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Abstract

The spatial and temporal distribution of species is influenced bymultiple processes operating at
various scales. Beta diversity, which describes variation in species composition among sites,
helps to understand community assembly mechanisms in spatial dimensions. Taxonomic beta
diversity reflects differences in species composition, while functional beta diversity accounts for
variations in ecological roles and traits among species. Both provide insights into the processes
influencing the patterns of composition of communities. Accordingly, this study explores
taxonomic and functional beta diversity patterns in anuran communities across different
vegetation types in the Atlantic Forest of southeastern Brazil, focusing on two components of
variation in species composition: turnover and nestedness. Field surveys were conducted in
16 sites in northern Rio de Janeiro state, covering five vegetation types. Our findings show that
species turnover predominantly drives beta diversity, both taxonomically and functionally.
Montane and Submontane Ombrophilous Forests contribute significantly to both taxonomic
and functional beta diversity by hosting unique assemblages of species, includingmicroendemic
taxa and rare functional traits not found in other vegetation types. Nevertheless, other
vegetation types also harbour exclusive species and contribute to overall diversity. Rather than
focusing solely on conservation recommendations, these findings provide novel insights into
how turnover and nestedness contribute differently to taxonomic and functional beta diversity,
revealing the distinct ecological processes and habitat characteristics that shape anuran
community composition across the Atlantic Forest.

Introduction

The spatial and temporal distribution of species is typically non-random, resulting from various
processes, such as biotic and abiotic factors, operating atmultiple scales (Menge andOlson 1990;
Whittaker 1972). These processes acting together or isolated create patterns of species
distribution in space and time, which can be described by analysing species diversity measures.
Based on this, species diversity can be partitioned into gamma (regional diversity), alpha (local
diversity), and beta components (Whittaker 1972). The latter characterises variations in species
composition among sites and has been widely utilised to investigate community assembly
mechanisms (Baselga 2010; Whittaker 1972).

To depict the factors that shape communities, beta diversity can be partitioned into two
components: turnover and nestedness (Whittaker 1972). Turnover represents the rate of species
replacement between sites, while nestedness captures dissimilarities in species gains or losses
among sites (Baselga et al. 2012; Legendre 2014). Although turnover is commonly linked to
spatial species replacement driven by environmental gradients and niche filtering (Brejão et al.
2021), it can also reflect selective colonisation and local extinction events when these processes
cause differences in species composition among sites. In other words, both nestedness and
turnover can be influenced by colonisation–extinction dynamics, depending on whether the
processes result in ordered species loss (nestedness) or actual replacement by other species
(turnover).

The relative importance of turnover and nestedness components in beta diversity depends
on the underlying community mechanisms and processes. Studies linking beta diversity to
environmental variables (e.g., climate and habitat structure) help to disentangle these
mechanisms by revealing whether community differences are primarily structured by abiotic
filtering, species’ niche differences, or dispersal limitations. Such analyses enhance our
understanding of community assembly by showing how environmental heterogeneity, in
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combination with historical and biotic factors, drives both
species replacement and species loss across landscapes (Ceron
et al. 2020).

Despite the regional patterns that shape communities, such as
nestedness or turnover, it can be challenging to determine the
specific sites or species that contribute the most to regional beta
diversity. Local Contribution of Beta Diversity (LCBD) provides a
quantification of the ecological uniqueness of a site compared to
others within the region (Legendre and De Cáceres 2013).
Additionally, the Species Contribution to Beta Diversity (SCBD)
allows us to assess the relative importance of individual species to
beta diversity across sites (Legendre and De Cáceres 2013).
Understanding the contributions of sites and species to regional
beta diversity is valuable for guiding conservation efforts (Socolar
et al. 2016), as it enables the identification of keystone sites and
species that have a disproportionately positive impact relative to
their abundance within themetacommunity (Mouquet et al. 2013).
In the context of the Brazilian Atlantic Forest, known for its
megadiversity and high endemism (Marques et al. 2021;
Mittermeier et al. 2011), it becomes even more crucial to unravel
the factors shaping beta diversity.

