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ENVIRONMENTAL AND ANTHROPOGENIC FACTORS CO-SHAPE COMMUNITY-

LEVEL PLANT SPECIES RICHNESS ACROSS THE WESTERN SIBERIAN ARCTIC

Factors co-shape W. Siberian tundra PSR

Abstract

Aim

The Arctic ecosystem and its species are exposed to amplified climate warming and in some
regions to rapidly developing economic activity. This study strives to identify, model and map
the patterns of community-level plant species richness in the Western Siberian Arctic and to
estimate the relative impact of environmental and anthropogenic factors driving these patterns.
With our results and methods, we aim at contributing towards conservation efforts for arctic
species richness.

Location

Western Siberian Arctic, Russia.

Methods

We investigated the relative impact of environmental, topographic and anthropogenic factors on
community-level plant species richness of the Western Siberian Arctic, using macroecological
models trained with an extensive, newly assembled geobotanical dataset. We included vascular
plants, mosses and lichens in our analysis, as non-vascular plants substantially contribute to
species richness and ecosystem functions in the Arctic.

Results

We found that the mean community-level plant species richness in this vast Arctic region does
not decrease with increasing latitude. Instead, we identified an increase in species richness
from South-West to North-East, which can be explained by climatic, topographical and
anthropogenic factors. We found that lowest species richness is associated with a medium (30

to 50 km) distance to infrastructure while neighboring (0 to 10 km) and remote (= 100 km) areas
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have relatively high species richness. We also show that the existing protected areas cover only
a small part of the areas with the highest species richness.

Conclusions

Our results reveal complex spatial patterns of community-level species richness in the Western
Siberian Arctic. We suggest that the impact of economic activities on species richness is
ambiguous and not limited to areas directly affected by infrastructure. We show that while
community-level plant species richness is mostly driven by non-anthropogenic factors, human
activities also contribute to the heterogeneous distribution of community-level species richness
on a broad scale. Our approach and results can be used to develop nature protection strategies

for other arctic regions facing similar challenges.

Keywords: Arctic, macroecological modeling, Arctic Vegetation Archive, community-level plant
species richness, anthropogenic impact on biodiversity, tundra vegetation, anthropogenic

change.

Introduction

The documentation of Arctic plant diversity and its distribution under global change is one of the
key priorities of international science and policy agendas as coordinated by the Conservation of
Arctic Flora and Fauna (CAFF, 1997) of the Arctic Council and the International Arctic Science
Committee (IASC). This information is urgently needed for the identification of Arctic biodiversity
hotspots, which are a major target for nature protection and conservation (UN Convention on
Biological diversity, CBD) (CBD, 1992). Plant diversity in the Arctic is usually studied at regional
(hundreds of square kilometres), local (square kilometres) and community (square meters)
levels. Despite Arctic regional and (to a lesser extent) local plant diversity being relatively well
documented, the community-level distribution of plant diversity across broad spatial extents and

its drivers remains understudied, especially in the Siberian part of the Arctic (Walker et al. 1994,
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Daniéls et al. 2005; Daniéls et al., 2013; Khitun et al. 2016). Yet, disentangling the relative
impact of the environmental and anthropogenic drivers of diversity at the community level is
important for understanding the distribution of Arctic vegetation and predicting its response to

global change.

Species richness across plant communities in the Arctic is determined by an interaction of local
abiotic factors such as soil moisture, meso- and microrelief, wind speed and exposure,
permafrost and soil conditions (Schultz, 2005; Iturrate-Garcia et al., 2016; Walker et al., 2019),
which can promote high heterogeneity among communities at small spatial scales. This
heterogeneity is often larger than intra-regional differences between communities belonging to
the same vegetation type (Khitun, 1998; Khitun and Rebristaya, 1998). Furthermore,
anthropogenic factors play an increasingly important role in shaping Arctic vegetation, changing
community composition, threatening some local species (especially, lichens and mosses) and
simultaneously increasing total plant species richness through introduction of new species and
habitat change (Forbes 1995; 1997; Rebristya and Khitun, 1998; Nellemann et al., 2001; Red

book of YANAO, 2010; Daniéls et al. 2013, Povoroznyuk et al. 2022).

