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Abstract: The responses of biodiversity to urban gradients are poorly characterized in
tropical cities. We investigated the taxonomic structure of anuran assemblages along
the urban-rural gradients in Tabatinga, an Amazonian city in a region with the highest
amphibian diversity in the world. We carried out quantitative censuses of anurans in
transects distributed in urban, peri-urban, rural and minimally disturbed forests. We
sampled 2,841 individuals belonging to 51 anuran species. Rural and peri-urban habitats
showed similar species richness, and both are richer than urban habitats. Species
abundance distribution in urban transects was more strongly dominated by fewer
species than peri-urban, rural and terra-firme forest habitats. Species composition was
similar between urban, peri-urban, and rural habitats, with the anuran assemblages
displaying a nested arrangement in the species distribution. Anuran alpha diversity was
positively affected by distance from a major river and the amount of green area around
transects. In contrast, the alpha diversity of anuran species is negatively influenced by
increasing the number of utility poles. Studies around the world suggest that urban
habitats in cities may harbor a diverse fauna of anurans. The maintenance of urban
protected areas by municipal governments may be relevant for the conservation of
amphibians in the Amazon.
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Urbanization is a complex socioenvironmental
phenomenon that causes major changes in
biological assemblages (McKinney 2002). In many
cities, native and habitat specialist organisms
are lost, and most ecological space is occupied
by habitat generalists and exotic species
(McKinney 2006). However, the habitats occupied
by species in the urban landscapes are not
homogenously distributed within and around the
cities (McDonnell et al. 1997, Beninde et al. 2015).
Typically, densely populated urban sectors are
strongly modified, and these alterations tend to
be less intensive in the peripheral areas of the

cities and in rural areas (McDonnell et al. 1997,
McKinney 2002, Radeloff et al. 2005).
Environmental gradients within cities (urban
gradients) and beyond their boundaries (urban-
rural gradients) act as filters for species richness,
abundance and composition (Clergeau et al.
2001, Beninde et al. 2015, Padilla & Sutherland
2019). Indeed, social and environmental factors
that vary along gradients such as vegetation
cover, impervious surfaces, noise pollution,
human density and the socioeconomic status
of the residents affect plant and animal
assemblages (Hope et al. 2003, Fontana et al. 2011,
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MacGregor-Fors & Schondube 2011, Smallbone
et al. 2011, Luck et al. 2013, Saito & Koike 2013,
Zhang et al. 2016).

The influence of urban environmental
gradients on species distribution partly depends
on the taxonomic groups and their ecological
attributes (Saito & Koike 2015, Gonzalez-Césped
etal.2021). Anurans are the terrestrial vertebrates
that are most affected by environmental
disturbances associated with urbanization
(Cordier et al. 2021, Yang et al. 2022). In urban
environments, anurans are threatened by: i)
danger of desiccation due to their permeable
skins, ii) predation by domestic animals such as
dogs and cats, iii) noise pollution that affects
their vocal behavior during breeding seasons,
iv) deaths caused by vehicle traffic, v) chemical
pollution of waterbodies used for reproduction
and vi) local extinction caused by fragmentation
and habitat loss (Lehtinen et al. 1999, Cushman
2006, Hamer & McDonnell 2008).

Despite these threats, some natural and
semi-natural habitats (e.g., artificial ponds,
forest fragments and urban parks) found in cities
could harbor a relevant portion of the regional
assemblages of anurans, including threatened,
endemic and rare species (e.g.,, Lourenco-de-
Moraes et al. 2018, Avila-Pires et al. 2018). Thus,
urban ecosystems can contribute in a valuable
way to species conservation (Spotswood et
al. 2021). In this sense, understanding which
biotic and abiotic variables affect anuran
assemblages along urban-rural gradients can
provide guidelines for managing the cities so as
to improve their benefits to anurans and other
organisms. These studies may be even more
helpful in small cities whose administrators
have better opportunities to plan urban
development.

