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1 Abstract

To understand the ongoing species loss and improve species conservation, many studies have focused
on the drivers land-use intensi�cation and climate change. To protect species of the family Orchi-
daceae, a plant family, which is amongst those with the highest number of endangered species, has
many specialists, a complex life history and many species that are considered umbrella species, better
understanding on the importance not only of land use and climatic conditions but also of other abiotic
factors, habitat heterogeneity and reproduction potential is crucial to improve the e�ciency of any
conservation action.
We studied the importance of three potential drivers of population decline: abiotic conditions (nu-
trients, light, temperature, humidity, pH), habitat heterogeneity and reproductive success, for eight
red listed orchid species in Switzerland in two habitats: dry grassland (Mesobromion) and open forest
(Quercion pubescenti-petraeae and Cephalanthero-fagenion).
We found that in general, abiotic conditions, modelled with community weighted means of Landolt
indicator values, are important drivers of the population size. In particular, we found that a temper-
ature mismatch decreased the population size in both habitats, that a nutrient excess decreased the
population size of our four grassland species and that forest species needed optimal light conditions
to establish large populations. Moreover, we found larger populations in sites with higher habitat
heterogeneity (modelled with beta-diversity) compared with sites with low habitat heterogeneity and
that larger populations had higher germination rates and percentage of fruits than small populations.
We therefore conclude on the importance of paying particular attention to the amount of nutrient in
grasslands and light conditions in forests when protecting orchid populations or planning reintroduc-
tions. Additionally, we stress the importance of considering the reproductive success especially of small
populations and its important role in the survival of a population.
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2 Introduction

Nowadays there is a large agreement that biodiversity loss is happening on a global scale (IPBES,
2019). Therefore, one of the major challenges of the present is to protect threatened species from
extinction (Butchart et al, 2010). There are many di�erent drivers of species decline and they all
need the right attention (IPBES, 2019). In the last couple years, climate change has received a lot
of consideration for its detrimental e�ects on biodiversity (Parmesan, 2006). But other drivers, like
habitat change, loss and fragmentation are also major drivers of species decline on their own (Malvasi
et al, 2018) or in combination with climate warming (Travis, 2003). To prevent species loss at local
scales, di�erent potential drivers must be studied to be able to understand the precise mechanisms
behind their decline, which can be very speci�c for each species.
To encourage and give guidelines for organized protection, each country has a Red List of species,
which are or will be threatened by extinction in the future and a priority list of species for whose
nations should make their main focus (www.iucn.org). Most species in the family Orchidaceae show
a general decline worldwide (Wraith, 2019); in Switzerland all species are protected (Lauber et al,
2014) and the majority are red-listed and with national priority (Bornand et al, 2016; Pearson et al,
2010). Orchids have a very complex habitat specialization and life history and therefore have adapted
to very narrow ecological niches and for this reason are very sensitive to any habitat change (Keppel
et al, 2016). Due to this, they are considered umbrella species whose decline can indicate changes
in the habitat (Nicolè et al, 2005) and potential loss of other species of this habitat. It is therefore
important to put a large focus on the protection of orchid species. For these reasons, there are many
ongoing monitoring projects in Switzerland providing important information like location and size of
the populations. All of this makes orchids particularly important and very interesting study species.
For orchids, and many other threatened species, there are several aspects that are potentially important
for a population's �tness and size. Due to the often narrow niche of orchids already, small changes
in abiotic conditions can strongly in�uence the �tness of the populations (Keppel et al, 2016). To
detect changes in these conditions, Landolt indicator values are an important tool widely used to
calculate a reliable proxy of abiotic conditions in ecological studies (Diekmann, 2003). By calculating
a weighted mean of the Landolt indicator values for nutrients, soil moisture, light, pH and temperature
it is possible to receive information about the abiotic conditions for the whole community and to
calculate any deviation from the ideal abiotic conditions for the study species. Further, based on the
heterogeneity-diversity relationship, a diversi�ed habitat structure increases the probability for certain
species to �nd the necessary conditions for their survival (Lundholm, 2009). A commonly used proxy of
habitat heterogeneity is beta-diversity, which mirrors underlying variation of a habitat in the changes
of species composition (Wilson et al, 1984).
Another important aspect of species decline is the reproductive potential of a population. It is well
demonstrated that inbreeding depression and pollination limitation can have detrimental e�ects on
small populations and even drive them to local extinction (Lennartson, 2002). When comparing
drivers of population decline or extinction, these two factors, measured by the percentage of �owers
pollinated and germination rates, as well as other factors mentioned previously should be considered.
To understand the mechanisms behind the decline of some orchids in Switzerland we chose eight red-
listed orchid species (Table 1); �ve of them are also on the list of priority species. To get a more general
overview of the drivers for population decline of di�erent orchid species, we further chose orchids from
two di�erent habitats. Four species are found in dry grasslands (Mesobromion) and four in open forests
(Quercion pubescenti-petraeae or Cephalanthero-fagenion). This allowed us to gain broader insight and
therefore more general information for the future conservation of orchids in Switzerland.
More precisely, this study focused on the following questions:

� Can changes in the abiotic conditions of the habitat reduce the population size of eight endangered
orchid species in Switzerland?

� How important are the structure and the heterogeneity of the habitat for the population �tness?

� How does the population size relate to reproductive success?
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3 Methods and Materials

3.1 Species and Site selection

The study was conducted on eight red-listed orchid species in Switzerland, �ve of them with a national
priority (Bornand et al, 2016; Pearson et al, 2010). Four species grow in grassland (Mesobromion)
and four in forest habitats (Cephalanthero-Fagenion or Quercion pubescenti-petraeae) (Delarze et al,
2008). For each species, we selected ten populations, with the exception of O. apifera, O.pallens and
O.purpurea, which are represented with eight, nine and nine populations repectively (Table 1). This
resulted in a total of 76 replications, 38 for grasslands and 38 for forests. Pseudoreplication has been
avoided by considering only one study species in each site. The selections were made in order to create
a gradient in population size for each species. Information about population size and sites was based on
expert knowledge (personal communication with Christian Gnagi, coordinator of the implementations
of the masterplan orchid conservation for the canton of Bern, Switzerland) and the national data and
information center on Swiss �ora (info�ora). Most populations are located in the canton of Bern (55)
and some in the cantons of Neuchatel (6), Vaud (4), Zurich (4), Scha�hausen (4), Aargau (2), and
Ticino (Figure S1).

Table 1: Summary of the species and their populations included in the study.

Species Habitat Priority Nr. Pop Pop. Size
Aceras anthropophorum Mesobromion - 10 4-201
Ophrys apifera Mesobromion 4 8 3-18
Ophrys holosericea Mesobromion 4 10 3-89
Orchis militaris Mesobromion - 10 3-127
Cypripedium calceolus Cephalanthero-Fagenion 4 10 11-500
Limodorum abortivum Quercion pubescenti-petraeae - 10 1-67
Orchis pallens Cephalanthero-Fagenion 4 9 3-19
Orchis purpurea Quercion pubescenti-petraeae 4 9 11-100

3.2 Collection of �eld data

We visited each site at least once between May and July 2019. We counted the number of individuals
present in the site (including non-�owering plants) and we made four vegetation records of 1x1 m for
each population. We placed the plots at spots were the study species was present and we chose them in
a way that the whole area of the population was covered. For each plot, we identi�ed all species present
and estimated their abundance (in %). We also estimated the abundance (%) of bryophytes, lichens,
bare ground, stones, deadwood, litter and total vegetation cover (%). Additionally, we estimated the
proportion of �owers producing fruits for four individuals of the study species per site (percentage of
fruits) and collected one capsule from each for a germination test. In grasslands, we also measured the
vegetation height in each plot (average of four random spots in the plot). In forests, we set a 10x10 m
plot in the center of the site. In this plot we counted the number of trees and estimated canopy cover,
total cover of understory vegetation and litter (in %).
We are aware that using the number of orchids counted may raise some questions, since the number
of �owering orchids in one population can oscillate greatly between years. However, we think that our
counts are reliable, since we made the e�ort to look actively for rosettes. Moreover the number of
�owering individuals is proportional to the size of the population and despite oscillations in �owering
individuals, big populations stay more or less big over time and vice versa (Wartmann, 2006), meaning
that our overall gradient of population size would most likely still be the same in another year even
though it might shift as a whole.
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3.3 Abiotic conditions

To model the abiotic conditions, which our populations are experiencing, we used Landolt indicator
values (Landolt, 2010), since they are recognized as a valid method for this purpose (Diekmann, 2003).
For each site, we calculated community weighted means for each of the six indicators (nutrients, light,
temperature, pH, humidity and continentality) using the program Vegedaz. We then used the di�erence
between the literature value of the species (Table 2, Lauber et al, 2014) and the calculated value in
each site as an explanatory variable (deltaL = L_literature - L_site).
As a support for the Landolt indicator values, we used other variables to create more reliable results
whenever possible. To model light conditions in the forest, canopy cover on the 10x10m plot (correlates
with light values: r = -0.86) was used as an explanatory variable in a separate model. To model nutrient
conditions in the grassland, vegetation height (correlates with nutrients: r = 0.57) was as an additional
explanatory variable.

