Aquatic Sciences (2019) 81:63

https://doi.org/10.1007/500027-019-0658-8 Aquatic Sciences

RESEARCH ARTICLE q

Check for
updates

Disentangling the role of niche-based and spatial processes on anuran
beta diversity in temporary ponds along a forest—grassland transition

Débora Schuck Knauth' - Mateus Marques Pires'® . Cristina Stenert' - Leonardo Maltchik'

Received: 23 December 2018 / Accepted: 24 July 2019 / Published online: 29 July 2019
© Springer Nature Switzerland AG 2019

Abstract

Evaluating beta diversity patterns along environmental gradients and different geographic ranges helps comprehend the roles
of niche-based and spatial processes to metacommunity structure. Pond-breeding anuran composition depends on environ-
mental predictors such as climate, vegetation type and habitat features as well as spatial processes (e.g., dispersal limitation
or distances among patches). Here, we investigated the role of spatial and local (water chemistry and habitat structure) and
regional (climate) environmental predictors to tadpole beta diversity (and its turnover and nestedness-resultant components)
in temporary ponds distributed along a forest—grassland transition in the southern Brazilian Coastal Plain. Additionally,
we investigated the role of the assessed predictors within forest and grassland sub-regions to test for congruence in their
contribution across vegetation types. Turnover was the most relevant component of beta diversity. Spatial predictors alone
explained beta diversity (and both components) at the broadest scale. However, the contribution of environmental and
spatial predictors to beta diversity differed between sub-regions. Spatial and local environmental predictors independently
explained beta diversity in the grassland, while in the forest sub-region, local predictors and spatially-structured climate
were the most important. Our results revealed a complex interplay of niche-based and spatial assembly processes shaping
anuran metacommunities. The different relationships of environmental and spatial predictors with beta diversity in the forest
and grassland sub-regions suggest that the contribution of assembly processes to anuran metacommunity structure change
with vegetation type.
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Introduction

The composition and structure of biological communities
are assembled by an interplay of processes that vary through
time and space (Leibold et al. 2004). Comprehending the
contribution of these processes to biodiversity patterns is
one of the main goals of metacommunity ecology (Brown
et al. 2017). Variation in species composition among local
communities (beta diversity; sensu Whittaker 1960, 1972)
is regarded as being determined by niche-based and spatial
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processes (Heino et al. 2015; Brown et al. 2017). The role of
niche-based processes is generally inferred from the influ-
ence of abiotic factors or biotic interactions on beta diversity
(Leibold et al. 2004; Cottenie 2005; Holyoak et al. 2005;
Chase and Myers 2011). In turn, beta diversity can also be
structured by spatial processes (i.e., variation unaccounted
for by environment, normally detected through spatial pre-
dictors or geographic distances) (Soininen et al. 2007; Heino
et al. 2015). Spatial processes include dispersal limitation
mechanisms, in which subsets of species from the regional
pool are unable to either reach all sites or colonize those
too far apart (Winegardner et al. 2012; Heino et al. 2015).
In fact, beta diversity can be generated by both processes
(niche-based and spatial ones) under different scenarios
(Logue et al. 2011; Winegardner et al. 2012; Heino et al.
2015; Brown et al. 2017).

Beta diversity metrics can be partitioned into components
of turnover (i.e., species replacement among sites) and rich-
ness (i.e. variation in the number of species among sites;
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whenever the composition of sites with lower species rich-
ness is a subset of the richest ones, this corresponds to nest-
edness) (Baselga 2012; Legendre 2014). Thus, finding the
environmental and spatial predictors of beta diversity allow
for recognition of the processes assembling communities
(Leprieur et al. 2011). In a conservationist point of view,
comprehension of the processes generating beta diversity
(and those promoting species replacement or loss among
sites) can be a useful tool for biodiversity conservation plan-
ning (Angeler 2013; Socolar et al. 2016).

The spatial extent of the study can affect the observed pat-
terns of beta diversity (Heino et al. 2015). Spatial extent not
only is associated with the relative influence of local- (e.g.,
habitat heterogeneity) and regional-level (e.g., climate) pre-
dictors, but also with the relative importance of spatial pro-
cesses (Heino et al. 2015). In particular, the role of regional-
level environmental predictors and spatial processes are
expected to become more important with increasing spatial
extent, the former being more important especially for taxa
with restricted dispersal ability (Declerck et al. 2011; De Bie
et al. 2012; Heino 2013). Additionally, due to the synergy
of processes assembling communities, different predictors
may cause different patterns of metacommunity organization
depending on the group and ecosystem analyzed (Soininen
2014). In temporary ponds, aside from their patchy distri-
bution, an additional contingency for the establishment of
the biota is their intermittent condition. Hence, temporary
pond dwelling species must be able to effectively disperse
and reach sites that vary in their environmental suitability
through time (Heino et al. 2015). Such contingencies are
therefore expected to enhance the role of spatial processes
(i.e., dispersal limitation) over niche-based ones for the com-
munity assembly in temporary ponds (Declerck et al. 2011;
De Bie et al. 2012; Heino et al. 2015).