Understanding the anuran responses to
urbanization gradients is especially challenging
in regions with high diversity of poorly known
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species, such as the Amazon rainforest. No place
in the world has more anuran species than the
Amazon basin, with an estimated diversity of 800
species (Vacher etal.2020). Although the Amazon
rainforest is rightly famous for its luxuriant forest
cover, urbanization in the region has advanced
in the last decades (Chein & Procopio 2022). Just
how the Amazonian biodiversity is affected by
this increase in urbanized areas is still poorly
assessed.

Here, we investigate the taxonomic
structure of anuran assemblages along urban-
rural gradients in a small city located in the
western Brazilian Amazon, one of the regions
with the greatest diversity of anurans in the
world (Jenkins et al. 2015, Godinho & Silva 2018).
We describe the anuran diversity, abundance
and composition changes and identify variables
that potentially influenced species occurrence
along the urban-rural gradient. In addition, we
evaluated some simple metrics of urbanization
that could directly or indirectly affect the
abundance and diversity of anurans.

Based on previous studies (e.g., Oda et
al. 2017, Lourenco-de-Moraes et al. 2018, Silva
& Scudeller 2022) we expected that: i) alpha
diversity and species distribution abundance
will change from the highly urbanized sites to
less disturbed rural regions, with peri-urban and
rural sites harboring more species and being less
dominated by few species; ii) the beta diversity
of anuran assemblages in the studied gradient
will be dominated by the similarity in species
composition; iii) the species will be distributed
in a nested arrangement where low diversity
sites will be composed of an impoverished set
of species from the richer sites; iv) local and
landscape variables that indicate intensity
and time since urbanization will be the most
influential in the assemblages of anurans.
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MATERIALS AND METHODS
Study area

We sampled anurans in the municipality of
Tabatinga, which is located in the western
portion of the Brazilian Amazon on the triple
frontier between Brazil, Peru and Colombia. The
Solimoes River delimits the border between
Tabatinga and Peru, and Tabatinga’s urban area
is contiguous with that of Leticia, a Colombian
city (Figure 1). The municipality covers 3,260 km?2,
but the currently urbanized area of Tabatinga is
only 17.02 km?, and its population is estimated
at 66,764 inhabitants (https://cidades.ibge.gov.
br).
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The dominant vegetation types in the
study region are terra-firme forests and alluvial
varzea (floodplain) forests, the latter being
subject to different levels of flooding, with small
areas used in agricultural activities (https://
plataforma.brasil. mapbiomas.org). The regional
climate is equatorial, with a minimum annual
temperature of 22 °C and annual precipitation
of 2,250 to 3,000 mm (https://www.climatempo.
com.br/climatologia/1615/tabatinga-am).

Anurans and environmental data sampling

We sampled anuransin 22 transects of300 meters
each, along the urban-rural gradient, which were
divided into three major environments: urban
(nine transects), peri-urban (six transects),
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Figure 1. Municipality of Tabatinga showing the sampled transects in urban (red lines), peri-urban (yellow lines),
rural (purple lines), and terra-firme forest (light green lines). Acronyms indicates the habitat and number of

the site with U for urban, P for peri-urban, R for rural and F for terra-firme forest. Lines surrounding transects
represent the 100-meter buffer area where the landscape variables were estimated.
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and rural (five transects). Urban and peri-
urban transects were categorized using local
density of houses, other urban infrastructure
and proximity to rural environments. In
addition, we established two further transects
in the terra-firme primary forests to make a
preliminary inventory of anuran diversity in
undisturbed habitats (Figure 1). Transects were
set along asphalted or dirt roads and trails,
and were sampled four times between April
and September 2019, which corresponds to the
transition from the rainiest months to the start
of the dry season.

Anurans were recorded through audio-visual
censuses limited by time between 6:00 pm and
10:00 pm (Heyer et al. 1994). Each transect was
sampled for at least one hour, and two transects
were sampled each night. The sampling route
was reversed during the four sampling occasions
to permit inventorying of different parts of the
transects in various time periods. In total, 48
nights and around 428 hours of sampling were
invested in the fieldwork.

