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Abstract

Background. Montane environments harbor a rich diversity of amphibians in Neotropical
regions; however, it is still an ecology enigma to understand what drives this diversity along
altitudinal ranges. In this sense, we described the anuran composition, richness, and distribution
patterns along an altitudinal gradient in the Atlantic Forest of northeastern Brazil and how
environmental variables can explain these patterns.

Methods. We characterized the richness, abundance, and composition of anuran species in 24
transects within the fforesd along an altitudinal range of 200-950 m in the Private Reserve of
Natural Heritage (RPPN) Serra Bonita, southern Bahia state, northeastern Brazil. For each
transect, we measured the following environmental variables: altitude, leaf litter depth and cover,
canopy opening, number of tank-bromeliads, number of trees, and mean air temperature.
Results. We found 36 anuran species distributed in 10 families. Altitudinal strata play an
important role in explaining the anuran composition, richness, and abundance, with direct-
developing frogs being the most abundant species. Regarding environmental variables, the
density of bromeliads was interpreted as having the most substantial support to explain the

[ Comentado [LA1]: Please be more specific.




40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78

anuran abundance and richness in the Serra Bonita RPPN complex. The temperature and leaf
litter depth also influenced the species composition. In addition, we found an inverse pattern for
altitudinal Rapoport’s rule, in which species with optimal altitudes in the highlands exhibit a
lower range-size distribution, likely due to a habitat specialization or micro endemism at higher
altitudes.

Conclusion. Understanding how species are distributed and identifying the most important filters
of anuran diversity along altitudinal gradients in the Atlantic Forest is essential for developing
management plans and conservation actions in this threatened region that harbors one of the
world’s most remarkable diversity of anurans.

Keywords Amphibians, Atlantic Rainforest, Highlands, Local heterogeneity, Rapoport’s rule

Introduction

The distribution of organisms along geographic gradients has aroused interest in biologists since
the middle of the 19th century (Darwin, 1839; Von-Humboldt, 1849; Wallace, 1878).
Environmental conditions along altitudinal gradients might affect the local biota, resulting in
fauna and flora zonation (Ricklefs, 1993). Hence, how mountains’ environmental changes
influence species richness, abundance, and composition is a reason for debates and studies in
different parts of the world until the current day (e.g. Rahbek et al., 2019; Villacampa et al.,
2019; Carvalho-Rocha et al., 2021; Liu et al., 2022).

Historically, altitudinal gradients were supposed to reflect latitudinal patterns as
suggested by several authors (MacArthur, 1972; Begon et al., 1990, Stevens, 1992), and two
main patterns are widely disseminated for different taxa: in the first, a monotonic decrease of
species richness with altitude increases is expected (Terborgh, 1977; Hunter & Yonzon, 1993).
This phenomenon might be associated with primary productivity, habitat heterogeneity, species-
area relationship, and topography (Lomolino, 2001; Siqueira & Rocha, 2013). In contrast, other
authors suggested a unimodal pattern with richness peaks at intermediate altitudinal bands
(Rahbek, 1995), explained in most cases by the mid-domain effect (Colwell & Hurt, 1994;
Colwell & Lees, 2000). Thus, understanding species richness and distribution in the mountains
remains an unsolved enigma.

Because amphibians generally have a complex life cycle, with an aquatic larval stage
followed by metamorphosis into an arboreal, semi-aquatic, or terrestrial adult, cutaneous
respiration, and inhabiting different microhabitats, they are considered one of the most sensitive
groups to environmental changes among vertebrates (Duellman & Trueb, 1994; Wells, 2007).
Thus, they are interesting models for understanding how environmental variables influence the
structure and distribution of the community. However, as in most other groups, these patterns are
contentious in mountain frogs. For instance, some studies found richness peaks at intermediate
altitudinal bands (Hu et al., 2011, Carvalho-Rocha et al., 2021), others a monotonic decrease of
species richness with increasing altitude (Khatiwada et al., 2019; Siqueira et al., 2021), and the



79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100

fo1

102

103

104

105

o6

107

108

109

110

111

112

113

114

115

116

117

118

absence of a relationship between richness and altitude (Goyannes-Araujo et al., 2015; Araujo,
2021).

Regarding species distribution patterns, one of the most notorious hypotheses to explain
the influence of the latitudinal gradient on their distribution is Rapoport’s Rule (Stevens, 1989).
It assumes species from higher latitudes occur in wider latitudinal ranges than species from lower
latitudes (Rapoport, 1975, Stevens, 1989). This hypothesis was also extended (Stevens, 1992)
and tested for altitudinal gradients for different taxonomic groups (e.g. Almeida-Neto et al.,
2006; Kim et al., 2019; Araujo, 2021; Kohimann et al., 2021). In amphibians, this assumption
also remains an unsolved issue, with different patterns observed regarding their distribution in
altitudinal gradients (e.g. Goyannes-Aravjo et al., 2015; Khatiwada et al., 2019; Chettri &
Acharya, 2020; Araujo, 2021, Siqueira et al., 2021).

Although studies dealing with anurans from mountains in northeastern Brazil have been
increasing recently (e.g. Xavier & Napoli, 2011; Roberto et al., 2017; Rojas-Padilla et al., 2020;
Araujo, 2021; Bastos & Ramos, 2022), the main drivers of species richness and distribution in
most of these altitudinal gradients are still unknown. Among them, the Serra Bonita RPPN
(Private Natural Heritage Reserve) complex, in Bahia state, is one of the amphibians’ hotspots in
the Atlantic Forest (Dias et al., 2014), but little is known about the influence of the altitudinal
and environmental conditions on the anurans living there. In addition, describing these patterns
might be useful for setting conservation proposals (Pimm & Brown, 2004).