Anurans are organisms with complex life cycles and they
are important representatives of temporary pond ecosystems.
Several authors have, however, recorded contrasting contri-
butions or complex interplays between niche-based and spa-
tial processes influencing anuran metacommunities. This is
likely because the spatial distribution of anurans depends on
processes that differentially affect larval (tadpoles) and adult
stages. Adult occurrence is strongly influenced by pond hab-
itat features such as vegetation structure (Rojas-Ahumada
et al. 2012; Prado and Rossa-Feres 2014a; Valério et al.
2016; Couto et al. 2017). Adults also have limited disper-
sal ability (Sinsch 1990) and distances among water bodies
can affect the distribution of amphibians (Rojas-Ahumada
et al. 2012). Hence, spatial processes related to dispersal
limitation assumedly have an important role in structuring
anuran composition (De Bie et al. 2012; Provete et al. 2014;
Silva et al. 2014; Ledo-Pires et al. 2018). In turn, tadpole
distribution responds to environmental predictors, such as
pond hydroperiod, water chemistry, aquatic plant structure
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and predator occurrence (Ultsch et al. 1999; Wells 2007;
Both et al. 2011; Machado et al. 2012; Moreira and Malt-
chik 2012; Provete et al. 2014; Couto et al. 2017; Knauth
et al. 2018). Tadpoles should therefore be more influenced
by niche-based processes at narrower extents, suggesting
that amphibian metacommunities are governed by varying
factors across time and spatial scales.

At broader scales, spatial patterns of amphibian diversity
are influenced by climate (Vasconcelos et al. 2009; Melchior
et al. 2017). This is because temperature and precipitation
are closely associated with the metabolism of amphibians,
constraining their distribution (Andrade et al. 2017; God-
inho and Silva 2018; Le&o-Pires et al. 2018). Landscape
structure (e.g., vegetation types) can affect the importance
of spatial and niche-based processes to anuran composition.
Community assembly studies conducted in different forest
types indicated that spatial rather than niche-based processes
were better predictors of anuran beta diversity in denser
vegetation types (Prado and Rossa-Feres 2014b; Provete
et al. 2014), likely because these regions hold species with
more specialized reproductive modes (Landeiro et al. 2014).
Investigations on the relative importance of assembly pro-
cesses to anuran communities in grasslands are missing, as
well as comparisons with forest types.

Thus, the contributions of niche-based and spatial pro-
cesses to anuran composition change among study regions
and with spatial extent (Provete et al. 2014; Melchior et al.
2017; Ledo-Pires et al. 2018), making results not easily
comparable. In addition, assessments of the relationships of
anuran beta diversity components (turnover and nestedness)
with spatial and environmental predictors have yielded con-
trasting results. For instance, nestedness has been found to
be promoted either by environmental predictors (e.g., pond
area, hydroperiod, depth, predator occurrence) (Werner
et al. 2007; Both et al. 2011; Moreira and Maltchik 2012)
and by geographic distances (Hecnar and MCloskey 1997;
Rojas-Ahumada et al. 2012; Knauth et al. 2018), suggest-
ing that different predictors can yield similar patterns. The
assessment of tadpole distribution can provide insights on
the relative roles of environmental (i.e., niche-based) and
spatial predictors (i.e., spatial processes) to anuran meta-
community structure (Rojas-Ahumada et al. 2012; Prado and
Rossa-Feres 2014a; Knauth et al. 2018). This is because the
distribution of the larval stages indicates successful estab-
lishment of anurans and site selection by adults (Junior and
Rocha 2013), and also indirectly reflects the connection of
amphibians with landscape and climate.

In this study, we assessed the beta diversity of tad-
pole communities in temporary ponds distributed along
a latitudinal gradient in the southern Brazilian Coastal
Plain region. Our major goal was to investigate the roles
of niche-based and spatial assembly processes (dispersal
limitation) to tadpole metacommunity structure. For this
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purpose, we tested the relative contributions of local and
climatic environmental predictors (proxies of niche-based
processes) and spatial predictors (proxies of spatial pro-
cesses) to the patterns of beta diversity (and its turnover
and nestedness-resultant components). We sampled a set
of locally heterogeneous ponds ranging across a gradient
of climatic conditions (temperature and precipitation) and
vegetation types (forest and grassland sub-regions). How-
ever, as some authors showed that the relative importance
of assembly processes to amphibian metacommunities can
change with the spatial extent of analysis and vegetation
type (Melchior et al. 2017), we also tested the relative con-
tributions of environmental and spatial predictors within
the forest and grassland sub-regions to test for congru-
ence in ecological processes. Based on the assumptions of
low dispersal ability of adults and elevated sensitivity of
tadpole stages to local habitat conditions and climate, our
general hypothesis is that the relative importance of niche-
based and spatial assembly processes to anuran metacom-
munity structure varies with the scale of analysis. In this
sense, spatial processes would be the main process affect-
ing anuran distribution at the broadest extent (Coastal
Plain), while niche-based processes associated with local
environmental predictors would predominate at the finest
scales (within each sub-region). We thus expected: (1) spa-
tial predictors to be the primary predictors of beta diver-
sity at the broadest extent; and (2) pond-level variables
(e.g., water chemistry, habitat structure) to be the primary
predictors of beta diversity within sub-regions.

