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Habitat alteration is recognized as one of the most important drivers of
biodiversity decline. Urbanization implies a major habitat alteration and its
impact on biodiversity depends on type and degrees of habitat modifications.
Growing cities generate great heterogeneity with respect to the uses of space
that enable the preservation of a certain diversity of amphibians within the urban
frame. Our objective is to understand how environments with different levels of
urbanization influence local amphibian diversity. We grouped various urban
green spaces of a medium-sized and growing city of Argentina in relation to
natural and anthropic environmental variables which allows us to describe an
urban environmental gradient and we calculate beta diversity among these
groups of urban environments considering the richness, composition and
abundance of amphibian at each sites’ group. From this, we analyze and tested
the differences in the functional diversity of amphibians in the defined urban
environmental gradient. We hypothesize that: (i) the described spatial
heterogeneity would be related to an elevated beta diversity of amphibians
within the urban frame; and (ii) the analysis of functional diversity would reveal
a stronger biotic or abiotic filtering of the focal community. We found that groups
of urban environments with an intermediate degree of urbanization can present a
greater functional diversity and species richness than those that are less
urbanized. We identified urban avoiders (T. typhonius, P. santafecinus and P.
biligonigerus) and urban tolerant species (E. bicolor, R. arenarum, R. dorbignyi, L.
macrosternum, L. latinasus, P. albonotatus, D. nanus and S. nasicus). The
replacement beta diversity recorded indicated that the species assemblage
changes throughout urban environmental gradient, but functionally similar
species thrive in the less to the most urbanized sites, allowing them to occupy
the entire functional space of the groups of urban environments with different
types and degrees of urbanization.
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Introduction

Habitat alteration, such as urban expansion over natural areas,
is recognized as one of the most important drivers of biodiversity
decline (IUCN, 2023), affecting most of taxonomic groups,
including amphibians (Dudgeon et al., 2006; McKinney, 20065
Hamer and McDonnell, 2010). Urbanization with minimal or
lack of planning, as described in Angel (2023), may entail habitat
isolation, contamination of water bodies and decrease in the quality
of green spaces that house biodiversity in large cities (Parris, 20065
Hamer and McDonnell, 2008; Kruger et al., 2015; Seto et al., 2012;
Zaftaroni-Caorsi et al., 2022; Yang et al., 2022) and its implication
on amphibians’ diversity is still under discussion (Pereyra et al,
2021; Demartin et al., 2024). The impact of urbanization depends
on type and degrees of habitat modifications, which are very
different in cities in developed countries, such as those in Europe
and North America, compared to developing countries, such as
those in South America (Sun et al., 2020; Jedwab et al., 2021). The
urbanization process in recent decades (urban growth rate -
demographic and as territorial extension: percentage of
inhabitants who move to live in cities compared to those who live
in rural environments) has been much greater in developing
countries than in developed countries (Montgomery, 2008;
United Nations, 2018; Angel, 2023). Many medium-sized and
growing cities in South America present a type of diffuse urban
expansion, which includes great heterogeneity with respect to the
uses of space (Rausch et al., 2019). This spatial heterogeneity can be
an important factor in the generation of different habitat niches,
that enable the preservation of a certain diversity of amphibians
within the urban frame (Hamer and McDonnell, 2008; Li et al.,
2018; Esparza-Orozco et al,, 2020; Zhang et al., 2022; Demartin
et al,, 2024). Still, there is a clear taxonomic and geographic bias in
urban ecology studies, with a subrepresentation of herpetofaunal
studies and developing countries (Hamer and McDonnell, 2008;
Rega-Brodsky et al., 2022; Tan et al., 2023). Even so, the study of
amphibians inhabiting urban ecosystems of developing countries
have been increasing in the recent past (e.g. Babini et al, 2015;
Gonzalez Baffa-Trasci et al., 2020; Pereyra et al., 2021; Ijie et al,,
2021; Paludo Smaniotto and Bairos Moreira, 2023; Demartin et al.,
2024). This increase can be attributed to the rapid expansion of
urban areas (Seto et al,, 2012; United Nations, 2018), which has
heightened the need to understand how urbanization affects local
biodiversity. As cities grow, amphibian habitats are increasingly
altered or fragmented (Fahrig, 2003). Studying these changes is
essential, as amphibians are highly sensitive to environmental
disturbances and serve as critical indicators of ecosystem health
(Collins and Storfer, 2003).

