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Abstract The study of local and regional mecha-
nisms driving spatial patterns in beta diversity is
essential to the understanding of biodiversity. We
aimed to predict the roles of multiple mechanisms
operating at regional to fine spatial scales in structur-
ing the beta diversity in a mountainous semi-arid
rangeland of the Khorassan-Kopet Dagh floristic
province located in NE Iran. We evaluated the relative
contributions of three main filters, at the regional
(stochastic but spatially structured dispersal filter),
local (abiotic filter), and fine (biotic filter) spatial
scales on beta diversity across communities. We
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partitioned beta diversity constrained by spatial,
environmental, and biotic variables in 23 communities
studied here, and used simple RDA and RDA-based
variation partitioning to assess the contributions of
studied filters on beta diversity. Moreover, spatial
autocorrelation analyses were used to test neutral
theory predictions. The relative contributions of the
studied ecological filters explained 55% of variation in
beta diversity. Although differences in the explained
variations between unique fractions are low, the
abiotic and biotic filters (signifying the niche-based
processes) represent stronger effects directly and
indirectly (via impact on significantly of other eco-
logical filters) than dispersal (signifying neutral pro-
cesses) on beta diversity. In addition, 45% of the
variation in beta diversity was not explained by the
studied ecological filters. In conclusion, independent
and shared impacts of processes at different spatial
scales determine beta diversity in our plant commu-
nities. However, unexplained variation in beta diver-
sity requires further study of other facets of
biodiversity and community assembly processes.

Keywords Multiple processes - Spatial scales - Beta

diversity patterns - Biotic filter - Abiotic filter -
Dispersal filter
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Introduction

Identifying the mechanisms controlling community
diversity has been a particularly important challenge
in ecology (Gotelli and Graves 1996). Central to this
challenge is the evaluation of the relative contributions
of processes operating at distinct spatial scales and
their influences on variation in community structure,
termed as a type of beta diversity (Harrison et al. 1992;
Lennon et al. 2001; Soininen et al. 2007; Mayfield and
Levine 2010; Anderson et al. 2011; Shipley 2015).
Several theories of community assembly, such as
neutral theory and niche-based environmental filter-
ing, suggest that regional, local, and fine-scale factors
generate beta diversity in terrestrial ecosystems (Qiao
et al. 2015; Mori et al. 2015; Tello et al. 2015). The
effects of different filters at one or more specific
spatial scales are due to geographic variation in
ecological attributes of species in regional species
pools that often cause idiosyncratic community
responses of communities. Therefore, significant
variations in community structures along specific
ecological filters are related to the presence of key
species (i.e., species that strongly respond to ecolog-
ical filters) in the species pool. If an ecological filter
influences species composition of plant communities
at the regional scale, the responses of entire commu-
nities to ecological filters are contingent upon envi-
ronmental affinities of species in the regional pool
(Lessard et al. 2012; Myers et al. 2013). Although a
deeper understanding of processes shaping beta
diversity is required, environmental and spatial fac-
tors, nonetheless, have been frequently assessed as the
primary determinants of diversity patterns (Lin et al.
2013; Qiao et al. 2015; Yang et al. 2015). The effects
of environmental and spatial factors working in
conjunction with fine-scale factors such as biotic
interactions have rarely been evaluated on beta
diversity (Rajaniemi et al. 2009; Soliveres et al.
2012). Thus, the relative contributions of dispersal
limitation, abiotic filtering, and biotic filtering remain
unknown (Verdu et al. 2009).

In order to assess the effects of multiple filters
acting hierarchically at multiple spatial scales on beta
diversity, some recent studies introduced mountainous
rangeland ecosystems as natural laboratories for
investigation (Moura et al. 2016; Soliveres et al.
2012). Several important factors, such as environ-
mental severity, heterogeneous topography, and the
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presence of cushion plants, make mountainous range-
lands particularly suitable ecosystems for this inves-
tigation (Farzam and Ejtehadi 2016). Topographical
factors operating at local scales may be particularly
important in mountainous rangelands because climate
varies strongly with elevation, and so mountainous
rangelands often encompass a large climatic range
within a small geographical extent. The direct effects
of climatic variables (Stein et al. 2014), and indirect
effects of elevation on species composition may be
large and important (Moura et al. 2016). Annual mean
temperature, temperature seasonality, annual precip-
itation, and precipitation seasonality are important
climatic variables that affect plant distributions (Qian
etal. 2017). In addition, strong elevational gradients in
mountainous terrain can represent a serious barrier to
dispersal. Other topographic variables such as slope
aspect may yield differentiation in species composi-
tion through the interacting impacts of solar radiation
and the duration of snow-free periods on the length of
the effective growing season (Lopez-Angulo et al.
2018). In addition, soil quality as another local scale
factor may affect large-scale patterns in diversity by
enhancing primary productivity and producing hetero-
geneity in habitats (Miranda et al. 2011). However,
abiotic filters operating at the local scale can alter the
roles of dominant cushion plants as biotic filters in
plant communities (Luzuriaga et al. 2012).