Fig. 1 Location of the study
area and of sampling ponds
along the Coastal Plain region
in southernmost Brazil (adapted
from: Pires et al. 2018). Ellipses
indicate the sub-regions (Atlan-
tic Forest and Pampa) within the
Coastal Plain
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Materials and methods
Study area

The study was conducted in the Coastal Plain region from
southern Brazil (states of Rio Grande do Sul and Santa
Catarina; Fig. 1). The study area is characterized by low-
lands (altitudes below ~ 20 m) and sandy soils (Villwock
and Tomazelli 2006) and holds a high concentration of wet-
lands (Maltchik 2003). The Coastal Plain presents distinct
landscape and climatic characteristics between the north and
south regions, including the transition between the Pampean
and the Atlantic Forest biomes (IBGE 2004). Although the
boundaries between the two biomes are not clearly defined in
the Coastal Plain, the northern regions are more influenced
by the mountains of the Serra Geral (ombrophilous forest),
typical of the Atlantic Forest, while in the south open-like,
shrubland landscapes (restinga) predominate (Ledo et al.
2014). The southern region is considered as Pampean by
some sources (IBGE 2004) (Fig. 1). The average annual tem-
perature ranges from 12 to 22° C, and the annual rainfall,
from 1000 to 1500 mm (Villwock and Tomazelli 2006).

Sampling design and tadpole collection

We sampled 24 ponds distributed along an extension of ~
520 km in the Coastal Plain (Fig. 1). The ponds had maxi-
mum size of 1 ha and they were separated by a minimum
distance of ~ 10 km. Ponds were selected according to the
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following criteria: reduced anthropic impact in their sur-
roundings (e.g., mainly extensive cattle grazing areas), and
artificial (man-made) ponds were not selected for sampling.
The dominant aquatic vegetation in each pond varied from 1
to 2 habitat types: emergent (either with or without branched
stems) and floating-leaved plants, and presence of predatory
invertebrates was recorded (Pires et al. 2018). All ponds had
predatory fishes (authors’ observation).

Two sampling events were carried out in the austral
spring 2015 (September—November), a period that covers
the breeding season of the anuran species in southern Brazil,
characterized by the beginning of warmer and rainy season
(Santos et al. 2007). Tadpoles were collected with a 30-cm
wide frame dip-net (mesh size = 250 pm). Each sample con-
sisted of three 1-m sweeps, taken in four different locations
of each pond, totaling 12 sweeps per pond. The distance
kept between each sweep was 1 m. Sweeps were conducted
from the margin up to 4 m to the interior of the pond. Tad-
poles were anesthetized with clove oil solution (Lucena et al.
2013) and fixed in situ with 10% formaldehyde. Samples
were packed in 500-ml plastic bottles. In the laboratory, the
samples were washed and the tadpoles identified to species
level. Specimens are deposited in the amphibian collection
of the Science and Technology Museum from the Pontifical
Catholic University of Rio Grande do Sul (PUCRS).

Environmental and spatial predictors

We investigated the influence of the following environmental
predictors on tadpole beta diversity:

1. Local environmental predictors, consisted of two sub-
sets: (i) water chemistry: dissolved oxygen (DO), electri-
cal conductivity (EC), pH, total dissolved solids (TDS),
water temperature (WT) and water turbidity (NTU),
measured in situ with a water quality meter (HORIBA
U-22). (ii) Habitat structure, represented by: pond area,
measured by walking the perimeter of each pond with a
GPS; pond depth, measured with a graduated stick in ten
distinct points of each pond; and then classified as ‘less’
than or ‘greater’ than 30 cm; vegetation structure, clas-
sified as ‘undergrowth’ (i.e., presence of grasses and/or
shrub-like vegetation less than 30-cm tall) or ‘arboreal’
(i.e., presence of shrub trees and agglomerates higher
than 30-cm tall) of each pond; hydroperiod—classi-
fied as ‘long’ or ‘short’ based on the water presence
at each pond between each sampling occasion. Short-
hydroperiod ponds were the ones that either dried up
completely or had a reduction up to 80% of their surface
flooding area; connectivity (physical connection between
the sampled ponds and other water bodies). Aside from
pond area, all habitat structure predictors were con-
sidered as dummy variables in the data analysis. The
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original values of the local predictors are provided in
Table S1.

2. Climatic predictors, consisted of the bioclimatic data
derived from temperature and precipitation measures,
obtained from WorldClim (Hijmans et al. 2005). We
extracted the corresponding values of 19 bioclimatic
variables for the geographic location of each pond.
However, in view of the elevated correlation among
some of the bioclimatic variables, we conducted a prin-
cipal components analysis (PCA) using the correlation
matrix. The first five axes of the PCA summarized ~
99.1% of the variation of the bioclimatic variables, and
they were employed as surrogates for the climatic con-
ditions. The PCA ordination diagram showed a clear
latitudinal gradient in the distribution of the sampling
sites in relation to the climactic conditions in the study
area. The first axis of the PCA (PC1) explained ~ 50%
of the variation in the bioclimatic dataset and segregated
the ponds from the Coastal Plain into two subgroups
(Fig S1A), generally corresponding to the distribution
of the vegetation types occurring in the Coastal Plain
(restinga and ombrophilous forest, Fig. 1). Based on this
ordination, we posteriorly classified the two subsets of
ponds as ‘Pampean’ and ‘Atlantic Forest’ sub-regions
and separately assessed in the subsequent analyses. In
general, the climate in the region covers a gradient of
increasing temperatures and more seasonal precipitation
to the northern areas in the region (Fig S1B).

