Soil protists’ niche breadth is more correlated with variations in edaphic
gradients in the western Swiss Alps.
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Abstract

Protists, unicellular eukaryotes, have been studied extensively in recent decades. Their
ecology is still largely unknown. Aspects of their ecological niche, notably their niche breadth
is still little studied. In this study, we examine the niche breadth of 7 phyla of soil protists in
the western Swiss Alps. Using relative abundance of protists (over 136 sampling sites) and 75
environmental gradients, we are able to define the total niche breadth of soil protists in the
study area. Here, we show that the total niche breadth of the soil protists is generally more
correlated with variations of edaphic gradients than with topo-climatic gradients. We also
show that the total niche breadth of the phylum Centrohelida is correlated with variations in
topo-climatic gradients. This study is important because it allows to refine the distribution
models of the protists. It also highlights the fragility of the phylum Centrohelida in the face of
climate change.
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Introduction

Hutchison (1957) describes the ecological niche as a space governed by environmental
gradients, interspecific interactions and environmental barriers. The ecological niche is
considered in two ways. The fundamental niche is the range over which the species studied
can persist, without any biotic interaction or colonization limit (Kearney & Porter, 2004). When
we add to this the biotic interactions and the limits of colonization, we find the niche realized
(Leathwick, 1998; Svenning & Skov, 2004). There are several ways to study the realized
environmental niche of a species or group of species. One of them is to investigate niche
breadth, also called niche width (e.g. Roughgarden, 1972). . The niche breadth is the range of
conditions which allow a population, species or clade to have a zero or positive growth rate
(Carscadden et al., 2020).

For decades, species ecology has been a major topic of research. Niche breadth investigation
is important because it allows to estimate range limits (Morin & Lechowicz, 2012) and to
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forecast how species may respond to climate change (Fisher-Reid et al., 2012). Unfortunately,
microbial niche studies are still lacking, primarily due to methodological difficulties to
characterise microbial taxa. Microorganisms play a major role in the ecosystem. They regulate
plant diversity and productivity (Hartnett & Wilson, 2002; Van Der Heijden et al., 2007;
Fitzsimons & Miller, 2010). They also play an important role in regulating biogeochemical
cycles (Rousk & Bengtson, 2014). It is therefore necessary to study their niche to understand
the dynamics of an environment.

Protists are a polyphyletic group of eukaryotic organisms. In fact, this clade includes all
eukaryotes with the exception of plants, animals and fungi (Geisen et al., 2018). They have a
huge diversity of lifestyles. Some are photoautotrophic, some are heterotrophic and some are
even capable of both and qualified as mixotrophs (Geisen & Bonkowski, 2018). Many protists
are symbiotic and can be parasitic or mutualistic with prokaryotes, plants, animals and fungi
(De Vargas et al., 2015). The wide variety of morphologies and lifestyles of protists allows the
group to colonize all environments on earth, even the harshest ones (Petz, 1997; De
Jonckheere, 2006). The emergence of high-throughput sequencing, as well as electron
microscopy, lead to major changes in the classification of protists in the last decades. Before
the 21st century, the mode of nutrition determined the taxonomy of protists. Now, scientists
increasingly refine the taxonomy of protists, thanks to sequencing, which is more systematic
(Foissner, 1999; Geisen et al., 2018). The current classification shows 5 supergroups, or phyla,
whose names are SAR (Stramenopila, Alveolata and Rhizaria), Archaeplastida, Excavata,
Amoebozoa and Opisthokonta (Burki et al., 2016; Geisen et al.,, 2018). The scientific
community further discusses two other groups: Centrohelida and Cryptophyta (named
Cryptophyceae in the study) (Geisen et al., 2018). Soil protists are highly diverse (Grossmann
et al., 2016). They play a role in regulating bacterial communities (Flues et al., 2017) but they
are also non-negligible producers of organic carbon (Seppey et al., 2017).

