and
epipetrically, and Chen et al. [25] reported 15 species of Leptochilus as growing terrestrially
in their phylogenetic reconstruction of habit, but several of these species are also reported
as epiphytes [29]. Chen et al. [25] did not distinguish hemiepiphytic from terrestrial habits
and no justification or evidence in support of the habits was provided. The discrepancy in
reported habits suggest that some of those species may in fact be facultatively hemiepiphytic.

Crepidomanes aphlebioides was previously reported as hemiepiphytic by Hennequin et al. [8]
but without documentation. Our results confirm that the species establishes on trees and
then connects to the soil via elongate feeder roots. However, collection notes would indicate
that at the southern edge of its range in Queensland, Australia, it grows epipetrically (Gray
8183, MELU; Jones 18611, MELU; Ohlsen & Field s.n. MELU). This raises the question of
how and when habits shift. In their phylogenetic results, Hennequin et al. [8] resolved
C. aphlebioides as sister to a clade of terrestrial species including C. intermedium (Bosch)
Ebihara & K. Iwats., C. grande (Copel.) Ebihara & K. Iwats, and C. thysanostomum (Makino)
Ebihara & K. Iwats. Other closely related clades comprised epiphytic species, and Van-
denboschia, which includes several hemiepiphytes [7,8,14]. The phylogenetically clustered
distribution of terrestrial and hemiephytic species in their results implies a frequent shift
between these two habits evolving from an epiphytic ancestral habit.

When he described Sphaerostephanos scandens, Holttum [30] reported it as an epiphyte,
but he may not have ever observed the species himself, and he may not have considered
the distinction between holoepiphytic and hemiepiphytic habits in ferns. He did, however,
describe it as climbing, which is consistent with our observations. Our interpretation that
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this species is a hemiepiphyte is noteworthy given that the other estimated 1200 species of
Thelypteridaceae are reportedly found on soils, rocks, or in wetlands. This would suggest
that S. scandens most likely evolved from terrestrial ancestors.

Holttum suggested that S. scandens is related to S. invisus (Forst. f.) Holttum and S.
mundas (Rosenst.) Holttum (as Dryopteris farinosa Brause) and “a few other species in New
Guinea which have climbing rhizomes”, but without further details. In their phylogenomic
analysis, Fawcett et al. [31] supported the close relationship of S. scandens and a plant
identified as S. aff. mundas but resolved S. invisus within the distantly related Strophocaulon.
Whether a clade of hemiepiphytes remains to be discovered within Sphaerostephanos requires
further investigation.

4. Materials and Methods

Field work was primarily conducted during a 2016 expedition to the Baining Moun-
tains in East New Britain, but also draws from observations made in two other expeditions,
a 2013 expedition to the Sibium Mountains in Northern (Oro) Province, and a 2014 expe-
dition to Mt. Wilhelm in Chimbu and Madang provinces. Observations were made from
one or more populations in the field and further augmented with herbarium study. When
possible, all life stages were photographed in situ.

Documenting a hemiepiphytic habit is undertaken based on three distinct established
criteria. The first is that gametophytes establish epiphytically on trees. Gametophyte
identification can be confirmed by finding thalli persisting on juvenile sporophytes. This is
conducted by searching tree trunks for successively younger sporophytes during which
a developmental series of leaf morphology is discovered, allowing for the identification
of the youngest sporelings. These youngest plants often retain gametophyte thali. The
second criterion is that sporophytes must be observed to contact the soil via roots. This
is conducted by carefully removing roots from bark of the phorophyte (host tree) and
following them to the forest floor. The roots of holoepiphytes, in contrast, have roots that
do not contact the soil. The third criterion required is that sporophytes never establish
on the ground. This observation serves to distinguish obligate hemiepiphytes from fac-
ultative hemiepiphytes. Previous studies emphasized the need to distinguish primary
hemiepiphytes from secondary hemiepiphytes; however, we agree with Zotz et al. [13]
that secondary hemiepiphytes have never clearly been demonstrated for ferns or any other
plant group. Therefore, “secondary hemiepiphytes” are not further considered here.

The gold standard for establishing a species as a hemiepiphyte is the positive ob-
servation of all three criteria. However, observing only the second and third criteria is
sufficient in many cases. Given that sporophytes can only establish where a gametophyte
had been present, the presence of a sporophyte implies where the spore germinated, and
the gametophyte began growth. We believe this is a safe assumption to make for many
small to medium-sized plants. However, we do not recommend making this assumption in
the case of plants that have been established for long periods of time, with elongate and
complicated rhizome systems such as those observed by Gay [32] for Mickelia guianensis
(Aublet) R. C. Moran, Sundue & Labiak, or which may be climbing or scandent, as they
could easily mislead observers.

Beyond these criteria, we also looked for morphological features that are expected to
occur in hemiepiphytes, as described in Testo & Sundue [33]; specifically, non-cordiform
(i.e., filamentous, ribbon, or strap-shaped) gametophytes, dorsiventrally flattened rhizomes,
a distinctive leaf developmental series that changes with root-soil contact, and root di-
morphism where the plants have distinctly short “clasping” roots that serve to attach the
rhizome to the phorophyte and elongate “feeder” that descend to the ground.

Observations were made concurrently with a biological inventory of the ferns in the
Sibium Mountains. Collections were opportunistic and not designed with a statistical
methodology; nonetheless, we report the total number of collections and the total number
of confirmed hemiepiphytes to provide a baseline quantification of the percentage of this
habit in a tropical fern flora.
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Specimens were identified through direct comparison of collections at BM, E, GH, K,
UC, and VT, or through comparison of images available through www.pteridoportal.org.
We also relied upon relevant taxonomic literature [33—40].

5. Conclusions

This study advances our understanding of fern ecology by expanding the taxonomic
breadth and number of ferns known to grow hemiepiphytically. We found that approx-
imately 3% of fern species in the Baining Mountains were hemiepiphytes. Our records
in Asplenium and Leptochilus indicate a strong phylogenetic pattern in those genera. Ad-
ditionally, our findings of hemiepiphytism in Sphaerostephanos (Thelypteridaceae) and
Crepidomanes (Hymenophyllaceae) indicate that other species in those genera should be
examined for further instances of hemiepiphytism.
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Abstract: Although epiphytes and lianas share the same habitat, most research has treated
these two groups independently. This study aimed to evaluate the co-occurrence of vascular
epiphytes and lianas in the subtropical montane forests of northwestern Argentina. We
recorded epiphyte cover and liana basal area on trees > 10-cm-dbh in 120 20 x 20 m plots
in the Sierra de San Javier (Tucuman, Argentina). Of the 2111 trees sampled, 727 (34%)
hosted lianas, and 1095 (52%) hosted epiphytes. Both plant groups were found together
on 20% of the sampled trees. The species richness of lianas and epiphytes, along with
liana basal area and epiphyte cover, increased with tree diameter and reached higher
values in mature forests compared to successional forests. Both groups colonized the
same canopy tree species with larger diameters, whereas smaller trees were typically
colonized by either lianas or epiphytes, but not both. Epiphyte species were more likely
to co-occur with liana species with specialized climbing mechanisms. Tree size and forest
type (mature vs. successional) emerged as key factors influencing the co-occurrence of
lianas and epiphytes in these forests. This study establishes a basis for future research into
the interactions between lianas and epiphytes, seeking to determine whether they co-occur
in the same habitats.

Keywords: canopy ecology; competition; species interactions; trees; Yungas

1. Introduction

Trees have outstanding ecological value in supporting the biodiversity of the forest
canopy [1,2]. In particular, for lianas and epiphytes, trees play a fundamental role, by
providing support and a diversity of microhabitats [3,4]. Lianas climb tree trunks in search
of light, while epiphytes germinate and root on trees without parasitizing them [2,5-7].
Although both plant groups rely on trees for structural support, our understanding of
how lianas and epiphytes interact remains limited. Despite sharing the same trees, most
research has examined these plant groups separately, focusing on liana—tree or epiphyte—
tree relationships [2,8,9]. Consequently, little is known about whether lianas and epiphytes
compete against or facilitate each other on shared trees.

Lianas and epiphytes exhibit temporal segregation during forest succession. In tropical
forests, the abundance and richness of these two plant groups increase at different stages
of succession in a predictable pattern [4,10]. Specifically, in forests regenerating from
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abandoned agricultural fields, pastures, or logged areas, lianas colonize rapidly during
the first 30 years of forest recovery [10-13]. Lianas favor the conditions typical of early
successional forests, such as high light availability, low canopy height, and the abundance
of small-diameter trees suitable for climbing [10,11]. As forests mature, liana abundance
decreases, while epiphyte abundance increases [14-16]. Epiphytes colonize more slowly
during succession, becoming more prevalent in older forests where large-diameter trees
are more common [4,17,18]. These larger trees provide more surface, microhabitats, and
longer time exposure for epiphyte colonization [9,17,19].

In addition to temporal segregation, lianas and epiphytes may also segregate spatially
due to differences in their microhabitat niches [20,21]. For instance, hemiepiphytes have
been observed to thrive better in moist sites compared to lianas [21-23]. Conversely, lianas
often form dense clumps around trees at the edges of dry forests, producing large amounts
of foliage above their hosts and leaving limited space for epiphytic plants [20]. Interactions
with other organisms could also contribute to the segregation of lianas and epiphytes. For
example, in a Bornean tropical rainforest, a species of ant that forms symbiotic relationships
with two epiphytic ferns actively prunes and removes lianas [24]. However, research
remains limited, and general mechanisms explaining the interactions between lianas and
epiphytes beyond their temporal and spatial segregation are yet to be established.

As in other regions, lianas and epiphytes in the subtropical montane forests of Ar-
gentina have been studied separately [25,26]. Research in this area has demonstrated that
both lianas and epiphytes are significant components of biodiversity, particularly abun-
dant in mature forests [9,27]. A study performed in these forests showed that large and
well-lit trees were more likely to support lianas and hosted a greater liana abundance than
small and shaded trees [27]. Similarly, another study revealed that larger-diameter trees
supported more vascular epiphyte species than smaller-diameter trees in the same area [9].
Additionally, the interactions between these plant groups and host tree characteristics have
been analyzed, but only in mature forests [9,27]. Given that both groups are abundant
in similar habitats, these subtropical forests provide an excellent setting for investigating
their interactions.

To better understand the interactions between lianas and epiphytes, it is important
to determine whether they share the same host tree species and coexist on the same trees
within the same forests. In this study, we combined two datasets of lianas and epiphytes
collected from the same mature and successional forest plots as an initial step to investigate
their interactions. The objective of this study was to assess the co-occurrence of vascular
epiphytes and lianas—plants that depend on trees for support—in the subtropical montane
forests of northwestern Argentina. Specifically, we aimed to carry out the following actions:
1. Compare the occurrence of lianas and epiphytes at three ecological scales (i.e., tree zone,
tree, and forest patch). 2. Test whether forest type (i.e., successional vs. mature) or tree size
explains the species richness of lianas and epiphytes, liana basal area, and epiphyte cover.
3. Explore co-occurrence patterns among liana, epiphyte, and tree species using interaction
networks. 4. Analyze the spatial association of trees hosting lianas and epiphytes. We
expected the following outcomes: 1. Lianas and epiphytes will coexist on the same trees
and in the same areas of each tree, though their occurrence will vary across different forest
patches. 2. Since both lianas and epiphytes require space on trees to grow, the richness
and abundance of these groups will increase on large-diameter trees in mature forests.
3. Lianas and epiphytes will interact with the same set of tree species. 4. Trees hosting
lianas will be spatially associated with those hosting epiphytes.
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2. Materials and Methods
2.1. Study Area

We conducted this study in Parque Sierra de San Javier (26°46/3.5” S, 65°29'22.5" W),
a 14,000 ha protected area located between 600 and 1800 m asl in Tucuman, northwest
Argentina (Figure 1). The area lies 13 km west of Gran San Miguel de Tucuman, a city
of approximately one million inhabitants, whose influence has shaped the land cover
and forest dynamics of Sierra de San Javier over the past centuries [28]. Historically, the
main activities in the Sierra included agriculture and livestock grazing, which replaced
previously forested areas. However, the establishment of the protected area in 1973, along
with rural outmigration and reduced land use intensity, has transformed the landscape
into a mosaic of shrublands and successional forests [28,29].
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Figure 1. Distribution of the 12 forest patches in the Sierra de San Javier, Tucuman, Argentina. SF and
MF are successional and mature forests, respectively. Red boxes indicate the detailed areas shown in
the subsequent sub-figure.

