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ABSTRACT
Understanding the factors governing grassland biodiversity across different spatial scales is crucial for effective conservation and 
management. However, most studies focus on single grain sizes, leaving the scale-dependent mechanisms of biodiversity drivers 
unclear. We investigated how climate, soil properties, abiotic disturbance, and land use influence plant diversity across two fine spa-
tial scales in various grassland types in Ukraine. Using spatially explicit data on plant species presence and their cover, collected at 
smaller (10 m2) and larger (100 m2) grain sizes, we assessed spatial β-diversity—the variability of biodiversity between scales. We ana-
lyzed whether the effects of ecological drivers on β-diversity are mediated by changes in species evenness, density (total cover), and 
intraspecific aggregation in plant community. In our study, the most influential factors of local plant diversity at both grain sizes were 
climate variables, followed by soil humus content, litter cover, and soil pH. Soil and litter effects were primarily driven by the response 
of locally rare species, while climate and grazing effects were driven by locally common species. The strength of most of these effects 
varied between spatial scales, affecting β-diversity. Soil properties influenced β-diversity through changes in total plant community 
cover, while the effects of climate and litter operated via changes in species evenness and aggregation. Our findings highlight that 
biodiversity responses to climate, soil factors, and litter depend on the size of the sampled area and reveal the role of total plant cover, 
evenness, and aggregation in driving fine-scale β-diversity in grasslands across different habitat types.
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1   |   Introduction

The variability in the numbers of species that occur and per-
sist in a given area, known as biodiversity, remains one of 
the most well-studied but poorly understood phenomena in 
ecological investigation (Díaz and Malhi  2022; Hillebrand 
et al. 2018). Environmental drivers, such as climate, edaphic 
factors (Sala et al. 2000; Ulrich et al. 2014), and land use (Díaz 
et  al.  2019; Newbold et  al.  2015; Sala et  al.  2000), can play 
a critical role in determining biodiversity. However, differ-
ences in the grain size (hereafter scale) at which biodiversity 
is quantified (Chase et al. 2018; McGill 2010a), as well as the 
metrics by which it is measured (Chao, Chiu, and Jost 2014; 
Jost 2006), can dramatically influence our conclusions about 
the importance of these drivers for biodiversity change (Field 
et al. 2009; Siefert et al. 2012). The limited understanding of 
such scale-dependency of biodiversity drivers and their un-
derlying mechanisms hampers the translation of findings 
from local plot-scale to the scales relevant to management, 
conservation, and restoration policies (Barton et  al.  2013; 
Chase et al. 2019; Ladouceur et al. 2023; Primack et al. 2018; 
Smith 2010) and impairs our ability to accurately predict bio-
diversity change and their consequences for ecosystem func-
tions and services (Buzhdygan et al. 2020a).

Spatial variability in the composition of grassland plant com-
munities is particularly high at fine spatial scales (<  100 m2) 
(Biurrun et  al.  2021), which are commonly used for sampling 
grassland vegetation (Chytrý and Otýpková 2003). At the same 
time, at fine scales, grasslands are remarkably species-rich and 
often have even higher plant diversity than tropical forests 
(Biurrun et al. 2021; Wilson et al. 2012), especially in temper-
ate regions (Dengler et al. 2020). For example, a site in Ukraine 
had 119 species in 16 m2 (Roleček et al. 2019), a site in Romania 
had 98 species in 10 m2 (Wilson et al. 2012), and another grass-
land site in Ukraine had up to 12 species in 1 cm2 (Moysiyenko 
et  al.  2022). Despite their high biodiversity, temperate grass-
lands are among the most threatened ecosystems due to global 
change and are among the least protected ecosystems globally 
(Petermann and Buzhdygan  2021). Understanding the factors 
that govern grassland biodiversity remains a major challenge 
in grassland ecology because the responses of grassland plant 
diversity along natural and anthropogenic gradients highly de-
pend on the spatial scale at which data were collected and ana-
lyzed (for details, see Table S1). However, most of this existing 
evidence is limited to specific grassland types and usually varies 
in the sampling grain size, thus hindering our ability to test the 
generality and consistency of scale-dependency in biodiversity 
drivers across different grassland habitats (Biurrun et al. 2021). 
For example, while it is commonly assumed that edaphic driv-
ers dominate at smaller spatial scales, and climate and land 
use have greater influence at larger scales (Auestad, Rydgren, 
and Økland  2008; Bergauer et  al.  2022; Dembicz et  al.  2021b; 
Kuzemko et  al.  2016; Olagoke et  al.  2023; Talebi et  al.  2021; 
Turtureanu et al. 2014), some studies contradict these patterns 
(Chytrý et al. 2015; Polyakova et al. 2016).

Spatial variability in biodiversity is typically quantified by met-
rics of β-diversity, which link smaller (α-diversity) and larger 
(γ-diversity) scales, for example, Whittaker's  (1972) multipli-
cative β-diversity (γ/α). Scale-dependent effects of ecological 

drivers (i.e., effects on β-diversity) at fine spatial scales can 
be mediated by the following three processes: species density 
(number of individuals per area), evenness (similarity in the 
relative abundance among species), and intraspecific aggrega-
tion (clustering of conspecifics in spatial distribution) (Blowes 
et al. 2022; Chase et al. 2018; Chase and Knight 2013; He and 
Legendre  2002; McGill  2011; Storch  2016; Tjørve et  al.  2008). 
Areas with higher species density within the community gen-
erally have greater species richness (More Individuals Effect, 
Srivastava and Lawton  1998), resulting in higher likelihood 
of species detection at a smaller scale and, thus, in lower spa-
tial variability of biodiversity (Gaston  2000). Similarly, higher 
species evenness increases richness at smaller spatial scales, 
thereby reducing differences in species richness across scales 
(Chase and Knight  2013). In contrast, spatial aggregation re-
duces richness at smaller scales because aggregated species are 
less likely to be encountered at a limited area. However, as area 
increases, the effect of intraspecific aggregation becomes weak 
due to the higher probability to sample the aggregated species 
(Chase and Knight 2013). Despite the development of a formal 
theory that integrates these mechanisms and links them to bio-
diversity drivers (e.g., McGill  2010b; Chase and Knight  2013; 
May et  al.  2018; Storch, Bohdalková, and Okie  2018), these 
mechanisms have rarely been tested for different biodiversity 
drivers in grasslands (e.g., DeMalach et al. 2019). However, such 
a mechanistic understanding is important because depending on 
the mechanism through which the biodiversity drivers operate, 
they can shift the direction of their effects (Bergauer et al. 2022; 
Kuzemko et  al.  2016) or change the shape of the effects with 
scale (Chase and Leibold  2002; Šímová, Li, and Storch  2013). 
Furthermore, the role of the responses of locally rare species in 
these mechanisms remains not clear.

