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Abstract
Biological assemblages are often predictable from knowledge of natural environmental heterogeneity and change in response to anthropogenic disturbances, such
as deforestation, so understanding ecological mechanisms and processes mediating
assemblages is essential to direct conservation actions. We sampled frogs along an
edaphic and vegetation-structure gradient in the Brazilian Amazon to test the hypothesis that assemblages change in species composition and functional trait characteristics across landscapes due to environmental filtering. Our study area covered
a gradient of forest fragmentation, and we hypothesized that assemblages would
change in response to both natural gradients and deforestation. We found that frog
assemblages are locally structured by species turnover along gradients in distance
to water bodies, vegetation structure, soil sand and silt content, and proportion of
the area deforested. Additionally, we found that small-bodied species and those with
direct breeding (no larval stage) were no longer present in deforested areas. We conclude that frog assemblages are not randomly distributed across forests, but trait filtering has resulted in different species subsets from the regional pool, which change
among sites with different environmental conditions and disturbance levels. Our find-
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ings highlight the importance of creating reserves to effectively protect forests and
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maintain connectivity among forest fragments resulting from deforestation.
Abstract in Portuguese is available with online material.
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I NTRO D U C TI O N

dispersal (Forman, 1995; Rahel, 2007; Robillard et al., 2015; Travis
et al., 2013). At local scales (e.g., few kilometers), even species widely

Biological assemblages (sensu Stroud et al., 2015) are likely to

distributed across landscapes may have their distributions limited by

be affected by multiple variables measured at interacting spatial

environmental filtering, competition, reduced or blocked dispersal,

scales, such as biogeographic barriers and climatic clines limiting

and physiological intolerance (Azevedo-Ramos & Magnusson, 1999;
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Braga-Neto et al., 2008; Carr & Fahrig, 2001). Despite local envi-
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et al., 2012) and human-modified landscapes (Díaz-Ricaurte et al.,

ronmental conditions being largely dependent on broader scales,

2020; Tsuji-Nishikido & Menin, 2011). Assemblages can change spa-

investigating the role of environmental gradients shaping local as-

tially in response to changes in competition along environmental gra-

semblages may reveal biotic complementarities and redundancies

dients, or to multiple evolutionary and ecological processes that have

among sites (Díaz & Cabido, 2001; McGill et al., 2006). This approach

shaped species distributions at different spatial scales (Dias-Terceiro

provides a basis for assessing the efficiency of reserves and envi-

et al., 2015; Menin et al., 2008; Ramalho et al., 2018). Additionally,

ronmental legislation at a scale compatible with most management

the wide variety of body sizes and other traits that allow frogs to

decisions (Bueno et al., 2012; Fraga et al., 2011).

explore different vertical and horizontal strata generate different

In Amazonian forests, local assemblage turnover along environ-

levels of specificity in the use of habitats (Bolochio et al., 2020; Ernst

mental gradients has been found for a wide variety of organisms

& Rödel, 2006; Ganança et al., 2021). Fragmentation may affect the

(e.g., Costa et al., 2009, Braga-Neto et al., 2008, Fraga et al., 2011,

ability of species with certain traits to persist. For instance, small-

Torralvo et al., 2020). Overall, these studies showed that assem-

bodied species may be unable to colonize isolated patches of forest,

blages differ between sites because environmental gradients select

as crossing open corridors can lead to death from desiccation or ex-

different species subsets from the regional pool. However, few stud-

posure to predators, arboreal species obviously lose habitats if for-

ies have investigated how Amazonian assemblages respond to an-

ests are cleared, and species with aquatic eggs or larvae are unlikely

thropogenic changes in habitat quality, such as deforestation leading

to thrive if fragmentation disrupts the connection between aquatic

to fragmentation (Benchimol & Peres, 2015; Cintra et al., 2013).

and terrestrial habitats. Therefore, quantifying species abundances

Fragmentation is one of the main anthropogenic disturbances af-

and traits are potentially complementary approaches to understand

fecting ecosystem functioning and has eroded biodiversity globally

the ecological processes shaping assemblages. However, these ap-

(Haddad, 2015, Fahrig, 2017). A key difference between continuous

proaches may interact, such as when traits associated with dispersal

and fragmented forests is that assemblage resilience to fragmenta-

and survival generate high local species abundances (Ganança et al.,

tion depends on a balance between the size and degree of isolation

2021).