With approximately 600 amphibian species, of which 77.6% are
endemic to the region (Rossa-Feres et al. 2017), amphibians in the
Atlantic Forest are particularly vulnerable due to their limited
dispersal capabilities, habitat dependence throughout their life
cycle, and sensitivity to environmental and spatial factors
(Duellman and Trueb 1994; Toledo 2009; Vences and Wake
2007; Wells 2010). This vulnerability is mainly due to the high
endemism and severe habitat loss in the Atlantic Forest, which is
one of the most degraded biomes worldwide. The remarkable
habitat heterogeneity within this biome, on the other hand,
contributes to its high rates of amphibian species richness and
endemism (Rossa-Feres et al. 2017).

While many studies predominantly focus on the taxonomic
component of diversity to explain beta diversity in amphibians
(e.g., Moreno et al. 2018; Mori et al. 2018), it is important to
recognise the significant differences in functional traits exhibited
by amphibian species (Petchey & Gaston 2002; Webb et al. 2002).
These variations in morphology, physiology, and ecology directly
influence amphibians’ dispersal abilities and their ability to
occupy environments with different characteristics (Richter-Boix
et al. 2007), reflecting their roles in ecological interactions and
thus in ecosystem services. While studies focusing solely on
taxonomic diversity or composition can capture strong bio-
diversity responses, it is essential to consider the attributes
associated with ecosystem functioning, as they provide valuable
insights into species contributions. For example, functional traits
can reveal the degree of ecological redundancy among species,
identify functionally unique or irreplaceable taxa, and detect
changes in community roles that may not be apparent from
taxonomic data alone (e.g., Strauß et al. 2010; Tsianou and
Kallimanis 2016). This allows us to evaluate how species
replacements or losses influence ecosystem processes, such as
nutrient cycling, energy flow, or trophic interactions (Lescano
et al. 2018). Therefore, integrating taxonomic components with
functional traits is crucial for a better understanding of
mechanisms driving amphibian beta diversity patterns along
space (Dalmolin et al. 2019). This integrated approach also
facilitates the development of more effective conservation
strategies, as the loss of functionally distinct species can have
significant impacts on ecosystem processes (Dalmolin et al. 2019;
Nakamura et al. 2020).

Given the wide range of environments in the northern region of
Rio de Janeiro state, and taking into account the limited ability of
amphibians to disperse, our study seeks to understand the patterns
and drivers of taxonomic and functional beta diversity in
amphibians, focusing on (a) the interplay of turnover and
nestedness components and (b) the influence of species and
vegetation types on SCBD and LCBD partitions and the impact of
climatic variables on the patterns of beta diversity in amphibians.
Based on this, we expect that (a) the turnover component might
play a more significant role than the nestedness component in
shaping the overall patterns of beta diversity in amphibians across
the study area, once vegetation types are distributed along a
altitudinal gradient, which can filter species distributions, (b)
different species and vegetation types might influence SCBD and
LCBD partitions differently, once species present different
abundance and traits along vegetation types, and (c) climatic
variables might have a substantial impact on the patterns of beta
diversity in amphibians, influencing the composition and
distribution of species across the environmental gradients, once
abiotic factors have a greater impact on the distribution of anuran
species (Silva et al. 2014).

Methods

Study area

Within the Atlantic Forest, certain areas exhibit a remarkable
variety of vegetation types within a small geographic scale, such as
the northern region of the Rio de Janeiro State, located in the
Paraíba do Sul River delta (Fundação SOS Mata Atlântica and
INPE 2021; Veloso et al. 1991). This region lies entirely within the
Atlantic Forest domain in southeastern Brazil, which encompasses
a diverse range of habitats, including restinga, various forest
environments, and altitudinal fields (Costa et al. 2009). The
remarkable habitat variation within this ecoregion supports a rich
diversity of fauna and flora, with areas characterised by high
ecological amplitudes that undoubtedly contribute to regional
diversity (Dorigo et al. 2018).

Field surveys of amphibian communities were conducted in
16 sites (Figure 1) located in the north of the state of Rio de Janeiro,
Brazil, covering different vegetation types of the Atlantic Forest
domain, such asMontaneOmbrophilous Forest (MOF), Submontane
Ombrophilous Forest (SOF), Restinga (RES), Tabuleiro (TAB), and
Lowland Forest (LOW) (Appendix 1). The vegetation types were
classified based on the system proposed byVeloso et al. (1992), which
considers, among other factors, the differences between seasonality
and altitude (Appendix 2). The regional climate is tropical, with a dry
winter, showing an average temperature of 23.6ºC with annual
precipitation of 1,252 mm (Köppen 1900).

