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Abstract:

Global temperature has increased by 1.5° compared to the preindustrial era,
endangering numerous ecosystems such as the Alps by notably increasing
biodiversity loss. To protect the ecosystems and make conservation planning,
species distribution models (SDM) appear as a powerful tool. However, the
performances of these models strongly depend on species characteristics, thus
impacting the reliability of these models to make efficient conservation planning. In
this context, this study aims to determine the combination of traits impacting model
performances and determine which are the key species to model when studying the
impact of climate change. To answer these questions, we externally evaluated
Swiss-scale SDMs of bryophytes and linked model performances to species traits.
We showed that model performances were negatively explained by species
temperature preferences, the number of habitats where the species lived, and the
niche optimum distance, while positively explained by the reactivity. These results
implied that specialized alpine species were better modeled than the generalist
lowland species, which are the ones of lower conservation relevance. In addition,
SDM were more accurate when the local environment was close to the environment
used to generate those models, showing the importance of adding local habitat
information to improve local model performances.

La température globale sur Terre a augmenté de 1.5°C comparée à l'époque
pré-industrielle, menaçant de nombreux écosystèmes tels que les Alpes,
principalement en augmentant leur perte de biodiversité. Pour protéger ces
écosystèmes et y faire des plans de conservation, les modèles de distributions
d’espèces (SDM) sont un bon outil. Cependant, les performances de ces modèles
dépendent fortement des caractéristiques des espèces, impactant donc la fiabilité de
ces modèles pour faire des plans de conservation efficaces. Dans ce contexte, cette
étude vise à déterminer la combinaison de traits impactant les performances des
modèles, et déterminer quelles sont les espèces clés à modéliser pour étudier
l’évolution du changement climatique. Pour répondre à ces questions, nous avons
évalué de manière externe les SDMs à l’échelle de la Suisse et avons lié les
performances de modèles aux traits de ces espèces. Nous montrons que les
performances de modèles étaient négativement expliquées par la préférence en de
l’espèce au niveau de la température, du nombre d’habitats où elle peut être
trouvée, et la distance par rapport à l’optimum de sa niche, et positivement
expliquées par la réactivité du sol. Ces résultats montrent que des espèces alpines
spécialisées étaient mieux modélisées que des espèces de basse altitude plus
généralistes, étant moins concernées par les mesures de conservation. De plus, les
SDMs étaient plus précis lorsque l’environnement local était proche de
l’environnement utilisé pour créer ces modèles, montrant l’importance d’ajouter des
informations d’habitat locales, pour améliorer les performances des modèles locaux.
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Introduction:

The last report of the intergovernmental panel on climate change (IPCC) showed
that there already has been an increase in global temperature of approximately
1.5°C compared to the preindustrial era (1850-1900), which can reach around 2°C of
increase in 2050 (Pörtner et al., 2022).With this change in temperature also comes a
change in the frequency and the intensity of the precipitations (Trenberth, 2011). This
alteration of the environmental condition leads to changes in a lot of environments,
such as forest, peatlands or even aquatic ecosystems(Gignac & Vitt, 1994;
Kirschbaum & Fischlin, 1996; Grimm et al., 2013). This climate change has been
shown to impact the alpine cryosphere by accelerating the melting of the glaciers
over the decades (Cannone et al., 2008; Ernakovich et al., 2014; Chersich et al.,
2015). This leads to an extinction risk of around 14% of the species in the south
western Alps in negative climate change scenarios (Dagnino et al., 2020) and more
globally leads to more species being threatened due to a shrinkage of their habitat
(Callaghan et al., 2011; Shivanna, 2020). Also, as biodiversity loss is exponential,
the protection of it all is important to avoid an even stronger loss (Danovaro et al.,
2008), resulting in a loss in ecosystem services useful for humans, thus, creating a
need for conservation planning (IPBES, 2018).

