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Abstract. Environmental filtering is a major mechanism structuring ecological communi-
ties. However, it is still not clear how different abiotic drivers composing the environmental fil-
ter interact with each other to determine local species assemblage and create spatial patterns in
species distribution. Here, we evaluated the effects of two strong and uncorrelated environmen-
tal variables (salinity and sediment properties) on the b-diversity of an estuarine macrobenthic
community while accounting for spatial effects. Our results show that the benthic community
composition has a strong spatial structure along the estuary, which can be greatly explained by
salinity and sediment variation. Salinity is most associated with species replacement (turnover),
whereas sediment is more important for species loss (nestedness). However, the effects of sedi-
ment variation on nestedness are mainly detected at a smaller spatial scale (estuarine sectors),
whereas the effects of salinity on species turnover are stronger as spatial scale increases (entire
estuary). Our findings suggest that environmental filters can drive both turnover and nested-
ness components of b-diversity, but that their relative importance depends on the spatial scale
of investigation. Although abiotic drivers associated with detrimental effects (sediment) usually
result in nestedness, larger spatial scales encompass abiotic drivers associated with different
suitable conditions (salinity), increasing the relative importance of the replacement component
of species b-diversity.

Key words: abiotic filter; beta-diversity; brackish water; coastal lagoon; community assembly;
hierarchical environmental filter; macrofauna.

INTRODUCTION

A fundamental goal of community ecology is to
understand the processes driving the assembly of biolog-
ical communities from regional to local pools of species.
According to a niche-based theoretical model, species
from the regional pool must pass through three main
ecological filters to colonize a local community success-
fully: dispersal, environmental, and biotic filters (Keddy
1992, Belyea and Lancaster 1999, HilleRisLambers
et al. 2012). Traditionally, the concept of ecological fil-
ters has been investigated focusing on which of these
three mechanisms is governing the assembly process of a
focal community, especially the importance of the envi-
ronment compared to dispersal or biotic filters in struc-
turing local assemblages and community b-diversity
(Arellano et al. 2016, Cao et al. 2016, Duan et al. 2016).
However, these approaches usually assume the effects of
an environmental filter as a single and discrete

constraint, even though it may be composed by different
abiotic drivers acting on different spatial scales (Poff
1997, de Bello et al. 2013). A less-explored subject,
though, is how different abiotic factors interact to deter-
mine local species assemblage, i.e., the hierarchical nat-
ure of the environmental filter.
The idea of a hierarchical environmental filter was

already present at the birth of the ecological filter meta-
phor (Keddy 1992, Belyea and Lancaster 1999). For
example, Keddy (1992) highlighted how a sequence of
environmental drivers progressively select species best
adapted to local conditions in a wetland community.
Similarly, a meta-analysis revealed that different abiotic
factors interact to determine plant community composi-
tion and concluded that the importance of each environ-
mental driver is associated with the spatial scale of
observation (Siefert et al. 2012). However, few studies
have explored how the hierarchical influence of environ-
mental drivers may affect community b-diversity (Poff
1997, Fernandez-Going et al. 2013). More precisely, it is
still not clear if these filters act by reducing the number
of species in some communities (species loss), or by
selecting species with different environmental require-
ments at each local community (species turnover).

Manuscript received 24 August 2018; revised 24 December
2018; accepted 4 March 2019. Corresponding Editor: Jonathan
H. Grabowski.

4 E-mail: andre.menegotto@gmail.com

Article e02721; page 1

Ecology, 100(7), 2019, e02721
© 2019 by the Ecological Society of America

https://orcid.org/0000-0002-8510-687X
https://orcid.org/0000-0002-8510-687X
https://orcid.org/0000-0002-8510-687X
https://orcid.org/0000-0002-5781-7471
https://orcid.org/0000-0002-5781-7471
https://orcid.org/0000-0002-5781-7471
https://orcid.org/0000-0003-2486-640X
https://orcid.org/0000-0003-2486-640X
https://orcid.org/0000-0003-2486-640X
info:doi/10.1002/ecy.2721
mailto:


Here, we evaluated the effects of two strong and
uncorrelated environmental variables (salinity and sedi-
ment properties) on the species composition of an estu-
arine macrobenthic community. The estuarine system is
ideal to test the environmental filter hypothesis because
of its harsh conditions (i.e., at least for most of the aqua-
tic species). Under stressful conditions, environmental
filters become more important than dispersal limitation
for community assembly (Chase 2007). In addition,
salinity and sediment are known to be the most impor-
tant abiotic variables for estuarine benthic species (Teske
and Wooldridge 2003, Nanami et al. 2005). In our study
area, salinity and sediment gradients are completely
orthogonal (see details below), allowing us to test their
independent effects on the composition of local commu-
nities. Specifically, we tested the importance of each
environmental variable on benthic b-diversity at broad
and fine spatial scales and evaluated how each variable
affects the loss and replacement of species as spatial
scale increases.