Here, we investigate the anuran diversity and distribution patterns along an altitudinal
gradient in the Serra Bonita RPPN complex, Bahia state, northeastern Brazil. First, we tested the
altitudinal range influences on the anuran abundance, composition, and richness. We expect that
these response variables will decrease with increasing elevation (Lomolino, 2001, Siqueira &
Rocha, 2013). Second, we assess the role of local environmental structure on response variables,
in which we expect the anuran abundance, composition, and richness will be affected because
frogs are one of the most sensitive vertebrates to environmental |characteristics| (Hopkins, 2007).
Finally, we tested if species distribution follows the predictions of Rapoport’s rule for altitudinal
ranges, expecting species with optimal altitudes at high elevations fo have a wide distribution
along the range because they were more adapted to extreme conditions at highlands (Stevens,
1992).

Materials & Methods

Study area

Anuran sampling was conducted in the Serra Bonita RPPN complex in Camacan and Pau-Brasil
municipalities, Bahia state, northeastern Brazil (-15.3836 S, -39.5502 W). It is a montane
complex covering a total area of 7500 hectares in the Atlantic Forest with an altitudinal gradient
range of 200 to 950 m (Fig. 1). The vegetation is composed of a mosaic with different succession
stages of secondary forests interspersed with cocoa crops and pastures (see Dias et al., 2014 for a
detailed description of the study area).

Sampling methods
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We conducted monthly field trips over six consecutive days from December 2009 to November
2010. Four altitudinal bands were defined: 200-300 (low), 400-500 (mid), 600—700 (mid-high),
and 800-900 (high) m, and six 100 m long linear transects in the forest interior were marked in
each band, giving a total of 24 transect sampling locations. A 700 m long main track was marked
out within each altitudinal band, and 100 m transects were placed perpendicular to this track
(Fig. 1). The installation site of the first transect was determined by a draw within 100 m from
the start of the main trail. In addition, we randomly determined the side of the main trail (right or
left) where each transect would be installed. Then, the other transects were installed
systematically 100 m away from each other and on the opposite side of the previous transect. We
did not set up transects near the forest edge or in water bodies to focus on species in the forest
interior, with a minimum distance to the edge of 300 meters. Sampling was carried out by active
visual and acoustic search (Heyer et al., 1994; Ridel & Ernst, 2004) conducted by two
researchers for 40 min in each transect during the night. All transects were inspected once every
sampling month.

[For each transect, we measured the following environmental variables: altitude, leaf litter
depth (LLD) and cover (LLC), canopy opening (OCA), number of tank-bromeliads (BRO),
including both epiphytic and terrestrial bromeliads, number of trees (NTR), and air temperature
(7). bn each transect, five points were marked for collecting the variables (LLC, LLD, and
OCA) at 10, 30, 50, 70, and 90 m from the beginning of the transect. At each of these points, a 1
x 1 m plot was established on each side of the trail and assigned values from 0_to 4 (0 = 0-20%;
1 =20-40%; 2 = 40-60%; 3 = 60—80%; and 4 = 80-100%) to represent the percentage of leaf
litter cover. In the center of these plots, we measured the leaf litter depth. A hemispherical photo
of the canopy was taken at 1.20 m above ground level at each of the five points marked on the
transects to assess the canopy opening. These photos were later analyzed with the Gap Light
Analyzer 2.0 program. We counted all bromeliads (up to 5 m in height) and trees (> 5 cm in
circumference at breast height) that were within 1.5 m on either side of the transect. The air
temperature was measured at the beginning and end of each transect sampling with a digital
thermometer with an accuracy of 0.5 °C. The air temperature was the average between the
temperatures at the beginning and end of each collection.

This research was approved by the Ethical Committee on Animal Use at the Universidade
Estadual de Santa Cruz (CEUA-UESC 006/09). The specimens were collected under
authorization (ICMBio #13708) conceived by Instituto Chico Mendes de Conservagao da
Biodiversidade (ICMBio/SISBIO) from the Ministério do Meio Ambiente (MMA) of Brazil.
Voucher specimens were deposited in the herpetological collection of the Museu de Zoologia da
Universidade Estadual de Santa Cruz (MZUESC), Ilhéus, Bahia state, Brazil, and are listed in
Appendix I of Dias et al. (2014). Anuran nomenclature and distribution follow Frost (2024),
whereas the species conservation status is according to [UCN (2024).

Data [analyses|
The species abundance in each transect was determined by the highest recorded abundance from
the twelve field surveys conducted for that specific sampling unit. To evaluate our sampling
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efforts, we built individual-based accumulation curves with 999 randomizations (Gotelli &
Colwell, 2001). Additionally, we used the Jackknife 1 and Chao 1 estimators to investigate the
expected pool richness (Magurran & McGill, 2011).

We performed the Nonmetric Multidimensional Scaling method —NMS| (McCune &
Grace, 2002) to find and display the most robust anuran community structure based on the
anuran species dataset (species abundance matrices A and B, Appendix 1). We elected the 1-
dimensional solution of the NMDS analysis as a proxy to represent the community structure. A
detailed explanation of methodological procedures and results regarding thd NMS lanalysis is in
Appendix 2.

We used the Variance Inflation Factors (VIF) to detect collinearity problems among the
studied variables (Altitude, LLD, LLC, OCA, BRO, NTR, and Temperature), in which we
excluded the variable altitude from the GLM models (VIF > 10; James et al., 2013). Our general
model was response variable (composition [NMS-1], richness, or abundance) ~ leaf litter depth +
leaf litter cover + canopy opening + number of bromeliads + number of trees + air temperature,
family = Gaussian (link = identity). Additionally, we used the ANOVA test to show how the full
model (with all predictors) is performing against the null model (with intercept only) and the
Shapiro-Wilk’s test to investigate the residuals normality distribution [HO, no association
between the anuran community structure (NMS-1 axis), species richness, or species abundance
and the environmental variables). |After that, we used Akaike’s Information Criterion with
second-order bias correction for small samples (AICc) to compare models for each response
variable alone or in combination (Burnham & Anderson, 2002). We considered AAICc and
Akaike’s weight (w) of each model. Models with AAICc lower than two were interpreted as
having the most substantial support (Burnham & Anderson, 2002).‘

We tested whether the anuran community structure (NMS-1 axis), species richness, or
species abundance could be explained by the altitudinal gradient (altitude in meters; independent
or predictor variable) using the linear regression analysis (HO, no association between the anuran
composition, richness, or abundance and the altitudinal gradient). The following assumptions
were checked for the analysis: linear relationship, roughly verified by projecting the response
variable on the predictor variable; normality, visually inspecting if residuals from the bivariate
model were normally distributed using Q-Q plots and by the Shapiro-Wilk’s test on the residuals;
independence of residuals (absence of residuals’ autocorrelation), by the Durbin-Watson test;
and homoscedasticity, by the Breusch-Pagan test.