During the anuran censuses, the field teams
ranged from one to five people, and in most
sampling sessions, at least three assistants
helped to collect the data. Anuran recordings
were made only by WVS at five equidistant
points along the transects for 10 minutes at each
point. Visual records were made by researchers
on both sides of the transect and the position of
each anuran detected was estimated as inside
distance belts of 0-5 m, 5-10 m, 10-15 m, and
beyond 15 m.

We made collections of a few voucher
specimens of each species since the diversity
of anurans in the study region is poorly
known. Specimens were anesthetized and then
euthanized with 5% lidocaine hydrochloride,
fixed in formaldehyde, stored in 70% ethanol,
and deposited in the Prof. Paulo Blihrnheim
Zoological Collection at the Federal University of
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Amazonas (CZPB-UFAM). Anurans were identified
using Rodriguez & Duellman (1994), Duellman
(2005), Lima et al. (2012) and the taxonomic
nomenclature following Frost (2023).

We collected local and landscape variables
to represent a gradient of urbanization that
likely influences the amphibians’ reproduction,
dispersal and survival of amphibians. Then,
the following local environmental variables
were collected along the transects number of
utility poles, number of people and vehicles,
and number of dogs and cats. Besides being
an urbanization proxy, utility poles provided
nocturnal illumination that could influence
anuran abundance and distribution since most
species are mainly active at night (Baker &
Richardson 2006). Movements of people along
the transects could drive away the anurans, and
the intensity of vehicle traffic increases noise
pollution and could also contribute to direct
mortality of these organisms (Bee & Swanson
2007, Hamer & McDonnell 2008). Finally, dogs
and cats could be relevant predators of frogs
in urban habitats (Hamer & McDonnell 2008).
The number of utility poles and dogs and cats
were counted along the transects during the
sampling of the anurans. The number of people
and vehicles was counted during one minute at
the beginning and end of each transect.

Satellite images were used to obtain the
smaller linear distance from each transect to
the Solimoes River and the percentage of green
area, considered here as landscape variables.
The percentage of green area was quantified
within a buffer area of 100 meters around each
transect using ArcGIS Online 10.5. The distance
from the river was obtained using Google Earth
Pro (version 7.3.2) from a fixed point on the
Solimoes River to the starting point of each
transect. Distance from the river was treated
as a proxy for urban expansion, with the city’s
oldest parts located near the river (Figure 1).
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In addition, habitats associated with margins
(flooded forests) and channels (floating
meadows) of Amazonian rivers are home to
distinctive anuran assemblages (Ramalho et
al. 2016, Fonte et al. 2021) and can function as
faunal sources for anurans that colonize the city.

Data analysis

The abundance of anuran species in the
transects was quantified as the maximum
number of individuals of each species recorded
in the four sampling occasions to avoid counting
the same individuals. We excluded the terra-
firme forest transects from most analyses due
to low sampling efforts applied in this habitat.
However, we reported the data from the terra-
firme forest for a preliminary assessment of
regional anuran diversity.

The alpha diversity of each major habitat
was quantified using the Hill numbers and
extrapolated to a common number of individuals
in each habitat (Colwell et al. 2012, Chao et al.
2014, Roswell et al. 2021). Using the Hill numbers,
diversity indices are calculated that varied in
how they are affected by rare species (Roswell
et al. 2021), including species richness (q0 -
strongly affected by rare species), Shannon
diversity (g1 - near equally influenced by rare
and abundant species), and Simpson diversity
(g2 - focusing in the most abundant species).
Due to this property, Hill numbers provided a
more accurate description of variation in local
alpha diversity along the studied gradient
(Roswell et al. 2021). We used the Inext tool
(https://chao.shinyapps.io/iNEXTOnline/) for
cumulative and extrapolation diversity analysis
using the Hill numbers.