of habitat patches, matrix quality, colonization capacity (Gustafson &

We sampled 57 plots in eastern Amazonia to identify factors af-

Gardner, 1996; Laurance et al., 2011; Murcia, 1995; Ricketts, 2001),

fecting frog assemblages. We used a generalized linear model to test

and level of forest dependence (Palmeirim et al., 2018). Additionally,

the hypothesis that species abundances change along gradients of

since edge effects can penetrate habitat patches, especially if they

distance from water bodies, forest structure, soil sand and silt con-

are small, local assemblages are likely to be affected by environmen-

tent, and proportional deforestation. This hypothesis is based on the

tal conditions within patches (Schlaepfer & Gavin, 2001).

premise that environmental gradients form habitat-quality mosaics,

Dispersal ability and physiological tolerance are key elements

which can reduce local abundance, or even preclude the occurrence

determining the effects of environmental gradients on assemblages.

of poorly tolerant species, weak competitors, or those that cannot

Thus, assemblages are likely to be affected by the ability of individ-

reach a location via dispersal. We hypothesized that the high degree

ual species to survive under local environmental conditions. Such

of forest fragmentation concentrated in the north of our study area

ability is often defined by their morphological or physiological traits

has driven assemblages to be predominantly composed of species

(functional traits) that directly influence performance via effects on

that have evolved to occupy open areas or forest edges. We used

growth, reproduction, and survival (Violle et al., 2007). The taxo-

a combination of RLQ and fourth-corner analysis (Dray et al., 2014)

nomic and functional components of biodiversity may respond dif-

to quantify relationships between the occurrence of traits and envi-

ferently to anthropogenically altered habitats and, although these

ronmental gradients. We expected local frog assemblages to change

components may be partially related to each other, they cover

spatially as multiple traits are selected from segments of gradients,

different facets of biodiversity that need to be considered in bio-

which defines the subsets of species with common traits that can

diversity monitoring (Vandewalle et al., 2010). The role of traits in

share habitats. In both well-conserved and fragmented areas, as-

determining assemblages has been investigated through measures

semblages are subject to filtering effects, competition, and dispersal

of functional diversity, although this term covers a variety of con-

limitation, but we expected traits to be associated with intolerance

cepts and applications at both trophic and evolutionary levels (see

to edge effects to be infrequent or absent from highly fragmented

Laureto et al., 2015; Rosado et al., 2016). Here, we adopt the as-

areas.

sumption that assemblages are largely affected by how species use
available resources (Elton, 1927) and that specific traits that are selected by the environment vary along gradients according to their
contribution to fitness (Bradshaw et al., 2009; Violle et al., 2007).
We use this background to assess the importance of trait diversity
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M E TH O D S

2.1 | Study area

on the variation in frog assemblage composition along a gradient of
continuous to fragmented forests in eastern Amazonia.

The Tapajós National Forest (FLONA) covers 527,319 ha of mainly

Amazonian frog assemblages vary along environmental gradients

old-growth dense rainforests near the Tapajós River (Figure 1). The

in both relatively pristine (Menin et al., 2007, 2011; Rojas-Ahumada

climate is seasonal, with greater rainfall between January and May,
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and annual average precipitation of 1892 mm (ICMBio, 2019). The
average annual temperature is around 25.6°C (INMET, 2020).

TORRALVO et al.

We measured several variables quantifying forest structure (see
Torralvo et al., 2020) and used principal component analysis (PCA)

To the north of the study area is Alter do Chão (Figure 1), a vil-

to summarize them into a single variable that potentially affects the

lage which is important for tourism and local economy. The region is

overall habitat availability and quality. This forest-structure variable

mainly covered by secondary continuous or fragmented forests and

is related to levels of vertical stratification, incidence of sunlight and

savannah patches which forms mosaics that induce turnover in some

moonlight, microclimate, and primary productivity (Parker et al.,

animal assemblages (e.g., Borges-Matos et al., 2016).

2004). In addition, forest structure may affect frogs indirectly, because primary productivity affects the overall availability or turn-

2.2 | Sampling design

over of invertebrate food resources (e.g., Death & Zimmermann,
2005). We used data collected by a portable light detection and
ranging (LIDAR) device, which scans the environment with a laser

In the south of the study area, our sampling design followed the

for rapid measurement of multiple variables quantifying forest

RAPELD method (Magnusson et al., 2005, 2013), which is based on

structure (Parker et al., 2004). We measured mean and maximum

250-m-long plots up to 40 m wide. We sampled 33 plots organized

vegetation height, leaf density, and leaf area between 0 and 15 m

in four modules (with 10, 6, 8, and 9 plots) composed of two 5-km

high, and above 15 m, canopy opening and clearing fractions at 5,

parallel trails, with a minimum distance of 1 km between neighbor-

10, and 15 m above ground. To represent forest structure in the

ing plots. In the northern portion of the study area, we sampled 24

inferential models, we summarized all LIDAR variables as the first

plots; 19 in forest fragments and five in continuous forests. The

axis of a principal component analysis (PCA), which captured 59% of

plots did not follow the RAPELD design, though they were 250 m

the variance in the original variables (Table S1). We also tested the

long, because they did not follow the terrain contours. However, this

original variables with the harmonicmeanp R-package, a statistical

area was comparatively flat, so this caused negligible differences in

technique used for addressing multiple-comparison questions that

within-plot variability. The minimum distance between neighboring

controls the probability of making one or more false discoveries, or

plots was 723 m.