Table 2: Literature values of the Landolt indicator values for the eight study species

Species Humidity pH Nutrients Light Temperature Continentality
Aceras anthropophorum 2.5 4 2 4 4.5 2
Ophrys apifera 2.5 5 2 3 4.5 2
Ophrys holosericea 2.5 5 2 4 4.5 3
Orchis militaris 2.5 4 2 4 3.5 4
Cypripedium calceolus 3 4 2 3 3.5 3
Limodorum abortivum 2 4 2 3 4.5 3
Orchis pallens 3 4 3 3 4.5 4
Orchis purpurea 3.5 4 3 3 4.5 2

3.3.1 Habitat heterogeneity

As a proxy for habitat heterogeneity we used beta-diversity, since previous studies have shown that this
measure, intended as "the variability in species composition among sampling units for a given area"
(Heino et al, 2015), is linked to the heterogeneity in the habitat (Anderson et al, 2006). To calculate
it, we divided the total number of species present in each site (gamma-diversity) by the mean number
of species in each plot (alpha-diversity). Again, for these calculations, the program Vegedaz was used.

3.4 Reproduction

With the collected seeds we performed an in-vitro germination test, following a speci�c protocol for
asymbiotic germination (Figure S2). After six weeks from the start of the test, we estimated germi-
nation rates using the �rst 50 seeds counted in each capsule (under binocular, Figure S3). We used
germination rate, percentage of fruits and "reproduction potential" (multiplication between germina-
tion rate and percentage of fruits) as response variables in the analysis. We excluded C. calceolus from
all the analyses which include the variable fruits, since it builds either zero, one or rarely two capsules
and therefore cannot be used as a continuous variable.

3.5 Data analysis

The statistical analysis was performed with Rstudio 3.6.1. As the �rst step of the analysis, we built a
Correlation Matrix, with both Spearman's and Pearson's correlation coe�cients, to check for collinear-
ity between the variables. We considered two variables to be co-linear if their correlation coe�cient
exceeded 0.7 (Weaver, 2018). We never used two co-linear variables in the same model. To model abi-
otic conditions we used the natural logarithm of the population size (transformed to match a normal
distribution) as the explanatory variable and the Landolt indicator values as response variables. Each
indicator was modelled individually and we further used the sum of the absolute di�erence for each
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Landolt indicator value (including the ones excluded from the individual analysis) as an explanatory
variable in a subsequent model (sum deltaL). The same model was used for heterogeneity, with beta-
diversity as the explanatory variable and the natural logarithm of the population size as the response
variable. To model reproduction we used the natural logarithm of the population size as an explana-
tory variable (to keep the results consistent and comparable throughout the whole manuscript) and the
indicators of reproduction (germination rate, fruits and reproduction potential) as response variables,
each analyzed in a separate model.
For each of the considered explanatory variables, a linear model was built for each species individually,
using the function lm (R 3.6.1) and an overall linear mixed-e�ect model with species as random fac-
tor was built using the function lme (from the package nlme, version 3.1-142). Linear and quadratic
relationships were tested for each variable and the best relationship was selected based on the signi�-
cance of the quadratic term. In the analysis, the two habitats Cephalanthero-Fagenion and Quercion

pubescenti-petraeae were pooled in one habitat type called forest. To test for di�erent relationships in
the two habitats, a model including the habitat as a categorical and explanatory variable was built for
each variable. If the interaction between the explanatory variables resulted to be signi�cant, separate
models were built for each habitat; this was only the case for the model including the Landolt indicator
value of nutrients (Figure S5, C). Based on the correlation matrix, the modeling and the calculation
of the AICs (Bozdogan et al, 1987) we excluded the following variables from the analysis: bryophytes,
bare ground, deadwood, lichens, stones, litter and vegetation cover. Moreover, we performed a variance
analysis for the Landolt indicator values with ANOVA. Based on its results (Figure S4) we did not
include in the results the indicators explaining less than 10% of the variance in the response variable
(pH and humidity). We also excluded continentality since it is a parameter, which summarizes all the
other Landolt indicator values.
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4 Results