To understand the anuran species distribution patterns in the studied mountain, we
measured the maximum and minimum altitude where each anuran species was recorded to
estimate their range-size distribution (the highest altitude minus the lowest altitude where each
species was recorded). We give a range of 100 m to species recorded at a single sampling point
(Kim et al., 2019). The optimal altitude of each species might be understood as the local where it
has a maximum abundance (Whittaker, 1967); thus, we used two methods to calculate it: the
average of the altitudinal range of each species (see Stevens, 1992) and the “Specimen method”
(to consult Almeida-Neto et al., 2006 for more details about formulas and methods). Then, we
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first assessed the normality of the data distribution using the Shapiro-Wilk test and evaluated the
homoscedasticity with the Fligner-Killeen test. As the residuals of our data did not meet the
assumptions of normality and homoscedasticity required for simple linear regression, we opted
for the non-parametric Kernel regression test (Nadaraya, 1964; Watson, 1964) to investigate if
the anuran distribution along the mountain studied follows Rapoport’s rule using the three
methods cited above.

Statistical analyses were performed using the R packages bbmle (Bolker & Team, 2016),
BiodiversityR (Kindt & Coe, 2005), ggplot2 (Wickham, 2016), usdm (Naimi et al., 2014), and
vegan (Oksanen et al., 2016). Only the individual-based accumulation curves were generated
using PAST 4.09 (Hammer et al., 2001).

Results

We registered 612 individuals belonging to 36 anuran species nested in the following ten
families (number of species in parentheses): Brachycephalidae (3), Bufonidae (2),
Craugastoridae (1), Eleutherodactylidae (1), Hemiphractidae (1), Hylidae (21), Leptodactylidae
(1), Microhylidae (1), Odontophrynidae (1), and Strabomantidae (4). Of these species, about
80% are restricted to the Atlantic Forest, and Brachycephalus pulex is listed as endangered (EN),
while Bokermannohyla lucianae is considered vulnerable (VU) to extinction (IUCN, 2024). The
dominant species were Pristimantis vinhai (135 specimens), Pristimantis sp. 2 (80 specimens),
and Haddadus binotatus (70 specimens), all of which are direct-developing species. In contrast,
other seven species (Aplastodiscus ibirapitanga, Bahius bilineatus, Boana pombali,
Chiasmocleis crucis, Dendropsophus novaisi, Ischnocnema verrucosa, and Physalaemus erikae)
had only one individual recorded each (Table 1).

The observed species richness represented about 83% of the richness estimated by the
Jackknife 1 (43.3 + 3.22) and Chao 1 (43.3 £ 6.90) estimators. In addition, the accumulation and
rarefaction curves evidenced a slight tendency toward stabilization, which suggests our sampling
effort was adequate (Fig. 2).

The NMS axis obtained from the 1-dimensional solution evidenced structuring in the
anuran community. The solution resulted in a minimal stress value of 23.78 (minimal stress
value of randomized data 30.80), and the NMS axis was stronger than expected by chance
(Monte Carlo test, P < 0.0010). The variance explained by the NMS axis accounted for 77% of
the variance present in the original multidimensional space. The NMS axis was able to express a
gradual species substitution pattern of the anuran community (Figure S3, Appendix 2), but with
some inconsistency between low (200-300 m) and middle (400-500 m) altitudinal strata.

We found a significant influence of leaf litter depth (T =-2.372, P = 0.029) and
temperature (T = -5.360, P < 0.001) on the anuran community structure (NMS-1 axis), In
contrast, species richness (T = 2.541, P = 0.021) and species abundance (T = 4.452, P = 0.0003)
were affected by the density of tank-bromeliads (Fig. 3). Other variables did not affect the
response variables (Appendix 3). Regarding Akaike’s information criterion for all variables, only
the models with “LLD and temperature” and “temperature” were interpreted as having the most
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substantial support in explaining the anuran community structure. In contrast, tank-bromeliads
plus leaf litter depth and cover were also interpreted as having significant support to explain the
anurans’ abundance besides tank-bromeliads' density (Table 2).

We also observed that the altitudinal gradient plays an important role in explaining the
anuran composition (r> = 0.763, P < 0.001), abundance (r? = 0.378, P < 0.001), and richness (r* =
0.169, P < 0.05) in the Serra Bonita RPPN complex (Fig. 4). Additionally, we found a significant
influence of the optimal altitude of each anuran species on their range-size distribution
considering both Stevens’s midpoint method (F = 21.84, 1% (adj.) = 0.788, P = < 0.0001) and the
Specimen method (F = 13.62, r? (adj.) = 0.726, P = < 0.0001). Therefore, anurans with optimal
altitudes in the highlands exhibited a lower range-size distribution (Fig. 5).

Discussion

Most herpetofaunistic studies on anurans have focused on areas near ponds, where most species
rely on water for reproduction (Wells, 2007). However, anurans,depend on forested
environments for essential resources such as food and shelter (Duellman & Trueb, 1994). We
sampled in forested environments of the Serra Bonita RPPN complex almost half of the
anurofauna known for this mountain (Dias et al., 2014). In addition, the anurans’ species
richness found in this study aligns with that reported in other checklists for forested
environments of the Atlantic Forest (Rojas-Padilla et al., 2020; Protazio et al., 2021; Lima et
al., 2021; Siqueira et al., 2022), highlighting the critical role of natural forests in maintaining
anuran diversity.