type I errors, when performing multiple hypotheses tests (Wilson,

We sampled all plots using visual and acoustic search from af-

2019). In our case, the PCA axis had a stronger relationship with the

ternoon to twilight (1630–1800 h) and at night (1900–2300 h).

response variables than using all the variables, which indicates that

Acoustic search was particularly useful for small, diurnal, and litter

it captures most of the useful information about forest structure.

species, which are usually difficult to detect (e.g., Adenomera spp.

Temperature potentially limits frog species' abundances and trait

and Allobates spp.). Frogs detected within 20 m of either side of the

occurrence because it affects metabolic and physiological processes

plot center line were recorded. To reduce potential detectability ef-

linked to survival and reproduction (von May et al., 2017; Ståhlberg

fects on assemblage-level data, we sampled each plot three times.

et al., 2001) of frogs or organisms that interact with them, such as

We surveyed all plots during the rainy season (January–March) in

predators (Greenwald, 1974) and prey (Gilbert & Raworth, 1996). We

2018 and 2019, covering the reproductive peak of most species.

measured temperature at the beginning of day and night sampling

Our dataset consisted of counts of frogs found by two simultaneous

using AK172-AKSO® data loggers and used mean values for each

observers per plot. The average observation time per plot per sur-

plot in the inferential models.

vey was 22.8 min (SD = 8.45) during the afternoon and twilight and
61.4 min at night (SD = 11.8).

We measured distance from the nearest water body because it
differentiates assemblages between riparian and non-riparian zones

We identified species based on the literature (e.g., Carvalho

(Fraga et al., 2011; Rojas-Ahumada et al., 2012). We measured the

et al., 2021; Lima et al., 2006) and comparisons with specimens de-

distances from the coordinates of each plot to the nearest water

posited in the herpetological collection of the Instituto Nacional de

body using the linear-distance matrix and Qchainage tools of the

Pesquisas da Amazônia (INPA, Manaus). We collected a maximum

QGis 3.16.2 software (QGIS Development Team, 2020), applied over

of five voucher specimens per species, following protocols for col-

combined hydrography shapefiles from public repositories (MMA,

lecting and preserving specimens that were approved by ICMBio/

2006), following Venticinque et al. (2016).

SISBIO license nº 60193–2. No endangered species was collected.

We measured soil texture because this variable potentially affects frog diversity by determining moisture retention and availabil-

2.3 | Environmental variables

ity of invertebrates that are part of the diet of most frogs (Menin
et al., 2007; Nielsen et al., 2010). We used SoilGrids (Arrouays et al.,
2014) to obtain sand and silt content 0–5 m deep, assuming that this

We measured litter depth with a Marimon-Hay sampler (Marimon-

layer is more likely to affect frogs than deeper strata. We extracted

Junior & Hay, 2008) because litter depth determines the availability

sand-and silt-content values from centroid coordinates of each plot

of refuge, breeding, and foraging sites for terrestrial species (Fauth

using the raster R-package (Hijmans, 2020).

et al., 1989; Van Sluys et al., 2007). We measured this variable at

We measured deforestation because habitat loss and fragmen-

six points separated by 50-m intervals in each plot and used mean

tation due to the expansion of human occupation is one of the main

values per plot in the analyses.

causes of the local and global amphibian decline (Collins et al., 2009;

|
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F I G U R E 1 Study area in western Pará, eastern Amazonia, showing the location of 57 sampling plots, each 250 m long. Note that the
gradient in anthropogenic deforestation generally increased in the south–north direction

Menin et al., 2019; Sodhi et al., 2008). Although our sampling was

of the final model using Wald's test and PIT-trap resampling with

designed at a local scale, assemblage responses to environmental

999 iterations (anova.manyglm function) and plotted diagnostic re-

conditions are usually hierarchically dependent (Peixoto et al., 2020;

sidual distributions in Figure S1. To visualize the variation in species

Vellend, 2010). We used a 30 x 30 m² satellite-based layer summa-

abundance along the environmental gradients and deforestation, we

rizing deforestation until 2019 from the MapBiomas project (Souza

sorted the plots in ascending order of values relative to the gradients

et al., 2020, see full description in http://mapbiomas.org) to extract

and plotted their positions with symbol sizes encoding abundances

proportions of deforested areas in 500-m buffers using the raster

(Figure S2).