3. We employed Moran’s eigenvector Maps (MEM) (Bor-
card et al. 2011) as spatial predictors (proxies of spatial
processes). The MEM method is based on a pairwise
distance matrix containing Euclidean distances between
sites. This matrix is then truncated at the smallest dis-
tance connecting all sites. We used as criterion for trun-
cation the minimum spanning tree as threshold value
(default option of the dbmem function). A principal
coordinate analysis (PCoA) was conducted and the pos-
itive eigenvectors retained were considered as spatial
predictors.

The spatial configuration of the local environmental
predictors could also potentially bias our results (if nearer
ponds had similar environments, they could potentially har-
bor similar species composition). Therefore we conducted
multivariate Mantel correlograms (Borcard and Legendre
2012; Legendre and Legendre 2012) to check for spatial
autocorrelation in the dataset of local environmental pre-
dictors. We proceeded as follows: (1) we first standardized
(zero-scaled mean and unit variance) the matrix of local
environmental predictors (water chemistry and habitat
structure). (2) we computed Mantel statistics (Pearson’s r
coefficient) between the Euclidean distance matrix of the
standardized local environmental predictors and a matrix
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containing the geographical distances between ponds. Man-
tel statistics were computed for distance classes d to form the
Mantel correlogram. We used Sturge’s rule to compute the
number of distance classes that included all ponds. Mantel
statistics were tested for significance using 999 permuta-
tions using the progressive Holm’s correction method. We
also ran the correlograms for the subsets of ponds from each
sub-region (Pampa and Atlantic Forest). Spatial autocorrela-
tion was not detected (p > 0.05) in any of the three datasets
(full dataset of the Coastal Plain, Pampa and Atlantic For-
est sub-regions). Multivariate Mantel correlograms were
computed with the mantel.correlog function in the package
vegan (Oksanen et al. 2019).

Data analysis

We first tested for differences in tadpole composition
between sub-regions. For this purpose, we performed a
non-parametric multivariate analysis of variance followed by
9999 permutations (PERMANOVA). We used as response
variable a dissimilarity matrix (Bray—Curtis index) com-
puted from the log-transformed abundance matrix of the
fauna.

We calculated beta diversity for our dataset based on a
presence—absence matrix. We used the Jaccard dissimilar-
ity index (Bjac) to calculate beta diversity. Afterwards, we
decomposed fjac into turnover (Bsim) and nestedness-result-
ant components (pnes), using the Podani family decomposi-
tion index (Legendre 2014) to avoid overestimation of the
turnover component (Carvalho et al. 2013). fjac, fsim and
Bnes were used as the response variables in the analyses.
Beta diversity matrices were computed with the beta.div.
comp function from package adespatial (Dray et al. 2019).
We checked for spatial autocorrelation in tadpole composi-
tion through multivariate Mantel correlograms (using fJjac
as response matrix). We also ran the correlograms for the
subset of ponds from each sub-region (Pampa and Atlantic
Forest). The procedures used for computation of the cor-
relograms for Bjac were similar to the ones undertaken for
the local environmental predictors (see previous subsection).

We assessed the relative importance of spatial and local
and climatic predictors to beta diversity (and its compo-
nents) patterns using distance-based redundancy analysis
(db-RDA) (Legendre and Anderson 1999). This approach
allows the usage of dissimilarity matrices as response vari-
ables while retaining the basis of canonical analyses (Leg-
endre and Legendre 2012). We used square-rooted PCoA
axes derived from each dissimilarity matrix ($jac, fnes and
Psim) as dependent variables, as dissimilarities were non
Euclidean (Legendre 2014).

Prior to the fitting of the full models, we ran forward
selection procedures on each explanatory matrix (local
environmental predictors, bioclimatic PCA scores, spatial

predictors) (Blanchet et al. 2008). This procedure searches
for the subset of variables in the explanatory matrices that
best explain variation (R%adj. values) in each response
matrix (fjac, pnes and Pfsim). In each forward selection pro-
cedure (local environmental predictors, bioclimatic PCA
scores, spatial predictors), we employed as stopping crite-
ria for selection of variables a significance value no higher
than 0.05 and R?adj. values of each explanatory variable
no higher than the model containing all variables of each
explanatory matrix. The matrix of local environmental pre-
dictors (water chemistry and habitat structure) was scaled to
zero mean and unit variance prior to the assessment.