The characterization of urban ecosystems and their
classification according to the degree of urbanization it is essential
to predict diversity patterns and their components. In general,
increased urbanization corresponds with a decrease in species
richness (Hamer and McDonnell, 2010; Aronson et al., 2014;
Zhang et al., 2016; Callaghan et al., 2020). Also, it is related to the
homogenization of biological communities, which is defined as the
change in previously distinct biotas that have become more similar
over time at different levels of organization (McKinney, 2006; Olden
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and Rooney, 2006; Groffman et al., 2017; Deng et al., 2024). In
amphibians, this happens because urbanization alters the breeding
sites (Gagne and Fahrig, 2007), causes changes in the availability of
the refuge sites (Hodgkison et al., 2007), alters prey availability and
structure of foraging sites (Lopez et al., 2015). The processes that
shape communities inhabiting urban areas and link with the
consequences of habitat anthropogenic alterations and
biodiversity loss to ecosystem functioning can be achieved using
trait-based functions (Cadotte et al., 2011; Mouillot et al., 2013;
Riemann et al., 2017). Functional information has proven to be an
important dimension of biodiversity interpretation and a key pillar
of modern ecology (Jarzyna and Jetz, 2016; Malaterre et al., 2019).
In cities with significant increase in urbanization, understanding the
effects of anthropogenic alterations on functional diversity is
essential to direct conservation efforts beyond the simple number
of species, toward a more inclusive approach that prioritizes species
aggregation patterns, ecosystem function and stability (Cadotte
et al., 2011; Riemann et al,, 2017). The study of the variation in
the functional diversity of species linked to green spaces in urban
environments provides primary information necessary to
understand the patterns of coexistence and interaction in a
taxocenosis and generates tools for management and conservation
plans in the cities (Kondratyeva et al., 2020; Bonilla-Valencia et al.,
2022). Assessing whether observed functional diversity differs from
that expected by chance provides a metric of the dispersion of traits
across the functional trait space, with increasing clustering or over-
dispersion of traits indicating stronger biotic or abiotic filtering of
the focal community (Botta-Dukat and Czlcz, 2016).

Due to the diversity of urban green spaces in many cities from
South America and other less developed regions, and the limited of
information on how these environments influence local
biodiversity, we conducted a study to evaluate amphibian
diversity in green spaces in the metropolitan area of a growing
city from Argentina. Our main objective was to understand how
environments with different levels of urban gradients influence local
amphibian diversity. To achieve this, first we generated a grouping
of a heterogeneous set of urban green spaces of a medium-sized and
growing city of Argentina in relation to natural and anthropic
environmental variables, which allows us to describe an urban
environmental gradient, and we them calculated beta diversity
among these groups of urban environments considering the
richness, composition and abundance of amphibian at each sites
group. From this, we analyzed and tested the differences in the
functional diversity of amphibians in the defined urban
environmental gradient. We hypothesize that: (i) the described
spatial heterogeneity would be related to an elevated beta
diversity of amphibians within the urban frame; and (ii) the
analysis of functional diversity would reveal a stronger biotic or
abiotic filtering of the focal community.

Materials and methods

We carried out sampling in 14 sites in three urban locations,
belonging to the metropolitan area of Santa Fe city, including Santa
Fe (12) and San Joseé del Rincon (1) cities, and Arroyo Leyes (1)
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commune (Department La Capital, Province of Santa Fe, Argentina;
Figure 1). Santa Fe city (31° 42°S; 60° 46’'W) is the administrative
and political capital of the Province of Santa Fe. It is the second
largest urban center of the province, concentrating around 425,000
inhabitants, according to the data available from the last census
(INDEC, 2022). Santa Fe city is situated in the Middle Parana River
floodplain, surrounded by the Salado River to the west and south
and the Parana River fluvial system to the east and south. San José
del Rincon city (31° 36’S; 60° 34'W) has a population of more than
11,000 inhabitants (INDEC, 2022) and borders Arroyo Leyes
commune to the north and Santa Fe city to the south. It is
located 13 km north of its urban center of Santa Fe city. Arroyo
Leyes commune (31° 35'S; 60° 33'W) has a population of almost
3,300 inhabitants (INDEC, 2022), borders San José del Rincon city
to the south, and is located 18 km north of the urban center of Santa
Fe city. The three localities belong to the Espinal ecoregion,
characterized by forests and savannas, and to the Parana Delta
and Islands, which includes the floodplains of the middle and lower
courses of Parana and Paraguay rivers (Matteucci et al., 2012). This
metropolitan area presents an average annual rainfall of 1060 mm
registered during the last 10 years (2013-2022) by the Centro de
Informaciones Meteorologicas of the Facultad de Ingenieria y
Ciencias Hidricas of the Universidad Nacional del Litoral (CIM:
FICH-UNL).

During the spring and summer months of 2021, 2022 and 2023,
we carried out 70 field samplings in the 14 selected urban green
spaces, conducting five samplings per site during the first 4 hours
after dusk. Each sampling involved active searches on two transects
(50m x 2m) for 20 minutes each. Individuals were identified to the
species level using the local identification guide (Ghirardi and
Lopez, 2020). In the field, we recorded the date and time, sex of
individuals and morphometrical variables such snout-vent length,
mouth width and femur length with a digital caliper with a precision
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of 0.01 mm and body mass with a digital weight scale with a
precision of 0.01g. We recorded data of activity period of each
species and, when possible, we registered reproduction and feeding
activity. All individuals were released, after taking the necessary
data, in the same place where they were captured.