In the 76 sites visited during the �eldwork, the orchid populations found ranged from one up to 500
individuals, with a mean population size of 36 individuals (41 in forests and 32 in grasslands) and a
standard deviation of 65. The biggest population was a population of C. calceolus in the Gasterental
(canton of Bern), where 500 individuals were counted. The vegetation records had a mean alpha
diversity of 14 species (11 in forests and 17 in grasslands) and a mean gamma diversity of 27 species
per site (22 in forests and 31 in grasslands).

4.1 Abiotic conditions of the sites

In general we found that the orchid populations frequently grow in habitats outside their optimal
abiotic niche (Figure 1). In particular, all meadow sites have excess nutrient availability, many orchid
populations in forests (28/38) do not receive enough light and almost all populations (grasslands
and forests) are experiencing too low temperatures. The pH is too low in many cases, but since it

Figure 1: Di�erences between measured and optimal condi-

tions for each Landolt indicator value and population. The red

horizontal line indicates the optimal conditions, the di�erent

colors indicate the di�erent species and the di�erent symbols

indicate the two habitats, see legend.

correlates with nutrients (r = -0.64)
this result is probably a consequence
of the nutrient content on the site. Hu-
midity does not deviate strongly from
the optimal value, with most of the
sites (69/76) located between 0.5 and
-0.5.
Summing together the di�erences of
all Landolt indicator values between
measured and optimal conditions (sum
deltaL) we �nd that for some species
the habitat mismatch is larger than for
others (Figure 2A). For example, while
O. apifera has a mean sum deltaL of
5.4, O. militaris only has a mean sum
deltaL of 1.6. Even though the indi-
vidual species do not show a signi�cant
change in population size with sum deltaL, they show a relatively consistent trend: 5 out of 8 species
decrease in population size when the mismatch of the abiotic condition increases. If we analyze all
species together, we �nd a signi�cant decline in population size when the sum deltaL increases (p =
0.002, slope = - 0.4), indicating a problem of statistical power for the analysis of individual species.
While all grasslands show an excess of nutrients, forests are more centered around optimal values
for the respective orchid species (Figure 2B). We �nd that the population size of orchids in forests
and in grasslands tends to be largest if the nutrient conditions approach the optimal values of the
orchids. Two species (C. calceolus and O.militaris) show signi�cant relationships, with an increase in
population size as the nutrient value approaches the optimum. The separate analysis (Figure S5, A)
for the two habitats shows a positive relationship between nutrients and population size in grassland
(p = 0.0003, slope = 2.395), meaning that we found bigger populations in grassland sites with fewer
nutrients. In the forest we found the biggest populations around zero, meaning when the di�erence
between optimal and measured nutrient availability was smallest (quadratic relationship, p = 0.004).
As higher nutrient availability increases plant growth, we also tested the in�uence of the vegetation
height on population size in grasslands. We found, consistent to the analysis of the Landolt nutrient
values, that orchid populations tended to be smaller in grasslands with higher vegetation (p = 0.046,
slope = -0.056, Figure S6, B).
Across all species we �nd that populations seem to be smaller with declining light availability (Figure
2C). This general trend is however not signi�cant over all species and for the individual species it is
signi�cant only for O. holosericea (p = 0.03, slope = -2.54). If we use canopy cover as a proxy for
light availability for the forest plots (Figure 2D) we �nd that orchid populations are largest in forests
with roughly 50% canopy cover above the plots and smaller if the canopy cover deviated from 50% (p
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= 0.023).
For the Landolt indicator value of temperature we �nd that the majority of the populations (67/79)
are situated in sites with too low temperature (Figure 2E). In general we �nd that population size
is smaller at lower temperatures (p = 0.038). If analyzed individually, only population sizes of O.
pallens and C. calceolus show a signi�cant relationship with temperature. While O. pallens follows the
general pattern (p = 0.012 , slope = -2.5495), C. calceolus shows an opposite behavior, with increasing
population size when temperature is lower (p = 0.001, slope = 3.083).