In this study, we investigated the environmental niche of soil protists by examining differences
in niche breadth among soil protist phyla living in the western Swiss Alps. The western Swiss
Alps are a hotspot for research and the large variations in elevation and soil properties make
it possible to test the distribution of species over a wide range of topo-climatic and edaphic
gradients (Yashiro et al., 2016; Seppey et al., 2019). We calculated the average environmental
niche breadth and niche position of each zero-radius Operational Taxonomic Unit (zOTU).
These results allowed the comparison of the total niche breadth as well as gradient specific
niche breadths of 7 phyla of protists mentioned above and subphyla of two phyla (Amoebozoa
and SAR). We hypothesised that the niche breadth of protists would be different for each
gradient. We also hypothesised that the niche breadth would differ among the groups studied.
Characterising the niche breadth is important because it provides information that could
refine the distribution models of protists (Banta et al., 2012). Such models are crucial for
predicting hotspots of protist diversity (Garcia, 2006) as well as environments likely to
support rare microbial species (De Siqueira et al., 2009). This could serve to better anticipate
the effects of climate change on the distribution of protists (Rehfeldt et al., 1999) and may
also help predicting the risk of colonization of invasive species (Litmer & Murray, 2019).



Method
Data recovery

Professor Guisan’s team provided four databases. The first contained values of 75
environmental gradients based on 136 sampling sites. These included topo-climatic and
edaphic variables. The second contained the taxonomy of 3419 protist zero-radius
Operational Taxonomic Units (zOTUs) . The third contained the relative abundance of each
zOTU at each 136 sampling sites. The last one contained metadata data for each sampling
sites, such as the day, month and year of sampling. The database also contained the
coordinates and altitude of each sampling site. Sampling took place from July 6th to
September 1st, 2013. The list of gradients used to measure the niche breadth is in Appendix
5. For more details on soil sample collection, edaphic and topo-climatic variables, see Yashiro
et al. (2016) and Seppey et al. (2019).

Total niche breadth calculation

We used the "rda" function of the "vegan" package (Oksanen et al., 2007) on the R software
version 4.0.3 (R Core Team, 2020) to produce a Principal Component Analysis (PCA) thanks to
the value of each site for each of the 75 environmental gradients. We retrieved the sites values
and species values of Principal Component 1 (PC1) and Principal Component 2 (PC2) to
produce two plots (see Figure 2) with the values of sites and gradient vectors thanks to the
"ggplot2" package (Wickham et al., 2016).

Total environmental niche breadth was calculated based on the PCA variables PC1 and PC2,
used as proxy variables for the 75 environmental gradients. Specifically, niche position was
calculated as the average of the PCA scores of sites where the zOTUs were present, weighted
by their abundance. Similarly, niche breadth was calculated as the weighted square root of
the PCA scores where the zOTUs were present. We used these values to investigate
correlations between niche breadth and niche position along PC1 and PC2. We used the
formula "y~poly(x,2)" in the "geom_smooth" function of the "ggplot2" package (Wickham et
al., 2016) to make polynomial second-degree regressions and calculate the adjusted R-
squared value and its p-value between niche breadth along PC1 and PC2. We used the same
process, coupled with the "facet_wrap" function of the "ggplot2" package (Wickham et al.,
2016) to calculate the adjusted R-squared value and its p-value between the total niche
breadth along PC1 and PC2, for each phylum (Amoebozoa, Archaeplastida, Centrohelida,
Cryptophyceae, Excavata, Opisthokonta, SAR, + zOTUs with undefined phylum).

Gradient specific niche breadth calculation

We selected 12 gradients that have been shown to influence soil protist communities. Seppey
et al. (2019) identified "slope steepness" and "mean summer temperature" while Oliveiro et
al. (2020) identified "mean annual temperature", "pH" and “mean annual precipitations” as
key variables influencing soil protists distribution. Although topo-climatic gradients have been
shown to primarily influence protist communities, edaphic properties often influence other
taxonomic groups such as bacteria (Delgado-baquerizo et al., 2018) or fungi (Tedersoo et al.,

2014). Here, we selected “carbon”, “Ca0”, “SiO,” and “soil water content” as Yashiro et al.