Environmental variables description and
urban environmental gradient definition

We utilized spectral indices and natural (vegetation, water
bodies and temperature) and anthropic (building, distance to the
urban center, population and time without changes) environmental
variables to estimate gradient of urbanization of sites within a 500 m
radius buffer zone. To accomplish this, we estimated the centroid of
the sampled site and from that point, a radius distance of 500 m was
calculated, presumed to represent the potential movement range of
an individual (adult amphibian) in an urban setting (Parris, 2006;
Ramesh et al., 2012). We described the concentration and health of
vegetation using the Normalized Difference Vegetation Index
(NDVI), derived from measurements of optical reflectance of
sunlight at red (RED) and near-infrared (NIR) wavelengths:
NDVI = (NIR — RED)/(NIR + RED) (Rouse et al., 1974; Celemin
and Arias, 2022), this index was computed using a SPOT 7 satellite
image (date: 12/03/2022) provided by CONAE (https://
catalogos.conae.gov.ar/Catalogo/catalogo.html). The amount of
impervious soil was determined using the Normalized Difference
Built-up Index (NDBI), which employs mid-infrared (MIR) and
NIR wavelengths: NDBI = (MIR — NIR)/(MIR + NIR) (Zha et al,,
2003), this index was derived from Landsat 8 OLI TIRS satellite
images (date: 08/01/2023, path/row: 227/82) downloaded from
USGS (https://earthexplorer.usgs.gov/). Additionally, we identified
local microclimates (Coelho and Correa, 2013) using Land Surface
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Satellite image with the 14 sampled sites. The location of study area on a South America scale in shown on the right. References = GUE: urban

environmental groups, from least (GUE1) to most (GUE4) urbanized.

Frontiers in Ecology and Evolution

03

frontiersin.org


https://catalogos.conae.gov.ar/Catalogo/catalogo.html
https://catalogos.conae.gov.ar/Catalogo/catalogo.html
https://earthexplorer.usgs.gov/
https://doi.org/10.3389/fevo.2024.1461147
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Demartin et al.

Temperature (LST) derived from Landsat 8 OLI TIRS satellite
images obtained through Climate Engine (Huntington et al,
2017). All indices were calculated using the free software QGIS
(version 3.22.13). Landsat 8 products were corrected using the
DOS1 (Dark Object Subtraction 1) method with the Semi-
Automatic Classification Plugin (SCP) extension. Pixels within
the buffer zones of each site were extracted. For NDVI, we tallied
pixels greater than 0.3 (attributed to vegetation) and calculated the
percentage. Regarding NDBI, we extracted all pixels greater than
zero corresponding to buildings and bare soil. Urban pixels were
identified by overlaying the NDBI layers on the satellite image. We
tallied the pixels within urban areas and calculated the percentage.
The distance to the urban centroid of Santa Fe was calculated with
Google Earth in Km in a straight line (DC). For LST, we obtained
the maximum and minimum temperature per pixel during the years
2020, 2021, and 2022. We then averaged them separately within
each buffer, finally calculating the thermal amplitude (TA) by
subtracting both values. We calculate the area (m?) of the
ephemeral and temporary bodies of water (WB) present in the
buffer zone through the visualization of satellite images from
Google Earth and we verify their existence by traveling over the
terrain after an abundant rainfall. We also categorized sites based on
the number of years that show no major changes (e.g., road
construction, building construction, deforestation) by at least 30%
of the buffer. To do this, we visualized satellite images from previous
years (starting from 2002) using the Google Earth platform and
classified the years, as follows: (YWC-1) less than 5 years, (YWC-2)
between 5 and 10 years, (YWC-3) between 10 and 15 years, (YWC-
4) between 15 and 20 years, (YWC-5) more than 20 years. Finally,
we categorized the sites by the size of the present population
using census data provided by the National Institute of Statistics
and Censuses of Argentine (INDEC) as follows: (P-1) less than
999, (P-2) between 1,000 and 1,999, (P-3) between 2,000 and
2,999, (P-4) between 3,000 and 3,999, (P-5) more than 4,000
(Supplementary Table 1).

Finally, we standardize the numerical variables from the buffer
zone of the fourteen sampled sites. We calculated the distance
matrix using the Daisy function for quantitative and qualitative
variables with Gower’s method and the hclust function for
hierarchical clustering with Ward’s method. We assigned four
clusters and performed a permanova with the ‘Adonis2’ function
to evaluate whether the groups formed were different from each
other. These analyzes were performed with the ‘vegan’ and ‘cluster’
packages. This method allows us to identify four groups of sampling
sites (GUEs) representing an urban environmental gradient. The
completeness of the species inventory of GUEs was explored by
randomized species rarefaction and extrapolation using Chao’s
coverage estimator with the INEXT function of the GNEXT’
package (Hsich et al., 2016).