Figure 2: Results of the linear models with population size (log) against the deviation of the measured

versus the optimal abiotic conditions. For the plot of the sum of deltaL (summed di�erence of all six

Landolt indicator values, A) the di�erence between the measured and the optimal conditions increases

towards the right of the plot. For the other plots showing the individual Landolt indicator values

(nutrients, light, temperature; B, C and E) negative values mean that abiotic parameter exceeds the

optimal conditions; positive values mean that the measured value is lower than the optimal value. Panel

D shows the analysis of the canopy cover. Dashed lines indicate that the relationship is not signi�cant

whereas full lines indicate a signi�cant relationship (p < 0.05), di�erent colors indicate the di�erent

species and the di�erent symbols indicate the two habitats, see legend.
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4.2 Heterogeneity

Figure 3: Results of the models with beta-diversity against the

population size. Dashed lines indicate that the relationship is

not signi�cant whereas full lines indicate a signi�cant relation-

ship (p < 0.05), di�erent colors indicate the di�erent species

and the di�erent symbols indicate the two habitats, see legend.

Five out of eight species have larger
populations in sites with higher beta-
diversity. A trend which is not sig-
ni�cant for any of the study species
(Figure 3). However, by analyz-
ing all species together, we �nd a
signi�cant relationship between beta-
diversity and population size, meaning
that orchid populations are larger in
sites with higher beta-diversity (p =
0.046, slope = 0.886).

4.3 Reproduction

In seven out of eight species we �nd
that larger populations have higher
germination rates (Figure 4A). The
relationship is signi�cant for three
species (L. abortivum: p = 0.006, slope
= 0.19; O. militaris: p = 0.03, slope = 0.116; A. anthropophorum: p = 0.05 , slope = 0.75). The
general trend of having higher germination rates in larger populations is supported by �nding this
signi�cant relationship when analyzing all species together (p = 0.001, slope = 0.083).
Looking at the models for the percentage of fruits (Figure 4B), we �nd a similar trend: six out of seven
species produce more fruits in larger populations. However, this relationship is not signi�cant over all
species and for the individual species it is only signi�cant for O. pallens (p = 0.019, slope = 0.187).
The reproduction potential (multiplication of percentage of fruits and germination rate) again, like
the previous two reproduction parameters, increases with increasing population size (Figure S7). The
models show positive relationships for six out of seven species. These are signi�cant for L. abortivum
(p = 0.008, slope = 0.173), O. militaris (p = 0.043 , slope = 0.061), O. pallens (p = 0.026, slope =
0.16) and over all species (p = 0.001, slope = 0.077).

Figure 4: Models for population size germination rate (A) and percentages of fruits (B). Dashed lines

indicate that the relationship is not signi�cant whereas full lines indicate a signi�cant relationship (p <

0.05), di�erent colors indicate the di�erent species and the di�erent symbols indicate the two habitats,

see legend.
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5 Discussion

5.1 Abiotic factors

In general, we �nd that abiotic conditions are important drivers of the population size, shown by the
analysis of the sum of all di�erences between optimal and measured Landolt indicator values and by
the analysis of the individual values. These results are in line with our hypothesis and with two other
studies which considered the �tness of orchid populations in western Europe (Vogt-Schilb et al, 2015)
and in Czech Republic (Hemrova et al, 2019). They both found a decline of orchids with deviations
from optimal conditions; both in grasslands and in forests. It is interesting to underline, that some
species (e.g. O.apifera) seem to su�er much more than others from poor abiotic conditions in their
sites. This is not only the case for the sum of deltaL but also for the individual indicators. This
indicates that each species can su�er because of di�erent conditions and that the precise mechanisms
behind the decline need to be disentangled to ensure successful conservation measures.

