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ABSTRACT

Aim Spatial autocorrelation is frequent in ecological data because the properties of nearby locations are
more similar than expected by chance. The impact of this phenomenon on species distribution models is
controversial: some argues that it has an important impact on model parameters, whereas others claim
that it does not necessary induces bias. In this study, we investigated the extent of spatial autocorrelation

in biodiversity data to provide an assessment of this phenomenon.

Location The Western Swiss Alps.

Methods The following groups of species were studied during this project: Bombus, Lepidoptera,
Orthoptera, Vegetation, Forest and Fungi. Spatial autocorrelation was investigated in species composition
with Mantel correlograms. For each species, environmental variables and spatial distribution models

residuals, spatial autocorrelation was assessed using Moran’s / correlograms.

Results Species composition in the different groups displays low spatial autocorrelation. Most of the
species under investigation shows moderate positive spatial autocorrelation in the first distance classes,
which becomes negative in the last distance classes. Climatic predictors display more spatial
autocorrelation than topographic variables. In the residuals of species distribution models, almost no

species show spatial autocorrelation.

Main conclusions This study highlighted that spatial autocorrelation is only low to moderate in the
different groups of species and the environmental data under study. More importantly, residuals were not

autocorrelated, meaning that species distribution models are not biased by spatial autocorrelation.

Keywords Spatial autocorrelation, Moran’s I, Mantel, correlogram, Lepidoptera, Orthoptera, Bombus,

Fungi, vegetation, species distribution models, Western Swiss Alps
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INTRODUCTION

The geographical distribution of a species is one of the most central information in ecology. It is determined
by biotic, abiotic and historical processes which operate at different spatial and temporal scales (Guisan &
Thuiller, 2005). Understanding how these processes are shaping species distribution patterns is of interest
for both ecological and biogeographical research (Guisan & Thuiller, 2005). Modeling habitat of species is a
key to understand the patterns of biodiversity (Williams & Hero, 2001) and the species requirements (Corsi

et al., 1999; Jarvis & Robertson, 1999).

Species distribution models (SDMs) are increasingly important tools for number of applications, such
as conservation planning or estimating the potential distribution of species under various future scenarios,
like climate change or habitat fragmentation (Franklin, 2010; Peterson, 2011). SDMs are empirical models
relating the occurrence or the abundance of species found in a known location to a set of environmental
variables characterizing those locations (Guisan & Zimmermann, 2000). When constructing an SDM, several
sources of uncertainty associated with data and methods can be introduced into the model (Beale &
Lennon, 2012). Among them, spatial autocorrelation is a recurrent reported concern (Cablk et al., 2002;

Segurado et al., 2006; Dormann, 2007).

Spatial autocorrelation is frequently found in ecological data because nearby locations tend to be
more similar in species occurrences and/or physical characteristics than expected by chance (Legendre,
1993). A variable is considered to be spatially autocorrelated when it is possible to predict its value at some
spatial points from the known values at other sampling points, whose locations in space are also
determined (Legendre & Fortin, 1989). Spatial autocorrelation is induced either by endogenous or
exogenous processes (Legendre & Legendre, 1998). In the endogenous case, the spatial pattern is a result
of contagious biotic processes within the variable itself such as growth, reproduction, migration and
mortality (Legendre, 1993). It is known as “true spatial autocorrelation” (Legendre et al., 2002) or “inherent
spatial autocorrelation” (Fortin & Dale, 2005). Spatial autocorrelation generated by exogenous processes
independent of the variable itself is referred as “induced spatial dependence” (Fortin & Dale, 2005) or

“spatial dependency” (Legendre et al., 2002). In this case, spatially structured environmental factors such
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as geomorphological processes or climate constraints are likely to cause spatial structures in the species

distribution (Legendre et al., 2002; Diniz-Filho et al., 2003).

Spatial autocorrelation could be seen both as a source of information about spatial pattern, structure
and processes and a methodological issue (Gould, 1970). An autocorrelated observation is less informative
than an independent observation meaning that a new sample point is not carrying one complete degree of
freedom (Cliff & Ord, 1981). This lack of independence among observations (Legendre & Fortin, 1989) is
therefore problematic for classical statistical tests. In regression models used for species distribution
analysis, it will bias downwards the variance leading to incorrect tests of the significance of the expected
value. Thus, spatial autocorrelation might have an impact on model parameters and model building and fit
(Dormann, 2007). Such impact on parameters had been highlighted in several studies (Mauricio Bini et al.,
2009; Hodges & Reich, 2010), notably showing that it can invert the sign of the relationship between the
parameter and the response variable (Kiihn, 2007). However, other studies claim that spatial
autocorrelation does not necessarily induce bias (Diniz-Filho et al., 2003) and that it has a relatively small

effect on predictions accuracy compared to other issues (Thibaud et al., 2014).

