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Abstract: The ongoing biodiversity crisis reinforces the urgency to unravel diversity patterns and
the underlying processes shaping them. Although taxonomic diversity has been extensively studied
and is considered the common currency, conserving simultaneously other facets of diversity such
as functional diversity is critical to ensure ecosystem functioning and provision of ecosystem ser-
vices. Here, we explored the effect of key climatic factors (temperature, precipitation temperature
seasonality, precipitation seasonality) and factors reflecting human pressures (agricultural land, ur-
ban land, land-cover diversity, population density) on functional diversity (functional richness and
Rao quadratic entropy) and species richness of amphibians (68 species), reptiles (105 species) and
mammals (160 species) in Europe. We explored the relationship between different predictors and
diversity metrics using Generalized Additive Mixed Model analysis, to capture non-linear relation-
ships and to account for spatial autocorrelation. We found that at this broad spatial scale, climatic
variables exerted a significant effect on functional diversity and species richness of all taxa. On the
other hand, variables reflecting human pressures exerted a significant effect only on reptile and
mammal diversity, and their explanatory power was lower compared to climatic variables. In most
cases, functional richness and Rao quadratic entropy responded similarly to climate and human
pressures. Concluding, climate is the most influential factor in shaping both functional diversity
and species richness patterns of amphibians, reptiles and mammals in Europe. However, incorpo-
rating factors reflecting human pressures complementary to climate could be conducive to our un-
derstanding the drivers of functional diversity and richness patterns.
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1. Introduction

As different processes and multiple factors act simultaneously to shape the observed
biodiversity patterns at different scales, much macroecological research aims to under-
stand the underlying mechanisms shaping biodiversity patterns [1,2]. Till recently, the
main representative of biodiversity to assess such questions was species diversity, and
primariy species richness. Yet, analysing biodiversity patterns goes beyond species rich-
ness. For example, species’ functional traits can define their distribution, persistence or
colonization in a given environment [3]. Functional diversity, the species’ functional traits
within communities and ecosystems [4], is quantified by arranging species in a functional
trait space according to their functional trait values [5]. This representation allows us to
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measure various aspects of functional diversity such as functional richness, i.e., the overall
volume of trait space (niche) occupied by species in a community [6] or Rao quadratic
entropy, i.e., the functional distance between all pairs of species within a community [5].
Functional diversity and its various aspects could be a suitable tool to improve our
knowledge on how to unlock the role of environmental variation on biodiversity patterns
and thus ecosystem functioning.

Climate and seasonality drive species’ distribution [7] and functional diversity pat-
terns [8-11]. Climatic factors affect biodiversity patterns via physiological limitations and
functional traits (e.g., small-bodied ectotherm species achieve an optimum temperature
more rapidly to cope with the low temperatures of northern latitudes) [12], and thus, drive
functional diversity via environmental filtering. According to the environmental filtering
effect, climate harshness and other abiotic factors potentially could act as a sieve toward
circumscribing species’ functional traits to be predominantly determined by environmen-
tal conditions [10]. The filtering effect predicts that climate harshness will decrease func-
tional diversity provoking higher trait similarity between species [8-11]. On the other
hand, environmental variability enables species with different ecological niches to co-exist
in the same region, indicating that seasonality could act not only as a filter of species traits
but also promote greater dissimilarity among co-occurring species [11,13]. As such, cli-
mate seasonality could increase functional diversity through higher dissimilarity of spe-
cies traits [14] or decrease functional diversity through higher similarity of species traits
[15].

Human pressures (like agriculture, urbanization or human population density) have
a conducive role in explaining traits’ geographical variation and functional diversity [16-
18]. Agricultural intensification may act as an environmental filter [19] on functional di-
versity patterns. However, there are counterexamples showing that urban and agricul-
tural land changes influence community structuring and thus functional diversity by fa-
voring species’ specific adaptations to cope with the new environments [16]. Recent stud-
ies report that urbanization has substantial negative impacts on functional diversity and
that highly urbanized communities show significant decreased functional diversity in
contrast with the natural environments [20,21]. But still, understanding the contribution
of human pressures on large scale patterns of functional diversity and their relative im-
portance compared to other mechanisms such as climate remains fragmentary [16,18,22].
Furthermore, functional diversity patterns have generally been investigated to single tax-
onomic groups, despite the fact that different taxa may play similar and/or complemen-
tary ecological and functional roles [16,23]. Studies on comparative analyses of functional
roles and functional diversity patterns of different taxonomic groups are scarce and fo-
cused primarily on local scales [16,20], while the same question but for broad scale data is
still in its infancy butsee [23].