We ran db-RDAs for each response matrix (fjac, fnes and
Bsim) with the selected spatial and environmental variables
retained by forward selection procedures. The significance
of the full model was assessed after 999 permutations, and
the explained variance was estimated with the adjusted R?
values (Peres-Neto et al. 2006). Finally, in cases where spa-
tial predictors and environmental predictors were included in
the full model, we assessed the individual and joint contribu-
tion of each fraction using variation partitioning approach
(Legendre and Legendre 2012). We repeated these proce-
dures three times: first for the full dataset of the Coastal
Plain; second, for the subsets from each sub-region (Pampa
and Atlantic Forest).

Forward selection procedures and the MEM matrix were
respectively computed with the functions forward.sel and
dbmem from package adespatial version 0.3-7 (Dray et al.
2019). PERMANOVA, db-RDAs and the variation parti-
tioning were respectively run with the adonis, dbrda and
the varpart functions from package vegan version 2.5-5
(Oksanen et al. 2019). All response matrices (Bray-Curtis
distance matrix, fBjac, fnes and fsim) were computed from
the pooled data of the two collections. A synthetic graphi-
cal abstract describing the main components of beta diver-
sity and the sampling design of the study (broad extent and
the main vegetation type in each sub-region of the Coastal
Plain) is provided in Fig. S2. A workflow summarizing all
the undertaken statistical steps is provided in Fig. S3. All
analyses were carried out in the statistical environment R v.
3.5.1 (R Core Team 2019).

Results

We collected 986 specimens from 28 species and five
families (Table S2). The richest family was Hylidae (14),
followed by Leptodactylidae (10), Bufonidae (2), Odon-
tophrynidae (1) and Microhylidae (1). Scinax squalirostris
(Lutz 1925) was the most abundant species, corresponding
to 27% of all individuals collected. Multivariate Mantel
correlograms did not detect spatial autocorrelation in tad-
pole composition (p > 0.05) in any of the assessed datasets
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(Coastal Plain; Pampa and Atlantic Forest sub-regions; Fig
S4). Differences in tadpole composition between sub-regions
were not detected by PERMANOVA (pseudo-F; 5, = 0.69;
R?=0.03, p =0.75).

The overall beta diversity (Bjac) in the study region
was 0.396. The contribution of the turnover component
was higher than the nestedness component [fsim = 0.212
(53.6%); pnes = 0.184 (46.4%)]. A similar pattern was
observed for each sub-region [Pampa: fjac = 0.388 (53.6%);
Bsim = 0.205 (52.9%); Pnes = 0.183 (47.1%); Atlantic For-
est: fjac = 0.407 (52%); Psim = 0.212 (52.9%); Pnes = 0.195
(48%)]. Beta diversity and its components were significantly
related to environmental (local and climatic) and spatial pre-
dictors. fjac and Psim were significantly influenced (p <
0.05) only by broad-scale spatial predictors (MEM3), while
a marginally significant influence of MEM1 was detected on
Bnes (p = 0.058; Table 1) The selected predictors accounted
for a small amount of explained variance (fjac = ~ 3.5%,
Bsim = ~ 2.6%; pPnes = ~ 1.8%) (Table 1; Figs. 2a, 3a—c).

Within the Pampa and Atlantic Forest sub-regions, dif-
ferent relationships were detected between tadpole beta
diversity and environmental and spatial predictors. In the
Atlantic Forest sub-region, local (pond area and connectiv-
ity) and climatic environmental predictors (PC1), along with
broad-scale (MEM1) spatial predictors explained ~ 24% of
the variance of Bjac. Local (pond area, connectivity and
EC) and climatic environmental predictors (PC1), along
with broad-scale spatial predictors (MEM1), accounted for
~ 19% of Psim. Local and climatic environmental (pH and
PC4, respectively) and finer-scale spatial predictors (MEM4)
explained ~ 9% of the variance of pnes (Table 1; Figs. 2b,
3d—f). In the three cases of the Atlantic Forest subset (fjac,
Bsim and Pnes), only the fraction comprised by the local
environmental predictors was statistically significant (p <
0.05) (Table 1). In the Pampa sub-region, pure contributions
of broad-scale spatial (MEM1) and local environmental
predictors (EC) influenced Bjac, with a higher contribution
of the former (~ 12% and ~ 9%, respectively; p < 0.05).
Bsim was influenced by EC and fnes, by hydroperiod. In
both cases the Rzadj. values were similar (~ 7%) (Table 1;
Figs. 2¢, 3g-i).

Discussion

General patterns of tadpole metacommunity
structure

In this study, we detected significant contributions of local
and regional environmental predictors (water chemistry
and habitat structure; climate, respectively) along with pure
contributions of spatial predictors to the beta diversity of
tadpole communities. In general, our results indicate that
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Table 1 Summary of the results of the partial redundancy analyses for the influence of environmental drivers (local and climatic) and spatial predictors on beta diversity (and its components) of

tadpole communities in the Coastal Plain region and each biome within this region

[d]

RZ%adj.[E-S]

Spatial predictor

Environmental driver

Component

Local

Climate

plS]

R%adj.[S]

Selected variable

plE]

R?adj.[E]

Selected variable

R%adj.[E]  p[E]

Selected
variable

0.962
0.974

0.99
0.82
0.93

0.01

0.038

MEM3

Pjac

Coastal Plain

0.01

0.026
0.01

MEM3

Bsim

0.058

MEM1

Bnes

0.002  —0.046

0.128

MEM1

0.007

0.096
0.