Biotic interactions, such as the facilitation and
competition provided by perennials in the role of nurse
plants, are important factors impacting community
composition at fine spatial scales. Perennial plants
usually ameliorate harsh microclimatic conditions
under their canopies (Maestre et al. 2003) and improve
soil fertility (Cortina and Maestre 2005), and the
differences in composition between open/cushion
patch types usually increase under more severe
environmental conditions (Callaway et al. 2000;
Badano and Cavieres 2006). In the same way as
climate conditions, soil nutrients, and topography act
as environmental filters at the local scale, the amelio-
ration of microhabitats by cushion plants as biotic
filters operating at fine spatial scales can also be
important to diversity (Soliveres et al. 2012). In
addition to the role of perennial plants as biotic filters,
biotic interactions among plants such as competition
and facilitation may influence plant community
diversity, especially in stressful environments (Call-
away 2007; Brooker et al. 2008). The interplay
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between biotic interactions together and with main
environmental factors can influence significantly on
factors on community structure and on determination
of final beta diversity patterns in mountainous range-
land communities (Cavender-Bares et al. 2009; Pausas
and Verdua 2010).

Although processes related to local and fine spatial
scales can largely affect diversity patterns of semi-arid
communities, processes operating at the regional
scale, such as dispersal from the species pool, can
also play crucial roles driving community diversity
patterns (Ricklefs 2008). Studies suggest clear posi-
tive spatial autocorrelations resulting from neutral
dynamics and dispersal limitation (Pashirzad et al.
2018; Qian et al. 2017; Dray et al. 2010). Although
neutral dynamics may generate significant spatial
variation in ecological communities, observed varia-
tion can also be explained by unmeasured spatially
structured environmental variables. Therefore, the
correct recognition of dispersal limitation on diversity
patterns requires the incorporation of spatially vari-
able environmental factors in a spatially explicit
model based on genetic differentiation models (Vel-
lend 2010). Dispersal limitation affects community
dynamics and promotes species coexistence near
range-limits through the decreasing presence of
species in otherwise unsuitable locations, and the
expansion of range limits. Consequently, variation in
community structure is enhanced, with multiple
species cannot coexist due to dispersal limitations
(Weinstein et al. 2017). However, dispersal limitation
at the regional scale can be balanced by biotic filters at
fine spatial scales and heterogeneity produced by soil
quality in plant communities at local spatial scales
(Luiz et al. 2016). Biotic interactions such as facili-
tation in more severe environments can expand the
niche of dispersed species via amelioration of micro-
habitat conditions. However, expansion and contrac-
tion of species niches relate to the availability of
resources (i.e., abiotic filters) (Pashirzad et al. 2019;
Luzuriaga et al. 2012). Therefore, the interplay
between neutral factors at the regional scale, and
abiotic and biotic filters at the local and fine scales,
respectively, can influence final diversity patterns
across entire communities (Qian et al. 2017; Qiao et al.
2015).

We selected a mountainous semi-arid rangeland of
the Khorassan-Kopet Dagh floristic province that is
located mainly in northeastern Iran and partly in

southern Turkmenistan. This area is a transitional zone
among different floristic provinces of the Irano-
Turanian region (Memariani et al. 2016a, b). The area
consists of arid and semi-arid rangelands with hetero-
geneous topography, strong geographic barriers, high
endemism, and the presence of cushion plants, making
it a natural laboratory to investigate the impacts of
different ecological filters operating at different spatial
scales (Alejandro et al. 2009; Farzam and Ejtehadi
2016). Our aim was to determine how spatially
restricted dispersal, environmental, and biotic factors
operating at regional, local, and fine spatial scales,
respectively, shape beta diversity across the landscape
(Fig. 1). We examined beta diversity via RDA with
Hellinger-transformed abundance-based data as
response variables and three ecological filters as
explanatory variables. For the first filter, we evaluated
the dispersal of species from the regional species pool
to the community scale, testing the influence of neutral
dynamics on spatial structure of beta diversity. Next,
we assessed abiotic filters such as climate, topography,
and soil (Chase 2007; Lin et al. 2013). Finally, we
evaluated the role of biotic filters, including facilita-
tion via the dominant cushion-like plants that define
the final species assembly (Fig. 1). Our specific
objectives were to answer the questions: (1) What
are the relative contributions of the different filters to
determine final beta diversity patterns in plant com-
munities? (2) What critical factors from each ecolog-
ical filter structure beta diversity? (3) Are there effects
of interactions between ecological filters on variation
in community structure?

Materials and methods
Study area

Our study region is a 2500-ha mountainous rangeland
between 36°40 and 36°55'N, 59°17’ and 59°31’E with
elevation ranging from 1300 m in the south to 2000 m
in the north. It is located in the eastern part of the
Khorassan-Kopet Dagh floristic province in the Irano-
Turanian region in northeastern Iran (Fig. 2). This
floristic province is an important center of plant
endemism in the Irano-Turanian region (Memariani
et al. 2016a, b). The flora of Khorassan-Kopet Dagh
province has evolved from the Eocene to the Holocene
under rather constant physiographic and gradual
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Fig. 1 a Theoretical framework of our studied semi-arid
rangeland. Three ecological filters are considered in theoretical
framework of our studied semi-arid rangeland. First to third
filters relate to regional (i.e., dispersal limitation of the species
from regional species pool to community), local (environmental
filtering operating by topography, climate, and soil factors), and
fine spatial scales (i.e., filter that encompasses the biotic

Fig. 2 The study region representing 23 studied locations in
eastern part of Khorassan-Kopet Dagh Floristic province that is
located in Northeast of Iran. Within each location, four 25 m?