Beta diversity analysis
We conducted beta diversity analysis employing the Serensen

index species presence/absence data and Bray-Curtis index with
species abundance data. We performed beta diversity partitions and
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calculated distance matrices using pairwise dissimilarities
specifically Bsor (total beta diversity), Bsim (spatial turnover) and
Bsne (nestedness) for Serensen (Baselga, 2010), and Pbray (total
beta diversity), Bbal (spatial turnover) and Bgra (nestedness) for
Bray-Curtis. We conducted these analyses among the different
GUEs using the ‘Betapart’ package and the ‘beta.pair’ and
‘beta.pair.abund’ function. To assess which species contribute the
most to the differences between GUEs, a simper analysis was carried
out with the ‘vegan’ package (Clarke and Warwick, 2001). The
function performs pairwise comparisons of groups and finds the
contribution of each species to the average between-group Bray-
Curtis dissimilarity.

We tested the relationship of species with urbanization
characteristics and GUEs using nonmetric multidimensional
scaling (NMDS) ordination based on the abundances. We
employed the ‘vegan’ package with the Bray-Curtis dissimilarity
index on two axes and incorporated environmental variables using
the ‘envfit’ function (Oksanen, 2009) (9999 permutations). To
assess the association between species patterns and to determine
whether there were species that could be considered indicator
species for any of the GUEs we utilized the ‘multipatt’ function
from the ‘indicspecies’ package (De Caceres and Legendre, 2009).
This function allows determining lists of species that are associated
to a particular GUE or combinations of them.

Functional diversity analyses

For the functional diversity analyses we used eight functional
traits (snout-vent length, body mass, mouth width, femur
length, reproductive mode, foraging strategy, activity period,
ecomorphological group), both from the adult and larval stages of
amphibians. We used the morphometric measurements of adult
males and females recorded in the field and we completed the life
history data that could not be registered in the field with the
literature (Lopez et al., 2011, 2015; Ghirardi and Lopez, 2020;
Cortes-Gomez et al,, 2015). For the tadpoles we used the
ecomorphological groups based on the classification of Altig and
Johnston (1989) (Table 1). We calculated the functional richness
index (FRic), which represents the functional space occupied by an
assemblage of species regardless of their abundances; the functional
evenness index (FEve), which evaluates how homogeneous the
abundances of the species assemblage are distributed in the
functional space; the functional divergence index (FDiv), which is
defined as the measure of functional dissimilarity that exists
between the dominant species of the assemblage, measures how
far the most abundant species move from the center of the
functional space; and the mean distance of individual species to
the centroid of all species in the community (FDis) (Mason et al.,
2005; Villeger et al., 2008; Laliberte and Legendre, 2010; Cordova
Tapia and Zambrano, 2015). We evaluated differences in these
indices between the GUEs with the Kruskal-Wallis test and, where
necessary, we performed the Dunn post-hoc test with Benjamini-
Hochberg correction. We used the ‘vegan’, ‘FD’, ‘stats’, and
‘dunn.test’ packages (Hollander and Wolfe, 1973; Laliberte et al.,
2014; Oksanen et al., 2019).
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TABLE 1 Traits used for functional diversity analysis: adult
morphometrics, adult life history and tadpole life history.

Type Characteristic = Classification

Snout-vent length Values in mm

Body mass Values in gr

Morphometric (adults)

Mouth width Values in mm

Femur length Values in mm
1- Foam nests on land

2- Foam nests in water

3- Gelatinous egg
mass submerged

4- Jelly strings
5- Leaf of the trees
Reproductive mode

6- Film on the
water surface

7- Individually in the
water or attached

Life history (adults) .
to vegetation

8- Scattered individually
at the bottom the water
Active
Foraging strategy Mixed
Passive
Diurnal
Activity period Nocturnal
Diurnal-nocturnal

Nektonic

Suspension-rasper
Ecomorphological
group

Life history (tadpoles) Benthic

Macrophagous

Suspension feeder

All analyzes were performed using R software version 4.4.1 (R
Core Team, 2024).

Results

We identified four significantly different groups of urban
environments (GUEs) (R2 = 0.7174; p=0.001), which we classified
from least to most urbanized (Table 2; Supplementary Figure 1).

The less urbanized group of urban environments (GUEL) is
formed by three urban green spaces that belong to a peripheral
neighborhood of the city and two small neighboring towns that are
part of the same metropolitan area. It presents the highest NDVI
values and the lowest NDBI values, the greatest distance to the
urban centroid, the greatest surface of bodies of water, the smallest
population, the greatest thermal amplitude and the time since the
last major change is between 10 and 20 years (Table 2).
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Group two of urban environments (GUE2) is made up of four
urban green spaces, two of them are urban natural reserves and two
are riverside urban green spaces. It presents an intermediate
percentage of NDVI, and a higher NDBI value than GUEL, 4 km
distance to the urban centroid, small surface bodies of water, low
population size, the lowest thermal amplitude and the last major
change is variable between the urban green spaces that compose it
averaging 10 to 20 years (Table 2).

Group three of urban environments (GUE3) includes five urban
green spaces, three correspond to peripheral neighborhoods of the
city of Santa Fe and the other two are a large park and a riverside
urban green space. It presents a NDVI percentage similar to GUE2
and the second highest percentage of NDBI, distance to the urban
centroid similar to GUE2, the second largest surface of water bodies,
population density is intermediate, thermal amplitude intermediate
and the last major change occurred mostly more than 20 years
ago (Table 2).