The species abundance distribution was
analyzed with K-dominance curves, plotting the
percentage of cumulative abundance against
species rank on the log scale (Lambshead
et al. 1983, Matthews & Whittaker 2015). We
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built abundance curves for each transect and
computed a dissimilarity distance matrix for
each pair of curves using a modified Manhattan
distance (Clarke & Warwick 2001). This
dissimilarity matrix was analyzed with an ANOSIM
(analysis of similarity) to test for differences in
the dominance curves between the four major
sampled habitats with statistical significance
provided by a permutation procedure detailed in
Clarke & Warwick (2001). Dominance curves were
exhibited as partial curves, which diminished
the influence of the single most abundant
species (Clarke & Warwick 2001).

We adopted complementary approaches to
quantify the anuran beta diversity. Ordinations
of studied sites were made using non-metric
multidimensional scaling (NMDS) analysis
based on quantitative data (relative abundance)
using the Bray-Curtis dissimilarity index and
presence/absence data using the Simpson
indices. Simpson indices are not affected by
differences in species richness among the sites
compared (Lennon et al. 2001, Baselga 2010),
which is a good feature given the high variation
inthe number of species in the sampled habitats
and transects.

In addition, we applied the approach of
Podani & Schmera (2011) to decompose the
beta diversity in the components of species
similarity (S), differences in species richness
(D) and species replacement or turnover (R).
The contribution of these components of beta
diversity is proportional, and the results are
displayed in SDR-simplex plots or ternary plots
(Podani & Schmera 2011). This visualization mode
is an effective way to interpret the influence of
beta diversity components extracted from the
presence-absence matrices. The beta diversity
decomposition was made using the SDR Simplex
program (Podani & Schmera 2011), and the
results are displayed in graphs extracted from
the SYN-TAX 2000 package (Podani 2001).
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We used indicator species analysis (Dufréne
& Legendre 1997) to identify the anuran species
with the greatest association with the different
habitats along the studied gradient using the
PAST program (Hammer et al. 2001). In this
analysis, an indicator value (IndVval) is calculated
for each species, considering their relative
abundance (specificity) and relative frequency
(fidelity) across the different treatments
(Dufréne & Legendre 1997). Indicator values
range from 0 to 100, and statistical significance
is estimated using permutation procedures
(Dufréne & Legendre 1997).

We investigated the influence of local and
landscape variables in the anuran diversity
measurements using hierarchical partition (Mac
Nally 2000). The local environmental variables
used were the number of utility poles, the
number of vehicles + people, number of pets
(dogs + cats), the distance from the Solimdes
River and the percentage of green area around
the transect. The dependent variables in the
models were species richness, Fisher's alpha
diversity, abundance (number of individuals
counted), and Pielou index of equitability.

RESULTS
Alpha diversity and abundance

We sampled 2,841 individuals belonging to 52
amphibian species distributed in nine families
(see Supplementary Material - Table SI). Detailed
information on the natural history, taxonomy
and the biogeography of the amphibian species
is outside the scope of the current study and
will be presented in a separated publication.
The only non-anuran species recorded during
the census was the salamander Bolitoglossa
altamazonica (Plethodontidae) with three
individuals being sampled in the terra-firme
forest transects. The primary terra-firme forest
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had the greatest diversity, with 38 anuran
species, and the lowest abundance due to the
limited sampling effort (Table I). The peri-urban
and rural transects housed a similar number
of species, although the highest number of
individuals was sampled in the peri-urban sites
(Table I). Urban transects harbor 14 anurans
species (Table 1). As expected, the terra-firme
forest had the most distinctive assemblage, with
19 species uniquely recorded in this habitat
(Table I). Rural and peri-urban habitats harbor
1 and 2 exclusive species, respectively, but no
anuran species were recorded only in the urban
habitats (Table I).

Rural and peri-urban habitats present
similar alpha diversity when measured using
species richness (g= 0), and both are richer
than urban habitats (Figure 2a). However, when
species relative abundance is considered (q=
1 and g= 2), rural habitats had higher alpha
diversity than peri-urban habitats, and both are
more diverse than urban habitats (Figure 2b, c).