aridization, leading to a flora dominated by xerophytic
plants and plant endemism of 13.8% in the province
(Memariani et al. 2016a). Mean monthly precipitation
in our study area typically ranges from O to 45 mm,
and mean monthly temperature ranges from 0 to
28 °C. Significant rainfall occurs in the fall and winter,
whereas the spring and summer are dry and hot
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interactions and microclimatic amelioration promoted by
dominant perennial plants) during the species assembly process,
respectively. b Variation partitioning of beta diversity into
fractions explained by three studied filters on beta diversity
patterns and unique (i.e., a, ¢, d fractions) and shared (i.e., b and
e fractions) partitions of studied filters

:

plots were sampled randomly with spacing of approximately
100-150 m between a pair of plots

(Fig. A1l). Plant communities are typically dominated
by herbaceous plants and shrubs. The dominant shrub
species include Acantholimon pterostegium Bunge.
(Plumbaginaceae) and Acanthophyllum diezianum
Hand.-Mazz. (Caryophyllaceae). Other shrub species,
such as Artemisia kopetdaghensis Krasch., Popov &
Lincz. ex Poljakov  (Asteraceae), Juniperus
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polycarpos var. turcomanica (B.Fedtsch.) R.P.Adams
(Cupressaceae), and Berberis integerrima Bunge
(Berberidaceae) are only found in certain habitats. In
the herbaceous layer, Holosteum glutinosum
(M.Bieb.) Fisch. & C.A.Mey. (Caryophyllaceae),
Androsace maxima L. (Primulaceae), Taeniatherum
caput-medusae (L.) Nevski (Poaceae), Minuartia
meyeri (Boiss.) Bornm. (Caryophyllaceae), Carex
stenophylla Wahlenb. (Cyperaceae), Eremurus steno-
phyllus (Boiss. & Buhse) Baker (Asphodelaceae),
Gladiolus atroviolaceus Boiss. (Iridaceae), and Allium
giganteum Regel.(Amaryllidaceae) are indicator spe-
cies for some topographic habitat types (see Pashirzad
et al. 2018in that paper, topographic habitat types were
determined with some topographic variables such as
elevation and slope aspects).

Data collection

The sampling units used in this study were sampled in
23 locations representing the diverse topography of
the area, for example, including different elevations on
north and south facing slopes (Fig. 2). Within each
location, four 25 m” plots were randomly established
at approximate spacing of 100—150 m between a pair
of plots. Therefore, 92 plots were sampled across 23
locations in total. In each plot, species abundance was
determined by recording the number of individuals of
all plants in the plot. Vegetation composition of each
sampling location (i.e., the sum of vegetation compo-
sition of four plots located in each location) was
inferred as vegetation composition each community.
Plant specimens were collected for identification, and
129 plant taxa were identified in total. We assessed the
vegetation composition at each site in spring and early
summer 2017 on the basis of plants falling within four
subplots at each of the 23 sampling locations.

Spatial variables

We expected strong effects of processes operating at
larger scales, such as neutral dispersion from the
regional species pool and spatial structuring due to
spatially heterogeneous environmental variables
(Dray et al. 2006). To detect positive spatial structure
in our study ecosystem, we generated spatial predic-
tors that could explain beta diversity by implementing

a spatial eigenfunction analysis (Legendre and Legen-
dre 2012; Legendre 1993) based on Moran Eigenvec-
tor Maps (MEMs) (Dray et al. 2006), which generalize
principal coordinates via the neighbor matrices
(PCNM) method (Borcard and Legendre 2002). This
method consists of eigenvector decomposition of
connectivity matrices. The eigenvalues of MEMs
represent Moran’s 1 statistic and describes spatial
autocorrelation at different spatial scales (Dray et al.
2006).

In MEM analysis, a Gabriel graph is used in the
definition of neighborhood to describe spatial rela-
tionships among objects. To define linkage between
the 23 locations, a spatial weighting matrix (SWM)
was constructed for the decomposition of orthogonal
spatial variables. Then, eigen decomposition of com-
munity data was performed by SWM, providing
spatial eigen functions (“MEM-variables”) used as
spatial predictors in ordination analysis (Muster et al.
2014). We applied a forward selection procedure to
the MEM spatial predictors via ordiR2step function in
R-package “packfor” (those associated with non-
significant Moran’s indices were removed), and 3
MEMs were significant (Fig. A2). These MEMs were
associated with a positive Moran’s statistics (positive
eigenvalues) and so belong to broad spatial scales. The
positive MEMs model positive spatial correlation
because they are linearly correlated with Moran’s I
index, and we included these positive eigenvectors in
the spatial matrix (Muster et al. 2014). All spatial
analyses were run with the R package ¢ ‘spacemakeR”’
(Dray 2010).

Although broad scale MEMs find signals of
stochastic processes and environmental structuring at
coarse spatial resolution, nonmeasured environmental
variables can also be reflected in this fraction.
Therefore, we used the Diniz-Filho et al. (2012) and
Luiz et al. (2016) method to assess the impacts on this
fraction explained by broad scale processes. This
procedure tests explicitly the predictions of neutral
theory (i.e., impacts of dispersal limitation). We
constructed Moran’s I correlograms and produced a
matrix of pairwise Manhattan distances among species
correlograms (M) to assay the predictions of neutral
theory. In addition, other matrices of pairwise corre-
lations among species abundances were also con-
structed (R). Under neutral dynamics, we expected no
correlation between mean pairwise distances of
species correlograms (M) (performed by mean ()
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function in R-package vegan) and of species profiles
(R). All values in the R and M matrices were predicted
by broad scale MEMs with the predict function in the
vegan package for R (Oksanen et al. 2015). Finally, we
conducted a mantel test to evaluate the correlation
between M and R matrices.