The highest abundance of Terrarana frogs, buch as brachycephalids, craugastorids, and
strabomantids, might be associated with the fact that direct-developing frogs usually lay eggs on
the forest floor (Nunes-de-Almeida et al., 2021), and thus are independent of water bodies. In
addition, these species were generally more abundant in the highland areas, where lentic ponds
are scarce. The milder temperature and higher humidity should ensure additional protection
against desiccation of their eggs deposited in the environment, contributing to the increased
reproductive success of these species at higher altitudes. In contrast, leptodactylids and
microhylids had one species registered for each. Some anurans in the Atlantic Rainforest (e.g.,
leptodactylids) build foam nests close to ponds to deposit and incubate egg clutches, which will
hatch into tadpoles and then metamorphose into frogs (Haddad & Prado, 2005). At the same
time, other species (e.g., microhylids) present explosive reproduction), fossorial or semi-fossorial
behavior, and low dispersal capacity in the environment, characteristics that make it difficult to
sample adults in the field (Peloso et al., 2014; De Sa et al., 2019). Thus, perhaps this might be
the reason for the low abundance of leptodactylids and microhylids that were restricted to
lowland areas, as well as most of the species that use lentic ponds for breeding. The steepness of
the terrain may hinder the formation of lentic ponds along the altitudinal gradient, decreasing the
availability of suitable sites for the species that breed in these environments. Lastly, Hylidae was
the most diverse family along the range, which is a typical pattern for Neotropical anuran
communities (Duellman, 1988), including several studies on anuran communities in the Atlantic
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Forest (e.g., Dias et al., 2014; Mira-Mendes et al., 2018). The dominance of hylids might be
associated with mountain streams or aerial aquatic habitats (e.g., tank-bromeliads) for developing
eggs and tadpoles. Once the reproductive modes are essential to understand how anurans are
distributed in altitudinal environments (Siqueira et al., 2021), our sampling design might be
strictly linked to these results.

We observed that the anuran composition was influenced by the altitudinal gradient in
which some frogs were found at specific altitudes. For instance, Rhinella hoogmoedi,
Dendropsophus novaisi, Trachycephalus nigromaculatus, and Physalaemus erikae were
restricted to the lowest altitudinal bands; Chiasmocleis crucis and Bahius bilineatus occurred just
at mid-altitudes; and Brachycephalus pulex, Ischnocnema verrucosa, IPristimantis sp. ]J
Gastrotheca pulchra, Aplastodiscus ibirapitanga, A. weygoldti, Bokermannohyla lucianae, and
Scinax strigilatus occurred only at higher altitudes. Other species were found throughout the
altitudinal range. Species composition changes in anuran communities in response to altitudinal
gradients have already been reported for different mountains worldwide (e.g., Hu et al., 2011;
Zancolli et al., 2014; Matavelli et al., 2022). Environmental conditions in montane ecosystems
vary across the range (Lomolino, 2001; Tito et al., 2020), and therefore, different environmental
filters might influence the species composition. In this sense, we observed that colder altitudinal
strata with low leaflitter depth had the highest species turnover.

Once anurans are sensitive to environmental changes (Hopkins, 2007), variables such as
temperature might influence the community structure. It is consensus that tropical areas harbor
the highest anuran species diversity due to environmental conditions such as productivity,
humidity, and temperature (Duellman & Trueb, 1994). Therefore, as these animals need water or
humidity to reproduce (Crump, 2015), milder climates are related to the highest species richness,
consequently affecting the community structure. Some studies have already reported the
influence of temperature in anuran communities from montane areas (e.g., Matavelli et al., 2022;
Carvalho-Rocha et al., 2023), and our results reinforce this variable as an important driver for
the community structure of frogs.

Similarly, we found a positive and significant altitudinal gradient effect on species
richness and abundance, with the highlands hosting the greatest species diversity. Although some
studies show greater richness and abundance in the middle ranges of the altitudinal gradient (e.g.,
Carvalho-Rocha et al., 2021; Matavelli et al., 2022; Dahl et al., 2024) or indicate a monotonic
decrease in diversity with increasing elevation (e.g., Zancolli et al., 2014; Khatiwada et al.,
2019; Siqueira et al., 2021), a reverse pattern has also been reported, as in the present study (e.g.
Naniwadekar & Vasudevan, 2006). This pattern may be more common than previously reported
in the literature for mountains below 1000 m in elevation. Most studies that have analyzed larger
altitudinal ranges, typically finding a hump-shaped distribution for anurans, report an increase in
diversity with altitude up to approximately 1000 m, with a decline occurring only at higher
elevations (Carvalho-Rocha et al., 2021; Matavelli et al., 2022; Dahl et al., 2024). Up to this
altitudinal range, we hypothesize that anuran communities still benefit from milder temperatures
and high humidity, reducing physiological stress and promoting greater frog abundance and
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333  microhabitat for some anuran species (Peixoto, 1995; Junca & Borges, 2002; Lehtinen, 2004). In
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347  distribution. In particular, this may reflect a habitat specialization or microendemism at higher
348  altitudes (Siqueira et al., 2021). In addition, anurans’ occurrence and abundance might be
349  associated with environmental characteristics (Almeida-Gomes et al., 2016; Aradjo et al., 2018;
350  Pereira-Ribeiro et al., 2020, this study). However, considering local and global scales, further
351  studies are still needed to understand the principal filters driving anuran distribution in montane
352  ecosystems.

353

354 Conclusions

355  The drivers of anuran distribution in Neotropical forests are influenced by regional factors. Our
356  study area has a high bromeliads abundance at higher elevations, and our analyses returned them
357  as important diversity drivers. Most areas of the Atlantic Forest reveal a much lower bromeliad
358  diversity, which could be why they have yet to be pointed out as the main diversity drivers in
359  other areas (Paz et al., 2020). In addition, inventories with efforts directed only at forest

360 environments can evidence a high species diversity and reveal the presence of little-known

361  species and restricted endemics (e.g., Brachycephalus pulex, Pristimantis spp., Ischnocnema

362  spp.). Understanding anurans’ distribution and diversity patterns along altitudinal gradients is
363  essential to establish effective and targeted actions for conserving this taxonomic group. In the
364  mountainous complex of Serra Bonita, any conservation initiative should prioritize habitat
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protection in both lowland and highland areas, as each altitudinal stratum has a unique species
composition.