Functional traits and functional diversity link biodiversity to the environment and
ecosystem functioning. Therefore, examining how functional diversity changes with the
environment is key to understanding the implications of climate and anthropogenic fac-
tors in ecosystem processes. Here, we examine the functional diversity patterns of three
taxonomic groups (amphibians, reptiles and mammals) across Europe and explore the
effect of climatic variables (temperature, precipitation, temperature seasonality and pre-
cipitation seasonality) and human pressures (agricultural and urban land area, land-cover
diversity and human population density) on their functional diversity patterns. Amphib-
ians, reptiles and mammals might either have similarities in key functional roles (e.g., am-
hibians-reptiles) or differ in ecological roles (mammals) but having a direct linking (e.g.,
one taxonomic group as a feeding resource for another). Given the scale and extent of our
study we expect that climate will have a stronger influence on these patterns [11,24] in
contrast to the human pressures which mainly act at local scales butsee [16,18,25].



Proceedings 2021, 68, x FOR PEER REVIEW 3 0of 8

2. Methods
2.1. Species Distribution Data

We compiled distributional data for 68 amphibian species, 102 reptile species and 160
mammal species of Europe from two atlases, “The Atlas of European amphibians and rep-
tiles” [26] and ‘“The Atlas of European Mammals’ [27]. Both atlases provide distributional
presence/absence data on 2488 equal area grid cells of 50 km x 50 km which were based
on field surveys, published records and national atlases projected on the same coordinate
reference system WGS84.

2.2. Trait Data

We compiled trait datasets for amphibians, reptiles and mammals of Europe using a
number of available databases (published papers, books, electronic databases given upon
request). The selection of traits was based on the completeness of the availability of spe-
cies’ trait data and on their previous use of them in quantifying amphibian, reptile and
mammal functional diversity [14,22]. Our trait selection process resulted in the following
nine functional traits: (a) body length (body mass for mammals), (b) clutch size (litter size
for mammals), (c) age at sexual maturity, (d) reproductive period (only for amphibians
and reptiles), (e) oviposition site (only for amphibians and reptiles), (f) activity time, (g)
diet type, (h) foraging location and (i) mobility mode (only for amphibians and reptiles)
(a—c traits were considered as numerical variables and d-i traits as binary variables).

2.3. Functional Diversity Indices

Functional diversity of each grid cell was estimated by metrics previously evaluated
for their relationship with species richness [28] and amongst them [29]: (a) functional rich-
ness: the convex hull volume occupied by the species of each grid cell and (b) functional
Rao quadratic entropy measured as the distance between two randomly selected species
within the grid cell. We applied a Gower distance matrix to capture both the numeric and
the binary variables in our trait dataset and then performed Principal Coordinates Anal-
ysis (PCoA) to ordinate species along the major axes and arrange them in a multidimen-
sional functional trait space. Metrics were calculated using “dbFD” function in the R pack-
age “FD” [30].

2.4. Environmental Data

We used four climatic variables retrieved by WorldClim climate database [31]: tem-
perature, precipitation, temperature seasonality, precipitation seasonality and four varia-
bles related to human pressures: agricultural land area, urban land area, land-cover di-
versity and population density to investigate their relationship with functional richness
and Rao quadratic entropy. Landscape data (agricultural land area, urban land area, land-
cover diversity) were provided by the land cover dataset CLC2000 [32] and human pop-
ulation density was obtained from HYDE Gridded Population version 3.1 [33]. The envi-
ronmental data were reprojected and resampled to the same projection and resolution as
the distribution data in QGIS version 2.10.0.

2.5. Statistical Analysis

We applied Generalized Additive Mixed Models (GAMMs) with the “gamm” func-
tion of the “mgcv” R package [34], predicting the functional diversity (functional richness
and Rao quadratic entropy seperately) and species richness of amphibians, reptiles and
mammals as a function of the climatic predictors and those related to human pressures.
We used Poisson error distribution for species richness and Gaussian error distribution
for functional diversity indices. To account for spatial autocorrelation, we included spatial
correlation structure of coordinates (Gaussian distribution). All the predictors were mod-
elled as smooth predictors with penalized thin plate regression splines (k = 3). Prior to
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modelling, we checked for multicollinearity among variables, applying the variance infla-
tion factor (VIF). Since all VIF values scored < 10, we included all variables in the model.
Total precipitation and precipitation seasonality were square-root transformed; land-
cover diversity, agricultural area extent and human population density were log10-trans-
formed. Grid cells with less than 50% land-cover were excluded from the analysis.