Environmental variables

We used topography, climate, and soil as proxies of
the abiotic factors operating at the local scale. Two
topographic variables were used in this study: eleva-
tion and slope aspect. Slope aspect refers to the
cardinal direction that a slope faces. Additionally, we
collected surface-soil samples (0-10 cm) for each
community and five parameters; pH, organic carbon
(OC), total nitrogen (N), total potassium (K) and
electrical conductivity (EC) were measured for each
community. Total nitrogen (N) was determined by the
Kjeldahl method (Bremner 1996). Organic carbon
(OC) was analyzed by the Walkley and Black (1934)
method. Soil electrical conductivity (EC) and acidity
(pH) were determined using pH and EC meters. Total
potassium (K) was analyzed by Flame atomic absorp-
tion spectrophotometer (MAPA 1994). Lastly, accord-
ing to previous studies that have shown eight out of 19
bioclimatic variables are important variables on
species composition (Qian et al. 2017), we extracted
values of these eight main bioclimatic variables for
each 25 m? plot in each community from the
WorldClim database (https://www.worldclim.org) at
a resolution of 30 arc seconds (Hijmans et al. 2005).
Then, climatic variables for each community were
calculated as mean values of four sampled plots in
each community (i.e., location). These bioclimatic
variables are annual mean temperature (BIO1), tem-
perature seasonality (BIO4), maximum temperature of
the warmest month (BIOS), minimum temperature of
the coldest month (BIO6), annual precipitation
(BIO12), precipitation seasonality (BIO15), precipi-
tation of the driest quarter (BIO17), and precipitation
of the warmest quarter (BIO18). We excluded corre-
lated variables to avoid multicollinearity among these
climatic variables (Pearson’s r > 0.85). This led us to
include only precipitation seasonality (BIO15), which
ranges from 73 to 76 mm, and annual precipitation
(BIO12), which ranges from 281 to 328 mm for each
community (Fig. la, b). Lastly, we tested for
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correlations among all environmental variables to
avoid multicollinearity through Variance Inflation
Factors (VIF) higher than 10. Due to a lack of higher
correlation between environmental variables, we
included all of them included the beta diversity anal-
ysis. Eventually, we generated a matrix of 23 rows
representing communities and nine columns repre-
senting abiotic factors including climatic variables
(two columns), edaphic variables (five columns) and
topographic variables (two columns).

Biotic variables

Three biotic variables were used to determine the
variation in community composition by biotic filters at
the fine spatial scale. For the first biotic variable, we
analyzed species interactions at the community level
based on their patterns of species co-occurrence
(Gotelli and Graves 1996). To evaluate species co-
occurrence patterns in each community, we analyzed
23 matrices (each matrix consist of four 25 m’ plots)
with the checkerboard score (C-score) index as an
indicator of species co-occurrence patterns each
location. This index measures how different species
pairs appear in the same sites (Gotelli 2000). C_scores
were compared to C_score indices derived from 5000
null matrices (Gotelli 2000). The Independentswap
algorithm was used to create null matrices at the
community level. This algorithm maintains species
richness and species frequency at each site (Gotelli
2000). Lastly, we calculated standardized effect sizes
(SES) of C_scores for each community (Bowker et al.
2010). Less co-occurrence (competition) and more co-
occurrence (facilitation) than expected by chance are
resulted by positive and negative SES values of
C_score, respectively (Lopez et al. 2013).

According to previous studies (Maestre et al. 2003;
Soliveres et al. 2012), dominant perennial plants play
important roles in diversity patterns via differentiation
of microhabitats in semi-arid rangelands (Badano and
Cavieres 2006). Although there are several shrub
species in our study region, most were present in only
some or in some cases none of our study locations. In
contrast, Acantholimon pterostegium Hand.-Mazz.
and Acanthophyllum diezianum Bunge both occurred
at all sample sites in high densities. Therefore, we
evaluated the degree of microhabitat amelioration
provided by those shrubs as our second biotic filter.


https://www.worldclim.org
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Acanthophyllum  diezianum and  Acantholimon
pterostegium have dense cushion-like canopy struc-
tures. Acanthophyllum diezianum is a cushion forming
plant covered by long hairs occurring exclusively in
the Irano-Turanian region especially in Iran and
Afghanistan (Pirani and Rabeler 2017). Acantholimon
pterostegium is an Iranian endemic species restricted
mostly to NE Iran (Memariani et al. 2016a, b). Jankju
et al. (2008) found higher soil fertility under the
canopy of Acantholimon and Acanthophyllum as
compared with that of open areas. They suggested
this difference was due to higher litter accumulation
under the canopy of cushion-like nurse species.
Consequently, first, we randomly selected four indi-
viduals from each dominant cushion plant at each
location, and sampled the area under their canopy
using 0.5 m x 0.5 m quadrats. Additionally, four
paired open areas were randomly selected adjacent
to these shrubs (but at least 1 m away from the shrub
canopy). Second, the abundance (number of individ-
uals) of all plant species was recorded within each
quadrat (Soliveres et al. 2012). Third, we used the
Chao—Jaccard abundance-based similarity index
(Chao et al. 2005) to evaluate the degree of micro-
habitat amelioration. Eventually, we estimated simi-
larity values for each nurse species in each location as
the mean of the similarity values for each nurse species
located in each location. Therefore, 23 similarity
values for each nurse species were included in a biotic
matrix as the degree of microhabitat amelioration
created by each respective nurse species. A lower
similarity among cushion/open patches indicates a
higher influence of microhabitat amelioration pro-
vided by dominant cushion plants (Chao et al. 2005).
We calculated similarity indices for each cushion
plant/open in each location using “fossil” R-package
(Vavrek 2015).