Thecurvesofspeciesabundancedistribution
(SAD) indicate that urban habitats present
higher species dominance when compared to
terra-firme forests (R = 0.97, P = 0.02), peri-urban
habitats (R = 0.69, P < 0.01), and rural habitats (R
=091, P < 0.01) (Figure 3). Individual distribution
among species was more equitable and similar
in peri-urban habitats, rural habitats and terra-
firme forests, with the SAD curves being not
statistically distinct in the paired comparisons
(Figure 3). Although the most abundant species
were the same in urban, peri-urban and rural
habitats, their relative contribution to the SAD
curves was distinct, especially in the urban
habitats where a single species (Adenomera
hylaedactyla) made up more than half of the
sampled individuals (Figure 3).
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Table I. Diversity and abundance of anuran species distributed in the sampled environments. In parentheses are
average values between transects and range.

Habitats N° of species N° of unique species N° of individuals
Primary forests 38 (27, 21-33) 19 (36.5%) 247 (123.5, 114-133)
Rural 27 (17.2, 14-21) 1(2%) 622 (1244, 88-158)
Periurban 30 (14.5, 9-24) 2 (4%) 1272 (212, 116-321)
Urban 14 (7, 4-11) 0 (0%) 700 (78, 35-196)
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Figure 2. Curves of anuran alpha diversity along the urban-rural gradient of Tabatinga extrapolated to equal
sampling effort using the Hill numbers: a) species richness, b) Shannon diversity and c) Simpson diversity. Colored
shades represent 95% confidence intervals resulting from 100 permutations.
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Figure 3. K-dominance curves show the abundance distribution of anuran species in the studied environments.
The three most abundant species and the percentage of individuals sampled in each habitat are shown.
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Species composition and indicator species

Urban, peri-urban and rural transects form
distinctive groups in the ordination of sampling
sites using quantitative data (Figure 4a). Urban
sites had a species composition that was distinct
from peri-urban (ANOSIM, R = 0.63, P < 0.01)
and rural habitats (ANOSIM, R = 0.85, P < 0.01).
In addition, peri-urban habitats had a distinct
composition when compared to rural habitats
(ANOSIM, R = 0.51, P < 0.01).

A sharply contrasting result is obtained
when the ordination analysis is based on
presence-absence data (Figure 4b), which shows
no statistical differences in species composition
between habitats (ANOSIM, R = - 0.07, P < 0.81).
This result is consistent with the fact that the
disturbed sampling habitats having either none
or few exclusive species (Table 1), and it indicates
that the compositional differences between
habitats are mainly due to relative abundance
of species.

Reinforcing the previous result, species
similarity made a major contribution to beta
diversity patterns, followed by differences in
species richness and a modest contribution of
species replacement (Figure 5a). In addition,
the anuran assemblages displayed a strong
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nested arrangement in the species distribution
(Figure 5a). The relative contribution of these
components was maintained when the analysis
was separated by the studied habitats (Figure
5b-d).

We identified 16 anuran species that were
significantly associated with a particular habitat
along the studied gradient, including eight
species that were associated with rural habitats,
seven with peri-urban and only one species
(Leptodactylus pentadactylus) associated with
urban habitats (Table I1). Rural species tend to
be larger (mean snout-vent length = 61 mm),
mainly arboreal and are nocturnally active. Peri-
urban species are smaller (mean snout-vent
length = 36 mm) and associated with non-forest
habitats, with some species being terrestrial and
other arboreal. The only species associated with
urban habitats is a relatively large (mean snout-
vent length = 63 mm) terrestrial frog, which is
generally associated with forest habitats.