(2016) and Pellissier et al. (2014) identified them as important for bacterial and fungal
communities within the same study region.

We also had an interest in testing “snow cover duration” and “freezing degree days” as they
are key characteristics of mountainous environments such as the Alps (Chen et al., 2008; Sakai
& Weiser, 1973); as well as “total phosphorus” because it is often a limiting factor related to
plants (Chen et al., 1998). Topo-climatic gradients that are related to climate in the region
included: snow cover duration, mean annual precipitation, freezing degree days, mean annual
temperature and mean summer temperature. Edaphic gradients included: CaO, carbon, pH,
SiO,, soil water content, slope steepness, total phosphorus.

We used the same process as for the total niche breadth calculation, but we replaced the PC
values by the gradient values on each site, in the calculations. We repeated the process for
each of the 12 gradients of interest. We calculated the adjusted R-squared value as well as its
p-value between the niche breadth and the average niche position for all zOTUs together, then
differentiated by phylum. We repeated the process for each subphylum of SAR and
Amoebozoa as they contained several hundred zOTUs.

Results

Total niche breadth analysis
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Figure 1: Principal Component Analysis of 75 environmental gradients. Each dot corresponds to one
sampling site. Topo-climatic gradients are shown in black while edaphic gradients are shown in red.
Principal Component 1 (PC1) explains 26.2% of the total variance. Principal Component 2 (PC2) explains
8.6% of the total variance. These two axes are the ones that explain the most of variance.



To measure the niche breadth relative all 75 gradients (total niche breadth), we first
performed a Principal Component Analysis. Figure 1 shows that the elevation of the sampling
sites is gradual along the PC1 axis, with sites at higher altitude on the left and sites at lower
altitude on the right. In addition, we see that the topo-climatic gradients are concentrated
along the PC1 axis. These vectors have a strong PC1 compound but a weak PC2 component.
Edaphic gradients are more scattered.

A 2.5~

L.
RZ,; =005 P <= 0001

R o= 032, P <= 0.001

- . g
o n =]
| \ |

Niche Breadth 1

o
o
\

0.0- -+ .t . 0-
-1 0 1 3 2 1 0 1
Position 1 Position 2
Figure 2. Second-degree polynomial regression between total niche breadth and total average niche
position for each individual zOTU. A. “Position 1” and “Niche Breadth 1” are calculated on the base of
sites’ PC1 coordinate in the PCA plot. B. “Position 2” and “Niche Breadth 2” are calculated on the base

of sites’ PC2 coordinate in the PCA plot. ”Ridjl” is the adjusted R-squared value. “P” is the p-value.

Thanks to the PCA site values, we were able to calculate the correlation between the total
niche breadth and the total average niche position for each zOTUs and then clustered by
phylum. Figure 2A shows the correlation between all protists average niche position on PC1
and their total niche breadth related to PC1. The adjusted R-squared value is equal to 0.05
with a p-value smaller than 0.001. This mean that the total niche breadth is weakly correlated
with the average niche position of PC1. Figure 2B shows the total niche breadth of all our
protists in function of their average niche position of PC2. The correlation value is equal to
0.32 with a p-value smaller than 0.001 between the total niche breadth and the total average
niche position. This shows a high correlation between total niche breadth and average niche
position for PC2. Table 1 shows (for the niche breadth relative to PC1, which corresponds to
topo-climatic gradients) weak correlation values smaller than 0.08 for all zOTUs together, as
well as for phyla Amoebozoa, Opisthokonta and SAR. The phyla Archaeplastida, Excavata and
the group of zOTUs with unknown phylum do not show a correlation between the total niche
breadth and the average niche position, for values taken from PC1. The phylum Centrohelida
has a high correlation value of 0.75. It is the only phylum with a strong correlation of total
niche breadth with PC1, suggesting high correlation between niche breadth and topo-climatic
gradients. Table 1 shows higher PC2 correlation values for phyla that had a low PC1 correlation
value. PC2 is more related to edaphic gradients. This suggests, for these phyla, a high
correlation between the niche breadth and the edaphic gradients. As a result, all zOTUs, as