Here, we investigated the potential drivers of plant diversity in 
grasslands, including climate, soil properties, litter cover, and 
land-use management, and disentangled the roles of locally rare 
and common species in these effects. We examined the scale-
dependency of these drivers and the mechanisms that underlie 
their effects. For this, we used spatially explicit fine-scale data 
on the relative cover of each plant species (vascular and non-
vascular) in the community sampled at two grain sizes (10 m2 
as the smaller scale and 100 m2 as the larger scale) in all grass-
land habitat types in Ukraine. Such data are strongly underrep-
resented in international research initiatives, similar to other 
countries in Eastern Europe, thus limiting our ability to support 
appropriate management and conservation efforts in these re-
gions (Chytrý et al. 2019). For example, Ukrainian grasslands, 
which are among the world plant diversity hotspots (Kuzemko 
et al. 2016; Moysiyenko et al. 2022), are still understudied com-
pared to other grassland regions, especially unique natural grass-
land habitats, such as Ukrainian Steppes (Borovyk et al. 2023; 
Kuzemko et al. 2016). Studies of scale-dependency of biodiver-
sity drivers in Ukrainian grasslands are scarce and focused 
only on single grassland types (Borovyk et al. 2023; Kuzemko 
et al. 2016). Closing the geographical gaps for such data would 
help us to respond more effectively to the global ecological and 
societal challenges (Chytrý et al. 2019). In this study, we address 
the following questions: (1) What drives local plant diversity, 
and do these effects result from the responses of locally rare or 
common species? (2) Do these effects depend on the sampled 
grain (i.e., affect β-diversity)? (3) How is the scale-dependency 
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of biodiversity drivers (the effects on β-diversity) mediated by 
density (measured by total cover), evenness, and intraspecific 
aggregation in plant community?

2   |   Materials and Methods

2.1   |   Study Area

We sampled grasslands of all major grassland habitat types of 
Ukraine (Table S2) – (Kuzemko et al. 2022). All plots were sam-
pled during 2010–2022, resulting in 11 datasets (see Table S2). 
The geographical extent of the data covered an area from 46.08° 
N to 51.87° N and 24.2° E to 37.76° E and an elevational gradient 
from 0 m to 1805 m a.s.l. (Figure 1a).

The average annual temperature in the study area ranges 
from 0.3°C to 11.4°C (Karger et al. 2018). In the North part of 
Ukraine, the average January temperature ranges from −3°C 
to −2°C, while in the South, it ranges from −2°C to −1°C. The 
average July temperature in the North ranges from +18°C to 
+21°C, and in the South part of Ukraine, it ranges from +23°C to 
+25°C. In the Carpathian region, the average annual tempera-
ture on the upper belts is about 7°C–10°C. In the mountains, the 
average January temperature ranges from −10°C to −8°C, and 
in July, the average temperature at an altitude of 1500 m a.s.l. 
is about 10°C. The annual precipitation range is 700–800 mm 
in the Northern part of the study area (Volyn region and Rivne 
region) and 400–550 mm per year in the South (Mykolaiv and 
Kherson regions). The Carpathians have significantly higher 
levels of precipitation, reaching up to 1600 mm at an altitude of 
1500–1800 m a.s.l. (Buzhdygan et al. 2020b).

2.2   |   Plot Design, Sampling, and Biodiversity 
Predictors

In each study grassland, we identified a large vegetation patch 
that was well representative of the target grassland type, and 
the study plots were established in this patch. Sampling design 
was based on the standard sampling methodology (Dengler 
et al. 2016) of the Eurasian Dry Grassland Group (EDGG, https://​
edgg.​org). Each plot of 100 m2 (n = 174) included two 10 m2 sub-
plots (n = 348) situated in opposite corners (Figure 1a). Within 
each plot and subplot, we recorded all species of vascular plants, 
terricolous bryophytes, and lichens. Study grasslands were se-
lected to cover all possible grassland habitat types according to 
the EUNIS system v.2018 (Schaminée et al. 2018). The habitat 
types were preliminarily identified in the field with subsequent 
verification using the EUNIS-ESy expert system at 3rd level of 
hierarchy (Chytrý et al. 2020). However, for the propose of this 
study, we assigned these habitat types to the groups which cor-
respond to the 2nd level of the EUNIS hierarchy: dry, mesic, wet, 
alpine, fringe, and saline. One of the study grasslands—the de-
pressions (called pody) of the Steppe zone, is not currently in the 
EUNIS-ESy expert system. It was identified based solely on the 
environmental characteristics (Shapoval and Kuzemko  2021). 
We classified pody as a group of habitat complexes, which are 
defined as the heterogeneous combinations of different hab-
itat types that can coexist at the same location over time or 
occur across spatial mosaics (Evans  2016). The taxonomic 

nomenclature for vascular plants followed Euro+Med (2006+) 
for bryophytes (Hodgetts et al. 2020) and for lichens (Kondratyuk 
et  al.  2021). For each plant species, we recorded its estimated 
cover in percent (Dengler and Dembicz 2023).