Group four of urban environments (GUE4) is constituted of
two urban green spaces that belong to large parks in the city of Santa
Fe. It has the lowest NDVT and highest NDBI of the four groups, the
shortest distance to the urban centroid, the smallest number of
bodies of water, the highest population density, the second thermal
amplitude and the last major urbanistic change was more than 15
years ago (Table 2).

In total, 26 species of amphibians belonging to 13 genera were
recorded. Eight species were present in the four GUEs: Elachistocleis
bicolor, Rhinella arenarum, Rhinella dorbignyi, Leptodactylus
macrosternum, Leptodactylus latinasus, Physalaemus albonotatus,
Dendropsophus nanus and Scinax nasicus. In GUE1 we recorded 15
species belonging to 8 genera, with the species Physalaemus
santafecinus, Physalaemus biligonigerus and Trachycephalus
typhonius being exclusive to this GUE, as well as the genus
Trachycephalus. In GUE2 we recorded 21 species belonging to 13
genera, with the species Pseudis platensis and Scinax acuminatus
being exclusive to this GUE, as well as the genus Pseudis. In GUE3
we recorded 19 species belonging to 10 genera, with the species
Pseudopaludicola falcipes and Pitecophus azureus being exclusive to
GUES3, as well as the genera to which they belong. In GUE4 we
recorded 9 species belonging to 6 genera, none of them exclusive to
this GUE (Table 3).

Chao’s coverage estimator reached 94% in GUEL, 98% in
GUE2, 96% in GUE3 and 100% in GUE4 (Supplementary
Figure 2). These high levels of diversity coverage of sampling
indicate a reliable representation of the collected species presence/
absence data. Consequently, subsequent analyses based on these
data are expected to be robust and reliable.

The beta diversity analysis between pairs of GUEs show low to
moderate values for the Serensen index and moderate to high values
for the Bray-Curtis index (Table 4). In the Serensen index, the
greatest difference in total beta diversity was between GUE1 and
GUES3, as well as between GUE2 and GUE4 (>40%); while the
smallest difference was between GUE2 and GUE3 (15%). The
Serensen beta diversity values between GUE1, GUE2 and GUE3
are largely explained by species turnover. Meanwhile, the total
Serensen beta diversity values between GUE4 and GUE2, as well
as between GUE4 and GUE3 correspond entirely to the effect of
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TABLE 2 The average urbanization characteristics of urban
environmental groups (GUEs) are shown, ordered from lowest to highest
degree of urbanization (1, 2, 3, 4). The number of urban green spaces
included in the GUE is presented in parentheses.

NDVI NDBI DC WB P TA YWC
GUEIL (3) 8460 | 1042 | 1439  2.04 1 3396 10-20
GUE2 (4) 51.85 | 1322 | 407 099 1 3158  10->20
GUE3 (5) 5132 3132 | 455 190 2 3236  15->20
GUE4 (2) 3668 | 5951 | 157 | 065  4/5 3299 | 15->20

NDVI, normalized difference vegetation index; NDBI, normal difference built-up index; DC,
distance to the center; WB, water bodies; P, population; TA, thermal amplitude; YWC, time in
years since the year without changes.

TABLE 3 Species that are present at each urban environmental group
(GUE), from least (GUE1) to most urbanized (GUE4).

E. bicolor

O. americanus
R. arenarum
R. dorbignyi

P. falcipes

L. macrosternum
L. luctator

L. latinasus

L. mystacinus
L. gracilis

P. albonotatus

P. santafecinus

P. biligonigerus

B. punctata
D. nanus
D. sanborni
P. azureus

L. limellum

P. platensis

B. raniceps

B. pulchella

S. acuminatus
T. typhonius
S. squalirostris
S. nasicus

L. podicipinus

Cell colors represent the abundance of the species at each GUE, from 0% in white to more
than 75% in black.
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nestedness of the species; while between GUE4 and GUEI it only
partially corresponds to nestedness (66%) (Figure 2).

When taking into account the Bray-Curtis index, it is observed
that the greatest difference occurs between the GUE1 and GUEA4, as
well as between GUE2 and GUE4 (>80%); simper analysis shows that
the differences between GUEI and GUE4 are mainly caused by the
variation in the abundances of R. arenarum (36.2%) and to a lesser
extent E. bicolor (11.5%), and between GUE2 and GUE4 it is caused
by the variation in the abundances of R. arenarum (25.27%) and D.
nanus (24.72) (Supplementary Table 2). While the smallest difference
occurs between GUE3 and GUE4 (48%) and was due to the variation
in abundances mainly of R. arenarum (33.82%) and to a lesser extent
of R. dorbignyi (11.18%). The Bray-Curtis beta diversity value
between GUEl and GUE2 is explained to a greater extent by
nestedness than by the turnover of species and their abundances,
the simper analysis shows that in this case the differences are mainly
caused by the variation in the abundances of D. nanus (28.33) and to
a lesser extent Dendropsophus sanborni (8.22%). Conversely, among
the group pairs of GUE2, GUE3 and GUE4, the Bray-Curtis beta
diversity is explained to a greater extent by species turnover and their
abundances than by nestedness. The simper analysis shows that the
differences between GUE2 and GUE3 were mainly caused by the
variation in the abundances of D. nanus (25.34%) and to a lesser
extent R. arenarum (11.85%) and R. dorbignyi (8.26%), while
differences between GUE3 and GUE4 were caused by the variation
in the abundances of R. arenarum (33.82%) and R. dorbignyi
(11.18%) (Figure 2; Supplementary Table 2).