We sampled two sites in TAB, three in MOF, three in SOF,
three in RES, and five sites in LOW. All surveys were conducted
exclusively during the rainy season, between December 2021 and
February 2022. The minimum distance among sites was 900 m
between LOW1 and LOW2. The remaining sites were more than
1 km apart from each other, and the maximum distance among
sites was 145 km between LOW3 and TAB1. Each site was
surveyed only once by two people using the active search method
(Scott et al. 1994), and visual and acoustic encounters, and by
conducting time-limited transects (Zimmerman 1994), starting
at 6 pm and ending at 10 pm, totaling 4 hours of sampled effort
per site. The species and their abundance along vegetation types
were registered.
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Functional traits

For each species found during the survey, we characterised the
following functional traits: body size, period of activity (diurnal
and nocturnal), habit (aquatic, arboreal, cryptozoic, terrestrial,
rheophilic, and fossorial), habitat (forested areas and open areas),
reproductive mode (from 1 to 74, according to Nunes-de-Almeida
et al. 2021), calling site (puddle, swamp, lake, stream, forest floor,
bromeliad, river, and rocky wall), and toxicity (moderate, toxic,
and non-toxic). Functional traits were obtained directly from
collected specimens of the studied areas deposited in scientific
collections and from scientific literature records (e.g., Haddad et al.
2013; Nunes-de-Almeida et al. 2021) (see Appendices 3 and 4).

Climatic variables

For each sample site, we extracted 19 climatic variables
(Appendix 5) from the BioClim database (Fick and Hijmans
2017), with 30 arc-second resolution, approximately 1 km², using
the software QGIS (QGIS 2020). These variables comprehend
climate data for 1970–2000, covering the temperature and
precipitation variation in the region.

Data analyses

We calculated species richness for each vegetation type by
averaging the total number of species observed per site within
each vegetation category (mean richness per vegetation type).

Turnover and nestedness
In order to access the values of the total beta diversity, we used a
matrix of presence and absence. Then, we decomposed the total
beta diversity (i.e., betasor), calculated by the Sorensen index, into
turnover (i.e., betasim), here represented by the Simpson index,
and nestedness (i.e., betasne), represented by the difference
between betasor and betasim within taxonomic and functional
components (Baselga 2010; Legendre 2014) using the function
beta.multi in the betapart package (Baselga and Orme, 2012) for
each site in the R environment (R Core Team 2024).

Local and species contributions
We first calculated the total variation of taxonomic beta diversity
(BD) using beta.div function in ‘adespatial’ package (Legendre and
De Cáceres 2013). Then, we partitioned BD into species
contribution (taxonomic SCBD: degree of variation of individual
species across the study area) and local contribution (taxonomic
LCBD: comparative indicators of the ecological uniqueness of the
sites). To access functional beta diversity (hereafter functional BD),
we computed the pairwise functional distances between species
using the mixed-variables coefficient of distance (i.e., a general-
isation of Gower’s distance), which quantifies the functional
dissimilarity between all species pairs based on the suite of assessed
traits (Pavoine et al. 2009). A functional distance matrix was
obtained using ktab.list.df and dist.ktab functions of ade4 R
package (Dray and Dufour 2007). We partitioned functional BD
into species (functional SCBD) and local (functional LCBD)
contributions using the method developed by Nakamura et al.
(2020). We also used multiple linear regression models to test the
relationships between taxonomic and functional SCBD and LCBD
components.

