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Editorial on the Research Topic
Challenges and opportunities in orchid ecology and conservation

Understanding diversity patterns and how they are affected by global change are topics
of active discussion in biodiversity research. In response to species declines, it is important
to not only understand patterns of diversity but also develop a knowledge base for use in
species conservation. We still do not know, for example, the abiotic and biotic
requirements for population persistence for most species.

Orchid ecology and conservation are the subjects of this Research Topic. We focus on
orchids because the family has the most species and more than 50% of the species that have
been assessed fall into one or more risk categories. Given the large number of orchid
species, relatively few have been studied in detail. As a result, it is difficult to determine the
best approach for conserving species. Given the increasing threats to orchids globally, the
editors chose to focus on orchid ecology and conservation and the contributing authors
have provided a range of relevant topics.

Orchid-fungal interactions are the focus of
three papers

Most orchids are mixotrophic, indicating that they obtain resources from fungal
interactions as well as photosynthesis. Orchid responses to changes in environmental
conditions have rarely been investigated, especially in terms of orchid-fungal interactions.
McCormick et al. experimentally manipulated light and soil moisture for two terrestrial
species and used isotopes to compare changes in carbon and nitrogen. They found that
reductions in light and soil moisture increased the dependence of both species on fungal
carbon and nitrogen.

Zhang et al. identified orchid mycorrhizal fungi (OMF) associated with Dendrobium
officinale, an orchid of medicinal value. Almost 84% of the OMF identified from plants at
six sites were in the Tulasnellaceae and Serendipitaceae families and the relative abundance
of the two fungi varied between plants that grew on rocks versus plants on trees. They
demonstrated that two of the fungi supported the germination and growth of Dendrobium,
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providing evidence that there are differences among OMF in their
ability to support germination and growth. They suggested that
future research should focus on the use of in situ seed baiting as a
method for obtaining OMF from protocorms that are most likely to
support the early growth stages of orchids in nature.

Like terrestrial species, epiphytic orchids interact with
mycorrhiza. Johnson et al. identified the mycorrhiza associated
with the Ghost Orchid (Dendrophylax lindenii) and other epiphytic
orchids. They also compared the fungi on the bark of trees that had
the Ghost Orchid with bark from trees where the orchid did not
occur. They found that the fungus associated with Dendrophylax
was very specific and was a species of Ceratobasidium that was not
found in other epiphytes. Furthermore, they found that plants
grown in the lab had a lower abundance of Ceratobasidium than
plants that occurred naturally. Their results provide evidence that
the distribution of fungi influences the distribution of the
Ghost Orchid.

Surprisingly, taxonomy had the
second-highest number of
contributions

Likely the result of the rapid development of powerful
computers and sophisticated genetic and molecular biology
methods, taxonomy is becoming a Cinderella in systematic
research, including orchids. An increased knowledge of orchid
identity is, however, necessary to support ecological and
conservation research.

Baranow et al. revised the Sobralia, section Racemosae, a large
and diverse genus that can be divided into four sections and some
informal species groups based mainly on inflorescence architecture.
The section Racemosae has species with an elongated inflorescence
with distinct internodes, but the species are often similar and easily
misidentified, especially with herbarium specimens. Baranow et al.
present species’ morphological characteristics, keys for identification,
ecological data, and distribution maps. They describe a new species,
Sobralia gambitana, and a neotype for S. hoppii Schltr. is proposed.

Tools that can integrate genetic and phenotypic data in
taxonomic studies have been recently developed and were used by
Joffard et al. to investigate species in the genus Pseudophrys. Using
an approach termed iBPP they identified four groups of species
rather than 12 and they merged two groups of species. They
demonstrated that phenotypic data are particularly informative in
section Pseudophrys, and the approach that they used improves
species identification. They recommended that an integrative
taxonomic approach holds great promise for conducting
taxonomic revisions in other orchid groups.

Climate change, a globally important
topic, was the focus of two papers

Evans and Jacquemyn examined the impact of climate change
on 14 Epipactis species with a focus on species that are habitat
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specialists or generalists. Species with a wide distribution are more
capable of shifting habitats but only if they can fully expand into
habitats at the leading edge of their distributions. This study
provides valuable insights into how terrestrial orchid species with
differing niche breadths may respond to climate change.

Kolanowska et al. investigated the impact of climate change on
the future distribution of the small-white orchid (Pseudorchis
albida). The niche model that they used predicted that although
the number of suitable niches will increase significantly in
Greenland, suitable habitats will severely decline in continental
Europe. Importantly, their research indicated that global warming
might have an opposite effect on the pollinators of P. albida because
of insect habitat loss, but some pollinators are expected to remain
within the orchid’s potential geographical range, supporting its
long-term survival.

The remaining four papers are
examples of topics that are relevant to
a more complete understanding of
orchid ecology and conservation

“Can orchids occur in landscapes that have been modified by
human activities”? That question is the topic addressed by Ospina-
Calderon et al. They studied the distribution of epiphytes in
undisturbed forests in the Andes and their distribution on shade
trees in coffee plantations and trees in a grassland matrix. They
collected data over 2 years and constructed demographic transition
matrices with transition probabilities calculated using the Bayesian
approach. Population growth rates were higher on trees in coffee
plantations compared with forests. Although the orchids also
occurred on trees in the grassland matrix, the authors suggested
that those populations represented a temporal phase that would not
be sustainable.

Wallace and Bowles explored the topic of genetic variation as a
function of gene flow in Spiranthes dilitata, a widespread species in
Alaska. They found evidence for small-scale genetic variation
associated with different habitats and differences in the ability of
pollinators to pollinate different morphotypes. This research
provided clear evidence that evolution in orchids can occur at
spatially small scales and can be influenced by pollinators.

Ramirez-Martinez et al., like Wallace and Bowles, found that
differences in species performance can operate at small scales in
response to habitat conditions. They compared the population
dynamics of two epiphytic species in Mexico that occurred on
deciduous and semi-deciduous trees. It was demonstrated that in
years with normal rainfall, there were no differences in plant
performance, but during dry years, Alamania punicea was more
vulnerable to drying conditions—most likely because it has smaller
pseudobulbs that have less storage capacity. This research provides
evidence that climate change will potentially influence the
population dynamics of epiphytic orchids.

Djordjevic et al. sampled orchids along an elevation gradient in
the Balkans, with a focus on the belowground features of the
different species and their pollination. Results showed that species
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diversity peaked at 900-1,000 m, with variations in distribution
patterns for different life history traits and habitat types. Deceptive
orchids were most abundant at lower and mid-elevations. By
contrast, rewarding orchids were more common at mid to high
elevations. This study demonstrates that data that link orchid
species to habitats are important for conservation efforts.
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While there is mounting evidence that ongoing changes in the climate system are shifting
species ranges poleward and to higher altitudes, responses to climate change vary
considerably between species. In general, it can be expected that species responses
to climate change largely depend on how broad their ecological niches are, but
evidence is still scant. In this study, we investigated the effects of predicted future
climate change on the availability of suitable habitat for 14 Epipactis (Orchidaceae)
species, and tested whether habitat specialists would experience greater changes
in the extent of their habitats than habitat generalists. We used Maxent to model
the ecological niche of each species in terms of climate, soil, elevation and land-
use and projected it onto climate scenarios predicted for 2061-2080. To test the
hypothesis that temperate terrestrial orchid species with small ranges or small niche
breadths may be at greater risk under climate change than species with wide
ranges or large niche breadths, we related niche breadth in both geographic and
environmental space to changes in size and location of suitable habitat. The habitat
distributions of half of the species shifted northwards in future projections. The area
of suitable habitat increased for eight species but decreased for the remaining six
species. If expansion at the leading edge of the distribution was not possible, the
area of suitable habitat decreased for 12 species. Species with wide niche breadth
in geographic space experienced greater northwards expansions and higher habitat
suitability scores than species with small niche breadth. Niche breadth in environmental
space was not significantly related to change in habitat distribution. Overall, these
results indicate that terrestrial orchid species with a wide distribution will be more
capable of shifting their distributions under climate change than species with a limited
distribution, but only if they are fully able to expand into habitats at the leading edge of
their distributions.

Keywords: climate change, ecological niche, ENMTools, Epipactis, Maxent, range size
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Climate Change and Epipactis Distributions

INTRODUCTION

Climate plays an important role in the distribution of plant and
animal species and in light of the global climate crisis, the effects
of changing climate on plant species distributions is a prominent
topic in ecology (Chen et al., 2011; Tayleur et al., 2015; Lehikoinen
and Virkkala, 2016). In order to survive climate change, species
must either shift their range limits to environments that are able
to support them or adapt to the new conditions in their current
environments (Thuiller, 2007; Kelly and Goulden, 2008; Scheffers
et al., 2016; Ash et al,, 2017). Predicting how a species’ suitable
habitat alters due to climate change is necessary when planning its
long-term conservation, but can be difficult because of the wide
variety of habitat needs and tolerances among species.

Species differ in their responses to climate change based
on how broad their ecological niches are (Thuiller et al,
2005). Previous research has already shown that species within
a genus can vary considerably in habitat preferences and
distributions (Brown et al., 1996; Grossenbacher and Whittall,
2011; Anacker and Strauss, 2014; Duffy and Jacquemyn, 2019).
Habitat generalists tend to have wider ranges of conditions
where they can survive, grow and reproduce and are therefore
assumed to be more adaptable to environmental change (Marvier
et al., 2004; Thuiller et al., 2005). Specialist species, on the other
hand, tend to have more specific environmental requirements
and therefore can only occupy a narrow ecological niche. It
is expected that species which have narrow temperature or
precipitation tolerances are the most likely to be affected by
climate change (Slatyer et al., 2013). However, empirical evidence
is still limited (Shay et al., 2021) and for many species we do not
know the factors that limit their distributions, whether leading
edge expansions are sustainable, or how these species respond to
climate change. Gaining a better understanding of the physical
factors underlying the distribution of organisms is crucial to
predict how species will respond to climate change (Hagsater
et al., 1996; Tsiftsis et al., 2008).

Although orchids are generally considered rare and have
small population sizes (Tremblay et al, 2005; Otero and
Flanagan, 2006; Shefferson et al.,, 2020), there is often large
variation in range size and environmental tolerance between
species, both within and among orchid genera (McCormick and
Jacquemyn, 2014; Evans and Jacquemyn, 2020). What drives
variation in orchid species range size is not well known, but
is likely a combination of factors including niche breadth,
species age, niche availability and range position (Sheth et al,
2020). Previous research has shown that orchid species vary in
their dependence on specific abiotic environmental conditions,
with some species being limited primarily by temperature and
precipitation (McCormick et al., 2009; Djordjevi¢ et al., 2016;
Evans et al, 2020) and others being limited more by local
growth conditions related to bedrock and soil (Bowles et al.,
2005; Tsiftsis et al., 2008; Bunch et al., 2013). Consequently,
specialist orchid species are often associated with the habitat
types that arise from the specific combinations of these abiotic
characteristics, from coastal dunes to temperate forests, and the
spatial extent of these habitats therefore can limit the range
of the species they support (McCormick and Jacquemyn, 2014;

Djordjevi¢ and Tsiftsis, 2022). Species traits related to growth
and reproduction in a habitat, such as root system and
pollination, can affect spatial distribution. For example, wide
spatial distributions of orchids in the Czech Republic were
associated with a rhizomatous root system (Stipkova et al., 2021),
and the wide variety of pollinators utilised by the terrestrial
orchid Epipactis helleborine is likely an important contributor
to its large range and ability to colonise various habitats
(Rewicz et al., 2017).

Recently, it has become clear that weather conditions can
have a strong impact on orchid population dynamics, suggesting
that changing climatic conditions have the potential to affect
the geographic distribution of orchids. For example, climatic
changes during the last three decades have been shown to
have a positive effect on the survival of the terrestrial orchid
Himantoglossum hircinum at the northern edge of its population
in the United Kingdom (van der Meer et al, 2016) and
warmer winter weather conditions have also been shown to
be beneficial to German populations of this species (Pfeifer
et al., 2006). Williams et al. (2015) demonstrated that the
population dynamics, vital rates and reproduction of the lady
orchid (Orchis purpurea) at the northern edge of its distribution
were affected by seasonal temperature and precipitation and,
specifically, that milder winters and wetter springs were beneficial
for its population growth. These results suggest that a warmer
climate will generally benefit orchids at the northern edges of
their distributions. A recent modelling study has indeed shown
that predicted changes in climatic conditions increased habitat
suitability available to three Orchis species by 2050 at the northern
edge of their distribution (Evans et al, 2020). However, given
that these species showed very similar distribution areas and
often co-occur, such a generalisation may not be appropriate
and it remains unclear how differences in range size or
environmental niche breadth predict vulnerability under global
change (Shay et al., 2021).

In this study, we tested the hypothesis that orchid species
with small ranges or small niche breadths may be at greater risk
under climate change than species with wide ranges or large
niche breadths. We used the orchid genus Epipactis as a study
system. Epipactis is a widespread genus occurring throughout the
European and Asian continents with 37 species according to the
The Euro+Med Plantbase Project (2022) although the results of
phylogenetic research in recent years has brought into question
the status of many species (Sramko et al., 2019; Bateman, 2020).
Previous research has shown that among fourteen European
Epipactis species, range size differed by more than three orders of
magnitude between species with the smallest and largest ranges
(Evans and Jacquemyn, 2020). The distribution of small-range
species was strongly associated with local habitat conditions and
landscape structure, while that of large-range species was more
associated with climatic conditions (Evans and Jacquemyn, 2020).
However, whether the habitat distributions of generalist species
are more strongly affected by climate change than small-range,
specialist species, is yet unknown. Specifically, we investigated
how the habitat of the same fourteen Epipactis species would be
affected by changes in temperature and precipitation in Europe
predicted for 2061-2080, and assessed whether species with
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small ranges or narrow ecological niches would suffer greater
changes in size and latitudinal position of habitat than species
with large ranges.

MATERIALS AND METHODS

Study Species and Occurrence Data

The genus Epipactis contains a large number of terrestrial orchids
which vary greatly in distribution area and habitat type (Sramkd
et al., 2019; Evans and Jacquemyn, 2020). Some species (e.g.,
E. dunensis and E. albensis) have very localised distributions
and are restricted to particular habitats such as coastal dunes
and beech forests, whereas others (e.g., E. helleborine and
E. atrorubens) are widespread and can tolerate a relatively
wide range of habitat conditions. There are several ecotypes
of E. helleborine that can be found in specific habitats such as
coastal dunes and forests (Jacquemyn et al., 2018). Species are
autogamous, allogamous, or facultative allogamous (Claessens
and Kleynen, 2011; Brys and Jacquemyn, 2016). The numerous
seeds produced by Epipactis species are very small, dispersed by
wind, and rely on the presence of mycorrhizal fungi in the soil to
germinate and establish (Bidartondo and Read, 2008; Smith and
Read, 2010; McCormick and Jacquemyn, 2014; Jacquemyn et al,,
2018; Xing et al.,, 2020). Differences in mycorrhizal communities
between localities may contribute to reproductive isolation and
spatial distribution of Epipactis species and populations (Ogura-
Tsujita and Yukawa, 2008; Jacquemyn et al., 2016, 2018; but see
Tésitelova et al., 2012).

Records of each species’ occurrence from 2000 to 2020 on
the continent of Europe were obtained from the online database
GBIF' (Supplementary Material). We discarded records with
missing GIS coordinates, ambiguous species identification or
with coordinates with a spatial resolution lower than 100 m.
This resulted in between 31 (Epipactis lusitanica) and 45,354
(E. helleborine) occurrences per species. Records for each
species were aggregated into 10 km? grid cells to reduce
the effects of spatial clustering resulting from sampling bias,
by extracting the centre coordinates of each grid cell in
which the species was recorded (Supplementary Table 1).
Processing of occurrence data was performed in QGIS v3.4.9
(QGIS Development Team, 2019).

Ecogeographic Variables

Previous studies have shown that land cover, bedrock,
precipitation, and temperature are important variables predicting
the distributions of some Epipactis species (Tsiftsis et al., 2008;
Djordjevi¢ et al., 2016; Evans and Jacquemyn, 2020). We
therefore used nine raster-format predictor variables with
<0.5 correlation with one other. Two of the 19 bioclimatic
variables available at the WorldClim v2 online database (Fick
and Hijmans, 2017%) were used in our model, mean annual
temperature and annual precipitation, projected for the near-
present climate (1970-2000). These two variables were chosen

'www.GBIF.org
Zhttps://www.worldclim.org/data/worldclim21.html

because they are the most representative of the mean climate
of an area, and are therefore appropriate for a continent-wide
distribution study such as this. We also obtained the mean
annual temperature and annual precipitation rasters predicted
for the years 2061-2080 predicted by two Shared Socio-economic
Pathways (SSPs), SSP 2-4.5 and SSP 5-8.5 from WorldClim.
SSP 2-4.5 models the climate in a scenario where greenhouse
gas emissions are at their highest (~44 GT CO,) in 2040
and then decrease to 9.6 GT in 2100, while in SSP 5-8.5,
emissions increase steeply until the year 2080 (~130 GT) before
starting to stabilise and decrease (Riahi et al., 2017). Maps of
the distribution of temperature and precipitation values in
Europe were created by calculating the mean temperature for
each cell of a 50 km? cell grid of Europe and summarising
the values in QGIS.

The other seven variables used were the same as those used to
model Epipactis species in Evans and Jacquemyn (2020). These
include the first two components of two PCAs run on two
topsoil datasets (physical and biochemical measures) acquired
through the European Soil Data Centre (ESDAC) (Hiederer,
2013; Ballabio et al., 2019), dominant bedrock from the ESDAC
database (Van Liedekerke et al., 2006), Corine Land Cover (CLC)
from the Copernicus programme of the European Environmental
Program (Heymann, 1994) and elevation (Amatulli et al,
2018). All raster processing was performed in RStudio v4.0.2
(R Core Team, 2021).

Ecological Niche Modelling

Defining and quantitatively comparing plant niches can be
achieved using ecological niche models (ENMs). Ecological niche
modelling has been applied successfully to numerous species
to investigate ecological niches and to assess the impacts of
climate change and land use on species ranges (Guisan and
Thuiller, 2005). We used the programme Maxent v3.4.1. (Phillips
et al,, 2017) to model the effects of predicted climate change
on species’ habitats. Maxent is a popular ENM tool that uses
species occurrence data and environmental rasters to calculate a
Gibbs value for each pixel of the study area, or the probability
that the pixel has suitable habitat conditions for the species
(Phillips, 2005) and performs well in comparison to other
modelling methods (Elith et al., 2006; Phillips and Dudik, 2008;
Valavi et al, 2021). Maxent creates habitat suitability maps
over the study area from these data, as well as a table of
the contribution of each predictor variable to the distribution
of suitable habitat for each species. The choice of Maxent
settings was informed by Barbet-Massin et al. (2012) and
Merow et al. (2013). Each model was run using a random
seed and 100 bootstrap replicates with 75% of the data used
to train the model and 25% to test it. The rest of the
settings were left as the default (convergence threshold of
0.00001, regularisation threshold of 1 and a maximum of 10,000
background points) and allowed for linear, quadratic, product
and hinge features to be chosen automatically, producing a
cloglog output. The models were run for the current climatic
features and projected onto the SSP climate data to produce

3https://www.worldclim.org/data/cmip6/cmip6climate. html
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separate environmental niche map outputs for the current and
future climate conditions.

Data Analysis

For each habitat suitability map, the mean Gibbs value with
standard error was calculated for every latitudinal interval of
0.5 decimal degree of the study area (Europe) using the Zonal
Statistics tool in QGIS. We ran a Wilcoxon signed rank test
on these mean Gibbs values multiplied by their corresponding
latitudes to test whether the suitable habitat of each species will
shift in latitude in future climate scenarios. Before running the
Wilcoxon tests, the set of Gibbs values for each climate scenario
was centred by dividing by the mean to eliminate the influence of
different mean Gibbs values between climate scenarios and test
only for shifts in latitude.

The continuous probabilistic maps produced by Maxent were
converted into binary presence maps using the Maximum Test
Sensitivity plus Specificity (MTSS) value of each species as a
threshold. The pixels with a Gibbs value of greater than the
MTSS were extracted and plotted as a new map for each species,
with each pixel representing the species being present at that
location. The total numbers of pixels occupied by these habitat
distribution maps were compared between current and future
climate scenarios. The overlapping pixels between the current
and future distributions (i.e., pixels for which occurrence equalled
one for both maps) of each species were extracted and counted
to provide a measurement of the area suitable for a species if it
were unable to expand into any newly available areas created by
future climate change.

Mean species occurrence per climate scenario and per species,
for both the continuous Gibbs values and the number of pixels
occupied of the binary maps, were compared between the climate
scenarios using Kruskal-Wallis and Dunn tests with a Holm
correction or ANOVA and Tukey tests if the data were normally
distributed.