The Western Siberian tundra is a rapidly transforming region of the Arctic (Kumpula et al. 2011,
2012; Walker et. al, 2012; Kozlova, 2013). The combination of multiple interacting factors
including climate change, infrastructure expansion, fossil fuel extraction (Skipin, 2014), reindeer
pressure (Kryazhimskii et al., 2011; Egelkraut et al., 2020; Veselkin et al., 2021) and species
invasions, contributes to large-scale ecosystem degradation within and beyond areas directly
affected by economic activity (Forbes et al., 2009; Golovatin et al., 2012). The high landscape
homogeneity (Rebristaya, 2013) at broad spatial scales (about 300’000 km?) contrasting with

the uneven spatial distribution of anthropogenic impacts make the Western Siberian tundra a
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natural laboratory for studying the relative impact of environmental and anthropogenic drivers on

tundra flora and vegetation across biological, temporal, and spatial scales.

Most of the botanical research in the Western Siberian tundra was conducted at the site level,
following the ‘local flora’ methodology (Rebristaya et al., 1989; Rebristaya and Khitun, 1994,
1998; Khitun and Rebristaya, 1998; Khitun, 2002, 2003; Rebristaya, 2013; Khitun et al., 2016).
This methodology is based on a complete assessment of vascular plant species in an area of
100-300 km?. There are 42 local floras described across the Western Siberian tundra, but their
distribution is uneven: about two thirds of the local floras were described on the Yamal
peninsula, while other areas are poorly sampled. Local species pools vary widely: from 215
species in Layakha, west of Taz peninsula (Fig. 1), subzone E (Rebristaya et al.,1989; CAVM,
2003), and 209 species in Chugoryakha, south-west of Gydan (Fig.1), subzone E (Rebristaya
and Khitun 1994; CAVM, 2003), to 75 species on Bely island, subzone B (Rebristaya, 1995;
CAVM, 2003). Generally, regional species richness declines with latitude, but areas at the same
latitude at Gydan have richer floras than at Yamal by 20 to 30 species (Khitun, 1998; Khitun,
2016; Rebristaya 2013). Although overall summer warmth has been identified as the main
contributing factor to floristic richness gradients, other factors such as soil acidity, glaciation and
sea level history of the area and its flora are also considered important (Walker et al. 2005;

Khitun, 1998, 2016).

While earlier studies based on local floristic data provide important insight into regional vascular
plant species richness, we still lack an understanding of which factors are structuring the
species richness at the fine-grained community level across the Western Siberian Arctic and
how climate, topographic and anthropogenic factors combine to impact community species
richness across broad spatial extents. Large-scale quantitative studies of community-level

species richness have not been carried out in Western Siberia, where existing studies rely either
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on traditional geobotanical methods or are limited to smaller areas (Khitun, 1998; Forbes and
Sumina, 1999; Rebristaya 2013). Here, based on a newly assembled, large geobotanical data
set, we aim to identify the main drivers and map the patterns of community-level plant species
richness, including vascular plants, mosses and lichens, in the Western Siberian tundra and the
environmental and anthropogenic forces driving these patterns. We estimate the relative impact
of different modern and historical environmental factors on plot-level community species
richness using macroecological models. We model the distribution of mean plant species
richness across the area and compare these predictions to previous geobotanical studies. We
also discuss how economic activities contribute to the community-level patterns of plant species
richness. In our study, we posit four core hypotheses: 1) climate factors (including paleoclimate)
are more important in explaining patterns of community-level species richness than topographic
factors, 2) anthropogenic factors are as important predictors as natural factors, 3) community-
level plant species richness in the area follows the latitudinal diversity gradient , and 4) current

protected areas do not sufficiently well cover regions with high species richness.