In this study, we aimed at investigating the extent of spatial autocorrelation on the biodiversity data
in the Western Swiss Alps to determine its potential impact. This will provide the first large-scale
assessment of this phenomenon in the study area using species as well as environmental data and spatial
correlograms. For that purpose, we first evaluated spatial autocorrelation in different ensembles of species
(fungi, insects and plants) and then in each species. As recommended by Lichstein et al. (2002), an
examination of the correlograms of environmental variables was also conducted. Finally, residuals of

distribution models of orthopteran and lepidopteran species were tested for spatial autocorrelation.

According to a previous study (Garcillan & Ezcurra, 2003), we expect that spatial autocorrelation over
the complete study area should be of low amplitude, mainly because of the heterogeneity of the

landscape.
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MATERIAL AND METHODS

Study area

The study area is located in the western Swiss Alps (Vaud, Switzerland, 46°10’-46°30’ N; 6°60’-7°10’ E) and
is covering approximately 700 km?. The region is formed by alpine meadows, glaciers and agricultural lands.
A large elevation gradient is present, ranging from 375 to 3210 m and the climate is temperate with annual
temperature and precipitation varying from 8°C and 1200 mm at 600 m to -5°C and 2600 mm at 3000 m

(Bouét, 1985). A detailed description of the study area is provided by Randin et al (2006).

Data

Vegetation data

912 vegetation plots of 4 m” were selected following a random-stratified sampling design (Hirzel & Guisan,
2002) and the presence-absence of each species was recorded in each plot (Dubuis et al., 2011). Only
vascular species in open and non-woody vegetation were sampled. This resulted in a dataset composed by

795 species.

Forest data

A grid of 400 m over all of the study area was used; therefore, a point was recorded every 400 m
(Hartmann et al., 2009). If a point was falling into a forest, a field sampling was made. The field sampling
was done in a circle with center at the coordinates of the point and with a radius of 10 m. All vascular plant

species were recorded. The final dataset consisted of 667 species.

Insect data

Insect species were sampled in 50 m x 50 m plots selected with a balanced stratified random sampling

design (Hirzel & Guisan, 2002) and centered on the coordinates of previous 4 m” vegetation sampling sites
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(Dubuis et al., 2011). 202 sites were investigated for bumblebees and orthopteran species (Pradervand et
al., 2012; Pradervand et al., 2014) and 192 for lepidopteran species (Pellissier et al., 2013). 28 species of
bumblebees, 190 species of Lepidoptera and 41 species of Orthoptera were identified. The sampling was
performed during the insects’ active hours (10:00 to 17:00) under good weather conditions (i.e., little wind,
sunny, and temperatures above 15°C). Presence-absence of species was first recorded in four sub-squares
of 10 m by 10 m located at the four cardinal points of the large square and subsequently in the complete 50

m square.

Fungi data

94 plots of 25 m” in non-forested areas were selected following a random-stratified sampling strategy
(Hirzel & Guisan, 2002). Five soil cores of 10 cm® per plot were sampled from the top 10 cm of the soil after
removing plant litter surface. Community composition was determined by DNA extraction from 250 mg dry
soil for each sample followed by PCR and pyrosequencing. The processing and computation of the raw
reads leads to the definition of 3339 ITS2 OTUs. Pellissier et al. (2014) give a detailed description of the

data collection, sequencing and bioinformatic analyses done.

Environmental data

The description of the environmental variables used for the analysis is provided in Table 1. The variables
number of degree days (ddeg), moisture index (mind), number of frost days (sfroyy), slope (slp), global solar
radiation (srad) and topography (topo) were retrieved from the WSL database with 25 m resolution for the
Vegetation, Forest and Fungi groups and with 50 m for the Bombus, Lepidoptera and Orthoptera groups.
The summer temperature (sumtemp) was calculated as the mean temperature of the months of July,
August and September at a 50 m resolution. The variable distance to forest (dist_forest) was defined as the
Euclidean distance to the nearest forest at a 50 m resolution. The normalized digital vegetation index
(NDVI) uses reflectance of the canopy in the red (R) and near-infrared (NIR) and was calculated at a 10 m

resolution according to the following formula:
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NDVI = (NIR — R)/(NIR + R)

A complete description of the methods used to obtain the soil properties such as pH, total nitrogen (N) and

phosphorus (P) content is provided by Dubuis et al. (2013).