R-package (Hijmans, 2020). The size of the buffers was defined to
avoid overlap, so deforestation values are spatially independent.

2.4 | Taxonomic composition

2.5 | Functional composition
We measured species traits which are potentially mediators of environmental filtering, based on the assumption that traits poorly

We applied generalized linear models to high-dimensional data to

fitted to local environmental conditions tend to generate low abun-

test the effects of environmental variables on frog abundances.

dance or absence of species. Relating these traits to the predictive

We used the manyglm function of the mvabund R-package (Wang

variables of taxonomic diversity can provide a link between spatial

et al., 2020). This analysis allows for hypothesis testing and, un-

variation in species and trait selection due to environmental hetero-

like distance-based methods, does not confound node and link ef-

geneity. We selected traits that could potentially be selected by the

fects due to the misspecification of the mean–variance relationship

environment as they determine species fitness and dispersal ability

(Warton et al., 2012). We evaluated levels of multicollinearity among

under local environmental conditions (Table 1).

environmental variables based on the variance inflation factor (VIF),

We measured snout–vent length (SVL) and leg length relative to

which we calculated using the car R-package (Fox et al., 2012). This

SVL in five adult males and used mean values per plot in the anal-

approach indicated that there was little redundancy in the predic-

yses. For those species for which no specimens were collected, we

tor variables (VIF < 1.91 in all cases). We assessed the significance

obtained mean SVL and leg length values for adult males from the

|

2017). This does not include species identified as aff. (affinis) or gr.
(group), for which traits were measured or observed in the field.
Additionally, we evaluated the effects of environmental variables
on thirteen binary traits (presence or absence). We evaluated the
Duellman & Trueb, 1994

effects of terrestrial and arboreal habits, expecting that plots where
the forest structure is relatively open and little vertically stratified,
or the vegetation density is relatively low because of high deforestation, would have less availability of foraging and reproduction
sites for arboreal species. Consequently, the occurrence frequency
of arboreal species should be higher in plots with denser and taller
vegetation and plots with less deforestation.
We hypothesized that species with direct breeding should be
able to occur at greater distances from the water, and in sites with

Circadian patterns of foraging,
reproduction and resting-site
occupancy

Magnusson & Hero, 1991, Azevedo-Ramos &
Magnusson, 1999
Exposure of eggs and metamorphs to
predation

Lutz, 1948, Sinsch, 1990
Mediates reproductive-migration
behavior

Duellman & Trueb, 1994
Direct interactions between frogs
and habitats

literature (e.g., Carvalho et al., 2021; Lima et al., 2006; Oliveira et al.,

greater litter depth in the case of species that build foam nests.
Additionally, proportion of deforestation may affect breeding mode
by selecting against species sensitive to edge effects. We expected
that species with terrestrial eggs and tadpoles would be affected by
litter depth and soil water-retention capacity associated with sand
content. These variables may be altered by deforestation, so we expected effects of deforestation on the type of substrate for eggs and
tadpoles. Diurnal, crepuscular, and nocturnal activity is also likely
to be affected by deforestation, because forest fragmentation inday, which potentially leads to dehydration.

Binary

Binary

Binary

creases light incidence and temperature in the hottest hours of the
Binary

Altwegg & Reyer, 2003, Buckley et al., 2005
Ability to disperse, forage and
escape predators
Continuous

Altwegg & Reyer, 2003, Buckley et al., 2005
Ability to disperse, forage and
escape predators
Continuous

Type of
data

Underlying ecological process

References
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To test the effects of environmental gradients and deforestation
on species traits, we used a combination of RLQ and fourth-corner
analysis (Dray et al., 2014). This approach performs a double-inertia
link expressed by a contingency table composed of species relative
Note: Trait abbreviations (Abbr) are used in some of the graphs shown in the results.

act_diur; act_crep; act_noc

abundances (L). We undertook RLQ using the ade4 R-package (Dray

Diurnal, crepuscular or nocturnal activity

eggs_ter; eggs_ter; tad_ter; tad_wat
ac
Terrestrial or water eggs and terrestrial or larval
tadpoles