Methods

The objective of our research is estimating the distribution of plant species richness at the
community level across the Western Siberian tundra. To this end, we used macroecological
models, predicting mean plot-level plant species richness as a function of environmental factors
(Guisan and Rahbek, 2011; Guisan et al., 2017). We also estimated the role of anthropogenic

factors, using distance from infrastructure as a proxy for anthropogenic impact.

Study area

The Western Siberian tundra is located in the northern part of the Western Siberian plain and

covers slightly more than 300°'000 km?. The area has a low plant species richness at the
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regional level because of its landscape properties and geoclimatic history. According to the
floristic classification by Yurtsev (1994), used in the Circumpolar Arctic Vegetation map (CAVM
team, 2003), the area belongs to the European-West-Siberian province (Yamal-Gydan
subprovince) of the Arctic floristic region (Yurtsev, 1994). In comparison with neighboring
subprovinces, Yamal-Gydan is characterized by almost complete absence of endemism,
extremely low vascular plant species richness (the lowest in continental Russia), and a lack of
many montane species (Yurtsev, 1994; Khitun, 1998; Sekretareva, 1999; Rebristaya, 2013;
Daniéls et al., 2013). In total, the province harbors about 450 species of vascular plants
(Koroleva et al., 2011), 276 species of mosses (Chernyadyeva, 2001; Voronova and
Dyachenko, 2018) and 250 species of lichens (Magomedova et al., 2006). The flora of the area
was shaped by Quaternary climate oscillations as well as glaciations and marine
transgressions, which had an especially strong impact on Yamal (Rebristaya 2013; Stewart et
al., 2016). Landscape homogeneity, high soil acidity, and absence of bedrock exposure also

contribute to observed low species richness (Khitun 1998; Rebristaya, 2013).

Geobotanical plots

To estimate community-level species richness we used geobotanical data from the Russian
Arctic Vegetation Archive (Ermokhina et al., 2022). These data consist of 1483 Braun Blanquet
plots established in homogenous vegetation collected during 2005-2017 field campaigns in the
Western Siberian tundra (Fig. 1) (Zemlianskii et al., 2023). The data were collected following the
standard international Arctic Vegetation Archive protocol (Walker et al., 2013, 2016, 2018) and
include full species lists of vascular plants and (contrary to most other existing floristic studies of
the area) also bryophytes and lichens (Elven, 2011; Raynolds et al., 2013). For the 12 major
sites (100-150 km? sub-areas in which more than 60 plots were sampled), we collected data

representative for all vegetation types present in the area (at least 5 plots of related



151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

communities per site). In addition, we used 10 minor sites with 4-21 plots per site. The plot size
varied from 25 to 100 m? depending on community characteristics (Matveeva, 1998). We
divided plots into two classes, large plots (100m?) and small plots (less than 100m?), to test for

the effect of plot size on species richness.

The plot-level species richness, which we calculated by plot-wise summing species richness of
vascular plants, mosses and lichens (liverworts data was omitted because of uneven
identification quality across the database) was used to build regression-type macroecological
models. The response variable of our models was total species richness per community. To
estimate latitudinal trends at the site-level, we also inferred lichen, moss, vascular plants and

total species richness for each major site.

Environmental variables

For each geobotanical plot, we extracted corresponding data from a set of 48 environmental
predictors describing climate, topography, vegetation, and anthropogenic impact (Appendix
Table S1). Climatic predictors included wind speed from the Global Wind Atlas
(https://globalwindatlas.info/), 19 bioclimatic variables (seasonal and annual statistics of
temperature and precipitation) from CHELSA (Karger et al., 2017), mean ground temperature
from ESA Global permafrost project (Obu, et al., 2019), and annual statistics of climate moisture
index, total cloud cover, potential evapotranspiration, site water balance, and growing degree
days from CHELSA-BIOCLIM+ (Brun et al., 2022). Topographic predictors included altitude
(incl. standard deviation of altitude), topographic position index, log-transformed slope, and
aspect, which were derived from the Arctic digital elevation model (Morin et al., 2016; Porter et
al., 2018) and topographic wetness index (Marthews et al., 2015). Mean normalized difference