Assessing spatial autocorrelation

Species communities

Whole-community spatial autocorrelation was investigated in the following datasets: Vegetation, Forest,
Lepidoptera, Orthoptera, Bombus and Fungi. A matrix of ecological distances was compared to a
geographical distances matrix based on Euclidean distances between plots by means of a Mantel test
(Mantel, 1967) using the VEGAN package (Oksanen et al., 2007) in R (R Development Core Team, 2014). For
presence/absence data, the matrix of ecological distances between all pairs of sites was built for each
group using the distance corresponding to S@rensen’s coefficient (1948). For abundance data, the distance
corresponding to Bray-Curtis coefficient (1957) was used, which is the quantitative equivalent of

Sgrensen’s. They are defined respectively as

2a
o) =1 =5 b re
A4
Doc(xuxi) = 1= 355

where Ds(x3, X5) and Dgc(x1, x5) are respectively the Sgrensen’s and Bray-Curtis dissimilarity between plot i
and plot j, a is the number of species present in both plotiand j, b is the number of species present in
qguadrat i but not in j, c is the number of species present in plot j but nor in i, W is the sum of the minimum
abundances of the various species, A is the total number of specimens present in site i and B is the number
of specimens present in site j. To investigate the patterns and significance of spatial autocorrelation across
the study area, Mantel correlograms were constructed. Data were divided into distance classes and for
each one of them, a Mantel rank correlation coefficient (r,) was calculated. Significance of spatial
autocorrelation in each distance classes was tested using 1000 permutations. Correlograms were

considered as globally significant only when at least one of the Mantel correlation coefficient was
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significant at the Bonferonni corrected level (Oden, 1984; Legendre & Legendre, 1998). Within each
correlogram, p-values for each distance class were corrected for multiple comparisons using Holm’s

correction (Holm, 1979).

The Jaccard coefficient was used as well and analysis were also run using NCF library. The Mantel

correlograms were similar regardless of the technique employed.

Species and environmental predictors

Only species with more than 30 occurrences throughout all sampled plots were retained for the analysis, as
recommended by Legendre and Fortin (1989). Accordingly, 208 plants in the vegetation dataset, 309 plants
in the forest dataset, 52 Fungi, 10 Orthoptera, 51 Lepidoptera and 14 Bombus species were tested for
spatial autocorrelation. For environmental predictors, an assessment of spatial autocorrelation in variables
used to calibrate species distribution models in the different groups was done in the plots where each
group was respectively sampled. Moran’s / values and correlograms were calculated for each species and
each environmental predictors using the NCF package (Bjgrnstad, 2009) in R (R Development Core Team,
2014) and significance was assessed using 1000 permutations. The Moran index estimates an
autocorrelation coefficient that varies between —1.0 (negative autocorrelation) and 1.0 (positive
autocorrelation), with values near zero indicating no spatial autocorrelation. The calculation is done by
comparing geographic neighbors in terms of their deviation from the mean of all observations. An
increment of 2500 m was used for each distance classes, which is a compromise between resolution of the
correlogram (better resolution with narrower classes) and power of the test (test more powerful when
there are more pairs in a distance class). Correlograms were considered as globally significant only when at
least one of the Moran’s / value was significant at the Bonferonni corrected level (Oden, 1984; Legendre &
Legendre, 1998). Within each correlogram, the significance of Moran’s | for each distance class was tested

using Holm’s correction for multiple comparisons (Holm, 1979).
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Model residuals

Species distribution models were performed for lepidopteran and orthopteran species (D’Amen, In prep.).
The models were calibrated using a set of bioclimatic and landscape explanatory variables: the annual sum
of radiation (in kJ m?year™), the mean yearly number of frost days, the mean NDVI, the distance to forest
(in m), the mean temperature (°C) during the months of July, August and September and the degree-days
above zero values. Single-species models were performed with BlomoD2 package (Thuiller et al., 2009) in R
(R Development Core Team, 2014) using a generalized linear model (GLM) and a generalized additive model
(GAM). Tests for spatial autocorrelation in the mean of residuals of both species distribution models were
performed for lepidopteran and orthopteran species with more than 30 occurrences using the same

method used for species autocorrelation.
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RESULTS

Spatial autocorrelation in species communities

Bombus, Lepidoptera and Orthoptera follow the same pattern of spatial autocorrelation: positive spatial
autocorrelation occurs in the first distance classes, followed by random oscillations around zero and finally,
negative autocorrelation in the last distance lags (Fig. 1A, 1B, 1C). For Vegetation and Forest, positive
spatial autocorrelation occurs until 1500 m and 1250 m respectively, followed by negative spatial
autocorrelation (Fig. 1D, 1E). Significant positive spatial autocorrelation is present only until 2500 m for

Fungi (Fig. 1F). In all groups, the amplitude of spatial autocorrelation was low (ranging from -0.04 to 0.15).