A powerful tool to make conservation planning is the species distribution models
(Guisan et al., 2013). It allows making predictions on present or even future suitable
environments for given species, taking into account the environmental conditions of
their midst (Guisan et al., 2017). They are based on the actual known presence of
species, as well as environmental variables to project on another area the predicted
presence of the studied species (Guisan et al., 2017). They are widely used in
ecology and conservation (Araújo et al., 2019), certainly because of the increasing
availability of worldwide environmental databases (such as Chelsa (Karger et al.,
2017) or Worldclim (Hijmans et al., 2005)), species information (Global Biodiversity
Information Facility (gbif.org) or Swissbryophytes (swissbryophytes.org) and
ready-to-use software and R packages (e.g. Maxent (Phillips et al., 2004), Wallace
(Kass et al., 2023), biomod2 (Thuiller et al., 2023)).

A limitation of the use of these models is that their performances depend on the
biology of the studied species and its different traits (Regos et al., 2019). It has been
shown to have an impact on a large range of living species, such as fishes (Luan et
al., 2020) or plants (Syphard & Franklin, 2010; McCune et al., 2020). Species
dispersal capacities can impact model performances, with highly dispersive species
performing better than the others (McCune et al., 2020). Indeed, species with a
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better capacity to disperse through the study region, matching more with the
environmental condition where they grow (McCune et al., 2020). Species life
duration can also play a role in making accurate in angiosperms, where a longer
lifespan implies better model performances (McCune et al., 2020), as their ability to
survive for a long time makes them less sensible to an alteration of their environment
(McCune et al., 2020). Their size also seems to have an impact on the model
performances, where the models performed better on bigger species (Syphard &
Franklin, 2010) that may be easier to spot during the samplings or more resistant to
the environment too. Even the soil preference of the plant has been shown to impact
the performances of the models in bryophytes (Collart, Broennimann et al., 2023) as
it may impact on the niche of the species, impacting the models. Another limitation of
these models is their evaluation method, which is mostly internal, leading to higher
performances shown by the model that it actually is, compared to when using an
external validation method, with an independent dataset (Consonni et al., 2010). The
use of this independent dataset on the model will be to fully inform population
demography across space on the SDM, making them more reliable (A. Lee-Yaw et
al., 2022).

This study focuses on bryophytes, the second more diverse group of land plants
(Vanderpoorten & Goffinet, 2010; Shaw et al., 2011). This plant group is known for its
use to the rest of the species of its environment, as it is a good carbon and nitrogen
source (Turetsky, 2003). Bryophytes are also reliable to assess air purity and
naturalness due to its sensibility to its surroundings (Puglisi et al., 2012). They are,
however, predicted to be highly sensitive to climate change due to their
ecophysiological features (He et al., 2016). For example, they are poikilohydric,
where the individual cannot self regulate the water in its cells. They thus strongly
depend on the air humidity and rainfalls (Gignac, 2001). They are also a group of
plants sensitive to temperature as it has a direct impact on their CO2 intake (Tuba et
al., 2011). They also have a lower temperature optimum than the angiosperms,
making them even more sensible to its variation (Zanatta, Engler & Collart et al.,
2020). Even though they are known to have good dispersal capacities
(Vanderpoorten et al., 2019), they are unfortunately predicted to be highly impacted
by climate change and more specifically arctic-alpine species with a predicted range
loss of 39±15% (Zanatta, Engler & Collart et al., 2020). In this context, we need to
perform conservation planning on these species. Studying the relationship between
SDM performances and biological traits is thus of utmost importance to make more
accurate conservation planning.

Here, we took advantage of two Swiss projects : the Valpar project and the RechAlp
project. The Valpar project generated distribution maps of most of Switzerland's
species (Reynard et al., 2021). As it has national implications, it is thus important to
test independently their distribution maps, to ensure that the ecosystem services in
the environmental fields, society and economy are preserved. Independent
evaluation has become possible with the RechAlp project, which is a project
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promoting disciplinary and interdisciplinary research by creating an open field
laboratory. The RechAlp project is a project that heavily studied the Vaud Alps,
creating a lot of fine scale dataset (Däniken et al., 2014), with bryophytes dataset
(Collart, 2018), both permitting the realization of this study.

