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RESUMO GERAL

Dinamicas eco-evolutivas e evolucao de atributos fenotipicos em populacdes
de anuros ao longo de um gradiente de urbanizacéo.

O processo de urbanizagdo aumenta a fragmentacdo de habitats, produz ilhas de
calor, poluicdo sonora, luminosa e quimica, e introduz novos patégenos. Essas
modificagdes no ambiente provocam alteracdes em atributos fenotipicos, que por
sua vez alteram as dinamicas eco-evolutivas, impactando negativamente o fitness
de organismos. No entanto, estudos sobre como a urbanizacdo impacta a
biodiversidade em paises tropicais permanecem incipientes. Além disso, pouco se
sabe como animais com baixa capacidade de dispersdo, como os anfibios
respondem a urbanizagdo nos trépicos. Os anfibios ocupam ambientes aquaticos
e terrestres, sdo ectotérmicos, possuem respiracdo cutdnea e utilizam a
vocalizagdo para comunicacdo e encontro de parceiras. Portanto, sao altamente
propensos a responder as alteragdes ambientais associadas a urbanizacdo. Para
entender o impacto da urbanizagcdo em atributos morfologicos, acusticos,
fisiologicos e comportamentais de anuros, essa tese foi dividida em trés capitulos.
No primeiro capitulo, testamos como efeitos diretos e indiretos da taxa de
urbanizacgédo, heterogeneidade ambiental local, temperatura da superficie terrestre
e gradiente espacial afetam a média e a variancia de atributos morfologicos
relacionados a aquisicdo de recursos, uso do ambiente, e capacidade de dispersao.
Encontramos que o tamanho médio do corpo aumentou em pog¢as mais
urbanizadas, enquanto a variabilidade do tamanho do corpo e da forma da cabeca
diminuiu. A variabilidade do comprimento da perna diminuiu com 0 aumento da
temperatura da superficie. Entretanto, ndo ha um padréo espacial claro de variacédo

dos atributos ao longo do gradiente de urbanizacdo, 0 que sugere uma selecéo



natural mais relaxada que pode ser explicada por um processo de urbanizacéo
recente. No segundo capitulo, estavamos interessados em testar como parametros
acusticos do canto de anuncio variam ao longo de um gradiente de urbanizacéo e
se esses atributos estavam sob diferentes regimes de selecdo natural. A média da
frequéncia dominante (FD) ndo mudou entre as areas, porém a variabilidade foi
menor em areas urbanas. Ainda, as populacdes rurais e urbanas parecem estar
sob um fraco regime de selec&o direcional em que individuos que vocalizam em
altas frequéncia tiveram menor fitness. Nossos resultados apontam para um fraco
regime de selecdo estabilizadora em areas urbanas, apesar da menor variabilidade
da FD. Ainda, um menor fitness em vocalizagdes com altas frequéncias sugere que
a urbanizacao pode impactar diretamente a sele¢cao sexual nesses organismos. No
terceiro capitulo, investigamos como o comportamento e atributos morfofisiol6gicos
mudam em ambientes rurais e urbanos. Encontramos que animais de area urbana
exibem comportamento de fuga menos intenso, indicando uma possivel habituacéo
a presenca humana. Valores elevados do indice hepatosomatico e glicose sugerem
estresse crbnico e exposicdo a xenobidticos. A coloracdo mais escura e as
camadas mais espessas da pele em &reas urbanas conferem uma maior resposta
desidratacdo e protecdo contra patdgenos. Ainda, animais mais velhos nas areas
urbanas tiveram uma diminui¢céo das células brancas e vermelhas, o que pode estar
associado a estresse oxidativo e possivel imunossenescéncia precoce. Em
conjunto, nossos resultados contribuem para elucidar os efeitos da urbanizacéo
sobre diferentes eixos do fen6tipo em cidades tropicais, e como eles possivelmente

alteram dinamicas eco-evolutivas em populagdes naturais.
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GENERAL ABSTRACT

Eco-evolutionary dynamics and the evolution of phenotypic traits in frog
populations along an urbanization gradient.

The urbanization process increases habitat fragmentation, produces heat islands
effect, noise, light, and chemical pollution, and introduces new pathogens. These
environmental alterations can change phenotypic traits, which in turn affect eco-
evolutionary dynamics, with potential negative effects on organismal fitness.
However, it remains unclear how urbanization impacts biodiversity in tropical
countries. Furthermore, little is known about how animals with low dispersal abilities,
such as amphibians, respond to urbanization in the tropics. Amphibians occupy both
aquatic and terrestrial environments, are ectothermic, have cutaneous respiration,
and their calling behavior is used in mate attraction. Therefore, they are highly prone
to respond to changes inherent to cities. To study the impact of urbanization on the
morphological, acoustic, physiological, and behavioral traits of anurans, this thesis
was divided into three chapters. In the first chapter, we tested how the direct and
indirect effects of urbanization rate, local environmental heterogeneity, land surface
temperature, and spatial gradient affect the mean and variance of morphological
traits related to resource acquisition and dispersal ability. We found that in more
urbanized ponds, the mean body size increased, while body size and head shape
variability decreased. Also, the leg length variability has decreased with increasing
surface temperature. However, there was no clear spatial pattern of trait variation
along urbanization gradient, suggesting a relaxed natural selection, which could be
explained by a recent urbanization process. In the second chapter, we were
interested in testing how acoustic traits vary along an urbanization gradient and

whether these traits are under different natural selection regimes. The mean
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dominant frequency (DF) did not change between areas, but the variability was
lower in urban ones. Additionally, rural and urban populations seem to be under a
weak directional selection regime, in which individuals that vocalize at higher
frequencies had lower fitness. Our results suggest a weak selection regime in urban
areas despite the lower variability in DF. Furthermore, lower fitness in high-
frequency calling suggests that urbanization may directly impact sexual selection in
these organisms. In the third chapter, we investigated how behavior and
morphophysiological traits change in response to divergent pace of life
environments. We found that animals from urban areas displayed less intense
escape behavior, indicating possible habituation to human presence. Elevated
values in hepatosomatic indices and glucose suggest chronic stress and exposure
to xenobiotics. Darker coloration and thicker skin layers in urban areas provide a
stronger response to dehydration and protection against pathogens. Additionally,
older animals in urban areas had a decrease in white and red blood cells, which
may be associated with oxidative stress and potential immunosenescence. Our
results together contribute to enlighten the effects of urbanization on different
phenotype axes in tropical cities, especially those that change eco-evolutionary

dynamics.
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Organizacao desta tese