Spatial autocorrelation in each species

In the Bombus group, most of the species does not display spatial autocorrelation (Fig. 2A); only five
species out of 14 shows significant spatial autocorrelation (Fig. S1). For the Lepidoptera group, 38 out of 51
species exhibit spatial autocorrelation (Fig. S2). The pattern is similar for most of the species: spatial
autocorrelation is positive in the first distance classes and becomes negative for the last distance classes
(Fig. 2B). All species of the Orthoptera group display spatial autocorrelation (Fig. S3), which is positive in the
first distance lags, fluctuates for the intermediary lags and becomes negative for the final classes (Fig. 2C).
201 out of the 208 species of the Vegetation group exhibit spatial autocorrelation (Fig. S4). The pattern is
the same for most of the species: positive spatial autocorrelation in the first distance classes, which gets
negative in the latter distance classes (Fig. 2D). For the Forest group, all species display spatial
autocorrelation (Fig. S5) and the pattern is similar as for the Vegetation group (Fig. 2E). In the Fungi group,
7 OTUs out of 51 show spatial autocorrelation (Fig. S6), but positive or negative significant spatial

autocorrelation is distributed randomly across the distance classes (Fig. 2F).
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Spatial autocorrelation in environmental variables

Environmental variables used for Bombus, Lepidoptera and Orthoptera all display spatial autocorrelation.
The variables temperature degree days (ddeg; Fig. 3A), number of frost day (sfroyy; Fig. 3B), summer
temperature (sumtemp; Fig. 3D), normalized digital vegetation index (NDV/; Fig. 3E) and distance to forest
(dist_forest; Fig. 3F) exhibit the same pattern: positive spatial autocorrelation until 10 km approximately,
which becomes negative in the last distance classes with fluctuation for the intermediate classes. The
variable global solar radiation (srad) displays positive spatial autocorrelation in the first distance class and

then only random fluctuation (Fig. 3C).

For the Vegetation and Forest groups, the variable temperature degree days (ddeg; Fig. 4A) and
moisture index (mind; Fig. 4B) present the same pattern as described in the Bombus, Lepidoptera and
Orthoptera groups. Autocorrelation for global solar radiation (srad) is significant in all distance classes, but
always very close to 0 (Fig. 4C). For the topographical predictors slope (slp,; Fig. 4D) and topography (topo;
Fig. 4E), spatial autocorrelation is fluctuating around the zero line and is significant only for some distance

classes.

In the Fungi group, the variables temperature degree days with a zero threshold (ddegO; Fig. 5A) and
moisture index (mind; Fig. 5B) exhibit the same pattern of spatial autocorrelation: positive for the first two
distance classes and then fluctuating between negative and positive values of Moran’s /. The variables pH
(Fig. 5C) and nitrogen (N; Fig. 5D) does not show significant spatial autocorrelation. The variable
phosphorus (P; Fig. 5E) displays negative spatial autocorrelation for the second distance class; for all other

classes, spatial autocorrelation is not significant.

Spatial autocorrelation in models residuals

Spatial autocorrelation is found in the model residuals of 6 out of 51 species of the Lepidoptera group (Fig.
S7). In the Orthoptera group, only the model residuals of one species out of 10 display spatial
autocorrelation (Fig. 6B). Positive spatial autocorrelation occurs in the first and sixth distance classes and

negative spatial autocorrelation in the seventh class (Fig. S8).

11
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DISCUSSION

Spatial autocorrelation in communities, species and environment

As expected, a low degree of spatial autocorrelation was found in all groups and in the majority of species.
In ecology, datasets are virtually always spatially autocorrelated regardless of the species under
consideration (Malanson, 1985; McGeoch & Price, 2004; Tognelli & Kelt, 2004; Dormann, 2007; Santos et

al., 2012). In this study, values of spatial autocorrelation were low, especially for species composition.

A decrease in species similarity with distance is common in ecology (Bell, 2001). This phenomenon is
led by different mechanisms such as decreasing similarity in environmental properties (Nekola & White,
1999), limited dispersal of organisms (Hubbell, 2001) as well as spatial arrangement and landscape
characteristics (Garcillan & Ezcurra, 2003). A rapid decrease in species similarity was previously highlighted
in heterogeneous landscapes with important dispersal barriers (Garcillan & Ezcurra, 2003). Hence, the
heterogeneous nature of our study area might explain the low spatial autocorrelation found in species

composition.