Environmental variables

Distance from the river, percentage of green area,
and the number of utility poles were the most
influential variables for explaining variation in
the diversity and abundance of the anurans
(Figure 6). The abundance of people, vehicles
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Figure 4. Ordinations of transects (colored circles) through non-metric multidimensional scaling (NMDS) using the
Bray-Curtis distance with relative abundance data (a) and Simpson distance with presence/absence data (b).
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and pets had little influence on the diversity
patterns (Figure 6). As one moves away from the
Solimoes River, there is a substantial increase
in species richness, abundance, equitability and
diversity when measured with the Fisher indices
(Figure 7a-d). Species richness and diversity are
negatively affected by the increase in the number
of utility poles (Figure 7e, f). Species equitability
(Pielou indices) and diversity (Fisher indices) are
positively affected by the percentage of green
area (Figure 7g, h).

DISCUSSION

Our study revealed significant variations in the
taxonomic structure of anuran assemblages
along the urban-rural gradient in Tabatinga.

a)
R (20%)
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Urban areas hosted the lowest alpha diversity
indicating a high degree of habitat disturbance.
Anuran alpha diversity is significantly variable
in urban-rural gradients in different parts of the
world (Konowalik et al. 2020, Hutto & Barrett
2021, ljie et al. 2021). For example, in rural and
urban ponds of Campo Grande (Brazil) a total
of 20 species of anurans were recorded, while
in urban and rural forest fragments of Maringa
and Sao Paulo (Brazil) the occurrence of 27
and 87 species, respectively, were documented
(Lourenco-de-Moraes et al. 2018, Ganci et al.
2022). In Itacoatiara, in the Brazilian Amazon,
Menin et al. (2019) recorded 19 and 29 anuran
species in urban and rural habitats, respectively,
which is similar species richness to what we
found in Tabatinga.

b) Figure 5. Ternary plots
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The general pattern that emerges from these
studies is the gradual loss of anuran species
along the urban-rural gradient, as occurs in
other taxonomic groups (Pillsbury & Miller
2008, McKinney 2008). However, the magnitude
of the anuran species loss likely depends on
differential sampling efforts, habitats/biomes
studied, methods used to assess anuran
diversity, and the biotic and abiotic attributes
of the studied cities (McKinney 2008, Beninde
et al. 2015).

Species richness is not the most appropriate
measure of alpha diversity as it ignores the
abundance distribution among species (Roswell

ANURANS IN AN URBAN-RURAL GRADIENT IN AMAZON

et al. 2021). Indeed, Shannon and Simpson
indices better differentiated the anuran alpha
diversity between the studied environments.
This indicates that species abundance data
are useful for understanding variations in
taxonomic diversity along environmental
gradients. More urbanized parts of the gradient
tend to be occupied by a few numerically
dominant species, while in more peripheral
parts of the city and rural habitats, the species
abundance distribution is more equitable and
similar to what is observed in less-disturbed
environments.

Table II. Anuran species identified as indicators of the sampled habitats along the urban-rural gradient in
Tabatinga. Numbers are indicator values (Indval), and bold numbers highlight significant (*P < 0.05, **P < 0.01)

values in the permutation tests.

Species Indicator of
Adenomera hylaedactyla Periurban
Boana boans Rural
Boana cinerascens Rural
Boana lanciformis Periurban
Boana punctata Rural
Dendropsophus nanus Periurban
Dendropsophus sp. Rural
Leptodactylus pentadactylus Urban
Leptodactylus petersii Periurban
Leptodactylus podicipinus Periurban
Phyllomedusa bicolor Rural
Phyllomedusa tarsius Rural
Rhinella margaritifera Rural
Rhinella marina Periurban
Sphaenorhynchus dorisae Periurban
Trachycephalus typhonius Rural