vegetation index (NDVI) for the period July-August 2019-2020 as observed by MODIS was used
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as vegetation-related predictor (https://modis.gsfc.nasa.gov/). A detailed list of predictors can be
seen in Appendix Table S1. All predictors were reprojected, resampled, and aligned to a
consistent grid in ESRI:102025 projection with 1000 m horizontal resolution. From this set of
predictors, we selected 14 predictors for analysis based on univariate predictive performance
(see Appendix Table S1), limited collinearity (absolute pairwise Pearson correlation coefficients
<0.7), and ecological relevance (different types of factors such as temperature, wind, relief and
precipitation were represented with at least one predictor, and factors with direct effects were
preferred over factors with indirect effects). We also classified the plots to small (less than
100m?) and large (100m?) to correct for the potential effect of plot size on species richness.
Finally, we used distance to infrastructure as a proxy for anthropogenic impact, combining
industrial activities and the resulting species invasion and increase of reindeer pressure into one
single predictor. To this end, we downloaded all the available data for roads, railroads,
settlements, industrial sites, and airports from OpenStreetMap (https://www.openstreetmap.org)
and converted them to points. Then, we calculated the distance between each raster cell and
the closest infrastructure point. Raster layers were reprojected in QGIS (version 3.12,
https://www.qgis.org/) while the resampling and predictor selection was conducted in R (version

4.1.2, R Core Team, 2021) using the package raster (Bivand et al., 2021).

In addition to modern climate, we investigated the effect of five paleoclimatic variables (mean
annual temperature, annual precipitation sum, paleo-elevation, distance to land ice, and
maximum (latest) year in time-series where the location was covered by land ice) from the Last
Glacial Maximum period using the CHELSA-TraCE21k dataset (Karger et al., 2021). The data
for our geobotanical plots was obtained through an R script
(https://github.com/jakobjassmann/cryo_db_v2). We assessed the univariate predictive
performance of the historical predictors and assured limited collinearity to modern climate

predictors.
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203  Fitting macroecological models

204  We modeled species richness as a function of non-anthropogenic predictors using four different
205 model algorithms: random forest (RF), gradient boosting machines (GBMs), generalized linear
206  models (GLMs), and generalized additive models (GAMSs) (see Appendix Table S1). For RF, we
207  fitted 500 regression trees, considering three predictors for each tree. For GBMs, we set the
208 number of trees to 80, the minimum number of data points per leaf to 10, the learning rate to 0.1
209 and the error distribution was to ‘poisson’. For GLMs and GAMs we assumed a Poisson error
210  distribution and used the ‘log’ link function. For GLMs, we defined a linear and a quadratic term
211  for each predictor. For GAMs, we used smooth terms with four degrees of freedom. For GLMs
212 and GAMs, we step-wise optimized the Akaike information criterion by removing uninformative
213  predictor terms from the model equation. Macroecological models were fitted in the R

214  environment (version 4.1.2) using the packages randomForest (Liaw and Wiener, 2002), gbm
215 (Greenwell et al., 2020), and gam (Hastie, 2020).

216

217  Model validation and performance

218 We used 5-fold cross-validation to estimate model performance. Agreement between observed
219 and predicted species richness was assessed using Spearman correlation coefficients and

220  mean absolute error (MAE).

221

222  Spatial projections

223  We produced plant species richness maps based on ensembles of spatial projections. For all
224 fitted models that fulfilled the performance criterion (Table 1), we generated ensemble spatial
225  projections of species richness across the study area. Ensembles were generated using the

226  mean of modelled species richness among the different algorithms. In addition, we derived the
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model disagreement between algorithms as the prediction span (i.e., maximum - minimum
predicted species richness among algorithms per pixel). Finally, we intersected the obtained

richness map with a shapefile of existing protected areas borders (CAFF, 2010).