In this context, this study aims at finding indicator species to reliably predict global
warming impact by externally evaluating the species distribution models. To do so,
we questioned: (1) What is the drop of model performances when evaluating these
models with an external evaluation; (2) Is the expected drop un model performances
correlated with species traits; (3) Which trait combination are involved in model
accuracy and which species can become indicators of climate change according to
these traits ?
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Material and methods:

1) Species distributions models of bryophytes across Switzerland

For the Valpar project, among all the modeled plants, 526 bryophyte species have
been modeled following the Nested Species Distribution Model method (NSDM). An
NSDM is a framework dealing with the niche truncation problem which can occur
when the entire species niche is not captured with local data. This method thus uses
two datasets, one at a global scale, allowing to capture the entire climatic niche of
the studied species, as well as a regional one, where other fine-scale parameters
such as land cover or topography can be used to refine the climatic predictions
(Adde et al., 2023). In the case of this study, a global distribution model has first
been generated. To do so, Gbif occurrence data at the European scale and
InfoSpecies data at the Swiss scales were combined with 19 bioclimatic variables to
characterize the global niche of the species. Once this climatic niche has been
generated, models are then projected onto the whole Switzerland at 25m resolution.
This newly generated map of the niche at the Switzerland’s scale is afterwards used
as a variable for the local model.
In these models, the used covariates were selected by selecting 5000 candidate
covariates (Külling et al., 2024) that were then filtered using an embedded covariate
selection (Adde et al., 2023). This covariate selection is realized in two steps by
using the covsel package (Adde et al., 2023). The first step is the collinearity filtering,
removing all the correlated covariates using univariate Generalized Linear Models
(GLMs).The subset of covariates are then employed in multivariate models (GLM
with elastic-net, (Zou & Hastie, 2005), the Generalized Additive Model (GAM) with
null space addition (Marra & Wood, 2011), and the guided regularized random forest
(Deng & Runger, 2013) to select the best combination of covariates. This embedded
covariate selection permits to filter the initial covariate candidate to only the most
informative one per species with the addition of the global climatic niche that was
computed before, that is put as a forced variable (Adde et al., 2023).
The final models were generated through a combination of 5 modeling methods: the
GLM, GAM, the Maximum Entropy approach (Phillips & Dudík, 2008), the Random
Forest (Breiman, 2001) and the Gradient Boosting Machine (Ke et al., 2017).
To evaluate these models, an internal evaluation was performed by using a 100 fold
repeated-split-sampling cross-validation, with 70% of the dataset to calibrate the
models and 30% of the dataset for their evaluation. 4 evaluation metrics were
computed to determine model performances: the Area under the curve (AUC) which
variates between 0 and 1, a value of 0.5 meaning that the model explains the
repartition the same as if it was random, a value under 0.5 is less effective than a
random prediction and above 0.5 is more effective than a random prediction; the
max True Skill Statistic (maxTSS); the max Symmetric Extremal Dependence Index
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(max SEDI) and; the Boyce Index which only needs presence data. These three last
metrics scale between -1 and 1, where 0 is as efficient as a random prediction, less
than 0 is less effective as random prediction and above 0 is more efficient than a
random prediction.
Models were then projected on a resolution grid of 25m covering the whole
Switzerland to reflect the habitat suitability of each species in this country.