METHODS

Study area

We conducted the study in the Laguna Estuarine Sys-
tem, a choked coastal lagoon in southern Brazil (Fig. 1).
The lagoon has an area of 184 km2, a mean depth of
2 m, and it is isolated from the ocean by a sand barrier
to the east. Small rivers to the west contribute freshwater

input and sediment delivery. The particular geomorphol-
ogy of the lagoon creates a west–east axis of sedimentary
variation, with surface sediments varying from silty and
poorly sorted grains with high organic and water content
to the west, and well-sorted fine sand with low organic
content to the east (Appendix S1: Fig. S1). Sediment
infill of the elongated and shore-parallel Laguna Estuar-
ine System generated a series of cuspate divisions (septa-
tion) due to wind waves that build spits segmenting the
lagoon into separate basins (Woodroffe 2002). Water
exchange between the lagoon and the ocean occur
through a single and narrow channel in the south. The
connection with the sea in the outer sector creates a
south–north salinity gradient (perpendicular to sedimen-
tary variation), with high salinity values in the south
decreasing toward the inner north. During the course of
the study, salinity varied from 30.02 psu (practical salin-
ity unit) in the outer sector to 2.23 psu in the inner sec-
tor (Appendix S1: Fig. S1).

Sampling

We sampled 39 sublittoral sites (mean depth of 1.7 m)
throughout the whole estuarine system in order to cover
both environmental gradients of salinity and sediment
(Fig. 1). In early August 2008, three samples of sediment
were collected at each sampling site for analysis of ben-
thic community composition. Samples were collected
using a 15 cm diameter PVC core tube pushed into the
sediment to a depth of 10 cm. After collection, samples
were fixed in 10% formalin for at least 48 h, sieved on a
0.5-mm mesh net, preserved in 70% ethanol, and sorted
using a dissecting microscope. All invertebrates were
identified to the lowest possible taxonomical level and
counted.
At each sampling site, we also measured the bottom

water salinity with an YSI 556MPS multiparameter instru-
ment (YSI Inc., Yellow Springs, Ohio, USA) and collected
three samples of sediment to characterize the sedimentary
environment. For each sample of sediment, we determined
the mean grain size, sorting, skewness, fine (silt + clay)
and sand percentages, total organic matter, water content
and heterogeneity. Details on sediment processing and
analysis, as well as spatial distribution of sedimentary vari-
ables and salinity, are provided in Appendix S1.

Data analysis

The composition of species can be determined by
niche processes when individual species are strongly
adapted to a narrow range of environmental conditions
(Keddy 1992, Chase 2007). However, neutral processes,
such as random colonization and local extinction, can
also determine how species are spatially distributed so
that areas close to each other share similar composition
of species (Hubbell 2001). To disentangle the effects of
environmental variables on the composition of benthic
communities from the effect of other processes that

0 5 10 km

Inner

Middle

Outer

Atlantic
Ocean

−48.9 W −48.7

−28.5 S

−28.2

Laguna
Estuarine System

N

Brazil

FIG. 1. Map of the Laguna Estuarine System with the sam-
pling stations in the inner (grey circles), middle (orange
squares), and outer (blue triangles) sectors.

Article e02721; page 2 ANDR�E MENEGOTTO ET AL. Ecology, Vol. 100, No. 7



could cause spatial autocorrelation (e.g., neutral pro-
cesses), we tested for the association between species
composition and the salinity and sedimentary gradients,
and the geographic positioning of sampling sites.
Sedimentary variables were highly correlated with

each other (above 79%, except skewness), and the first
axis of a principal component analysis (PCA) summariz-
ing these variables was used as a predictor variable repre-
senting the sedimentary gradient (Appendix S1). The
first PCA axis accounted for 79% of variation in sedi-
mentary variables. Salinity was only weakly correlated
to any sedimentary variable (�0.19 < r < 0.15) or with
the PCA axis representing the sedimentary gradient
(r = 0.04). Therefore, salinity and the PCA axis of sedi-
ment were used as independent environmental predictor
variables in all analyses.
To determine how the environment and the spatial