Climatic drivers

Using the 19 climatic variables previously obtained from the
BioClim database (see Climatic variables section), we evaluated
their influence on the taxonomic and functional composition of
anuran communities. For this purpose, we calculated mean
pairwise distances between sites. For the functional component, we
used the ‘comdist’ function of the picante R package (Kembel et al.
2010) based on the trait distance matrix. For the taxonomic
component, we calculated mean pairwise distances using the Bray–
Curtis index implemented in the vegan R package (Oksanen et al.
2025). We also investigated the effect of climatic variables on
taxonomic and functional matrices using a permutation-based
multivariate analysis of variance (PERMANOVA) implemented in
the vegan R package (Oksanen et al. 2025). The analysis was
performed with 999 permutations using Bray–Curtis dissimi-
larities. Subsequently, we assessed correlations between beta
diversity dissimilarities (taxonomic and functional) and climatic
dissimilarity using Mantel tests. We used Moran’s I correlograms
to evaluate the degree of spatial autocorrelation of the richness in
relation to the matrix of geographic distances among sites within
‘ape’ package (Paradis et al. 2004). Although the focus of the study
is on changes in taxonomic and functional composition, we chose
to assess spatial autocorrelation for richness as an initial synthesis
metric, aiming to detect potential large-scale spatial patterns that
could indirectly influence composition metrics. Given that no
significant spatial autocorrelation was detected (see Results), we
assumed that spatial effects would not bias subsequent analyses of
beta diversity. The matrix of environmental heterogeneity was
generated by calculating the mean pairwise distance among sites
based on the value of the 19 bioclimatic variables per site using
Euclidean distance in ‘vegan’ package (Oksanen et al. 2025). The
final product consisted of three distance matrices, with two of them
describing taxonomic and functional beta diversity patterns and
another the environmental heterogeneity. Thus, we used two
Mantel tests to examine the correlation of beta diversity
dissimilarities (taxonomic and functional) against environmental
heterogeneity (climatic variables) using ‘vegan’ package (Oksanen
et al. 2025). Residuals were checked by visual inspection using
histograms in R.

Results

A total of 1087 individuals, representing 62 species of anurans,
were registered in 16 sites. The richness varied among vegetation
types. For example, RES showed a higher richness (X ¼ 17:67),
followed by LOW (X ¼ 12), MOF (X ¼ 10; 67), TAB (X ¼ 9; 0),
and SOF (X ¼ 8). Except for TAB, all the other vegetation types
showed exclusive species (Table 1): 13 in MOF, 10 in LOW, seven
in RES, and four in SOF.

The total beta diversity of sites (betasor) was 0.892. Most of the
differences between anuran communities’ compositions were
explained by species turnover (betasim = 0.862). The values of the
beta diversity components were 0.72 for beta taxonomic and 0.32
for beta functional (Figure 2A). In the taxonomic component,
turnover was clearly the dominant process, whereas in the
functional component, turnover and nestedness contributed
almost equally, with turnover slightly higher (Figure 2B). There
was no relationship between taxonomic and functional SCBD and
LCBD components (p> 0.05).

Species contribution varied among taxonomic SCBD and
functional SCBD. For taxonomic SCBD, the most important
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Table 1. Species occurrences by vegetation type in the studied region. Lowland (LOW), Montane Ombrophilous Forest (MOF), Submontane Ombrophilous Forest
(SOF), Restinga (RES), and Tabuleiro (TAB).

Family Vegetation type

Species LOW MOF SOF RES TAB

Brachycephalidae

Brachycephalus herculeus Folly, Condez, Vrcibradic, Rocha, Machado, Lopes & Pombal, 2024 X