Several methods have been recommended to take into account spatial autocorrelation. These
include a priori procedures such as sampling design with sufficient space between plots (Guisan &
Theurillat, 2000) or a posteriori methods such as correction of the number of degree of freedom (Legendre,
2002) and incorporating an autocovariate term in the model (Lichstein et al., 2002). Random or systematic
sampling designs as performed for this study are advocated to prevent spatial autocorrelation among
observations (Legendre & Fortin, 1989) and might be the reason why spatial autocorrelation was only low

to moderate in the study area.

Alternately, the spatial scale used for this study might have an impact on the pattern highlighted.
Spatial autocorrelation varies according to the resolution under consideration and is expected to be more
noticeable at smaller spatial scales (Collingham et al., 2000). This is particularly true if endogeneous factors
generate spatial autocorrelation, since most of these causes occur at small spatial scale (e.g. less than 1 km)
and are rare at larger scales (Guisan & Thuiller, 2005; Dormann, 2007). In this study, spatial autocorrelation

12
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was assessed at a large scale (e.g. distance lags of 2.5 km). So small-scale spatial autocorrelation might have

not been highlighted, explaining the low values of spatial autocorrelation observed.

The current amount of studies is not enough to make generalization about where spatial
autocorrelation will be strong or weak, but it is known that strong environmental trends will increase the
strength of spatial autocorrelation caused by exogenous factors (Lodge et al., 2007). In our study,
environmental variables are not showing a strong spatial structure, and as it was previously reported by
Segurado et al. (2006), topographical descriptors are less spatially autocorrelated than climatic predictors.
It is difficult to distinguish between endogenous or exogenous causes of spatial autocorrelation (Diniz-Filho
et al., 2003), but we can presume that most of the spatial autocorrelation that was highlighted in this study
is of exogenous origin. Exogenous factors such as soil composition or climate displaying spatial
autocorrelation can drive species occurrences to be more similar than expected by chance in neighboring
sites (Dormann, 2007). Including them in the statistical model may lower or even eliminate spatial

autocorrelation in the species distribution model residuals (Higgins et al., 1999; Fisher et al., 2002).

Spatial autocorrelation in residuals

Several authors underline the need to test for spatial autocorrelation in the residuals of species distribution
models (Dormann, 2007; Kithn, 2007; Kissling & Carl, 2008). Different processes such as unmeasured
structured environmental variables or population dynamics could drive the presence of spatial
autocorrelation in the model residuals (Dray et al., 2012). In the case of spatially autocorrelated residuals,
some advocate the use of spatial models, which incorporate an autocovariate term (Lichstein et al., 2002;
Dormann, 2007). Nevertheless, the use of spatial models is quiet controversial. A major concern is that
models with an autocovariate term are not transferable in space, because each site will have a different
landscape structure (Guisan & Thuiller, 2005; Segurado et al., 2006). Moreover, it remains unknown in
which circumstances spatial models provide better estimates of parameters compared to non-spatial

models (Kissling & Carl, 2008).

In our study, no spatial autocorrelation was found in the residuals for the majority of orthopteran

and lepidopteran species. If no spatial autocorrelation is found in the residuals, this suggests that the

13
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model is not bias statistically (Diniz-Filho et al., 2003). Nevertheless, models are not strict tests of causality
and bias in model parameters may still be a potential problem, because of factors such as confounding
correlation (Levin, 1992). These problems are not linked to spatial autocorrelation, but to the regression

technique itself (Diniz-Filho et al., 2003).

Conclusion and perspectives

Although investigation of spatial autocorrelation should become a routine procedure when performing
multiple regression models (Diniz-Filho et al., 2003), it should not be systematically considered as a
nuisance (Legendre, 1993). Spatial autocorrelation can be seen as an opportunity in various ways; it can
provide a description of the spatial structure (Legendre & Fortin, 1989; Mistral et al., 2000), assess the
impact of positional uncertainty (Naimi et al., 2011) or determine if variation in species abundances is

driven by neutral processes such as dispersal (Diniz-Filho et al., 2012).

This study suggests that spatial autocorrelation is not a major concern in biodiversity data in the
Western Swiss Alps. This perspective is in agreement with a previous study which highlighted that spatial
autocorrelation has only a small effect on the model parameters compared to other uncertainty factors

such as a missing covariate or the sample size (Thibaud et al., 2014).