The functional diversity result shows differences in FRic (chi-
square=11.003; p=0.01171), between GUEI and GUE2 (Z=-2.6191;
punadj=0.0088; p=0.0264) and between GUE2 and GUE3
(Z2=3.02076403; punadj=0.002521378). There are no statistical
differences for FEve, FDis, FDiv between GUEs (p>0.05) (Table 5).

The NMDS shows significant separation of different GUEs and
species (Figure 3). The NMDS ordering (stress=0.01) of the species
was positively correlated with the NDVI (r* = 0.683, p=0.003),
NDBI (* = 0.747, p=0.002), DC (r* = 0.718, p=0.003), P (r* = 0.427,
p=0.030). It was not significantly ordered with WB, TA and YWC
(p>0.05). NDVI, AT and DC were associated with GUE1, whereas
NDBI was associated with GUE4, depicting the urbanization
gradient. A total of 5 indicator species were found for the
different GUEs. Odontophrynus americanus (stat=0.743,
p=0.0433) and Leptodactylus gracilis (stat=0.650; p=0.0287) for
GUEL and Leptodactylus luctator (stat=0.734, p=0.0469), D.
nanus (stat=0.706, p=0.0355) and D. sanborni (stat=0.689,
p=0.0341) with the GUE2.

Discussion

Several studies indicate that species richness tends to be greater
in less urbanized environments (e.g. Pillsbury and Miller, 2008;
Zhang et al., 2016; Callaghan et al., 2020). However, we found that
areas with an intermediate degree of urbanization may have a
greater number of species than less urbanized areas. The greatest
richness of species was found in urban green spaces with an
intermediate degree of urbanization (N = 21 in GUE2 and N =
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TABLE 4 Serensen beta diversity (values above gray cells) and Bray- 19 in GUE3), while those with less urban development (GUE1) had
Curtis beta diversity (values below gray cells) by pairs of urban

environments groups, from least (GUE1) to most (GUE4) urbanized o .
groups of urban environments. urbanization (GUE4) had the lowest richness compared to the other

an intermediate richness (N = 15), and those with higher degree of

groups (N = nine). The richness of species in areas with an
Total beta diversity intermediate degree of urbanization may be related to the
heterogeneity of the urban green spaces that are present within
GUE2 and GUE3 (Tsianou and Kallimanis, 2020; Moor et al., 2022;
Demartin et al,, 2024), which presented different habitats that
satisfy the needs of a greater richness of species (Demartin et al.,
2024). In addition, GUE] and GUE4 are at opposite extremes in the
degree of urbanization and the differences in the taxonomic

composition between these groups (i.e., six species and two
Turnover genera) may be the result of the difference in the type of
environmental niches offered by them to amphibians (Demartin
et al., 2024).

The greatest difference in total beta diversity, calculated using the
Serensen index, was observed between GUEL and GUES3, as well as
between GUE2 and GUE4, while the smallest difference was found
between GUE2 and GUE3. This result suggest that urbanization affects
biological communities in a non-linear way, indicating that changes in

species composition can be more drastic at the extremes of
Nestedness o ) ]
urbanization gradient (McKinney, 2006). The replacement beta
diversity recorded in GUE], GUE2 and GUES3 indicated that the

species assemblage changes throughout urban environmental

gradient. Even the most urbanized environment (GUE4) presented a
small replacement rate with the least urbanized environment (GUE1),
considering only the number of species. This could mean that species

adapted to less urbanized conditions are replaced by species that can

survive or thrive in more urbanized conditions. On the other hand, the

n
|
7

®

» & & S
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A sorensen @ GUE1-GUE2 @ GUE1-GUE4 @ GUE2-GUE4

References
B sray-curtis GUE1-GUE3 () GUE2-GUE3 @ GUE3-GUE4

FIGURE 2
Triangular plot of beta diversity indices. References = GUE: urban environmental groups, from least (GUE1) to most (GUE4) urbanized.
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TABLE 5 Means and standard deviations of functional richness (FRic), functional equitability (FEve), functional divergence (FDiv) and functional
dispersion (FDis) of the different urban environmental groups, from least (GUE1) to most urbanized (GUE4).