The study area has a subtropical climate characterized by a pronounced dry season
from April to October and occasional winter frosts [30]. Mean annual precipitation ranges
from 1300 to 1500 mm, and the mean annual temperature is 18 °C [31].

The vegetation corresponds to subtropical montane forests, representing the southern-
most extension of Neotropical Andean forests [32]. This study focused on low mountain
forests (700-1000 m asl), including mature and successional forests. Mature forests are
dominated by tree species such as Blepharocalyx salicifolius, Ocotea porphyria, and Pisonia
zapallo, while the subcanopy is primarily composed of Eugenia uniflora, Piper tucumanum,
and Allophylus edulis [27,33]. Successional forests, which have developed mainly on aban-
doned croplands, contain native tree species such as Tecoma stans, Heliocarpus popayanensis,
Parapiptadenia excelsa and Tipuana tipu, along with exotic tree species such as Ligustrum
lucidum and Morus alba [29].
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In the Sierra de San Javier, both lianas and epiphytes are abundant and diverse in the
Yungas forests [34,35]. They occur on approximately 62-65% of trees with a diameter greater
than 10 cm [25-27]. In the area, mature forests provide optimal habitats for lianas and
epiphytes due to the presence of treefall gaps and large-diameter trees [34,36]. However,
these plants are also present in successional forests that have regenerated from abandoned
lands that were once used for farming and cattle grazing. The most abundant liana species
are Cissus striata, Celtis iguanaea, and Chamissoa altissima [37]. The most common epiphyte
species are Pleopeltis tweediana, Microgramma squamulosa, and Aechmea distichantha [34].

2.2. Data Collection

For this study, we considered the following definitions for lianas and epiphytes. Lianas
are climbing plants with true wood or persistent, fibrous stems, which germinate on the
ground and rely on external physical support to ascend to the canopy [38]. Epiphytes are
plants that germinate and root non-parasitically on other plants [2]. The study area lacks
hemiepiphytes and nomadic vines, so there was no ambiguity in distinguishing between
lianas and epiphytes.

Lianas, vascular epiphytes, and trees were surveyed in 12 forest patches located at
elevations between 700 and 1000 m above sea level in Parque Sierra de San Javier (Figure 1).
Our study included eight successional forest patches, along with four mature forests that
did not show recent signs of human disturbance [29,34,35].

In every forest patch we sampled ten 20 x 20 m plots. Most plots were spaced 20 m
apart and located more than 10 m from the forest edge. An exception was one forest
patch (“Cedro”, Figure 1), which included nine contiguous plots (0.36 ha) monitored every
5 years by the Red Subtropical de Parcelas Permanentes (RedSPP) (https:/ /ier.conicet.gov.
ar/red-subtropical-de-parcelas-permanentes-redspp/ (accessed on 28 November 2024))
and one additional plot located 20 m away. Within each plot, we identified and measured
the diameter at breast height (dbh) of all trees > 10 cm. In the Cedro forest patch, we
also mapped the location of each tree using an x—y coordinate system to perform spatial
analyses in the nine contiguous plots.

In each plot, we identified and measured the diameter of lianas supported by trees,
focusing on woody climbers with a diameter of >1 cm at 130 cm from the main rooting
point [38]. Additionally, we identified vascular epiphyte species and estimated their total
cover per tree using binoculars from the ground. We acknowledge that ground-based
observations may underestimate the richness and frequency of epiphytes [39]. However,
we selected this method to sample a large number of trees in an area with relatively
low epiphyte richness [26]. Cover was estimated using a modified Braun-Blanquet scale,
considering the percentage of the tree surface covered by epiphytes (1 =1 to 5%, 2 = 6 to
25%, 3 =26 to 50%, 4 = 51 to 75%, and 5 = 76 to 100%) [40]. Additionally, we recorded the
number of occurrences of lianas and epiphytes on the crowns and trunks of the trees.

2.3. Data Analysis

We compared the occurrence of lianas and epiphytes across three ecological scales:
tree zone, tree, and forest (objective 1). At the tree zone scale, we compared the frequency of
occurrence of lianas and epiphytes between the trunk and crown of trees using generalized
linear models (GLMs) with a negative binomial distribution. At the tree scale, we used
Chi-square tests to analyze the associations between the presence and absence of lianas
and epiphytes in trees of four different size classes. At the forest scale, we compared the
number of trees colonized by lianas or epiphytes across 12 forest patches using generalized
linear models (GLMs) with a negative binomial distribution.
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To analyze the effects of forest type (i.e., successional or mature) and tree size (dbh) on
the richness of lianas and epiphytes, liana basal area, and epiphyte cover, we performed
four Bayesian mixed-effects linear regressions (objective 2). In these models, forest type and
tree size were the explanatory variables, and tree species was set as a random variable. This
way, we developed a model for each response variable (i.e., liana basal area, liana richness,
epiphyte richness, and epiphyte cover). Liana abundance posteriors were estimated using
a log-normal hurdle distribution, due to the high number of zeros in the sampled trees.
For the abundance of epiphytes, we used cumulative distribution, since the response
variable is ordinal. For the richness of lianas and epiphytes, we used a hurdle Poisson
distribution. In all cases, we ran four Markov chains of 8000 iterations each. The priors
were weakly informative in each of the four models (Supplementary Materials S1). All
models converged successfully and reached acceptable Rhat and effective sample size (ESS)
values (Rhat < 1.01 and ESS > 1000; Supplementary Materials S1).

We explored the relationships between liana and tree species, epiphytes and trees, and
lianas and epiphytes using interaction networks (objective 3). To describe the frequency of
interactions between lianas and trees, we considered the total basal area of liana species
associated with each tree species. For the epiphyte—tree interaction network, we described
the frequency of interactions based on the number of zones [41] occupied by each epiphyte
species on each tree species. For the liana-epiphyte interaction network, we only included
trees where both lianas and epiphytes occurred together. All interaction networks were
generated using the bipartite library in R [42]. In addition, we compared the number
of epiphyte co-occurrences with lianas that use specialized climbing mechanisms versus
those that merely lean on tree branches, using a generalized linear model with a negative
binomial distribution.

We conducted a point pattern analysis to investigate the spatial association of trees
hosting lianas or epiphytes, at different distances (objective 4). This analysis was carried
out within the 0.36 ha permanent plot (“Cedro”), where the trees were mapped using an x-
and y-coordinate system. The input for our analyses included tree locations, as well as the
presence of lianas and epiphytes, as categorical marks. To assess these spatial patterns, we
employed the K function, which examines the frequency of additional points (e.g., a tree)
at increasing distances (radii) from each focal point. To reduce the effect of autocorrelation
due to cumulative counts of additional points, we only considered points within two-meter-
wide rings. To do so, the K value of each radius was recalculated by subtracting the K value
corresponding to a two-meter-lower radius. We analyzed the spatial pattern of marked
points (e.g., trees with lianas or epiphytes) and the frequency of crossed interactions (i.e.,
we evaluated potential interactions between lianas and epiphytes at different distances).
We contrasted the observed pattern with a null model using Monte Carlo permutations.
Specifically, we conducted 10,000 simulations to establish confidence intervals defined by
maximum and minimum values at a significance level of « = 0.05. If the observed pattern
falls within the confidence intervals, it suggests that the distribution of trees with lianas
and epiphytes is consistent with the noninteraction hypothesis. Conversely, if the observed
pattern deviates from these intervals, it indicates that the probability of finding a tree with
epiphytes or lianas at different distances either increases or decreases. In the permutations,
we considered the influence of tree size on the presence of lianas and epiphytes by adjusting
binomial models, and used the predicted probabilities to reshuffle marks. Spatial analyses
were performed using the spatstat package in R [43,44].
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3. Results
3.1. Liana and Epiphyte Occurrences

In this study, we surveyed 2111 trees, of which 727 (34%) were hosts of lianas and
1095 (52%) of epiphytes. Of the total number of trees with lianas, only 44 trees (6%) had
exclusively lianas and no epiphytes. In contrast, of the total number of trees with epiphytes,
62% hosted exclusively epiphytes and no lianas. Each tree had a median of one liana species
(range: 1-5) and a mean basal area of 0.0025 square meters of lianas (range: 0.0001-0.0295).
The trees had a median of two epiphyte species (range: 1-9) and a median epiphyte cover
of 1 (range: 1-5).

At the tree zone scale, there were no significant differences between liana and epi-
phyte occurrences in the trunk (estimate = 0.06, z = 0.24, p = 0.81) and crown of trees
(estimate = —0.31, z = —1.17, p = 0.24). The crown had a significantly higher occurrence
of epiphytes compared to the trunk (estimate = —0.55, z = —2.72, p = 0.006; Figure 2).
In contrast, there was no significant difference between the trunk and crown for liana
occurrence (estimate = —0.18, z = —0.56, p = 0.57; Figure 2).

At the tree scale, the presence and absence of lianas and epiphytes were not signifi-
cantly associated across four tree diameter classes (Table 1). Lianas and epiphytes shared
few small trees (i.e., dbh < 13.15 cm), and almost half of the trees larger than 33.76 cm in dbh
(Table 1). However, in both cases, there was no deviation from the expected proportions of
lianas and epiphytes colonizing the trees.

Table 1. Number of trees hosting lianas and epiphytes per dbh class.

No. of Trees No. of Trees

Tree dbh No. of Trees . Shared Between Chi-Square Test
. No. of Trees . . Hosting .
Quartiles Hosting Lianas Epinhvtes Lianas and (p-Value)
PPy Epiphytes
1(<13.15 cm) 528 123 130 27 (11.9%) 044
' e (0.51)
2 (>13.15-<19.75) 535 156 223 62 (19.6%) (8'?21)
3 (>19.75-<33.76) 521 178 319 111 (28.8%) (8'2%
o 0.07
4 (>33.76) 527 270 423 215 (45%) (0.79)

On average, 20% of the trees hosted both lianas and epiphytes in most forest patches
(Table 2). In certain forest patches, there was a significant prevalence of trees hosting
epiphytes compared to the number of trees with lianas (e.g., Reserva, NogalCebil, Frontino,
and CuestaVieja; Tables 2 and 3). In contrast, in one of the forest patches (i.e., Mora), there
were twice as many trees colonized by lianas as by epiphytes (Tables 2 and 3).

Table 2. Number of trees hosting lianas and epiphytes per forest patch.

" No. of Trees No. of Trees

Forest Patc Forest Type No. of Trees No.. of T1:ees Hosting Sha1:ed Between
Label Hosting Lianas Epiohvtes Lianas and
PIPTY Epiphytes
Guaran Successional 197 91 110 60 (42.6%)
Nativo Successional 182 33 49 17 (26.2%)
Reserva Successional 226 7 120 4 (3.3%)
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Table 2. Cont.

No. of Trees No. of Trees
Forest Patch No. of Trees . Shared Between
Label Forest Type No. of Trees Hosting Lianas Hosting Lianas and
& Epiphytes
PIPTY Epiphytes
Mora Successional 141 82 43 32 (34.4%)
NogalCebil Successional 146 24 95 21 (21.4%)
Cedro Successional 147 73 55 37 (40.7%)
Sismografo Successional 173 53 61 19 (20%)
Frontino Successional 168 32 134 27 (19.4%)
CuestaVieja Mature 190 63 147 47 (28.8%)
Laderas Mature 135 61 90 52 (52.5%)
Hal Mature 210 105 102 54 (35.3%)
Hab Mature 196 103 86 45 (31.3%)

Table 3. Results of generalized linear models comparing the number of trees colonized by lianas or
epiphytes per forest patch. * indicate that differences are statistically significant.