Indval Indval Indval
(Urban) (Peri-urban) (Rural)
43.71 44 55* .74
0.00 0.78 76.26**
0.32 1.81 68.97**
2.49 56.40* 37.99
0.00 0.00 60*
12.22 57.79* 21.20
0.00 4.93 85.21**
38.19* 0.00 2.81
1.93 72.46** 17.39
2.54 69.54** 1.03
0.00 20.49 47.21*
0.00 3.03 65.45*
0.00 0.00 60*
916 65.78* 23.92
0.00 38* 4.80
12.00 24.69 53.7*
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Environmental variations in the gradient
also affect the beta diversity of anurans. Beta
diversity isa conceptthatintegrates replacement
(or turnover) and differences in the number of
species, with nestedness being a particular case
of the latter component (Podani & Schmera
2011, Legendre 2014). Quantitative analysis
suggests that species replacement is high
between environments. This pattern, however,
is strongly affected by differences in relative
abundance between species and not by their
identities. Furthermore, the differences in the
number of species follow a nested distribution,
whereby sites with lower species richness are
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composed of subsets of species from sites with
higher species richness (see also Oda et al. 2017,
Lourenco-de-Moraes et al. 2018).

Nested distribution is expected to be a
dominant component of beta diversity in cities
due to the non-random loss of species along
the urbanization gradient (Vallejos et al. 2016,
Ficetola & De Bernardi 2004, Lourenco-de-
Moraes et al. 2018, Almeida-Gomes et al. 2019).
Nonetheless, variations in beta diversity may
depend on specific ecological contexts. For
example, Ganci et al. (2022) demonstrated that
species turnover is the dominant component in
anuran assemblages in rural and urban ponds

b)

Distance from river 5.73*

Green area (%)

Utility poles

Peoples + vehicles

Dogs + cats

0 20 40 60 80 100
% of explained variation

d)
Distance from river 3.11%
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Figure 6. The proportional contribution of each urbanization variable to explain variation in anuran: a) species
richness, b) Fisher’s alpha diversity, c) abundance (number of individuals counted) and d) equitability (Pielou

index).
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in Campo Grande (Brazil). Urban assemblages
can differ from rural ones if the loss of species is
partially compensated by the colonization of the
cities by a unique conjunct of species, including
exotic ones or those coming from distinct faunal
sources (Fragata et al. 2022). Thus, the dominant
component of beta diversity along urban-rural
gradients could be an outcome of complex
events of extinction and colonization, which in
turn may be dependent on the ecological and
biogeographic context considered.

Several physical, demographic and
environmental variables have been used to
measure spatial gradients in urban contexts (Moll
etal. 2019, Padilla & Sutherland 2019, Kaminski et

ANURANS IN AN URBAN-RURAL GRADIENT IN AMAZON

al. 2021, Pillsbury & Miller 2008, Ganci et al. 2022).
In our study, the anuran taxonomic diversity is
influenced by the distance from the Solimoes
River, which is likely related to the length of time
since urbanization, an important predictor of
anuran species diversity (Gagné & Fahrig 2010,
Lourenco-de-Moraes et al. 2018). Riverine cities
in the Amazon basin tend to expand away from
the course of large rivers, with older urbanized
areas located closer to the riverbanks (Silva &
Scudeller2022). This directional process of urban
sprawl influenced the diversity and abundance
of anurans in Tabatinga, in which sites closer
to the Solimoes River have lower diversity and
a high dominance of a few species. Moreover,

30 350 120
a) b) °
300
=2 1.00
. 25 ® 2
g 2250 =
b Z e o 2 080
o 23
z 2 a0 o® 2
5 s = 0.60
£ £ 150 @ 3
5 =
Z 2 100 H 0.40
. 53}
5 '. 2 50 (S} 2 0.20 2adi =
Radj =0.59 ?® Rladj =031 Radj =0.70
0 0 0.00
0 2000 4000 6000 0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
Distance from river (m) Distance from river (m) Distance from river (m)
30 7.00 2 1.
f) . R’adj =0.38
) 25 z 600 )
g ] =
S R s
z 820 o 500
2 & 5
2 5 z 4.00
< = 15 22
& 2 Z 3.00
5 Eo 5
g Z Z 200
1.00 . 5
@ Radj =0.51 100
0.00 0 T T d 0.00
0 2000 4000 6000 5 10 15 20 5 7 9 11 13 15 17

Distance from river (m)