breed_dir; breed_lar
Direct or larval breeding

arbo; ter
Arboreal or terrestrial habit

legs
SVL relative to leg length

SVL
SVL

Abbr

analysis of environmental data (R) and functional traits (Q) with a

Trait

TA B L E 1 Species traits and underlying ecological processes potentially mediating relationships between frog functional composition and environmental gradients
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& Dufour, 2007), which applies a correspondence analysis (CA) on
the L array and evaluates covariance between the R and Q arrays
through Hill-Smith PCA (principal component analysis), respectively.
We set up the model with environmental variables scaled to have
mean zero and standard deviation one and species abundances
standardized by the maximum abundance. We tested a combination
of null hypotheses assuming that (i) the distribution of species with
fixed traits (site-independent) is not influenced by environmental
variables, and (ii) the distribution of species along fixed environmental conditions is not influenced by traits (trait-independent). This
configuration corresponds to the model 6 available in the ade4 R-
package, for which we assessed coefficients based on 49999 permutations (following Farneda et al., 2015; Núñez et al., 2019). The
predictive power of this combination of null hypotheses depends on
well-adjusted relationships between the RLQ arrays, but an exploratory analysis showed that to achieve this relationship two outlier
species (Adenomera gr. hylaedactyla and Leptodactylus gr. petersii)
had to be removed (Figure S3).
The fourth-corner analysis tests correlations between environmental variables and species traits, and we combined it with the
first two axes produced by the RLQ, summarizing environmental
variables and species traits. This approach was advantageous for
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producing correlation matrices, which is a simplified way of showing
the results.
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Most of the sampled species had locally restricted distributions
or noticeably higher abundances at one of the ends of the environmental gradients, while smaller proportions of species occurred with

2.6 | Spatial autocorrelation

approximately homogeneous abundances throughout the gradients
(Figure S2). Overall, these findings suggest that frog assemblages are
structured by species turnover along environmental gradients, since

Considering that plots in highly deforested areas were concen-

random assemblage composition would be shown in these graphs

trated in the north of our study area, spatial autocorrelation effects

by a rectangular pattern of multiple species distribution (most spe-

could confound the results of both the linear model to predict spe-

cies occurring along large portions of the gradients), and nested as-

cies abundance, and the RLQ + fourth-corner analysis. To quantify

semblages would form triangles (most species more common at one

the effects of spatial autocorrelation, we applied Moran's I tests to

extreme of the gradient). Furthermore, 46% of the sampled species

the summed residuals derived from the linear model and the scores

(e.g., Adelphobates castaneoticus, Allobates magnussoni, Pristimantis

produced by the RLQ analysis. We used the ape R-package (Paradis

ockendeni, and Osteocephalus aff. oophagus) occurred exclusively in

et al., 2004) for global spatial autocorrelation and the pgirmess R-

plots with no deforestation, while 19% of the species (e.g., Boana

package (Giraudoux, 2018) for spatial autocorrelation in seven dis-

wavrini, Rhinella major, and Adenomera gr. hylaedactyla) occurred ex-

tance classes. Additionally, we partitioned the variances explained

clusively or with higher abundances in plots with high proportional

by the RLQ + fourth-corner between the RLQ axis 1 and 2 sepa-

deforestation. The other species occurred with similar abundances

rately and the geographic distance, which we represented by the

throughout the deforestation gradient. Similar patterns occurred for

axis of a Principal Coordinates of the Neighborhood Matrix (PCNM)

the soil silt-content gradient.

applied to the Euclidean distances among paired plots that was more

The first two RLQ axes, which indicate the inertia derived from the

positively correlated with the RLQ axis (Borcard & Legendre, 2002;

relationship between species traits and environmental variables, cap-

see Figure S4). Our dataset can be fully accessed at https://doi.

tured an accumulated variance of 96.81% (92.56% axis 1 and 4.25%

org/10.5061/dryad.gb5mkk wqv.

axis 2). The Hill-Smith PCA summarizing the R table captured 32.9%
of the variance in environmental variables along axis 1. Deforestation

3
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R E S U LT S

3.1 | Sampling overview

plus soil silt content and forest structure plus distance from water
body were at opposite ends of the first PCA axis (Figure 2a). PCA axis 2
captured 22.4% of the variance in environmental variables and was associated with litter depth, soil sand content, and temperature. The correspondence analysis (CA) summarizing table L captured 19.4% of the

We found 1221 individuals belonging to 26 species and seven fam-

variance in species abundance along axis 1 and 9.1% along axis 2. This

ilies (Table 2). Some of them were in unsolved species complexes

analysis graphically revealed at least four clusters, which are composed

or undescribed species. For those, we assigned gr., aff. or sp. The

of (i) Hylid treefrogs that live close to water bodies (e.g., Boana wavrini,

leptodactylids Leptodactylus paraensis and Adenomera amicorum

Boana gr. geographica, and Leptodactylus pentadactylus), (ii) large-bodied

found in 84.2% and 64.9% of the plots, respectively, were the most

species plus Rhinella major, which typically occupy open areas and for-

frequently sampled species. In contrast, Leptodactylus gr. petersii

est edges, (iii) forest-dweller species such as Phyllomedusid treefrogs

(Leptodactylidae) and Boana gr. geographica (Hylidae) were recorded

(e.g., Phyllomedusa vaillanti and Phyllomedusa hypochondrialis) and

in only 3.5% and 1.7% of the plots, respectively.