Forest Patch Label Estimate z Value p Value
Guaran —0.18 —0.85 0.39
Nativo —0.39 —1.10 0.27
Reserva —2.84 —7.31 0.001 *

Mora 0.64 2.88 0.003 *
NogalCebil —-1.37 —5.03 0.001 *
Cedro 0.28 1.02 0.31
Sismografo —0.14 —0.58 0.55
Frontino —1.43 —7.27 0.001 *
CuestaVieja —0.84 —4.15 0.001 *
Laderas —0.38 —2.34 0.09
Hal 0.01 0.13 0.89
Haéb 0.18 1.20 0.22
200 *
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Figure 2. Number of occurrences of lianas and epiphytes on the crown and trunk of trees. The
isolated point represents an outlier, a value beyond 1.5 times the interquartile range from the first
and third quartiles.
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3.2. The Influence of Forest Type and Tree Size on Lianas and Epiphytes

The type of forest influenced liana basal area, epiphyte cover, and the species richness
of both lianas and epiphytes in a similar way. Trees in mature forests tended to host more
species of lianas and epiphytes compared to those in successional forests (Figure 3a,b).
Similarly, tree size was positively associated with liana and epiphyte species richness, liana
basal area, and epiphyte cover (Figure 3c,d). Details on the estimations are provided in
Supplementary Materials S1.
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Figure 3. Comparison between mature and successional forests with respect to the association
between trees * dbh and (a) the species richness of lianas, (b) species richness of epyphites, (c) basal
area of lianas and (d) epyphites’ cover.

3.3. Interaction Networks Between Lianas, Epiphytes, and Trees

In general, lianas and epiphytes interacted with the same tree species (Figures 4 and 5).
However, there were differences in the frequency of interactions that trees had with liana
and epiphyte species. The liana species that showed the highest frequency of interac-
tion with tree species were Celtis iguanaea, Cissus striata, Quechualia fulta, and Dolichandra
unguis-cati. Liana species interacted most frequently with canopy tree species such as
Ocotea porphyria and Terminalia triflora, as well as with species in the middle and lower
strata, such as Myrcianthes pungens, Piper tucumanum, Eugenia uniflora, and Morus alba
(Figure 4). In contrast, epiphytes interacted almost exclusively with canopy trees such as
Ocotea porphyria, Terminalia triflora, and Parapiptadenia excelsa. Ocotea porphyria was the tree
species that had the most interactions with epiphyte species, including Pleopeltis tweediana,
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Peperomia tetraphylla, Microgramma squamulosa, Aechmea distichantha, and Peperomia theodori

(Figure 5). Among the epiphyte-liana interaction network, epiphyte species co-occurred

most frequently with Cissus striata and Dolichandra unguis-cati (Figure 6). There were signif-

icantly more epiphyte occurrences on trees with liana species that use specialized climbing

mechanisms than on trees with lianas that merely lean on tree branches (estimate = 1.21,

z=2.74,p =0.006).
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Figure 4. Interaction network between species of trees (left) and lianas (right). The size of the boxes

represents the frequency of interactions between species.
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3.4. Spatial Patterns of Trees Hosting Lianas and Epiphytes

The contiguous 0.36 ha plot contained 120 trees; 66 trees hosted at least one liana
and 39 hosted at least one epiphyte. Point pattern analysis revealed that the likelihood of
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encountering a tree with epiphytes at 3 to 7 m from a tree with lianas was slightly higher
than expected, by chance only when the host species and dbh were taken into account
(Figure 7). By contrast, the likelihood of a tree hosting lianas did not change in response to
an epiphyte-hosting tree at any distance (Figure 7).
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Figure 7. Spatial arrangement of trees with lianas and epiphytes. The curves in black indicate the
pair of epiphytes and lianas at increasing distances. The confidence intervals in red indicate the
central 95% values estimated from 10,000 permutations. In each of these permutations, we randomly
distributed epiphytes (above) and lianas (below) considering the likelihood of a tree being colonized
given its species identity and dbh.

4. Discussion

In this study, we evaluated the co-occurrence of lianas and epiphytes in the subtropical
montane forests of northwestern Argentina as an initial step to investigate their potential
interactions. To date, lianas and epiphytes have been studied separately, making this the
first study to analyze both groups together in this region. We combined two databases of
lianas and epiphytes surveyed in the same forest plots to explore patterns of occurrence
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at different ecological scales (tree zone, tree, and forest patch). The results showed that
both lianas and epiphytes occur on the trunk and crown of trees, sharing, on average, 20%
of the host trees within the same plots. However, the proportion of shared trees varied
considerably between plots (3.3-52.5%), suggesting that local conditions may favor one
group over the other [34,35].

The forest structure, composition, and successional status of forest patches may in-
fluence the varying prevalence of lianas and epiphytes. In particular, the forest patches
Reserva, NogalCebil, Frontino, and CuestaVieja showed a higher proportion of trees with
epiphytes compared to those hosting lianas. These forest patches are characterized by the
dominance of one or two species of trees, such as Anadenanthera colubrina in “Reserva”,
Juglans australis and Parapiptadenia excelsa in “NogalCebil”, Ocotea porphyria in “Frontino”,
and Bauhinia forficata in “CuestaVieja”, which possess characteristics favorable for epiphyte
colonization [26,34,45]. In addition, these patches have a homogeneous structure, with a
single cohort of tall trees that are difficult for many species of lianas to reach. In contrast,
forests with lower canopy heights and the presence of fallen trees tend to harbor more
lianas, as these conditions enhance light availability and facilitate climbing [7,8]. For in-
stance, the “Mora” forest has a substantial number of fallen trees [28,46,47], resulting in a
prevalence of trees with lianas over those with epiphytes. However, these remain merely
hypotheses that should be evaluated in the future and take into account the factors that
determine whether a forest supports more epiphytes than lianas, or vice versa.

Tree diameter was an important factor influencing the occurrence of lianas and epi-
phytes. In smaller trees, co-occurrence was low, as they were generally colonized by either
lianas or epiphytes, but not both. Nearly 50% of trees with a diameter greater than or
equal to 33.8 cm were simultaneously colonized by lianas and epiphytes. In addition,
tree diameter was positively associated with liana and epiphyte species richness, liana
basal area, and epiphyte cover. This pattern could be explained by the size and age of
the trees, as they offer a larger surface area and have been exposed to colonization by
lianas and epiphytes for a longer time [9,26,27]. These findings align with results from
other forests, showing that both epiphyte [17,19,48] and liana [49-51] prevalence increases
among larger trees.

A higher species richness of lianas and epiphytes, as well as a greater liana basal
area, was found in mature forests compared to successional forests. This pattern was
expected for epiphytes but not for lianas, which tend to be more prevalent in successional
stands [10,11,13,14,18]. These results underscore the conservation importance of mature
forests, as they harbor the largest trees that support a high diversity of lianas and epiphytes.
Moreover, mature forests are more stratified, allowing them to host liana species with
diverse climbing modalities adapted to different tree sizes. However, this does not diminish
the importance of successional forests for the conservation of these plants. It is essential to
recognize that successional forests are in active recovery and, if protected from significant
human impacts, could eventually achieve a diversity of lianas and epiphytes comparable
to that of mature forests [10,18].

The presence of lianas and epiphytes was greater in large tree species that reach the
canopy (e.g., Ocotea porphyria, Terminalia triflora, Parapiptadenia excelsa, and Tipuana tipu). On
these tree species, epiphytes were found alongside liana species that had specialized climb-
ing mechanisms to reach the canopy. For example, epiphyte species were commonly found
in trees hosting lianas with tendrils and adventitious roots (e.g., Dolichandra unguis-cati and
Cissus striata), as well as those with spines (Celtis iguanaea and Acacia tucumanensis) [36].
On the other hand, liana species that merely lean on tree branches (e.g., Quechualia fulta
and Chamissoa altissima) were more frequent in smaller trees (e.g., Eugenia uniflora and
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Piper tucumanum), which are typically not colonized by epiphytes [9]. Therefore, epiphytes
could be spatially segregated from certain liana species due to the biology of lianas (i.e.,
specifically their ability to climb trees of certain sizes) rather than competition.

Other studies suggested that lianas could have a negative influence on epiphytes,
as lianas cover host trees with a large number of leaves, leaving little space available for
epiphytes [20,21]. It has also been suggested that in successional forests, abundant lianas
may outcompete epiphytes by increasing shade and occupying colonization sites [52]. In
this study, specifically in a successional forest highly dominated by lianas, we found a
slight effect of the distance from liana-hosting trees on the likelihood of finding an epiphyte.
However, caution is necessary when interpreting this as an effect of lianas on epiphytes,
as the effect was not very strong. Furthermore, the non-replicated design and small plot
size (0.36 ha) may have limited our ability to detect a conclusive pattern regarding the
interactions between lianas and epiphytes.

In this study, the occurrence patterns of lianas and epiphytes were analyzed as an
initial approach to understanding the interactions between these two groups of plants. The
results indicate that, in this region, both lianas and epiphytes tend to co-occur primarily in
mature forests and on larger-diameter trees. Furthermore, it was observed that epiphytes
do not coexist uniformly with all liana species, but predominantly with those that have
specialized climbing mechanisms. To further explore the nature of these interactions, future
research should consider the patterns identified in this study. For instance, studies investi-
gating the type of interaction between lianas and epiphytes in this region should focus on:
(1) forests with high cover or abundance of both life forms, (2) tree species commonly
hosting both lianas and epiphytes, and (3) specific interactions between epiphytes and
certain liana species. In addition, it would be necessary to use a common variable for both
lianas and epiphytes, such as canopy or bark occupancy. Building on these aspects, we can
further investigate whether lianas and epiphytes compete for the same habitat or facilitate
each other’s presence.
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Abstract: There is evidence to suggest that vascular epiphytes experience low competition for
resources (light, water, and nutrients) compared to terrestrial plants. We tested the hypothesis that
low resource competition may lead to higher nestedness among vascular epiphyte assemblages
compared to trees. We studied the species composition and biomass of epiphytes and trees along
an elevation gradient in a tropical dry forest in SW Ecuador. Both life-forms were inventoried on
25 plots of 400 m? across five elevation levels (550-1250 m). Tree species density and total species
richness increased with elevation, whereas basal area and biomass did not show significant trends.
Epiphyte species density and richness both increased strongly with elevation, in parallel to biomass.
Plot-level compositional changes were similarly strong for both life-forms. We attribute elevational
increases in the species richness of trees and epiphytes to increasing humidity, i.e., more mesic growth
conditions. We attribute the more pronounced elevational increase in epiphyte biomass, species
density, and richness—the latter coupled with a higher degree of nestedness—to the greater moisture
dependency of epiphytes and relatively low direct competition for resources. Our study provides
a first comparison of elevational trends in epiphyte and tree diversity and biomass for a tropical
dry forest.

Keywords: alpha diversity; beta diversity; biomass; biotic interactions; competition; determinants of
nestedness; Ecuador; species richness; species turnover; Tumbes-Piura dry forest

1. Introduction

Rates of tropical forest loss remain high. Understanding elevational trends in biodi-
versity and their synergies and trade-offs with environmental services, especially carbon
storage, is essential for prioritising biodiversity conservation efforts [1,2]. Moreover, cli-
mate change impacts are projected to increase strongly, likely to match land-use change as
the main threat to biodiversity in the course of the coming decades [3]. Steep elevational
gradients constitute the best natural study models available for predicting how vegetation
and species assemblages may change due to global climate change [4].

Meanwhile, tropical dry forests remain poorly studied, in part due to the paucity
of intact gradients suitable and available for study. Throughout the tropics, dry forest
environments have long been preferred for agricultural use and have undergone intense
settlement, conversion, and fragmentation [5]. Man-lit fires escape more easily in arid
environments, further reducing and degrading natural vegetation. Today, tropical dry
forest environments are among the most threatened, degraded and pressured [6]. As
a consequence, few mountains in arid or semiarid environments continue to support
contiguous gradients of natural vegetation sufficiently intact for ecological studies [7-9].
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Lowland tropical dry forests tend to be markedly less speciose in trees than moist
and wet forests, although this varies greatly among regions and with spatial scale [10].
This trend is mirrored by biomass [11]. Elevational patterns also diverge: in moist and
wet tropical environments, tree diversity and biomass usually decrease with elevation,
e.g., [12,13]. In contrast, in semi-humid and semi-arid environments, tree diversity can
show mid-elevation peaks. This pattern has been attributed to increasing air humidity,
decreasing vapour pressure deficit (VPD), and hence lower drought stress towards higher
elevations, creating more mesic conditions suitable for a wider variety of taxa [14].