At each plot, we recorded litter cover, level of grazing inten-
sity, and presence/absence of mowing. In each 10 m2 subplot, 
we took soil samples from the upper 10 cm of the soil surface 
in five random locations. The level of grazing intensity (ordi-
nal variable with four levels) was estimated in the field ranging 
from 0—no grazing to—intensive grazing. We measured soil pH 
electrometrically in a suspension of 5 mL soil with 25 mL deion-
ized water. Soil organic carbon (humus content) was measured 
for each sample using 0.4 N potassium dichromate solution in 
accordance with Tyurin's method. Litter cover in grasslands 
indicates productive communities that develop with moderate 
disturbances and not extremely harsh environmental conditions 
(Facelli and Pickett 1991; Grime 1979). However, a major man-
agement problem associated with the abandonment of highly 
productive grasslands is the increase in above-ground biomass 
and the subsequent litter accumulation (Ruprecht et al. 2010), 
which, in excessive amounts, become disturbances to plant com-
munity assembly processes (Facelli and Pickett 1991; Ruprecht 
and Szabó 2012). Therefore, litter cover can be considered as an 
indication of productivity (high levels) and as a proxy of distur-
bance at both low litter cover (Dembicz et al. 2021a) and high 
litter cover (Ruprecht et  al.  2010; Ruprecht and Szabó  2012). 
Land use is considered an anthropogenic disturbance. High and 
low levels of soil pH represent factors of soil-related stress to the 
plant community, as well as soil toxicity to plants at low pH. Soil 
organic carbon indicates site productivity for the grassland plant 
community.

For each 100 m2 plot, using plot coordinates, we extracted the 
following climatic variables from the CHELSA climate database 
(Karger et  al.  2018): Mean annual temperature, mean annual 
precipitation, and precipitation seasonality—the intra-annual 
precipitation variation, quantified as the standard deviation of 
the monthly estimates of precipitation from the annual mean. 
Annual temperature and precipitation exhibited a strong neg-
ative correlation (Figure  S1a). To derive a single composite 
variable of climate gradient of mean annual precipitation and 
temperature, we first centered the temperature and precipitation 
using the scale function in R version 4.2.2 (R Core Team 2022) 
and then performed a principal component analysis (PCA) using 
the prcomp function. The first principal component explained 
98% of the variance and correlated positively with increasing 
precipitation and decreasing temperature, representing a gradi-
ent ranging from hot and dry to cold and wet climatic condi-
tions (Figure S11). This first principal component was used as 
a single variable representing climate gradient of mean annual 
precipitation and temperature in our analysis (hereafter, climate 
gradient).

2.3   |   Biodiversity Measures

We assessed plant diversity at two spatial scales: 10 m2 plots 
(n = 348) and 100 m2 plots (n = 174). Plant diversity was assessed 
for the entire community, including vascular plants, terricolous 
bryophytes, and lichens. At each scale, we calculated species 
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FIGURE 1    |    (a) Map of Ukraine showing 174 vegetation plots, indicated with the points on the map (some points overlap), where the color of the 
points indicates different grassland habitat type. Each of the monitoring plots has grain size 100 m2 and is referred to as larger scale, notated by γ. 
Each vegetation plot includes two nested subplots (348 subplots in total) with the grain size 10 m2, referred to as smaller scale, notated by α. The 
icons of different colors on the scheme of the nested-plot design represent different plant species. Beta (β) is the scaling factor among the two grain 
sizes and shows the spatial difference in plant biodiversity (species richness or evenness) between smaller and larger fine spatial scales. The map was 
created using QGIS software (QGIS Development Team, 2023). (b) Plant species richness for each grain size within each grassland habitat type (in-
dicated by different colors). (c) β-species richness for each grassland habitat type. Boxplot shows minimum, median, and maximum values of species 
richness. Points show the values for each plot.
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richness, representing the number of plant species recorded. 
Additionally, as a measure of community evenness, we calcu-
lated ENSPIE (Chase and Knight 2013), using vegan packages in 
R (A. J. Oksanen et al. 2018):

where S is the number of species and pi is the proportion of the 
community represented by species i (Chase and Knight 2013; 
Jost 2006). The proportion of each plant species (pi) was mea-
sured by its cover relative to the cumulative cover of the plant 
community. ENSPIE has been also known as the Hill–Simpson 
index (Roswell, Dushoff, and Winfree 2021) and is equivalent 
to the inverse of the traditional Simpson index (Chao, Chiu, 
and Jost 2014; Roswell, Dushoff, and Winfree 2021). For our 
study, we chose to use ENSPIE over other known evenness 
measures because it is directly comparable to species richness 
and explicitly accounts for the fact that rare species have a dis-
proportionate effect on the measure of species richness (Chase 
and Knight 2013). Species richness gives high leverage to lo-
cally rare species and thus weights rare and common species 
equally. ENSPIE, on the other hand, uses a reciprocal scale, 
which shifts leverage toward common species, making it 
dominated by their relative abundance (Roswell, Dushoff, and 
Winfree  2021). By comparing the responses of species rich-
ness to ENSPIE, we assessed whether the effects of biodiversity 
drivers are due to the responses of common or rare species 
(Ladouceur et al. 2023; Roswell, Dushoff, and Winfree 2021).

We calculated the multiplicative β-diversity metric (Whittaker 
1972) as a measure of scale-dependency of biodiversity:

where �i represents the scaling factor between the two grain 
sizes, i.e., the spatial difference in biodiversity (species richness or 
ENSPIE) for plot i. Here, �i is the biodiversity at the 100 m2 scale 
for plot i, and �i is the mean biodiversity of the two 10 m2 subplots 
nested within the 100 m2 plot i. We use here the notations α and 
γ without making any assumptions about their relationship with 
local or regional coexistence mechanisms.

2.4   |   Data Analysis

All analyses were carried out in R version 4.2.2 (R Core 
Team 2022). To test the drivers of plant diversity across scales, 
we applied linear (LMM) or generalized linear mixed effect 
models (GLMM), depending on the nature of the response 
variables. Specifically, for the analysis of species richness at 
10 m2 scale, we applied GLMM with the Poisson family, using 
the glmer function of the lme4 package (Bates et al. 2015). For 
the analysis of species richness at 100 m2, scale we first applied 
GLMM with the Poisson family, but due to overdispersion, we 
applied the negative binomial family using the glmer.nb function 
from the lme4 package. For the analysis of beta species richness 
and for the ENSPIE at all spatial scales (i.e., 10, 100 m2, and β-
ENSPIE), we applied LMM using the lmer function from the lme4 
package. The ENSPIE values for all scales were log-transformed 

to meet the assumptions of homoscedasticity. Plot ID, nested in 
the dataset ID, was included as a random effect in all models for 
the 10 m2 scale, and the dataset ID was used as a random effect 
in 100 m2 and in the models for β-diversity, in order to account 
for the potential similarities in data collected during the same 
year or sampling campaign (Table S2). We tested random effects 
in all models and found them to be statistically significant and 
explaining substantial amounts of data variance. For an over-
view of the datasets used in this study, see Table S2.