Ischnocnema guentheri (Steindachner, 1864) X

Ischnocnema parva (Girard, 1853) X

Ischnocnema sp. X

Bufonidae

Rhinella icterica (Spix, 1824) X X X

Rhinella ornata (Spix, 1824) X X X

Rhinella pygmaea (Myers & Carvalho, 1952) X

Rhinella hoogmoedi Caramaschi & Pombal, 2006 X X

Craugastoridae

Haddadus binotatus (Spix, 1824) X X X

Cycloramphidae

Cycloramphus brasiliensis (Steindachner, 1864) X

Thoropa miliaris (Spix, 1824) X X

Hemiphractidae

Fritziana goeldii (Boulenger, 1895) X

Hylidae

Aplastodiscus arildae (Cruz & Peixoto, 1987) X

Boana albomarginata (Spix, 1824) X X X

Boana faber (Wied-Neuwied, 1821) X X

Boana semilineata (Spix, 1824) X X X

Bokermannohyla carvalhoi (Peixoto, 1981) X

Bokermannohyla circumdata (Cope, 1871) X

Bokermannohyla hylax (Heyer, 1985) X

Dendropsophus anceps (A. Lutz, 1929) X

Dendropsophus berthalutzae (Bokermann, 1962) X

Dendropsophus bipunctatus (Spix, 1824) X X

Dendropsophus decipiens (A. Lutz, 1925) X

Dendropsophus elegans (Wied-Neuwied, 1824) X X X

Dendropsophus haddadi (Bastos & Pombal, 1996) X X

Dendropsophus meridianus (B. Lutz, 1954) X X

Dendropsophus pseudomeridianus (Cruz, Caramaschi & Dias, 2000) X X

Dendropsophus seniculus (Cope, 1868) X X

Itapotihyla langsdorffii (Duméril & Bibron, 1841) X X

Nyctimantis brunoi (Miranda-Ribeiro, 1920) X X

Phyllodytes luteolus Wied-Neuwied, 1824 X

Pithecopus nordestinus (Caramaschi, 2006) X

Scinax albicans (Bokermann, 1967) X X

Scinax alter (B. Lutz, 1973) X X X

Scinax arduous Peixoto, 2002 X

(Continued)
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species wasHaddadus binotatus, followed by Thoropa miliaris and
Physalaemus signifer (Figure 4A). For the functional SCBD, the
most important species was Brachycephalus herculeus, followed by
Hylodes sp. and Euparkerella aff. robusta (Figure 4B). The
contribution of local communities to beta diversity (LCBD)
ranged from 0.036 to 0.106 of the total variation in community
dissimilarity for taxonomic LCBD and from 0.059 to 0.068 for
functional LCBD, respectively. For taxonomic LCBD and func-
tional LCBD, the vegetation types thatmost contributed wereMOF
and SOF, respectively (Figure 3A and 3B). There was no spatial
correlation among sites (Moran’s I=−0.15). The PERMANOVA
indicates that climatic variables had a highly significant effect on
taxonomic (F11,4= 4.60, p< 0.001, R²= 0.927) and functional

(F11,4= 1.21, p< 0.007, R²= 0.770) community composition,
indicating that 92.7% and 77% of the variation in taxonomic
and functional composition, respectively, were explained by the
measured climatic predictors. In addition, taxonomic LCBD and
functional LCBD were positively correlated with the climate
heterogeneity, since sites with similar climatic characteristics had
similar diversity values (Appendix 6).

Discussion

We found that the variation in anuran species composition along
the north of the Rio de Janeiro state can be predominantly
explained by turnover in the taxonomic component, whereas in the

Table 1. (Continued )

Family Vegetation type

Species LOW MOF SOF RES TAB

Scinax argyreornatus (Miranda-Ribeiro, 1926) X X X

Scinax cuspidatus (A. Lutz, 1925) X

Scinax eurydice (Bokermann, 1968) X

Scinax flavoguttatus (A. Lutz & B. Lutz, 1939) X

Scinax humilis (B. Lutz, 1954) X

Scinax perpusillus (A. Lutz & B. Lutz, 1939) X

Scinax similis (Cochran, 1952) X

Scinax v-signatus (B. Lutz, 1968) X

Scinax x-signatus (Spix, 1824) X

Sphaenorhynchus planicola (A. Lutz & B. Lutz, 1938) X X X

Trachycephalus mesophaeus (Hensel, 1867) X

Trachycephalus nigromaculatus Tschudi, 1838 X X

Hylodidae

Hylodes sp. X

Leptodactylidae

Adenomera thomei (Almeida & Angulo, 2006) X

Leptodactylus barrioi Silva, Magalhães, Thomassen, Leite, Garda, Brandão, Haddad, Giaretta & Carvalho, 2020 X