Due to their disconnect from soil water, epiphytes are considered particularly sensitive
to measures of desiccation stress such as humidity and VPD [15-17]. While vascular epi-
phytes have developed a wealth of adaptations to avoid desiccation, desiccation tolerance
is rare. Hence, few epiphytes are adapted to withstand prolonged periods of drought [18],
especially during establishment [19,20]. This sensitivity of vascular epiphytes to water
availability is closely reflected by geographical patterns of species diversity. For example,
in coastal Ecuador, [21] found that the number of tree species in plots of 0.1 ha decreased
moderately from wet forest (114 species) to dry forest (48), while the number of vascular
epiphytes decreased dramatically from 127 to just 3. Regarding epiphytic biomass, the
highest values have likewise been found in wet mountain environments [22]. However,
our understanding of biomass patterns is confined by diverging methodologies, numerous
site characteristics, a pronounced bias of studies towards cloud forest sites with exuberant
epiphytic vegetation, and the paucity of studies from xeric environments and elevational
gradients [22]. Moreover, the representativeness of individual studies is questionable. For
example, the highest total epiphytic biomass density on record, 44 t ha—! [23], widely
cited in the literature, is based on extrapolations from one tree representing each of three
vegetation strata.

There is evidence to suggest that competition does not strongly shape vascular epi-
phyte assemblages [24-26], and competition may hence be less critical than in terrestrial
plants. In all but the most marginal of circumstances, the species composition of terrestrial
plant communities is defined by fierce competition for resources. In humid environments,
these are primarily light and nutrients [27]. In subhumid to arid environments, water
availability plays an increasingly important role [28]. We argue that vascular epiphytes as
a life-form are fundamentally distinct in this regard. Light is plentiful in tree crowns in
most environments. Although water availability is critical, it is essentially not competed
for among epiphytes due to their lack of access to soil water. Any amount not intercepted
and adsorbed or stored by epiphytes—the bulk of a good rainfall event—flows and drips
to the ground, becoming unavailable for epiphytes. Thus, water is an ephemeral and
limiting resource, albeit not strongly competed for, even in humid environments. Quite
correspondingly, nutrients are yielded from atmospheric deposition and decomposing litter,
absorbed from rainfall and stemflow rather than from the soil, and hence—like water—not
strongly competed for [29,30]. As a consequence of these limitations, almost nowhere
is there a scarcity of host bark suitable for colonisation, which is further ensured by the
challenges of colonising naked bark as well as by host growth and patch disturbance (e.g.,
dislodgement of epiphyte mats) [25]. Rather than constituting competition, the presence
of epiphytes creates niches and microsites for additional species, facilitating successful
colonisation by more mesic species and hence higher species density and richness.

Numerous studies have addressed succession in epiphyte assemblages along the twig-
branch trajectory, which presents neat chronosequences in any host tree, e.g., [10,31-33]. A
characteristic of the successional process is a high degree of facilitation. Xerophilous lichens
tend to pioneer the colonisation of exposed twigs, retaining water for and spores of the first
bryophytes, which subsequently overgrow, gradually expand, thicken, and diversify to
form increasingly moisture-retaining substrates that facilitate the establishment of many
vascular species [33,34]. However, it is also vascular species themselves that facilitate
other vascular epiphytes. Tank bromeliads largely owe their remarkable success to their
ability to store substantial quantities of rainfall over prolonged periods. The spongy base

164



Plants 2024, 13, 2555

of bromeliad tanks creates suitable microhabitats for more mesic taxa such as orchids or
ferns, offering both shade and water, which continues to leak from the tank-forming leaf
bases long after precipitation events. Another prime example of facilitating epiphytes is
nest ferns, which store water in accumulated litter and litter-derived humus rather than
tanks [35]. Countless other vascular epiphytes offer microsites to more ombrophilous
taxa in a less sophisticated fashion, by providing shade and increasing rainfall and litter
retention through their roots’ structuring of smooth host bark and the formation, retention,
and accumulation of humus [29,36].

The apparent low competition among vascular epiphytes makes it intriguing to com-
pare their biodiversity patterns to those of terrestrial plant life-forms. The change in species
composition and richness along environmental gradients or under climate change tends
to be pronounced. Such compositional change or beta diversity results from either one or,
more commonly, the combination of two additive mechanisms: (a) replacement, typically
by more competitive species, and (b) nestedness, where species drop out without being
replaced [37]. These two mechanisms and the processes underlying them are antitheti-
cal. In order to understand how and why species assemblages change, we must discern
these mechanisms and quantify their contributions to compositional change [38]. Such
understanding is also a critical basis for conservation planning [39].

Our study site is characterised by a strong increase in humidity with elevation. We
therefore expected pronounced differences in the composition and structure of plant
communities. We hypothesised that (1) epiphytes compared to trees will increase more
strongly in biomass (1a) and species density (1b) with elevation, due to their high sensitivity
to humidity.

We further hypothesised that (2) epiphytes, being less strongly driven by resource
competition, will display a greater degree of nestedness in their floristic variability among
sampling plots than trees, which compete fiercely for resources.

2. Results
2.1. Environment

Soil properties related to nutrient availability, such as pH value, C/N ratio, or plant-
available phosphorus (Pegin), tended to deteriorate slightly towards higher elevations
(Table 1). Tree surface cover of both epiphytic lichens and bryophytes increased strongly at
higher elevations (Table 1).

Table 1. Environmental characteristics (mean + standard deviation for every 5 plots per eleva-
tional stratum).

550 m 800 m 1050 m 1150 m

1250 m

Mean =+ SD Mean &+ SD Mean £+ SD Mean + SD Mean =+ SD

Elevation (m a.s.l.) 5506 + 17,5 8106 + 27.5 10574 4+ 181 11520 =+ 13.6 12486
Slope inclination (°) 306 £ 438 298 + 81 22.0 + 3.8 265 £ 63 29.2
Soil pH (KCl) 6.5 + 0.1 6.6 + 0.1 59 + 0.1 57 + 02 59

Soil Nioa (%) 02 + 00 03 + 00 03 4+ 01 03 4 01 06

Soil C/N 10.1 + 1.0 10.7  + 0.7 11.6 + 0.5 112 4+ 05 11.0

Soil Pyegin (mol g~ 1) 06 + 12 25 + 09 05 4+ 02 14 £ 07 19
SOﬂcahoajzi?ZﬁﬁfcapaC“y 231 £ 296 580 + 421 324 £ 226 1761 + 2025 2965
Soil base saturation (%) 997 £ 03 950 £ 113 89.0 =+ 225 886 £+ 115 888
Lichen cover understorey (%) 1.2 + 04 7.0 + 37 266 + 157 378 + 124 240
Lichen cover canopy (%) 2.2 + 22 3.0 + 27 294 £ 115 464 £ 738 33.6
Bryophyte cover understorey (%) 1.2 = 04 1.0 £ 00 74 X+ 59 96 &+ 27 414
Bryophyte cover canopy (%) 1.0 £+ 00 1.0 £ 00 36 £ 29 48 £ 15 186

+

HH H HH H HH R

315
4.2
0.3
0.1
0.3
1.0

206.3

6.8
9.5
13.3
6.8
4.0
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2.2. Biomass

Aboveground biomass (AGB) of trees did not change significantly with elevation. Tree
AGB was not correlated with elevation nor with measures of soil fertility (C/N, P, and
pH; Table S1). Vascular epiphyte biomass, in contrast, increased strongly above 800 m
(Figure 1), mirroring the increase in the surface cover of non-vascular epiphytes (lichens
and bryophytes) (Table 1). This increase in biomass was essentially a consequence of
increasing epiphyte abundance (number of stands) since the mean stand biomass varied
little across elevational belts (Table 2).
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Figure 1. Aboveground biomass of vascular epiphytes (top) and trees (bottom) along the elevational
gradient. Inserted are linear trendlines with 95% confidence intervals.

Table 2. Elevational trends in abundance, biomass, and diversity of trees and vascular epiphytes
(mean =+ standard deviation for 5 plots per elevational stratum).

550 m 800 m 1050 m 1150 m 1250 m
Mean £ SD Mean = SD Mean + SD Mean £+ SD Mean =+ SD
Trees
Individuals 222 £+ 38 244 £+ 85 438 + 51 330 + 87 488 + 9.1
Basal area (cm? plot™!) 8902 £ 2773 17,453 + 9400 10,695 £ 1398 9838 £ 2735 10,081 =+ 2595
AGB (Mg ha~1)@ 113 + 38 171 + 87 82 + 23 133 + 24 135 + 45
Species density raw 74 £ 15 104 <+ 32 140 £ 16 112 £ 15 160 £ 37
Species density rarefied (1 =13) 57 £+ 0.8 76 £ 11 78 £ 08 72 £+ 07 79 £+ 15
Species richness observed 17 21 28 22 38
Species richness estimated
Chao 1 203 £+ 41 280 £+ 71 293 £+ 17 245 £+ 32 393 £ 16
Chao 2 314 + 131 255 + 44 309 + 28 237 £+ 21 411 =+ 27
Jackknife 1 242 £+ 15 274 + 35 352 £+ 15 268 + 23 476 = 27
Jackknife 2 29.2 30.4 36.6 27.7 47.6
Michaelis—Menten (mean) 242 27.6 37.0 29.1 59.0
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Table 2. Cont.

550 m 800 m 1050 m 1150 m 1250 m
Mean + SD Mean + SD Mean + SD Mean + SD Mean =+ SD
Epiphytes
Stands (no.) 176 £ 56 253 + 25 570 + 339 700 + 178 604 + 287
Plant dry weight (g) b 477 £ 191 520 £ 126 514 + 146 383 £ 156 52.1 + 253
Biomass (Mg ha ! 026 + 015 038 + 006 073 -+ 030 081 4+ 050 078 + 0.19
slope-corrected)
Species density raw 8.4 + 09 8.4 + 15 144 £+ 29 244 + 40 276 £ 3.1
Species density rarefied (n =125) 82 £ 0.9 79 £+ 13 112 + 13 159 + 17 198 £ 24
Species richness observed 12 14 24 45 50
Species richness estimated
Chao 1 120 £+ 0.2 170 + 42 255 £ 26 458 £ 13 593 £ 89
Chao 2 123 4+ 08 260 + 11.0 249 £ 13 48.1 + 28 53.8 +£ 32
Jackknife 1 136 =+ 1.0 188 + 1.5 280 £ 1.3 538 £ 34 596 £ 24
Jackknife 2 13.9 22.4 27.4 54.6 61.0
Michaelis—-Menten (mean) 133 15.8 28.6 57.0 62.0

2 slope-corrected (see Methods section for details). ® calculated as total biomass x number of stands .

2.3. Floristics

In total, we recorded 1128 stems from 60 tree species and 11,518 vascular epiphyte

stands from 64 species.

Most speciose tree families were Fabaceae (12 species), Capparaceae (3), Moraceae
(3), Polygonaceae (3), and Sapindaceae (3). The most abundant tree species were Han-
droanthus chrysanthus (Bignoniaceae, 74 stems), Eriotheca ruizii (Malvaceae, 68), Ipomoea
wolcottiana subsp. calodendron (Convolvulaceae, 58), and Erythrina velutina (Fabaceae, 55).
All four species are deciduous (Table S2).

Most speciose families of epiphytes were Orchidaceae (27 species) and Bromeliaceae
(18), followed by Polypodiaceae (4). Across elevations, the most abundant epiphyte species
were bromeliads: Guzmania monostachia (1600 individuals), Tillandsia trichoglochinoides
(1170), Vriesea spinosa (1023), and Tillandsia flagellata (1018). Epiphyte assemblages at
550-800 m were composed almost entirely of Bromeliaceae, accompanied by few Cactaceae
and Orchidaceae, and a stray individual of Ficus, whereas other angiosperm and fern taxa
were only present at higher elevations (Table S3).