We used a two-step approach to test the effects of plant di-
versity drivers. The first model included the following predic-
tors: climate gradient, soil organic carbon, soil pH, litter cover, 
grazing intensity, and mowing. After inspecting the data, a 
quadratic term was allocated to climate gradient, soil organic 
carbon, soil pH, and litter cover to properly model nonlinear 
responses. Thus, we developed a set of a priori models that 
allowed for unimodal effects of these predictors in all pos-
sible combinations (with and without unimodal effects) and 
tested if the quadratic terms impacted the predictive ability 
of the model. For this, we used the Akaike information cri-
terion (AIC) approach to select the most parsimonious model 
within the 2 units of AIC of the model with the lowest AIC. 
Precipitation variability was not included in the first model 
to avoid risk of losing signal in the climate gradient effect 
on biodiversity due to the co-variation of precipitation vari-
ability with the climate gradient (Figure  S1b). Specifically, 
precipitation variability had the hump-shaped relationship 
with climate gradient (Figure  S1b), indicating high precip-
itation seasonality in warm and moderately wet habitats in 
the middle of the climate gradient (i.e., in mesic and fringe 
grasslands) and low precipitation variability in dry and hot 
conditions (i.e., saline, dry, and complex grassland types) and 
in cold and humid habitats (i.e., alpine grasslands). The effects 
of precipitation variability were examined separately in the 
second model, where all predictors (including climate gradi-
ent) were fitted as covariates. AIC was again used to evaluate 
the unimodal effects of precipitation variability. Furthermore, 
we tested whether precipitation variability adds explanatory 
power beyond the nonlinear effect of the climate gradient. For 
this, we compared two models: one with both linear and qua-
dratic terms for the climate gradient and another where the 
quadratic term was replaced by precipitation variability. We 
used AIC to compare the fit of these models (Table S6). If the 
model with precipitation variability had an AIC at least 2 units 
smaller than the model with the quadratic term of climate gra-
dient, this would provide evidence that the precipitation vari-
ability better explains the observed patterns compared to the 
nonlinear climate gradient alone.

We tested the spatial autocorrelation of the residuals for each 
model using Moran's I statistics. For this, for each (G)LMM 
model, we extracted randomized residuals using the simula-
teResiduals function of DHARMa package in R (Hartig  2022). 
Then, on these residuals, we performed Moran's I test using the 
testSpatialAutocorrelation function of DHARMa package. The 
spatial matrix of weights for Moran's I test was calculated (using 
the dist function in R) as the inverse distance matrix (Euclidean 
distances between pairs of plots) based on longitude and latitude 
of each study plot. The calculated Moran's I statistics revealed 
no significant autocorrelation of residuals for any of the models 

(1)ENSPIE = 1∕
∑S

i=1
p2i ,

(2)�i =
�i

�i
,
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6 of 16 Ecology and Evolution, 2025

(i.e., as all p > 0.05, Tables S3–S5), indicating that spatial auto-
correlation among the study plots did not affect our results.

To be able to interpret and compare the parameter estimates on 
a comparable scale, we have standardized the obtained estimate 
coefficients (for details, see Supporting Information: Methods). 
We also compared the relative variance explained by each driver 
on each sampling scale (Figure  3c) by calculating partial R2 
from (G)LMMs using the r2beta function from the r2glmm pack-
age in R (Jaeger 2017).

2.5   |   Mediating Drivers of β-Diversity

In accordance with the theoretical predictions, we considered spe-
cies density, evenness, and intraspecific aggregation as proximate 
factors mediating the effects of ecological drivers on β-diversity 
(Blowes et al. 2022; Chase et al. 2018; Chase and Knight 2013; He 
and Legendre 2002; McGill 2011; Storch 2016; Tjørve et al. 2008). 
As a proxy of density, we used total cumulative cover of plant com-
munity, measured as the sum of the cover of all species. We did 
not measure the number of individuals for each species per area; 
therefore, plant cover served as the best available proxy for den-
sity, as used in previous studies (DeMalach et al. 2019; Ladouceur 
et al. 2023). We used ENSPIE (see Equation 1) as a measure of com-
munity evenness. Spatial intraspecific aggregation was estimated 
by comparing dissimilarity in species covers between the two 
corners (i.e., two 10 m2 plots) within each 100 m2 plot. For this, we 
calculated the balanced variation component of Bray–Curtis dis-
similarity in species cover using betapart package in R (Baselga 
and Orme 2012). This measure is independent of total community 
abundance (total plant cover in our study) and measures the bal-
anced variation in species abundance between two quadrats, i.e., 
when cover increases for some species and decreases for others, 
maintaining similar total cover across quadrats, including also 
species turnover, where abundance of one species is replaced by 
other species (Baselga  2017). Higher dissimilarity in covers of 
taxa between the two 10 m2 corners within the same 100 m2 plot 
implies higher intraspecific aggregation. We tested the effects of 
these proximate factors (evenness, total cover, and aggregation) 
on β-diversity (Figure  5). Furthermore, we tested the effects of 
biodiversity drivers on each of these proximate factors (Figure 2, 
Figures S8 and S9).

3   |   Results

Overall, we found 1560 taxa (species, subspecies and aggregates) 
across all the study plots, out of which 1233 species of vascu-
lar plants, 171 species of bryophytes, and 156 species of lichens. 
Species richness increased with the sampled scale (Figure  S3, 
Figure  1b), but the difference among scales depended on the 
grassland habitat type (Figure 1b,c).