Leptodactylus fuscus (Schneider, 1799) X X X

Leptodactylus latrans (Steffen, 1815) X X X X X

Leptodactylus mystacinus (Burmeister, 1861) X X

Leptodactylus natalensis A. Lutz, 1930 X X

Physalaemus signifier (Girard, 1853) X X

Pseudopaludicola restinga Cardozo, Baldo, Pupin, Gasparini & Haddad, 2018 X X

Microhylidae

Arcovomer passarellii Carvalho, 1954 X X

Chiasmocleis lacrimae Peloso, Sturaro, Forlani, Gaucher, Motta & Wheeler, 2014 X

Elachistocleis cesarii (Miranda Ribeiro, 1920) X

Stereocyclops parkeri (Wettstein, 1934) X

Odontophrynidae

Proceratophrys melanopogon (Miranda-Ribeiro, 1926) X

Strabomantidae

Euparkerella aff. robusta X
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functional component turnover and nestedness contributed almost
equally. Different vegetation types exhibit distinct patterns of
amphibian species richness and composition, contributing differ-
ently to LCBD. These patterns of taxonomic and functional beta
diversity are driven by climatic variables and appear to be shaped
by species replacement, but in the functional dimension, nested-
ness also plays a substantial role.

Although the number of sampling sites varied among
vegetation types, all sites were sampled under a standardised
and equivalent effort. However, because LCBD and SCBD metrics
are derived from variance-standardised components of total beta
diversity, possible differences in the number of sampled sites are
unlikely to bias the estimation of these metrics (Legendre & De
Cáceres 2013). Overall, we interpret comparisons among

Figure 1. Map showing the studied
areas along the northern region of the
state of Rio de Janeiro. MOF = Montane
Ombrophilous Forest. SOF= Submontane
Ombrophilous Forest. LOW = Lowlands.
RES = Restinga. TAB = Tabuleiro.

Figure 2. A. Values of taxonomic and functional beta diversity components. B. Values of beta diversity components among vegetation types. LOW = Lowland, MOF = Montane
Ombrophilous Forest, SOF = Submontane Ombrophilous Forest, RES = Restinga, and TAB = Tabuleiro.
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vegetation types with caution, as uneven spatial representation can
influence the detectability of compositional heterogeneity, poten-
tially affecting turnover or nestedness values at broader scales.

Following Baselga et al. (2012), areas at low latitudes in the
present climate suffered less variation in temperature during
glaciation cycles, thereby maintaining a high number of species
and representing centres of speciation, triggering high endemism
and allowing higher species turnover. In fact, the coastal portion of
the Atlantic Forest is recognised by the high endemicity of anurans,
which can be related to the climatic stability of these areas during
the last ages (Carnaval and Mortiz 2008). These findings are
consistent with those described by Lourenço-de-Moraes et al.
(2019), who reported a replacement of anuran species along
altitudinal gradients.

However, for the functional beta diversity, turnover and
nestedness contributed almost equally, with turnover being only
slightly higher. This finding implies that the functional pattern of
anuran metacommunities is shaped not only by the replacement of
species with different traits but also by the loss or gain of traits due to
environmental filtering or physiological constraints. Such dual
influence may result from both abiotic factors (e.g., climate-driven
habitat suitability) and biotic interactions (e.g., competition for
resources),making the functional dimensionmore complex than the
taxonomic one. In seasonal environments, ecological interactions,
such as competition, can play a pivotal role in shaping the structure
of amphibian communities (Martins et al. 2015). Therefore, these
results suggest that different mechanisms may be driving species
turnover and nestedness in different types of vegetation.

Regarding the contributions of species and vegetation types to
beta diversity, we found that the functional LCBD and taxonomic

LCBD had higher values in the same vegetation types. MOF and
SOF contributed significantly more to functional LCBD and
taxonomic LCBD due to the presence of unique community
composition with unique functional traits. Despite Restinga and
Lowland vegetation having the highest species richness, they share
a high number of species with other vegetation types, decreasing
the LCBD values, as shown by Szabó et al. (2019).

This negative relation between species richness and LCBD
values was previously reported for several types of organisms, such
as microbial communities (Teittinen et al. 2017), invertebrates (da
Silva et al. 2018), vertebrates (Heino and Grönroos 2017; Legendre
and Cáceres 2013), and plant communities (Qiao et al. 2015),
mainly in studies that used presence and absence data (Heino and
Grönroos, 2017). In the northern region of the state of Rio de
Janeiro, MOF and SOF are located in the mountain chain of the
Serra do Mar, one of the most important areas for amphibian
diversity in southeastern Brazil. These areas reveal a strong
congruence of ecological and evolutionary patterns of amphibian
biodiversity (Campos et al. 2017). In addition, the Serra do Mar
region boasts a high richness of small-ranged species and is
classified as a distinct biogeographic domain for anurans
(Vasconcelos et al. 2014).

