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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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FIGURE 2
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

Number of orchid taxa
20
|

10
1

O Total number of orchids
O Orchids of forest habitats
A Orchids of non-forest habitats

0 500
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Orchid species richness along an altitudinal gradient in the central Balkans (western Serbia).
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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)
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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
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Density of orchid species and subspecies with certain
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total number of orchid taxa—total area; (B) forest
orchids—forest area; (C) non-forest orchids—non-forest area.

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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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

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.

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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