Estimation of anthropogenic impact related to economic activities

To assess the role of human impact related to economic activity, we tested the predictive power

of distance to infrastructure derived from Open Street Maps (https://www.openstreetmap.org/)

for species richness and examined its response curve (Appendix Fig. 1). To this end, we added
distance to infrastructure as a predictor to macroecological models and updated the predictions
of species richness. To disentangle anthropogenic impact from environmental factors we
produced maps with anthropogenic impact set to zero (we indicated the maximum distance to
infrastructure which was found to be 115.285 km) and compared the obtained maps with
predictions made using environmental data only. To estimate potential influence of economic
activity on model disagreement, we assessed the correlation between distance to infrastructure
and model disagreement both for each plot and for a set of randomly sampled 10 x 10 km grid

cells.

Results

Model performance

The average performance of our models was 0.58 Spearman correlation (0.59 Spearman
correlation or 8.3 mean absolute error without GLM) and 8.1 mean absolute error. The best
model was GBM which had 0.61 Spearman correlation and the lowest mean absolute error
(7.9). For model fits to be considered for spatial projections and subsequent analyses, we
defined a Spearman correlation coefficient of 0.55 as minimum model performance. We

therefore removed GLM model from the ensemble predictions, du to too low performance.

10
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Role of selected predictors

The predictive power of environmental variables shows that climate-related factors are better
predictors of mean community-level plant species richness than factors related to topography or
of human influence (Table 2). Our results confirm that community-level species richness in the
Arctic is strongly linked to warmth, but the actual dependence is unexpected: lower mean
ground temperature and fewer growing degree days are associated with higher species
richness (found primarily in the more continental Gydan peninsula) (Appendix Fig. 2). The trend
is different for low mean temperature of driest quarter (spring) where highest species richness is
associated with intermediate temperatures (Appendix Fig. 2). Moisture factors are also
important: the maximum and range of the climate moisture index as well as potential
evapotranspiration (min) significantly contribute to model quality (Appendix Fig. 2). Cloud area
fraction and mean wind speed show moderate predictive power (5 and 7% respectively). High
species richness is associated with relatively low wind speed and cloud fraction (Appendix Fig.
2). Topographic relief factors are generally less important for community-level species richness
than climate variables. Plant species richness has a positive correlation with slope and standard
deviation of altitude (Appendix Fig. 2). They are the only two topographic relief predictors which
have predictive power higher than 5%. Altitude, aspect, topographic wetness index and
roughness (topographic position index), on the other hand, have very low predictive power. Plot
size was omitted as a predictor during GAM and GLM stepwise variable reduction, so we
consider the plot size effect as minor as long as the plot size is not enlarged further. Multivariate

GBM and RF also show the same model performance with and without the use of plot size.

Paleoclimatic predictors

Paleoclimatic predictors show high predictive power, partly even higher than any contemporary

temperature predictor used, yet they are strongly correlated with modern climate predictors. The

11
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strongest paleoclimate predictor found is temperature from 12.1 thousand years ago, which
alone explains 24.6% of the deviance (4.5% higher than that of the actual mean annual air
temperature). The next four strongest paleo-predictors are also temperatures from the
Pleistocene-Holocene boundary period (11.2-12.7 thousand years ago), which all demonstrate
high predictive power (24.5-25.5% explained deviance). At the same time, all the strongest
paleoclimatic predictors (temperature, precipitation, distance to land ice) exhibit high correlation
with current mean ground temperature (0.95, 0.83 and 0.72 respectively for a 12.1-thousand-
year-old time point) and often among each other. The data show no evidence of either land ice
or sea water at the plot locations throughout the entire time period, though the altitude data
seems to have low accuracy. The closest points to the continental ice are found to be Bely

Island (180 km) and Nakhodka bay (Southern Yamal) (200 km).

Spatial patterns of community-level plant species richness

Our model results show a highly heterogeneous distribution of community-level plant species
richness across the Western Siberian tundra (Fig. 2). Mean species richness of the model
ensemble map varies from 20 species on Eastern Yamal, Bovanenkovo railroad area (Fig. 2, 4),
to more than 40 in the Gydan national park area. The Yamal peninsula shows generally lower
species richness than Gydan. Furthermore, longitudinal differences between Yamal and Gydan
are generally higher than latitudinal differences within both peninsulas. Protected areas (except
Gydan National park) generally cover areas with low species richness. At the same time, the
main part of the species-rich area in Northern Gydan remains unprotected as well as smaller

species-rich areas in Northern and Eastern Yamal.