We calculated Levins' B2 values of niche breadth in
geographic (B2g,) and environmental space (B2.,) for each
species using the functions raster.breadth and env.breadth,
respectively, in the ENMTools 1.0.5 R package (Warren et al,
2021). B2 ranges from 0 to 1, with values closer to 0
representing narrow (specialised) niche breadth and values
closer to 1 representing wide (generalised) niche breadth.
Finally, we investigated whether species niche breadth predicts
changes in distribution in response to climate change by
dividing the range change of a species from current to
future scenarios, converting to the proportional change for
each species, and comparing these values to each species’
B2 value using ordinary least-squares regression. Ordinary
least-squares regression was also used to compare the Levins’
B2 values between geographic and environmental space. The
difference in niche breadth between species with positive
range changes and negative range changes in response to
habitat change was investigated using Kruskal-Wallis tests.
The effect of mating system on response to climate change
was tested by comparing the mean changes in latitudinal
habitat distribution and proportional range size between
autogamous, allogamous and facultative autogamous species,

using Kruskal-Wallis tests. All analyses were performed in
RStudio v4.0.2 (R Core Team, 2021).

RESULTS

The mean temperature in continental Europe will increase from
a near-current mean of 9.21 + 0.10°C (standard error) to
12.16 £ 0.09°C for SSP 2-4.5 and to 13.42 % 0.09°C for SSP 5-8.5
(Figure 1) predicted for the years 2061-2080. The mean annual
precipitation will increase slightly in the future projections, with a
current mean of 742.74 + 5.86-761.95 & 5.86 mm? for SSP 2-4.5
and 761.43 + 5.93 mm? for SSP 5-8.5.

The mean current habitat suitability or probability of
occurrence (Gibbs p-value) predicted by the Maxent model
ranged from 0.0026 = 0.0006 for E. lusitanica to 0.29 % 0.022
for E. helleborine. When the model was projected for the
climate of 2061-2080, there was no significant difference in
mean habitat suitability between the current climatic conditions
and either of the two future climate scenarios (x> = 0.18,
p-value = 0.91). Although the mean species’ habitat suitability
did not change, when species were tested individually, the
habitat suitability of E. helleborine, lusitanica, phyllanthes, and
tremolsii significantly increased under both SSP scenarios, and
E. albensis increased significantly for SSP 5-8.5 (Table 1;
see Supplementary Table 2 for mean Gibbs values). Seven
species (E. albensis, fageticola, kleinii, leptochila, microphylla,
muelleri, and tremolsii) demonstrated significant northwards
shifts in their habitat distributions in both future climate
scenarios (Table 2 and Supplementary Material for illustration
of individual range shifts).

The area of suitable habitat available (pixels where the Gibbs
p-value was above the species MTSS threshold) increased
for eight species (E. albensis, dunensis, fageticola helleborine,
lusitanica, microphylla, phyllanthes, and tremolsii) in the
future scenarios, but decreased for the remaining six species
(E. atrorubens, kleinii, leptochila, muelleri, palustris, and
purpurata; Table 3). For species that responded positively to
the climatic changes, the increase in habitat ranged between
5 and 1000% (E. dunensis and E. lusitanica), while for those
that responded negatively, decrease in habitat area ranged
between 5% (E. kleinii, muelleri, and palustris) and 88%
(E. purpurata).

Overlap in habitat distribution areas between current and
future climate scenarios was fairly high, ranging from 57 to
100% for SSP 2-4.5 and 33 to 100% for SSP 5-8.5, except for
E. purpurata which showed notably low overlap (16 and 4%
for the two scenarios, respectively; see Supplementary Data for
range values). The change in habitat area experienced by species
if they would not be able to track the climate in the future
decreased by up to 95% (E. purpurata) for all except two species,
E. lusitanica and E. phyllanthes, which showed no decrease in
distribution area (100% overlap, only expansion).

The niche breadth values of Levins’ B2, (in geographic space)
ranged from 0.39 for E. fageticola to 0.85 for E. palustris, while
B2.,, ranged from 0.16 for E. dunensis to 0.90 for E. lusitanica
(see Supplementary Material). B2 values in geographic and
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FIGURE 1 | Distribution of mean annual temperature and annual precipitation in Europe predicted for the current climate, and projected to occur in the years
2061-2080 under two Shared Socio-economic Pathways (SSP2-4.5 and SSP5-8.5). Bars represent the number of 50 km grid squares of Europe with a
corresponding mean temperature or precipitation value, and dotted lines represent the mean values.

TABLE 1 | Change in mean Gibbs values (habitat suitability) for Epipactis species from current to future (2061-2080) climate scenarios (SSP 2-4.5 and SSP 5-8.5) and
results of Dunn tests comparing current and future mean Gibbs p-values (showing only results for significant differences, in bold, and marginally significant
differences, in italics).

Species Change mean Gibbs p Current - SSP 2-4.5 Current - SSP 5-8.5
SSP 2-4.5 SSP 5-8.5 z P V4 P

E. albensis 0.0025 0.0037 —2.1573 0.0620 —3.1508 0.0049
E. atrorubens —0.0196 —0.0378

E. dunensis 0.0007 0.0059 —0.3820 0.7024 —2.3288 0.0596
E. fageticola 0.0003 0.0002

E. helleborine 0.0645 0.0791 —2.2945 0.0435 —2.5807 0.0296
E. Kleinii —0.0002 —0.0008

E. leptochila —0.0038 —0.0060

E. lusitanica 0.0064 0.0102 —3.4435 0.0011 —4.9054 <0.0001
E. microphylla 0.0024 0.0008

E. muelleri —0.0014 —0.0065

E. palustris 0.0193 0.0136

E. phyllanthes 0.0056 0.0084 —2.7392 0.0123 -3.8179 0.0004
E. purpurata —0.0118 —0.0182

E. tremolsii 0.0044 0.0065 —2.5263 0.0231 —3.7593 0.0005

Frontiers in Ecology and Evolution | www.frontiersin.org 12 April 2022 | Volume 10 | Article 894616


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Evans and Jacquemyn

Climate Change and Epipactis Distributions

TABLE 2 | Latitudinal shifts in habitat distribution from current to future climate scenarios and results of Wilcoxon tests of differences in habitat distributions (showing only

results for significant differences).

Species Change in mean Gibbs p*latitude Current - SSP 2-4.5 Current - SSP 5-8.5
SSP 2-4.5 SSP 5-8.5 w p w p

E. albensis 86792.3 179258.2 1016 0.0091 918 0.0019

E. atrorubens 370209.9 558240.5

E. dunensis 7321.7 3531.9

E. fageticola 45463.3 112859.5 986 0.0058 985 0.0057

E. helleborine 319826.6 459016.5

E. Kleinii 49895.4 1655491 998 0.0069 904 0.0015

E. leptochila 155493.8 204799.6 1121 0.0369 1087 0.0241

E. lusitanica 105798.9 199849.8

E. microphylla 243820.9 385056.3 1076 0.0208 1110 0.0322

E. muelleri 2467421 397285.9 1063 0.0175 1081 0.0222

E. palustris 332171.1 506155.0

E. phyllanthes 91731.5 164969.6

E. purpurata 433625.6 748751.2

E. tremolsii 253596.0 412612.4 802 0.0002 829 0.0004

environmental spaces were not correlated with one another DISCUSSION

(p-value = 0.74). The means Gibbs value of habitat suitability
was positively correlated with B2, for both current (R? = 0.33,
F1.12 = 7.52, p-value = 0.012) and future (SSP 2-4.5: R* = 0.50,
Fi,12 = 1381, p-value = 0.0029; SSP 5-8.5: R? = 0.53,
Fy,12 = 15.81, p-value = 0.0020) climate projections (Figure 2A).
Similarly, B2¢, had a positive relationship with range size for
current (R? = 0.32, Fi,12 = 7.11, p-value = 0.021) and future
(SSP 2-4.5: R* = 0.53, Fi,12 = 1541, p-value = 0.0020; SSP
5-8.5: R2 = 0.52, Fi12 = 13.19, p-value = 0.0034) climate
projections (Figure 2B). Species with higher B2, values also
experienced greater changes in Gibbs values between current
and future climate scenarios (Figure 2C; SSP 2-4.5: R?> = 0.68,
FLia = 17.93, p-value = 0.0039; SSP 5-8.5: R® = 0.43,
F1.12 = 7.09, p-value = 0.032). There was a positive relationship
between B2g, and the change in mean Gibbs value between
current climate and SSP 2-4.5 multiplied by latitude (Figure 2D;
R = 0.24, Fi12 = 4.99, p-value = 0.045), indicating that
species with higher B2g, values would experience a greater
northwards shift in suitable habitat than those with low B2,
values, if they were able to track the suitable climate. This
was also marginally significant for SSP 5-8.5 (R*> = 0.18,
F1,12 = 3.77, p-value = 0.076). No comparisons involving B2,
were significant at o = 0.05, but marginally significant positive
relationships were detected between B2.,, and proportional
range change (proportional to the species’ current range) from
current to future climate scenarios (SSP 2-4.5: R*> = 0.31,
Fy.1 = 4.20, p-value = 0.086; SSP 5-8.5: R* = 0.17, F| 1, = 3.64,
p-value = 0.081). Species with higher B2, also showed
some evidence for experiencing a greater northwards shift in
suitable habitat from current to SSP 5-8.5 climate (R*> = 0.16,
Fi,12 = 3.77, p-value = 0.076). The mean proportional range
change (with and without tracking) and change in latitudinal
habitat distribution in response to climate change in either SSP
scenario were not significantly different between mating systems
(p-value > 0.05).

In this study we investigated how the distribution of suitable
habitat of Epipactis species would be affected by predicted climate
change and whether species with small ranges or narrow niche
breadths are at greater risk from climate change than species with
wide ranges or large niche breadths. Our results showed that
the habitat available increased on the leading (northern) edge
of the distribution for half of the species but decreased for the

TABLE 3 | Changes in area of suitable habitat above the Maximum Test Sensitivity
and Specificity threshold of each species from the current climate conditions to
future climate scenarios (SSP 2-4.5 and SSP 5-8.5), as well as changes if species
are unable to expand their ranges into the climatic envelope of future scenarios
(climate tracking).

Species Proportional Proportional range change
range change without tracking
SSP2-45 SSP5-85 SSP2-45 SSP 5-8.5
E. albensis 1.9094 3.4189 —0.0025 —0.0214
E. atrorubens —0.3250 —0.5481 —0.4259 —-0.6711
E. dunensis 0.0554 0.5265 —0.0019 —0.0136
E. fageticola 0.2208 0.5554 —0.0059 —0.2330
E. helleborine 0.2001 0.1391 —0.1960 —0.2970
E. Kleinii —0.0476 —0.3597 —0.1228 —0.4138
E. leptochila —0.3257 —0.4843 —0.3862 —0.5520
E. lusitanica 59117 10.8262 < 0.0001 < 0.0001
E. microphylla 0.3052 0.2582 —0.2469 —0.4614
E. muelleri —0.0467 —0.2476 —0.3005 —0.5037
E. palustris —0.0479 —0.1842 —0.2636 —0.4495
E. phyllanthes 1.6237 2.3245 < 0.0001 < 0.0001
E. purpurata —0.6798 —0.8866 —0.8357 —0.9555
E. tremolsii 0.6798 1.0058 —0.1054 —0.1888

Range changes are reported as proportional to the current range.
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remaining species, and decreased for all but two species if climate
tracking was not possible. Levins’ B2 metric for niche breadth in
geographic space was highly correlated with the spatial extent
and mean Gibbs value (habitat suitability) of species habitat
distributions and species with a higher B2 value were predicted to
experience a greater northwards expansion in response to climate
change. We did not detect significant effects of Levins' B2 in
environmental space, although there was marginally significant
patterns similar to those of B2 in geographic space.

Impact of Climate Change on the

Distribution of Epipactis in Europe
Although there was no change in the mean Gibbs value of the 14
species between current and future climate scenarios, the Gibbs

values for the majority of the species individually was predicted
to increase in 2061-2080. The area of suitable habitat increased
into the north for some species and decreased in the south for
most species in the future, resulting in a mean northern shift in
habitat. When expansion into the north (climate tracking) was
restricted, the area of habitat decreased by up to 95% for all except
two small-range species.

Despite the expectation that species with narrow
environmental tolerances are most threatened by climate
change, in the case of Epipactis, the habitats of most of the small-
range localised species that we investigated were predicted to
increase with future climate change. Some northern hemisphere
herbaceous species benefit from increased temperatures at the
northern edge of their distribution through increased population
growth, which in turn can lead to an increase in geographic
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range at this edge (Bremer and Jongejans, 2009). This includes
orchids such as H. hircinum where climatic changes in the
United Kingdom were shown to be partially responsible for
the species’ expansion between 1991 and 2001, as well as for
projected future scenarios (van der Meer et al., 2016). Similarly,
Ongaro et al. (2018) predicted that the habitat range for nine
orchid species will increase by 2070 on the island of Sardinia,
although the probability of presence in the newly colonised
habitats was not predicted to increase. However, Vogt-Schilb
et al. (2015) found that the distributions of many orchids in
Western Europe have declined in the last two decades due to
land-use change, particularly in the northern parts of their
distributions. If land-use continues to change in more northern
latitudes, this could limit the areas into which Epipactis can move
in response to climate change. The results of our study provide
turther support for the potential for orchid ranges to increase at
their leading edges in response to climate change, but go further
to demonstrate that this does not necessarily mean an increase
in available habitat, particularly if they cannot move into the
northern habitats in time.

Testing the Range Size Vulnerability
Hypothesis

A widely supported paradigm is that the maximum range limits
of a species coincide with its ecological niche limits and that,
given the opportunity to disperse, range limits will shift to match
the geographical extent of the niche under climate change (Reed
et al, 2021; Shay et al., 2021). The pattern of species with
wider niche breadths demonstrating greater latitudinal shifts in
response to climate change has been documented in a number of
terrestrial plant taxa (Thuiller et al., 2005; Alarcén and Cavieres,
2018). This was also demonstrated in orchids by Geppert et al.
(2020) where the distributions of generalist orchid species and
those inhabiting forests and semi-natural grasslands tended to
be less affected than the more specialised and rare species in
subalpine, natural grassland and wetland habitats, whose rear and
leading edges shifted upward. This corresponds with our finding
that Epipactis species with wider niche breadths (generalists)
experience greater change in habitat area in response to changing
climate than specialists. If we were to assign species to the groups
of specialist and generalist based on current spatial ranges and
values of B2 in geographic space, E. fageticola, albensis, kleinii,
and lusitanica would be considered the most specialist (relative
to the other species in this study), followed by E. tremolsii,
dunensis, and leptochila as moderately specialist (Supplementary
Table 2). E. muelleri, microphylla, and purpurata are moderately
generalist, while E. helleborine, palustris, and atrorubens could
be considered generalists. However, E. purpurata had a low B2
value but a fairly large spatial distribution and E. phyllanthes
a high B2 value and small range, which is in contrast to this
pattern. E. purpurata was predicted to experience a significant
decrease in suitable habitat under climate change which may
indicate that species with relatively large current ranges may
still have fairly narrow niches which are nonetheless currently
common in the environment, but are under threat from changing
climate.

The distributions of all investigated species, even generalists,
tended to lag behind climate warming, without being able to
fully track the upward shift in suitable climate resulting in a
range contraction, in both our study and Geppert et al. (2020).
Plant species inhabiting forests may be somewhat buffered
from the effects of climate warming (De Frenne et al, 2013;
Zellweger et al., 2020) and those in grasslands tend to have high
thermal ranges because of the lack of this buffering (Geppert
et al., 2020). Similarly, Vogt-Schilb et al. (2015) found higher
rates of disappearances in wetland orchid species in Western
Europe than those in grassland, and more appearances in forest.
There did not seem to be any clear pattern in response to
climate change and habitat-use in our species (other than with
niche breadth), with woodland species such as E. muelleri
decreasing in suitable habitat and E. microphylla increasing.
However, our study used a broad-scale specification of land cover,
while more may be revealed at a finer resolution that captures
microclimate gradients.

An important caveat to consider when carrying out niche
breadth studies is that the metric used to describe niche breadth
can greatly affect the results. Levin’s B2 is the reciprocal of
Simpson’s diversity index (Levins, 1968) and has been a popular
metric of niche breadth for more than 50 years. However, it
has been noted that the traditional calculation of this metric is
in geographic space (see Peterson and Soberén, 2012) for more
on geographic and environmental space) and more accurately
represents the “flatness” of the geographic distribution of suitable
habitat (Warren et al., 2019), which may be a useful measure of
spatial habitat-use but is not niche breadth in terms of specificity
of resource-use. This is demonstrated clearly in our results, where
B2 in geographic space was consistently correlated with measures
of the size of the habitat distribution and the mean Gibbs value.
B2 in environmental space as proposed by Warren et al. (2019)
and developed in Warren et al. (2021) filters the geographic
habitat suitability distribution through the set of environmental
variables that was used to create the Maxent model, resulting in
a B2 value that is closer to the concept of niche breadth as being
the specificity in environmental conditions of a species’ habitat.
It is important to note, however, that although closer to what
we understand to be niche breadth, B2 in environmental space is
still dependent on the availability of habitats in geographic space
(Petraitis, 1979; Warren et al., 2019). Although the values of B2 in
geographic and environmental space were not correlated, B2 in
environmental space showed some evidence for having the same
relationship with habitat changes as B2 in geographic space. This
indicates that B2 in environmental space has the potential to be
a useful representation of niche breadth for Epipactis in Europe,
but further study is required to conclude this.

Other Factors Contributing to Range
Shifts

Although the abiotic characteristics discussed here are important
for predicting orchid ranges, biotic interactions and species-
specific characteristics are also essential contributors to
the realised niche, and including these interactions can
improve the accuracy and performance of niche models
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(Flores-Tolentino et al., 2020; Phillips et al., 2020). Orchids rely
on insect pollinators and mycorrhizal fungi to reproduce and
germinate (Rasmussen, 2008; McCormick and Jacquemyn, 2014).
As with other pollinator-reliant plants, allogamous Epipactis will
only persist and track shifting climate if their pollinators are
also able to disperse (Benning and Moeller, 2019; Shay et al.,
2021), such as has been predicted for a Neotropical orchid bee
which is predicted to persist and increase its habitat range under
future climate change (Silva et al., 2015). Mating system was not
significantly associated with changes in habitat distribution in
response to climate change, indicating that in the specific case
of these species, autogamous and allogamous species did differ
in response to predicted climate change. This is not surprising,
considering that mating system was not significantly associated
with niche breadth or range size for Epipactis species in previous
studies (Evans and Jacquemyn, 2020) and niche breadth in
geographic space is directly linked to range size. The presence
of soil microbes has also been linked to the ability of plants
to expand into newly available habitats (David et al., 2019;
Bueno de Mesquita et al, 2020; Benning and Moeller, 2021;
Shay et al,, 2021). The diversity of mycorrhizal fungi is linked
to latitudinal gradients for some orchid species (Duffy et al.,
2019), but it is unclear whether the northern shifts in orchid
distributions will be supported by the lower diversity of fungi in
more northern latitudes. Our understanding and predictions of
orchid distribution changes in response to climate change would
be greatly improved with the addition of pollinator and fungal
symbiont distributional data.

Implications for Conservation

Studies that model the ecological niches of species are useful
for conservation planning, particularly for identifying newly
accessible areas available to plants (more so than predicting range
contractions) and assessing the risk faced by populations as a
consequence of their range size (Schwartz, 2012; Shay et al,
2021). This study provides a useful estimate of new areas into
which Epipactis can expand, which in conjunction with more
information on predicted land change in these areas, could be
used in conservation schemes to allow the genus to flourish under
climate change. However, it is important to assess the results

REFERENCES

Alarcén, D., and Cavieres, L. A. (2018). Relationships between ecological niche
and expected shifts in elevation and latitude due to climate change in South
American temperate forest plants. J. Biogeography 45, 2272-2287. doi: 10.1111/
jbi.13377

Amatulli, G., Domisch, S., Tuanmu, M.-N., Parmentier, B., Ranipeta, A., Malczyk,
J., et al. (2018). A suite of global, cross-scale topographic variables for
environmental and biodiversity modeling. Sci. Data 5:180040. doi: 10.1038/
sdata.2018.40

Anacker, B. L., and Strauss, S. Y. (2014). The geography and ecology
of plant speciation: range overlap and niche divergence in sister
species. Proc. R. Soc. B: Biol. Sci. 281:20132980. doi: 10.1098/rspb.2013.
2980

Ash, ]. D., Givnish, T. J., and Waller, D. M. (2017). Tracking lags in historical plant
species’ shifts in relation to regional climate change. Global Change Biol. 23,
1305-1315. doi: 10.1111/gcb.13429

in light of individual patterns in addition to drawing general
conclusions. This is demonstrated in the contrast between mean
change in Gibbs value (no change) and the change in Gibbs value
for individual species, where a number of species were predicted
to increase in the future and, the increase in habitat area for
some species and the decrease for other. This disparity between
general vs. individual species patterns has also been demonstrated
in Geppert et al. (2020), who showed high interspecific variation
among orchids grouped by habitat preference. We also show how
some species with large areas of habitat such as E. purpurata
should not be considered immune to the detrimental effects
of future climate change as they may suffer considerable range
reductions if they are not able to sufficiently disperse northwards.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

AE and HJ: conceptualisation, methodology, writing, review
and editing, and funding acquisition. AE: formal analysis, data
curation, and visualisation. HJ: supervision. Both authors have
read and agreed to the published version of the manuscript.