Nutrients

For both habitats, we found that both nutrient surpluses and de�cits lead to smaller population
sizes. As forests were more centered around the optimum, they su�ered less than grasslands from this
mismatch.
All grassland sites included in our study had too many nutrients for the orchid species considered.
One reason for the higher amount of nutrients in the soils is increased atmospheric nitrogen deposi-
tion, mainly caused by human activities (Vitousek et al, 1997). It is a phenomenon which has already
been reported to decrease species richness in grasslands (Stevens et al. 2004). Another explanation
for the increased levels of nutrients in grasslands may be a legacy e�ect of old land-use practices. In
particular, fertilization could still a�ect nutrient levels in soil today (Abraha et al, 2018) even though
the studied grassland sites are not fertilized anymore. A possible mechanism for this negative e�ect
on population size is increased dominance of species adapted to higher levels of nutrients resulting in
stronger light competition (Hautier et al, 2009). This is supported by the positive correlation between
the nutrient indicator and vegetation height and the decreased population sizes in sites with higher
vegetation. Another possibility, which �nds support in literature, is that the increase in nutrients may
cause a decline in the diversity of mycorrhizal fungi associated with orchids (Mujica et al, 2016). This
can reduce the possibility for orchids to �nd their fungal partner, consequently reducing the population
size of the orchids by reducing rejuvenation. While we could not �nd any paper on the in�uence of
too high nutrient levels on orchid species, the review of Humbert and colleagues (2016) shows that
species richness in general decreases with increasing nutrient levels. On the other hand, increased
availability of nutrients can promote biotic homogenization of communities, both in grassland and in
forest, indicating that the species lost, most often are rare species (Ross et al, 2012; Durak & Holeska,
2015).
The studied orchid populations in forests seemed to be less a�ected by this nutrient mismatch, prob-
ably because of two reasons. Firstly, although forest ecosystems may be a�ected by land-use legacies
as well, anthropogenic fertilization is not considered as one of those in many studies on this subject
(Josefsson et al, 2009; Munteanua et al, 2015). Secondly, two out of four forest species considered
here are naturally adapted to soils with higher levels of nutrients (Table 2) and therefore, do not su�er
from higher nutrient levels. This indicates that for the population size of our forest species other
abiotic factors might be more important and that the in�uence might be more species speci�c than in
grasslands.

Light

While light indicator values did not in�uence the population sizes in either forests or grasslands,
canopy cover, which can be used as a proxy of light availability for the forest understory vegetation
(Cole and Weltzin, 2005), was important for the population size of orchid species. Forest species are
known to be very susceptible to incorrect light conditions and may su�er from too much as well as not
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enough light. On the one hand, excessive light may increase competition (Scanga, 2014) and cause a
shift towards communities, which require more light (Tsai et al, 2018). On the other hand, not enough
light, caused by canopy closure, may result in the disappearance of species adapted to living in open
forests (Härdtle et al, 2003). In our study we found results supporting both mechanisms. Three forest
species adapted to intermediate light conditions (Table 2) performed best around 50% canopy cover.
It therefore seems to be important to maintain the optimal light conditions to conserve these forest
species.

Temperature

Almost all populations grew in sites with lower temperatures than would be ideal for the study species
and we found that populations decreased in size when the mismatch of temperature between the site
and the literature values increased. Colder temperature have been shown to reduce �tness in species
not adapted to it (Rodriguez et al, 2015). However, �nding most populations in habitats with too low
temperatures seemed surprising considering current climate warming. A possible explanation could
be that the increase of temperature in the original habitats does not allow our study species to sur-
vive and, therefore, they are forced to move upwards and occupy only sites with lower temperatures
(Walther, 2005). Di�erent mechanisms could be behind this. Firstly, the interspeci�c interactions in
the communities are altered and some dominant species pro�t more from higher temperatures, outcom-
peting weaker species (Partzsch, 2019; Niu, 2008). In particular, grasses have been shown to respond
strongly to high temperatures by growing faster and higher, especially if the increase in temperature is
combined with an increase in the availability of nutrients (Klanderud, 2005). Secondly the increase in
temperature may promote the invasion of species from lower elevations, which modify the competition
patterns in the community, resulting in the exclusion of some less competitive species (Walther, 2003).
Therefore, the increase of temperature may accelerate the decline of orchids, through the di�erent
mechanisms explained before. This is supported by other studies, which found a general decline of
specialists in favour of generalists under climate warming (Jimenez-Alfaro, 2014).

General comments on abiotic factors

Landolt indicators are one amongst many tools for studying abiotic conditions and just like other
tools they have their drawbacks. Especially in forests, where species number and plant cover are lower
compared with grasslands, they may be less accurate and could give misleading results. Neverthe-
less, based on the reviews of Diekmann (2003) and of Bartelheimer & Poschlod (2016), we decided to
use Landolt indicator values rather than direct measurements in the �eld for several reasons. Firstly,
Landolt indicator values re�ect the long term dynamics of a site, whereas direct measurements can
�uctuate strongly over a short period and secondly, with Landolt indicator values we could cover a
large variety of abiotic measurements, which would have needed more time and �nancial e�ort than
�oristic observations. Since we are aware of the problems related to the indicators, we complemented
the analysis whenever possible with other measurements (i.e. canopy cover and vegetation height) to
add more reliability to the results.
Summarized, we �nd that orchids can su�er from poor abiotic conditions in grassland and forest
habitats. In particular, grassland species su�er from increased competition due to too high nutrient
availability in the soil, whereas forest species were most susceptible to poor light conditions. Moreover,
climate warming seems to indirectly impact orchid species of both habitats, which can, especially in
combination with the two other factors, put great pressure on their populations.