3. Results & Discussion

We found similar functional richness patterns for amphibians and reptiles in Europe,
with a clear latitudinal pattern (Figure 1), while mammal functional richness exhibited
moderate to high values across all Europe (Figure 1). Here, we provide distribution maps
only for functional richness of the three taxa (Figure 1) due to space restrictions. Cross-
taxon relationships of the functional diversity indices revealed moderate associations be-
tween amphibians and reptiles (functional richness: R? = 0.24, p < 0.001, Rao quadratic
entropy: R? = 0.46, p < 0.001), and mammal functional diversity was weak related to am-
phibian (functional richness: R?=0.01, p <0.001, Rao quadratic entropy: R2=0.05, p <0.001)
and reptile functional diversity (functional richness: R? = 0.07, p < 0.001, Rao quadratic
entropy: R?=0.14, p <0.001).
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Figure 1. Functional richness distribution patterns of amphibians, reptiles and mammals of Europe (50 km x 50 km grid

cell size).

Species and functional richness, and Rao quadratic entropy of all taxa showed strong
significant relationships with climatic variables. Human pressures exerted a significant
effect on Rao quadratic entropy of amphibian, reptile richness, and species and functional
richness of mammals (Figure 2). Climate is considered more influential than landscape in
explaining species richness [2,35] and functional diversity at broad spatial scales [11,24].
On the other hand, although landscape and human pressures related factors mainly act at
local scales [18,20], we detected their imprint also at broader scales see also [35]. Amphib-
ian and reptile richness and functional diversity increased significantly with increasing
temperature, while for mammals the relationship with temperature was either unimodal
or decreasing (Figure 2). Amphibians and reptiles are ectotherms with specific thermal
ranges, thus specific adaptations are required to establish their survival in stressful envi-
ronmental conditions. On the other hand, previous research indicate that mammal func-
tional diversity accommodates higher species “packing” in areas with higher temperature
leading to higher similarity of traits between species and thus decrease of functional di-
versity [14]. Precipitation reflecting water availability affects reproduction of ectotherm
species, and its significance has been previously demonstrated for ectotherm richness [36]
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and functional diversity [22]. Here, reptile functional diversity increased with precipita-
tion, while a unimodal relationship was observed in the case of amphibians and mam-

mals.
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Figure 2. Summary plot showing the results of Generalized Additive Mixed Models predicting
species richness, functional richness and Rao quadratic entropy of amphibian, reptiles and mam-
mals of Europe as function of of climatic, land uses- and human pressures related variables.

There has been a lot of discussion about the key effect of seasonality on functional
diversity patterns [10,11,14,22]. Seasonality performed either as a driver or filter for func-
tional traits of amphibians, reptiles and mammals of Europe. Amphibian and mammal
functional richness exhibited a significant unimodal relationship with temperature sea-
sonality, and reptile showed an increasing relationship (Figure 2). Therefore, we demon-
strate that seasonality drives broad-scale functional diversity following previous research
[10,11].

Our results suggest that variables related to human pressures have the potential to
act as drivers or filters of the functional diversity patterns. For example, Rao quadratic
entropy of amphibians decreases with increasing urban land area. This complies with re-
cent research on avian functional diversity patterns and urbanization [21] and confirms
that the expansion of urbanization might have negative impacts on functional diversity.
A decreasing trend due to urbanization could be translated as an indication of functional
homogenization within the amphibian communities emerging increasing similarity of
community trait composition. On the other hand, mammal functional richness tended to
increase with increasing land cover diversity, i.e., the higher habitat heterogeneity of a
region, the higher niche diversity could support. Thus, we demonstrate that functional
diversity increases in regions with high landscape heterogeneity.

We found that although amphibians, reptiles and mammals differ in their ecological
roles, their responses to the various determinants was largely consistent implying that the
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taxa may share similarities in their responses. However, we used a variety of traits to cal-
culate multi-trait functional diversity indices and trade-offs might spring between differ-
ent traits, blurring the responses to environmental drivers. For instance, one trait largely
filtered by an abiotic factor is not necessarily reflected to changes in other traits (even
though this is way that species with dissimilar functional roles survive under harsh cli-
matic conditions and seasonal environments) [11]. Hence, there is a need to consider the
different aspects of functional diversity to assess distribution patterns along various gra-
dients. Finally, climate, land uses and other human related factors influence species as-
semblages synergistically, rendering hard to decipher their individual effect on distribu-
tion patterns [25], but this might be related to scale analysis. Here, we found that some
human-landscape factors significantly affected diversity patterns at broad spatial scales.

4. Conclusions

Our study highlighted the roles of climate and variables related to human pressures
on shaping functional diversity of amphibians, reptiles and mammals of Europe. We
found a strong effect of climate, with the role of human pressures being significant- albeit
of lower impact. The effects of urban land area and human population density on func-
tional diversity patterns reported here might have irreversible negative impacts on taxo-
nomic groups such as amphibians which are the most endangered group of vertebrates,
thus resulting in impaired provision of ecosystem services. Functional diversity consists
a significant dimension of biodiversity which bridges ecosystem functioning and commu-
nity responses to environmental change. To enhance our understanding on determinants
and processes which govern functional diversity patterns is valuable for maintaining eco-
system resilience and stability.
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