FUNDING

This work was supported by the Flemish Fund for Scientific
Research (Grant: G093019N).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fevo.2022.
894616/full#supplementary- material

Ballabio, C., Lugato, E., Fernandez-Ugalde, O., Orgiazzi, A., Jones, A., Borrelli,
P., et al. (2019). Mapping LUCAS topsoil chemical properties at European
scale using Gaussian process regression. Geoderma 355:113912. doi: 10.1016/
j.geoderma.2019.113912

Barbet-Massin, M., Jiguet, F., Albert, C. H., and Thuiller, W. (2012). Selecting
pseudo-absences for species distribution models: how, where and how many?
Methods Ecol. Evol. 3, 327-338. doi: 10.1111/j.2041-210x.2011.00172.x

Bateman, R. M. (2020). Implications of next-generation sequencing for the
systematics and evolution of the terrestrial orchid genus Epipactis, with
particular reference to the British Isles. Kew Bull. 75:4.

Benning, J. W., and Moeller, D. A. (2019). Maladaptation beyond a geographic
range limit driven by antagonistic and mutualistic biotic interactions across an
abiotic gradient. Evolution 73, 2044-2059. doi: 10.1111/ev0.13836

Benning, J. W., and Moeller, D. A. (2021). Microbes, mutualism, and range
margins: testing the fitness consequences of soil microbial communities across
and beyond a native plant’s range. New Phytol. 229, 2886-2900. doi: 10.1111/
nph.17102

Frontiers in Ecology and Evolution | www.frontiersin.org

April 2022 | Volume 10 | Article 894616


https://www.frontiersin.org/articles/10.3389/fevo.2022.894616/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fevo.2022.894616/full#supplementary-material
https://doi.org/10.1111/jbi.13377
https://doi.org/10.1111/jbi.13377
https://doi.org/10.1038/sdata.2018.40
https://doi.org/10.1038/sdata.2018.40
https://doi.org/10.1098/rspb.2013.2980
https://doi.org/10.1098/rspb.2013.2980
https://doi.org/10.1111/gcb.13429
https://doi.org/10.1016/j.geoderma.2019.113912
https://doi.org/10.1016/j.geoderma.2019.113912
https://doi.org/10.1111/j.2041-210x.2011.00172.x
https://doi.org/10.1111/evo.13836
https://doi.org/10.1111/nph.17102
https://doi.org/10.1111/nph.17102
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Evans and Jacquemyn

Climate Change and Epipactis Distributions

Bidartondo, M. L, and Read, D. J. (2008). Fungal specificity bottlenecks during
orchid germination and development. Mol. Ecol. 17, 3707-3716. doi: 10.1111/j.
1365-294X.2008.03848 x

Bowles, M., Zettler, L., Bell, T., and Kelsey, P. (2005). Relationships between
soil characteristics, distribution and restoration potential of the federal
threatened eastern prairie fringed orchid, Platanthera leucophaea (Nutt.) Lindl.
Am. Midland Natural. 154, 273-286. doi: 10.1674/0003-0031(2005)154[0273:
rbscda]2.0.co;2

Bremer, P., and Jongejans, E. (2009). Frost and forest stand effects on the
population dynamics of Asplenium scolopendrium. Popul Ecol. 52:211. doi: 10.
1007/s10144-009-0143-7

Brown, J. H,, Stevens, G. C., and Kaufman, D. M. (1996). The geographic range:
size, shape, boundaries, and internal structure. Annu. Rev. Ecol. Syst. 27,
597-623. doi: 10.1146/annurev.ecolsys.27.1.597

Brys, R., and Jacquemyn, H. (2016). Severe outbreeding and inbreeding depression
maintain mating system differentiation in Epipactis (Orchidaceae). J. Evol. Biol.
29, 352-359. doi: 10.1111/jeb.12787

Bueno de Mesquita, C. P., Sartwell, S. A, Schmidt, S. K., and Suding, K. N.
(2020). Growing-season length and soil microbes influence the performance
of a generalist bunchgrass beyond its current range. Ecology 101:¢03095. doi:
10.1002/ecy.3095

Bunch, W. D., Cowden, C. C., Wurzburger, N., and Shefferson, R. P. (2013).
Geography and soil chemistry drive the distribution of fungal associations in
lady’s slipper orchid, Cypripedium acaule. Botany 91, 850-856. doi: 10.1139/cjb-
2013-0079

Chen, L.-C,, Hill, J. K., Ohlemuller, R., Roy, D. B., and Thomas, C. D. (2011). Rapid
range shifts of species associated with high levels of climate warming. Science
333, 1024-1026. doi: 10.1126/science.1206432

Claessens, J., and Kleynen, J. (2011). The Flower of the European Orchid: form and
Function. Voerendaal: Jean Claessens & Jacques Kleynen.

David, A. S., Quintana-Ascencio, P. F., Menges, E. S., Thapa-Magar, K. B,
Afkhami, M. E., and Searcy, C. A. (2019). Soil microbiomes underlie population
persistence of an endangered plant species. Am. Nat. 194, 488-494. doi: 10.1086/
704684

De Frenne, P., Rodriguez-Sanchez, F., Coomes, D. A., Baeten, L., Verstraeten,
G., Vellend, M., et al. (2013). Microclimate moderates plant responses to
macroclimate warming. Proc. Natl. Acad. Sci. U S A. 110, 18561-18565. doi:
10.1073/pnas.1311190110

Djordjevi¢, V., and Tsiftsis, S. (2022). “The role of ecological factors in distribution
and abundance of terrestrial orchids,” in Orchids Phytochemistry, Biology and
Horticulture Reference Series in Phytochemistry, eds J.-M. Mérillon and H.
Kodja (Cham: Springer International Publishing), 3-72. doi: 10.1007/978-3-
030-38392-3_4

Djordjevi¢, V., Tsiftsis, S., Lakusi¢, D., Jovanovic, S., and Stevanovi¢, V. (2016).
Factors affecting the distribution and abundance of orchids in grasslands
and herbaceous wetlands. Systematics Biodiversity 14, 355-370. doi: 10.1080/
14772000.2016.1151468

Duffy, K. J., and Jacquemyn, H. (2019). Climate change increases ecogeographical
isolation between closely related plants. J. Ecol. 107, 167-177. doi: 10.1111/
1365-2745.13032

Duffy, K. J., Waud, M., Schatz, B., Petanidou, T., and Jacquemyn, H. (2019).
Latitudinal variation in mycorrhizal diversity associated with a European
orchid. J. Biogeography 46, 968-980. doi: 10.1111/jbi.13548

Elith, J., Graham, C. H., Anderson, R. P., Dudik, M., Ferrier, S., Guisan, A.,
et al. (2006). Novel methods improve prediction of species’ distributions from
occurrence data. Ecography 29, 129-151.

Evans, A., and Jacquemyn, H. (2020). Impact of mating system on range size
and niche breadth in Epipactis (Orchidaceae). Ann. Bot. 126, 1203-1214. doi:
10.1093/aob/mcaal42

Evans, A., Janssens, S., and Jacquemyn, H. (2020). Impact of climate change on
the distribution of four closely related orchis (Orchidaceae) species. Diversity
12:312. doi: 10.3390/d12080312

Fick, S. E., and Hijmans, R. J. (2017). WorldClim 2: new 1-km spatial resolution
climate surfaces for global land areas. Int. J. Climatol. 37, 4302-4315. doi:
10.1002/joc.5086

Flores-Tolentino, M., Garcia-Valdés, R., Saénz-Romero, C., Avila-Diaz, L., Paz,
H., and Lopez-Toledo, L. (2020). Distribution and conservation of species is

misestimated if biotic interactions are ignored: the case of the orchid Laelia
speciosa. Sci. Rep. 10:9542. doi: 10.1038/s41598-020-63638-9

Geppert, C., Perazza, G., Wilson, R. J., Bertolli, A., Prosser, F., Melchiori, G., et al.
(2020). Consistent population declines but idiosyncratic range shifts in Alpine
orchids under global change. Nat. Commun. 11:5835. doi: 10.1038/s41467-020-
19680-2

Grossenbacher, D. L., and Whittall, J. B. (2011). Increased floral divergence in
sympatric monkeyflowers. Evolution 65, 2712-2718. doi: 10.1111/j.1558-5646.
2011.01306.x

Guisan, A., and Thuiller, W. (2005). Predicting species distribution: offering more
than simple habitat models. Ecol. Lett. 8, 993-1009. doi: 10.1111/j.1461-0248.
2005.00792.x

Hagsater, E., Dumont, V., and Pridgeon, A. M. (1996). Orchids: Status Survey and
Conservation Action Plan. Gland: ITUCN.

Heymann, Y. (1994). CORINE Land Cover: Technical Guide. Luxembourg.: Office
for Official Publ. of the Europ. Communities.

Hiederer, R. (2013). Mapping Soil Properties for Europe—Spatial Representation of
Soil Database Attributes. Luxembourg: Scientific and Technical Research series.
Publications Office of the European Union, EUR26082EN.

Jacquemyn, H., Kort, H. D., Broeck, A. V., and Brys, R. (2018). Immigrant and
extrinsic hybrid seed inviability contribute to reproductive isolation between
forest and dune ecotypes of Epipactis helleborine (Orchidaceae). Oikos 127,
73-84. doi: 10.1111/0ik.04329

Jacquemyn, H., Waud, M., Lievens, B., and Brys, R. (2016). Differences in
mycorrhizal communities between Epipactis palustris, E. helleborine and its
presumed sister species E. neerlandica. Annals of Botany 118, 105-114. doi:
10.1093/a0b/mcw015

Kelly, A. E., and Goulden, M. L. (2008). Rapid shifts in plant distribution with
recent climate change. Proc. Natl. Acad. Sci. U S A. 105, 11823-11826. doi:
10.1073/pnas.0802891105

Lehikoinen, A., and Virkkala, R. (2016). North by north-west: climate change
and directions of density shifts in birds. Global Change Biol. 22, 1121-1129.
doi: 10.1111/gcb.13150

Levins, R. (1968). Evolution in Changing Environments: Some Theoretical
Explorations. Princeton, NJ: Princeton University Press.

Marvier, M., Kareiva, P., and Neubert, M. G. (2004). Habitat destruction,
fragmentation, and disturbance promote invasion by habitat generalists in a
multispecies metapopulation. Risk Anal. 24, 869-878. doi: 10.1111/j.0272-4332.
2004.00485.x

McCormick, M. K., and Jacquemyn, H. (2014). What constrains the distribution
of orchid populations? New Phytol. 202, 392-400. doi: 10.1111/nph.
12639

McCormick, M. K., Whigham, D. F., O'Neill, J. P., Becker, J. J., Werner,
S., Rasmussen, H. N., et al. (2009). Abundance and distribution of
Corallorhiza odontorhiza reflect variations in climate and ectomycorrhizae.
Ecol. Monographs 79, 619-635. doi: 10.1890/08-0729.1

Merow, C., Smith, M. J., and Silander, J. A. Jr. (2013). A practical guide to MaxEnt
for modeling species’ distributions: what it does, and why inputs and settings
matter. Ecography 36, 1058-1069. doi: 10.1111/j.1600-0587.2013.07872.x

Ogura-Tsujita, Y., and Yukawa, T. (2008). Epipactis helleborine shows strong
mycorrhizal preference towards ectomycorrhizal fungi with contrasting
geographic distributions in Japan. Mycorrhiza 18, 331-338. doi: 10.1007/
500572-008-0187-0

Ongaro, S., Martellos, S., Bacaro, G., Agostini, A. D., Cogoni, A., and Cortis,
P. (2018). Distributional pattern of Sardinian orchids under a climate change
scenario. Community Ecol. 19, 223-232. doi: 10.1556/168.2018.19.3.3

Otero, J. T., and Flanagan, N. S. (2006). Orchid diversity - beyond deception.
Trends Ecol. Evol. 21, 64-65. doi: 10.1016/j.tree.2005.11.016

Peterson, A. T., and Soberdn, J. (2012). Species distribution modeling and
ecological niche modeling: getting the concepts right. NatCon 10, 102-107.
doi: 10.2166/wst.2007.494

Petraitis, P. S. (1979). Likelihood measures of niche breadth and overlap. Ecology
60, 703-710. doi: 10.2307/1936607

Pfeifer, M., Wiegand, K., Heinrich, W., and Jetschke, G. (2006). Long-term
demographic fluctuations in an orchid species driven by weather: implications
for conservation planning. J. Appl. Ecol. 43, 313-324. doi: 10.1111/§.1365-2664.
2006.01148.x

Frontiers in Ecology and Evolution | www.frontiersin.org

April 2022 | Volume 10 | Article 894616


https://doi.org/10.1111/j.1365-294X.2008.03848.x
https://doi.org/10.1111/j.1365-294X.2008.03848.x
https://doi.org/10.1674/0003-0031(2005)154[0273:rbscda]2.0.co;2
https://doi.org/10.1674/0003-0031(2005)154[0273:rbscda]2.0.co;2
https://doi.org/10.1007/s10144-009-0143-7
https://doi.org/10.1007/s10144-009-0143-7
https://doi.org/10.1146/annurev.ecolsys.27.1.597
https://doi.org/10.1111/jeb.12787
https://doi.org/10.1002/ecy.3095
https://doi.org/10.1002/ecy.3095
https://doi.org/10.1139/cjb-2013-0079
https://doi.org/10.1139/cjb-2013-0079
https://doi.org/10.1126/science.1206432
https://doi.org/10.1086/704684
https://doi.org/10.1086/704684
https://doi.org/10.1073/pnas.1311190110
https://doi.org/10.1073/pnas.1311190110
https://doi.org/10.1007/978-3-030-38392-3_4
https://doi.org/10.1007/978-3-030-38392-3_4
https://doi.org/10.1080/14772000.2016.1151468
https://doi.org/10.1080/14772000.2016.1151468
https://doi.org/10.1111/1365-2745.13032
https://doi.org/10.1111/1365-2745.13032
https://doi.org/10.1111/jbi.13548
https://doi.org/10.1093/aob/mcaa142
https://doi.org/10.1093/aob/mcaa142
https://doi.org/10.3390/d12080312
https://doi.org/10.1002/joc.5086
https://doi.org/10.1002/joc.5086
https://doi.org/10.1038/s41598-020-63638-9
https://doi.org/10.1038/s41467-020-19680-2
https://doi.org/10.1038/s41467-020-19680-2
https://doi.org/10.1111/j.1558-5646.2011.01306.x
https://doi.org/10.1111/j.1558-5646.2011.01306.x
https://doi.org/10.1111/j.1461-0248.2005.00792.x
https://doi.org/10.1111/j.1461-0248.2005.00792.x
https://doi.org/10.1111/oik.04329
https://doi.org/10.1093/aob/mcw015
https://doi.org/10.1093/aob/mcw015
https://doi.org/10.1073/pnas.0802891105
https://doi.org/10.1073/pnas.0802891105
https://doi.org/10.1111/gcb.13150
https://doi.org/10.1111/j.0272-4332.2004.00485.x
https://doi.org/10.1111/j.0272-4332.2004.00485.x
https://doi.org/10.1111/nph.12639
https://doi.org/10.1111/nph.12639
https://doi.org/10.1890/08-0729.1
https://doi.org/10.1111/j.1600-0587.2013.07872.x
https://doi.org/10.1007/s00572-008-0187-0
https://doi.org/10.1007/s00572-008-0187-0
https://doi.org/10.1556/168.2018.19.3.3
https://doi.org/10.1016/j.tree.2005.11.016
https://doi.org/10.2166/wst.2007.494
https://doi.org/10.2307/1936607
https://doi.org/10.1111/j.1365-2664.2006.01148.x
https://doi.org/10.1111/j.1365-2664.2006.01148.x
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Evans and Jacquemyn

Climate Change and Epipactis Distributions

Phillips, R. D., Peakall, R., Niet, T., van der, and Johnson, S. D. (2020). Niche
perspectives on plant-pollinator interactions. Trends Plant Sci. 25, 779-793.
doi: 10.1016/j.tplants.2020.03.009

Phillips, S. J. (2005). A brief tutorial on maxent. ATT Research 190, 231-259.

Phillips, S. ., and Dudik, M. (2008). Modeling of species distributions with Maxent:
new extensions and a comprehensive evaluation. Ecography 31, 161-175. doi:
10.1111/j.0906-7590.2008.5203.x

Phillips, S. J., Anderson, R. P., Dudik, M., Schapire, R. E., and Blair, M. E. (2017).
Opening the black box: an open-source release of Maxent. Ecography 40,
887-893. doi: 10.1111/ecog.03049

QGIS Development Team (2019). QGIS Geographic Information System. (QGIS
Association).

R Core Team (2021). R: A Language and Environment for Statistical Computing.
Vienna: R Core Team.

Rasmussen, H. (2008). Terrestrial Orchids: from Seed to Mpycotrophic Plant.
Terrestrial Orchids: from Seed to Mycotrophic Plant. Cambridge: Cambridge
University Press.

Reed, P. B., Peterson, M. L., Pfeifer-Meister, L. E., Morris, W. F., Doak, D. F., Roy,
B. A, etal. (2021). Climate manipulations differentially affect plant population
dynamics within versus beyond northern range limits. J. Ecol. 109, 664-675.
doi: 10.1111/1365-2745.13494

Rewicz, A., Jaskula, R., Rewicz, T., and Tonczyk, G. (2017). Pollinator diversity
and reproductive success of Epipactis helleborine (L.) Crantz (Orchidaceae) in
anthropogenic and natural habitats. Peer] 5:e3159. doi: 10.7717/peer;j.3159

Riahi, K., van Vuuren, D. P., Kriegler, E., Edmonds, J., O’Neill, B. C., Fujimori,
S., et al. (2017). The shared socioeconomic pathways and their energy, land
use, and greenhouse gas emissions implications: an overview. Global Environ.
Change 42, 153-168.

Scheffers, B. R., De Meester, L., Bridge, T. C., Hoffmann, A. A., Pandolfi, . M.,
Corlett, R. T., et al. (2016). The broad footprint of climate change from genes to
biomes to people. Science 354:aaf7671. doi: 10.1126/science.aaf7671

Schwartz, M. W. (2012). Using niche models with climate projections to inform
conservation management decisions. Biol. Conserv. 155, 149-156. doi: 10.1016/
j.biocon.2012.06.011

Shay, J. E., Pennington, L. K., Montiel-Molina, J. A. M., Toews, D., Hendrickson,
B., and Sexton, J. (2021). Rules of plant species ranges: applications for
conservation strategies. Front. Ecol. Evol. 9:700962. doi: 10.3389/fevo.2021.
700962

Shefferson, R. P., Jacquemyn, H., Kull, T., and Hutchings, M. J. (2020). The
demography of terrestrial orchids: life history, population dynamics and
conservation. Botan. J. Linnean Soc. 192, 315-332. doi: 10.1093/botlinnean/
boz084

Sheth, S. N., Morueta-Holme, N., and Angert, A. L. (2020). Determinants of
geographic range size in plants. New Phytol. 226, 650-665. doi: 10.1111/nph.
16406

Silva, D. P., Macédo, A. C. B. A., Ascher, J. S., and De Marco, P. (2015). Range
increase of a neotropical orchid bee under future scenarios of climate change.
J. Insect. Conserv. 19, 901-910. doi: 10.1007/s10841-015-9807-0

Slatyer, R. A., Hirst, M., and Sexton, J. P. (2013). Niche breadth predicts
geographical range size: a general ecological pattern. Ecol. Lett. 16, 1104-1114.
doi: 10.1111/ele.12140

Smith, S. E., and Read, D. J. (2010). Mycorrhizal Symbiosis. Cambridge, MA:
Academic press.

Sramkd, G., Paun, O., Brandrud, M. K., Laczko, L., Molnar, A., and Bateman, R. M.
(2019). Iterative allogamy-autogamy transitions drive actual and incipient
speciation during the ongoing evolutionary radiation within the orchid genus
Epipactis (Orchidaceae). Ann. Bot. 124, 481-497. doi: 10.1093/aob/mcz103

Stipkovd, Z., Tsiftsis, S., and Kindlmann, P. (2021). Distribution of orchids with
different rooting systems in the czech republic. Plants 10:632. doi: 10.3390/
plants10040632

Tayleur, C., Caplat, P., Massimino, D., Johnston, A., Jonzén, N., Smith, H. G.,
et al. (2015). Swedish birds are tracking temperature but not rainfall: evidence
from a decade of abundance changes. Global Ecol. Biogeography 24, 859-872.
doi: 10.1111/geb.12308

Tésitelova, T., T&itel, ., Jersakovd, ., Rihov4, G., and Selosse, M. (2012). Symbiotic
germination capability of four Epipactis species (Orchidaceae) is broader than
expected from adult ecology. Am. J. Botany 99, 1020-1032. doi: 10.3732/ajb.
1100503

The Euro+Med Plantbase Project (2022). The Euro+Med PlantBase - the
Information Resource for Euro-Mediterranean Plant Diversity. Available
online at: http://ww2.bgbm.org/EuroPlusMed/PTaxonDetail.asp?NameCache=
Epipactis&PTRefFk=8000000 (accessed March 22, 2022).