positioning of sites were associated with the composition
of species, we performed a redundancy analysis (RDA)
using Sørensen similarity matrix based on presence/ab-
sence species data as response variable and sediment
(PCA axis), salinity, and spatial predictors as predictor
variables. Spatial predictors were obtained from site
coordinates using Moran eigenvector maps (MEMs)
based on a Gabriel graph (Dray et al. 2012, Legendre
and Legendre 2012). MEMs are linear variables repre-
senting all possible configurations of spatial autocorrela-
tion. Each MEM represents a different spatial scale
ranging from the broadest (MEM with highest associ-
ated eigenvalue) to the finest (MEM with lowest associ-
ated eigenvalue). We used scalograms to project the
correlation between sites scores of the two first axes of
the RDA, and the residual axes of the same RDA, with
the spatial basis formed by 38 MEMs to identify the
main scales of spatial variation in the response data.
Scalograms are presented in smoothed version with 19
spatial components formed by groups of two successive
MEMs (R2 values summed). To test if the maximum
observed R2 value is significantly higher than values
obtained in the absence of spatial autocorrelation, we
used a permutation procedure with 999 repetitions. Spa-
tial analyses were performed using the “spdep” (Bivand
2018) and “spacemakeR” (Dray 2013) R packages. A
forward selection based on adjusted R2 values was used
to select only those MEMs with strong explanatory
power for benthic species composition (Blanchet et al.
2008). The selected MEMs were divided into two groups
corresponding to broad and fine scale MEMs. We per-
formed variation partitioning (Borcard et al. 1992) of
the RDA axes representing the main changes in commu-
nity composition to quantify the association of species
composition with salinity, sediment, and broad-scale
and fine-scale MEMs. Multivariate analyses (PCAs and
RDAs) and variation partitioning were performed using
the “vegan” R package (Oksanen et al. 2018).
In addition to the RDA analyses, we evaluated the

effects of spatial and environmental drivers on the turn-
over (species replacement) and nestedness (species loss)

components of b-diversity (Baselga 2010). Total b-diver-
sity, which was calculated here with the Sørensen similar-
ity index (bsor), may be caused by both turnover and
richness differences. Because the Simpson similarity
index (bsim) is unaffected by difference in species rich-
ness, it is used to describe the contribution of spatial
turnover. The resulting difference between bsor and bsim,
therefore, yields an estimate of the nestedness (bnes).
These metrics were calculated with the presence/absence
species data using the “betapart” package (Baselga et al.
2018). Geographic coordinates were used to calculate
the pairwise geographic distance matrix. Environmental
distance matrices were created independently based on
differences of salinity and sediment between all pairs of
sites. To quantify the association of the Sørensen similar-
ity index and each component of benthic b-diversity
with geographic and environmental matrices we applied
a multiple regression on distance matrices (MRM) using
the “ecodist” package (Goslee 2017) in the R program
(R Core Team, 2018). Because structuring factors may
affect community assembly at different spatial scales
(Barton et al. 2013), we explored the MRM models for
the entire estuary and separately for each estuarine sec-
tor.

RESULTS

We recorded 51,364 individuals from 39 species/mor-
pho-species of macrobenthic invertebrates including
Polychaeta (18 spp.), Crustacea (8 spp.), Mollusca (6
spp.), as well as five other taxonomic groups with one
species each. The microgastropod Heleobia australis was
the most abundant species, with 76.68% of the total
abundance, followed by the bivalve Erodona mactroides
(12.04%), and the polychaete Paraprionospio pinnata
(3.41%). We found a minimum of 4 species and a maxi-
mum of 18 species per site. Overall, species richness was
higher in sandy (12.64 � 3.58, mean � SD) than muddy
sites (7.4 � 2.73; F2,36 = 11.59, P < 0.001), and
increased from the inner to the outer sector (7.4 � 2.67;
9.58 � 2.95; 14.8 � 2.35; F2,36 = 22.9, P < 0.001).