2) Independent evaluation set

Taking the advantage of the RechAlp project, the area of the Vaud’s Pre-Alps region
was selected as a study area. This study area is a mountainous area located in the
canton de Vaud in Switzerland, ranging from 375 to 3210 meters of altitude with a
soil mainly calcareous (Dubuis et al., 2011). Between 2017 and 2021, bryophyte
species composition data has been sampled in 575 plots of 2 by 2 meters, which
were selected using a random stratified procedure (Collart, 2018; Kasprzyk, 2020;
Collart et al., under review). In March and August 2023, we increased the number of
sampled plots to 650 (see Fig1). All these plots were selected using a random
stratified method, taking the slope, the elevation and the aspect as variables, each of
these variables separated into 3 categories (roughly, weak, medium and strong for
the slope, low, medium and high for the altitude and finally, the aspect was angles
comprised between [0-120°], [121-240°] and [241-360°]), following the sampling
strategy of Dubuis et al (2011) and Hirzel & Guisan (2002).
Once on the field, to retrieve these plots, we used a Trimble R2 precision gps, which
performs a real time correction to give accurate estimation of the position at the
centimeter level. Presence/absence of bryophyte species was inventoried inside a
2*2 m quadrat. Individuals of each present species on the plot were sampled to be
identified in a laboratory, using the floras from Ireland, United Kingdom (AJE Smith &
Smith, 1990; A J E Smith & Smith, 2004), Scandinavia (Nyholm, 1986; Damsholt &
Pugh, 2002) and Italy (Cortini-Pedrotti, 2001). These newly sampled plots will then
be added to the previously sampled ones, creating a significant independent dataset
for the evaluation of the NSDMs.

In total, 345 different species were sampled and identified among the 650 plots. This
new dataset was then compared with the list of bryophytes that have been modeled
using NSDM, reducing the total of available species to 210.
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Fig 1: Map of the study area with the plots made before this study (red) and the ones added during
this study (green)

3) Evaluation of the models

Here, to evaluate the models, 4 metrics were used, which are the ones that have
already been used for the evaluation of the NSDM, which are the AUC, the boyce,
the max TSS and the maxSEDI, to see if there was a significant drop in the
performance of the models, as it can be expected when using external evaluation (A.
Lee-Yaw et al., 2022).
To evaluate the NSDM, the first step was to extract the presence probability of the
species on the plots collected for the external dataset using the terra package
(Hijmans et al., 2023a) from R. Then, the AUC, the TSS, the boyce and the SEDI
were measured with the ecospat (Broennimann et al., 2023) and dismo (Hijmans et
al., 2023b) packages by using an external method of validation, using the
independent dataset made in the Vaud pre-Alps.
During the evaluation, all the species with less than 5 occurrences in the
independent dataset were removed, considering that species with less than 5
occurrences were not pertinent for the evaluation (Collart & Guisan, 2023).
This occurrence filter reduced the total of modeled species from 210 to 128 species.
Once the external evaluation was made, the new performances were compared with
the ones made from the internal evaluation using a Wilcoxon test (Wilcoxon et al.,
1970).

9

https://www.zotero.org/google-docs/?SzA10Z
https://www.zotero.org/google-docs/?SzA10Z
https://www.zotero.org/google-docs/?7AoBbP
https://www.zotero.org/google-docs/?B0U2yo
https://www.zotero.org/google-docs/?5GWcHB
https://www.zotero.org/google-docs/?5GWcHB
https://www.zotero.org/google-docs/?VZtQw4
https://www.zotero.org/google-docs/?UYApbo
https://www.zotero.org/google-docs/?UYApbo