Community-level plant species richness across the Western Siberian tundra does not

decline with latitude

12
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It is widely recognized that landscape-level or regional plant species richness in the Arctic
tundra is strongly dependent on summer warmth and hence declines with latitude (Hypothesis
3). At the community level, we found an opposing trend: median species richness of lichens,
mosses, and vascular plants increases with latitude (reduced warmth) (Fig. 2). As single
predictor, latitude is a relatively strong predictor of community-level plant species richness
across the area with 15% of deviance explained (Appendix Table S1). Given the high correlation
of latitude with other, more direct predictors, it was not used in the final model but we clearly see
a temperature-richness effect that is opposed to the expected decline on richness with latitude

and associated decrease in temperatures.

Model disagreement and its spatial patterns

The ensemble of models shows low model disagreement (less than 6 species) in most parts of
Gydan, Taz peninsula and some areas of Northern, Southern and coastal Eastern Yamal (Fig.
3). We identified high model uncertainty (7-14 species) in the Western and Central Yamal,
around Novy port and the South Tambey gas field at the eastern coast of Yamal, and on both
the Taz bay and on Bely island. All the areas with high model uncertainty apart from Bely Island
are exposed to high anthropogenic impacts, so we additionally assessed the correlation
between distance to infrastructure and model disagreement. Low positive correlation is present

for both plot locations (0.39) and among randomly selected sites (0.3).

Anthropogenic impact as a predictor

To estimate the influence of anthropogenic impact on species richness we tested distance to
infrastructure as a predictor, which has significant predictive power (12% explained deviance).
The GAM response curve shows that the dependence of species richness from distance to

infrastructure is non-linear whereby the closest and furthest located sites are associated with
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highest species richness (Appendix Fig. 2). By contrast, the lowest species richness is
associated with sites at intermediate distances (30 to 50 km).

The role of anthropogenic factors in shaping plant species richness is underlined by model
projections. We tested two mapping options: (1) using the actual distance to infrastructure raster
(Fig. 4) and (2) using a hypothetical zero human impact raster (distance to infrastructure was
set to maximum value) (Fig. 5). We also calculated maximum disagreement between
projections of these 2 options and their uncertainties (Appendix Fig. 3). In contrast to the
‘environmental only’ and the ‘actual distance to infrastructure’ projections, the map of ‘zero
human impact’ shows relatively high species richness across vast areas of Yamal (especially in
the South) and low species richness in South-Eastern Gydan. The ‘actual distance to
infrastructure’ projection shows circular patterns of species richness around some infrastructure
objects clearly present in Western and Central Yamal, but also in some areas in Taz and Gydan
(Fig. 4). Model disagreement within the ‘zero human impact’ projection is significantly higher (up
to more than 30 species in some areas of Southern Gydan and Central Yamal) than the ‘actual
distance to infrastructure’ and the ‘environmental-only’ projections which have similar numbers
(up to 12 species) and spatial patterns (Figs 3-5).

An additional test on model disagreements between ‘actual distance to infrastructure’, ‘zero
human impact’ and ‘environmental-only’ projections shows that highest model uncertainty is

associated with intermediate and sometimes neighboring distances (Appendix Fig. 3).