small-bodied litter frogs (e.g., Allobates femoralis, Adenomera amicorum,
and Adelphobates castaneoticus), and (iv) direct-breeding Craugastorid

3.2 | Taxonomic and functional assemblage
composition

species (Figure 2b). The PCA summarizing the Q table captured 38.4%
of the variance in species traits along axis 1, which mainly separated
into opposite ends spawning and larval-breeding site, and period of activity. Axis 2 captured 27.1% of the variance in the traits and separated

Assemblage composition was significantly (p = .001) affected

species with larvae from those with direct development of juveniles

by deforestation (Wald = 6.96, p = .002), distance from nearest

(Figure 2c). Complete results from the RLQ can be found in Table 3.

water body (Wald = 7.11, p = .003), forest structure (Wald = 6.78,

Combining RLQ with fourth-corner (Figure 3) revealed that the axis

p = .005), soil sand (Wald = 7.32, p = .001) and silt (Wald = 6.76,

relative to the species traits (table Q) was significantly affected by de-

p = .004) contents. These results suggest that distinct local assem-

forestation (p = .002), distance from the nearest water body (p = .02),

blages were generated by multiple environmental variables filtering

temperature (p = .03), soil silt content (p < .001), and forest structure

species across landscapes. Furthermore, they show that deforesta-

(p = .01). Overall, these findings were consistent with the linear model

tion has altered frog assemblage composition by causing changes

predicting species abundances, suggesting that spatial variation in

in the occurrence or abundance of some species, particularly in the

abundances is mediated by the environment selecting species traits.

north of the study area, where forests have been more intensely

These variables negatively affected SVL (p = .008) and the occurrence

fragmented (see Figure 1).

of species which lay eggs on land (p = .04), while positively affecting

232
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the occurrence of species which lay eggs in water (p = .04). The distribution of values related to environmental gradients measured along
the axes derived from the Hill-Smith PCA (Figure S5) indicates that (i)
small-bodied species have been filtered from plots located in heavily
deforested areas, with silt-rich soils and low and sparse vegetation.
Additionally, small-bodied species have been filtered from plots close

TA B L E 2 Frog species found in 57 sampling plots in the Tapajós
National Forest (southern portion of the study area) and around the village
of Alter do Chão (northern portion of the study area), western Pará, Brazil
Taxa

Abbr

Frequency

Aromobatidae

to water bodies, but this finding reflects the fact that mean distances

Allobates femoralis (Boulenger, 1884)

A.fem

42.10

to water bodies were higher in the north of the study area (ANOVA

Allobates magnussoni (Lima, Simões &
Kaefer, 2014)

A.mag

5.26

F1–51 = 15.08, p < .0001), where deforestation levels are lower. The
medium-sized toad Rhinella major (55 mm on average) clustered with

Bufonidae

large-bodied species under the same environmental conditions, but

Rhinella castaneotica (Caldwell, 1991)

R.cas

15.78

this species typically occupies open areas and forest edges and is un-

R.mag

35.08

likely to be found in the interior of forests; (ii) species that lay eggs on

Rhinella magnussoni (Lima, Menin &
Araújo, 2007)

land or have direct juvenile development (without larval stage) have

Rhinella major (Muller & Helmich, 1936)

R.maj

8.77

Rhinella marina (Linnaeus, 1758)

R.mar

35.08

been filtered from plots in heavily deforested sites. Leptodactylus paraensis is not water-dependent for breeding because it lays eggs in foam
nests on land, suggesting that the greater availability of breeding sites

Craugastoridae

in the north of the study area is not the only factor mediating the local

Pristimantis aff. fenestratus
(Steindachner, 1864)

P.fen

7.01

species distribution via trait selection.

Pristimantis latro (Oliveira et al., 2017)

P.lat

59.64

Pristimantis ockendeni (Boulenger, 1912)

P.ock

15.78

A.cas

7.01

Boana gr. geographica (Spix, 1824)

B.geo

1.75

Boana wavrini (Parker, 1936)

B.wav

8.77

Osteocephalus aff. oophagus (Jungfer &
Schiesari, 1995)

O.oop

33.33

Osteocephalus aff. taurinus
(Steindachner, 1862)

O.tau

33.33

Trachycephalus helioi (Nunes, Suárez,
Gordo, and Pombal, 2013)

T.hel

8.77

Trachycephalus typhonius (Linnaeus,
1758)