Statistical analysis

To assess the impacts of different filters on diversity
patterns, we evaluated variations in community struc-
tures in response to those filters using canonical
redundancy analysis and canonical variation partition-
ing. Variation in community structure is referred to as
“non-directional beta diversity.” Therefore, the term
“beta diversity” used in this study is rooted in the
concept of variation in community structure. We used
the Hellinger-transformed abundance-based data

approach to partition the variation in community
structure (Anderson et al. 2011). This approach is
appropriate for evaluating the variation in community
composition data containing many zeros and long
beta-diversity gradients (Legendre and Gallagher
2001; Legendre et al. 2005). The Hellinger-transfor-
mation shares all properties necessary for beta diver-
sity assessment (For more information about
necessary properties for beta diversity analysis, see
Legendre and De Caceres 2013). Data transformed
using the Hellinger transformations can be analyzed
directly by canonical redundancy analysis (RDA) in
variation partitioning method, which is not the case for
other coefficients (Legendre and De Caceres 2013;
Legendre and Gallagher 2001).

To quantitate the main and interactive effects on
beta diversity of the dispersal filter at the regional
scale (broad spatial variables), the abiotic filter at the
local scale (the environmental variables), and the
biotic filter at the fine scale (biotic variables), we used
a series of constrained canonical ordinations (RDAs:
Borcard et al. 1992; @kland and Eilersten 1994;
@kland 2003; Peres-Neto and Legendre 2010) simul-
taneously with canonical variation partitioning.
Because some studies have reported individual effects
of regional to fine filters on community structure, we
determined canonical ordinations that were appropri-
ate to understand the critical variables of each
ecological filter, given our intention to measure
community structure related to measured spatial,
environmental, and biotic explanatory variables only
(McCune and Grace 2002; Carr et al. 2009). Advan-
tages in using Canonical redundancy analysis (RDA)
include directly incorporating the environmental,
spatial, and biotic variables of interest in the analysis
as constraints for the ordination in short gradient in the
response matrix (Anderson et al. 2011; Legendre and
Legendre 2012). We previously found a short gradient
in different facets of biodiversity, and therefore, we
used canonical redundancy analysis to decompose
beta diversity into fractions explained by our studied
filters (Pashirzad et al. 2018, 2019). We performed
RDAs with each explanatory set separately (repre-
senting each unique fraction obtained in canonical
variation partitioning), with significant models and
critical factors in each unique fraction recognized by
the R square metric (R*) using ordiR2step function in
R-package “packfor.”
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The quantitation of interactions from these ecolog-
ical filters is compatible with canonical variation
partitioning (Legendre et al. 2005). We partitioned
variation using Hellinger-transformed abundance-
based data as the response matrix and the abiotic
table, spatial table, and biotic table as explanatory
matrices. Then, we divided beta diversity into five
components: pure abiotic variation fitted by topo-
graphic, edaphic and climate variables independent of
spatial variables (a), spatially structured environmen-
tal variation fitted by both abiotic and spatial variables
(b), pure broad spatial variation fitted by broad spatial
variables (c), biotic variables fitted by C_score index
and degree of microhabitat amelioration provided by
dominant cushion plants (d), and spatially and envi-
ronmentally structured fine scale biotic filters (e). We
used the adjusted R square metric (Ridj_) to represent
the relative contribution of each fraction to the total
variation. The significance of independent (i.e.,
unique) fractions was tested by both permutation in
RDA through ordiR2step function in R-package
“packfor” and permutation in canonical variation
partitioning through the anova.cca function of R-pack-
age “vegan” (Laliberte et al. 2009). Fractions repre-
senting two- and three-way interactions, and the
fraction of ‘unexplained’ variation, were calculated
indirectly from performed RDAs with each explana-
tory set only and explanatory sets together and were
not statistically testable (Legendre and Legendre
1998; Peres-Neto et al. 2006). Finally, we interpreted
niche-based processes via the variation explained by
abiotic and biotic factors (a + d) fractions), and
neutral processes via the variation explained by broad
spatial variables (fraction c) (Legendre et al. 2012)
(Fig. 1).

Results

Regional scale (stochastic but spatially structured
dispersal filter)

Spatial descriptors including 22MEMs variables
retained three MEMS after forward selection (Table 1,
Fig. 3a). A total of 43% of the variance in beta
diversity was explained by the first two RDA axes
(Fig. 3a, R’=018 P < 0.001) when beta diversity
was constrained only by significant spatial variables
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including MEM1 (R* = 0.11), MEM2 (R* = 0.06),
and MEM4 (R2 = 0.02) (in descending order; Tablel).
We used the broad spatial fraction that described
12% of the variation (Fig. 4b) in beta diversity to
evaluate the influence of neutral dynamics or unmea-
sured environmental variables in this fraction. The
mean of the Manhattan distance between species
correlograms (M) was 0.033. The correlation among
species profiles (R) was 0.030. The Mantel correlation
between M and R was — 0.01 (P = 1.0) (Fig. A2).