Thuiller, W. (2007). Climate change and the ecologist. Nature 448, 550-552. doi:
10.1038/448550a

Thuiller, W., Lavorel, S., and Araujo, M. B. (2005). Niche properties
and geographical extent as predictors of species sensitivity to climate
change. Global Ecol. Biogeography 14, 347-357. doi: 10.1111/j.1466-822x.2005.
00162.x

Tremblay, R. L., Ackerman, J. D., Zimmerman, J. K., and Calvo, R. N. (2005).
Variation in sexual reproduction in orchids and its evolutionary consequences:
a spasmodic journey to diversification. Biol ]. Linnean Soc. 84, 1-54. doi:
10.1111/j.1095-8312.2004.00400.x

Tsiftsis, S., Tsiripidis, I., Karagiannakidou, V., and Alifragis, D. (2008). Niche
analysis and conservation of the orchids of east Macedonia (NE Greece). Acta
Oecol. 33, 27-35. doi: 10.1016/j.acta0.2007.08.001

Valavi, R., Guillera-Arroita, G., Lahoz-Monfort, J. J., and Elith, J. (2021). Predictive
performance of presence-only species distribution models: a benchmark study
with reproducible code. Ecol. Monogr. 92:e01486.

van der Meer, S., Jacquemyn, H., Carey, P. D., and Jongejans, E. (2016).
Recent range expansion of a terrestrial orchid corresponds with climate-driven
variation in its population dynamics. Oecologia 181, 435-448. doi: 10.1007/
s00442-016-3592-7

Van Liedekerke, M., Jones, A., and Panagos, P. (2006). ESDBv2 Raster Library—
A Set of Rasters Derived from the European Soil Database Distribution v2. 0.
European Commission and the European Soil Bureau Network, CDROM, EUR
19945.

Vogt-Schilb, H., Munoz, F., Richard, F., and Schatz, B. (2015). Recent declines
and range changes of orchids in Western Europe (France, Belgium and
Luxembourg). Biol. Conservation 190, 133-141. doi: 10.1016/j.biocon.2015.
05.002

Warren, D. L., Beaumont, L. J., Dinnage, R., and Baumgartner, J. B. (2019). New
methods for measuring ENM breadth and overlap in environmental space.
Ecography 42, 444-446. doi: 10.1111/ecog.03900

Warren, D. L., Matzke, N. J., Cardillo, M., Baumgartner, J. B., Beaumont, L. J.,
Turelli, M., et al. (2021). ENMTools 1.0: an R package for comparative
ecological biogeography. Ecography 44, 504-511. doi: 10.1111/ecog.
05485

Williams, J. L., Jacquemyn, H., Ochocki, B. M., Brys, R., and Miller, T. E. (2015).
Life history evolution under climate change and its influence on the population
dynamics of a long-lived plant. J. Ecol. 103, 798-808. doi: 10.1111/1365-2745.
12369

Xing, X., Gao, Y., Zhao, Z., Waud, M., Duffy, K. J., Selosse, M., et al. (2020).
Similarity in mycorrhizal communities associating with two widespread
terrestrial orchids decays with distance. J. Biogeography 47, 421-433. doi: 10.
1111/jbi.13728

Zellweger, F., De Frenne, P., Lenoir, J., Vangansbeke, P., Verheyen, K.,
Bernhardt-Rémermann, M., et al. (2020). Forest microclimate dynamics drive
plant responses to warming. Science 368, 772-775. doi: 10.1126/science.
aba6880

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Evans and Jacquemyn. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Ecology and Evolution | www.frontiersin.org

April 2022 | Volume 10 | Article 894616


https://doi.org/10.1016/j.tplants.2020.03.009
https://doi.org/10.1111/j.0906-7590.2008.5203.x
https://doi.org/10.1111/j.0906-7590.2008.5203.x
https://doi.org/10.1111/ecog.03049
https://doi.org/10.1111/1365-2745.13494
https://doi.org/10.7717/peerj.3159
https://doi.org/10.1126/science.aaf7671
https://doi.org/10.1016/j.biocon.2012.06.011
https://doi.org/10.1016/j.biocon.2012.06.011
https://doi.org/10.3389/fevo.2021.700962
https://doi.org/10.3389/fevo.2021.700962
https://doi.org/10.1093/botlinnean/boz084
https://doi.org/10.1093/botlinnean/boz084
https://doi.org/10.1111/nph.16406
https://doi.org/10.1111/nph.16406
https://doi.org/10.1007/s10841-015-9807-0
https://doi.org/10.1111/ele.12140
https://doi.org/10.1093/aob/mcz103
https://doi.org/10.3390/plants10040632
https://doi.org/10.3390/plants10040632
https://doi.org/10.1111/geb.12308
https://doi.org/10.3732/ajb.1100503
https://doi.org/10.3732/ajb.1100503
http://ww2.bgbm.org/EuroPlusMed/PTaxonDetail.asp?NameCache=Epipactis&PTRefFk=8000000
http://ww2.bgbm.org/EuroPlusMed/PTaxonDetail.asp?NameCache=Epipactis&PTRefFk=8000000
https://doi.org/10.1038/448550a
https://doi.org/10.1038/448550a
https://doi.org/10.1111/j.1466-822x.2005.00162.x
https://doi.org/10.1111/j.1466-822x.2005.00162.x
https://doi.org/10.1111/j.1095-8312.2004.00400.x
https://doi.org/10.1111/j.1095-8312.2004.00400.x
https://doi.org/10.1016/j.actao.2007.08.001
https://doi.org/10.1007/s00442-016-3592-7
https://doi.org/10.1007/s00442-016-3592-7
https://doi.org/10.1016/j.biocon.2015.05.002
https://doi.org/10.1016/j.biocon.2015.05.002
https://doi.org/10.1111/ecog.03900
https://doi.org/10.1111/ecog.05485
https://doi.org/10.1111/ecog.05485
https://doi.org/10.1111/1365-2745.12369
https://doi.org/10.1111/1365-2745.12369
https://doi.org/10.1111/jbi.13728
https://doi.org/10.1111/jbi.13728
https://doi.org/10.1126/science.aba6880
https://doi.org/10.1126/science.aba6880
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

& frontiers | Frontiers in

‘ @ Check for updates

OPEN ACCESS

Isabel Marques,
University of Lisbon, Portugal

Hans Jacquemyn,

KU Leuven, Belgium

Zhifeng Ding,

Institute of Zoology, Guangdong
Academy of Science (CAS), China

Vladan Djordjevi¢
vdjordjevic@bio.bg.ac.rs

This article was submitted to
Conservation and Restoration Ecology,
a section of the journal

Frontiers in Ecology and Evolution

26 April 2022
04 July 2022
09 August 2022

Djordjevic V, Tsiftsis S, Kindlmann P
and Stevanovi¢ V (2022) Orchid
diversity along an altitudinal gradient
in the central Balkans.

Front. Ecol. Evol. 10:929266.

doi: 10.3389/fevo.2022.929266

© 2022 Djordjevi¢, Tsiftsis, Kindlmann
and Stevanovic. This is an open-access
article distributed under the terms of
the Creative Commons Attribution
License (CC BY). The use, distribution
or reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Ecology and Evolution

Original Research
09 August 2022
10.3389/fevo.2022.929266

Orchid diversity along an
altitudinal gradient in the central
Balkans

Vladan Djordjevict*, Spyros Tsiftsis?, Pavel Kindlmann3 and
Vladimir Stevanovic¢i4

'Faculty of Biology, Institute of Botany and Botanical Garden, University of Belgrade, Belgrade,
Serbia, 2Department of Forest and Natural Environment Sciences, International Hellenic University,
Drama, Greece, *Academy of Science of the Czech Republic, Global Change Research Institute,
Brno, Czechia, *Serbian Academy of Sciences and Arts, Belgrade, Serbia

Understanding patterns of species diversity along an altitudinal gradient is the
major topic of much biogeographical and ecological research. The aim of
this study was to explore how richness and density of orchid species and
subspecies in terms of different categories of underground organ systems and
pollination systems vary along an altitudinal gradient in the central Balkans.
The altitudinal gradient of the study area was divided into 21 100-m vertical
intervals. Data were analyzed using both non-linear and linear regressions
with three data sets (total orchids, orchids of forest habitats, orchids of
non-forest habitats) in the case of species richness and three data sets
(total orchids—total area, forest orchids—forest area, and orchids of non-
forest habitats—non-forest area) in the case of species density. The results
showed a hump-shaped pattern of orchid richness and density, peaking
at 900-1,000 m. The richness and density of orchids of forest habitats
are generally slightly greater than the richness and density of orchids of
non-forest habitats in lowland areas, whereas the orchids of herbaceous
vegetation types dominating at high altitudes. Tuberous orchids dominate
in low and mid-altitude areas, orchids with palmately lobed and fusiform
tubers (“intermediate orchids”) dominate at high altitudes, while rhizomatous
orchids are predominate in mid-altitude forest stands. Both deceptive and
self-pollinated orchids show a unimodal trend with a peak at mid-altitude
areas. This study underlines the importance of low and mid-altitude areas for
the survival of deceptive orchids and the importance of mid- and high-altitude
areas for the survival of rewarding orchids. In addition, forest habitats at mid-
altitudes have been shown to be crucial for the survival of self-pollinated
orchids. The results suggest that the altitudinal patterns of orchid richness
and density in the central Balkans are determined by mechanisms related
to land area size and habitat cover, partially confirming the species-area
relationship (SAR) hypothesis. This study contributes significantly to a better
understanding of the potential impacts of habitat changes on orchid diversity,
thereby facilitating more effective conservation planning.

Orchidaceae, ecology, altitudinal patterns, distribution, life history strategies, species
richness, species diversity, Balkan Peninsula
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Introduction

The family Orchidaceae is one of the most species-rich
families in the plant kingdom, with an estimated 26,000-28,000
species from 749 genera (Christenhusz and Byng, 2016; Chase
et al,, 2017). Although orchids grow in almost all terrestrial
ecosystems, they are most diverse in the tropics and subtropics,
where species of different life forms can be found. In Europe,
orchids are exclusively terrestrial, inhabiting both forest habitats
and herbaceous plant communities (Djordjevi¢ and Tsiftsis,
2022). Because of their germination limitation, mycorrhizal
specificity, and pollinator specialization, many orchid species
are particularly vulnerable to environmental change (Waterman
and Bidartondo, 2008; Swarts and Dixon, 2009). Intensive
anthropogenic impacts resulting in habitat alteration and
loss have led to the extinction or decline in abundance
and distribution of many orchids (Kull and Hutchings,
2006). Understanding patterns of orchid species richness and
abundance along the geographical and environmental gradients
is a central goal of much ecological and biogeographical research
(Tsiftsis et al., 2008; Acharya et al., 2011; Zhang et al., 2015a;
Djordjevi¢ etal., 2016, 2020). In addition, knowledge of diversity
patterns along the altitudinal gradient and factors influencing
these patterns can contribute not only to a better understanding
of orchid ecology and distribution, but also to planning
strategies necessary for a successful species conservation plan.

In general, there are two main patterns of species richness—
an altitude relationship: a monotonic decrease in number
of species with altitude; and a hump-shaped pattern with
the highest species number at mid-altitudes (Rahbek, 1995;
McCain and Grytnes, 2010; Timsina et al., 2021). Nearly half
of the studies showed that the hump-shaped patterns are the
most common ones, whereas other studies suggested either a
monotonic decrease or an increase in the number of species
with altitude (McCain and Grytnes, 2010; Timsina et al., 2021).
Although several hypotheses have been proposed to explain
patterns of orchid diversity along the altitudinal gradient, most
studies address the influence of climatic factors, then the
mid-domain effect (MDE), while less attention has been paid
to the species-area relationship (SAR). The climatic gradient
hypothesis predicts that species richness peaks at a particular
altitude where a combination of growing conditions is optimal
for the species. According to Colwell and Lees (2000), most
species live in mid-altitude areas due to the geometric limit
of the species’ range. This pattern, known as the “mid-domain
effect” (MDE), results from random overlap of the altitudinal
range of species (Colwell and Hurtt, 1994; Colwell et al., 2004;
Dunn et al.,, 2007). The concept of a species-area relationship
suggests that species richness varies depending on size of the
area of a certain altitude range, i.e., that maximum species
richness occurs in the altitudinal zones that cover the largest
area (Acharya et al., 2011; Karger et al., 2011; Trigas et al,
2013).
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There are some studies and books that provide detailed
information on the altitudinal range of individual orchid species
in Europe or specific countries, suggesting that the altitudinal
range of the same species can vary considerably within the
range of its distribution (Baumann et al., 2006; Delforge, 20065
Jersakovd et al., 2015). To date, many studies provide important
information on how altitudinal gradients affect orchid species
richness, but most of them have been conducted for Asian
(Acharya et al., 2011; Zhang et al., 2015a,b; Timsina et al,
2021), American (Cardelus et al., 2006; Ackerman et al., 2007;
Stipkova’ et al., 2016), and African countries (Jacquemyn et al.,
2005b, 2007), while there are just few studies on orchid richness
along the altitudinal gradient in Europe (Tsiftsis et al., 2019;
Stipkovd et al., 2020, 2021). The species-area relationship (SAR)
has been investigated for some countries in Asia (Acharya et al.,
2011; Zhang et al., 2015a), whereas in Europe there are only
two studies (Stipkova et al., 2020, 2021) that consider this
relationship by analysis of density. However, it has not been
studied in detail how the area of specific habitats affects the
patterns of orchid diversity along the altitudinal gradient.

In recent years, the diversity patterns of species classified in
different functional groups have been used to understand the
relationships between these traits and environmental variation
(Laughlin et al., 2012; Taylor et al., 2021). There are several
studies on the distribution of certain orchid life forms,
including commonly terrestrial, epiphytic, and saprophytic
orchids (Cardelts et al., 2006; Acharya et al, 2011; Zhang
et al, 2015a), while knowledge on the distribution patterns
of orchid life forms in Europe is limited (Tsiftsis et al,
2019; Stipkova et al., 2021). Species diversity patterns related
to specific life forms along gradients (e.g., altitude, latitude)
not only may be useful from a basic ecology perspective,
but they can also contribute to a better understanding of
orchid evolutionary history, prediction of their distribution,
and effective orchid species conservation. Some studies have
focused particularly on the distribution and species richness of
orchids possessing certain floral traits and breeding systems,
as well as pollination systems (Arroyo et al., 1982; Jacquemyn
et al.,, 2005b; Pellissier et al., 2010; Stipk()vé et al,, 2020).
Although it was found that the relative occurrence of food-
deceptive orchids decreases with increasing altitude in the
territory of Switzerland (Pellissier et al., 2010), there is a lack of
knowledge on how orchid diversity patterns vary when it comes
to other orchid pollination systems, including rewarding, self-
pollinated and other deceptive orchids. Furthermore, there is a
lack of knowledge about the relationship between altitude and
richness/density of orchids, which are characterized by different
life forms and pollination systems in different habitats (e.g.,
forests and herbaceous plant communities) and regions.

Although the Balkan Peninsula is one of the parts of Europe
with the highest number of orchid taxa (Djordjevic et al., 2020),
the patterns of species richness and density along the altitudinal
gradient in the central Balkans have not yet been explored.
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Therefore, our study aims to explore patterns of diversity of
orchids along the altitudinal gradient in the central Balkans, with
the goal of analyzing both the total orchid flora and the orchid
flora of individual life forms and pollination systems. Special
attention had to be paid to the analysis of the influence of the
size of the area of individual altitudinal intervals on the patterns
of diversity, focusing on the area of specific habitat types (forest
and non-forest). Consequently, the importance of this study lies
in the contribution to the knowledge of orchid life histories,
ecology and distribution, but also in the creation of a good
basis for more effective orchid conservation. We hypothesized
that spatial patterns of forest and non-forest habitats along
the altitudinal gradient affect orchid species diversity patterns.
Moreover, we expected that orchids of different traits have
different diversity patterns as well. Based on the evolutionary
development of the underground organs of orchids (Averyanov,
1990; Tsiftsis et al., 2019), we assume that orchids with spheroid
or ovoid tubers dominate at lower altitudes because they
generally tolerate drought and warmer conditions best. On the
other hand, orchids with palmately lobed and fusiform tubers
are assumed to dominate at higher altitudes because their origin
is related to the emergence of colder climates and they have
the best adaptations that allow them to grow in habitats with
low temperatures and high humidity characteristic of highland
areas. Given the different pollination systems of orchids and the
studies already published (Pellissier et al., 2010 Stipkovd et al.,
2020), we expect that the richness of rewarding orchids is greater
than that of deceptive ones in high-altitude areas.

The main objectives of this study were: (i) to determine
altitudinal range size of individual orchids and compare
altitudinal range size and mean altitude of occurrence of orchid
species and subspecies with different life traits (underground
organ systems, pollination systems); (ii) to analyze orchid
species richness and density along the altitudinal gradient; (iii)
to determine how the richness and density of orchid species
with different life traits (underground organ systems, pollination
systems) vary with altitude. Patterns of species richness and
density along the altitudinal gradient were explored for the total
orchid flora, as well as for the orchid flora recorded in forest and
non-forest habitats.

Materials and methods

Study area

The study area covers the entire territory of western
Serbia (19°09'-20°39" E, 42°50'-44°58' N) and encompasses
approximately 18,000 km? (Figure 1A). It is located in the
central Balkans and belongs to the eastern Dinaric Alps. Two
basic units are distinguished in the study area: (a) the flatlands
of the southern part of the Pannonian Plain, which occupy
the northern parts of western Serbia, and (b) the mountainous
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region, which belongs to the Dinaric mountain system. The
altitude ranges from 65 m (Sabac) to 2,154 m (Mokra Gora—
Pogled). The climate in Serbia can be described as temperate-
continental. The average annual temperature varies from 6.7°C
in the coldest parts to 11.6°C in the warmest parts, while
the average annual temperature in the areas above 1,500 m
above sea level is about 3.0°C. Annual precipitation varies from
726.4 mm in the lower-lying regions to about 1,500 mm in the
mountainous areas of south-western Serbia (climatic data from
the Hydrometeorological Service of the Republic of Serbia).

In general, vegetation in the study area is structured
according to climatic differentiation. In the northernmost parts
of western Serbia, near the Sava and Kolubara rivers, there
are floodplain (Fraxino-Quercion roboris) forests, while in the
rest of the study area (especially at low to medium altitudes)
oak (Quercion confertae and Quercion petraeo-cerridis) forests
predominate. Mesophilous deciduous beech and hornbeam
(Fagion sylvaticae and Carpinion betuli) forests are predominant
in the zone of middle altitudes, while coniferous (Vaccinio-
Piceetea) forests are found in the high-mountain regions. The
density of forest cover in the study area is shown in Figure 1B.
Western Serbia is geologically diverse, with a large occurrence
of carbonate and ultramafic rocks and various types of silicate
rocks (Djordjevi¢ and Tsiftsis, 2019).

Data collection

The total database consists of data on 55 orchid species and
subspecies recorded at 3,580 sites (Supplementary Table 1).
Data on 53 orchid species and subspecies from 2,610 sites were
collected during field observations between 1995 and 2021. In
addition, the dataset included published data on 48 species
and subspecies from 683 sites and herbarium data on 44 taxa
from 287 sites collected in the Herbarium of the University of
Belgrade (BEOU) and the Herbarium of the Natural History
Museum in Belgrade (BEO). The number of sampling sites for
each altitudinal interval is shown in Figure 2. This number does
not include the sites we visited and did not find any orchids
there. Orchid taxa were identified according to Delforge (2006),
while Djordjevic¢ etal. (2021) was used for nomenclature. During
field surveys, geographic coordinates (longitude, latitude) and
altitude were determined by a Garmin eTrex 30 hand-held
GPS device in the WGS 84, while reliable data from published
sources and herbarium collections were georeferenced using Ozi
Explorer 3.95.4s software.

We studied each altitudinal interval with the same effort,
number of days spent in the field, and mileage. The minimum
distance between sites was 250 m (i.e., two populations found
closer than 250 m from each other were considered as one site),
except in the case when large differences in altitude and habitats
of the studied places were observed. Due to the relatively small
size of the area searched and the long duration of the study, we
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FIGURE 1
(A) Map of the study area (central Balkans: western Serbia) with sampling sites where orchids were found (the boundaries of the study area are
marked by the red line); (B) the density of forest cover in the study area.
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The number of sampling sites for each altitudinal interval where orchids were found.
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FIGURE 3

The altitudinal range of orchids in western Serbia (the central Balkans).

are sure that the number of sites we missed during the search
is negligible and therefore cannot have affected the outcome.
For the same reason, we can expect that the sampling effort was
uniform throughout the region. For subsequent calculations, we
only considered sites where orchids were found.