EC
EC

Bjac

Pampa

0.013

07

Psim

0.932

0.006
0.034

0.068

Hydroperiod

Pnes

0.756

0.15 0.017

MEM1 0.055

0.132
0.132
0.195

pond area, connectivity

0.144
0.188
0.232

0.06
0.038

PC1
PCl1
PC4

Bjac

Atlantic Forest

0.803
0.692

- 0.01

0.139

0.234
0.47

0.037

MEM1

0.029
0.03

pond area, connectivity, EC

pH

Psim

—0.005

MEM4

0.024

Pnes

Pjac overall beta diversity (Jaccard), fnes nestedness-resultant component, fsim turnover component of beta diversity, R%adj.[E] variance explained by the environmental fraction of the model,

Radj.[S] variance explained by the spatial fraction of the model, R%adj.[E—S] variance explained by the spatially structured environmental fraction of the model, /d] non explained variance,

plE] and p[S] the significance values of the spatial and environmental fractions. For abbreviations of environmental drivers, see main text and Table S1
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Fig.2 Bar plot graphs indicating the unexplained and explained
fractions of variance of tadpole beta diversity (and its turnover and
nestedness-resultant component) accounted for by spatial and envi-
ronmental (local and climate) predictors in intermittent ponds in the
southern Brazilian Coastal Plain. Variation was partitioned for all
the ponds at the broadest extent in the study region (Coastal Plain; N
= 24; a) and separately for the ponds within each sub-region of the
Coastal Plain (Atlantic Forest; b and Pampa; c)

anuran metacommunity structure was jointly assembled by
niche-based and spatial processes in subtropical temporary
ponds. Several authors demonstrated that amphibian com-
position is synergistically driven by environmental and spa-
tial predictors related to niche-based and spatial assembly
processes (Both et al. 2009, 2011; Rojas-Ahumada et al.
2012; Landeiro et al. 2014; Melo et al. 2014; Provete et al.
2014; Luiz et al. 2016; Ledo-Pires et al. 2018). However, our
observed patterns changed according to the spatial extent
(i.e., environmental and spatial predictors had distinct rela-
tionships with tadpole beta diversity at the broadest extent
and within each sub-region in the Coastal Plain). Spatial

predictors solely influenced beta diversity at the broadest
extent (Coastal Plain region). In turn, spatial and local envi-
ronmental predictors influenced beta diversity in the Pampa
(grassland) sub-region, while in the Atlantic Forest sub-
region, local and regional environmental predictors were
significant. Furthermore, spatial and environmental predic-
tors differently influenced each component of beta diver-
sity (turnover and nestedness) and, in this context, we thus
provided evidence for a complex interplay of niche-based
and spatial processes in the assembly of anuran metacom-
munity structure, at least at the geographical extent covered
in this study.

At the broadest extent (Coastal Plain), the hypothesis
that spatial processes would be the main process affecting
anuran composition was loosely corroborated. The broad-
scale spatial predictors (MEM1, MEM3) were the sole driv-
ers of tadpole beta diversity and its components. The pure
influence of spatial predictors (i.e., spatial processes) on
metacommunity structure is usually assigned to the role of
dispersal limitation (De Bie et al. 2012; Heino et al. 2015).
In general, dispersal limitation is assumed to strongly influ-
ence amphibian community structure, because many species
have small home ranges, while others are highly philopatric,
remaining close to breeding sites (Sinsch 1990; Stebbins
and Cohen 1995; Wells 2007). Despite the poor knowledge
of movement ecology for South American amphibians, the
few available data for Neotropical species also indicate small
home ranges (Wells 2007; Table 6.5) and restricted move-
ment patterns, including species from coastal and forest
subtropical habitats, generally within 1 km (Oliveira et al.
2016; Pereira and Maneyro 2016). Additionally, we did not
detect spatial autocorrelation in tadpole composition in
the assessed datasets. Spatial autocorrelation was found in
tadpole assemblages from subtropical Brazilian forests by
Provete et al. (2014), although at much narrower extents (~ 2
km) and associated with the influence of environmental pre-
dictors. However, neither local nor climatic environmental
predictors influenced beta diversity at the broadest scale of
analysis in this study. In this sense, the geographic distances
among ponds (~ 10 km) could have been beyond the range
of dispersal of some species and a priori indicating the role
of dispersal limitation in our results.

Nevertheless, the explained variance of spatial predictors
for the three components of beta diversity was low (less than
4%), suggesting that the role of dispersal limitation was not
straightforward across species. This is because the dispersal
capacity of anurans varies among species and individuals
from a single population (Semlitsch 2008), even including
evidences of dispersal events reaching up to 10 km in some
populations (Smith and Green 2005; Semlitsch 2008). In
fact, many aspects related to amphibian dispersal and migra-
tion have not been clarified and remain poorly understood for
many species (Pittman et al. 2014). For instance, dispersal
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Fig.3 Biplots of the relationships between beta diversity (and its
turnover and nestedness components) and the spatial and environ-
mental (local and climate) predictors across the scales of analysis

can be influenced by factors associated with body size, sex
and age among species (Wells 2007; Sinsch 2014).