well as phyla Amoebozoa, Opisthokonta and SAR have a correlation value greater than 0.3.
This is also the case for the phylum Archaeplastida, which has no significant correlation
relative to PC1. The phylum Excavata has a correlation value of 0.94 between the total niche
breadth and the total average niche position relative to PC2. The phylum Centrohelida and
the group of non-classified zOTUs have no significant correlation value relative to PC2.

Table 1: Adjusted R-squared values and their significance according to all zOTUs together and by
phyla, along PC1 and PC2. The red gradient is relative to the correlation values: the higher the
correlation value, the redder the cell. Cryptophyceae phylum is not in the table because it contains
only 2 zOTUs from the sampling area, which is not enough to proceed to second-degree polynomial
regressions. Significance levels: ***: p-value < 0.001; **: p-value < 0.01; *: p-value < 0.05; NS: p-value
> 0.05. For exact p-values, see Appendix 1.
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Table 2: Adjusted R-squared values and their significance according to all zOTUs together and phyla,
for 12 specific gradients. The red gradient is relative to the correlation values: the higher the
correlation value, the redder the cell. Gradients are classified according to the decreasing correlation
values for all zOTUs. Under "Environmental Gradients", E stands for "Edaphic" and TC stands for "Topo-
Climatic". Cryptophyceae phylum is not in the table because it contains only 2 zZOTUs from the sampling
area, which is not enough to proceed to second-degree polynomial regressions. Significance levels:
***: p-value < 0.001; **: p-value < 0.01; *: p-value < 0.05; NS: p-value > 0.05. For exact p-values, see
Appendix 2.
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We selected 12 specific gradients to investigate changes in niche breadth and niche position
along these gradients. Table 2 shows that the edaphic gradients have greater correlation
values than the topo-climatic gradients, for all zOTUs together, as well as for the 4 phyla with
more than 50 zOTUs, i.e.: Amoebozoa, Archaeplastida, Opisthokonta and SAR. We see that
phyla with the least zOTUs (Centrohelida, Excavata and Opisthokonta) as well as the group of
non-classified zOTUs have four or more gradients for which the correlation value is non-
significant. Table 2 also shows that the phylum Centrohelida has high correlation values (0.7
minimum) for all topo-climatic gradients. This same phylum has different values for the
edaphic gradients, some values are high while others are non-significant. The phylum Excavata
had only one significant correlation value. This is the relative value of the Total Phosphorus
gradient. Overall, niche breadth is more correlated to edaphic gradients than to topo-climatic.
The "CaO" gradient shows the largest correlation values with the niche breadth, for the six
groups with the most zOTUs. The "mean annual precipitations" gradient is most correlated
with the niche breadth of the phylum Centrohelida.

Subphylas’ gradient specific niche breadth Analysis

Table 3: Adjusted R-squared values and their significance according to Amoebozoa phylum and
Amoebozoa’s subphyla, for 12 specific gradients. The red gradient is relative to the correlation values:
the higher the correlation value, the redder the cell. Gradients are classified according to the
decreasing correlation values for the Amoebozoa phylum. Under "Environmental Gradients", E stands
for "Edaphic" and TC stands for "Topo-Climatic". Significance levels: ***: p-value < 0.001; **: p-value
< 0.01; *: p-value £ 0.05; NS: p-value > 0.05. For exact p-values, see Appendix 3.
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TC|{Snow Cover Duration [Days] 0.12 *** 048 *** NS NS NS 0.34 *** | 0094 *** 0.1 *
TC|{Mean Annual Precipitations [mm/mz] 0.084 **= NS 0.32 ** NS NS NS 0.12 *** NS
TC|Freezing Degree Days [°C] 0.079 *** 0.14 ** 0.35 ** 0.42 *** NS NS 0.074 *** NS
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TC{Mean Summer Temperature [°C] 0.053 *** 0.22 *** NS NS NS 0.19 * 0.047 *** NS
Number of z0TUs 531 53 27 37 11 34 317 52