Subdivision of orchid species by
habitat type, life forms (underground
organs), and pollination systems

Orchid species were divided into two categories based on
habitat type: (1) orchids that were recorded in forest habitats
and (2) orchids that inhabit non-forest habitats (grasslands and
herbaceous wetlands) (Supplementary Table 1). Orchids that
occurred in both forest and non-forest habitats were included
in both habitat categories (counted twice). In addition, orchids
were relegated to various categories based on their underground
organs and pollination systems (Supplementary Table 1). We
classified orchids as belonging to one of three underground
organ systems, following the concept presented by Tsiftsis et al.
(2019) and Stipkova et al. (2021): (1) rhizomatous orchids (the
most primitive ones); (2) “intermediate orchids,” i.e., orchids
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with palmate, fusiform, or stoloniferous tubers (intermediate
in evolutionary history between rhizomatous orchids and
orchids with spheroid tubers); and (3) tuberous orchids, i.e.,
orchids with spheroid tubers (considered the most specialized
and advanced orchids). Species of the genera Cephalanthera,
Corallorhiza, Epipactis, Epipogium, Goodyera, Limodorum,
and Neottia were classified in the rhizomatous orchid group,
while species of the genera Coeloglossum, Dactylorhiza,
Gymnadenia, Nigritella, Platanthera, and Pseudorchis were
placed in the intermediate group. In addition, species of the
genera Anacamptis, Herminium, Himantoglossum, Neotinea,
Ophrys, Orchis, Spiranthes, and Traunsteinera were classified as
tuberous orchids.

Based on their pollination system, orchids were divided
into three categories: (1) rewarding orchids, i.e., those that
produce nectar and offer it as a reward to their pollinators,
(2) deceptive, and (3) self-pollinated species (Supplementary
Table 1). Information on the pollination mechanism of orchids
was obtained from Jacquemyn et al. (2005a), Jersakova et al.
(2006), Vereecken et al. (2010), and Inda et al. (2012), while
for the genus Epipactis the AHO-Bayern webpage (Aho-Bayern,
2021) was used. Orchids that have nectar and thus could
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TABLE 1 Overall statistics of the polynomial regressions used to
determine the relationship between orchid species
richness and altitude.

Orchid group R? P-value
Total orchids 0.9267 (c) <0.001
Orchids of forest habitats 0.9295 (¢) <0.001
Orchids of non-forest habitats 0.9061 (c) <0.001
(c): 3rd order polynomial regression.

be rewarding but can also be self-pollinated (e.g., Epipactis

spp.) were classified in both categories (rewarding and self-
pollinated plants).

Data analysis

The altitudinal gradient of the study area was divided into
twenty-one 100 m vertical intervals (i.e., 0-100 m, 101-200 m,
etc.). Species richness was calculated for each 100-m altitudinal
interval as the total number of orchid species and subspecies
in that interval. The area (in km?) of each 100-m interval was
estimated by counting the number of 100-m grid cells of a
Digital Altitude Model (DEM) having altitude values at a specific
vertical interval. To achieve the 100-m map, the 25-m European

10.3389/fev0.2022.929266

Digital Altitude Model (Copernicus, EU-DEM version 1.1) was
used by carrying out an aggregation process. The Tree Cover
Density layer (2015 was used as the reference year) at a 100-m
resolution (available through the Copernicus Land Monitoring
Service) was used to calculate the forest area at each 100-m
vertical interval, and then the non-forest area was calculated
by removing the forested area from the total area in each
vertical interval.

An orchid was considered as present in a 100-m interval
only if it was recorded at least once in this vertical interval.
After constructing the total matrix for all the orchid taxa
recorded in the study area, two series of orchid matrices
were generated according to the traits studied (underground
organ system category, pollination system). Specifically, for each
orchid category the number of orchid taxa occurring in each
vertical interval was calculated.

To explore whether (a) the altitudinal range and (b) the
mean altitude of occurrence of the orchids with different
underground organ systems and pollination systems are
statistically different, we used the Kruskal-Wallis test, followed
by Dunn’s post-hoc test with Bonferroni correction carried
out on each pair of groups. The altitudinal range for
each orchid was defined as the difference between the
highest and the lowest site where each orchid has been
recorded, whereas the mean altitude was calculated on the
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Orchid species richness along an altitudinal gradient in the central Balkans (western Serbia).

Frontiers in Ecology and Evolution

24

frontiersin.org


https://doi.org/10.3389/fevo.2022.929266
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/

Djordjevic et al.

basis of all altitude values of the sites where each orchid
has been recorded.

Orchid species density (D) at each altitude interval was
calculated using the formula:

D = S/log(A),

where S is the number of orchid species recorded in each vertical
interval and A is the area of each vertical interval in km?.

Orchid density was calculated using (a) the total orchid
flora and total area of the vertical intervals, (b) orchids of
forest habitats and the forest area, and (c) orchids of non-forest
habitats and the non-forest area of the vertical intervals. The
three data sets were used to identify possible specific patterns
in the orchids of these broad habitat categories.

The associations between richness and density of orchid
species and subspecies and altitude were explored by analyzing
the data sets using regressions. As we did not have any
a priori hypothesis about the functions describing the shape
of the dependences studied, polynomial regressions were used.
We first used third-degree polynomials and always tested
significance of the cubic terms in order to determine whether a
second-degree or a linear regression would not be sufficient for
fitting the data. Linear regression was used in cases where both
cubic and quadratic terms were insignificant (Tsiftsis et al., 2019;
Stipkovd et al., 2020, 2021).

All analyses were performed in R version 4.0.5 (R Core
Team, 2021), whereas variable extraction was done using
ArcGIS 10.6 (ESRI, 2017). Kruskal-Wallis and Dunn’s post-hoc
tests were performed using the packages “stats” and “FSA” (Ogle
etal., 2022), respectively.

Results

Altitudinal range size

Altitudinal range profiles of orchid species and subspecies
of the central Balkans (western Serbia) showed that most
species occurred over wide altitudinal ranges (Figure 3 and
Supplementary Table 1). Thus, 12 species and subspecies
(21.82%) had altitudinal ranges less than 500 m, 13 species and
subspecies (23.64%) had altitudinal ranges from 500 to 1,000 m,
20 taxa (36.36%) had altitudinal ranges from 1,000 to 1,500 m,
while 10 taxa (18.18%) had altitudinal ranges of more than
1,500 m (Figure 3 and Supplementary Table 1).

There was no significant difference in altitudinal range
between orchids with different types of underground organs
(Kruskal-Wallis x> = 0.314, p = 0.854) or pollination systems
(x2 = 1.635, p = 0.441). In contrast, the mean altitude of
occurrence differed significantly between orchid species with
different underground organs (x> = 21.617, p < 0.001). In
particular, intermediate orchids had a significantly higher mean
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FIGURE 5
Richness of orchid species and subspecies with certain
underground organ systems along the altitudinal gradient: (A)

total number of orchid taxa; (B) orchids of forest habitats; (C)
orchids of non-forest habitats.

altitude of occurrence than rhizomatous orchids (Z = 2.01,
p <0.05) and tuberous orchids (Z = 4.589, p < 0.001). Moreover,
rhizomatous orchids had a significantly higher mean altitude
than tuberous orchids (Z = 2.707568, p < 0.01). Similarly, the
mean altitude of occurrence differed between orchid species
with different pollination systems (x> = 6.6227, p < 0.05),
with the mean altitude of occurrence of deceptive orchids
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being significantly lower that of rewarding orchids (Z = -2.573,
p < 0.05). No significant difference was found between the mean
altitude of occurrence of deceptive and self-pollinated orchids
(Z = -0.861, p = 0.973), and rewarding and self-pollinated
orchids (Z = 1.086, p = 0.832).

Altitudinal patterns of orchid species
richness

Regression analysis showed a strong influence of altitude on
orchid species richness in western Serbia (Table 1 and Figure 4).
The total orchid species richness showed a hump-shaped
relationship along the altitudinal gradient. Species richness
reached its maximum value in the mid-altitude zone between
901 and 1,000 m (41 orchid species and subspecies) and then
decreased to reach its minimum at high-altitude sites (Table 1
and Figure 4).

Regression analysis showed a significant effect of altitude
on orchid species richness in both forest and non-forest
habitats (Table 1 and Figure 4). Both orchids of forest habitats
and orchids of non-forest habitats showed a hump-shaped
relationship with the altitudinal gradient, peaking between 901
and 1,000 m (Figure 4). In the altitudinal zone from 0 to
1,100 m, the richness of orchids of forest habitats is generally
higher than the richness of orchids of non-forest habitats
(Figure 4). However, with increasing altitude (from 1,101 to
2,100 m), the richness of orchids of non-forest habitats is higher
than the richness of orchids of forest habitats (Figure 4).

Orchid richness in terms of the number of rhizomatous,
intermediate, and tuberous orchid taxa for the three data
sets (total orchids, orchids of forest habitats, orchids of non-
forest habitats) are shown in Figure 5. The regression lines of
orchids of each orchid life form have rather the same shape
(a hump-shaped pattern). Tuberous species dominate at low
and mid-altitude zone, the rhizomatous orchids present their
highest richness at c. 1,100-1,300 m, whereas intermediate
orchids dominate at high-altitude areas (Figure 5A). The
results concerning orchids of the forest habitats were of the
similar shape for all three orchid groups (Figure 5B). However,
tuberous orchids dominate at low altitude areas, whereas the
rhizomatous orchids dominate from mid-altitude area to high-
altitude zone (Figure 5B). In the case of orchids of non-forest
habitats, tuberous orchids dominate in low and mid-altitudinal
zone (0-1,200 m), whereas the intermediate orchids dominate
between 1,200 and 2,100 m (Figure 5C).

The trends in orchid species richness along the altitudinal
gradient based on the three pollination mechanisms are
shown in Figure 6. The orchids of each orchid pollination
system showed a hump-shaped relationship with the altitudinal
gradient, peaking at mid-altitude zone (Figure 6A). In general,
the richness of deceptive orchids is greater than the richness of
rewarding and self-pollinated orchids at altitudes between 0 and
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Richness of orchid species and subspecies of specific pollination
systems along the altitudinal gradient: (A) total number of orchid
taxa; (B) orchids of forest habitats; (C) orchids of non-forest
habitats.

1,700 m, whereas the richness of rewarding orchids is higher
than the richness of deceptive and self-pollinated orchids at
altitudes between 1,700 and 2,100 m (Figure 6A). The altitudinal
patterns of orchid species richness of specific pollination systems
were hump-shaped also in cases when orchids of forest and non-
forest habitats were considered separately (Figures 6B,C). All
the correlations between orchid species richness and altitude
using the three datasets were statistically significant (P < 0.001
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TABLE 2 Overall statistics of the polynomial regressions used to
determine the relationship between the richness of orchid species
with specific underground organ systems and altitude.

10.3389/fevo.2022.929266

TABLE 4 Overall statistics of the polynomial regressions used to
determine the relationship between orchid species
density and altitude.

Orchid group R? P-value Orchid group R? P-value
Total orchids Total orchids 0.8967 (c) <0.01
Tuberous 0.906 (¢) <0.001 Orchids of forest habitats 0.938 (¢) <0.001
Rhizomatous 0.842 (b) <0.001 Orchids of non-forest habitats 0.7711 (¢) <0.001
Intermediate 0.829 (b) <0.001 (0: 3td order polynomial regression.

Orchids of forest habitats

Tuberous 0.822 (¢) <0.001

Rhizomatous 0.861 (b) <0.001 stabilized and slightly increased up to the highest altitudes. In
Intermediate 0.676 (b) <0.001 the in lowland areas, the density of orchids of forest habitats
Orchids of non-forest habitats is generally higher than the density of orchids of non-forest
Tuberous 0.923 (0) <0.001 habitats, whereas the density of orchids of non-forest habitats
Rhizomatous 0.420 (b) <0.01 is higher than the density of orchids of forest habitats at mid- to
Intermediate 0.885 (c) <0.001 high-altitude zone (Figure 7).

(b): 2nd order polynomial regression; (c): 3rd order polynomial regression.

TABLE 3 Overall statistics of the polynomial regressions used to
determine the relationship between the richness of orchid species
with specific pollination systems and altitude.

Orchid group R? P-value
Total orchids

Rewarding 0.938 (¢) <0.001
Deceptive 0.889 (b) <0.001
Self-pollinated 0.924 (b) <0.001
Orechids of forest habitats

Rewarding 0.914 (b) <0.001
Deceptive 0.882 (¢) <0.001
Self-pollinated 0.821 (b) <0.001
Orchids of non-forest habitats

Rewarding 0.869 (¢c) <0.001
Deceptive 0.891 (b) <0.001
Self-pollinated 0.664 (c) <0.01

(b): 2nd order polynomial regression; (c): 3rd order polynomial regression.

or P < 0.01) (Tables 2, 3), whereas the predictive power was very
high in almost all regressions.

Altitudinal patterns of orchid species
density

Regression analysis showed a strong influence of altitude
on orchid species density in the central Balkans (Table 4 and
Figure 7). The regression lines of total orchids and orchids
of forest habitats have rather the same shape (a hump-shaped
pattern). Total species density reached its maximum value in
the mid-altitude zone (at c¢. 1,000 m) and then decreased to
reach its minimum in high-altitude areas (Figure 7). Species
density of orchids of non-forest habitats increased with increase
in altitude, peaking at about 800 m, then slightly decreased or
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Orchid densities in terms of the number of rhizomatous,
intermediate, and tuberous orchid taxa for the three data sets
(total orchids—total area, forest orchids—forested area, non-
forest orchids—non-forested area) are shown in Figure 8. When
the orchid density was calculated based on the total orchid
flora and the total area at each vertical interval, the curves of
rhizomatous and tuberous orchids have rather the same shape
(a hump-shaped pattern), but the number of tuberous species
is slightly higher (Figure 8A). Contrary to these two species
groups, the intermediate orchids show an increasing trend,
and their density is gradually stabilized above 1,500 m. The
results concerning orchids of the forest area were of the same
shape for all three orchid groups (Figure 8B). In the case of
orchid density calculated using non-forest orchids and the non-
forest area, the intermediate orchids showed a sharp increase
along the altitudinal gradient, whereas the tuberous orchids
showed a hump-shaped pattern (Figure 8C). Rhizomatous
orchids have the lowest species density compared to the other
two orchid groups.

The trends in orchid species density along the altitudinal
gradient based on the three pollination mechanisms are shown
in Figure 9. In the case of orchid density calculated based on
the total number of orchids and the total area, both deceptive
and self-pollinated orchids show a unimodal trend with a peak
at about 900-1,000 m, the deceptive orchids being the richest
in terms of species (Figure 9A). On the contrary, density of
rewarding orchids increases sharply up to 900 m and then
slightly decreases. The graph of orchid density of the forest
habitat types is presented in Figure 9B. Here, all orchid groups
show a unimodal trend. When analyzing non-forest orchids
using the non-forested area, we found that the deceptive orchids
showed a unimodal trend, reaching a maximum density at c.
1,000 m, much higher than density of the other orchid groups
(Figure 9C). The density of rewarding orchids increases with
increase in altitude, peaking at about 500 m, then is stabilized
or slightly decreases up to c. 1,400 m before increasing again up
to the highest altitudes. Self-pollinated species are only poorly
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represented in non-forested areas and show a slight hump-
shaped pattern.

All the correlations between orchid species density and
altitude using the three datasets were statistically significant
(P < 0.001 or P < 0.01) (Tables 5, 6). Moreover, the predictive
power was very high in almost all regressions. Specifically, the
predictive power in the three datasets in the analyses performed
using the underground organ system categories was 51.4-92.5%,
whereas when analyzing orchids on the basis of their pollination
mechanisms the predictive power of the regressions was 77.5-
93.1%.

Discussion

In this study we investigated how the richness and density of
orchids vary along the altitudinal gradient in the central Balkans.
Specifically, we explored whether the forest and non-forest
areas along the altitudinal gradient affect patterns of orchids
richness and density using different functional traits. Our results
showed a hump-shaped pattern of orchid richness and density,
peaking in the mid-altitude area. In addition, the richness
and density of orchids of forest habitats are generally slightly
higher than the richness and density of orchids of non-forest
habitats in lowland areas, while orchids of non-forest habitats
dominate in high-altitude areas. The results showed that the
diversity patterns of orchid species with different underground
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organs and pollination systems differ significantly along the
altitudinal gradient when the orchid flora of specific habitat
types was analyzed.

Altitudinal range size

The results of this study show that 10 orchid taxa have
the largest altitudinal ranges (above 1,500 m) in the central
Balkans (Figure 3 and Supplementary Table 1), highlighting
their ecological plasticity and adaptability, as well as a lower
degree of specialization.

Our results show that orchids belonging to the Central
European and boreal chorological groups (Coeloglossum viride,
Dactylorhiza fuchsii, Goodyera repens, Epipactis leptochila subsp.
neglecta, Epipactis muelleri, Epipactis purpurata, Epipogium
aphyllum, and Neottia cordata) occur in the middle and high
altitudes of the central Balkans. In contrast, in Central and
Northern Europe, these species have higher altitude ranges,
from lowlands to high-mountain areas (Baumann et al., 2006;
Delforge, 2006). In addition, in the central Balkans, orchids
characteristic primarily of Central and Northern Europe have
a greater elevational range or occur at lower altitudes compared
to northeastern Greece (Tsiftsis et al., 2008). Furthermore, some
Mediterranean-submediterranean orchids (e.g., Anacamptis
papilionacea, Neotinea tridentata, and Orchis simia) have a
lower altitudinal range and occur mainly at lower altitudes in

frontiersin.org


https://doi.org/10.3389/fevo.2022.929266
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/

Djordjevic et al.

O Rhizomatous
o Intermediate
Tuberous

Number of orchid taxa / Log(Area)

T
1000

B Altitude (m)

O Rhizomatous
o Intermediate
Tuberous

Number of orchid taxa / Log(Area)

T
1000

C Altitude (m)

O Rhizomatous
O Intermediatg
Tuberous

Number of orchid taxa / Log(Area)

1000

Altitude (m)

FIGURE 8
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western Serbia than in northeastern Greece (Tsiftsis et al., 2008),
which can be explained primarily by the climatic differences
between these two study areas. Indeed, north-eastern Greece
is under strong influence of the Mediterranean climate and
has a significant presence of thermophilous habitats along
the altitudinal gradient. In contrast, in the central Balkans
(western Serbia), due to the humid and continental climate,
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thermophilous habitats are mainly present at lower and
middle altitudes.

Altitudinal patterns of orchid species
richness and density

The results of this study show hump-shaped patterns of
orchid richness and density along the altitudinal gradient in
western Serbia, both in the case of total orchids and in the
cases of orchids of specific habitat types. In all cases, the highest
species richness and density were observed between 500 and
1,200 m. This is consistent with previous studies indicating that
orchid species richness is highest at mid-altitudes and decreases
with increasing altitude (Acharya et al,, 2011; Chen et al.,, 2014;
Liu et al,, 2015; Zhang et al., 2015a). It is assumed that patterns
of orchid species richness and density along the altitudinal
gradient in the central Balkans (western Serbia) are primarily
determined by climatic factors and breadth of the climatic niche
of species composing the orchid pool in western Serbia. The
highest orchid species richness and density at mid-altitudes in
the central Balkans can be explained by the fact that most species
tolerate the moderate environmental conditions in the middle
altitudes better than the extreme environmental conditions,
in terms of temperature, precipitation, relative air humidity,
ultraviolet radiation, atmospheric pressure, partial pressure of
all atmospheric gases, and anthropogenic influences in the low
and high-altitudes (Lomolino, 2001; van der Meulen et al., 2001;
Korner, 2007). The hump-shaped patterns of orchid richness
and density along the altitudinal gradient can also be explained
by size of the area. In western Serbia, area of the high-altitude
zones (from 1,500 to 2,100 m) is rather restricted compared
to areas at middle altitudes. On the contrary, although low-
altitude areas (e.g., <500 m) are extensive in the study area,
species richness and density in such areas are quite low because
a large part of these areas has been converted to cultivated
land and the landscape is not very heterogeneous in terms of
habitats and geological substrates. Similarly, previous research
has indicated that habitat heterogeneity overrides the species-
area relationship and is the most important predictor of species
richness (Baldi, 2008; Tsiftsis, 2020). In addition, it is assumed
that the lower richness and density of orchids of non-forest
habitats at lower altitudes can be explained by the intense
anthropogenic influences. In general, the species richness of a
given altitudinal range is related to its extent. However, this
is correct for orchids of forest habitats, but not for orchids of
non-forest habitats. Thus, our study partially confirms the SAR
hypothesis (Karger et al., 2011). We could assume that the lower
richness of orchid species in the high-altitude areas of western
Serbia is determined by the lower diversity of their pollinators
(Arroyo et al,, 1982; Jacquemyn et al., 2005b), as well as by a
smaller pollen load of pollinators (Bingham and Orthner, 1998).
Furthermore, the greater richness and density of orchid species
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of forest habitat types compared to the species richness and
density of orchids of non-forest habitats in lowland areas can be
explained primarily by the high diversity of forest communities
in this altitude range. On the other hand, the greater richness
and density of orchid species of herbaceous vegetation in
relation to the richness and density of orchid species of forest
vegetation in the high-altitude regions of western Serbia can
be explained by the great diversity and high heterogeneity of
grasslands and herbaceous wetlands, as well as by the lower
diversity of forest vegetation.