4) Linking species traits to model performance

To assess if biological traits impact the performance of the models on bryophyte
species, we selected 7 predictors from the bet database (van Zuijlen et al., 2023),
known to potentially impact model performances. Size, to see if the various sizes of
the individuals play a role in their predictability in bryophytes as it has been shown to
have impact on other group of plants by affecting the final performance of the model,
with a better performance for larger species (Syphard & Franklin, 2010), mean of
the diameter of the spore, frequency of the spores and the position of the capsules to
reflect the dispersal capacities. Lowest altitude at which it can be found, range of
altitude where it can be found and sum of the habitats where it can be found to show
the niche size.
To reflect species preferences to certain habitat values we used the Landolt values
from swissbryophytes. Landolt values (Ivanova & Zolotova, 2023) range from 1 to 5
and they show the preference of the plant in the given variable. Here, the 4 variables
using Landolt values are the temperature, the reactivity of the soil, the humidity and
the light. For the temperature, a value of 1 represents an alpine or a nival preference
for the plant while a temperature of 5 represents a hilly environment. For the
reactivity, a value of 1 indicates a really acid soil while in the opposite, a value of 5
indicates a basic one. For the humidity, a value of 1 indicates a dry soil while a value
of 5 indicates a drenched one and finally, for the light, a value of 1 indicates an area
with a lot of shade while a value of 5 indicates an open one. In this study, Landolt
values were used instead of Ellenberg values (as present in the bet data base where
the other traits were taken from) to reflect more the local ecological preference of
each species (Collart et al., 2023a).
To complete this species trait database, we computed two metrics. The niche
breadth, corresponding to the niche size, and the niche centroid distance, translating
how far off its optimum niche condition the species actually is. To compute these
metrics, all the available occurrences for each species with a resolution <25m were
downloaded from swissbryophytes. At these localities, the 19 bioclim variables
coupled with the aridity index, the annual evapotranspiration, the growing degree day
(0°C) and the Relative Sunshine duration (Srel) (the definitions of the used
environmental variables are available in figure S1) available at 25m for the whole
Switzerland (CHCLIM25; Broennimann & Guisan, in prep) were also extracted.
After collecting this data, an OMI (Outlying Mean Index) was performed to compute
the niche breadth (Dolédec et al., 2000). The OMI is a method used to measure
niche optimum and niche breadth along environmental gradients for a given species
(Treier et al., 2009). At first, a Principal Component Analysis (PCA) was made and 3
axes were kept, to reduce the total number of dimensions in the variable and to
avoid multicollinearity while extracting as much information as possible from these
variables, explaining 85% of the total variance. Then from these 3 PCA axes, an OMI
was calculated and 2 OMI axes were kept, cumulating 89% of the projected inertia.
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From these 2 OMI axes, the total area of the ellipse is calculated, serving as the
niche breadth per species.
For the niche centroid distance, the climatic values were extracted for the 650 plots
in the Vaud Alps, and then combined with the matrix at the Swiss scale. A PCA was
then performed and 3 axes were kept, explaining 85% of the total variance. Then, for
each species, the centroid of its climatic niche is calculated both at the Swiss and the
Vaud-Alps scale, by calculating the median of each Principal component (PC).
Finally, the niche distance was computed using the square root of each of these
medians, following the formula:

(𝑚𝑒𝑑𝑃𝐶1𝑆 −  𝑚𝑒𝑑𝑃𝐶1𝑉)² +(𝑚𝑒𝑑𝑃𝐶2𝑆 −  𝑚𝑒𝑑𝑃𝐶2𝑉)² + (𝑚𝑒𝑑𝑃𝐶3𝑆 −  𝑚𝑒𝑑𝑃𝐶3𝑉)²   
where med stands for median, S for Swiss and V for Vaud.
Finally, we also employed the number of occurrences used in the model as this may
be an important factor in model fitting. The list of the used variables, their definitions
and their source are available in table1.

Table 1: table of the used traits in the correlations, their definition and their source.

To ensure that the predictors were not cross-related, Pearson correlation was
calculated between the variables, to avoid multicollinearity in the linear regression
(Dormann et al., 2013) (see figure S1).
To link these predictors to model performance, a GLM with elastic-net regularization
was made for each of the evaluation metric, accepting both the variable and its
quadratic form as explanatory variables.
The GLMs with a regularization in elastic net were generated using the glmnet
(Friedman et al., 2023) and the biomod2 (Thuiller et al., 2023) packages. To do so,
the lambda parameter was determined by realizing a 10 fold cross-validation. The

11

https://www.zotero.org/google-docs/?xT4HJ8
https://www.zotero.org/google-docs/?uvOPhh
https://www.zotero.org/google-docs/?ez0tEy


lambda was chosen such that the error is within 1 standard error of the
cross-validated errors for the minimum lambda.
The importance of each variable was then computed as the mean value of 1 - the
correlation between the values predicted, using the usual dataset, and, using the
dataset where the variable of interest was shuffled. The shuffling procedure has
been applied 100 times following the same procedure as the function
bm_VariablesImportance from the biomod2 package (Thuiller et al., 2023). Then, to
compare the two models, these variable importance were rescaled from 0 to 1, by
dividing each importance value from a model, by their maximal importance value.
All the statistical computations were made using the 4.2 version of R (R core team,
2022).
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Results:

Fig 2: Performances of the NSDM using internal and external evaluation, 3 * means that after a
Wilcoxon test, the drop was shown to be significant, with a p-value under 10^-3.