3.1   |   Effects of Climate

Both species richness and ENSPIE at the 10 and 100 m2 plots 
showed hump-shaped responses to the climate gradient PC 
(Figure  2a,b). The effects on �ENSPIE were also hump-shaped 
but marginally significant, while �richness showed no significant 

responses (Figure 2c,d). Increased intraannual variation in pre-
cipitation led to higher species richness and ENSPIE measures on 
both scales (Figure 2e,f), with a hump-shaped effect on �richness 
but no significant effects on �ENSPIE (Figure 2g,h).

3.2   |   Effects of Soil Properties

At both 10 and 100 m2 scales, species richness had a hump-
shaped relationship with soil humus (Figure  2i) and soil pH 
(Figure 2m), but these effects were more pronounced in 100 m2 
(Figure 3a,b). However, none of the studied soil properties sig-
nificantly influenced local-scale ENSPIE (Figure 2j, Figure 2n). 
While the soil humus content showed no significant effect on 
�richness, we observed a U-shaped effect on �ENSPIE (Figure 2k,l). 
Instead, we found a strong U-shaped effect of soil pH on �richness 
but no effects on �ENSPIE (Figure 2o,p).

3.3   |   Effects of Litter Cover

The cover of plant litter had hump-shaped effects for both spe-
cies richness and ENSPIE at the 10 and 100 m2 plots, with ENSPIE 
showing notably weaker responses compared to species richness 
(Figure 2q,r, Figure 3b). Furthermore, the relative importance of 
litter cover in predicting plant diversity was higher at the 100 m2 
plots than in 10 m2 (Figure  3a,b). The measures of β-diversity 
had distinct responses to litter cover: Species richness increased 
with the litter cover, while ENSPIE showed hump-shaped re-
sponse (Figure 2s,t).

3.4   |   Effects of Land Use

We detected no significant effects of mowing on any biodiver-
sity measures across the studied spatial scales (Tables  S3 and 
S4, Figure S6). Similarly, grazing intensity did not significantly 
affect species richness across two local scales (Tables S3 and S4, 
Figure  2u). However, contrary to species richness, there was 
a declining trend in ENSPIE in 100 m2 with increasing grazing 
intensity, although the effect was only marginally significant 
(Tables S3 and S4, Figure 2v).

3.5   |   Total Plant Cover

We found a hump-shaped relationship between total plant cover 
and species richness at both grain sizes and a U-shaped relation-
ship with �richness (Figure S4). Soil humus content, soil pH, and 
litter cover had curvilinear effects of the total cover of the plant 
community (Figure  S8e–j), although the effects of litter cover 
were relatively weak, especially on the larger scale (Figure S8j).

3.6   |   Proximate Drivers of β-Diversity

�richness showed a hump-shaped relationship with the total plant 
cover, a negative relationship with evenness, and a positive re-
lationship with species aggregation (Figure 5). The total plant 
cover was significantly influenced by the soil humus content and 
pH, with a weaker effect of litter cover (Figure S8). �ENSPIE showed 
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FIGURE 2    |     Legend on next page.
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8 of 16 Ecology and Evolution, 2025

a strong positive relationship with aggregation (Figure 5d). Both 
the climate gradient and litter cover had hump-shaped effects on 
intraspecific aggregation (Figure S9).

4   |   Discussion

We sampled grasslands of different habitat types across Ukraine 
and examined the effects of environmental drivers on plant 
diversity in a spatially explicit context by partitioning local 
diversity into two different grain sizes (10 and 100 m2) and by 
examining the scale-dependency of diversity drivers by testing 
their effects on the scaling factor between these two spatial 
scales (β-diversity). We explored both plant species richness 
and community evenness (measured by ENSPIE), enabling 
us to uncover if biodiversity drivers operated via responses of 
locally rare or common species. We also explored if the scale-
dependency of biodiversity and of their drivers are mediated by 
changes in evenness, total cover, or spatial intraspecific aggre-
gation of plant community (Figure 6).

4.1   |   Drivers of Local Plant Diversity

The climate gradient of mean annual precipitation and tem-
perature was among the most important drivers of local plant 
diversity at both 10 and 100 m2 scales, Figure  3. The hump-
shaped effects of climate on plant diversity (Figure  2a) can 
be attributed to climatic stress, where the co-occurrences of 
species are limited by harsh environmental conditions on the 
low and high ends of the gradient, i.e., cold areas on the high 
end and hot areas with drought and associated lack of snow 
cover during winter on the low end of the climate gradient 
(Figure S1a). The peak in plant diversity in the middle of the 
gradient is linked to high site productivity due to warm and 
moderately wet conditions. Furthermore, in the middle of the 
climate gradient, plant communities were not only the spe-
cies richest, but also had more even relative cover (i.e., higher 
ENSPIE, Figure 2b). This may be attributed to the facilitative 
coexistence of stress-tolerant species with competitive stress-
intolerant species at intermediate levels of environmental 
stress (Michalet et al. 2006). The quadratic effects of climate 
gradient on species richness (but not evenness) were driven 
by the intra-annual variability in precipitation (Table  S6). 
Richness increased proportionally to the precipitation vari-
ability (Figure  2e), likely because the wider range and vari-
ation in intra-annual precipitation allowed for greater niche 
space with larger ecological trait differences between species 
and thus more species with suitable niches (Stein, Gerstner, 
and Kreft  2014). The climate–biodiversity relationships in 
our study were strongly affected by the responses of common 

species, as the shape and strengths of the climate effects was 
similar between species richness and ENSPIE (Figure 2a,b).

Further, we tested the effects of soil properties (when statisti-
cally controlling for climate impact) and found the hump-shaped 
effects of both soil humus content and pH on species richness at 
both spatial scales (Figure 2i, Figure 2m). These effects of soil 
humus were likely related to site productivity, while the effects 
of soil pH to the environmental stress gradient (for detailed dis-
cussion, see Supporting Information: Discussion: Section  2.1). 
In contrast to climate, the effects of both soil humus and pH 
on plant diversity were determined by the responses of locally 
rare species, as we found no significant effects of these vari-
ables on ENSPIE (Figure  2j, Figure  2n). High soil productivity 
(e.g., with increasing soil humus in our study plots, Supporting 
Information: Discussion: Section  2.1) generally leads to asym-
metric competition among plant species, resulting in lower pop-
ulation densities of initially rare species and their subsequent 
extinctions (Rajaniemi 2003). However, in severe environmen-
tal conditions, such as low and high soil pH, biotic interactions 
become less important than environmental stress, and only 
stress-tolerant species can persist (Michalet et  al.  2006). Both 
acidification and high alkalinity of soil limit the plant species 
pool to pH-tolerant specialists (Schuster and Diekmann 2003).