Orchid species richness and density in terms of
different underground organ systems

The results of this study show that tuberous orchids
dominate in areas of lower and middle altitudes (Figures 5, 8).
This result was expected, bearing in mind that orchids of
this life form are best adapted to dry, semi-dry, and warm
habitat conditions, such as those found at the lower and
middle altitudes of the study area (Dafni, 1987; Averyanov,
1990; Tsiftsis et al., 2019; §t1’pkov;’1 et al,, 2021). Rhizomatous
orchids are predominant in mid-altitude areas, indicating that
moderate environmental conditions are appropriate for them.
However, the results showed that altitude strongly influences
rhizomatous orchid species richness and density in forest
habitats, whereas the influence of altitude is relatively weak
when it comes to the richness and density of rhizomatous
orchids in non-forest habitats. This can be explained by the fact
that representatives of the orchids of this life form, as the most
primitive representatives of European orchids, primarily grow
in forest habitats (Averyanov, 1990; Delforge, 2006).

This study shows that intermediate orchids dominate in
high-altitude areas, which is consistent with previous studies
suggesting that these orchids prefer lower temperatures and
higher humidity in their habitats and therefore occur in high-
altitude areas (Averyanov, 1990; Delforge, 2006; Pillon et al,
2006; Tsiftsis et al,, 2019). The results are understandable,
bearing in mind the evolutionary development of orchids.
Specifically, the evolution of the first intermediate orchids was
associated with the Alpine orogenesis, and the formation of
mountain habitats with lower temperatures (Averyanov, 1990).

Orchid species richness and density in terms of
different pollination systems

The results of this study show that the richness and density
of deceptive orchids are higher through almost all the altitudinal
gradient studied, and that only in the highest regions of the
investigated area do rewarding orchids prevail (Figures 6, 9).
This result is consistent with those of Pellissier et al. (2010), who
found that the relative occurrence of food-deceptive orchids
decreases with increasing altitude in the territory of Switzerland
and in the Vaud mountains, suggesting that deception may be
less profitable at high compared to low altitudes. This may be
explained by climatic factors expressed through altitude, such
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FIGURE 9
Density of orchid species and subspecies of specific pollination
systems along the altitudinal gradient: (A) total number of orchid

taxa—total area; (B) forest orchids—forest area; (C) non-forest
orchids—non-forest area.

as temperature, precipitation, or seasonality (Kérner, 2007),
as well as by factors that influence the decrease of pollinator
diversity and visitation rate at high altitudes (Arroyo et al., 1982;
Jacquemyn et al., 2005b; Pellissier et al., 2010).

Stipkové et al. (2020) used nectarless and nectariferous
orchids of the Czech Republic and found that both groups
showed a hump-shaped pattern of species density, with a
maximum between 300 and 900 m, i.e., at lower altitudes
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TABLE 5 Overall statistics of the polynomial regressions used to
determine the relationship between the density of orchid species with
specific underground organ systems and altitude.

Orchid group R? P-value
Total orchids

Tuberous 0.919 (c) <0.001
Rhizomatous 0.789 (b) <0.001
Intermediate 0.829 (b) <0.001
Orchids of forest habitats

Tuberous 0.912 (¢) <0.001
Rhizomatous 0.874 (b) <0.001
Intermediate 0.667 (b) <0.001
Orchids of non-forest habitats

Tuberous 0.925 (¢) <0.001
Rhizomatous 0.514 (¢) <0.01
Intermediate 0.831 (a) <0.001

(a): 1st order polynomial regression; (b): 2nd order polynomial regression; (c): 3rd order
polynomial regression.

TABLE 6 Overall statistics of the polynomial regressions used to
determine the relationship between the density of orchid species with
specific pollination systems and altitude.

Orchid group R? P-value
Total orchids

Rewarding 0.822 (¢) <0.001
Deceptive 0.867 (b) <0.001
Self-pollinated 0.931 (¢) <0.001
Orchids of forest habitats

Rewarding 0.893 (b) <0.001
Deceptive 0.920 (c) <0.001
Self-pollinated 0.857 (b) <0.001
Orchids of non-forest habitats

Rewarding 0.807 (¢) <0.001
Deceptive 0.826 (b) <0.001
Self-pollinated 0.775 (¢) <0.001

(b): 2nd order polynomial regression; (c): 3rd order polynomial regression.

compared to orchids in the central Balkans. Similarly to our
results, species density of both nectariferous and nectarless
orchids along the altitudinal gradient in the Czech Republic was
found to depend on habitat cover, i.e., the spatial distribution
of forest and non-forest habitats. Earlier studies of orchids have
shown that most self-pollinated orchids occur in high-altitude
areas (Catling, 1990; Jacquemyn et al., 2005b). Self-pollinated
orchids in the central Balkans mostly inhabit forest vegetation
types, so the density of these orchids is highest in mid-altitude
areas, in which forest orchids dominate.

Implications for conservation
This study shows that forest and non-forest habitats at low

and mid- altitudes have high conservation value for tuberous
orchids, while forest habitats at mid-altitudes are important
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for the survival of rhizomatous orchids. In addition, non-forest
habitats at mid- and high-altitudes are most important for the
survival of intermediate orchids. Given the resulting diversity
patterns and the fact that intermediate orchids inhabit colder
and higher precipitation areas (Tsiftsis et al., 2019; Stipkova
et al, 2021), our study suggests that these orchids may be
affected by the rise of temperature and lower precipitation at
lower altitudes due to climate change.

Our study suggests that forest and non-forest habitats at
low and mid-altitudes are most important for the survival
of deceptive orchids. On the other hand, mid- and high-
altitudinal areas are important for the survival of rewarding
orchids. Since rewarding orchids are rarer at lower altitudes,
they are at high risk of extinction in these areas. In view of
the fact that the rewarding orchids in western Serbia occur in
almost equal numbers in forest and non-forest habitats, it is
necessary to carefully plan their conservation. Deceptive orchids
in the central Balkans occur in slightly higher numbers in non-
forest habitats (grasslands and meadows), a circumstance that
requires careful conservation of these habitats. Finally, our study
indicates that most orchid species grow in mid-altitude areas,
which coincide with the strong presence of tourist sites and
facilities in the study area. It is therefore necessary to work on
a carefully designed plan for protection of these areas, including
the application of ecologically sustainable tourism that does not
threaten orchids to extinction.

Conclusion

This study demonstrates a hump-shaped pattern of orchid
richness and density peaking at 900-1,000 m and the fact
that orchid species diversity patterns differ significantly along
the altitudinal gradient when comparing forest vs. non-forest
habitats. In general, our results confirm the SAR hypothesis,
i.e., that the richness and density of orchid species along the
altitudinal gradient are significantly affected by size of the area of
a given altitudinal interval. However, this does not hold true for
the orchids of non-forest habitats. Furthermore, it does not hold
true for the intermediate orchids in non-forest habitats or for
the rewarding orchids in the same habitats because the species
density of these groups increases with altitude.

Our study suggests that the diversity patterns of orchid
species with different underground organs and pollination
systems differ significantly along the altitudinal gradient when
considering the total flora in the whole area, but also
when analyzing the orchid flora of specific habitat types.
In general, tuberous orchids dominate in low and mid-
altitude areas, intermediate orchids dominate at high altitudes,
while rhizomatous orchids are predominate in mid-altitude
forest stands. This confirms the hypothesis of evolutionary
development of orchids with different underground organs
and their specific ecological requirements (Averyanov, 1990;
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Tsiftsis et al., 2019; Stipkova et al., 2021). Our study highlights
the importance of low and mid-altitude areas for the survival of
deceptive orchids and the importance of mid- and high-altitude
areas for the survival of rewarding orchids. In addition, forest
habitats at mid-altitudes have been shown to be crucial for the
survival of self-pollinated orchids.

In general, our study shows that the strategies required
to protect orchids change along the altitudinal gradient and
depend on both functional traits of species and habitat cover. In
addition, our results suggest that changes in habitat cover may
be reflected in patterns of orchid diversity along the altitudinal
gradient. Future research should reveal which climatic and other
environmental factors are crucial for the changes in orchid
species richness and density along the altitudinal gradient in the
central Balkans.
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Dendrobium officinale (Orchidaceae) is an endangered epiphytic orchid that
has been well studied as a medicinal plant. Although previous studies have
shown that various fungal isolates promote D. officinale seed germination
and seedling development in vitro, mycorrhizal associations among its
wild populations remain poorly understood. In this study, we identified
mycorrhizal fungi associated with D. officinale (36 individuals from six
sites) using Sanger sequencing and compared fungal communities among
sites and habitats (lithophytic vs. epiphytic individuals). Among the obtained
sequences, 76 belonged to orchid mycorrhizal fungi (OMF), among which
Tulasnellaceae accounted for 45.8% and Serendipitaceae for 28.1%. The
Serendipitaceae operational taxonomic unit (OTU) SE1 was the most dominant
partner, accounting for 27.1% of all detected fungal sequences, followed
by a Tulasnellaceae OTU, TU27, which accounted for 15.6%. The relative
frequencies of Serendipitaceae and Tulasnellaceae differed greatly between
lithophytic and epiphytic individuals. Serendipitaceae accounted for 47.3%
of the OMF sequences among lithophytes, and Tulasnellaceae for 95.2%
among epiphytes. Mycorrhizal community composition also varied among
sites. We further conducted in vitro symbiotic culture from seeds with
six fungal isolates. Two Serendipitaceae and two Tulasnellaceae isolates,
including SE1 and TU27, significantly promoted seed germination and seedling
development. These results indicate that D. officinale is mainly associated with
Tulasnellaceae and Serendipitaceae as its main fungal partners, which strongly
induced seed germination and seedling development in vitro, suggesting their
association with D. officinale through its life cycle.

lithophytes, orchid, Serendipitaceae, Tulasnellaceae, wild populations, epiphytes
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Introduction

Orchidaceae is among the largest angiosperm plant families,
comprising more than 28,000 species (Christenhusz and
Byng, 2016), 69% of which are epiphytic (Zotz, 2013).
Orchids form symbiotic associations with mycorrhizal fungi,
in which fungal hyphae penetrate living plant cells to form
intracellular pelotons (Smith and Read, 2008). Orchid seeds
are highly dependent on mycorrhizal fungi for carbon,
nitrogen, and other nutrients during seed germination; such
associations generally persist in mature plants (Rasmussen
and Rasmussen, 2009). Most orchid mycorrhizal fungi (OMF)
belong to a rhizoctonia aggregate, a polyphyletic group
of fungi belonging to a combination of Tulasnellaceae,
Serendipitaceae, and Ceratobasidiaceae (Rasmussen, 2002;
Dearnaley et al, 2012). Orchid mycorrhizal associations
do not always remain stable throughout the plant life
cycle, with some orchids continuing their association with
the same fungi and others switching partners from the
seed germination to adult stages (Ventre Lespiaucq et al,
2021). Habitat type, which can be terrestrial, epiphytic,
or lithophytic, also often affects mycorrhizal communities
(Xing et al, 2019; Qin et al, 2020). OMF may have
a significant impact on the distribution, abundance, and
population dynamics of orchid species (Jacquemyn et al., 2012;
McCormick et al,, 2018). However, despite the rich diversity
of epiphytic orchids, far fewer studies have explored OMF
associations among epiphytic orchids than among terrestrial
orchids.

The genus Dendrobium Swartz is among the largest
genera in Orchidaceae, including approximately 1,450 species
distributed in tropical and subtropical regions from India to
Southeast Asia, China, Japan, and Oceania (Schuiteman, 2014).
Dendrobium species have long been studied for their economic,
medicinal, and ornamental value (Teixeira da Silva et al., 2015;
Teoh, 2016). Mycorrhizal associations with Dendrobium species
have also been investigated for the propagation of medicinal
species and conservation of endangered species (Chen et al,
2021). However, most such studies have focused on symbiotic
culture with fungal isolates from roots, seeds, or seedlings
(Nontachaiyapoom et al., 2011; Mala et al., 2017; Maharjan et al.,
2020), whereas mycorrhizal associations among wild orchid
populations remain poorly understood, although a few studies
have revealed in situ associations with several wild populations
(Xing et al., 2013; Rammitsu et al., 2021).

Dendrobium officinale Kimura and Migo (syn. Dendrobium
stricklandianum Rchb.f and Dendrobium tosaense Makino; Jin
and Huang, 2015) is a component of many traditional Chinese
medicines and its symbionts have been well studied (Ding
et al,, 2008; Jin et al, 2017; Zuo et al,, 2021). This species is
distributed from southern China to southern Japan, where it
grows on cliffs (lithophyte) or tree trunks (epiphyte) covered
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with humus and moss (Zhu et al,, 2009; Hou et al., 2012).
Although various fungal isolates from Dendrobium species
promote seed germination and seedling development in D.
officinale (Guo and Xu, 1991; Wu et al., 2012; Shao et al., 2019;
Wang et al,, 2021), the mycorrhizal associations of its wild
populations remain unclear. Mycorrhizal fungi can vary among
sites and substrates (lithophytic or epiphytic individuals).
D. officinale is an endangered species due to over collection;
therefore, understanding the mycorrhizal associations of its wild
populations is important for its conservation.

In this study, we also examined the effects of major and
minor mycorrhizal fungal associations on seed germination,
protocorm formation, and seedling development. We examined
36 wild D. officinale individuals (27 lithophytic and 9 epiphytic)
sampled from six sites and conducted in vitro symbiotic seed
germination testing using D. officinale seeds and six fungal
isolates obtained from roots.

Materials and methods

Sample collection

In all, 36 D. officinale individuals were collected from six
sites in Kochi and Kagoshima Prefectures in Japan (Table 1). To
examine differences in mycorrhizal fungal associations between
epiphytic and lithophytic individuals, we collected epiphytic
root samples from seven tree species and lithophytic root
samples from rocks, cement bridges, and a roof. Root samples
(3-5 cm per plant) were washed with tap water, and hand-sliced
sections were observed under a microscope to assess fungal
colonization. Mycorrhizal root segments were cut into 1-2 cm
fragments and stored in Tris-EDTA (TE) buffer at -20°C for
fungal molecular identification. Sections with living hyphal coils
were used for fungal isolation.

Fungal isolation

Root sections with living hyphal coils were washed with
sterile distilled water (SDW) to remove bark debris from the root
surface and crushed with forceps to disperse the viable hyphae
coils into 100 mL SDW. Hyphal coils (pelotons) were collected
using a micropipette and rinsed four times in sterile water.
For culture, these pelotons with 20-40 WL SDW were dropped
onto 1.5% agar medium containing 50 ppm streptomycin
and tetracycline. Plates were incubated at 25 & 1°C for 1
week. Fungal colonies that formed from single pelotons were
transferred to fresh potato dextrose agar (PDA) plates for
subculture. The fungal isolates obtained in this study were
deposited in the Biological Resource Center of the National
Institute of Technology and Evaluation (NBRC) (Table 2).
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Molecular identification of mycorrhizal
fungi

DNA was extracted from root samples as described
previously (Rammitsu et al,, 2021). Samples were crushed with
forceps to disperse hyphal coils into TE buffer. We collected
100-200 coils per fragment and homogenized these with 20
L TE buffer using a BioMasher II homogenizer (Nippi Inc.,
Tokyo, Japan). For fungal isolate DNA, hyphae growing on
the culture medium were collected using a sterilized toothpick
and suspended in 50 pL TE buffer. DNA was extracted

10.3389/fevo.2022.994641

from the suspension as described previously (Izumitsu et al,
2012). Polymerase chain reaction (PCR) amplification of the
internal transcribed spacer (ITS) sequences was performed
using the fungal universal primer pairs ITS1F/ITS4 (White et al,,
19905 Gardes and Bruns, 1993) and ITS1F/ITS4B (Gardes and
Bruns, 1993). These primer pairs failed to amplify sequences
of Tulasnellaceae, which is a dominant mycorrhizal fungal
family associated with orchids. Therefore, we also used the
Tulasnellaceae-specific primer pairs ITS5/ITS4-Tul2 (White
et al,, 1990; Oja et al,, 2015) and 5.8S-Tulngs/ITS4-Tul2 (Oja
et al,, 2015; Rammitsu et al, 2021). PCR amplification was

TABLE 1 Details of Dendrobium officinale and mycorrhizal samples used in this study.

Locality Site Habitat® Substrate Total no. of Roots Isolates Total
no. individuals OMF
No. of No.of  OMF No. of No.of  OMF
individuals samples individuals isolates
Kami-shi, Kochi S1 L Cement block 3 3 8 8 2 4 4 12
Prefecture, Japan wall
E Aesculus 1 1 3 1 0 0 0 1
turbinata
Yakushima-cho, S2 L Cement bridge 5 5 9 9 0 0 0 9
Kagoshima
Prefecture, Japan E Distylium 1 1 1 0 0 0 0 0
racemosum
E Castanopsis 1 1 6 2 0 0 0 2
cuspidata
E Glochidion 1 1 2 2 0 0 0 2
obovatum
L Cement bridge 9 1 1 1 9 15 12 13
S3 L Rock wall 5 3 3 3 2 8 7 10
S4 L Cement bridge 4 4 11 8 3 3 2 10
E Athruphyllum 1 1 2 2 0 0 0 2
neriifolium
L Cement roof 1 1 3 1 0 0 0 1
Quercus 2 1 5 5 1 2 2 7
salicina
S5 E Unknown 1 1 6 6 0 0 0 6
fallen tree
S6 E Ficus superba 1 0 0 0 1 2 1 1

2L, Lithophyte; E, Epiphyte.

TABLE 2 Fungal isolates from Dendrobium officinale used for symbiotic culture.

Family Fungal OTU Isolate ID Site no. Substrate DDBJ accession no. NBRC accession no.
Tulasnellaceae TU10 F205 N Cement block wall LC597350 NBRC 114085
TU22 F868 S2 Cement bridge LC683200 NBRC 115276
TU27 F763 S4 Cement bridge LC683202 NBRC 115262
Serendipitaceae SE1 F809 S4 Cement bridge LC683203 NBRC 115270
SE5 F859 S6 Ficus superba LC683204 NBRC 115275
Ceratobasidiaceae CE18 F356 S3 Rock wall LC597346 NBRC 114326
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performed using MightyAmp DNA polymerase Ver.3 (TaKaRa,
Shiga, Japan) in a total volume of 10 L, containing 1 wL sample
DNA, 5 pL 2 x MightyAmp buffer, 5 pmol each primer, 0.2 pL
MightyAmp DNA Polymerase Ver.3, and 1 pL 10 x Additive
for High Specificity (TaKaRa).

PCR amplification was performed with the following cycling
parameters: initial denaturation at 98°C for 2 min, followed
by denaturation at 98°C for 10 s, annealing at 58°C for
15 s, extension at 68°C for 40 s, for a total of 35 cycles.
The resulting amplicons were purified using the Fast Gene
Gel/PCR Extraction Kit (Nippon Genetics, Tokyo, Japan) and
sequenced using the BigDye Terminator v3.1 Cycle Sequencing
Kit (Thermo Fisher Scientific Baltics, Vilnius, Lithuania) and
3,130 Genetic Analyzer (Applied Biosystems, Tokyo, Japan)
according to the manufacturer’s instructions. All ITS sequences
were assigned to operational taxonomic units (OTUs) defined
by 97% sequence similarity. All ITS sequences were analyzed
using BLAST searches (Altschul, 1997) against the GenBank
sequence database to find the closest matching sequence. The
full-length ITS sequences of each OTU were edited using the
ATGC v7 sequence assembly software (Genetyx, Tokyo, Japan)
and deposited in the DNA Data Bank of Japan under accession
numbers LC597346, LC597350, and LC683198-LC683206.

Phylogenetic analysis

OTUs belonging to Tulasnellaceae, Serendipitaceae and
Ceratobasidiaceae, which are known OMEF, were considered
putative mycorrhizal associates and subjected to phylogenetic
analysis using ITS sequences. Sequences obtained from
Dendrobium species in previous studies were included in the
analysis (Wang et al., 2011; Shao et al., 2019; Zhang et al., 2020).
The phylogenetic analysis was performed using the MEGA 11
software (Nei and Kumar, 2000; Stecher et al., 2020; Tamura
et al, 2021). Maximum likelihood (ML) trees were obtained
using the GTR + G + I model. Bootstrap (BS) analysis of the
ML trees was performed using 1,000 replicates (Felsenstein,
1985). All positions with < 90% site coverage was eliminated,
ie, < 10% of alignment gaps, missing dates, and ambiguous
bases were allowed at any position.