The low explained variance and the lack of influence
of the environmental predictors measured could also be
an outcome of non-measured factors that influence anuran
occurrence. For instance, attributes of landscape configura-
tion such as land use and metrics of connectivity with other
sites are known to affect amphibian distribution (Guerry and
Hunter 2002; Prado and Rossa-Feres 2014b). Such variables
were not measured and could have increased the amount
of explained variation in anuran composition in this study.

Another likely explanation for our results is the occur-
rence of stochastic events of colonization associated with
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(a—c: Coastal Plain; d—f: Atlantic Forest sub-region; g—i: Pampa sub-
region. MEM Moran eigenvector map, PC principal component axis,
LongH long hydroperiod

the intermittent condition of wetlands. This is the main envi-
ronmental contingency in ponds (Heino et al. 2015), as a
subset of species fails to disperse to all sites available for
colonization (Jeffries 2005; Williams 2006). Thus, the vari-
ation in composition among sites could have arisen purely
as an issue related to the impossibility by a subset of species
to reach suitable sites that vary in their ‘suitability’ through
time. Such contingency contributes to reduce the detected
influence of niche-based assembly processes in temporary
ponds (Declerck et al. 2011; Heino et al. 2015) and should
be enhanced at broader scales of analysis.

The relative contribution of spatial and environmental
predictors to beta diversity varied between the sub-regions
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assessed in the Coastal Plain. This result agrees with previ-
ous studies that demonstrated that the relative importance of
such predictors changed according to the study region and
spatial extent (Melchior et al. 2017). In the same study, the
authors indicated that the relative importance of spatial and
environmental predictors also changed among forest types.
Most references are restricted to tropical forests, and studies
comparing the relative importance of assembly processes
between subtropical forest and grassland habitats have not
been conducted. Although previous studies in the southern
Brazilian Coastal Plain found that anuran composition was
mainly correlated with habitat-level predictors (Machado
et al. 2012; Moreira and Maltchik 2012; Moreira et al. 2016),
we also expected to find higher influence of spatial predic-
tors in grasslands. This is because landscape characteristics
such as forest distribution can play a key role in structuring
anuran communities, as several anuran species have spe-
cialized reproductive habits, being closely associated with
riparian vegetation (Hecnar and MCloskey 1997) and thus
less prone to disperse across open environments (Guerry and
Hunter 2002). In this study, spatial and local environmental
predictors explained tadpole beta diversity in the Pampa sub-
region (grasslands), while local and climatic predictors did
in the Atlantic Forest sub-region. In this context, grasslands
landscapes present a greater challenge to distribution and
can thus explain the predominance of spatial processes in
the Pampa (grassland portion) of the Coastal Plain. In turn,
the predominance of spatial processes in forest ecosystems is
often related to the occurrence of species with more special-
ized reproductive modes, with species that show terrestrial
reproduction presenting stronger spatial patterns (Landeiro
et al. 2014). Though, species composition did not change
between biomes (as shown by PERMANOVA), suggesting
that the majority of the recorded species in this study has
widespread distribution in the Coastal Plain (including the
other grassland and forest ecoregions in southern Brazil),
and might be thus considered generalist with regards to their
reproductive modes. This might be the major explanation
for the lack of spatial processes within the Atlantic Forest
portion of the study region.

Tadpole beta diversity and relationships
with environmental predictors

Tadpole beta diversity was mainly structured by turnover in
the study region. This result is in agreement with previous
studies that partitioned beta diversity of tadpole communi-
ties at local and regional extents (Silva et al. 2014; Melchior
et al. 2017; Knauth et al. 2018). Landscape characteristics
can play a key role in promoting turnover in anuran commu-
nities. In this context, higher turnover is expected to occur
in ecotonal regions (i.e., ecological transition zones) due to
the wide variety of habitats that these regions provide (Ward

et al. 1999; Lawler et al. 2010). In fact, broad-scale studies
that covered different landscapes also showed predominance
of turnover in anuran communities (Silva et al. 2014; Mel-
chior et al. 2017). As the study area comprises a transition
between different landscape types (mixed ombrophilous for-
est in the northern areas of the Coastal Plain region, and
grasslands in the south), this contingency likely accounted
for the predominance of turnover.

Additionally, distinct environmental predictors explained
beta diversity (and components) within each sub-region.
These results suggest that different drivers play distinct
roles on anuran metacommunity structure. In the Pampa
sub-region, pond hydroperiod promoted nestedness, while
electrical conductivity influenced turnover. The influence
of hydroperiod on the distribution of tadpole species is
well known. Although more exact measures of hydroperiod
length are missing due to the spatial extent of this study,
recent studies showed that even small changes in hydroper-
iod in South American grassland ponds have been related to
species loss and nested patterns of anuran composition (Both
et al. 2011; Moreira and Maltchik 2012; Knauth et al. 2018).
The role of the length of water availability in driving tadpole
species composition can occur either directly by constrain-
ing larval development (Babbitt et al. 2003; Amburgey et al.
2012; Pintar and Resetarits 2018) or through co-variation
with other important regulators of tadpole distribution such
as predator (fishes, invertebrates) occurrence (Both et al.
2011; Knauth et al. 2018), factors that can prevent certain
species from establishing.