Environmental and spatial effects on community
composition at different spatial scales

The first two axes of RDA accounted for 76.9% and
23.1% of the total variability in species composition, and
were strongly correlated with salinity (rsal = 0.98 and
0.21) and sediment variation (rsed = 0.25 and �0.97;
R2

salþsed = 0.38, P = 0.001 based on 999 permutations;
Appendix S2: Figs. S1–S3). The scalograms for the first
two axes of the RDA revealed that both axes exhibited a
broad-scale nonrandom spatial pattern (R2

Max = 0.80,
P = 0.001; R2

Max = 0.30, P = 0.004; Appendix S2:
Fig. S4). After the removal of the effects of salinity and
sediment on the RDA axes of species composition, there
was still a significant broad-scale spatial pattern for the
first axis that could not be explained by salinity and
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sediment (R2
Max = 0.26, P = 0.004; Appendix S2:

Fig. S4). The forward selection procedure chose only
one broad-scale spatial predictor (MEM 1), whereas no
spatial predictor corresponding to fine scales was
selected. The selected MEM representing spatial struc-
ture at broad-scale explained 64% of the total variance
in community composition, from which 53% could be
attributed to salinity and only 1% to sediment (Fig. 2).
Although most of the fraction explained by salinity was
spatially structured, sediment explained 15% of the vari-
ation in species composition independently of any spa-
tial predictor. The most inclusive model, with
environmental and spatial components, explained 80%
of the species variation within the estuary, with only
10% corresponding to a pure spatial fraction (Fig. 2).

Relationships between b-diversity and geographic and
environmental distance

Because salinity is highly correlated with geographic
distance (salinity: r = 0.84; sediment: r = 0.09), we con-
ducted the MRM analysis twice, once including geo-
graphic distance and once using exclusively the
environmental variables. The results show that the simi-
larity in species composition measured by the Sørensen
similarity index decreased with geographic distance and
differences in salinity and sediment (Table 1). Consider-
ing the turnover and nestedness components of b-diver-
sity separately, the turnover component was mainly
associated with geographic distance and differences in
salinity, whereas the nestedness component was more
strongly associated with differences in sediment (Table 1,
Fig. 3). However, the strength of these associations dif-
fered across scales. For the entire estuary, we found a

strong correlation between the similarity in species com-
position and geographic and salinity matrices. In con-
trast, the difference in sediment was the best predictor of
species composition when MRM analysis was run sepa-
rately for each estuarine sector (Table 1, Fig. 4). It is
noteworthy that the significance test of our analysis
using only environmental variables could be initially
influenced by residual autocorrelation, because we
removed the spatial predictor from the model. However,
a mantel test of the spatial structure in the residuals
revealed that geographic distance accounted for only 6%
of the residual variation in the model for the entire estu-
ary. In the model of the inner and middle sectors, such
influence is lower than 1%. Spatial structure in the resid-
uals was relatively high only in the model of the outer
sector (22%), where no environmental variable was asso-
ciated with b-diversity. Therefore, we believe that the
results of our MRM analysis are robust to the effects of
spatial autocorrelation.

DISCUSSION

In order to investigate how environmental filters drive
species distribution, we evaluated the changes in an estu-
arine benthic community along two strong and indepen-
dent environmental gradients of salinity and sediment,
while accounting for spatial effects. No signal of fine-
scale variation in species composition was detected in
our analyses, suggesting absence of patchy distributions
within the estuary. Both environmental predictors were
strongly associated with broad-scale spatial patterns in
species distribution. However, only the effects of salinity
were spatially structured, since sediment disposition
within the study area reduces the spatial structure of the
sedimentary gradient. Salinity was the most influential
environmental predictor of benthic b-diversity at broad
scale and was associated with a strong turnover in spe-
cies composition. However, when we conducted the
analysis separately for each estuarine sector, a broad but
smaller scale, sediment became a better predictor of b-
diversity. Contrary to salinity, sediment variation was
related to species loss from sandy to muddy sites. Over-
all, our results revealed a clear dependence of spatial
scale in the strength of each environmental driver on
community composition. Consequently, the relative
importance of each component of b-diversity was also
scale-dependent: whereas the salinity gradient determi-
nes species turnover across the entire estuary, sediment
variation determines species loss within the estuarine
sectors. Our findings suggest that environmental filters
can drive both the turnover and nestedness components
of b-diversity, but the relative importance of each com-
ponent depends on the spatial scale of investigation.
Spatial turnover is assumed to indicate the existence

of dispersal limitation or selective differentiation
between communities (Simpson 1943, Baselga 2010).
Although dispersal limitation explains some of the pat-
terns observed here (Dray et al. 2012, Legendre and

Salinity

Sediment Broad scale

Fine scale
0.15 0.10

0.01

0.53

Residuals = 0.20Values < 0 not shown

0.01

FIG. 2. Variation partitioning results of benthic community
composition showing the fraction explained by salinity and sed-
iment (environmental component), and broad and fine-scale
Moran eigenvector maps (spatial component).
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Legendre 2012), macrobenthic species usually have high
dispersal capacity in wind-wave dominated shallow sys-
tems (Lundquist et al. 2006, Pilditch et al. 2015). In
addition, most of the spatial variation in species

composition observed in our study could be attributed
to salinity alone. The large salinity variation (0–30 psu)
represents a physiological barrier for many species that
are adapted to specific salinity conditions, which limit

TABLE 1. Standardized regression coefficient for the influence of geographic and environmental distance on total b-diversity
(bsor), turnover (bsim), and nestedness (bnes) of benthic invertebrates across the entire estuary and for each estuarine sector.