Symbiotic culture

Six fungal isolates from D. officinale were used (Table 2).
A fungal colony of each isolate was transferred onto PDA as pre-
culture and cultured in the dark at 25 &= 1°C for 7 days. Seeds
were obtained from nine mature capsules from five individuals.
Seeds from four to five capsules of two or three individuals
were mixed and used for symbiotic culture. Prior to each use,
seeds were tested using the TTC (2,3,5-triphenyl tetrazolium
chloride) method to ensure high viability (> 90%) (Vujanovic

Frontiers in Ecology and Evolution

37

10.3389/fevo.2022.994641

et al,, 2000). The collected capsules were sterilized using 75%
ethanol and dried for 1 week using silica gel desiccant until they
had nearly ruptured. Seeds were collected from the capsules and
stored at 5°C until use. Seeds were sterilized with 1% sodium
hypochlorite solution for 3 min, sown on oatmeal agar medium
(OMA; 2.5 g/L oatmeal and 15 g/L agar) and maintained at 25°C
for 1 week for contamination checking. After 1 week without
contamination, 1 cm x 1 cm discs were cut (5-10 seeds per disc)
and transplanted to new OMA media. A total of 20 seeds on
two to four discs were placed on each new medium plate. Each
treatment consisted of 5-15 replicates, for a total of 100-300
seeds. A 6-mm plug of fungal culture was inoculated onto the
OMA medium, and the cultures were placed under a 12 h/12 h
light/dark photoperiod at 25 £ 1°C. Petri dishes without fungal
inoculum were prepared as a control. After 90 days of culture,
the seeds were counted under a stereomicroscope. Germination
and seedling growth and development were scored on a scale of
0-5 as described previously (Stewart et al., 2003; Table 3). The
data were analyzed by one-way ANOVA and Turkey-Kramer
test using IBM SPSS (ver. 27 IBM Corp., NY, USA).

To confirm fungal colonization, the protocorms were
cleared using 10% KOH solution, washed in 2% HCI, and
stained with 0.05% trypan blue in lactoglycerol, as described
previously (Phillips and Hayman, 1970), with modifications.
Stained protocorms were de-stained in lactoglycerol prior to
microscopic observation (Nikon Eclipse 50i, Nikon, Tokyo,
Japan).

Results

Molecular identification of mycorrhizal
fungi

In total, 60 root samples and 34 isolates collected from 36
individuals from six sites were analyzed (Table 1). In total, 96
fungal sequences were obtained from these samples and 79.2%
of the sequences were OME including 45.8% Tulasnellaceae,
28.1% Serendipitaceae, 3.1% Ceratobasidiaceae, and 2.1%
Fusarium (Figure 1). Two or three different sequences were
obtained from each of the six samples using different primer

TABLE 3 Seed germination and protocorm development in
Dendrobium officinale.

Stage description

Stage 0 No germination, viable embryo

Stage 1 Enlarged embryo

Stage 2 Continued embryo enlargement, rupture of testa
Stage 3 Appearance of protomeristem

Stage 4 Emergence of first leaf

Stage 5 Growing two leaves or a root
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sets. The independent data sets of fungal sequences for root
samples and isolates showed that both data sets consisted
of Tulasnellaceae, Serendipitaceae and Ceratobasidiaceae
(Supplementary Figure 1). The OMF sequences were assigned
to 10 OTUs including six Tulasnellaceae, two Serendipitaceae,
one Ceratobasidiaceae, and one Fusarium (Figure 2). Two
Fusarium sequences obtained in this study showed high
sequence similarity (99-100%) with Fusarium oxysporum
according to BLAST analysis. This species formed fungal
coils in D. candidum root cells (Jiang et al, 2019) and has
been sampled from D. officinale seedlings (Chen et al., 2021).
Therefore, we added these Fusarium sequences to the OMF
OTUs as FU1.

10.3389/fevo.2022.994641

Mycorrhizal fungi were compared among sites and
substrates (Figure 2). We collected D. officinale samples from
six different sites and 11 substrates. The dominant mycorrhizal
fungi varied among both sites and substrates, even within the
same site. SE1 was the most frequently detected OTU, occurring
in 26 samples from four sites and accounting for 27.1% of all
detected fungal OTUs (Figure 1). The second most frequently
detected OTU was TU27, which was found in 15 samples from
two sites, accounting for 15.6%. TU22 was detected in 9 samples
from two sites (9.4%), and TU10 in 7 samples from three sites

(7.3%).
The relative frequencies of Serendipitaceae and
Tulasnellaceae differed greatly between lithophytic and

Other 20.8%

Other
20.8%

18 3.1%
SES10%

Fusarium 2.1% \
/ CE

Ceratobasidiaceae
3.1%

SE1

Serendipitaceae 28.1%

FIGURE 1

Frequency distribution of fungal sequences identified from Dendrobium officinale using 96 sequences. ldentical sequences obtained from a

single sample using different primer pairs were discarded.

27.1%

_ TU22 94%

Tulasnellaceae 45.8%

2321
TU27 3
15.6%

Detected fungal OTUs

Site No.  Habitat Substrate | Tulasnellaceae _ Serendipitaceac SN P
TUI0 | TUI2 | TU21 | TU22 | TU23 | TU27 | SE1 | SE5 | CEI8 | FUI
s1 L Cement block wall i
E Aesculus turbinata
S2 L Cement bridge
E Castanopsis cuspidata
E Glochidion obovatum
L Cement bridge i
S3 L Rock wall
S4 L Cement bridge
E Athruphyltum neriifolium -
L Cement roof
E Quercus salicina
S5 E Unknown fallen tree
S6 E Ficus superba
1 >+ -
FIGURE 2

Binary matrix showing the relationship between the sampling sites, substrates, and detected fungal operational taxonomic units (OTUs). The
abundance of detected OTUs is indicated as a gradient from white to black. L indicates lithophytic and E indicates epiphytic habitats.
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epiphytic individuals (Figure 3). Serendipitaceae accounted for
47.3% of the total in lithophytes (Figure 3A) and only 4.8% in
epiphytes (Figure 3B). By contrast, Tulasnellaceae accounted
for 43.6% in lithophytes and 95.2% in epiphytes. Among the
10 detected OTUs, four (TU10, TU22, TU23, and TU27) were
present in both substrates, whereas four (TU12, SE1, CE18, and
FU1) and two (TU21 and SE5) OTUs were unique to lithophytes
and epiphytes, respectively (Figure 3C). Serendipitaceae found
in lithophytes consisted of only a single OTU, SE1, which was
unique to lithophytes and accounted for approximately half
of the total frequency (Figure 3A). TU27 was dominant in
epiphytes, accounting for 52.4% of the total frequency, whereas
it accounted for only 7.3% in lithophytes (Figures 3A,B).

Phylogenetic analysis

Phylogenetic analysis of Serendipitaceae was conducted
using two Serendipitaceae OTUs obtained in this study
and 33 sequences obtained from the GenBank database
(Figure 4). The most dominant mycorrhizal fungus, SEI,
formed a monophyletic clade of Thanatephorus sp. SSCDO-
8 (MH348617: 97.2% sequence similarity) from D. officinale
(as syn. D. catenatum in Zhu et al, 2009), with BS = 99%.
SE5 was closely related to Sebacinales sp. from D. officinale

10.3389/fevo.2022.994641

(MN173026) and Sebacinales sp. SSCDO-6 from D. officinale
(MH348615), sharing 96.9 and 97.3% ITS sequence similarity,
respectively.

The ITS sequences of 6 Tulasnellaceae OTUs obtained in this
study and 44 obtained from the GenBank database were used to
generate the phylogenetic tree (Figure 5). The second dominant
mycorrhizal fungus, TU27, formed a monophyletic clade with
four Tulasnellaceae sequences from D. officinale (MH348611,
MH348612, MH348613, and MH348616), sharing 97.8-98.0%
ITS sequence similarity, with BS = 98%. The TU22 sequence was
closely related to the three mycorrhizal fungal sequences from
D. officinale (MN545849, MN545657, and MN545858), sharing
96.7-98.2% similarity. TU12 formed a monophyletic clade with
two Tulasnella sequences from D. officinale (EF393629 and
MN544859) with BS = 99% and shared 97.0-98.8% similarity.
TU10 was clustered with mycorrhizal fungi from epiphytic
orchid, Ascocentrum himalaicum (JQ713573), with BS = 97%,
and closely related to TU27 (BS = 82%). TU23 was clustered
with mycorrhizal fungi isolated from other epiphytic species
(LC597355, LC568587, OL374168) with BS = 98%. TU21
was closely related to epiphytic species, Liparis viridiflora
(KP053821), BS = 98%, and distantly related to the other
Tulasnellaceae OTUs.

Phylogenetic of
conducted using one Ceratobasidiaceae OTU obtained in

analysis Ceratobasidiaceae ~ was

A
Ceratobasidiaceae 5.5%,

Fusarium 3.6%

FIGURE 3

OTUs.

Tulasnellaceae 43.6%

B
Serendipitaceae 4.8%

Tulasnellaceae 95.2%

TU21

TU27 E\BS%
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Comparison of orchid mycorrhizal fungi (OMF) associating with lithophytic and epiphytic Dendrobium officinale individuals. Frequency
distribution of OMF sequences detected from (A) lithophytic and (B) epiphytic individuals. (C) Venn diagrams showing the numbers of OMF
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FIGURE 4
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100 Uncultured Sebacina from R y,(HQ180346)

Serendipita herbamans from Bistorta vivipara,Germany,(KF061285)
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OSerendipita australiana CLM974a from Caladenia brownii, A lia,(KY524316)
[)Serendipita secunda CLM902 from Caladenia flava, Australia,(KY524389)
Serendipita OTU C CLM786a from Caladenia longicauda subsp. eminens, Australia,(KY524386)
(OSerendipita rarihospitum CLM928 from Calad. lia,(KY524413)
[Serendipita communis CLM2310 from Caladenia cairnsiana, Australia (MT127241)
(OSerendipita warcupii CLM886 from Caladeni ingens, A lia,(KY524376)

[OSerendipita talbotii CLM895 from Caladenia flava, Austrialia (KY524378)
[OSerendipita occidentalis CLM83 1a from Elythranthera brunonis,Australia,(KY524361)
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o8 [~Serendipita williamsii from Trifolium subterraneum,Congo,(KY509323)
99 r[—Serendipila indica,unknown,India,(MH863568)

98 [Uncullurcd Sebacina from Cerastium cf. holosteoides,Germany (GU189747)
O Scbacinales sp.S3 from Dendrobium chrysanthum,China,(HQ853681)
100 Helvellosebacina helvelloides from fruit body,Australia,(KJ546097)

l—'Sebacina incrustans from soil Germany,(JQ665545)

_
0.20

Maximum likelihood tree for Serendipitaceae internal transcribed spacer (ITS) sequences, including those of two OTUs from this study. Symbols
indicate the origin of each sequence. Only bootstrap values > 70% are shown. The tree is drawn to scale, with branch lengths reflecting the
number of substitutions per site. Auricularia auricula-judae was used as an outgroup taxon. The 35 assembled sequences were aligned, and the
final dataset included 382 bp sequences.

Auricularia auricula-judae,(DQ520099)

this study and 34 sequences obtained from the GenBank
database (Supplementary Figure 2). The CE18 formed
a monophyletic group with other Genbank sequences
divided from mycobionts of epiphytic orchids containing
D. officinale (JX545227), Aranda (AJ318429), Liparis
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(LC278371), terrestrial orchid of Dactylorhiza (EF536969)
and three sequences from plant pathogens, Rhizoctonia
sp. AG-G (JF519837, KC825348),
AG-G (DQI102402), sharing 99.5-100%
similarity, with BS = 96%.

Ceratobasidium  sp.

ITS sequence
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FIGURE 5

Maximum likelihood tree for Tulasnellaceae ITS sequences, including six OTUs from this study. Symbols indicate the origin of each sequence.
Only bootstrap values > 70% are shown. The tree is drawn to scale, with branch lengths reflecting the number of substitutions per site.

Tulasnella alibida and Tulasnella hadrolaeliae were used as outgroup taxa. The 50 assembled sequences were aligned, and the final dataset
included 442 bp sequences.
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Symbiotic culture

Seeds from D. officinale were cultured symbiotically
with six OTU isolates including three Tulasnellaceae, two
Serendipitaceae, and one Ceratobasidiaceae (Table 2). After
3 months of culture, all isolates except for CE18 promoted seed
germination to different degrees (Table 4). Seeds inoculated with
TU22, TU27, SE1, and SE5 developed at stage 5, and TU22 and
SE1 showed higher development rates than the other isolates.
TU10 also promoted seed germination, with seeds developing at
stage 4. Seeds cultured with CE18 became swollen and did not
develop past stage 2. All six isolates formed intracellular hyphal
coils in protocorm cells (Supplementary Figure 3).

Discussion

In this study, 10 OTUs were detected as OMF in D.
officinale samples collected from six sites; eight were included
in Tulasnellaceae and Serendipitaceae, accounting for 73.9%
of all detected fungal sequences (Figures 1, 2). This implies
that these fungal families are the most dominant fungal
partners of D. officinale. Most previous studies of D. officinale
sampled from southern China have also found Tulasnellaceae
and/or Serendipitaceae in roots or protocorms germinated
in situ (Wang et al, 2011; Wu et al, 2012; Shao et al,
2019). These results imply that independent of its distribution
range, D. officinale has mycorrhizal associations mainly
with Tulasnellaceae and Serendipitaceae fungi. Phylogenetic
analysis showed that three of the six Tulasnellaceae OTUs
and two Serendipitaceae OTUs showed greater than 97%
sequence similarity to mycorrhizal fungi associated with D.
officinale from China (Figures 4, 5). These OTUs include
the most frequent OTUs detected in this study, SE1 and
TU27 (Figure 1). Although D. officinale is associated with a
wide range of basidiomycetous mycorrhizal partners, its main
fungal partners may be widely shared among D. officinale
populations. In Dendrobium okinawense, 11 mature plants
from four sites were predominantly associated with a single

10.3389/fevo.2022.994641

Tulasnellaceae OTU (Rammitsu et al, 2021). Such high
specificity is also found in Dendrobium fimbriatum, which
was associated with only two OTUs in 15 root samples
from two sites (Xing et al, 2013). Mycorrhizal specificity
may vary among Dendrobium species (Xing et al, 2017),
and D. officinale appears to have lower specificity than its
congeners.

Orchid mycorrhizal communities of D. officinale varied
among sites in this study (Figure 2). Xing et al. (2013) also
found that D. officinale from two sites had distinct OMF
communities in Guangxi Province, China. Such community
differences among sites have also been recorded in terrestrial
orchids (Jacquemyn et al., 2012; Kohout et al.,, 2013; Oja et al,,
2015). There is some evidence that soil chemical characteristics
such as phosphorus, zinc, and organic matter (Kaur et al,
2021) and nitrogen, phosphorus, and water content (Han
et al,, 2016), impact OMF communities in orchid roots and
soils. These differences in substrate chemical and physical
characteristics may vary among sites, resulting in corresponding
OMF community differences.

Mycorrhizal community composition differed between
lithophytic and epiphytic individuals in this study (Figure 3).
The dominant mycorrhizal fungus among lithophytes was
a Serendipitaceae OTU, SEI, whereas that of epiphytes was
a Tulasnellaceae OTU, TU27. Distinct OMF communities
between lithophytic and epiphytic individuals were also
recorded for the orchid Coelogyne viscosa (Xing et al,, 2015).
Among lithophytic and epiphytic individuals of Coelogyne
corymbosa, Serendipitaceae fungi contributed a relatively large
portion of the OTU communities specific to lithophytic orchids
(Qin et al, 2020). Yokoya et al. (2021) surveyed 11 growing
Cynorkis orchid species within lithophytic and terrestrial
habitats and found that Serendipitaceae OTUs were frequently
found in species inhabiting granite/rock, whereas Tulasnellaceae
OTUs were found in both habitat types; they also reported
that most Serendipitaceae OTUs were found in the habitat
with higher phosphorus and nitrogen content, which may
indicate that Serendipitaceae prefers soil conditions with high
phosphorus and nitrogen levels. These differences in nutrient

TABLE 4 Effects of fungal isolates on Dendrobium officinale seed germination and protocorm development after 3 months of culture.

Treatment Ratio of seed germination and protocorm development (%)*
Stage 0 Stage 1 Stage 2 Stage 3 Stage 4 Stage 5

Control® 13.72 + 1.67a 10.40 + 1.42b 75.71 + 2.40d 0.17 £0.17a 0.00 = 0.00a 0.00 = 0.00a
TU10 10.19 4 3.352 1.54 + 1.54a 13.11 % 1.45b 54.76 £ 5.25¢ 20.40 + 4.83b 0.00 = 0.00a
TU22 1330 & 1.90a 0.00 £ 0.00a 0.69 £ 0.46a 0.00 = 0.00a 8.77 £ 8.77ab 77.25 £ 7.93¢
TU27 1314+ 1.71a 347 £ 1.67a 9.92 & 3.86ab 9.77 £ 2.88ab 16.83 £ 3.66ab 46.87 £ 9.22b
SE1 12.45 £ 2.20a 021£021a 1.74 % 0.74ab 3.48 £ 1.10ab 10.18 £ 1.65ab 71.94 = 3.46bc
SES5 1320 + 1.92a 0.99 & 0.74a 5.94 & 2.09ab 11.28 + 3.41b 22.84+3.32b 45.75 £ 6.79b
CE18 10.60 + 2.21a 27.36 £ 2.52¢ 62.04 = 2.63¢ 0.00 £ 0.00a 0.00 = 0.00a 0.00 = 0.00a

?Germination percentage (mean £ SE, n = 5-15) within columns marked by different letters are significantly different at P < 0.05 (Tukey Kramer).

bSeeds without fungal inoculation.
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conditions may contribute to OMF community differences
between lithophytic and epiphytic individuals in D. officinale.

Germination of D. officinale seeds was promoted by five
of the six OMF used in this study (Table 4). Although all
six OMF formed coiled fungal hyphae within the protocorm
cells according to histological observation (Supplementary
Figure 3), the ability to promote seed germination varied
greatly among OMF (Table 4). All OME, except CE18, exhibited
germination-promoting effects, and seedlings with TU22, TU27,
SE1, and SE5 were able to reach stage 5. Phylogenetic analysis
showed that the sequences of these four OTUs shared > 97%
sequence similarity with fungal isolates obtained in previous
studies of D. officinale (Figures 4, 5). Tulasnellaceae sp. SSCDO-
7, which is closely related to TU27 (Figure 5), strongly
promotes seed germination in D. officinale (Shao et al., 2019).
Tulasnellaceae sp. TPYD1, TPYD2, and TPYD3, which share
97-98% sequence similarity with TU22, promote the growth
of D. officinale seedlings produced in vitro (Chen et al., 2021).
Serendipitaceae isolates SSCDO-8 and SSCDO-6, which are
closely related to SE1 and SE5, respectively, also induce D.
officinale seed germination and seedling growth (Shao et al,
2019). Our molecular analysis showed that SE1, TU27, and
TU22 were the most frequent fungal OTUs in adult individuals
(Figure 1), and these fungi promoted seed germination and
protocorm development (Table 4). These results suggest that
the main fungal partners at the adult stage can induce seed
germination and support seedling development in D. officinale.

Seedlings with TU10 developed at stage 4 after 3 months
of culture (Table 4) and continued growth, reaching stage
5 after 6 months (data not shown). This fungus induced
seed germination, but with slower seedling growth than other
effective fungal isolates. By contrast, seedlings with CEI8
reached stage 2 after 2 months and showed no further growth,
despite our detection of coiled fungal hyphae in protocorm
cells (Supplementary Figure 3). Hence, this fungal strain
appears not to contribute to seed germination in D. officinale.
Ceratobasidiaceae fungi are considered important partners
of other orchid genera such as Goodyera (Shefferson et al,
2010), Tolumnia (Otero et al,, 2004), and Pterostylis (Bougoure
et al,, 2005; Bonnardeaux et al., 2007). Phylogenetic analysis
showed that CE18 was closely related to OMF from epiphytic
and terrestrial orchids (Supplementary Figure 2). However,
it has rarely been sampled from D. officinale roots. Because
all root samples bearing the Ceratobasidiaceae sequence were
accompanied by Tulasnellaceae or Serendipitaceae sequences in
this study, Ceratobasidiaceae may not a main fungal partner for
D. officinale.