Model performances were significantly dropping when evaluating them with an
external dataset (p-values < 0.001; Fig2, and with V values of 8256 for the AUC, the
MaxTSS and the MaxSEDI, and of 8046 for the Boyce). The medians of these
performances decrease from 0.990 to 0.538 for the AUC, 0.942 to 0.089 for the
maxTSS, 0.980 to 0.241 for the maxSEDI and 0.840 to 0.29 for the Boyce Index.

Table 2: 5 best performing plant models on the used evaluation metrics, where AUC stands for Area
Under the Curve, maxTSS stands for the max True Skill Statistic, maxSEDI stands for the max
Symmetric Extremal Dependance Index and Boyce stands for the Boyce Index.

According to our external evaluation, some species were better modeled than others
(Table S2). The top 5 of the species having the best models were: Orthotecium
rufescens, Campylophyllum halleri, Scapania cuspiduligera, Hylocomiastrum
pyrenaicum and Timmia norvegica (Table2). To explain these differences in model
performances between species, we realized linear models with elastic net
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regularization to find the best combination of traits explaining those differences. It is
shown that the size is positively correlated with the Boyce with an importance of
0.057 for this metric. The lower limitation impacted positively the maxSEDI with an
importance of 0.3 and the limitation range impacted both the AUC and the maxTSS
positively, with an respective importance of 0.542 and 0.324. The sum of habitats
impacted negatively the AUC, the maxTSS and the maxSEDI with a respective
importance of 0.252, 0.236 and 0.387. The reactivity impacted all four metrics
positively, with an importance of 0.757 for the AUC, 0.062 for the Boyce, 0.92 for the
maxTSS and 0.56 for the maxSEDI. The temperature impacted negatively on all the
metrics except for the Boyce, with an importance of 0 for the AUC, 0.414 for the
maxTSS and 0.43 for the maxSEDI. The number of points impacted positively the
Boyce with an importance of 1, but negatively the maxSEDI with an importance of
0.656. Finally, the distance to the niche optimum impacted negatively on all 4
metrics, with an importance of 1 for the AUC, 0.499 for the Boyce, 1 for the maxTSS
and 1 for the maxSEDI (Table3).

Table 3: table of the importance of the used variables on the different evaluation metrics used, with
their correlation, where a blue case means a negative correlation while a green case means a positive
correlation. Importance was scaled between 0 and 1, where the variable with a 1 is the most important
one for the evaluation metric, while the others are less important the more they get close to 0. Where
size is the size of the individual, smeand is the mean diameter of the spore, sfreq is the frequency of
spores, capspos is the position of the capsules on the individuals, limlow is the lowest altitude where it
can be found, limrange is the altitude range where it can be found, habsum is the sum of the types of
habitats where it can be found, humidity is the preference of the plant toward wetness, reactivity is the
preference of the plant for the pH of the soil, light is the preference of the plant regarding the light,
temperature is the preference of the plant for the temperature, npts is the number of points used to
make the NSDM, ellipseArea is the niche breadth and finally, distance is the distance of centroids.
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Discussion:

In this project, we tested the drop of performances of the models between an internal
and an external evaluation method. The model showed a significant decrease in
performances after using an external evaluation, seen in fig x, where the median
passes from 0.990 to 0.538 for the AUC, 0.942 to 0.089 for the maxTSS, 0.980 to
0.241 for the maxSEDI and 0.840 to 0.29 for the boyce. This significant decrease
was expected as it is a constant result when comparing internal and external
evaluations on SDMs (Consonni et al., 2010; A. Lee-Yaw et al., 2022). This drop has
already also been shown in the European bryophytes (Collart et al., 2023), which
observed a drop of 0.98 to 0.62 in the AUC, of 0.87 to 0.27 in the maxTSS, and of
0.98 to 0.38 for the Boyce Index, which is a slightly lower drop in performance but
similar than what was observed in this study. This slight difference in performance
drop may come from the original model realization method (simple SDM in Collart et
al, while in this study, N-SDM were used). This observed drop is still higher than the
average, with an average drop of 22% for internally evaluated models and 13% for
externally evaluated models (Collart et al., 2023). This comes also to question the
reliability of the actually made SDMs to actually predict local populations (A.
Lee-Yaw et al., 2022) as such a drop in performances makes the median of the
performances close to what a random prediction would produce. This drop in
performance may be due to the source of data points, coming from GBIF, where the
dataset could be biased depending on the investment that the different countries
have in funding and sharing their datasets (Zizka et al., 2021). Or the realization of
the sampling, which has been made on 2 by 2m plots, to evaluate a model that was
projected on a 25m by 25m resolution grid on the studied area. Regarding the results
obtained on other species, 64% of the studies report an AUC > 0.70 for at least 75%
of species considered after using an external evaluation method (A. Lee-Yaw et al.,
2022).

Various biological and ecological traits of the bryophytes showed either a positive or
a negative correlation to the performances (see table3).

At first, it is noticeable that the sum of habitats where the species can live have an
impact on the models as it affects each evaluation metric but has a rather low
importance on the models. This still means here that species with a small number of
possible habitats will be better modeled. Specialist species are thus more easily
modeled than the more generalist one. This finding is in accordance with (Syphard &
Franklin, 2010) that showed that species with a smaller range were better modeled,
but is in opposition with the results from (Collart et al., 2023) who found no
correlation between model performance and number of occupied habitats for
bryophytes in southern Belgium.

It is also remarkable that the niche centroid distance was impacting the models with
a large importance on the models this time. Indeed, species closer to their niche
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optimum were better modeled than the other ones. This means that for the
realization of the models, when projecting a model at local scale, the niche of the
species must be known to apply a type of corrector during the computation of the
models to take into account a possible bias due to a niche optimum not present in
the studied area. A way to apply this corrector would be to use the same method
than the used NSDMs (Adde et al., 2023) and compute a third nesting, taking into
account the global, regional and finally the local scales, to further improve these
models and thus, the conservation plans that depend on them.

On the other hand, the reactivity of the soil was also a variable that impacted the
models on each evaluation metric but, with a positive correlation, meaning that the
more basic the soil is, the more performing will be the model on the given species. It
is also visible that the importance of this variable varies depending on the metric,
with globally a high importance except for the boyce index. As the area is a
calcareous one, the ground is basic on almost all the studied area (Swiss Geoportal,
n.d.). But it is still notable that the pH tends to be even higher on the higher altitude
areas (swisstopo, n.d.). This means that plants present in higher areas of the Vaud
Alps will tend to be better modeled at higher altitude. These results are in opposition
to what was found at the European scale for bryophytes, where the reactivity of the
soil, which was a variable of high importance for the model performances, correlated
negatively with the performances, meaning that the lower the pH, the more
performing were the models (Collart et al., 2023), which may be correlated with the
exploitation of the areas where Southern Belgium is vastly exploited for agriculture,
while the Vaud Alps are not, making a bias in the nature of the environment during
the studies as it was shown that the level of human disturbance was shown to impact
negatively on the models (Collart et al., 2023). The last highly correlated variable
also tends to prefer species that grow on the top of the mountains, as the
temperature is negatively correlated with the performances. This leads to a
preference toward cold environment adapted species, naturally present towards the
top of the mountains. Finally, the elevation of the species is the last variable that
tends to indicate that species in higher altitude are better modeled, even if it has a
rather small impact on the global model performances.