Discussion

Our models show a highly heterogeneous distribution of community-level plant species richness
across the Western Siberian tundra. In the study, we tested four hypotheses. As we expected in
H.1, climate factors such as ground temperature and precipitation play a key role in shaping

community species richness while topographic relief plays a secondary role (Table 2). Contrary

to the pattern common in the Arctic on the regional level, we do not find a decrease in
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community-level species richness from South to North, but rather a consistent increase (H.2,
Fig. 2). While being less important than environmental factors, anthropogenic impacts
(measured as spatial distance to infrastructures) contribute to the spatial heterogeneity of
species richness, whereby their impact is strongest in the southwestern part of the area and
some parts of southern Gydan (H.3, Fig. 4-5; Appendix Fig. 3). It is identified as one of the
factors that removes uncertainty in the results, increasing species richness close to
infrastructure and decreasing it at intermediate distances (Fig. 4-5, Appendix Fig. 3) compared
to large distances. Our results reveal the complex interplay of factors driving community species
richness in the Western Siberian tundra, which include both natural and anthropogenic forces
interacting with each other. Finally, in accordance with H.4, our results suggest that the most

species-rich areas remain largely unprotected (Fig. 2).

Our results suggest increasing mean community-level species richness from South-West to
North-East which does not fit well with the common view of a clear negative latitudinal richness
gradient in the Arctic (Daniéls et al. 2000; Shultz, 2005; Walker et. al, 2005; Daniéls et al.,
2013), but is in agreement with some earlier studies made on the site-level in Western Siberia
(Khitun, 1998; Rebristaya, 2013). Potential explanations relate to the history and geography of
the region. Northern Gydan, which contained refugia during the last ice age (Khitun, 1998), has
a higher richness than the Yamal peninsula. The latter was completely covered by water during
the middle Pleistocene and mostly during the late Pleistocene transgressions, while Gydan kept
the terrestrial connections with relatively rich Taymyr and Central Siberian floras (Khitun, 1998;
Rebristaya, 2013). The North-east of Gydan is also characterized by soils generally less acidic
than Yamal, permitting several arctic-alpine species to migrate from the east and settle there
(Khitun, 1998; CAVM, 2003). These idiosyncratic histories and connections may partly explain
the reversal of the South-North trend there (Khitun, 1998). However, we do not detect an

equally strong and consistent South-to-North increase in Yamal (Fig. 2, Fig. 4). But even here,
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the projected community species richness is lowest in the southern part, which is at the same
time the most well-connected area of the peninsula, adjacent to the Polar Urals. Hence, the

complex factors are influencing this pattern, which were confirmed by our analysis.

The testing of historical climate predictors indicate that paleoclimate had a significant impact on
plant species richness distribution, with paleoclimate predictors such as temperature and
precipitation sometimes being more significant than the similar contemporary climate predictors
which indicates a legacy effect of past climate on the contemporary, community-level richness
patterns. According to the CHELSA-TraCE21k dataset our study area was not affected by
glaciation or sea level change over the past 21,000 years, which differs from previous research
on the region that indicated some sea transgressions during the Boreal age of Holocene (9,200-
8,200 years ago), although not as significant as those in the Pleistocene (Rebristaya, 2013). It is
challenging to separate the influence of current climate from the history of the area, as
demonstrated at the example of Gydan, where the high species richness is mostly attributed to

its historical development (Khitun, 1998).

The patchy but rather low predicted species richness in the southern and western parts of the
study area (especially in southern Yamal) might also be partly a result of anthropogenic
vegetation change through a combination of intense reindeer herding and gas extraction
(Golovatin et al., 2010; Ektova and Morozova, 2015; Forbes, 2013; Golovnev et al., 2016,
Veselkin et al., 2021). The expansion of oil and gas infrastructure drives changes in ecological
communities on a broad spatial scale, through associated species invasions and reducing
reindeer grazing ground (down to 50-90% within 3-10 km) at short distances and resulting
increase of reindeer density at intermediate distances (Kryazhimskii et al., 2011; Nellemann et
al. 2001). Gas drilling is currently expanding in Northern Gydan which could further endanger

the most species-rich ecosystems only partially protected by Gydan National Park. Our model
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results indicate that more targeted research is needed to investigate the direct and indirect
impact of human activities such as industrial expansion and related herding density change, and
how they affect plant species richness. Social studies suggest that in Yamal increased pressure
on pastures could be driven by land deprivation, pushing the herders to graze reindeers on

smaller fields (Forbes, 2013) which in turn could lead to plant diversity loss.