T.typ

7.01

Trachycephalus resinifictrix (Goeldi, 1907)

T.res

57.89
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DISCUSSION

We showed that a combination of variables naturally changing over
space and deforestation determine the local frog composition in an
eastern Amazonian region. Overall, forests are not homogeneously
suitable for all species, but habitat-suitability mosaics have spatially
structured assemblages through species turnover. This is consistent with the premises of environmental filtering, which predict that
local species subsets from the regional pool will differ across heterogeneous landscapes because species have different environmental requirements (Chase & Myers, 2011; Leibold & McPeek, 2006).
Additionally, forest structure was one of the main predictors of the
variation in the species abundances and trait occurrence, indicating that it has driven local assemblage composition across the study
area. Deforestation negatively affects forest-dwelling species, fa-

Dendrobatidae
Adelphobates castaneoticus (Caldwell &
Myers, 1990)
Hylidae

Leptodactylidae

vors the establishment of generalist species (Furlani et al., 2009),

Adenomera gr. andreae (Müller, 1923)

A.and

63.15

and potentially increases the risk of lethal disease spread (Becker

Adenomera gr. hylaedactyla (Cope, 1868)

A.hyl

49.12

Adenomera amicorum (Carvalho et al.,
2021)

A.ami

64.91

Leptodactylus gr. petersii (Steindachner,
1864)

L.pet

3.50

Leptodactylus mystaceus (Spix, 1824)

L.mys

12.28

Leptodactylus paraensis (Heyer, 2005)

L.par

84.21

Leptodactylus pentadactylus (Laurenti,
1768)

L.pen

12.28

Phyllomedusa vaillantii (Boulenger, 1882)

P.vai

5.26

Pithecopus hypochondrialis (Daudin,
1800)

P.hyp

7.01

et al., 2016). Deforestation was associated with assemblage turnover along the south–north axis of the study area, with the north
being mainly occupied by species relatively more tolerant to open
areas and edge effects.
We found evidence that abundance-b ased frog assemblages
are spatially heterogeneous across the study area because species
are filtered from deforested areas through relationships mediated
by some of their functional traits. Assemblages occupying heavily
deforested areas were dominated by large-b odied species, such as
Leptodactylus paraensis and Rhinella marina (Figure S2), probably
because small-b odied species are more dependent on forest corridors to disperse, or have a higher risk of death when crossing open
environments to reach nearby forest fragments (Carr & Fahrig,
2001; Gibbs, 1998). The medium-sized Rhinella major shares habitats with large-b odied species in deforested sites, but it is part of

Phyllomedusidae

Note: Species abbreviations (Abbr) are used in some of the graphs
shown in the results. Occurrence frequencies are relative to the number
of plots in which the species was recorded.
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a clade dominated by open-habitat dwellers that reproduce near
forest edges and river beaches without vegetation cover (Silva
et al., 2017). Also, the thick skins of bufonid toads provide high
resistance to cutaneous dehydration, which likely enables them to
occupy warm, dry habitats (Young et al., 2005). Therefore, our results suggest that frog assemblages in areas fragmented by deforestation are structured by environmental conditions limiting local
species distribution through a combination of dispersal capacity
and dehydration tolerance.
We found that species with direct breeding and terrestrial oviposition were less abundant in deforested sites. The availability of
egg-deposition and tadpole-development sites seems to be a limiting factor for regional frog diversity, which has been considerably reduced in fragmented forests. These findings may reflect the general
expectation that forests tend to have more frog species that do not
depend on water to reproduce than non-forest habitats (Duellman,
1992; Höld, 1990). However, these findings may also be biased by
the inequity in the distribution of water bodies throughout the study
area. Although our analyses did not detect effects of spatial autocorrelation in the predictive models, the higher concentration of water
bodies in the most deforested sites does not allow us to precisely
distinguish whether species that lay eggs on land have been filtered
from these sites by competition with species that lay eggs in water
(e.g., by space or food), or if they do not tolerate the edge effects
caused by forest fragmentation. Future studies should focus on the
role of distance from water bodies on frog assemblages through
sampling in the south of the FLONA, where the density of streams
and ponds is higher.
Information on species turnover along natural environmental
gradients is useful for biodiversity conservation because it indicates
biotic complementarities among sites, which can be used as a criterion to define priority areas (Cabeza & Moilanen, 2001; Margules
et al., 1994; Rodrigues et al., 2000) or to assess the efficiency of conservation policies (Bueno et al., 2012; Fraga et al., 2011). Although
our models identified species turnover mainly associated with deforestation, we also detected turnover along gradients that do not
necessarily reflect human activities, such as distance from nearest
water body and soil sand content. Distance from water is commonly
associated with variation in frog assemblages in the Amazon, as it
determines the presence or the absence of species with specialized reproductive modes (Menin et al., 2011; Ribeiro et al., 2012;
Rojas-Ahumada et al., 2012). Soil texture determines its potential
to retain moisture (e.g., Menin et al., 2007; Woinarski et al., 1999)
and the composition of soil fauna (Anderson, 1977; Nielsen et al.,
2008, 2010) that are prey for frogs. The most deforested areas
were also the areas with the highest silt concentrations (Figure
S2). This may be an effect of deforestation, or human activities
may have been directed toward areas with more silt. The species
most common to these areas were terrestrial species known to be