GUEL 0.340 ‘ 0.238 ‘ 0.740 ‘ 0.138
GUE2 0.580 ‘ 0.220 ‘ 0.658 ‘ 0.153
GUE3 0.333 ‘ 0.224 ‘ 0.723 ‘ 0.191
GUE4 0.399 ‘ 0.248 ‘ 0.677 ‘ 0.183

0.805 0.078 0.170 ‘ 0.076
0.839 0.078 0.165 ‘ 0.075
0.774 0.162 0.164 ‘ 0.077
0.865 0.098 0.211 ‘ 0.099

highest nesting values were found between GUE4 and GUE2, as well as
between GUE4 and GUES3, indicating that the communities in group
GUE4 are a subset of the assemblage of species of sites with an
intermediate degree of urbanization (GUE2 and GUE3). Furthermore,
the differences between the GUEs increase notably when the
abundance of the species is included, where the highest species
replacement values were between the GUE4 and GUE2 (79%),
followed by GUE4 and GUEL (72%). More urbanized areas (GUE4)
may lose species sensitive to urbanization (such as Leptodactylus
luctator, Leptodactylus gracilis, Boana punctata, Dendropsophus
sanborni, Lysapsus limellum, among others), and some species
become much more abundant in GUE4 compared to GUE1 and
GUE2 (e. g R. arenarum and L. mystacinus); while less urbanized areas
(GUEI and GUE2) maintain a greater diversity of species sensitive to
urbanization (e.g. Odontophrynus americanus, Scinax squalirostris,
Trachycephalus typhonius). The differences between GUEL and
GUE2 were largely due to nesting, indicateing that GUE2 has a
greater abundance and diversity of species, while GUE1 contains a
subset of these species in lower abundance. The species assemblage
varies both in species richness and abundance throughout the
environmental gradient. Many species are lost as the gradient of
urbanization increases; yet, increasing environmental urbanization

does not completely exclude some other species. For instance,
Rhinella arenarum, Dendropsophus nanus, Dendropsophus sanborni,
Elachistocleis bicolor and Rhinella dorbignyi were the most abundant
species across all metropolitan area, but they were also the species with
more noticeable variance in abundances among GUEs. And, with the
exception of D. sanborni, present only in GUE2 and GUE3, the other
five species were present in every GUE. This suggests that several
species are able to find refuge in more urbanized sites and their
populations can maintain and thrive in this type of environment
(Henderson and Powell, 2001), although, in some cases, with
low abundances.

Some studies proposed that there are species that can reach
higher abundances in urban environments and that cities that can
host rare species, resulting in novel species assemblages (Faeth et al.,
2011; Hartop et al,, 2015; Hall et al., 2017; Soanes and Lentini,
2019). We did not find rare species in more urbanized
environments; still, we found that the species R. arenarum and L.
mystacinus were more abundant in more urbanized sites (GUE4)
compared to the other GUEs, thus, they could be categorized as
urban tolerant species (Adams et al., 2020). On the one hand, some
species can be classified as urban avoiders, as is possibly the case of
Trachycephalus typhonius, since it was exclusive to less urbanized

o P. biligonigerus Stress=0.01
— 7 1. typhonius
P. santafecinus References:
GUE1
GUE2
“w | GUE3
< GUE4
1%
)
=
z
< | Y S.
S B. punctata
nanus B. raniceps
- s L. mflcrosternum D. Sanborni L. limellum
L. latin 8 P2 B. pulchella L. podicipinus
]
2 4
L. mystaciny R.arenarum
P4 NDBI
T T T T T T
-1.0 -0.5 0.0 0.5 1.0 1.5
NMDS1
FIGURE 3
Non-metric multidimensional scaling (NMDS) plot of the species by urban green spaces and urban environmental groups (GUEs), from least (GUE1)
to most (GUE4) urbanized. with the best correlated urban variables from the envfit analysis (p<0.05). Species in gray; NDVI: Normalized Difference
Vegetation Index; NDBI: Normal Difference Built-up Index; DC: distance to the urban centroid of Santa Fe; P1: population less than 999; P2:
population between 1,000 and 1,999; P3: population between 2,000 and 2,999; P4: population between 3,000 and 3,999; P5: population more
than 4,000.
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environments from GUEL. Trachycephalus typhonius is a large-
sized species, which requires an extensive and dense surface of tall
herbaceous, shrubby and arboreal vegetation to be able to shelter
and move (White and Burgin, 2004; Ijie et al., 2021), characteristics
generally absent in urban environments. We also found that the
indicator species for GUEL were Odontophrynus americanus and
Leptodactylus gracilis. Some authors categorize Physalaemus
biligonigerus as an urban tolerant species (Babini et al., 2015;
Pereyra et al., 2021), but we found that this species, as well as its
congeneric Physalaemus santafecinus, tend to avoid more urbanized
environments, since they were also exclusive to sites of GUEL. Also,
other authors had considered both species of genus Physalaemus to
be more common in more natural environments (Entiauspe-Neto
et al,, 2016). However, a third member of this genus, Physalaemus
albonotatus, was registered in all GUEs, indicating that the
environmental filters that act in studied urban gradient are fine
enough to screen cogeneric species from the same functional group
(with a similar morphology and life history traits). The species E.
bicolor, R. arenarum, R. dorbignyi, L. macrosternum, L. latinasus, P.
albonotatus, D. nanus and S. nasicus were present in all the GUEs,
so they could be considered urban tolerant (Pereyra et al., 2021).
Although, some authors have considered them as urban avoiders’
species (Babini et al., 2015; Entiauspe-Neto et al., 2016; Pereyra
et al, 2021), several of these species were recorded in urban
environments of different cities in South America (Borteiro and
Kolenc, 2007; Bionda et al., 2012; Babini et al., 2015; Entiauspe-Neto
et al., 2016; Medina et al., 2016; Moser et al., 2021; Ganci et al., 2022;
Rivas et al., 2023). The differences found by various authors for both
tolerant and avoiders’ urban species may be due to the structural
and physical variations among cities, since many medium-sized and
growing cities in South America present a type of diffuse urban
expansion, which includes great among and within environmental
heterogeneity (Rausch et al., 2019), and therefore differences in the
urban niches and environmental filters that they present to
biodiversity. The indicator species for GUE2, Leptodactylus
luctator, Dendropsophus nanus and D. sanborni, can tolerate a
certain degree of habitat modification and still find suitable
conditions that provide shelters, breeding sites and sufficient food
resources (Gagné and Fahrig, 2007; Hamer and McDonnell, 2008).