Spatial autocorrelation was almost inexistent in the residuals of the species distribution models of
lepidopteran and orthopteran species. For further studies, an assessment of spatial autocorrelation in the
residuals of other groups of species would probably provide stronger support for the low impact of this
phenomenon. Furthermore, global spatial autocorrelation was assessed for this study. To provide a better
understanding of the ecological processes in place, additional studies on local spatial autocorrelation (Ord

& Getis, 2001) could be of interest to provide a better insight in this ecological paradigm (Legendre, 1993).
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431 TABLES

432 Table 1 Descriptions of the environmental variables for which spatial autocorrelation was investigated. Groups of species for which a variable is relevant are

433 mentioned, as well as references to previous studies using those variables as predictors of the species distribution.

Variables Abbreviations Units Descriptions Groups of species References
Temperature degree days ddeg °C day year™ Sum of days multiply by temperature >3°C  Vegetation, Forest, Pellissier et al. (2014),
or 0°C (for Fungi) Lepidoptera, Pradervand et al. (2012),
Orthoptera, Fungi Dubuis et al. (2011)
Moisture index mind mm day™ Amount of precipitation minus the potential Vegetation, Forest, Pellissier et al. (2014),
evapotranspiration (average of monthly Fungi Dubuis et al. (2011)

values June-August)

Soil pH pH unitless Measure of acidity or basicity Fungi Pellissier (2014)
Nitrogen N mg/g of soil Total nitrogen content Fungi Pellissier (2014)
Phosphorus P mg/g of soil Total phosphorus content Fungi Pellissier (2014)
Frost days sfroyy day Annual average number of frost days during Lepidoptera, Pradervand et al. (2012)

22



the growing season Orthoptera

Global solar radiation srad k) m2day™ Monthly average of daily global solar Vegetation, Forest, Pradervand et al. (2012;
radiation Lepidoptera, 2014), Dubuis et al. (2011)

Orthoptera

Summer temperature sumtemp degrees Mean temperature during the months of Lepidoptera, D’Amen (pers. comm.)

celsius July, August and September Orthoptera

Normalized Digital NDVI unitless Index of plant photosynthetic activity Lepidoptera, D’Amen (pers. comm.)

Vegetation Index Orthoptera

Distance to forest dist_forest meters Euclidean distance from the closest forest Lepidoptera, D’Amen (pers. comm.)
Orthoptera

Slope slp degrees Slope inclination Vegetation, Forest Dubuis et al. (2011)

Topography topo unitless Topographic position Vegetation, Forest Dubuis et al. (2011)
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Figure 1 Spatial autocorrelation of species composition based on Mantel correlograms for the following

groups of species: Bombus, Lepidoptera, Orthoptera, Vegetation, Forest and Fungi. All correlograms are

globally significant at the a = 0.05 level since several individual values are significant after Bonferroni

correction. Filled symbols are significant values after Holm’s correction for multiple testing (a=0.05).

Distances up to 2/3 of the maximum distance between two observations are represented.
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441

442 Figure 2 Spatial autocorrelation of each individual species based on Moran’s | correlograms. For each

443 distance class, a point represents a species. Black circles are significant values after Holm’s correction for
444 multiple testing (a=0.05). Distances up to 2/3 of the maximum distance between two observations are

445 represented. Separate spatial correlograms per species are available in the supplementary material (Fig. S1-

446  S6).
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Figure 3 Spatial autocorrelation of environmental variables used to predict the distribution of species of the
Bombus, Lepidoptera and Orthoptera groups based on Moran’s / spatial correlograms. Spatial
autocorrelation of temperature degree days (ddeg), number of frost days (sfroyy), global solar radiation
(srad), summer temperature (sumtemp), normalized digital vegetation index (NDVI) and distance to forest
(dist_forest) are showed. All correlograms are globally significant at the a = 0.05 level since several
individual values are significant after Bonferroni correction. Filled symbols are significant values after
Holm’s correction for multiple testing (a=0.05). Distances up to 2/3 of the maximum distance between two

observations are represented.
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Figure 4 Spatial autocorrelation of environmental variables used to predict the distribution of species of the
Vegetation and Forest groups based on Moran’s / spatial correlograms. Spatial autocorrelation of
temperature degree days (ddeg), moisture index (mind), global solar radiation (srad), slope (s/p) and
topography (topo) are showed. All correlograms are globally significant at the a = 0.05 level since several
individual values are significant after Bonferroni correction. Filled symbols are significant values after
Holm’s correction for multiple testing (a=0.05). Distances up to 2/3 of the maximum distance between two

observations are represented.
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Figure 5 Spatial autocorrelation of environmental variables used to predict the distribution of Fungi based

on Moran’s | spatial correlograms. Spatial autocorrelation of tempererature degree days with a zero