F I G U R E 2 Biplots derived from a RLQ analysis applied to
estimate the effects of environmental variables on frog species
traits. (a) Hill-Smith PCA (principal component analysis) summarizing
environmental gradients, where vectors denote distances and
directions from the centroid, (b) row CA scores summarizing species,
where colors distinguish frog families (dark red—Hylidae, blue—
Bufonidae, yellow–Leptodactylidae, orange—Aromobatidae, green—
Phyllomedusidae, purple—Dendrobatidae, and gray—Craugastoridae.
(c) PCA loadings summarizing species traits. Environmental variables
are abbreviated as defor—deforestation, litter—litter depth, dist_wat—
distance from nearest water body. temp—temperature, sand—soil
sand content, silt—soil silt content, and veget—forest structure).
For species and trait abbreviations, see Tables 1 and 2, respectively

associated with deforestation in other areas in the Amazon (Menin
et al., 2019; Tsuji-Nishikido & Menin, 2011), so it is unlikely that they

found in areas with high silt content (e.g., Allobates femoralis, Ferreira

were more common there only because of the greater silt availabil-

et al., 2018), so it is unlikely that their absence from the most dis-

ity. Additionally, some species that did not occur in these areas are

turbed areas was because of excess silt. Future studies should focus
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RLQ 1
Eigenvalues

RLQ 2
%

Eigenvalues

%

RLQ ordination

1.57

92.56

0.07

4.25

Correlation: L

0.45

56

0.15

28

Covariance

1.25

-

0.26

-

Projected variance: Q

3.59

72

5.5

64

Projected variance: R

2.15

93

3.76

97

R table (Hill-Smith PCA)

2.3

32.98

1.56

22.4

L table (CA)

0.63

19.41

0.3

9.15

Q table (PCA)

4.99

38.4

3.53

27.15

TA B L E 3 Summary of a RLQ analysis
applied to estimate the effects of
environmental variables on frog species
traits

Note: Percentages denote total co-inertias explained by the first two RLQ axes. The R table
summarizes environmental variables, the L table summarizes species abundances, and the Q table
summarizes species traits. Traces are shown when a coefficient does not apply to RLQ-derived
attributes.
Abbreviations: CA, correspondence analysis; PCA, principal component analysis.

F I G U R E 3 Summarized coefficients derived from a combined RLQ and fourth-corner analysis used to infer the effects of environmental
variables on frog species traits. (a) correlations between the first two RLQ axes summarizing environmental variables (AxcR1 and AxcR2) and
species traits. (b) Correlations between the first two RLQ axes summarizing species traits (AxcQ1 and AxcQ2) and environmental variables.
Red cells are positive correlations, blue cells are negative correlations, and gray cells show statistically nonsignificant correlations (p > .05).
Environmental variables are abbreviated as defor—deforestation, litter—litter depth, dist_wat—distance from nearest water body, temp—
temperature, sand—soil sand content, silt—soil silt content, and veget—forest structure). For trait abbreviations, see Table 1

on investigating the effects of deforestation on soil structure, es-

these species have found barriers to dispersal and survival, which

pecially in regard to silt content, which has been little discussed in

have limited their distribution on a local scale. Specifically, small-

studies of Amazonian frogs.

bodied species and those that lay eggs on land have been filtered

We conclude that frog assemblages in an eastern Amazonian re-

from deforested sites, probably because they do not tolerate edge

gion are not randomly distributed across forests but represent local

effects, while species that do not depend on water for reproduction

species subsets from a regional pool. Many of the species we sam-

and those with direct development of juveniles have shared habitats

pled are widely distributed across eastern Amazonia or cover large

in continuous forests. Therefore, the barriers to the local species

extents of the Amazon (Frost, 2019; Moraes et al., 2016). However,

distribution are mainly derived from the deforestation around Alter
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do Chão, a particularly sensitive site for biodiversity conservation
in the region we sampled. Although this area is classified as an environmental protection area (APA in Portuguese), it has been under
strong pressure from real-estate speculation because, in practice,
APAs have little legal protection in Brazil (ICMBio, 2009).
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