Litter amounts in grasslands is generally linked to the produc-
tivity–diversity relationship, as litter production is a function 
of annual net primary productivity in grasslands (Grime 1979). 
However, in well-managed sites, litter cover might be influenced 
by management practices, which could limit its reliability as an 
indicator of productivity. While litter cover was only weakly cor-
related with proxies of site productivity in our study (i.e., with 
soil humus content and climate gradient, Figure S2c,d), litter can 
profoundly influence plant community structure through mech-
anisms beyond productivity effects (for details, see Supporting 
Infomration: Discussion: Section  2.2). Litter often acts as an 
abiotic disturbance to grassland plant community (Dembicz 
et al. 2021a; Ruprecht et al. 2010), and the hump-shaped effects 
of litter cover on local species richness observed in our study 
(Figure 2q) are consistent with the intermediate disturbance hy-
pothesis, where moderate disturbance levels reduce interspecific 
competition, promote occurrences of rare species, and increase 
species richness. The effects of litter on species richness in our 
study were determined by the responses of both locally common 
and rare species, with rare species playing an important role, as 
indicated by relatively weaker effects of litter on ENSPIE than 
on richness (Figure 2q,r, Figure 3). Moderate amounts of litter 
can reduce species competition for light resources by physically 
separating plants and reducing light availability to dominant 
competitive species (Facelli and Pickett 1991; Lamb 2008). This 
creates opportunities for less competitive and locally rare species 

FIGURE 2    |    Results from mixed models testing the effects of environmental drivers on species richness and evenness at the 10 and 100 m2 plots 
(shown by blue and red lines, respectively) and on β-diversity—the scaling factor among the two fine-grain sizes (shown by green lines). For the mod-
el results see Tables S3 and S4. Solid thick lines show significant effects (p < 0.05), solid thin lines show marginally significant effects (0.05 ≤ p ≤ 0.09), 
and dashed lines show nonsignificant effects (p > 0.09). Shaded areas around lines show 95% confidence intervals. Different shapes of data points 
indicate different spatial scales: diamonds for the 10 m2 plots, stars for the 100 m2 plots, and triangles for β-diversity. Colors of data points indicate 
grassland habitat types. To improve the visibility of comparisons among the diversity slopes in 10 and in 100 m2, the results for both scales are shown 
on the same plots. Plots for each scale separately are provided in Figure S5.
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9 of 16

to establish. Similarly, the litter patches foster microscale vari-
ations in nutrient availability, promoting niche differentiation 
and coexistence of diverse plant species.

Mowing had minor effects on plant diversity in our study 
(Table S3, Figure S6). Grazing intensity also did not alter plant 
species number, but it reduced the evenness of the plant com-
munity (Figure 2v), indicating that some species became more 
dominant with increasing grazing intensity, likely these were 
the grazing-tolerant species favored by grazing (Buzhdygan 
et  al.  2020b). Previous evidence points toward land use as a 

major driver of local plant diversity in grasslands (Petermann 
and Buzhdygan  2021; Sala et  al.  2000). The low explanatory 
power of land use in our study may be attributed to the fact that 
our study plots were deliberately selected to avoid high-intensity 
management. This is because the main focus of our study is on 
the natural biodiversity drivers across different grassland hab-
itat types. Furthermore, the rates of land-use abandonment in 
Ukrainian grasslands, as well as across Europe, have increased 
in recent years (Buzhdygan et  al.  2020b; Enyedi, Ruprecht, 
and Deák  2008; Petermann and Buzhdygan  2021), leading 
to a rather short gradient of land-use intensity in our study. 

FIGURE 3    |    (a) Relative strengths (standardized effect size) of the effects of each environmental driver on local diversity measures (species rich-
ness and ENSPIE), shown by blue and red bars for the 10 and 100 m2 plots, respectively. Blue and red icons show the shape of the effects and their 
significance for each driver and respective scale, with the following levels of significance: *p < 0.05; **p ≤ 0.01; ***p ≤ 0.001; and ‘p ≤ 0.09 (margin-
ally significant). Green icons show the shape for only significant effects (bars marked by stars) on β-diversity—the scaling factor among the two 
spatial scales. (b) Relative importance of the environmental drivers in governing β-diversity measures and local diversity in 10 and 100 m2. Circle 
sizes are proportional to the fraction of variance explained (partial R2) by the study drivers for each response variable. For the model results, see 
Tables S3 and S4.
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10 of 16 Ecology and Evolution, 2025

Moreover, nearly 48% of our study plots belong to zonal (nat-
ural) vegetation (Figure S7), which, unlike seminatural grass-
lands, are maintained by natural abiotic and biotic processes 
and do not require human interventions in natural conditions 
(Török et al. 2018).

Numerous studies in grasslands have identified soil properties, 
such as humus content and pH, as the most important drivers of 
the fine-scale species richness (Chytrý, Tichý, and Rolecek 2003; 
Chytrý et  al.  2007; Dembicz et  al.  2021b; Schuster and 
Diekmann 2003), while other studies found no effect (Kuzemko 
et al. 2016; Turtureanu et al. 2014). In our study the effects of 
macroclimatic variables prevailed over those of the local effects 
of soil properties, litter cover and land use (Figure 3). Our re-
sults also demonstrate that the mechanisms underlying en-
vironment–biodiversity relationships depended on ecological 
driver (Figure 6a), with soil properties and litter cover primarily 
affecting rare species, while climate and grazing predominantly 
influenced locally common species.