Local scale (abiotic filter)

Variance partitioning suggested that environmental
heterogeneity explained the largest proportion of the
variance (0.14%) in beta diversity. When beta diver-
sity was constrained only by abiotic variables (i.e.,
pure abiotic fraction), 45.59% of the variance was
explained by the first two axes of the RDA (Fig. 3b,
R? = 0.22, P < 0.001). Elevation, climatic variables
(most notably annual precipitation (Biol12)), and soil
organic carbon were the most important variables in
significantly of pure abiotic fraction in the determina-
tion of beta diversity patterns (Table 1). The six most
important environmental factors that determined beta
diversity (in descending order) were elevation
(R? = 0.14), annual precipitation (Biol2)
(R2 = 0.13), soil organic carbon (OC) (R2 = 0.09),
precipitation seasonality (Biol5) (R* = 0.08), slope
aspect (SA) (R2 = 0.04) and potassium
(K) (R* = 0.02) (Table 1; Fig. 3b).

Fine scale (biotic filter)

The degree of similarity between patches in study
communities changed from higher similarity at lower
altitudes to lower similarity at higher altitudes
(Fig. A3A, B). At the community scale, the degree
of co-occurrence among species across communities
exhibited positive and negative SES values. Positive
SES values of the C_score index indicated less
association than expected by chance, which is evi-
dence of competition among species in communities
in less stressful environments (Figs. A3, 3c). Strong
associations between species (negative SES values),
which indicate facilitation, were observed in some
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Table 1 The relationships between plant species composition and abiotic, broad space, and biotic variables from 23 communities in

studied mountainous semi-arid rangeland

Model  R? F

Pr ( > r) Significant variables ( Rz)

Environment 0.22 4.56 0.001***  Altitude (0.14), Bio12 (0.13), OC (0.09), Biol5 (0.08), asp (0.04), EC (0.007), K (0.02)

Broad space  0.18 321 0.01%*

Biotic 0.19 333 0.01%*
factors

All factors

MEMI1 (0.11), MEM2 (0.06), MEM4 (0.02)
Acantolimon (0.12), Acantophyllum (0.06), C_score (0.02)

0.3096 4.84 0.001*** Altitude (0.14), Bio 12 (0.13), MEM1 (0.12), OC (0.10), Biol5 (0.08), MEM2 (0.06),

C_score (0.05), K (0.04), asp (0.03)

Best model for each factor sets was obtained using lower ALC of Forward selection with ordiR2step () function. R?, F value and
P value for each model is characterized in Table. Models are characterized in o = 0.001 (**%), to o0 = 0.01 (**). Forward-selected
variables and R” each variable are given in the “Significant Variables” column

communities, particularly at higher altitude (Figs. A3,
3¢).

The RDA of beta diversity was also constrained by
biotic factors (i.e., pure biotic fraction). 44.03% of the
variation in beta diversity was explained by the first
two RDA axes (Fig. 3¢, R* = 0.19, P < 0.001). Biotic
interactions (C_score index with R? = 0.12) and
microhabitat amelioration promoted by Acantholimon
(R* = 0.06) and Acanthophyllum (R* = 0.02), respec-
tively, played important roles in the determination of
beta diversity (Fig. 3c, Table 1).

RDA tri-plots of beta diversity patterns with all
factors

The whole model with broad spatial and biotic factors
along with abiotic descriptors together explained 55%
of the total variation in beta diversity in the studied
semi-arid rangeland (Fig. 4b). All individual fractions
of RDA analysis were significant (Fig. 4b). Abiotic
descriptors (fraction a) (Fig. 3b) at the local scale
explained 14% of the total variation while broad
spatial descriptors (fraction c) (Fig. 3a) (MEMs) at the
regional scale explained 12% of the total variation in
beta diversity. Spatially structured environmental
descriptors (fraction b) explained 11% of the total
variation in beta diversity. 13% of the total variation
was explained by descriptors of biotic filters at the fine
spatial scale (fraction d) (Fig. 3c). 5% of total
variation was explained by spatially and environmen-
tally structured biotic descriptors (fraction e). Lastly,
45% of the total variation was unexplained by all the
studied ecological filters (Figs. 1, 4b).

The two first RDA axes mapped in the study area
exhibited the ordination of beta diversity constrained
by all predictors and accounted for 28.35% and
17.01% of variation, respectively (Fig. 3d, R* = 0.30
P < 0.001). Therefore, beta diversity is spatially
structured [with two significant positive MEMs;
MEMI (R*>=0.12) and MEM2 (R* = 0.06)] with
respect to all studied factors, but mainly by abiotic
variables at the local scale [such as elevation
(R2 = (0.14), annual precipitation (R2 = 0.13), organic
carbon (R2 = 0.10), biotic variables (such as biotic
interaction (R* = 0.06) at fine spatial scales (Fig. 3d,
Table 1).