Electrical conductivity was found to influence tadpole
composition (Both et al. 2009; Ledo-Pires et al. 2018). This
variable is in some cases highly correlated with dissolved
solids (Babini et al. 2017). Most authors relate the role of
both variables in affecting tadpoles through changes in
the environment productivity or as surrogates of pollution
(Wilbur 1987, Ultsch et al. 1999; Pellet et al. 2004). In addi-
tion, Ledo-Pires et al. (2018) detected changes in composi-
tion of tadpoles in ponds with different levels of conductiv-
ity. In fact, alterations in such drivers can potentially affect
tadpole activities such as feeding and development (Babini
et al. 2017; Ledo-Pires et al. 2018), ultimately impacting
their overall composition.

Local predictors (pond area and connectivity) were cor-
related with the turnover component in the Atlantic Forest
sub-region. In our context, connectivity was considered as
the physical connection with other water bodies. Previous
studies showed that the occurrence of some anuran species
can be affected by the unconnected condition of waterbodies
(Rodrigues et al. 2010). Furthermore, connectivity is associ-
ated with increasing distances to other waterbodies, which
can affect anuran community, especially through dispersal
limitation (Menin et al. 2011; Landeiro et al. 2014; Prado
and Rossa-Feres 2014a). Physical connectivity is also related
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to the frequency of hydrological disturbances, which can
lead to changes in abiotic conditions and promote replace-
ment of non-adapted species, thus acting as a strong driver
of anuran beta diversity (Knauth et al. 2018; Ramalho et al.
2018).

Spatially-structured climate also influenced beta diversity
in the Atlantic Forest, although with weaker explanatory
power. Though many studies found that climatic gradients
are important drivers of the spatial distribution of neotropi-
cal anurans (Silva et al. 2014; Vasconcelos et al. 2014; Luiz
et al. 2016), this result is probably associated with the spatial
extent. Melchior et al. (2017) demonstrated that the rela-
tive importance of climate to tadpole beta diversity changed
according to the scale of analysis considered. Specifically,
the ‘pure’ effect of climate on anuran beta diversity was
restricted and detected only at biogeographic scale of analy-
sis, and when different forest types were compared. In the
same study, analyses within dense forest types (ombrophil-
ous forest) have also showed that spatially structured varia-
bles had lower importance to anuran beta diversity than pure
environmental conditions. This result is similar to Silva et al.
(2014), which also demonstrated that the relative importance
of long-term climate for amphibian distribution was lower
in relation to current environmental condition.

Conclusions

Beta diversity was influenced by spatial and environmen-
tal (local and climate) predictors in subtropical temporary
ponds. However, the relative contribution of spatial and
environmental predictors to beta diversity changed with
spatial extent within the study area (forest and grassland
sub-regions). At the broadest extent, spatial predictors with
limited explanatory power predominated in explaining beta
diversity, likely due to dispersal limitation and stochastic
processes associated with the intermittent condition of tem-
porary ponds. In turn, spatial and pond-level environmental
predictors explained beta diversity in the grassland sub-
region, while pond-level and regional environmental predic-
tors (spatially-structured climate), in the forested sub-region.

We provided evidence that anuran metacommunity
structure was jointly assembled by niche-based and spatial
processes along a forest—grassland transition, although the
relative contribution of assembly processes to tadpole meta-
community structure varies between landscapes with dif-
ferent vegetation types. Our results thus suggest a complex
dynamics of niche-based and spatial assembly processes to
anuran metacommunity structure. Such intricate relation-
ships can be explained by the multiple processes operating
along the life history of amphibians. On account of the com-
plex life cycle and the vastly different ecological require-
ments of adult and larval stages of amphibians, the relative
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influence of each assembly process structuring adult and
tadpole assemblages likely changes among life stages, yet
they are somehow linked to one another. For instance, the
predominance of spatial predictors and spatially-structured
climate can be the outcome of processes influencing adults.
This is because the adult stage is responsible for the disper-
sal among patches and because adults are highly constrained
by physiological tolerances related to climate (Silva et al.
2014; Ledo-Pires et al. 2018). The relationships between
local environmental predictors and beta diversity, in turn,
more likely reflect effects on the tadpole stages, which are
more prone to respond to pond-level features such as habitat
structure and water chemistry (Provete et al. 2014).

Our results can be useful for policies aiming at anuran
conservation in temporary ponds. For instance, the higher
importance of climate in the forest landscape suggests that
communities from forested habitats could be more sensitive
to the forecasted climatic changes for the next decades rather
than communities inhabiting open landscapes. In addition,
the higher importance of spatial predictors in the grasslands
suggests that reduction of forested habitat could increase
the role of dispersal limitation in the assembly of the local
composition of anuran communities.
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