Acknowledgements

We extend our gratitude to Vitor Becker and Clemira Souza for their assistance during fieldwork
and for granting us access to RPPN Serra Bonita. We also thank all the staff at the Uiragu
Institute, especially the park rangers, for their support. We are grateful to Rachel Pinto for her
help in preparing the map.

References

Almeida-Gomes M, Rocha CFD, Vieira MV. 2016. Local and landscape factors driving the
structure of tropical anuran communities: do ephemeral ponds have a nested pattern?
Biotropica 48:365-372 https://doi.org/10.1111/btp.12285

Almeida-Neto M, Machado G, Pinto-da-Rocha R, Giaretta AA. 2006. Harvestman
(Arachnida: Opiliones) species distribution along three Neotropical elevational gradients: an
alternative rescue effect to explain Rapoport’s rule? Journal of Biogeography 33:361-375
https://doi.org/10.1111/j.1365-2699.2005.01389.x

Araujo KC, Guzzi A, Avila RW. 2018. Influence of habitat heterogeneity on anuran diversity
in Restinga landscapes of the Parnaiba River delta, Northeastern Brazil. ZooKeys 757:69-83
https://doi.org/10.3897/z0okeys.757.21900

Aratjo KC. 2021. Padrdes de diversidade e distribuicdo de anuros nos brejos de altitude do
Ceard, Brasil. D. Phil. Thesis, Universidade Federal do Ceara, Fortaleza, Brasil.

Bastazini CV, Munduruca JFV, Rocha PLB, Napoli MF. 2007. Amphibians from the
Restinga of Mata de S&o Jodo, Bahia, Brazil: which environmental variables are associated
with the anuran composition? Herpetologica 63:459-471 https://doi.org/10.1655/0018-
0831(2007)63[459:WEVBEC]2.0.CO;2

Bastos DF, Ramos JZP. 2022. Amphibian fauna in an ecotonal and mountainous area in south-
central Bahia State, northeastern Brazil: Amphibian fauna in an ecotonal and mountainous
area in south-central Bahia State, northeastern Brazil. Herpetology Notes 15:365-376

Begon M, Harper JL, Townsend CR. 1990. Ecology Individuals, populations and
communities. Oxford: Blackwell.

Bolker B, Team RDC. 2016. bbmle: Tools for general maximum likelihood estimation. R
package version 1.0.18.

Burnham KP, Anderson DR. 2002. Model Selection and Multimodel Inference: A Practical
Information-Theoretic Approach. Springer-Verlag.

Carvalho-Rocha V, Peres CA, Neckel-Oliveira S. 2021. Habitat amount and ambient
temperature dictate patterns of anuran diversity along a subtropical elevational gradient.
Diversity and Distributions 27:344-359 https://doi.org/10.1111/ddi.13187



https://doi.org/10.1111/btp.12285
https://doi.org/10.1111/j.1365-2699.2005.01389.x
https://doi.org/10.3897/zookeys.757.21900
https://doi.org/10.1655/0018-0831(2007)63%5b459:WEVBEC%5d2.0.CO;2
https://doi.org/10.1655/0018-0831(2007)63%5b459:WEVBEC%5d2.0.CO;2
https://doi.org/10.1111/ddi.13187

405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444

Carvalho-Rocha V, Peres CA, Neckel-Oliveira S. 2023. Seasonal variation in patterns of
anuran diversity along a subtropical elevational gradient. Journal of Biogeography 50:1866—
1878 https://doi.org/10.1111/jbi.14695

Chen Z, Tang Y, Wang Y, Li Y, Lin L, Ding G. 2020. Species diversity and elevational
distribution of amphibians in the Xianxial-ing and Wuyishan mountain ranges, southeastern
China. Asian Herpetology Research 11:44-55 https://doi.org/10.16373/j.cnki.ahr.190038

Chettri B, Acharya BK. 2020. Distribution of amphibians along an elevation gradient in the
Eastern Himalaya, India. Basic and Applied Ecology 47:57-70
https://doi.org/10.1016/j.baae.2020.07.001

Colwell RK, Hurtt GC. 1994. Non biological gradients in species richness and a spurious
Rapoport’s effect. The American Naturalist 144:570-595

Colwell RK, Lees DC. 2000. The mid-domain effect: geometric constraints on the geography of
species richness. Trends in Ecology and Evolution 15:70-76 https://doi.org/10.1016/S0169-
5347(99)01767-X

Crump ML. 2015. Anuran Reproductive Modes: Evolving Perspectives. Journal of Herpetology
49:1-16 https://doi.org/10.1670/14-097

Dahl C, Richards SJ, Basien I, Mungkaje AJ, Novotny V. 2024. Local and regional diversity
of frog communities along an extensive rainforest elevation gradient in Papua New Guinea.
Biotropica 56: 90-97 https://doi.org/10.1111/btp.13283

Darwin C. 1839. Journal of the researches into the geology and natural history of various
countries visited by the H.M.S. Beagle, under the command of captain Fitzroy, R.N. from
1832 to 1836. Londres: Henry Colburn Press.

De S4, RO, Tonini JFR, Huss HV, Long A, Cuddy T, Forlani MC, Peloso PLV, Zaher H,
Haddad CFB. 2019. Multiple connections between Amazonia and Atlantic Forest shaped the
phylogenetic and morphological diversity of Chiasmocleis Mehely, 1904 (Anura:
Microhylidae: Gastrophryninae). Molecular Phylogenetics and Evolution 130:198-210
https://doi.org/10.1016/j.ympev.2018.10.021

Dias IR, Medeiros TT, Nova MFV, Solé M. 2014. Amphibians of Serra Bonita, southern
Bahia: a new hotpoint within Brazil’s Atlantic Forest hotspot. ZooKeys 449:105-130
https://doi.org/10.3897/zookeys.449.7494

Duellman WE, Trueb L. 1994. Biology of Amphibians. The Johns Hopkins University Press,
Baltimore, Maryland, U.S.A.