Tubulinea and the group of zOTUs whose subphylum is not determined, have non-significant
correlation values for certain edaphic gradients and topo-climatic gradients. Correlation
values for “snow cover duration”, “mean annual temperature” and “mean summer
temperature” gradients that are stronger than those for “pH” for Cavosteliida and
Schizoplasmodiida subphyla. Correlation values of “freezing degree days” gradient are
stronger than some of edaphic gradients for Discosea and Gracilipodida subphyla. Tubulinea
is the only subphylum of Amoebozoa for which the values of correlation relative to the edaphic
gradients are greater than that of the topo-climatic gradients. SAR subphyla all have higher
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correlation values for edaphic gradients than for topo-climatic gradients (see Table 4). Overall,
not all edaphic gradients are more correlated with the niche breadth than topo-climatic
gradients. The CaO gradient remains the most correlated for most groups. Only the slope
steepness gradient is more correlated for the subphylum Protosteliida.

Table 4: Adjusted R-squared values and their significance according to SAR phylum and SAR’s
subphyla, for 12 specific gradients. The red gradient is relative to the correlation values: the higher
the correlation value, the redder the cell. Gradients are classified according to the decreasing
correlation values for the SAR phylum. Under "Environmental Gradients", E stands for "Edaphic" and
Tc stands for "Topo-Climatic". 1 zOTU is considered as Holozoa but we cannot perform regressions on
1 sample, so Holozoa is not in the table. Significance levels: ***: p-value < 0.001; **: p-value < 0.01; *:
p-value £ 0.05; NS: p-value > 0.05. For exact p-values, see Appendix 4.
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Number of zOTUs 2620 1034 1166 419

Discussion

The PCA plot (see Figure 1) showed the topo-climatic gradients spread along the PC1 axis and
the edaphic gradients scattered on both axes. This coupled with the correlation values in
Figure 2 suggested a higher correlation between niche breadth and edaphic gradients. When
we investigated each phylum separately (see Table 1), we saw that the total niche breadth of
Phyla Amoebozoa, Archaeplastida, Excavata, Opisthokonta and SAR were more correlated
with gradients that have a large component on PC2 than gradients with a large PC1
component. Therefore, we expected to record greater correlations between niche breadth
and average niche position along the selected edaphic gradients. On the contrary,
Centrohelida phylum was the only one for which the correlation relative to PC1 was stronger
than that relative to PC2. We therefore expected this phylum to have correlations values
equally high for edaphic and topo-climatic gradients, because both groups of gradients have
high components on PC1 (see Figure 1). The Unknown group had non-significant values of
correlation between the total niche breadth and the average niche position for each
component (PC1 and PC2). This group probably included zOTUs of various phyla. As a result,
it is possible that the different memberships (especially from the phylum Centrohelida)



mitigated the correlation values. This coupled with the small amount of zOTUs present in the
group probably render correlation values relative to PC1 and PC2 non-significant.

Analysis of the 12 specific gradients (see Table 1) showed that the niche breadth of phyla
Amoebozoa, Archaeplastida, (Excavata), Opisthokonta and SAR was more correlated with
edaphic than topo-climatic gradients. This supported our reflexion concerning the correlation
values relative to PC1 and PC2, as these were the same phyla which had higher correlations
with PC2 This shows that the edaphic gradients drive the niche breadth of protists, just as they
drive the bacterial communities (Yashiro et al., 2016). The phylum Excavata had only a
significant correlation value (with total phosphorus gradient) on the 12 gradients tested (see
Table 2). However, the low significance of this correlation and the low number of zOTUs in this
phylum meant results have to be taken with caution. As predicted with the PCA analysis, the
correlations values of the phylum Centrohelida were high for topo-climatic gradients as well
as for some edaphic gradients. However, as for Excavata, the low number of zOTUs in this
phylum could have act as a confounding factor and results should be taken with caution.