5.2 Heterogeneity

Using beta-diversity as a proxy for habitat heterogeneity we found that orchid populations tended to
be larger in sites with higher habitat heterogeneity. This indicates that a higher number of patches
with di�erent characteristics in the sites increases the chance of having the right conditions for the
orchids (e.g. nutrients, light, fungi in the soil), which therefore have a higher probability to establish
and grow. As found in previous studies and summarized in a review of Moeslund and colleagues (2013),
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we can, therefore, state that habitat heterogeneity is an important characteristic of the habitat, which
favours the presence of rarer species, in our particular case of orchids.

5.3 Reproduction

We found that smaller populations tended to have a lower percentage of �owers resulting in fruits and
lower germination rates. The �rst indicates that orchids in small populations are facing pollination lim-
itation. Since orchids have very speci�c insect pollinators, this is probably attributable to the fact that
in smaller populations insects struggle to �nd individuals of the right species to pollinate (Pellegrino et
al, 2005). Moreover, the fragmentation of habitat caused by human activities has been demonstrated
to contribute to species decline via disruption of the pollination networks (Pellegrino et al, 2014). The
latter indicates that inbreeding depression is a�ecting smaller populations, reducing their reproductive
success and therefore also their �tness. Moreover, in these small populations, random genetic drift
may increase the negative e�ect of inbreeding depression even more by further reducing the gene pool
and the viability of the seeds (Hens et al, 2017).
However, with our observational study we cannot conclude on the causality between population size
and lowered fruit production and germination rates. Both phenomena could be the cause or conse-
quence of reduced population size but the most likely option is that they are linked by a circular
relationship, where they are both cause and e�ect. Taking into account the abiotic factors as well,
we could hypothesize, that a change in abiotic conditions or habitat fragmentation can reduce popu-
lation size in the �rst place. Inbreeding depression and pollination limitation could subsequently limit
the reproduction, resulting in a further decrease of population size and increased extinction risk of a
population.

5.4 Conclusions and Outlook

This study underlines the important links between abiotic conditions, habitat heterogeneity, reproduc-
tive success and the population size of eight endangered orchids in Switzerland and the importance of
their consideration when protecting populations or planning reintroductions. Our study supports that
as a �rst priority for existing populations, the abiotic conditions must be improved, or, if suitable for
the orchid species, maintained, for example by keeping forests open enough. For reintroductions, it is
crucial to choose sites with suitable abiotic conditions to not compromise the success of the conser-
vation action. Moreover, we could demonstrate the importance of also considering the reproductive
aspects. In small populations where the reproduction appears to be problematic, genetic rescue should
be considered, by breeding individuals in-vitro and transplanting them to other populations.
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8 Supplementary information

Figure S1: Map of Switzerland showing the location of 76 studied populations. The di�erent colours

indicate the eight di�erent orchid species.

Figure S2: Protocol for the in-vitro germination of orchid's seeds
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Figure S3: Picture of the seeds taken under the binocular. The seed indicated with A is germinating

whereas the seed indicated with B is not.

Figure S4: Barplots of the variance explained by each of the Landolt indicator values resulting from the

individual linear models. The red, dashed line indicates the cuto� threshold if the respective Landolt

indicator value was further considered in the analysis.
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Figure S5: Output of the models for the separate analysis of the nutrients in grassland and forest (A),

for the model with vegetation heigth as explanatory variable and population size as response variable

(B) and for the interaction between nutrients and habitat type (C).

Figure S6: Results of the separate models for grassland with di�erence in nutrients (A) and vegetation

height (B) as explanatory variables. Dashed lines indicate that the relationship is not signi�cant whereas

full lines indicate a signi�cant relationship (p < 0.05), di�erent colors indicate the di�erent species,

see legend.

Figure S7: Results of the model with reproduction potential (% of Fruits * Germination rate) as response

variable and population size as explanatory variable. Dashed lines indicate that the relationship is not

signi�cant whereas full lines indicate a signi�cant relationship (p < 0.05), di�erent colors indicate the

di�erent species, see legend.
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