threshold (ddeg0), moisture index (mind), pH, nitrogen (N) and phosphorus (P) are showed. Filled symbols

are significant values after Holm’s correction for multiple testing (a=0.05). Correlograms with at least one

significant value were all globally significant at the a = 0.05 level since several individual values are

significant after Bonferroni correction. Distances up to 2/3 of the maximum distance between two

observations are represented.
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Figure 6 Spatial autocorrelation of the residuals of the distribution model for each species from the
Lepidoptera and Orthoptera groups based on Moran’s | correlograms. For each distance class, a point
represents a species. Black circles are significant values after Holm’s correction for multiple testing
(a=0.05). Distances up to 2/3 of the maximum distance between two observations are represented.

Separate spatial correlograms per species are available in the supplementary material (Fig. S7-S8).
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Figure S1 Spatial autocorrelation of each species of the Bombus group based on Moran’s / spatial

correlograms. All correlograms are globally significant at the a = 0.05 level since several individual values

are significant after Bonferroni correction. Filled symbols are significant values after Holm’s correction for

multiple testing (a=0.05). Distances up to 2/3 of the maximum distance between two observations are

represented.
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Figure S1 Spatial autocorrelation of each species of the Bombus group based on Moran’s / spatial

correlograms (cont.).
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Figure S2 Spatial autocorrelation of each species of the Lepidoptera group based on Moran’s / spatial

correlograms. All correlograms are globally significant at the a = 0.05 level since several individual values

are significant after Bonferroni correction. Filled symbols are significant values after Holm’s correction for

multiple testing (a=0.05). Distances up to 2/3 of the maximum distance between two observations are

represented.
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Figure S2 Spatial autocorrelation of each species of the Lepidoptera group based on Moran’s / spatial

correlograms (cont.).
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Figure S2 Spatial autocorrelation of each species of the Lepidoptera group based on Moran’s / spatial

correlograms (cont.).
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Figure S2 Spatial autocorrelation of each species of the Lepidoptera group based on Moran’s / spatial

correlograms (cont.).
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505 Figure S2 Spatial autocorrelation of each species of the Lepidoptera group based on Moran’s / spatial
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512 represented.
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Figure S4 Spatial autocorrelation of each species of the Vegetation group based on Moran’s I spatial

correlograms. All correlograms are globally significant at the a = 0.05 level since several individual values
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represented.
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Figure S4 Spatial autocorrelation of each species of the Vegetation group based on Moran’s I spatial

correlograms (cont.).
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Figure S4 Spatial autocorrelation of each species of the Vegetation group based on Moran’s I spatial

correlograms (cont.).
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Figure S4 Spatial autocorrelation of each species of the Vegetation group based on Moran’s I spatial

correlograms (cont.).
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Figure S4 Spatial autocorrelation of each species of the Vegetation group based on Moran’s I spatial

correlograms (cont.).
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Figure S4 Spatial autocorrelation of each species of the Vegetation group based on Moran’s I spatial

correlograms (cont.).
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Figure S4 Spatial autocorrelation of each species of the Vegetation group based on Moran’s I spatial

correlograms (cont.).
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Figure S4 Spatial autocorrelation of each species of the Vegetation group based on Moran’s I spatial

correlograms (cont.).
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Figure S4 Spatial autocorrelation of each species of the Vegetation group based on Moran’s I spatial

correlograms (cont.).
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Figure S4 Spatial autocorrelation of each species of the Vegetation group based on Moran’s I spatial

correlograms (cont.).
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Figure S4 Spatial autocorrelation of each species of the Vegetation group based on Moran’s I spatial

correlograms (cont.).
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Figure S4 Spatial autocorrelation of each species of the Vegetation group based on Moran’s I spatial

correlograms (cont.).
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Figure S4 Spatial autocorrelation of each species of the Vegetation group based on Moran’s I spatial

correlograms (cont.).
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Figure S4 Spatial autocorrelation of each species of the Vegetation group based on Moran’s I spatial

correlograms (cont.).
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Figure S4 Spatial autocorrelation of each species of the Vegetation group based on Moran’s I spatial

correlograms (cont.).
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Figure S4 Spatial autocorrelation of each species of the Vegetation group based on Moran’s [ spatial

correlograms (cont.).
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Figure S4 Spatial autocorrelation of each species of the Vegetation group based on Moran’s I spatial

correlograms (cont.).
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Figure S5 Spatial autocorrelation of each species of the Forest group based on Moran’s / spatial

correlograms. All correlograms are globally significant at the a = 0.05 level since several individual values

are significant after Bonferroni correction. Filled symbols are significant values after Holm’s correction for

multiple testing (a=0.05). Distances up to 2/3 of the maximum distance between two observations are

represented.
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579 Figure S5 Spatial autocorrelation of each species of the Forest group based on Moran’s / spatial