4.2   |   Scale-Dependency of Plant Diversity 
and of Diversity–Environment Relationships

The explanatory power of environmental drivers for plant di-
versity was weaker at smaller compared to larger grain sizes 
(Figure  S3c,d), consistent with previous studies (Bergauer 
et  al.  2022; Filibeck et  al.  2019; Kuzemko et  al.  2016; Talebi 
et  al.  2021). This lower predictability is likely due to the 
greater influence of stochastic processes at finer scales 
(Barton et  al.  2013), which increases variability in species co-
occurrences and thus may weaken the impact of environmental 
factors on biodiversity. The strength of effects for most biodi-
versity drivers differed between the two grain sizes (Figures 3 
and 4). However, the shape and direction of these effects re-
mained consistent across scales (Figure 2), aligning with most 

of previous fine-scale grassland studies (Dembicz et al. 2021a, 
2021b; Polyakova et al. 2016; Turtureanu et al. 2014). This pat-
tern contrast with large-scale studies, such as comparing plot to 
regional scales, where the shape and direction of effects often 
change with sampling grain (Chase and Leibold 2002; Šímová, 
Li, and Storch 2013).

Most fine-scale grassland studies have focused on the primacy 
and the relative importance of biodiversity drivers across grain 
sizes and extent (Auestad, Rydgren, and Økland 2008; Bergauer 
et al. 2022; Dembicz et al. 2021b; Kuzemko et al. 2016; Olagoke 
et al. 2023; Polyakova et al. 2016; Talebi et al. 2021; Turtureanu 
et  al.  2014), while studies investigating the underlying mech-
anisms of scale dependency remain scarce (e.g., DeMalach 
et al. 2019). Theoretical models for decoupling these mechanisms 
(Chase and Knight  2013; Storch, Bohdalková, and Okie  2018) 
identify species density, evenness, and spatial clustering of con-
specifics (intraspecific aggregation) as major mediators of the 
scale-dependency of biodiversity drivers. In our study, these 
mechanisms collectively shaped the scale-dependency of plant 
diversity. Specifically, �richness showed a U-shaped relationship 
with total cover of plant community (Figure  5a), with scale-
dependency decreasing until mid-cover levels. At higher cover 
levels, excessive plant cover reduced species richness at both 
grain sizes (Figure S4a,b), likely due to asymmetric competition 
among species, which limited diversity across scales and thereby 
diminished the scale effects. Additionally, �richness was nega-
tively related to plant community evenness (Figure  5b), likely 
because higher species evenness allows greater species richness 
at small scales and thus reduces variability in richness across 
spatial scales (Chase and Knight 2013). Finally, �richness was pos-
itively associated with intraspecific aggregation (Figure 5c), in 
line with the idea that intraspecific clustering in species spa-
tial distribution reduces richness at small scales by limiting the 
likelihood of sampling aggregated species, and this effect de-
creases with increasing sampling area (Chase and Knight 2013; 

FIGURE 4    |    Scale-dependent effects of environmental drivers on species richness and evenness at small (10 m2) and larger (100 m2) fine-grain 
plots. Points show the standardized effect sizes of each environmental driver (marked by colors of points) on the diversity measures at 10 m2 scale 
(x-axis) compared to 100 m2 (y-axis). The solid gray line indicates the 1: 1 line expected if effect sizes were not scale-dependent. Points above and 
below this line indicate effect sizes that are larger or smaller, respectively, as grain size increases.
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Storch, Bohdalková, and Okie 2018). We also found a strong pos-
itive relationship between intraspecific aggregation and �ENSPIE 
(Figure  5d), which is consistent with theoretical models sug-
gesting that �ENSPIE can reveal whether the scale-dependency of 
biodiversity drivers is driven by spatial intraspecific aggregation 
(Chase and Knight 2013). β-diversity in our study varied across 
grassland habitat types (Figure 1c), which could suggest an in-
fluence of species pool size on the scale-dependency of biodiver-
sity, as predicted by theory (Chase and Knight 2013). However, 
disentangling the causal effects of species pool size from the in-
herent correlations between species richness and species pool 
size remains a significant challenge in observational studies 
such as ours (DeMalach et al. 2019; Herben 2000).

We found the hump-shaped relationship between climate gra-
dient and intraspecific aggregation (Figure  S9a). Similarly, 
we found the hump-shaped effect of climate gradient on 
�ENSPIE, with a larger difference in community evenness among 
the two scales toward the middle of the climate gradient 
(Figure  2d). These results suggest higher intraspecific ag-
gregation in more productive sites (i.e., in a middle of the cli-
mate gradient), and align with previous evidence on a positive 
correlation between productivity proxies and intraspecific 

aggregation (Chalcraft et al. 2008; Chase and Leibold 2002), 
which leads to larger effects of productivity on richness at 
larger spatial scales compared to smaller scales. Our results 
regarding soil productivity also support this, as we found a 
strong increase in �ENSPIE at high soil humus levels (Figure 2l) 
and an increasing trend in species aggregation with higher soil 
humus content (Figure  S9c). Besides aggregation, the scale-
dependency of climate effects on plant diversity operated 
also via altered species evenness, as we found strong effects 
of both climate gradient and precipitation variability on plant 
community evenness (Figure 2b,c). Previous research across 
a wide gradient of grassland habitat types concluded that the 
effects of macroclimatic gradients on fine-grain plant species 
richness do not depend on grain size (Dembicz et al. 2021a). 
However, our results suggest that relying on species richness 
as the sole proxy for biodiversity may underestimate the scale-
dependency of climate and soil effects across different grass-
land habitat types, due to differences in species pool. Indeed, 
grassland studies within more climatically uniform regions 
or habitat types showed more pronounced climate effects 
on �richness, such as in perennial sand grasslands in Hungary 
(Bartha et al. 2011), Iranian steppes (Talebi et al. 2021), semi-
desert areas in South Africa and Namibia (van der Merwe 

FIGURE 5    |    Relationships between β-diversity and proximate factors: total cover, evenness, and intraspecific aggregation.
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12 of 16 Ecology and Evolution, 2025

and van Rooyen 2011), and across global drylands (DeMalach 
et al. 2019). Unlike species richness, the effects of ecological 
drivers on ENSPIE are independent of species-pool size (Chase 
and Knight  2013), providing a more accurate assessment of 
the scale-dependency of biodiversity drivers across diverse 
grassland habitat types.