On the other hand, Restinga and Lowlands had a high number
of widespread species. A similar pattern of congruent taxonomic
and functional LCBD values has been found in bird communities
in Mediterranean olive groves (García-Navas et al. 2021). For
invertebrates such as ants in drylands, FrasconiWendt et al. (2021)
also observed simultaneous effects on both dimensions of beta
diversity. Commonly, complex environments with water avail-
ability tend to have higher taxonomic beta diversity, with
functional beta diversity not always responding in the same way
(Rosas-Espinoza et al. 2022).

The SCBD partitions were influenced by different species. For
taxonomic SCBD, the most important species were Haddadus
binotatus (found in MOF, SOF, and TAB) and Thoropa miliaris
(found in MOF and SOF). Despite being common, the species that
most contributed to taxonomic SCBD were not those found in the
largest number of sites or vegetation types. In fact, these species are
in an intermediate position of site occupation and vegetation types.
Similar findings were presented by Pozzobom et al. (2020) in a
study about macrophyte beta diversity, where the species that most
contributed to beta diversity were those that occurred at
approximately half of the surveyed sites. The same pattern was
also observed for insects (Heino and Grönroos 2017) and
amphibians from a subtropical Atlantic Forest (Mariotto 2020).

On the other hand, for functional SCBD, the most important
species wereBrachycephalus herculeus,Hylodes sp., and Euparkerella
aff. robusta, all found only in one site and one vegetation type (MOF)
but exhibited infrequent functional traits among amphibians found
in the studied area. For example,Hylodes sp. is one of the few species
in the study area that exhibits diurnal behaviour and is the only one
that deposits its eggs in subaquatic chambers (De Sá et al. 2015). In
turn, Brachycephalus and Euparkerella species are small, present
direct development, and in general are microendemic, occurring on
specificmountaintops (Hepp et al. 2015; Ribeiro et al. 2015). Despite
their restricted distribution, these species together influence only
2.06% of the taxonomic SCBD, reinforcing that the ecological role of
rare species may go unnoticed when SCBD is not partitioned into
taxonomic and functional components, as demonstrated by
Pozzobom et al. (2020).

Regarding the influence of climatic variables, we found that
taxonomic LCBD and functional LCBD were positively correlated

Figure 3. A. Local contributions to beta diversity (taxonomic LCBD) from the five
vegetation types sampled (LOW = Lowlands, MOF=Montane Ombrophilous Forest,
RES= Restinga, SOF = Submontane Ombrophilous Forest, and TAB= Tabuleiro).
B. Local contributions to beta diversity (functional LCBD) from the five vegetation
types sampled (LOW = Lowlands, MOF=Montane Ombrophilous Forest,
RES= Restinga, SOF = Submontane Ombrophilous Forest, and TAB = Tabuleiro).
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with climatic variables through PERMANOVA and Mantel tests.
The different requirements among species can lead to some
differences in community responses to environmental variables
when dispersal is limited (Leibold et al. 2004). In this sense,
climatic constraints can act as a biological filter to the establish-
ment of species, creating different patterns of species distributions
along a gradient of vegetation types and climate, where similar
abiotic variables result in similar composition. An analogous result
was found by Wang et al. (2019), where LCBD of stream bacteria,
diatoms, and macroinvertebrates was linked to site temperature,
indicating a high sensitivity of this metric to environmental
constraints.

Finally, our surveys were conducted exclusively during the
rainy season, with a single sampling event per site. Because of this,
we did not account for potential seasonal differences in our
analyses. Future studies including temporal replication would
allow a more comprehensive evaluation of seasonal beta diversity
dynamics and the temporal stability of community composition.

Our integrated analysis of taxonomic and functional beta
diversity reveals that different ecological processes shape anuran
community assembly in the northern Atlantic Forest of Rio de
Janeiro. While taxonomic patterns were dominated by turnover,
functional patterns were shaped almost equally by turnover and
nestedness, indicating that both species replacement and trait loss/
gain influence community structure. This dual perspective
provides a more complete understanding of the mechanisms
driving biodiversity patterns, highlighting the value of incorpo-
rating functional attributes into beta diversity assessments to better
inform conservation planning in threatened biomes such as the
Atlantic Forest.