580 correlograms (cont.).
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Figure S5 Spatial autocorrelation of each species of the Forest group based on Moran’s / spatial
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Figure S6 Spatial autocorrelation of each species of the Fungi group based on Moran’s / spatial

correlograms. All correlograms are globally significant at the a = 0.05 level since several individual values

are significant after Bonferroni correction. Filled symbols are significant values after Holm’s correction for

multiple testing (a=0.05). Distances up to 2/3 of the maximum distance between two observations are

represented.
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Figure S6 Spatial autocorrelation of each species of the Fungi group based on Moran’s / spatial

correlograms (cont.).
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663 Figure S6 Spatial autocorrelation of each species of the Fungi group based on Moran’s / spatial
664 correlograms (cont.).

84



665

666

667

Moran's |

Moran's |

Moran's |

Moran's |

0.0 0.5 10

-0.5

-1.0

1.0

05

0.0

-0.5

-1.0

0.0 05 10

-0.5

-1.0

1.0

05

0.0

-0.5

-1.0

o o 1
RIH1_TCMID127_ITS2_889 - RIH1_TCMID131_ITS2_1553 - RIH1_TCMID132_ITS2_680
0 w
o o
- A € o | * 7_:-‘/"&\\ £ e ]2 <
Oy N g p= e~ v g b= e g
= =
© 0
S S
a o
5000 10000 15000 20000 25000 5000 10000 15000 20000 25000 5000 10000 15000 20000 25000
Distance (m) Distance {m) Distance (m)
=] e
RIH1_TCMID136_ITS2_ 446 = RIH1_TCMID136_ITS2_495 = R1H1_TCMID137_ITS2_651
w | L]
o o
S » = @
S | BB e et | B eee— e,
2 2
0 ©
E =
= <
T T T T i T T T T T s J T T T T
5000 10000 15000 20000 25000 5000 10000 15000 20000 25000 5000 10000 15000 20000 25000
Distance (m) Distance (m) Distance (m)
o o
RIH1_TCMID139_ITS2_39 - RIH1_TCMID139_ITS2_416 - RIH1_TCMID139_ITS2_1700
@ | ®
o o
» @
r—‘”"'s\.,»v_,'o”"o_—"'“f"“\\\v § g AP g g g0 § g d sisiain gt~ *“-».__v___w"“«. =
= 2
@ @
S S
o | < |
5000 10000 15000 20000 25000 5000 10000 15000 20000 25000 5000 10000 15000 20000 25000
Distance (m) Distance (m) Distance (m)
a e :
R1H1_TCMID139_ITS2 2184 = RIH1_TCMID139_ITS2_2367 = RIH1_TCMID146_ITS2_502
w w
f=3 o
. r . 3
e I e S —~— E g foy 5 er—a. 5 g I S e e
- —e 5 - o 5 —ar —o
2 2
0 ©
=5 =
o o
T T T T T . T T T T T - T T T T T
5000 10000 15000 20000 25000 5000 10000 15000 20000 25000 5000 10000 15000 20000 25000
Distance (m) Distance (m) Distance (m)

Figure S6 Spatial autocorrelation of each species of the Fungi group based on Moran’s / spatial

correlograms (cont.).
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Figure S6 Spatial autocorrelation of each species of the Fungi group based on Moran’s / spatial

correlograms (cont.).
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Figure S7 Spatial autocorrelation of the models’ residuals of each species of the Lepidoptera group based
on Moran’s I spatial correlograms. All correlograms are globally significant at the a = 0.05 level since several
individual values are significant after Bonferroni correction. Filled symbols are significant values after
Holm’s correction for multiple testing (a=0.05). Distances up to 2/3 of the maximum distance between two

observations are represented.
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678 Figure S7 Spatial autocorrelation of the models’

679 on Moran’s / spatial correlograms (cont.).
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681 Figure S7 Spatial autocorrelation of the models’ residuals of each species of the Lepidoptera group based

682 on Moran’s / spatial correlograms (cont.).
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Figure S8 Spatial autocorrelation of the models’ residuals of each species of the Orthoptera group based on
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Moran’s | spatial correlograms. All correlograms are globally significant at the a = 0.05 level since several

individual values are significant after Bonferroni correction. Filled symbols are significant values after

Holm’s correction for multiple testing (a=0.05). Distances up to 2/3 of the maximum distance between two

observations are represented.
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