Not only the availability of resources (site productivity), but 
also their patchiness is known to increase the propensity 
for species to aggregate, which, in turn, may enable species 
coexistence by reducing interspecific competitive exclusion 
(Wassmuth et al. 2009) because the competitively weak spe-
cies generally suffer less from conspecifics than from competi-
tively strong heterospecifics (Stoll and Prati 2001). In our study, 
litter cover had a hump-shaped effect on species aggregation 
(Figure  S9e) and on �ENSPIE (Figure  2t), indicating increased 
intraspecific aggregation toward the middle of the litter-cover 
gradient, likely due to a mosaic of microhabitats caused by 
moderate litter amounts, thus leading to larger effect sizes on 
community evenness at larger relative to smaller spatial scales 
(Figure  3a). Furthermore, �richness increased with litter cover 
(Figure 2s), indicating greater among-scale difference in spe-
cies number along the litter gradient. These spatial differences 
were likely constrained by the limited space of the smaller 
grain, as the litter effects on richness were strong at 100 m2 
plots but relatively weak at 10 m2 plots (Figure 2q, Figure S10). 
The space limitation of species occurrences at high distur-
bance (as caused by excessive litter) are due to higher chances 
of including more microhabitat patches with increasing area, 
and thus more species that can occupy these patches (Tamme 
et  al.  2010). The scale-dependency of litter effects on plant 

diversity was also mediated by the altered community even-
ness (litter cover affected evenness, Figure 2r, Figure S5t), but 
not by total plant cover, as litter had weak effects on cover 
(Figure S8j). Overall, litter cover was among the key drivers 
of β-diversity (both�richness and �ENSPIE, Figure  3b), consistent 
with previous fine-scale studies in Romanian dry grasslands 
(Turtureanu et  al.  2014) and Ukrainian steppes (Kuzemko 
et al. 2016), which showed that the influence of litter cover on 
plant species richness increases with grain size.

The effect of soil pH on species richness was significantly weaker 
at smaller than those at larger scale (Figures 3 and 4), leading to 
a strong U-shaped effect on �richness (Figure 2o). This indicates 
that the occurrence of species under soil-related stress (i.e., to-
ward low and high soil pH) was strongly limited by the area size, 
which is likely driven by the loss of locally rare species (Schuster 
and Diekmann 2003). Previous studies in grasslands also found 
the U-shaped relationship between soil pH and the fine-scale 
β-diversity of plants (Dembicz et  al.  2021a). We found no ef-
fects of soil pH on �ENSPIE (Figure 2p), intraspecific aggregation 
(Figure S9d) or on local community evenness (Figure 2n), thus 
suggesting that the scale-dependency of soil pH effects were not 
operating through these mechanisms, but were rather direct, 
likely due to smaller species pools in more acidic and basic sites. 
Instead, we found a strong concave-down decreasing effect of 
soil pH on total plant cover (Figure S8g,h), indicating that the al-
tered species density could mediate the responses of β-diversity 
of plants to high levels of soil pH. However, it is important to 
note the limitations of using plant cover as a proxy for plant den-
sity, as plant cover may increase not only with the number of 
plant individuals but also with their body size (Oksanen 1996). 

FIGURE 6    |    Conceptual diagrams summarizing the results of this study for the mechanisms underlying the effects of the study environmental 
drivers on local diversity at small (10 m2 plots) and larger (100 m2 plots) fine-grain sizes (a) and on β-diversity—the scaling factor among the two 
scales (b).
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Overall, our results agree with DeMalach et  al.  (2019), who 
found that the effects of soil pH on species–area relationship 
were not mediated by intraspecific aggregation or species even-
ness in plant communities across global drylands.

Although we found no significant effects of grazing or mow-
ing on β-diversity (Figure  2x), the negative effect of grazing 
intensity on ENSPIE became more detectable at the larger 
scale (Figure  2v). These results somewhat align with pre-
vious studies suggesting that land use becomes a more im-
portant predictor of grassland plant diversity at larger scales 
(Auestad, Rydgren, and Økland 2008; Spiegelberger et al. 2006; 
Turtureanu et al. 2014). The scale-dependency of management 
effects on plant diversity in grasslands is shown to vary consid-
erably along climatic gradients, e.g. as shown for grazing (de 
Bello, Lepš, and Sebastià  2007), or management types (Dupré 
and Diekmann 2001; Spiegelberger et al. 2006). Therefore, the 
scale-dependency of land-use effects may become more detect-
able in climatically more uniform grassland habitat types, for 
example as found for the semi-natural grasslands in Norway 
(Auestad, Rydgren, and Økland 2008), semi-natural dry grass-
lands in Romania (Turtureanu et  al.  2014), step grasslands in 
Ukraine (Kuzemko et al. 2016), and alpine grasslands in Europe 
(Spiegelberger et al. 2006).

Our study identified key biodiversity drivers and their scale-
dependent effects across different grassland habitat types in 
Ukraine and defined the mechanisms underlying these ef-
fects. Understanding these mechanisms enhances our ability 
to predict and mitigate the impacts of environmental changes 
on grassland biodiversity and have important application 
for management and conservation, as spatial β-diversity is 
often used to inform biodiversity conservation and manage-
ment applications (DeMalach et al. 2019; Smith 2010; Socolar 
et al. 2016; van der Merwe and van Rooyen 2011), and to un-
derstand the provisioning of ecosystem functions and services 
(Mori, Isbell, and Seidl 2018). Our results highlight the need 
for integrated and adaptive conservation and management 
strategies tailored to different spatial scales and grassland 
habitat types. Effective cross-scale conservation should in-
clude prioritizing areas for protection based on biodiversity 
hotspots identified using different biodiversity facets at dif-
ferent spatial scales, rather than relying solely on local spe-
cies richness. Monitoring programs should track biodiversity 
dynamics across spatial scales and explicitly test the underly-
ing mechanisms, enabling the early detection of scale-specific 
threats. Our study is observational, and as such, it is subject 
to the limitations in inferring causal relationships. We call 
for controlled experimental studies that would explicitly test 
how species density, evenness, intraspecific aggregation, and 
species-pool size mediate and modify the scale-dependency of 
biodiversity drivers.
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