Geographic distance Salinity distance Sediment distance F R2 (%)

Entire estuary
1 � bsor �0.098*** 0.004 (�0.078***) �0.024** (�0.033***) 231.88 (199.42) 49*** (35***)
1 � bsim �0.081*** �0.004 (�0.071***) 0.008 (�0.000) 82.66 (83.39) 25*** (18***)
1 � bnes �0.018 0.008 (�0.007) �0.031*** (�0.033***) 19.40 (26.86) 07*** (07***)

Inner
1 � bsor �0.008 �0.018 (�0.024*) �0.053*** (�0.054**) 14.20 (21.21) 30*** (29**)
1 � bsim 0.004 �0.033 (�0.030*) 0.041*** (0.041***) 6.99 (10.55) 17** (17***)
1 � bnes �0.012 0.014 (0.006) �0.094*** (�0.094***) 33.43 (49.77) 50*** (49***)

Middle
1 � bsor �0.005 �0.037 (�0.041***) �0.055*** (�0.058***) 21.82 (32.97) 43*** (43***)
1 � bsim �0.014 �0.037 (�0.046**) 0.026 (0.020) 6.45 (9.41) 18* (18*)
1 � bnes 0.009 �0.001 (0.005) �0.081** (�0.078**) 36.36 (54.56) 55** (55**)

Outer
1 � bsor �0.058** 0.000 (�0.005) 0.004 (�0.017) 4.91 (0.50) 26 (02)
1 � bsim �0.060* �0.004 (�0.010) 0.005 (�0.016) 4.15 (0.46) 23 (02)
1 � bnes 0.002 0.005 (0.005) �0.001 (�0.001) 0.17 (0.24) 01 (01)

Notes: Values in parentheses are results excluding geographic distance from the model. See Appendix S2: Table S1 for regression
coefficients calculated with unstandardized variables.
*P < 0.05; **P < 0.01; ***P < 0.001.
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FIG. 3. Changes of Sørensen similarity index (1 � bsor), turnover (1 � bsim), and nestedness (1 � bnes) components of b-diver-
sity with geographic, salinity, and sedimentary pairwise distance matrices at the full estuary scale. Plots indicate significant (solid
lines + 95% confidence interval) and nonsignificant (dashed lines) results in the MRM analysis. Lines were modeled fitting a gener-
alized linear model using a binomial log-link function.
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their spatial distribution along the estuary (Cognetti and
Maltagliata 2000, Telesh and Khlebovich 2010). In
accordance with this theoretical expectation, our study
shows that benthic b-diversity across the whole estuarine
system reflects mainly the replacement of oligohaline
species in the inner by polyhaline species in the outer
sector. These species are adapted to particular levels of
salinity on which they can control osmotic pressure and
ionic concentration with low energy cost (Medeiros
et al. 2016, Rivera-Ingraham and Lignot 2017). There-
fore, considering that each species has physiological
adaptations to different levels of salinity and they are
allowed to freely track those conditions (Josefson 2016,
Medeiros et al. 2016), the result must be a spatial change
in species composition along the estuary.
Our study indicates that for this estuarine benthic com-

munity, nestedness derives from detrimental effects along
the sedimentary gradient. Contrary to the salinity gradi-
ent, which represents a transition along distinct but suit-
able conditions for life in aquatic systems, several factors
make one end of the sedimentary gradient highly