Number of utility poles

Number of utility poles

7.00

1.20
4]
2 100 g 000
g e & o =
5.00
£ 080 & @ =
£ 2 400
Z 060 g
= =
H & ® z 300
& 040 g 0
8" O og )
020 . R'adj =0.45
Radj =0.40 Lo @ !
0.00 0.00
20 40 60 80 100 20 40 60 80 100

Green area (%)

Green area (%)

Figure 7. Regression lines indicate the effects of distance from the Solimées River (a-d), density of utility poles (e,
f) and percentage of green area (g, h) in distinct measurements of anuran alpha diversity in Tabatinga.
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distance from potential faunal sources could
be relevant for explaining our results. Indeed,
habitats created by rivers harbor distinct anuran
assemblages and these species could be prone
to colonizing urban habitats (Ramalho et al.
2016, Fonte et al. 2021, Menin et al. 2019, see also
Fragata et al. 2022 for a non-anuran example).

The number of utility poles and amount of
green area also helps to explain alpha diversity
patterns. In these cases, sites with a high density
of utility poles indicate regions with consolidated
urbanization and a lower alpha diversity of
anurans. The influence of the amount of green
area in the anuran assemblages of Tabatinga
has also been documented in cities of the other
parts of the world (e.g., Hamer 2022). In Manaus,
more diversified assemblages of anurans are
found within the large forest fragments (Silva
et al. 2011, Barros et al. 2018, Menin et al. 2022).
Similarly, large ponds housed more anuran
species in the urban and rural environments of
Campo Grande (Ganci et al. 2022).

These results suggest that the amount of
habitat that is suitable for anurans in urbanized
contexts determines the alpha and beta
diversity of anuran assemblages. Connection
among habitat patches and the shape of
habitat remnants could also affect the anuran
distribution (Ficetola & De Bernardi 2004,
Pillsbury & Miller 2008), but the effects of these
landscape attributes on anuran assemblages in
tropical cities remain poorly investigated.

Implications for conservation

The anuran diversity represented within cities
in the Amazon, Atlantic Forest and Temperate
Forest biomes, varied from 24% to 74% of the
regional species pool (this study, Delaney et al.
2021, Silva et al. 2011, Lima et al. 2012, Barros et
al. 2018, Lourenco-de-Moraes et al. 2018, Menin
et al. 2022). These studies show that, despite
the loss of species, the urban matrix can still
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harbor a diverse fauna of anurans in tropical
and temperate cities. Therefore, amphibian
conservation in degraded urban environments
may still be relevant (Spotswood et al. 2021), but
the challenges involved in protecting species in
a dynamic and strongly modified environment
are enormous.

The long-term persistence of anuran species
in urban habitats deserves special attention
in a world with urban expansion and global
climate change (Souza et al. 2019, McDonald et
al. 2020, Simkin et al. 2022). Our results indicate
that the amount of green area has an important
contribution to the diversity and abundance of
anurans. Thus, protecting forest remnants and
other habitat types (e.g., ponds) located within
the cities and in their immediate surroundings
canbeanimportantstrategy forthe conservation
of anurans (Donati et al. 2022).

Protected areas cover more than 50% of the
Amazon basin, which is home to the greatest
diversity of amphibians in the world (Jenkins
et al. 2015, Josse et al. 2021). Opportunities for
expanding this system, however, have become
limited. In the Brazilian Amazon, there are
722 municipalities and most of them have a
maximum of 100,000 inhabitants (Chein &
Procopio 2022). Incentivizing the creation of
officially protected areas in the urban planning
of these small and medium-sized cities may be
an important complement to the current system
of large, protected areas in the Amazon (Josse
et al. 2021).

It is also necessary that the local
government adopts management measures to
guarantee the long-term persistence of anuran
assemblages within these urban protected areas
such as improving breeding habitats, expanding
connectivity between urban reserves and careful
translocation of individuals for the maintenance
of anuran populations (Germano & Bishop 2009,
Donati et al. 2022). Long-term monitoring of
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amphibian assemblages is also necessary in
order to be able to assess the effectiveness of
these conservation initiatives.
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