Plant species richness across the Western Siberian tundra is shaped by a combination of
environmental and anthropogenic factors, whereby the influence of climate factors is the
strongest. The capacity of nature reserves to protect plant species is limited because of their
insufficient spatial coverage, low connectivity, sole focus on animal protection in some cases,
and often weak protection status (Kalyakin et al. 2000; Barry et al., 2017). Therefore, plant
diversity protection requires a complex social-ecological approach that is up to be developed.
Reducing industrial activity and active participation of Nenets people should be part of the

approach.
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Figures and tables

Table 1: Model performance statistics from 5-fold cross-validation (GLM = generalized linear

model, GAM = generalized additive model, GBM = gradient boosting machine). Red color

shows GLM, which we omitted because of its comparably low performance (<0.55 Spearman

correlation). The numbers in brackets indicate the change in performance upon adding the

"distance to infrastructure" predictor.

Model Spearman correlation | Mean Absolute Error Root Mean Square
Error

GLM 0.53 8.4 (8.3) 10.8 (10.7)

Random Forest 0.59 8.1 10.3

GAM 0.59 8.0 10.2

GBM 0.60 (0.61) 7.9 10.1 (10.0)
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679 Table 2: Environmental variables used in the model. The full list of evaluated variables is
680 presented in Appendix, Table 1.
N | Predictors Predictive power Original spatial Source
(%) res. (m)
1 | Mean Ground Temperature 19 1000 ESA Global
(2000-2016) permafrost project
(Obu, et al., 2019)
2 | Potential evapotranspiration 17 30 arcsec (<1000) | CHELSA new
(min) (Brun et al., 2022)
3 | Mean temperature of driest 14 30 arcsec (<1000) | CHELSA Bioclim
quarter (Karger et al.,
2016)
4 | Climate moisture index (max) 13 30 arcsec (<1000) | CHELSA new
(Brun et al., 2022)
5 | Distance to infrastructure 11 1000 OSM based
(https://www.openst
reetmap.org/)
6 | Growing degree days above 11 30 arcsec (<1000) | Extended Bioclim
5°C (Karger et al.,
2017)
7 | Climate moisture index (range) 11 30 arcsec (<1000) | CHELSA new
(Brun et al., 2022)
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681

682

(log transformed) slope

10

10

ArcticDEM based
(Morin et al., 2016;

Porter et al., 2018)

Cloud area fraction

30 arcsec (<1000)

CHELSA Bioclim
(Karger et al.,

2016)

10

Mean wind speed

100

Global Wind Atlas
(https://globalwinda

tlas.info/)
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689

Figure 2: Mean plant species richness distribution in the Western Siberian tundra as predicted by a macroecological model
ensemble based on a general additive (GAM), gradient boosting machine (GBM) and random forest (RF) model. Black borders

show existing protected areas.
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Figure 3: Model disagreement map indicating maximum difference in species number between GAM, GBM and Random forest

(‘environmental only’ projection). Black crosses are geobotanical plot locations.
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Figure 4. “Actual distance to infrastructure” projection. a. Mean plant species richness distribution in the Western Siberian tundra as
predicted by a macroecological model ensemble based on a general additive (GAM), gradient boosting machine (GBM) and random
forest model, similar to Figure 2, but additionally including the predictor ‘distance to infrastructure’. b. Model disagreement map
indicating maximum difference in species number between general additive (GAM), gradient boosting machine (GBM) and random

forest model) similar to Figure 3, but additionally including the predictor ‘distance to infrastructure’.
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Figure 5. “Zero human impact” projection. a. Mean plant species richness distribution in the Western Siberian tundra as predicted
by a macroecological model ensemble based on a general additive (GAM), gradient boosting machine (GBM) and random forest
model, similar to Figure 2, but additionally including the predictor ‘distance to infrastructure’ set to the maximum value (115.285 km).
b. Model disagreement map indicating maximum difference in species number between general additive (GAM), gradient boosting
machine (GBM) and random forest model similar to Figure 3, but additionally including the predictor ‘distance to infrastructure’ set to

the maximum value (115.285 km).
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