Duellman WE. 1988. Patterns of species diversity in anuran amphibians in the American
tropics. Annals of the Missouri Botanical Garden 75:79-104 https://doi.org/10.2307/2399467

Forlani MC, Bernardo PH, Haddad CFB, Zaher H. 2010. Herpetofauna of the Carlos Botelho
State Park, Sdo Paulo State, Brazil. Biota Neotropica 10:265-309.
https://doi.org/10.1590/S1676-06032010000300028

Frost DR. 2024. Amphibian Species of the World: an Online Reference. Version 6.1 (01 May
2024). Electronic Database accessible at https://amphibiansoftheworld.amnh.org/index.php.
American Museum of Natural History, New York, USA. doi.org/10.5531/db.vz.0001



https://doi.org/10.1111/jbi.14695
https://doi.org/10.16373/j.cnki.ahr.190038
https://doi.org/10.1016/j.baae.2020.07.001
https://doi.org/10.1016/S0169-5347(99)01767-X
https://doi.org/10.1016/S0169-5347(99)01767-X
https://doi.org/10.1670/14-097
https://doi.org/10.1111/btp.13283
https://doi.org/10.1016/j.ympev.2018.10.021
https://doi.org/10.3897/zookeys.449.7494
https://doi.org/10.2307/2399467
https://doi.org/10.1590/S1676-06032010000300028

445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483

Gotelli NJ, Colwell RK. 2001. Quantifying biodiversity: procedures and pitfalls in the
measurement and comparison of species richness. Ecology Letters 4:379-391
https://doi.org/10.1046/j.1461-0248.2001.00230.x

Goyannes-Araujo P, Siqueira CC, Laia RC, Almeida-Santos M, Guedes DM, Rocha CFD.
2015. Anuran species distribution along an elevational gradient and seasonal comparisons of
leaf litter frogs in an Atlantic Rainforest area of southeastern Brazil. The Herpetological
Journal 25:75-81

Haddad CF, Prado CP. 2005. Reproductive modes in frogs and their unexpected diversity in
the Atlantic Forest of Brazil. BioScience 55:207-217 https://doi.org/10.1641/0006-
3568(2005)055[0207:RMIFAT]2.0.CO:;2

Hammer O, Harper DAT, Ryan PD. 2001. PAST: Paleontological Statistics Software Package
dor Education and Data Analysis. Palaeontologia Electronica 4:1-9.

Hopkins WA. 2007. Amphibians as models for studying environmental change. ILAR journal,
48:270-277. https://doi.org/10.1093/ilar.48.3.270

Hu J, Xie F, Li C, Jiang J. 2011. Elevational patterns of species richness, range and body size
for spiny frogs. PlosOne 6:€19817. https://doi.org/10.1371/journal.pone.0019817

Hunter ML, Yonzon P. 1993. Altitudinal distribution of birds, mammals, people, forests, and
parks in Nepal. Conservation Biology 7:420-423. http://dx.doi.org/10.1046/].1523-
1739.1993.07020420

IUCN. 2024. The IUCN Red List of Threatened Species. Version 2024-1.
https://www.iucnredlist.org. Accessed on 14 July 2024.

James G, Witten D, Hastie T, Tibshirani R. 2013. An Introduction to Statistical Learning:
With Applications in R. Springer.

Juncéa FA, Borges CLS. 2002. Fauna associada a bromélias terricolas da Serra da Jibdia, Bahia.
Sitientibus Série Ciéncias Bioldgicas 2:73-81

Khatiwada JR, Zhao T, Chen Y, Wang B, Xie F, Cannatella DC, Jiang J. 2019. Amphibian
community structure along elevation gradients in eastern Nepal Himalaya. BMC Ecology
19:1-11 https://doi.org/10.1186/s12898-019-0234—7

Kim JY, Seo C, Hong S, Lee S, Eo SH. 2019. Altitudinal range-size distribution of breeding
birds and environmental factors for the determination of species richness: An empirical test of
altitudinal Rapoport’s rule and non-directional rescue effect on a local scale. PlosOne
14:e0203511 https://doi.org/10.1371/journal.pone.0203511

Kindt R, Coe R. 2005. Tree diversity analysis. A manual and software for common statistical
methods for ecological and biodiversity studies. World Agroforestry Centre (ICRAF), Nairobi
(Kenya)

Kohlmann B, Arriaga-Jiménez A, Portela Salom&o R. 2021. Rapoport’s Rule and the effect
of the last glaciation upon elevational range size: An analysis using a dung beetle model
(Coleoptera: Scarabaeidae: Onthophagus) in Mexican tropical mountains. The Holocene
32:208-219 https://doi.org/10.1177/095968362110604



https://doi.org/10.1046/j.1461-0248.2001.00230.x
https://doi.org/10.1641/0006-3568(2005)055%5b0207:RMIFAT%5d2.0.CO;2
https://doi.org/10.1641/0006-3568(2005)055%5b0207:RMIFAT%5d2.0.CO;2
https://doi.org/10.1093/ilar.48.3.270
https://doi.org/10.1371/journal.pone.0019817
http://dx.doi.org/10.1046/j.1523-1739.1993.07020420
http://dx.doi.org/10.1046/j.1523-1739.1993.07020420
https://doi.org/10.1186/s12898–019–0234–z
https://doi.org/10.1371/journal.pone.0203511
https://doi.org/10.1177/095968362110604

484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522

Lehtinen RM. 2004. Ecology and Evolution of Phytotelm-breeding anurans. University of
Michigan, Ohio.