Our study yielded several noteworthy species records. Four epiphyte species are
likely new to science (“sp. nov.” in Table S3). One tree species has only recently been
described scientifically and is endemic to Loja province (Pradosia aureae [40]), while another
tree species (Schaefferia serrata) was formerly only known from Peru.

2.4. Species Density and Richness

Species density was more strongly correlated with elevation in epiphytes (Spearman’s
p =0.88, p <0.001) than in trees (p = 0.73, p < 0.001) (Table S1). While tree species density
and total species richness showed a moderate linear increase with elevation, epiphyte
species density and richness showed a strong increase above 800 m (Table 2). In both trees
and epiphytes, this pattern persisted after controlling for variation in abundance (Figure 2).

The early levelling-off of species accumulation curves (Figure 3) suggests that the size
and number of plots sampled were adequate to address our site’s species richness, as also
confirmed by species richness estimation (Table 2).
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Figure 2. Species density (species per plot) of epiphytes (top) and trees (bottom) vs. elevation. Species
numbers are calculated through individual-based rarefaction at n = 13 (trees) and n = 125 (epiphytes),
respectively. Inserted are second-degree polynomial (epiphytes) and linear (trees) trendlines with
95% confidence intervals. Raw species densities are plotted in Supplementary Figure S1.
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Figure 3. Species accumulation curves across elevational levels (strata) for epiphytes (top) and trees
(bottom panel) as yielded via sample-based rarefaction (5000 runs).

2.5. Interactions between Trees and Epiphytes

Epiphyte stand number, biomass, and raw and rarefied species density showed sig-
nificant (p < 0.01) and strong correlations (Spearman’s p > 0.69) with elevation, lichen,
and bryophyte cover. All of these vascular epiphyte measures also showed significant
correlations with tree individual number (p = 0.63-0.67) and raw tree species density
(p = 0.53-0.68) but not with rarefied tree species density (p = 0.63-0.67). No vascular epi-
phyte measures showed any significant correlation with tree basal area or AGB (Table S1).
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2.6. Composition and Turnover

Floristic composition was aligned closely with elevation for both epiphytes and trees

(Figure 4).
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Figure 4. NMDS ordinations of epiphyte (top) and tree assemblages (bottom), with fitted environ-
mental vectors and regression surfaces. The length and direction of an arrow indicate the strength and
sign of the linear correlation of an environmental variable with ordination scores. The contour lines
show smooth trends in the relationship between elevation and plot scores. Vectors for epiphytes: tree
AGB (not slope-corrected), mean stem lichen cover, and mean bryophyte cover (covers were taken as
the average between understorey and canopy values); trees: soil pH, soil C/N, and soil Pregin-

Trees exhibited significantly higher levels of compositional change (Serensen dissim-
ilarity, Bsor) at plot level relative to epiphytes (paired t-test t = —12.2, p < 0.001), and the
same applied for its species turnover component (3sim; t = —14.8, p < 0.001). In contrast,
the nestedness component (Bsne) was significantly higher in epiphytes (f = 8.5, p < 0.001).
All three indices (Bsor, Bsim, and Bsne) increased more strongly with elevational distance in
epiphytes than in trees (Figure 5).

Epiphyte assemblages were also significantly more strongly nested in terms of relative
nestedness (Bsne/ Bsor; paired t-test t =9.0, p < 0.001) (Figure 6).
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with their corresponding R? and p-values are inserted in the panels. Differences between trees and
epiphytes are significant for all three indices (paired t-test, df = 299): t = —12.2, p < 0.001 (Bsor);

t=—14.8,p <0.001 (Bgim); £ = 8.5, p < 0.001(Bsne).
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trees (paired t-test: t = 9.0, df = 299, p < 0.001).
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3. Discussion
3.1. Biomass

Variability in AGB was fairly high, reflecting the rather small plot size for tree biomass
assessments. Mean tree AGB did not exhibit a change with elevation despite variability
in soil nutrient availability (Tables 1 and 2). In general, dry forest soils are relatively
fertile [28,41]. Compared to soils from Ecuadorian moist or wet forests at similar eleva-
tions [12,42], the soil nutrient availability in the studied transect is moderate to high and
seems to be less limiting for plant growth than water availability. Epiphyte biomass, in
contrast, increased drastically, averaging ca. threefold at 1050 m and above, relative to
biomass levels at 550-800 m (Table 2). Epiphytic biomass was correlated strongly with
elevation (Spearman’s p = 0.69; p < 0.01), supporting hypothesis 1a (stronger increase in
epiphyte biomass with elevation). This elevational increase was paralleled by even more
pronounced increases in lichen and bryophyte cover (Table 1).

Elevation does not affect biodiversity directly, but rather via its effects on climate [43].
VPD decreases from lowland towards the mid-elevation of tropical mountains and beyond,
driving elevational changes in epiphyte assemblages [44—48]. Bryophytes are highly sensi-
tive to humidity and VPD, and epiphytic bryophyte cover has been shown to be a good
proxy for mean air humidity [49]. It is thus likely that high vascular epiphyte biomass
above 800 m is likewise a result of higher levels of humidity.

In humid environments, lichen cover can decrease with increasing humidity [50].
This is partly due to increasing competition from bryophytes, especially in low-exposure
microsites such as the lower canopy or understorey, e.g., [51]. Under arid conditions,
in contrast, there is little evidence for such competition (see, e.g., [52,53]). Due to the
markedly xeric conditions at our study site, bryophyte competition with lichens is likely to
be relatively weak even at the highest elevations. Hence, the observed elevational increase
in lichen cover may also result from increasing moisture availability.

3.2. Diversity and Composition

Species density and richness of both trees and epiphytes increased markedly with
elevation. This increase was more pronounced in epiphytes, supporting hypothesis 1b
(stronger increase in epiphyte species density with elevation). With respect to trees, this
pattern is rather uncommon. In moist forests, the measures of tree diversity usually decline
with elevation, e.g., [13,54]. Interestingly, a recent study from subhumid to humid forests in
Mexico [14] found a corresponding increase in species density with elevation. We attribute
this unusual pattern to a substantial decrease in hygric stress with elevation, which favours
the persistence of mesic species, of which a large species pool exists in the region. Floristic
composition was also aligned closely with elevation for both epiphytes and trees (Figure 4).
Lichen and bryophyte covers showed a strong relationship with the floristic composition
of vascular epiphytes. In contrast, this was not the case for the tree basal area or AGB.

The more drastic increase in epiphyte species richness with elevation appears to con-
firm their high sensitivity to VPD and drought [15,29,55]. At lower elevations, atmospheric
bromeliads strongly dominated epiphyte assemblages, with more mesic taxa (e.g., aroids,
ferns, Piperaceae, and most orchids) successively showing presence with increasing eleva-
tion. Unlike the lower elevations of our transect, higher elevations are subject to frequent
fog, as also evidenced by an abundance of pendant moss near ridge crests (FA.W. and
J.H., pers. obs.; compare also [56,57]). Many epiphytes possess highly evolved structures
(e.g., absorbing trichomes in bromeliads), which allow them to absorb condensed fog
water. Therefore, water availability may effectively rise more strongly with elevation for
epiphytes than for trees, which may go a long way in explaining the more dramatic increase
in epiphyte species density and richness with elevation.

All epiphyte response metrics—stand number, biomass, raw and rarefied species
density—showed close correlations with both lichen and bryophyte cover, suggesting a
strong deterministic role of moisture availability. In contrast, none of the epiphyte response
metrics showed even weak correlations with tree basal area or AGB—proxies of epiphyte
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substrate availability which, moreover, themselves tend to be well-correlated with stand
maturity, age, and hence time for epiphyte establishment and accumulation. This lack of
correlation is somewhat surprising. Typically, epiphytic biomass and species number are
strongly tied to host tree size [22,58,59] and would thus be expected to correlate with tree
basal area and biomass at plot level. Possibly, this causality was simply dwarfed by the
strength of climate effects.

A mid-elevation peak in species numbers can be assumed to occur wherever diversity
does not decline monotonously with elevation in field studies (e.g., [46,55,60,61]; but see
also [62]) and database analyses [63,64]. However, in our study, species density and richness
increased unabatedly, with no sign of levelling off towards the upper limit of our study
gradient. Most likely, our gradient’s upper limit was too low to approach peak diversity. In
the tropical Andes, vascular epiphyte species richness commonly peaks around 2000 m [64],
whereas tree species richness (e.g., [13,54,65]) and tree AGB (e.g., [12]) usually decrease
with elevation.

Discussing the differences in diversity patterns of trees vs. epiphytes is challenging
due to a lack of references for comparison. Several studies have addressed the diversity of
both trees and vascular epiphytes at plot level (e.g., [66-70]). However, to our knowledge,
only the authors of [14] have studied both trees and epiphytes in forest plots along an
elevational gradient. Their gradient of study was situated in (semi-)humid tropical E-
Mexico, stretching from 0 to 3500 m a.s.l. For old-growth forests, they found that the
tree species density in plots of 400 m? increased slightly from sea level before peaking at
1000-1500 m. Vascular epiphytes, in comparison, showed a much more pronounced peak
at 1500 m.

3.3. Turnover and Nestedness

We found turnover to exceed nestedness greatly in both trees and epiphytes (Figure 5).
This is in line with the bulk of data sets analysed for beta diversity components, with
turnover within plant assemblages typically faring over 5 x larger than nestedness [71].
However, both absolute and relative nestedness were significantly greater in epiphytes than
in trees, supporting hypothesis 2 (greater nestedness in epiphytes). We attribute higher
nestedness in epiphytes primarily to two factors: (a) lower resource competition among
epiphytes (most notably for light, nutrients, and water) relative to trees and other terrestrial
growth habits, coupled with (b) pronouncedly xeric conditions for epiphytes at our study
site, particularly so at lower elevations. Patterns in epiphytic lichen and bryophyte cover at
our site underpin the relevance of factor (a): tree surface cover of lichens and bryophytes
increased significantly with elevation and was correlated positively with each other and
with vascular epiphyte abundance and biomass (Table 1).

Strong nestedness is typical of marginal (extreme) environments. The evidence for the
deterministic role of marginal growth conditions (factor b) is provided by the consistent
trend in increasing nestedness with latitude towards the poles, which has been found
across a variety of taxa [71]. Ref. [72] showed that land snail assemblages are nested
along a gradient of habitat quality (especially soil pH). Some evidence for nestedness in
marginal environments can even be found in the epiphyte literature. For a Costa Rican wet
forest, [58] demonstrated how vascular epiphyte assemblages on saplings and mid-sized
trees constitute nested subsets of assemblages on large trees with their more mature and
diverse substrates (see also [73]). Ref. [74] found high levels of nestedness in epiphyte
assemblages at the highest, frost-prone elevations (3000-3500 m a.s.l.) in tropical Mexico.
In a perarid inter-Andean landscape (12 arid months), [18] found epiphyte assemblages of
disturbed habitats (especially edge-exposed and isolated trees) strongly nested within the
closed woodland assemblage. In this extremely xeric environment, a considerable fraction
of bryophyte and vascular local flora was unable to colonise these open-canopy, highly
xeric habitats, despite the close proximity of populations in closed woodlands. These
species dropped out entirely, without being replaced by even more xerotolerant species.
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Floristic similarity for both epiphytes and trees decreased as elevational distance
between plots rose, as would be expected as a consequence of gradually diverging environ-
mental conditions (e.g., [75]). Absolute nestedness increased with increasing elevational
distance between pairs of plots. This pattern may reflect communities at low elevations
being subsets of high-elevation communities to a degree, with the resulting increase in
nestedness being outpaced by species turnover as would be expected along such a lengthy
gradient in a landscape with a large species pool. We attribute this result to (a) lower re-
source competition among epiphytes (most notably for light, nutrients, and water) relative
to trees and other terrestrial growth habits, coupled with (b) extremely xeric conditions for
epiphytes at our study site, especially at lower elevations.