The greatest functional richness observed in GUE2 should be
related to the low building index (NDBI) and population density (P).
These variables had similar values in GUEI but, possibly, greater
functional richness in GUE2 is due to the fact this group is a compound
of four urban green spaces, of which two are urban natural reserves,
highlighting the relevance of protected areas in urban environments to
preserve biodiversity. This type of urban green space has several
advantages compared to other spaces, in principle, they are
continuously managed and controlled environments (Dudley, 2008),
they are closed on the perimeter, which reduces access for domestic
animals that could prey on amphibians (Woods et al, 2003).
Furthermore, they do not have any type of lighting, reducing light
pollution that affects amphibians (Gaston et al., 2019; Secondi et al,,
2021) and entry to urban natural reserves is prohibited from dusk,
which prevents passage of people and consequently of movement and
noise during the period of the day of greatest activity of amphibians
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(Zaffaroni-Caorsi et al, 2022). The absence of differences in FRic
between GUE2 and GUE4 can be explained by the fact that GUE4 is a
subset of GUE2. Species that persist in GUE4 may be filling the
functional space in GUE2, despite the significantly lower number of
species in GUE4. This suggests that the species in GUE4 are able to
maintain similar ecological functionality in GUE2, occupying available
functional niches and contributing to functional stability despite lower
species richness (Cordova Tapia and Zambrano, 2015).We did not find
a significant difference between GUEs in the rest of the functional
diversity indices, possibly due to the turnover of species and their
abundances among the GUEs, since some species thrive in the most
urbanized sites, allowing them to occupy the entire functional space of
the GUEs with different types and degrees of urbanization. The lack of
difference in FEve suggests that, regardless of the level of urbanization,
species are performing ecological functions similarly across all groups
of environments. This indicates that, while the functions might
increase, the way these functions are distributed and utilized across
species remains consistent, as also suggested by the absence of
differences in FDis. Additionally, the lack of difference in FDiv
implies that urbanization pressures are not significantly altering
resource use by species. Despite changes in species composition due
to urbanization, the functional diversity highlights the adaptability of
ecosystem functions to urban pressures. This resilience underscores the
importance of preserve diverse habitats within urban landscapes to
maintain ecological stability and functionality (Mouchet et al,, 2010;
Cordova Tapia and Zambrano, 2015).

Urban biodiversity responds to both broad-scale urban
gradients and fine-scale habitat heterogeneity (Adams et al,
2020). In general, increased urbanization corresponds with a
decrease in species richness and biological homogenization
(Aronson et al, 2014; Groffman et al,, 2017), as we found for
amphibians in the Santa Fe metropolitan area. We found that lower
urbanization index (the amount of impervious soil), lower
population density and higher vegetation cover are important to
maintenance of amphibian diversity; as well as the presence of
bodies of water with different hydroperiods (Plaiasu et al., 2012;
Tournier et al., 2017) and vegetation patches of different strata and
with low pruning maintenance (Fraga-Ramirez et al., 2017; Sievers
et al, 2019; Hutto and Barrett, 2021). Also, the presence of urban
natural reserves may assure the environmental heterogeneity which
allows the existence of a high diversity of amphibians in urban
ecosystems (Demartin et al., 2024). One limitation of our study is
the absence of a natural site within the urbanization gradient. By not
including an environment with no urbanization, our comparisons
of taxonomic and functional diversity are restricted to areas with
varying degrees of urbanization. Future studies should address this
gap by incorporating natural sites to provide a more comprehensive
framework for understanding these effects.
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