The results of the Amoebozoa subphyla (see Table 3) showed that the more we go into the
lower taxonomic ranks, the more the data diverges between the groups. This was not
expected because the lower the taxonomic level studied, the more niche conservatism should
exist between groups, as shown by Prinzing et al. (2001) for higher plants and by Da Silva et
al. (2020) for protists. This therefore suggested that the divergence of evolutionary history
between the different subphyla of Amoebozoa is so great that there is only little niche
conservatism between the different subphyla. On the other hand, the decrease in the number
of individuals in each group limits the statistical power of the analyses. SAR subphyla, for their
part, showed less differentiation between them than Amoebozoa subphyla, despite high
number of zOTUs (high statistical power), suggesting that they might live in similar niches.
Thus, the niche conservatism within the SAR phylum would be more important than within
the Amoebozoa phylum.

The results of this study showed that at the phylum level, edaphic gradients tended to be more
correlated with the niche breadth. This was not consistent with our hypothesis that each
group would have phylum-specific correlations. On the other hand, correlation values were
different for each gradient. Our second hypothesis was therefore validated at the phylum
level. At the subphylum level, our two hypotheses were validated for Amoebozoa. The
correlation values were different between the subphyla of Amoebozoa and between the
gradients. However, for SAR, subphyla still show similar niche probability.

Overall, our study showed that edaphic gradients were more correlated with the niche
breadth than the topo-climatic gradients. On the other hand results of Seppey et al. (2019)
showed that the beta diversity of protists was more correlated with topo-climatic gradients.
This divergence of results is surprising, although not inconsistent. They focused on beta
diversity while we investigated the environmental niche (different aspects of protists
communities). The niche truncation for topo-climatic gradients could explain their low
correlation values with the niche breadth. While edaphic gradients in the study area covered
a grade part of the total gradient (pH 3 to 9 out of a total of 0 to 14, slope steepness 0 to 60[°],
for example), topo-climatic gradients covered a limited part of their global range (for example,
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mean annual temperatures from -5 to 10 [°C] that mean annual temperatures from -50 to 50
[°C] are possible). Because we only investigated a tiny portion of topo-climatic gradients, we
may not see any trend. If we had the whole gradient, we might. This could also explain why
the global study of the protists of Oliveiro et al. (2020) showed that some topo-climatic
gradient, such as the mean annual precipitations shape the protistan communities.

This duality of results shows the importance of this study to improve the predictions of the
protist distribution models. This study also highlights the fragility of certain groups in the face
of climate change. The phylum Centrohelida is a major concern because it is particularly
correlated with topo-climatic gradients. Research on the niche breadth of protists in other
parts of the world would be a good thing to learn more about the dispersal of some phyla.
More precise research on the phylum Centrohelida would also make it possible to distinguish
which lower ranks within this phylum are more at critical risk in the face of brutal climate
changes.
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Appendix

Appendix 1. P-values of Correlation values from Table 1. The values marked 0.001 are smaller or

equal to 0.001.
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PC1 0.001 0.001 0.167| 0.00647 0.779 0.0402 0.001 0.27
PC2 0.001 0.001 0.001 0.412 0.0286 0.001 0.001 0.262

Appendix 2. P-values of Correlation values from Table 2.

equal to 0.001.