The relationship between absolute pairwise nestedness and elevational distance be-
tween plots may not be linear but rather hump-shaped, with nestedness returning to
shrink with increasing elevational distance beyond a certain gradient length. This seems
reasonable to expect because few species are sufficiently plastic to inhabit both extremes of
very long gradients. In fact, somewhat lower levels of nestedness at our largest elevational
distances (i.e., 700-800 m, Figure 5) may possibly indicate that a respective inflection point
was already passed in our gradient of study.

4. Methods
4.1. Study Site

Field work was carried out from March to September 2010 in the private protected
area Reserva Natural Laipuna, Loja Province, southwestern Ecuador. The reserve is situated
on the northern rim of the Andes’ Huancabamba depression, where the exceptionally low
stature of the Andes permits a peculiar mosaic of humidity conditions and facilitates species
exchange between eastern and western Andean slopes [76,77]. The reserve constitutes one
of the few well-preserved elevational gradients of Tumbesian dry forest [78,79]. Tumbesian
dry forests span a narrow strip of approximately 50,000 km? [80] located between the
Pacific Ocean and the Andes, extending from the southwestern tip of Ecuador to north-
western Peru. These forests are found at elevations ranging from sea level to mostly below
1500 m a.s.l. The rainy season lasts from January to May, and the dry season lasts from June
to December. At 600 m a.s.l., annual mean temperature is 23.7 °C and annual rainfall is
approximately 540 mm, with high year-on-year variability [81,82]. Higher altitudes receive
additional moisture input, partly from fog driven by westerly winds [83]. At 1450 m a.s.1,
annual mean temperature is 16.1 °C and rainfall is approximately 1260 mm [84]. The forest
is deciduous, with an increasing number and abundance of semi-deciduous and evergreen
species at higher elevation. Canopy height averages 11-16 m regardless of elevation, with
tallest tree individuals reaching up to 20 m. The reserve has been under protection since
2002. Selective logging and extensive goat and cattle foraging had affected the forest in
earlier decades [79].

4.2. Forest Inventory

We stratified the ca. 800 m of elevational range accessible within the reserve into five
elevational levels. Within each elevational stratum, we laid out five plots of 20 x 20 m (in
total 25 plots, at 525-1304 m a.s.l.) (Figure 7). For simplicity, these elevational strata are
referred to as 550, 800, 1050, 1150, and 1250 m a.s.l. in this paper. Plots were positioned
randomly within mature sections of the reserve, avoiding major recent disturbances such
as landslides or larger tree fall gaps.

All trees >5 cm dbh (diameter at breast height, 130 cm) were recorded and tagged,
measuring tree height with a Vertex IV height meter and a T3 transponder (Haglof,
Langsele, Sweden).
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POTRERILLO

Figure 7. Map of the study area Reserva Natural Laipuna (reserve border: stippled blue line) and
plot locations (orange dots).

Facultative and obligatory vascular holo-epiphytes and primary hemi-epiphytes
(sensu [85]) were recorded for all woody host plants rooted within the plots. We counted
the number of stands (an individual or indiscernibly dense groups of individuals of one
species; [86]) rooted at >0.25 m above ground using binoculars while omitting seedlings
and early juveniles. We modified the method of [60] for assessing epiphytic biomass: for
each species and plot, we collected one specimen representative of a mean-sized stand
using a telescope pruning pole. If such a stand could not be collected inside a plot, it was
sought in the surroundings. In rare cases, it was approximated by dividing a larger stand
to the right size or by assigning an estimated correction factor to a smaller stand. Primary
hemi-epiphytes (Ficus, Clusia) with soil contact were excluded from biomass sampling
and analysis.

Species identifications were made and specimens were deposited at the herbaria
LOJA, QCA, and QCNE and at the institutional herbaria of selected taxonomic experts
(see Acknowledgments).

The percentage of bryophyte and lichen cover of living woody substrate surfaces
was estimated visually for each plot quadrant for understorey (conservatively defined as
0.25-2.25 m above ground) and canopy (>2.25 m), respectively. Vascular epiphyte cover
was not recorded but probably did not exceed ca. 10% of woody plant surface in any of the
plots (FA.W.,, pers. obs.).

A topsoil sample representative of 0-10 cm depth was taken in the centre of each plot
quadrant, lumped into one mixed sample per plot, and air-dried for lab analysis at the
Department of Plant Ecology, University of Gottingen, Germany, following the analytical
methods of [42].

4.3. Epiphyte and Tree Biomass Estimation

Epiphyte biomass samples were stored in paper bags and air-dried to constant weight
in the lab at ca. 40 °C before determining dry weight on a digital scale. Biomass was then
calculated for each plot by multiplying individual numbers by the dry weight of the sam-
pled specimen. We consider this method to be very suitable for our study site characterised
by rather low diversity coupled with regular occurrence of most epiphyte species.
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We used the allometric equation developed by [87] specifically for tropical dry forests
to estimate tree aboveground biomass (AGB):

AGB = 0.112 x (pD? H)*916

where p is wood specific gravity (oven-dried wood mass over green volume), D is trunk
dbh, and H is tree height in metres. Wood density data were taken from [88,89].

Since plots were laid out on 400 m? of land surface area we considered plot inclination
for calculating biomass ha~! and corrected the actual plot area by dividing plot length by
cos o (with « being the inclination angle).

4.4. Data Analysis

Because plant abundance varied greatly among plots, we applied individual-based
rarefaction to remove the effects of abundance on species density (species per plot) using
PAST 4.03 [90]. Sample-based rarefaction and species richness estimations (bias-corrected
Chao, Jackknife, and Michaelis-Menten mean) were calculated with EstimateS 8.2 [91].
Community composition was analysed using non-metric multidimensional scaling using
Vegan 2.6-4 in R [92].

We followed [37] in separating beta diversity (Serensen dissimilarity; 3sor) into its ad-
ditive components, species turnover and nestedness-resultant turnover (termed nestedness
henceforth). In contrast to other metrics for analysing beta diversity, the turnover compo-
nent of the Baselga family of metrics is independent of differences in species richness [93].
We calculated Serensen dissimilarity (fsor) and its components species turnover (Psim)
and nestedness (Bsne) using betapart 1.6 in R [94] and compared the respective results for
epiphytes and trees with paired t-tests.

Statistics were carried out using R 4.3.3 [95] unless stated otherwise.

5. Conclusions

Both trees and vascular epiphytes displayed increasing species density and richness
with increasing elevation. Those of epiphytes, however, increased more strongly. Unlike
trees, epiphytes also increased markedly in their projected biomass and as a function of
increasing abundance. The plot-level compositional variability was similarly strong for
both life-forms but with significantly higher nestedness in epiphytes than in trees.

We attribute the elevational increases in the species richness of trees and epiphytes
to increasing humidity, i.e., more mesic growth conditions at higher elevations. The
more pronounced elevational increase in epiphyte biomass, species density, and richness—
the latter coupled with a higher degree of nestedness—we attribute to greater moisture
dependency of epiphytes and low direct competition for resources (light, water, nutrients)
among epiphytes.

To our knowledge, this study is novel in comparing epiphytes to terrestrial plants
with regard to beta diversity components, i.e., the mechanisms of nestedness vs. species
turnover, revealing a markedly distinct pattern for epiphytes. The notion that, unlike
terrestrial plant life-forms, vascular epiphyte assemblages may not be driven by intense
competition has long been implicit in epiphyte ecology. However, to our knowledge, it has
not been tested in general terms, nor have its potential ecological implications received due
attention (but see, e.g., [30,73]).

In ecosystems such as cloud forests, where growth conditions are ideal and plant
density is very high, competition among vascular epiphytes may well be substantial [26].
In general, however, across life zones and with sparse exceptions, the vascular epiphyte
cover on woody host surfaces is low [25], by and large remaining well below ca. 20-25%
throughout the tropics (FEA.W., pers. obs.). This holds true even for many of the most
speciose ecosystems, suggesting that comparably low competition among vascular epi-
phytes may be a phenomenon of general validity. If true, this circumstance has wide
implications for epiphyte diversity and its underlying processes. For instance, low com-
petitive pressure could help explain the volatility of epiphyte assemblages in terms of
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species density, as well as the remarkably high epiphyte o and y diversity of some forest
landscapes (e.g., [15,96,97]). It could further suggest that vascular epiphyte communities
are more strongly driven by stochastic processes than the terrestrial life-forms of plants.
Future studies will need to clarify if and how low levels of competition affect the diversity
and abundance of vascular epiphytes.

To our knowledge, our study further provides a first comparison of elevational pat-
terns in epiphyte and tree diversity and biomass for a tropical dry forest. It revealed
considerable species richness and yielded several new species registers, underlining the
poor status of floristic knowledge on and high relevance of tropical montane dry forests
for global biodiversity conservation. Our results further highlight the importance of pre-
serving contiguous elevational gradients for biodiversity conservation in the face of global
climate change.
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Vascular epiphyte abundance (‘stands’ sensu Sanford 1968) across the 25 study plots. Figure S1. Raw
species density (species per plot) of epiphytes (top) and trees (bottom) vs. elevation.

Author Contributions: Conceptualisation, methodology, software, validation, formal analysis, in-
vestigation, resources, data curation, original draft preparation, review and editing, visualisation,
and funding acquisition were carried out by J.H. and EA.W. All authors have read and agreed to the
published version of the manuscript.

Funding: Funding was provided by the Deutsche Forschungsgemeinschaft (DFG) via grants to J.H.
(HO 3296/2-2 and 3296/6-2) and EA.W. (WE 4551 /1-2) within the framework of research units FOR
816 and FOR 2730.

Data Availability Statement: Epiphyte data are available through the EpiG database [98]; https:
/ /epigdatabase.weebly.com/). Tree data are available via the DFG-FOR816 Data Warehouse at
http:/ /www.tropicalmountainforest.org.

Acknowledgments: We thank Naturaleza & Cultura International (NCI) for their support with
logistics. Field work was carried out during an ecological field course and a student excursion of the
University of Gottingen, both logistically supported by NCI. Thanks are particularly due to Eduardo
Cueva for his help with field work coordination and plant identifications. We would further like
to thank the following taxonomic experts for their invaluable support with the identifications of
specimens from this study site and others: Tom Croat (Araceae), Stig Dalstrem (Oncidiinae), Carlyle
Luer and Lisa Thoerle (Pleurothallidinae), Calaway H. Dodson (non-pleurothallidinid orchids),
Eric Hagsater (Epidendrum), Harry Luther (Bromeliaceae), Jens Madsen (Cactaceae), José Manuel
Manzanares (Bromeliaceae), Guido Matthieu (Peperomia), Alan R. Smith (Polypodiaceae), and Walter
Till (Bromeliaceae).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Fjeldsa, ]. How broad-scale studies of patterns and processes can serve to guide conservation planning in Africa. Conserv. Biol.
2007, 21, 659-667. [CrossRef] [PubMed]

2. Thomas, C.D.; Anderson, B.].; Moilanen, A.; Eigenbrod, F.; Heinemeyer, A.; Quaife, T.; Roy, D.B.; Gillings, S.; Armsworth, PR,;
Gaston, K.J. Reconciling biodiversity and carbon conservation. Ecol. Lett. 2013, 16, 39-47. [CrossRef] [PubMed]

3. Marco, M.; Harwood, T.; Hoskins, A.; Ware, C.; Hill, S.; Ferrier, S. Projecting impacts of global climate and land-use scenarios on
plant biodiversity using compositional-turnover modelling. Glob. Chang. Biol. 2019, 25, 2763-2778. [CrossRef]

4. Briindl, A; Sall¢, L.; Lejeune, L.; Sorato, E.; Thiney, A.; Chaine, A.; Russell, A. Elevational gradients as a model for understanding
associations among temperature, breeding phenology and success. Front. Ecol. Evol. 2020, 8, 563377. [CrossRef]

5. DRYFLOR. Plant diversity patterns in neotropical dry forests and their conservation implications. Science 2016, 353, 1383-1387.
[CrossRef] [PubMed]

6. Buchadas, A.; Jung, M.; Bustamante, M.; Ferndndez-Llamazares, A.; Garnett, S.; Nanni, A.; Ribeiro, N; Meyfroidt, P.; Kuemmerle,

T. Tropical dry woodland loss occurs disproportionately in areas of highest conservation value. Glob. Chang. Biol. 2023, 29,
4880-4897. [CrossRef]

176



Plants 2024, 13, 2555

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Aguirre Mendoza, Z.; Geada-Lopez, G. Estado de conservacion de los bosques secos de la provincia de Loja, Ecuador. Arnaldoa
2017, 24, 207-228.