Discussion

Beta diversity at the community scale in our 2500 ha
mountainous semi-arid rangeland in Khorassan-Kopet
Dagh province was shaped by regional processes, such
as stochastic, spatially structured dispersal, local-scale
environmental factors, and biotic interactions at fine
spatial scales. We expected that niche-based processes
(abiotic and biotic filters) would be the most important
drivers structuring plant assemblages in our study site,
because our mountainous semi-arid rangeland is
characterized by strong environmental severity in
climate factors, quite heterogeneous topography espe-
cially in altitude, and the presence of cushion plants
(Farzam and Ejtehadi 2016). Although beta diversity
was dependent on spatially structured dispersal at the
regional scale, most of the variation in beta diversity
was driven first by purely abiotic filters at the local
scale, and second by purely biotic filters at the fine
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Fig. 3 RDA tri-plots of the beta diversity constrained by the
a broad scale MEMs, b selected environmental variables,
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asp, slope aspect; OC, organic carbon; K, potassium; EC,
electric connectivity; N, total nitrogen; Biol2, annual precip-
itation; Biol5, precipitation of seasonality; C_score, co-

scale, signifying niche-based processes. Therefore,
local scale filters contributed more strongly than fine
scale filters in community variation, indicating that
abiotic filtering processes are more important than
biotic filters in signifying niche-based processes.
However, the difference between studied ecological
filters at multiple spatial scales was marginal and a
wide part of variation in community structure was not
explained by the studied filters.
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scales are for the explanatory variables. Red crosses in these
graphs represent species scores, while black circles represent
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Important effects of the abiotic environment as the
strongest filter explaining the variation in community
structure were most likely attributable to heterogene-
ity of topography, spatial zonality of soil variables and
determination the presence of specific plants in
different areas of important gradients. Some of these
factors impact beta diversity directly and others
influence beta diversity via impact on other variables
of different spatial scales (i.e., indirectly). For
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Fig. 4 a Study region with site scores of the two first axes of
canonical redundancy analysis (RDA). Scores of the two first
axes of canonical redundancy analysis were constrained by all
predictors: abiotic, dispersal, and biotic factors. The cell size
represents scores of axes, and white and black colors represent
negative and positive, respectively. The first axis a described
28.35% and the second b described 17.01% of variation in beta

example, elevation was the most important local scale-
factor structuring beta diversity with its effects solely
and coupled with other variables of different spatial
scales (Moura et al. 2016). We believe that several
possibilities explain the most important impacts of this
variable. First, along with elevation, climatic and
some topographic factors act as strong filters, for
example: via high precipitation in cold environments,
and short growing seasons, and excessive radiation at
high elevation. These factors likely select for species
with particular traits adapted to harsh, stressful
environments, in turn influencing beta diversity
(Pashirzad et al. 2018; Peters et al. 2013; Soliveres
et al. 2012). Although the change in the amount of
annual precipitation along elevation in our study
region is relatively low (approximately 47 mm in
range), this variation could strongly impact plant
communities. Important influence of this variable in
coupled with elevation can be performed via the
changing roles of dominant species on species under
their canopies (Pashirzad et al. 2019). Therefore, these
local scale abiotic factors can play important roles in
significantly of some biotic variables in fine spatial
scale (Butterfield et al. 2013; Lopez et al. 2013).

Biotic filter

Residuals = 0.45

Values <0 not shown

diversity-species compositional patterns in semi-arid plant
communities. b Variation partitioning of beta diversity into
fractions explained by environmental, broad scale variables and
biotic variables at fine scale reported as Rgdj_ (*) means
significant fractions after permutations tests (*P < 0.05,
**P < 0.01)

Further, some soil factors such as organic carbon,
climatic factors such as precipitation seasonality and
topographic variables such as slope aspect, also
affected beta diversity. In mountainous rangelands,
significant impacts of slope aspect are related to major
abiotic factors such as elevation and annual precipi-
tation (Piston et al. 2016). The better climatic condi-
tions of north-facing, mesic slopes support the
presence of more productive plant species that are
also more sensitive to disturbance, whereas harsher
conditions along south-facing, drier slopes lead to the
establishment of spiny, stress-tolerant shrubs (Farzam
and Ejtehadi 2016). Therefore, slope aspect plays
strong roles on variation in community structure
through the establishment of cushion-like species in
xeric rather than mesic exposures (Alejandro et al.
2009). Cushion-like species could directly improve
soil environments (i.e., enhancing nutrient availabil-
ity) via the increased presence of other plant species in
harsh environments (Butterfield et al. 2013; Erktan
and Rey 2013). Reasons for some soil factors affecting
diversity patterns may include the altitudinal zonality
of soil (Wang et al. 2015), and the indirect effects of
dominant cushion-like species on soil fertility (i.e.,
changing some soil factors such as organic carbon via
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microhabitat differentiation promoted by cushion-like
species) (Soliveres et al. 2012). Therefore, abiotic
filters at local scale and some biotic filters at fine
spatial scale simultaneously affect significantly of
each other.