Lima LMC, Yves A, Almeida VG, Neves MO, Sousa BM. 2021. Anurans of a protected area
from Mantiqueira Complex, Atlantic Forest of Minas Gerais state, Brazil. Biota Neotropica
21:220200993 https://doi.org/10.1590/1676-0611-BN-2020-0993

Liu G, Cui J, Wang Y, Wang H, Xiang B, Xiao N. 2022. Amphibian diversity and its spatio-
temporal distribution patterns in Kangding City, Sichuan Province. Biodiversity Science
30:21494 https://doi.org/10.17520/biods.2021494

Lomolino MV. 2001. Elevation gradients of species-density: historical and prospective views.
Global Ecology and Biogeography 10:3-13 http://dx.doi.org/10.1046/j.1466-22x.2001.00229

Macarthur RH. 1972. Geographical ecology. Harper and Row, New York.

Magurran AE, Mcgill BJ. 2011. Biological diversity: frontiers in measurement and assessment.
Oxford University Press.

Matavelli R, Oliveira JM, Soininen J, Ribeiro MC, Bertoluci J. 2022. Altitude and
temperature drive anuran community assembly in a neotropical mountain region. Biotropica
54:607-618 https://doi.org/10.1111/btp.13074

McCune B, Grace JB. 2002. Analysis of Ecological Communities. MjM Software Design.
Gleneden Beach, Oregon 97388, U.S.A.

Mira-Mendes CB, Ruas DS, Oliveira RM, Castro IM, Dias IR, Baumgarten JE, Junca FA,
Solé M. 2018. Amphibians of the Reserva Ecoldgica Michelin: a high diversity site in the
lowland Atlantic Forest of southern Bahia, Brazil. ZooKeys 753:1-21
https://doi.org/10.3897/z00keys.753.21438

Nadaraya EA. 1964. On Estimating Regression. Theory of Probability and its Applications,
9:141-142.

Naimi, B., Hamm, N. A. S., Groen, T. A., Skidmore, A. K., & Toxopeus, A. G. (2014).
Where is positional uncertainty a problem for species distribution modelling? Ecography
37:191-203. https://doi.org/10.1111/].1600-0587.2013.00205.x

Naniwadekar R, Vasudevan K. 2006. Patterns in diversity of anurans along an elevational
gradient in the Western Ghats, South India. Journal of Biogeography, 34:842—853.
https://doi.org/10.1111/j.1365-2699.2006.01648.x

Nunes-de-Almeida CHL, Haddad CFB, Toledo LF. 2021. A revised classification of the
amphibian reproductive modes. Salamandra 57:413-427

Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR, O’hara RB, Simpson GL,
Solymos P, Stevens MHH, Wagner H. 2016. Vegan: Community Ecology Package. R
package version 2.3-3. https://CRAN.R—project.org/package=vegan (Last access in
17/01/2023)

Paz A, Reginato M, Michelangeli FA, Goldenberg R, Caddah M, Aguirre-Santoro J,
Kaehler M, Lohmann L, Carnaval AC. 2020. Predicting patterns of plant diversity and
endemism in the tropics using remote sensing data: a study case from the Brazilian Atlantic



https://doi.org/10.1590/1676-0611-BN-2020-0993
https://doi.org/10.17520/biods.2021494
http://dx.doi.org/10.1046/j.1466-22x.2001.00229
https://doi.org/10.1111/btp.13074
https://doi.org/10.3897/zookeys.753.21438
https://doi.org/10.1111/j.1600-0587.2013.00205.x
https://doi.org/10.1111/j.1365-2699.2006.01648.x
https://cran.r–project.org/package=vegan

523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562

rainforest. In: Cavender-Bares J, Gamon J, Townsend P, eds. Remote sensing of plant
biodiversity. Cham: Springer, 255-266

Peixoto OL. 1995. Associagdo de anuros a bromelidceas na mata Atlantica. Revista
Universidade Rural. Série Ciéncias da Vida, Seropédica 17:75-83

Peloso PLV, Sturaro MJ, Forlani MC, Gaucher P, Motta AP, Wheeler WC. 2014.
Phylogeny, taxonomic revision, and character evolution of the genera Chiasmocleis and
Syncope (Anura, Microhylidae) in Amazonia, with descriptions of three new species. Bulletin
of the American Museum of Natural History 386:1-112. https://doi.org/10.1206/834.1

Pereira-Ribeiro J, Ferreguetti AC, Bergallo HG, Rocha CFD. 2020. Changes in the
community structure of anurans in the coastal plain forest, southeastern Brazil. Ecological
Research 35:540-549 https://doi.org/10.1111/1440-1703.12108

Pimm SL, Brown JH. 2004. Domains of diversity. Science, 304: 831-833
https://doi.org/10.1126/science.1095332

Protazio AS, Protazio AS, Silva LS, Conceicdo LC, Braga HSN, Santos UG, Ribeiro AC,
Almeida AC, Gama V, Vieira MVSA, Silva TAF. 2021. Amphibians and reptiles of the
Atlantic Forest in Recbncavo Baiano, east Brazil: Cruz das Almas municipality. ZooKeys
1060:125-153. https://doi.org/10.3897/z0okeys.1060.62982

Rahbek C. 1995. The elevational gradient of species richness: a uniform pattern? Ecography
18:200-205. http://dx.doi.org/10.1111/j.1600-0587.1995.tb00341

Rahbek C, Borregaard MK, Colwell RK, Dalsgaard B, Holt BG, Morueta-Holme N,
Nogues-Bravo D, Whittaker RJ, Fjeldsa J. 2019. Humboldt’s enigma: What causes global
patterns of mountain biodiversity?. Science 365:1108-1113
https://doi.org/10.1126/science.aax0149

Rapoport EH. 1975. Areografia: Estrategias Geograficas de las Especies. Fondo de Cultura
Econdmica.

Roberto 1J, Loebmann D. 2016. Composition, distribution patterns, and conservation priority
areas for the herpetofauna of the state of Cear, northeastern Brazil. Salamandra 52:134-152.