Rivas, C.A.; Guerrero-Casado, J.; Navarro-Cerillo, R.M. Deforestation and fragmentation trends of seasonal dry tropical forest in
Ecuador: Impact on conservation. For. Ecosyst. 2021, 8, 46. [CrossRef]

Buchadas, A.; Baumann, M.; Meyfroidt, P.; Kuemmerle, T. Uncovering major types of deforestation frontiers across the world’s
tropical dry woodlands. Nat. Sustain. 2022, 5, 619-627. [CrossRef]

Amici, A.; Nadkarni, N.; Williams, C.; Gotsch, S. Differences in epiphyte biomass and community composition along landscape
and within-crown spatial scales. Biotropica 2019, 52, 46-58. [CrossRef]

Jaramillo, V.J.; Martinez-Yrizar, A.; Sanford, R.L. Primary productivity and biogeochemistry of seasonally dry tropical forests. In
Seasonally Dry Tropical Forests: Ecology and Conservation; Bullock, S.H., Mooney, H.A., Eds.; Stanford University: Stanford, CA,
USA, 2011; pp. 109-128.

Homeier, J.; Leuschner, C. Factors controlling the productivity of tropical Andean forests: Climate and soil are more important
than tree diversity. Biogeosciences 2021, 18, 1525-1541. [CrossRef]

Malizia, A.; Blundo, C.; Carilla, J.; Osinaga Acosta, O.; Cuesta, F; Duque, A.; Young, K.R. Elevation and latitude drives structure
and tree species composition in Andean forests: Results from a large-scale plot network. PLoS ONE 2020, 15, e0231553. [CrossRef]
[PubMed]

Goémez-Diaz, ].A.; Bautista-Bello, A.P; Carvajal-Hernandez, C.I.; Guzman-Jacob, V.; Monge-Gonzalez, M.L.; Kromer, T. Diversity
Patterns of Vascular Plant Groups Along Gradients of Elevation and Disturbance in Mexico. In Neotropical Gradients and Their
Analysis; Myster, R., Ed.; Springer: Heidelberg, Germany, 2023; pp. 391-418.

Kreft, H.; Koster, N.; Kiiper, W.; Nieder, J.; Barthlott, W. Diversity and biogeography of vascular epiphytes in Western Amazonia,
Yasuni, Ecuador. J. Biogeogr. 2004, 31, 1463-1476. [CrossRef]

Werner, F.A. Reduced growth and survival of vascular epiphytes on isolated remnant trees in a recent tropical montane forest
clear-cut. Bas. Appl. Ecol. 2009, 12, 172-181. [CrossRef]

Gotsch, S.; Davidson, K.; Murray, J.; Duarte, V.; Draguljic, D. Vapor pressure deficit predicts epiphyte abundance across an
elevational gradient in a tropical montane region. Am. |. Bot. 2017, 104, 1790-1801. [CrossRef]

Werner, FA.; Gradstein, S.R. Diversity of epiphytes along a gradient of disturbance in an interandean dry forest, northern Ecuador.
J. Veg. Sci. 2009, 20, 59-68. [CrossRef]

Zotz, G.; Hietz, P.; Schmidt, G. Small plants large plants. J. Experim. Bot. 2001, 52, 2051-2056. [CrossRef]

Werner, FA.; Gradstein, S.R. Establishment of vascular epiphytes on isolated and enclosed forest trees in an Andean landscape,
Ecuador. Biodiv. Cons. 2008, 17, 3195-3207. [CrossRef]

Gentry, A.H.; Dodson, C.H. Contribution of nontrees to species richness of a tropical rain forest. Biotropica 1987, 19, 149-156.
[CrossRef]

Werner, EA.; Homeier, |.; Oesker, M.; Boy, J. Epiphytic biomass of a tropical Andean forest varies with topography. J. Trop. Ecol.
2012, 28, 23-31. [CrossRef]

Hofstede, R.G.M.; Wolf, ].H.D.; Benzing, D.H. Epiphytic biomass and nutrient status of a Colombian upper montane rain forest.
Selbyana 1993, 14, 37-45.

Benzing, D.H. Vascular Epiphytes: General biology and Related Biota; Cambridge University Press: New York, NY, USA, 1990.
Burns, K.C.; Zotz, G. A hierarchical framework for investigating epiphyte assemblages: Networks, meta-communities, and scale.
Ecology 2010, 91, 377-385. [CrossRef] [PubMed]

Spicer, M.E.; Woods, C.L. A case for studying biotic interactions in epiphyte ecology and evolution. Perspect. Plant Ecol. Evol. Syst.
2022, 54, 125658. [CrossRef]

Matsuo, T.; Martinez-Ramos, M.; Onoda, Y.; Bongers, F.; Lohbeck, M.; Poorter, L. Light competition drives species replacement
during secondary tropical forest succession. Oecologia 2024, 205, 1-11. [CrossRef] [PubMed]

Gei, M.G.; Powers, ].S. Nutrient cycling in tropical dry forests. In Tropical Dry Forests in the Americas: Ecology, Conservation, and
Management; Sanchez-Azofeifa, G.A., Powers, ].S., Fernandes, G.W., Quesada, M., Eds.; CRC Press: Boca Raton, FL, USA, 2014;
pp. 141-155.

Mendieta-Leiva, G.; Porada, P.; Bader, M.Y. Interactions of epiphytes with precipitation partitioning. In Precipitation Partitioning
by Vegetation: A Global Synthesis; Aubrey, D.P,, Ed.; Springer: Heidelberg, Germany, 2020; pp. 133-146.

Victoriano-Romero, E.; Valencia-Diaz, S.; Garcia-Franco, J.; Mehltreter, K.; Toledo-Hernandez, V.; Flores-Palacios, A. Interactions
between epiphytes during canopy soil formation: An experiment in a lower montane cloud forest of southeastern Mexico. Plant
Biol. 2023, 25,468-477. [CrossRef]

Dudgeon, W. Successions of epiphytes in the Quercus incana forests at Landour, Western Himalayas. J. Ind. Bot. Soc. 1923, 3,
270-272.

Johansson, D. Ecology of Vascular Epiphytes in West African Rain Forest. Ph.D. Thesis, Uppsala University, Uppsala,
Sweden, 1974.

Wolf, ].H.D. Non-vascular epiphyte diversity patterns in the canopy of an upper montane rain forest (2550-3670 m), Central
Cordillera, Colombia. Selbyana 1995, 16, 185-195.

Ingram, S.W.; Nadkarni, N.M. Composition and distribution of epiphytic organic matter in a Neotropical cloud forest, Costa Rica.
Biotropica 1993, 25, 370-383. [CrossRef]

177



Plants 2024, 13, 2555

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Taylor, A.; Burns, K. Plant composition patterns inside an endemic birds’ nest fern (Asplenium goudeyi) on Lord Howe Island.
J. Trop. Ecol. 2015, 31, 413-421. [CrossRef]

Nadkarni, N.M. Epiphyte biomass and nutrient capital of a Neotropical elfin forest. Biotropica 1984, 16, 249-256. [CrossRef]
Baselga, A. Partitioning the turnover and nestedness components of beta diversity. Global Ecol. Biogeogr. 2010, 19, 134-143.
[CrossRef]

Si, X; Baselga, A.; Ding, P. Revealing beta-diversity patterns of breeding bird and lizard communities on inundated land-bridge
islands by separating the turnover and nestedness components. PLoS ONE 2015, 10, e0127692. [CrossRef] [PubMed]

Bergamin, R.; Bastazini, V.; Vélez-Martin, E.; Debastiani, V.; Zanini, K.; Loyola, R.; Miiller, S. Linking beta diversity patterns to
protected areas: Lessons from the Brazilian Atlantic Rainforest. Biodiv. Cons. 2017, 26, 1557-1568. [CrossRef]

Palacios, W. Pradosia aureae. Cinchonia 2024, 19, 296-302.

Pennington, R.T.; Lehmann, C.E.; Rowland, L.M. Tropical savannas and dry forests. Curr. Biol. 2018, 28, R541-R545. [CrossRef]
Unger, M.; Leuschner, C.; Homeier, ]. Variability of indices of macronutrient availability in soils at different spatial scales along an
elevation transect in tropical moist forests (NE Ecuador). Plant Soil 2010, 336, 443—458. [CrossRef]

Rahbek, C.; Borregaard, M.K.; Colwell, R K.; Dalsgaard, B.; Holt, B.G.; Morueta-Holme, N.; Nogues-Bravo, D.; Whittaker, R.J.;
Fjeldsd, J. Humboldt’s enigma: What causes global patterns of mountain biodiversity? Science 2019, 365, 1108-1113. [CrossRef]
Kromer, T.; Acebey, A.; Kluge, J.; Kessler, M. Effects of altitude and climate in determining elevational plant species richness
patterns: A case study from Los Tuxtlas, Mexico. Flora 2013, 208, 197-210. [CrossRef]

Sanger, ].C.; Kirkpatrick, J.B. Moss and vascular epiphyte distributions over host tree and elevation gradients in Australian
subtropical rainforest. Austral. ]. Bot. 2015, 63, 696-704. [CrossRef]

Ding, Y,; Liu, G.; Zang, R.; Lu, X.; Huang, J. Distribution of vascular epiphytes along a tropical elevational gradient: Disentangling
abiotic and biotic determinants. Nature 2016, 6, 19706. [CrossRef]

Rodriguez Quiel, C.; Zotz, G. Vascular epiphytes assemblages along an elevational gradient on isolated trees in Southwest
Panama. Diversity 2021, 13, 49. [CrossRef]

Berrios, H.K.; Coronado, I.; Marsico, T.D. High species richness and turnover of vascular epiphytes is associated with water
availability along the elevation gradient of Volcan Maderas, Nicaragua. Ecol. Evol. 2022, 12, €9501. [CrossRef]

Karger, D.N.; Kluge, J.; Abrahamczyk, S.; Salazar, L.; Homeier, J.; Lehnert, M.; Kessler, M. Bryophyte cover of trees as proxy for
air humidity in the tropics. Ecol. Indic. 2012, 20, 277-281. [CrossRef]

Batke, S.P.; Murphy, B.R.; Hill, N.; Kelly, D.L. Can air humidity and temperature regimes within cloud forest canopies be predicted
from bryophyte and lichen cover? Ecol. Indic. 2015, 56, 1-5. [CrossRef]

Pharo, E.J.; Vitt, D.H. Local variation in bryophyte and macro-lichen cover and diversity in montane forests of western Canada.
Bryologist 2000, 103, 455-466. [CrossRef]

Werner, F.A.; Gradstein, S.R. Spatial distribution and abundance of epiphytes along a gradient of human disturbance in an
interandean dry valley, Ecuador. Selbyana 2010, 30, 208-215.

Miranda-Gonzalez, R.; McCune, B. The weight of the crust: Biomass of crustose lichens in tropical dry forest represents more
than half of foliar biomass. Biotropica 2020, 52, 1298-1308. [CrossRef]

Homeier, J.; Salazar, L.; Chinchero, M.A.; Bossen, S.; Trogisch, S.; Unger, M.; Leuschner, C. Diversidad de plantas vasculares en
relacion con factores edafolégicos y climaticos en los bosques de la Reserva Biosfera Sumaco y sus alrededores. In Gente, Bosque y
Biodiversidad: El rol del Bosque Sobre la Biodiversidad y las Poblaciones Rurales; Torres, B., Vargas, ].C., Arteaga, Y., Torres, A., Lozano,
P, Eds.; Universidad Estatal Amazonica, Programa Economia de Recursos Naturales y Desarrollo Empresarial: Puyo, Ecuador,
2017; pp. 203-218.