At fine spatial scales, direct biotic interactions and
microhabitat differentiation provided by the dominant
cushion plants i.e., Acantholimon and Acanthophyllum
were important filters exerting influence on beta
diversity. Our results suggest important roles of the
dominant shrub species on plant community assembly
by altering micro-environmental conditions in their
vicinities (e.g. increased soil fertility) and by filtering
(Cortina and Maestre 2005). However, biotic filter
effects at the fine spatial scale on beta diversity are
strongly related to the main filters at the local scale. In
plant communities at lower elevation, we did not
observe any positive effects of the dominant shrubs on
variation in community structure; indeed, a high
similarity between canopy/open patches suggest com-
petition between dominant shrubs and the plant
species under their canopies (Luzuriaga et al. 2012).
Although the competitive effects of the dominant
shrubs, for example via belowground depletion of
water and nutrients under their canopies, have been
reported in less harsh environments (Armas and
Pugnaire 2011), facilitative effects have also been
observed in communities with extreme environments.
Some studies have shown both the positive and
negative impacts of dominant cushion plants on beta
diversity (Luzuriaga et al. 2012; Lopez et al. 2013). In
mountainous landscapes, biotic interactions—when
present—are expected to vary with elevation (Pottier
et al. 2013): the frequency of positive and negative
interactions is predicted to change across the stress
gradient, with facilitation being more common in
places with high abiotic stress such as cold and
limiting availability of nutrients (Bertness and Call-
away 1994; He et al. 2013; Chamberlain et al. 2014).
Moreover, facilitation among plants has often been
demonstrated in severe environments, such as high
elevations due to decreasing of temperature (Carlsson
and Callaghan 1991; Choler et al. 2001; Callaway
et al. 2002). Although local scale filters play important
roles on significantly of biotic filters, there is the
possibility that abiotic filters may have exerted a
stronger influence, and the presence of cushion plants
reduced these impacts via the amelioration of micro-
habitats (Lortie et al. 2004; Valiente-Banuet et al.
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2006). In accordance with this possibility, variation in
biotic interactions from competitive interactions (pos-
itive C_score and high similarity indices) in lower
elevation communities to facilitative interactions
(negative C_score and low similarity indices) in
higher elevation communities could explain the high
importance of dominant shrubs on abiotic filters, and
finally on beta diversity (Pashirzad et al. 2019;
Soliveres et al. 2011; Lopez et al. 2013). Therefore,
the interplay between abiotic and biotic filters leads to
the decreasing importance of the main abiotic filters
such as elevation and annual precipitation, and the
increasing importance of some biotic filters and other
abiotic filters that are affected directly by biotic filters,
such as organic carbon.

Broad scale spatial variables (fraction ¢) may have
influenced observed patterns in beta diversity. How-
ever, this fraction may reflect either the impacts of
spatially structured unmeasured environmental vari-
ables, or neutral processes in plant communities (Luiz
et al. 2016). A low mean distance in our correlogram
and no significant relationship between Manhattan
distances (M) and abundance distances (r = — 0.01)
suggests strong roles for neutral processes on beta
diversity (Diniz-Filho et al. 2012; Luiz et al. 2016).
Neutral processes such as stochastic spatially struc-
tured dispersal may be imposed by environmental
variables related to limitations on dispersal, such as
elevation (Qian et al. 2017). The spatial structure of
environmental variables can be a possible major
determinant, given the significance of the environ-
mental factors with and without correction for spatial
autocorrelation. This suggests that the prevalent
environmental filters could determine changes in beta
diversity via their spatial structure or by interacting
with other processes, especially biotic filters promot-
ing niche differentiations (Kraft and Ackerly 2014). In
concordance with this explanation, we found increas-
ing importance of spatial components and biotic filters
related to competition and facilitation. In addition to
the role of spatially structured environmental variables
in dispersal, geological barriers such as rivers may also
affect the variation in community structure (Li and
Sun 2017). River networks are hierarchical dendritic
habitats embedded within the terrestrial landscapes
and are recognized as a physical organization influ-
encing the dispersal of organisms, which ultimately
affect biodiversity patterns (Tonkin et al. 2018).
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In conclusion, both niche and neutral processes
operating at different spatial scales are important
determinants of diversity patterns, and the balance
between niche processes and neutral processes drives
beta diversity. However, there were stronger effects of
pure abiotic and biotic filters as proxies of niche-based
deterministic processes relative to pure dispersal
filters as processes of neutral dynamics on beta
diversity patterns in our communities. This result is
consistent with expectation, because mountainous
semi-arid ecosystems consist of heterogeneous topog-
raphy simultaneous with the dominance of cushion
plants. However, geographic barriers such as rivers
and spatial structures of some environmental variables
such as elevation in our studied area can be a strong
explanation for strongly neutral processes (Myers
et al. 2013). Explanations for the stronger effects of
niche-based deterministic processes can depend on
which factors were studied. Studies incorporating few
variables operating at only one spatial scale may
suggest that dispersal-based processes determine beta
diversity. Therefore, the inclusion of abiotic along
with biotic factors reversed these results in signifying
niche-based processes (Chang et al. 2013; Qiao et al.
2015). In addition, our results suggest that some
factors affecting each ecological filter exhibit scale-
dependence in their impacts on beta diversity, but
some others act across different spatial scales and
directly and indirectly via impact on other factors of
different spatial scales influence beta diversity. There-
fore, we argue that studies should incorporate many
effective variables operating at different spatial scales
to yield the most robust results to understand the
processes structuring beta diversity in mountainous
semi-arid rangelands (Luzuriaga et al. 2012).

Multiple facets of biodiversity must be studied to
deal effectively with scale-dependence in community
assembly processes. A wide part of the unexplained
variation in beta diversity may be due to the studied
explanatory variables and to dependence of commu-
nity assembly processes to multiple facets of biodi-
versity. Therefore, we recommend future research
partitioning phylogenetic and functional beta diversity
with a vast range of explanatory factors acting
different spatial scales, in order to provide additional
insight about the processes that structure beta diversity
patterns.
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