Heyer WR, Donnelly MAR, Mcdiarmid W, Hayek LAC, Foster MS. 1994. Measuring and
Monitoring Biological Diversity — Standard Methods for Amphibians. Smithsonian Institution
Press.

Ricklefs RE. 1993. A economia da natureza: um livro texto de ecologia béasica. Rio de Janeiro,
Guanabara Koogan

Roberto 1J, Oliveira CR, ARAUJO JA, Oliveira HF, Avila RW. 2017. The herpetofauna of
the Serra do Urubu mountain range: a key biodiversity area for conservation in the Brazilian
Atlantic Forest. Papéis Avulsos de Zoologia 57:347-373 https://doi.org/10.11606/0031-
1049.2017.57.27

Rodel MO, Ernst R. 2004. Measuring and monitoring amphibian diversity in tropical forests.
An evaluation of methods with recommendations for standardization. Ecotropica 10: 1-14.

Rojas-Padilla O, Menezes VQ, Dias IR, Arg6lo AJS, Solé M, Orrico VGD. 2020.
Amphibians and reptiles of Parque Nacional da Serra das Lontras: an important center of



https://doi.org/10.1206/834.1
https://doi.org/10.1111/1440-1703.12108
https://doi.org/10.1126/science.1095332
https://doi.org/10.3897/zookeys.1060.62982
http://dx.doi.org/10.1111/j.1600-0587.1995.tb00341
https://doi.org/10.1126/science.aax0149
https://doi.org/10.11606/0031-1049.2017.57.27
https://doi.org/10.11606/0031-1049.2017.57.27

563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602

endemism within the Atlantic Forest in southern Bahia, Brazil. ZooKeys 1002:159-185
https://doi.org/10.3897/zo0keys.1002.53988

Siqueira CC, Vrcibradic D, Almeida-Gomes M, Rocha CFD. 2021. Assessing the importance
of reproductive modes for the evaluation of altitudinal distribution patterns in tropical frogs.
Biotropica 53:786—797 https://doi.org/10.1111/btp.12933

Siqueira CC, Vrcibradic D, Kiefer MC, Almeida-Gomes M, Nogueira-Costa P, Borges-
Junior VNT, Sluys MV, Rocha CFD. 2022. Anuran species composition and density
estimates from an Atlantic Forest area within the APA Serra da Mantiqueira, Rio de Janeiro
state, Brazil. Biota Neotropica 22:€20211265 https://doi.org/10.1590/1676-0611-BN-2021-
1265

Siqueira CC, Rocha CFD. 2013. Gradientes altitudinais: conceitos e implicagdes sobre a
biologia, a distribuicdo e a conservacdo dos anfibios anuros. Oecologia Australis 17:282-302
http://dx.doi.org/10.4257/0ec0.2013.1702.09

Silva HRD, Carvalho ALGD, Bittencourt-Silva GB. 2011. Selecting a hiding place: anuran
diversity and the use of bromeliads in a threatened coastal sand dune habitat in Brazil.
Biotropica 43:218-227. https://doi.org/10.1111/j.1744-7429.2010.00656.x

Stevens GC. 1989. The latitudinal gradient in geographical range: how so many species coexist
in the tropics. The American Naturalist 133:240-256

Stevens GC. 1992. The Elevational Gradient in Altitudinal Range: An Extension of Rapoport’s
Latitudinal Rule to Altitude. The American Naturalist 140:893-911

Terborgh J. 1977. Bird species diversity on an Andean elevation gradient. Ecology 58:1007—
1019. http://dx.doi.org/10.2307/1936921

Tito R, Vasconcelos HL, Feeley KJ. 2020. Mountain ecosystems as natural laboratories for
climate change experiments. Frontiers in Forests and Global Change 38: 1-8
https://doi.org/10.3389/ffgc.2020.00038

Villacampa J, Whitworth A, Allen L, Malo JE. 2019. Altitudinal differences in alpha, beta,
and functional diversity of an amphibian community in a biodiversity hotspot. Neotropical
Biodiversity 5:60-68. https://doi.org/10.1080/23766808.2019.1659022

Von Humboldt A. 1849. Aspects of nature in different lands and different climates, with
scientific elucidations. Translated by Mrs. Sabine. 1 ed. Londres: Longman, Brown, Green,
and Longman.

Xavier AL, Napoli, MF. 2011. Contribution of environmental variables to anuran community
structure in the Caatinga Domain of Brazil. Phyllomedusa, Journal of Herpetology 10:45-64.

Wallace AR. 1878. Tropical nature and other essays. 1 ed. Londres: Macmillan.

Watson GS. 1964. Smooth regression analysis. Sankhya: The Indian Journal of Statistics, Series
A, 26:359-372.

Wells KD. 2007. The Ecology and Behavior of Amphibians. Chicago: The University of Chicago
Press.

Whittaker RH. 1967. Gradient Analysis of VVegetation. Biological Reviews of the Cambridge
Philosophical Society, 42:207-264.



https://doi.org/10.3897/zookeys.1002.53988
https://doi.org/10.1111/btp.12933
https://doi.org/10.1590/1676-0611-BN-2021-1265
https://doi.org/10.1590/1676-0611-BN-2021-1265
http://dx.doi.org/10.4257/oeco.2013.1702.09
https://doi.org/10.1111/j.1744-7429.2010.00656.x
http://dx.doi.org/10.2307/1936921
https://doi.org/10.3389/ffgc.2020.00038
https://doi.org/10.1080/23766808.2019.1659022

603
604
605
606
607

Wickham, H. 2016. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New York.
ISBN 978-3-319-24277-4, https://ggplot2.tidyverse.org.

Zancolli G, Steffan-Dewenter I, Rodel MO. 2014. Amphibian diversity on the roof of Africa:
unveiling the effects of habitat degradation, altitude, and biogeography. Diversity and
distributions 20:297-308 https://doi.org/10.1111/ddi.12161



https://doi.org/10.1111/ddi.12161