Kromer, T.; Kessler, M.; Gradstein, S.R.; Acebey, A.R. Diversity patterns of vascular epiphytes along an elevational gradient in the
Andes. J. Biogeogr. 2005, 32, 1799-1809. [CrossRef]

Gehrig-Downie, C.; Obregon, A.; Bendix, J.; Gradstein, S. Epiphyte biomass and canopy microclimate in the tropical lowland
cloud forest of French Guiana. Biotropica 2011, 43, 591-596. [CrossRef]

Pardow, A.; Gehrig-Downie, C.; Gradstein, S.; Lakatos, M. Functional diversity of epiphytes in two tropical lowland rainforests,
French Guiana: Using bryophyte life-forms to detect areas of high biodiversity. Biodiv. Cons. 2012, 21, 3637-3655. [CrossRef]
Woods, C. Primary ecological succession in vascular epiphytes: The species accumulation model. Biotropica 2017, 49, 452-460.
[CrossRef]

Komada, N.; Itioka, T.; Nakanishi, A.; Tagane, S.; Shimizu-Kaya, U.; Nakagawa, M.; Meleng, P.; Pungga, R.; Kanzaki, M. Effects of
host tree size on the species richness and abundance of epiphyte assemblages in a Bornean lowland tropical forest. Tropics 2022,
30, 53-61. [CrossRef]

Hietz, P.; Hietz-Seifert, U. Structure and ecology of epiphyte communities of a cloud forest in central Veracruz, Mexico. J. Veg. Sci.
1995, 6, 719-728. [CrossRef]

Cardelus, C.L.; Colwell, R K.; Watkins, ].E. Vascular epiphyte distribution patterns: Explaining the mid-elevation richness peak.
J. Ecol. 2006, 94, 144-156. [CrossRef]

Jiménez-Lopez, D.A.; Martinez-Camilo, R.; Martinez-Meléndez, N.; Kessler, M. Diversity of epiphyte ferns along an elevational
gradient in El Triunfo Biosphere Reserve, southern Mexico. Plant Ecol. Evol. 2023, 153, 12-21. [CrossRef]

Jorgensen, PM.; Leon-Yénez, S. (Eds.) Catalogue of the vascular plants of Ecuador. In Monographs in Systematic Botany from the
Missouri Botanical Garden; Missouri Botanical Garden Press: St. Louis, MO, USA, 1999; Volume 75, pp. 1-1182.

178



Plants 2024, 13, 2555

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.
81.

82.

83.

84.

85.
86.

87.

88.

89.

90.

91.

Kiper, W.; Kreft, H.; Nieder, J.; Koster, N.; Barthlott, W. Large-scale diversity patterns of vascular epiphytes in Neotropical
montane rain forests. J. Biogeogr. 2004, 31, 1477-1487. [CrossRef]

Homeier, J.; Breckle, S.W.; Giinter, S.; Rollenbeck, R.T.; Leuschner, C. Tree diversity, forest structure and productivity along
altitudinal and topographical gradients in a species-rich Ecuadorian montane rain forest. Biotropica 2010, 42, 140-148. [CrossRef]
Whitmore, T.C.; Peralta, R.; Brown, K. Total species count in a Costa Rican tropical rain forest. J. Trop. Ecol. 1985, 1, 375-378.
[CrossRef]

Kelly, D.L.; Tanner, E.V].; Lughadha, E.N.; Kapos, V. Floristics and biogeography of a rain forest in the Venezuelan Andes.
J. Biogeogr. 1994, 21, 421-440. [CrossRef]

ter Steege, H.; Ek, R.; van Andel, T. A comparison of diversity patterns of tree and non-tree groups. In Plant Diversity in Guyana.
With Recommendation for a Protected Areas Strategy; Series 18; ter Steege, H., Ed.; Tropenbos International: Ede, The Netherlands,
2000; Chapter 9.

Balslev, H.; Valencia, R.; Paz y Mifio, G.; Christensen, H.; Nielsen, 1. Forest Biodiversity in North, Central and South America and the
Carribean: Research and Monitoring; Man and the Biosphere Series; Dallmeier, F., Comiskey, ].A., Eds.; UNESCO and The Parthenon
Publishing Group: Carnforth, UK, 1998; pp. 591-600.

Linares-Palomino, R.; Cardona, V.; Hennig, E.I; Hensen, I.; Hoffmann, D.; Lendzion, J.; Soto, D.; Herzog, S.K.; Kessler, M.
Non-woody life-form contribution to vascular plant species richness in a tropical American forest. Plant Ecol. 2009, 201, 87-99.
[CrossRef]

Soininen, J.; Heino, J.; Wang, ]. A meta-analysis of nestedness and turnover components of beta diversity across organisms and
ecosystems. Glob. Ecol. Biogeogr. 2017, 27, 96-109. [CrossRef]

Hylander, K.; Nilsson, C.; Jonsson, B.; Gothner, T. Difference in habitat quality explain nestedness in a land snail meta-community.
Oikos 2005, 108, 351-361. [CrossRef]

Mendieta-Leiva, G.; Buckley, H.L.; Zotz, G. Directional changes over time in the species composition of tropical vascular epiphyte
assemblages. J. Ecol. 2021, 110, 553-568. [CrossRef]

Guzman-Jacob, V.; Zotz, G.; Craven, D.; Taylor, A.; Kromer, T.; Monge, M.; Kreft, H. Effects of forest-use intensity on vascular
epiphyte diversity along an elevational gradient. Div. Distr. 2019, 26, 4-15. [CrossRef]

Nascimbene, J.; Spitale, D. Patterns of beta-diversity along elevational gradients inform epiphyte conservation in alpine forests
under a climate change scenario. Biol. Cons. 2017, 216, 26-32. [CrossRef]

Weigend, M. Observations on the biogeography of the Amotape-Huancabamba zone in northern Peru. Bot. Rev. 2002, 68, 38-54.
[CrossRef]

Richter, M.; Diertl, K.-H.; Emck, P; Peters, T.; Beck, E. Reasons for an outstanding plant diversity in the tropical Andes of Southern
Ecuador. Landsc. Online 2009, 12, 1-35. [CrossRef]

Manchego, C.E.; Hildebrandt, P.; Cueva, J.; Espinosa, C.I.; Stimm, B.; Glinter, S. Climate change versus deforestation: Implications
for tree species distribution in the dry forests of southern Ecuador. PLoS ONE 2017, 12, e0190092. [CrossRef]

Wurz, A.; Bendix, J.; Homeier, J.; Matt, E; Paladines, P.; Serrano, F.; Farwig, N. A hidden gem in the Tumbesian dry forest in
southern Ecuador: Estacion Cientifica Laipuna. Ecotropica 2023, 25, 202301.

Best, B.; Kessler, M. Biodiversity and Conservation in Tumbesian Ecuador and Peru; BirdLife International: Cambridge, UK, 1995.
Pucha Cofrep, D.; Peters, T.; Brauning, A. Wet season precipitation during the past century reconstructed from tree-rings of a
tropical dry forest in Southern Ecuador. Glob. Planet. Chang. 2015, 133, 65-78. [CrossRef]

Spannl, S.; Volland, F; Pucha, D.; Peters, T.; Cueva, E.; Brauning, A. Climate variability, tree increment patterns and ENSO-related
carbon sequestration reduction of the tropical dry forest species Loxopterygium huasango of Southern Ecuador. Trees 2016, 30,
1245-1258. [CrossRef]

Butz, P; Holscher, D.; Cueva, E.; Graefe, S. Tree water use patterns as influenced by phenology in a dry forest of Southern Ecuador.
Front. Plant Sci. 2018, 9, 945. [CrossRef] [PubMed]

Peters, T.; Richter, M. Climate Station Data Reserva Laipuna Mountain Peak. 2011. From DFG-FOR816dw. Available online:
http:/ /www.tropicalmountainforest.org/data_pre.do?citid=963 (accessed on 14 August 2024).

Nieder, J.; Prosperi, J.; Michaloud, G. Epiphytes and their contribution to canopy diversity. Plant Ecol. 2001, 153, 51-63. [CrossRef]
Sanford, W.W. Distribution of epiphytic orchids in semi-deciduous tropical forest in southern Nigeria. J. Ecol. 1968, 56, 697-705.
[CrossRef]

Chave, J.; Andalo, C.; Brown, S.; Cairns, M.A.; Chambers, ].Q.; Eamus, D.; Folster, H.; Fromard, F.; Higuchi, N.; Kira, T; et al. Tree
allometry and improved estimation of carbon stocks and balance in tropical forests. Oecologia 2005, 145, 87-99. [CrossRef]
Chave, J.; Muller-Landau, H.C.; Baker, T.R.; Easdale, T.A.; Steege, H.T.; Webb, C.O. Regional and phylogenetic variation of wood
density across 2456 neotropical tree species. Ecol. Appl. 2006, 16, 2356-2367. [CrossRef]

Gonzalez, K.C. Variacion Altitudinal del Contenido de Carbono Aéreo de Bosques Secos en la Reserva Natural Laipuna al sur de
Ecuador. Master’s Thesis, Universidad Nacional de Loja, Loja, Ecuador, 29 November 2023.

Hammer, O.; Harper, D.A.T.; Ryan, P.D. PAST: Paleontological statistics software package for education and data analysis.
Palaeontol. Electron. 2001, 4, 1-9. Available online: http:/ /palaeo-electronica.org/2001_1/past/issuel_01.htm (accessed on 14
August 2024).

Colwell, R.K. EstimateS: Statistical Estimation of Species Richness and Shared Species from Samples. 2006. Available online:
http:/ /purl.oclc.org/estimates (accessed on 14 August 2024).

179



Plants 2024, 13, 2555

92.

93.

94.

95.

96.

97.

98.

Oksanen, J.; Simpson, G.; Blanchet, F.; Kindt, R.; Legendre, P; Minchin, P; O'Hara, R;; Solymos, P.; Stevens, M.; Szoecs, E.; et al.
Vegan: Community Ecology Package_. R package version 2.6-4, 2022. Available online: https:/ /CRAN.R-project.org/package=
vegan (accessed on 14 August 2024).

Baselga, A.; Leprieur, F. Comparing methods to separate components of beta diversity. Meth. Ecol. Evol. 2015, 6, 1069-1079.
[CrossRef]

Baselga, A.; Orme, D.; Villeger, S.; De Bortoli, J.; Leprieur, F; Logez, M.; Martinez-Santalla, S.; Martin-Devasa, R.; Gomez-
Rodriguez, C.; Crujeiras, R. Betapart: Partitioning Beta Diversity into Turnover and Nestedness Components. R package version
1.6. 2023. Available online: https://CRAN.R-project.org/package=betapart (accessed on 14 August 2024).

R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2024. Available online: https://www.R-project.org/ (accessed on 14 August 2024).

Werner, F.A.; Homeier, J.; Gradstein, S.R. Ecology of vascular epiphytes on isolated remnant trees in the montane forest belt of
southern Ecuador. Ecotropica 2005, 11, 21-40.

Koster, N.; Friedrich, K.; Nieder, J.; Barthlott, W. Conservation of epiphyte diversity in an Andean landscape transformed by
human land use. Conserv. Biol. 2009, 23, 911-919. [CrossRef]

Mendieta-Leiva, G.; Ramos, EN.; Elias, ].P.; Zotz, G.; Acuiia-Tarazona, M.; Alvim, ES.; Barbosa, D.E.E,; Basilio, G.A.; Batke, S.P;
Benavides, A.M.; et al. EpIG-DB: A database of vascular epiphyte assemblages in the Neotropics. J. Veg. Sci. 2020, 31, 518-528.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

180



MDPI AG
Grosspeteranlage 5
4052 Basel
Switzerland
Tel.: +41 61 683 77 34

Plants Editorial Office
E-mail: plants@mdpi.com
www.mdpi.com/journal/plants

Z

MDPI

F

Disclaimer /Publisher’s Note: The title and front matter of this reprint are at the discretion of the Guest
Editors. The publisher is not responsible for their content or any associated concerns. The statements,
opinions and data contained in all individual articles are solely those of the individual Editors and
contributors and not of MDPL MDPI disclaims responsibility for any injury to people or property

resulting from any ideas, methods, instructions or products referred to in the content.






E| Academic Open
‘¢ Access Publishing

t mdpi.com ISBN 978-3-7258-4938-3