Lastly, the other studied variables, the size, the dispersibility and the niche breadth,
do not seem to have a significant impact on model performances, as the size and the
spore frequency only have a slight impact on the Boyce Index metric. For the size, it
may be that bryophytes do not vary enough in size compared to the other studied
plant group in (Syphard & Franklin, 2010) which showed that models performed
better on shrub size plants than on sub shrub plants, but as the bryophytes only vary
in size at the centimeter or even the millimeter scale, such a small variation may not
be sufficient to impact the models. For the dispersibility, it may be due to the
dispersion method of the bryophytes, which uses wind dispersed spores, giving them
the ability to fully englobe their ecological niche (Frahm, 2009) unlike the
angiosperms studied in (McCune et al., 2020), relying on other dispersal methods,
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which showed that the species with the more dispersing seeds were better modeled.
As bryophytes all use the same dispersal method which was proven to be sufficient
enough to englobe their whole habitat, the difference between the studied species
was not large enough to observe variation in the performances of the models.
Finally, the niche breadth did not impact the model performances at all which is
surprising as it would have been expected to be negatively correlated, following the
results of (Syphard & Franklin, 2010) which showed that species with smaller range
sizes were better modeled.

In the context of climate change, there is a need to conserve the endangered
species efficiently. In this study, a few species were greatly modeled, with
performances that were still considered as good even after the external evaluation.

The species that performed the best (see Table2) has in common their preference
towards cold environment (ranging from 1-nival to 3 mountainous temperatures in
Landolt values) as well as basic soils (ranging from 4- neutral to basic to 5-basic for
the reaction in Landolt values), with the values extracted per species on swiss
bryophytes. Also, these species are all present in the same type of environment
which is the mountainous south of Switzerland, toward the top of the mountains.
These models are well fitted to the actual distribution of the species according to the
external evaluation, as well as the threshold (Guisan et al., 2017). As these
performances are above 0.8 for the AUC, the models were considered very good on
this metric while only good for the other evaluation metrics which is still encouraging
compared to the drastic drop that was observed in the total dataset. These species,
or species containing the traits that have been proven to impact the models, could be
used to evaluate the impact of climate change on the studied area as key species by
seeing their repartition evolve by using environmental maps predicting the evolution
of the climate in the next decades.

Conclusion:

Biological traits impact the models, by having a direct impact on the model
performances. Traits such as the preference towards the cold, basic soils, a small
number of suitable habitats and a short distance to the niche optimum all improve
the model performances, making these plants more reliable on their repartition and
more globally, on the evolution of the climate conditions on the future using future
predictors.

On a conservation aspect, these results are encouraging as bryophytes living in the
summits of the Vaud’s Pre Alps tend to be in a higher risk of extinction due to the
melt of the glaciers and the permafrost, in a context of climate change (Cannone et
al., 2008; Chersich et al., 2015; Dagnino et al., 2020), giving more value to these
areas to be protected.
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Bryophytes are plants that are on the centimeter or even the millimeter scale
(Vanderpoorten & Goffinet, 2010). However, to generate SDMs, the same climatic
and other biotic variables as for the other reign of plants of a much greater size. As a
group sensitive to climate, they may be more dependent on microclimate from their
niche that is not taken into account while using a 25m buffer as it was used for the
realization of these models (Stewart & Mallik, 2006). To improve these models,
reducing the scale of the models to ones that fit more the studied species, such as
the plot size (here, 2 by 2m) may improve the models for future projects (such as
suggested in Collart et al, in prep).
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Supplementary materials:

Table S1: Used environmental variables and their definition for the computation of the niche breadth
and niche centroids distance.
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Fig S1: correlation between the selected predictors showed by the colored circles and their numerical
equivalent, where size is the size of the individual, smeand is the mean diameter of the spore, sfreq is
the frequency of spores, capspos is the position of the capsules on the individuals, limlow is the
lowest altitude where it can be found, limrange is the altitude range where it can be found, habsum is
the sum of the types of habitats where it can be found, humiditée is the preference of the plant toward
wetness, lumière is the preference of the plant regarding the light, R.ph is the preference of the plant
for the pH of the soil, temperature is the preference of the plant for the temperature, npts is the
number of points used to make the NSDM, EllipseArea is the niche breadth and finally, distance is the
distance of centroids.
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Table S2: Performances of all the plants studied after internal and external evaluation. The presence
of an (i) means that the method of evaluation was internal, while its absence means that the method
of evaluation was external.
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