Conclusion

This study revealed that amphibian diversity among different
vegetation types is primarily attributed to turnover across all
evaluated partitions. In the functional component, however,
nestedness contributed almost equally, indicating that both species
replacement and the gain or loss of traits shape community patterns.
This highlights the importance of species replacement as the main
mechanism driving both taxonomic and functional beta diversity
patterns in the region.

Our results emphasise that preserving different vegetation
types is crucial for maintaining the diversity of amphibians, as
different vegetation types contribute differently to taxonomic and
functional beta diversity. MOF and SOF played a central role as
areas of ecological uniqueness, hosting species with restricted
distributions and distinctive functional traits, while Restinga and
Lowland areas were richer in widespread species, contributing
less to LCBD.

Furthermore, our study highlights the importance of consid-
ering both taxonomic and functional diversity to understand the
distribution of amphibians and develop effective conservation
strategies. This dual perspective reveals underlying ecological
processes that would remain undetected if only one biodiversity
dimension were assessed, providing a more mechanistic under-
standing of community assembly. By partitioning beta diversity,
we were able to detect the disproportionate contribution of
functionally unique or microendemic species that might be
overlooked in analyses based solely on taxonomic richness.

Preserving not only species richness but also functional
diversity, which is related to ecological processes, is essential for
the long-term conservation of amphibian communities.
Additionally, understanding the different mechanisms driving
species turnover and nestedness in different types of vegetation can
serve as a valuable basis for developing conservation strategies
aimed at preserving amphibians and their habitats.

Future research could further explore the ecological implica-
tions of these findings, particularly regarding how functional traits
mediate species responses to environmental change. Patterns of
species turnover and trait distribution may help predict the
vulnerability of communities under scenarios of habitat loss or
climate shifts.

Overall, our study provides valuable insights into the
distribution and conservation of amphibians in the Atlantic
Forest, demonstrating that integrating taxonomic and functional
beta diversity metrics can improve our ability to identify priority
areas and processes for conservation. It highlights the importance
of preserving all forest remnants in the state of Rio de Janeiro,
which, despite being exploited and anthropised, has areas with
great diversity, supporting the presence of unique species in almost
all studied vegetation types, new species for science, and the
occurrence of new species for the state.

Figure 4. A. Taxonomic SCBD shows Haddadus binotatus and Thoropa miliaris as the most important species for beta diversity. Each point in the graphic represents a species. B.
Functional SCBD shows Brachycephalus herculeus as the most important species for beta diversity. Each point in the graphic represents a species. The other two most important
species are Hylodes sp. and Euparkerella aff. robusta.
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conservação. In Monteiro-Filho ELA and Conte CE (eds.), Revisões em
Zoologia: Mata Atlântica. Curitiba: Editora UFP, 237–314.

Scott NJ, Crump ML, Zimmerman BL, Jaeger RG, Inger RF, Corn PS,
Woodward BD, Dodd CK, Scott DE, Shaffer HB, Alford RA, Richards
SJ and Altig R (1994) Standard Techniques for Inventory and
Monitoring. In Heyer WR, Donnelly MA, McDiarmid RW, Hayek LA
and Foster MS (eds.), Measuring and Monitoring Biological Diversity:
Standard Methods for Amphibians. Washington, D.C: Smithsonian
Institution Press, 74–141.

Silva FR, Almeida-Neto M and Arena MVN (2014) Amphibian beta diversity
in the Brazilian Atlantic Forest: Contrasting the roles of historical events and
contemporary conditions at different spatial scales. PLOS One 9(10),
e109642. https://doi.org/10.1371/journal.pone.0109642.

Socolar JB, Gilroy JJ, Kunin WE and Edwards DP (2015) How should beta-
diversity inform biodiversity conservation? Trends in Ecology & Evolution
31(1), 67–80. https://doi.org/10.1016/j.tree.2015.11.005.

Strauß A, Reeve E, Randrianiaina RD, Vences M and Glos J (2010). The
world’s richest tadpole communities show functional redundancy and low
functional diversity: Ecological data on Madagascar’s stream-dwelling
amphibian larvae. BMC Ecology 10(1), 12. https://doi.org/10.1186/1472-
6785-10-12.
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