Conclusion

In conclusion, our results demonstrate that D. officinale
mainly forms OMF with Tulasnellaceae and Serendipitaceae
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as its main fungal partners, such as SE1 and TU27. These
fungal partners induced D. officinale seed germination and
seedling development in vitro, suggesting that they are
its main fungal partners throughout its life cycle. The
in situ seed baiting technique, which was proposed as an
effective and simple technique for obtaining seed germination-
enhancing fungi in situ (Rasmussen and Whigham, 1993),
will contribute to a more comprehensive understanding of
the mycorrhizal associations of D. officinale throughout its life
cycle. Our results show that the OMF community differed
between lithophytic and epiphytic individuals, suggesting that
mycorrhizal specificity may vary by habitat type. Our findings
contribute to understanding of mycorrhizal associations among
wild Dendrobium species, the conservation of endangered
Dendrobium species, and the industrial production of medicinal
Dendrobium species.
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Accurate species delimitation is critical for biodiversity conservation.
Integrative taxonomy has been advocated for a long time, yet tools allowing
true integration of genetic and phenotypic data have been developed quite
recently and applied to few models, especially in plants. In this study,
we investigated species boundaries within a group of twelve Pseudophrys
taxa from France by analyzing genetic, morphometric and chemical (i.e.,
floral scents) data in a Bayesian framework using the program integrated
Bayesian Phylogenetics and Phylogeography (iBPP). We found that these
twelve taxa were merged into four species when only genetic data were used,
while most formally described species were recognized as such when only
phenotypic (either morphometric or chemical) data were used. The result of
the iBPP analysis performed on both genetic and phenotypic data supports
the proposal to merge Ophrys bilunulata and O. marmorata on the one
hand, and O. funerea and O. zonata on the other hand. Our results show
that phenotypic data are particularly informative in the section Pseudophrys
and that their integration in a model-based method significantly improves
the accuracy of species delimitation. We are convinced that the integrative
taxonomic approach proposed in this study holds great promise to conduct
taxonomic revisions in other orchid groups.

integrative taxonomy, species delimitation, iBPP, floral scents, orchids

Introduction

Accurately delimiting species is of critical importance for many fields of
research in biology, including conservation biology. Species are commonly defined
as independently evolving linages that can be delimited using various criteria (Hey,
2006; De Queiroz, 2007). As any single line of evidence may fail at detecting species
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boundaries (Knowles and Carstens, 2007), many authors have
advocated the use of an integrative approach combining
several lines of evidence, both genetic and phenotypic
(Dayrat, 2005; Will et al, 2005; Padial et al., 2010; Pires
and Marinoni, 2010). However, until recently, genetic and
phenotypic data were almost always integrated in a purely
qualitative way, as no quantitative methods were available for
processing simultaneously both data types (Schlick-Steiner et al.,
2010; Yeates et al, 2011). Fortunately, model-based species
delimitation methods, which were originally developed for DNA
sequences (Fujita et al., 2012; Naciri and Linder, 2015), were
later extended to integrate quantitative traits (Guillot et al., 2012;
Solis-Lemus et al, 2015), thereby improving objectivity and
repeatability of integrative species delimitation. Such methods
have been applied to various animal (Huang and Knowles,
2016; Pyron et al, 2016; Olave et al, 2017; Nuiez et al,
2022) and plant (Yang et al, 2019; Zhang et al., 2020) clades
and have proven useful in several cases. Because model-based
species delimitation methods may cause oversplitting when
solely based on genetic data (Sukumaran and Knowles, 2017;
Mason et al.,, 2020), combining the latter with phenotypic data
may provide more conservative estimates of species numbers
(e.g, Pyron et al, 2016). Conversely, in recently radiating
clades, in which species often lack clear genetic differentiation,
integrating morphological or ecological data may increase the
power to detect species boundaries (e.g., Edwards and Knowles,
2014; Solis-Lemus et al., 2015).

Hyperdiverse clades deserve particular conservation
attention but may be taxonomically challenging. This is, for
example, the case of the Orchidaceae family, which comprises
more than 30,000 named species [Plants of the World Online
[POWO], 2022], including some of the most threatened species
in the world (Fay, 2018), but in which species boundaries are
sometimes blurred (Barrett and Freudenstein, 2011; Pessoa
etal,, 2012). Within this family, the Mediterranean genus Ophrys
L. is of particular interest, due to its high level of ecological
specialization and endemism rate, but it is also considered as
a textbook example of taxonomic confusion (Bertrand et al,
20215 Cuypers et al., 2022), which may affect its conservation
(Agapow et al., 2004; Pillon and Chase, 2007; Vereecken et al.,
2010; Schatz et al,, 2014). Some of this confusion arises from
conflicting views on which operational criteria should be used
to delimit species in this genus. Specifically, some authors
support that taxa should have achieved reciprocal monophyly
(Devey et al,, 2008; Bateman et al., 2011) to be considered as
“good” species, while others argue that interactions between
Ophrys and pollinators are more informative than neutral
markers due to their key role in speciation (Schiestl and
Ayasse, 2002; Ayasse et al, 2011; Vereecken et al., 2011;
Baguette et al,, 2020). Indeed, Ophrys species attract one or
a few pollinator species (Joffard et al, 2019; Schatz et al,
2020) using sex pheromones-mimicking floral scents (Schiestl
et al,, 1999; Ayasse et al, 2003). In these species, changes in
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floral scents may cause pollinator shifts, which may in turn
mediate reproductive isolation between conspecific populations
and drive speciation (Sedeek et al., 2014). Distinct views on
which criteria should be used to delimit species has led to the
recognition of dozens (Devey et al, 2008) versus hundreds
(Paulus, 2006) of Ophrys species. In addition, even authors who
favor the same criteria sometimes disagree on where along the
speciation continuum independently evolving lineages should
be recognized as species, i.e., “splitters” (e.g, Devillers and
Devillers-Terschuren, 1994; Delforge, 2016) versus “lumpers”
(e.g., Pedersen and Faurholdt, 2007; Kiihn et al., 2020). In this
context, model-based species delimitation methods integrating
genetic and phenotypic data could be particularly helpful.

In this study, we aim at delimiting species through the
integration of molecular markers, morphometric characters
and floral scents in a group of twelve Pseudophrys taxa. We
compare species boundaries based on genetic and phenotypic
data alone or in combination and we discuss the potential of
integrative taxonomy in solving long-standing debates about
Ophrys taxonomy.

Materials and methods

Studied species and populations

The monophyletic section Pseudophrys Godfery comprises
twelve groups, each of them including one to twelve taxa
(Delforge, 2016). Here, we focused on the twelve Pseudophrys
taxa that are described in France (Table 1 and Figure 1;
Bournérias and Prat, 2005). Among them, eight belong to
the O. fusca group (namely O. bilunulata, O. delforgei subsp.
“O. forestieri” sensu neotypus 1999, O. funerea, O. lupercalis,
O. marmorata, O. peraiolae, O. sulcata, and O. zonata), one
to the O. iricolor group (O. eleonorae), two to the O. lutea
group (namely O. corsica and O. lutea) and one to the
O. omegaifera group (O. vasconica). These twelve taxa differ
in their geographical distribution, some of them being widely
distributed (e.g., O. bilunulata, O. lupercalis, and O. lutea), while
others have restricted distribution areas, e.g,, in South-eastern
France (O. deforgei), South-western France and Northern Spain
(O. vasconica) or Corsica and Sardinia (O. corsica, O. eleonorae,
O. funerea, O. marmorata, O. peraiolae, and O. zonata). By
contrast, these twelve taxa do not strongly differ in their
flowering phenology or habitats: except for O. sulcata and
O. vasconica, they all flower in early spring and grow in open,
dry habitats typical of the Mediterranean region (Bournérias
and Prat, 2005). Among them, O. lupercalis, O. lutea, O.
sulcata, and O. vasconica are regionally protected in France
(Bournérias and Prat, 2005) and several of them are currently
considered as threatened at the national or regional level, such
as O. eleonorae (considered as endangered at the national
level and as critically endangered in the Corsican region) and
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TABLE 1 Number of populations and individuals sampled for molecular, morphometric, and chemical data.

10.3389/fevo.2022.1058550

Taxon Population Molecular  Morphometric =~ Chemical
data data data
Ophrys bilunulata Risso (1844) Gruissan, 11, France 3(1) 15 10
Clapier, 34, France 3(1) 10 5
La Gaude, 06, France 2(1) - -
Ophrys corsica Soleirol ex Foelsche and Foelsche (2002) Bonifacio, 2A, France* 1 25 15
Ophrys delforgei Devillers-Terschuren and Devillers (2006) Martigues, 13, France* 2 25 20
Ophrys eleonorae Paulus and Gack (2004) Antisanti, 2B, France 1 - 2
Ophrys funerea Viviani (1824) Palasca, 2B, France 3(2) 20 9
Corte, 2B, France 3(2) 15 9
Laconi, Sardinia, Italy 2 - -
Ophrys lupercalis Devillers and Devillers-Terschuren (1994) Armissan, 11, France* 2 0 0
Saint Bauzille de Montmel, 34, France 2(1) 20 15
Saint-Florent, 2B, France - 5 5
Ophrys lutea Cavanilles (1793) Montferrier sur Lez, 34, France 3(1) 10 10
Montarnaud, 34, France 3(1) 20 10
Cassis, 13, France 1 — -
Maala, Kabylia, Algeria 1 — —
Benicolet, Valencian community, Spain 1 - -
Sempere, Valencian community, Spain 1 - -
Ophrys marmorata Foelsche and Foelsche (1998) Bonifacio, 2A, France* 5(3) 20 8
Ophrys peraiolae Foelsche et al. (2000) Palasca, 2B, France* 3 15 8
Ophrys sulcata Devillers and Devillers-Terschuren (1994) Lapanouse, 12, France 3(2) 25 10
Oléron, 17, France* - —
Vence, 06, France 1 — —
Ophrys vasconica Delforge (1991) Belpech, 11, France 1 20 15
Ophrys zonata Devillers and Devillers-Terschuren (1994) Saint-Florent, 2B, France 3(1) 25 15

*: Populations located at the locus classicus. (): Number of newly-published sequences.

O. marmorata (considered as vulnerable in the Corsican region)
(TUCN et al., 2010; Delage and Hugot, 2015).

Four hundred ninety individuals belonging to one to six
populations per taxon were selected and sampled for molecular,
morphometric, or chemical analysis between 2013 and 2016
(Table 1). Within populations, molecular, morphometric, and
chemical data were not collected on the same individuals as
the iBPP program (see below) requires independence of genetic
and phenotypic data. Molecular data were collected in one
to six populations per taxon, distributed over most of their
geographic range, in up to five individuals per population.
Morphometric and chemical data were collected in one or two
of these populations only, but on up to 25 individuals per
population. One population was sampled at the locus classicus
(i.e., site where the species was described for the first time) for
six of these twelve taxa.

Genetic data collection and analysis

One leaf of one to five individual(s) per population were
collected between 2014 and 2017 and dried in silica gel for a
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few days. DNA extraction was performed with a Plant Minikit
(®Quiagen). Three genes were amplified and sequenced in 52
individuals: the internal transcribed spacers (ITS) 1 and 2, the
first intron of the beta-galactosidase-like (BGP) gene and the
first intron of the LEAFY/FLORICULA (LFY) gene. For 36
individuals, sequences have been published in Joffard et al.
(2020), while for 16 individuals, sequences are published for the
first time in this study (Supplementary Table 1).

Polymerase chain reaction (PCR) and sequencing were
carried out as described in Joffard et al. (2020). Sequences
were edited using CodonCode Aligner v.4.2.7 (CodonCode
Corporation). Uncertainties and alleles from heterozygous
individuals were merged into consensus sequences using
International Union for Pure and Applied Chemistry (IUPAC)
coding. Consensus sequences were aligned using the Muscle
algorithm (Edgar, 2004) as implemented in SeaView v.4.4.2
(Gouy et al,, 2010) prior to concatenation.

A phylogenetic analysis was performed on the concatenated
alignment using MrBayes v.3.1.2 (Ronquist and Huelsenbeck,
2003). Ophrys cinerophila from Samos (Greece) was used as
outgroup based on Joffard et al. (2020). The best partitioning
scheme and the best model for each partition was chosen
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FIGURE 1

Photographs of the 12 French Pseudophrys taxa sampled for molecular, morphometric, and chemical data. From left to right and top to bottom:
Ophrys bilunulata, O. delforgei, O. funerea, O. lupercalis, O. marmorata, O. peraiolae, O. sulcata and O. zonata (O. fusca group), O. eleonorae
(O. iricolor group), O. corsica, O. lutea (O. lutea group), and O. vasconica (O. omegaifera group). © N. Joffard and B. Schatz.

using the Bayesian Information Criterion (BIC) as estimated by
PartitionFinder v.1.1.1 (Lanfear et al., 2012). Bayesian analysis
was conducted with two separate runs of four Markov chain
Monte Carlo (MCMC) chains for 10 million generations with
tree sampling every 1,000 generations. 25% of the sampled trees
were discarded as burn-in, and the 75% best scoring trees were
used to calculate the consensus tree.

A DNA barcoding analysis was performed on the
concatenated alignment using the Automatic Barcode Gap
Detection (ABGD) website (Puillandre et al,, 2012). ABGD is a
tool designed to infer species hypotheses based on automatized
identification of barcode gaps between intra- and interspecific
pairwise distances. It aims at revealing a significant barcoding
gap in the distribution of pairwise genetic distances, reflecting a
discontinuity between intra- and interspecific distances among
individuals. ABGD partitions individuals into groups in a
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recursive manner until no further splits are possible, while
integrating priors on maximum and minimum intraspecific
differentiation and barcode gap width. In this study, pairwise
distances were computed as K2P-corrected distances. We left
the default values of 10 steps from Pmin = 0.001 to Pmax = 0.1
for number of steps and intraspecific differentiation, and the
default value of 1.5 for barcode gap width.

Phenotypic data collection and
analysis

For morphometric data, fifteen to thirty-five individuals
per taxon were sampled in 2015 and 2016 (Table 1). Ophrys
eleonorae was not sampled for morphometric data as no
flowering individuals were found in 2015 nor in 2016. However,
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this species is known to be morphologically distinct from the
eleven other taxa in that it has a particularly long (~15 to
25 mm) and wide (~10 to 20 mm) labellum (Bournérias and
Prat, 2005). In each individual, twelve morphometric characters
were measured to the nearest 0.01 mm in the field using a
digital caliper. Four of these characters concerned the labellum,
whose size and shape are important because they must match
those of the pollinator, but the length and/or width of the
stigmatic cavity, lateral petals, and sepals were also measured
(Supplementary Figure 1).

For chemical data, eight to twenty individuals per taxon
were sampled for floral scents in 2014 and 2015 (Table 1)
using solid phase microextraction (SPME) (except in the case
of O. eleonorae in which only two individuals were sampled)
as described in Joffard et al. (2016). Floral scents were then
analyzed by GC-MS using a Shimadzu QP2010 Plus gas
chromatograph-mass spectrometer with an OPTIMA ® 5.MS
capillary column (30 m x 0.25 mm x 0.25 pm, Macherey-Nagel,
Diiren, Germany) and helium as carrier gas with the method
described in Joffard et al. (2016). Retention times of a series
of n-alkanes (Qualitative retention time mix, ASTM, Sigma
Aldrich®) were used to convert retention times into retention
index. Compounds were identified based on retention index
and mass spectra which were compared to those recorded in
databases (NIST, 2007, Wiley Registry 9th) and in the literature
(Adams, 2007) and, for some of them, to retention index and
mass spectra of analytical standards. Peak areas were measured
with the software GCMSsolution (4.11) (Shimazu®).

Two partial least square discriminant analyses (PLS-
DA) were performed, one for morphometric characters and
one for floral scents. PLS-DA was chosen over Principal
Component Analysis (PCA) because it is suitable for data
that are non-independent (due to allometry in the case of
morphometric characters and shared biosynthetic pathways
in the case of floral scents). Because variances were non-
homogenous among compounds, floral scents data were centred
log-ratio-transformed prior to analysis. Statistical analyses were
performed in R version 3.1.2 (R Development Core Team, 2008).

IBPP species delimitation

A joint Bayesian inference based on genetic and phenotypic
data was used to delimit species using the program iBPP v.2.1.3
(Solis-Lemus et al., 2015). This program is an extension of the
multispecies coalescent model-based program BPP (Rannala
and Yang, 2003; Yang, 2015) which includes models of evolution
for phenotypic data under a Brownian Motion (BM) process.
Because the program assumes independence of phenotypic data,
scores on the first two (for morphometric characters) and five
(for floral scents) components resulting from two preliminary
PCA were included in the analysis. Note that given the role
of floral scents in pollinator attraction, these scents may not
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have evolved according to the assumptions of a BM process, but
the results of the program iBPP have been shown to be robust
to such a violation (Solis-Lemus et al., 2015). The program
begins with a strictly bifurcating guide tree, which in our case
was constructed with the software MrBayes (see above), and
collapses internal nodes sequentially. We used a prior gamma
distribution G (2, 2,000) for T (branch lengths) and 6 (product
of Ne the population size and | the mutation rate) for genetic
data and left the default values of 0 for o (variance) and
) (within/between species ratio) for phenotypic data (non-
informative priors). A reversible MCMC analysis was ran over
1,00,000 generations, sampled every ten generations, with 1,000
generations (10%) discarded as burn-in. Seven analyses were
performed: (i) with genetic data only, (ii) with morphometric
data only, (iii) with chemical data only, (iv) with both genetic
and morphometric data, (v) with both genetic and chemical
data, (vi) with both morphometric and chemical data, and
(vii) with the entire dataset. Because phylogenetic relationships
between the taxa O. bilunulata, O. delforgei, and O. marmorata,
as well as between the taxa O. funerea, O. sulcata, and
O. zonata could not be resolved, several alternative topologies
were tested for the guide tree and the topology that gave the
most conservative species delimitation model for these two
triplets was retained. The robustness of the results was tested by
analyzing the data with both the fine tune settings of zero and
one (Yang and Rannala, 2010), and by repeating each analysis
five times.

Results

Genetic data

ITS, BGP, and LFY sequences were obtained for 52, 49,
and 52 individuals, respectively (153 sequences, including
45 that are newly published). Sequences were obtained for
at least three individuals per taxon, except for O. corsica,
O. eleonorae, and O. vasconica (sequences obtained for one
individual only). ITS, BGP, and LFY sequences contained 73,
562, and 603 parsimony-informative sites on 809, 948, and
2,210 sites, respectively. The phylogenetic tree (Figure 2) was
congruent with the one described in Joffard et al. (2020), with
two well-supported clades, one comprising the taxa O. lutea,
O. corsica, O. lupercalis, O. peraiolae, O. delforgei, O. bilunulata,
and O. marmorata and one comprising the taxa O. eleonorae,
O. vasconica, O. sulcata, O. funerea, and O. zonata. On the nine
taxa for which several individuals were sampled for molecular
analyses, only two - namely O. lutea and O. peraiolae - were
found to be monophyletic with a posterior probability of 0.98
and 1, respectively. The AGBD method detected three species
only: it recognized O. eleonorae as a species but merged O. lutea,
O. corsica, O. lupercalis, O. peraiolae, O. delforgei, O. bilunulata,
and O. marmorata on the one hand, and O. vasconica, O. sulcata,
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Phylogenetic relationships between the twelve French Pseudophrys taxa represented by the 50-majority rule consensus tree from the MrBayes

analysis. Posterior probabilities are indicated at each node.

O. funerea, and O. zonata on the other hand. Mean K2P-
corrected distances between individuals were of 2.38 x 1073
substitutions per site within and 7.09 x 1073 substitutions
per site between these species. The barcoding gap was located
between 3.00 x 1073 and 4.00 x 10~2 substitutions per site
(Supplementary Figure 2).

Morphometric data

Labellum length ranged from 6.11 to 14.35 mm, with a
mean of 9.11 (41.45) mm, and labellum width from 5.88 to
14.23 mm, with a mean of 8.98 (£1.51) mm. Ophrys lupercalis
and O. vasconica were characterized by large sepals, petals, and
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labella compared to other species, while O. sulcata, O. funerea,
and O. zonata were characterized by long petals and sepals
but a relatively small labellum, with a high length/width ratio.
By contrast, O. bilunulata, O. marmorata, and O. peraiolae
were characterized by larger labella with a lower length/width
ratio. Finally, the yellow-flowered O. corsica and O. lutea were
characterized by short sepals and petals and a short but wide
labellum (Figure 3 and Supplementary Table 2).

Chemical data

Over one hundred VOCs were detected in the blends of the
twelve studied taxa, mostly alkanes (19), alkenes and alkadienes
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FIGURE 3

Partial least squares-discriminant analysis (PLS-DA) of morphometric characters measured on the twelve French Pseudophrys taxa.

(29), aldehydes (23), acids (13) and fatty acid esters (24)
(Supplementary Table 3). Blends were dominated by alkenes
and alkadienes (58.6%) as well as alkanes (28.2%), but aldehydes
and fatty acid esters both accounted for more than 5% of the
blends. The blends of the O. fusca, O. iricolor, O. omegaifera,
and O. lutea groups were well differentiated, both qualitatively
and quantitatively (Figure 4). More precisely, taxa from the
O. fusca group generally did not produce any fatty acid esters,
while taxa from the O. iricolor, O. omegaifera, and O. lutea
groups produced significant amounts of nonyl, decyl, and octyl
esters, respectively. Within the O. fusca group, some species also
had well-differentiated blends, although this differentiation was
often quantitative rather than qualitative. By contrast, several
taxa, such as the O. funerea/O. zonata pair, produced very
similar floral scents.
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IBPP species delimitation
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