The values marked 0.001 are smaller or
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Environmental Gradients 3 E = 3 o 8' x 5
CaO [wt%)] 0.001 0.001 0.001 0.431 0.694 0.001 0.001 0.001
Carbon [%)] 0.001 0.001 0.001 0.0194 0.0763 0.001 0.001 0.001
Si0, [wt%)] 0.001 0.001 0.001 0.825 0.188 0.001 0.001| 0.00774
Soil Water content [%] 0.001 0.001 0.001 0.414 0.76 0.001 0.001| 0.00262
Total Phosphorus [mg/g] 0.001 0.001 0.001| 0.00293] 0.0468| 0.0448 0.001| 0.0329
Slope Steepness [°] 0.001 0.001 0.001| 0.00163 0.439 0.001 0.001 0.394
pH 0.001 0.001 0.001 0.605 0.8 0.001 0.001 0.105
Mean Annual Precipitations [mm/m°] 0.001 0.001 0.001 0.001 0.985 0.068 0.001 0.111
Snow Cover Duration [Days] 0.001 0.001| 0.0975 0.011 0.388 0.287 0.001| 0.0907
Freezing Degree Days [°C] 0.001 0.001 0.001 0.0032 0.683 0.284 0.001 0.532
Mean Annual Temperature [°C] 0.001 0.001| 0.0189 0.001 0.344 0.153 0.001| 0.0643
Mean Summer Temperature [°C] 0.001 0.001| 0.0029 0.001 0.228 0.206 0.001] 0.0886

Appendix 3. P-values of Correlation values from Table 3. The values marked 0.001 are smaller or

equal to 0.001.
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Soil Water content [%)] 0.001 0.001 0.616 0.0666 0.143 0.001 0.001 0.001
Si0, [wt%] 0.001 0.001| 0.0441 0.001| 0.0119 0.001 0.001 0.001
Total Phosphorus [mg/g] 0.001 0.001| 0.0074 0.001| 0.0238 0.126 0.001 0.001
Slope Steepness [°] 0.001 0.001 0.001 0.001 0.001 0.561 0.001] 0.0428
pH 0.001 0.001 0.001 0.001 0.835 0.001 0.001 0.001
Snow Cover Duration [Days] 0.001 0.001 0.587 0.105 0.319 0.001 0.001 0.0283
Mean Annual Precipitations [mm/m’] 0.001] 0.0837| 0.00388 0.285 0.383 0.515 0.001 0.76
Freezing Degree Days [°C] 0.001)] 0.00755| 0.00224 0.001 0.264 0.861 0.001 0.0926
Mean Annual Temperature [°C] 0.001 0.001 0.221 0.301 0.462| 0.0132 0.001 0.326
Mean Summer Temperature [°C] 0.001 0.001 0.328 0.475 0.483 0.0149 0.001 0.278




Appendix 4. P-values of Correlation values from Table 4. The values marked 0.001 are smaller or

equal to 0.001.
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Soil Water content [%] 0.001 0.001 0.001 0.001
Total Phosphorus [mg/g] 0.001 0.001 0.001 0.001
Slope Steepness [°] 0.001 0.001 0.001 0.001
pH 0.001 0.001 0.001 0.001
Mean Annual Precipitations [mm/m?] 0.001 0.001 0.001 0.001
Snow Cover Duration [Days] 0.001 0.001 0.001 0.001
Freezing Degree Days [°C] 0.001 0.001 0.001 0.001
Mean Annual Temperature [°C] 0.001 0.001 0.001 0.001
Mean Summer Temperature [°C] 0.001 0.001 0.001 0.001

Appendix 5. List of gradients used to measure the niche breadth .

Environmental gradients

Units

Edaphic gradients
Ca0
Carbon
pH
Si0,

Slope Steepness

Soil Water content

Total Phosphorus
Topo-climatic Gradients

Freezing Degree Days

Mean Annual Precipitations
Mean Annual Temperature

Mean Summer Temperature
Snow Cover Duration

[wt%]
[%]

(wt%]
[°]

[%]
[mg/gl

[°C]
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[°C]
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