inhospitable for many species. In mud bottoms, superfi-
cial fine sediment acts as physical barrier that increases
the contribution of anaerobic pathways to the overall
decomposition and relocates the reoxidation of reduced
solutes upwards (Hohaia et al. 2014, Mestdagh et al.
2018). Under this circumstance, oxygen penetration depth
never exceeds a few centimeters and becomes a major lim-
iting factor for sediment-dwelling organisms (Mestdagh
et al. 2018). In addition, sessile or less motile benthic
fauna that lives on the substratum or in tubes often have
a limited capacity to escape the constant deposition of
sediments, and suspension feeders risk damaging their
respiratory apparatus (Stevens 1987, Mestdagh et al.
2018). Experiments have shown that even thin layers of
deposition may reduce species diversity by nearly 50%,
with the strongest effect on those taxa living on the sedi-
ment–water interface (Lohrer et al. 2004). Consequently,
the macrofauna in these locations is typically depauper-
ated or characterized by dense benthic assemblages con-
sisting of only a few generalist species (Magni et al. 2005,
Mestdagh et al. 2018; Appendix S2: Fig. S5).
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FIG. 4. Changes of turnover (1 � bsim) and nestedness (1 � bnes) components of the b-diversity with salinity and sedimentary
pairwise distance matrices for the inner (grey circles), middle (orange squares), and outer (blue triangles) sectors of the estuary.
Plots indicate significant (solid lines + 95% confidence interval) and nonsignificant (dashed lines) results in the MRM analysis.
Lines were modeled fitting a generalized linear model using a binomial log-link function.
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Interestingly, such effects were only noticed when we
reduced the analyses to a sector scale within the estuary.
Thus, our results suggest that once the salinity range is
small enough to allow the coexistence of species adapted
to similar osmotic conditions (same species pool), reduc-
ing species replacement along the salinity gradient, varia-
tion from sandy to muddy sediments will act as a
secondary environmental filter, contributing to the com-
munity b-diversity through species loss.
Despite the importance of species loss associated with

sediment variation within the estuarine sectors, it should
be noted that the nestedness pattern was detected in only
two of three sectors of the study area. We did not find
any effect of sediment or salinity on b-diversity in the
outer sector, where the estuary experiences large oscilla-
tions in salinity due to tide and wind effects on marine
and freshwater inputs (Netto et al. 2018). It is possible
that the large and unpredictable variation in salinity in
this sector leads to physiological stressful conditions,
which may mask the spatial effects of environmental dri-
vers (Sanders 1968). Previous studies have suggested that
estuarine areas subjected to great salinity oscillations are
occupied by basically euryhaline species, whose popula-
tions have developed a broad tolerance to the unpre-
dictability of the environment and have lost the substrate
specificity that usually characterizes species in relatively
stable waters (Cognetti 1982). Therefore, we suggest that
temporal instability and unpredictability may be impor-
tant factors in the detection of nestedness pattern in nat-
ural communities.
The hierarchical influence of different environmental

drivers reported here is similar to results from studies
conducted in the terrestrial realm (Siefert et al. 2012).
However, by partitioning the b-diversity our study went
further and showed how uncorrelated variables are
affecting the community composition at different scales.
Until now, only a few metacommunity studies have
investigated the relative importance of nestedness and
turnover in determining dissimilarity patterns (Gianuca
et al. 2016, Soininen et al. 2018), especially considering
the spatial scaling of b-diversity (Barton et al. 2013). In
most of these studies, nestedness has been considered
simply a byproduct of geographic isolation (Gianuca
et al. 2016, Hill et al. 2017). Although this process may
be important to explain b-diversity patterns at biogeo-
graphical scale, where nestedness may reflect the
extinction/colonization dynamics resulting from past
glaciations (Dobrovolski et al. 2012), our study reveals
that nestedness may also arise from species sorting oper-
ating through niche mechanisms in relatively small and
connected communities. In this sense, the absence of an
impressive nestedness in some metacommunity studies
(Hill et al. 2017) may reflect the absence of a detrimental
environmental variable selecting for the subset of oppor-
tunist species or, alternatively, the overshadow of this
process by another variable determining turnover, which
tends to be more common as the spatial scale of analysis
increases (Soininen et al. 2018).

By demonstrating how b-diversity components vary
across spatial scales, we hope contribute to the develop-
ment of a more general framework for testing the process
structuring ecological communities. Overall, our results
support the predictions that nestedness pattern emerges
from species sorting process over short environmental gra-
dients ranging from suitable to marginal conditions (e.g.,
sandy to muddy sediments). Yet, a gradient that ranges
between two distinct but suitable conditions (e.g., marine
to freshwater) will result in turnover (Svenning et al. 2011;
Appendix S2: Fig. S6). We show that increasing the spatial
scale of the study will encompass larger variation of suit-
able conditions, involving more than one species pool
(Patterson and Brown 1991, Cutler 1998, Svenning et al.
2011) and increasing the relative importance of species
turnover and the reduction in nestedness.
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