Para entender como o processo de urbanizacdo impacta as caracteristicas
morfolégicas, acusticas, fisiologicas e comportamentais de anfibios, esta tese foi
organizada em trés capitulos para satisfazer os diferentes objetivos propostos e
facilitar a compreensao dos resultados obtidos.

A introducdo geral da tese intitulada: “Ecological dynamics of frogs in
tropical cities: Uncovering bias using a systematic literature review” consiste em
uma revisao sistemaética de literatura sobre ecologia urbana com anfibios na regiao
tropical, aponta vieses e prop0e perspectivas para a ecologia urbana tropical.
Portanto, além de fornecer um panorama geral dos efeitos da urbanizacao sobre a
biodiversidade, a introducdo geral também é um produto da tese que se encontra
em fase de publicacéo. O capitulo estara disponivel em Abril no livro “Ecology of
Tropical Cities: Biodiversity, People & Places” publicado pela Springer Nature
(https://link.springer.com/book/9783031708664).

O primeiro capitulo: “The effect of urbanisation and local environmental
heterogeneity on phenotypic variability of a tropical treefrog” investigou como a taxa
urbanizacdo, a heterogeneidade ambiental local, a temperatura da superficie
terrestre e 0 gradiente espacial afetam atributos fenotipicos associados a
disperséo, aquisicdo de recursos, uso do ambiente, e performance de salto na
perereca Dendropsophus nanus (Hylidae). Esse capitulo esta em processo de
revisao no periodico Ecology. O segundo capitulo: “Frog call selection surface along
an urbanisation gradient” investigou como os parametros espectrais (e.g.,
frequéncia dominante) da vocalizacdo em Dendropsophus nanus variam ao longo
do gradiente de urbanizacdo e testou se estes atributos estdo sob diferentes

regimes de selecdo. Por fim, o terceiro capitulo: “How pace-of-life syndrome across
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multiple morphophysiological and behavioral traits in frogs is affected in urban
environments?” avaliou como atributos comportamentais e morfofisioldgicos,
especialmente aqueles correlacionados a habituagcdo a presenca humana,
termorregulacdo, osmorregulacdo, imunidade e reproducdo mudam em areas

rurais e urbanas utilizando o arcabouco de teoria de histéria de vida.
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Abstract

Earth is becoming increasingly urbanized. However, we are still lagging behind on
understanding the consequences of urbanization to biodiversity. This is essential if
we want to plan cities that are good for both people and nature. Here, we conduct a
systematic literature review on how ecological aspects of frogs respond to
urbanization in the tropical cities, including changes at behavioral, populational, and
community levels. We also, collected data on the gender of first and senior authors
to identify gender bias in authorship. We found a large geographical bias in research
on this topic, with most papers published by authors from Brazil and Australia. Most
studies were observational, investigating ecological aspects at population and
community scale using adult frogs, while evolutionary aspects and tadpoles were
neglected. Urban environments from the tropical cities have different aspects than
those from the North. Most papers were authored by men in total and in both as first
and senior authors. We need to address knowledge gaps and improve research on
ecological dynamics of frogs in cities from the South if we want to build solid and
plural knowledge that can effectively be used to design conservation programs to

protect urban biodiversity in the Anthropocene.

Key-words: Urbanization, conservation, global change, gender bias, women in

STEM,
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Introduction

Urbanization is an anthropic process that generates significant changes in
the chemical, physical, and ecological conditions of the natural environment (Gerten
et al. 2019). It is estimated that around 54% of the world's population lives in urban
environments, and that this proportion will be even higher in the future, especially in
developing countries, which will harbor 84% of the world urban population by 2030
(UNFPA 2007; Salmén et al. 2018; Tagil et al. 2018; UN-Habitat 2022). Given the
unprecedented growth of urban population, urbanization is currently one of the main
causes of biodiversity loss worldwide (G. Li et al. 2022; Simkin et al. 2022).
However, we are lagging behind in understanding how urbanization affects
biodiversity now and in the future. Given our dependence on ecosystem services
provided by nature (Diaz et al. 2018), we must take action to address this problem
urgently.

Amphibians are among the most affected organisms by land use change
driven by urbanization (Hamer and McDonnell 2008; Beninde et al. 2015; Catenazzi
2015; G. Li et al. 2022), with around 35% of species being at some level of threat
(IUCN 2022). Characteristics shared by the group, such as a biphasic life cycle
(present in most amphibians), low dispersal ability (table 6.3 in Wells 2007)
compared to birds or mammals, and a highly permeable skin make amphibians
more prone to extinction due to processes associated with urbanization
(Katzenberger et al. 2012; Hamer 2016; B. Li et al. 2016). Urbanization can change
both aquatic and terrestrial environments (Beninde et al. 2015), and consequently
affect amphibians in different ways. For example, Smallbone et al., (2011) found
that frog species richness decreased with increasing isolation of wetlands and

reduction of terrestrial vegetation cover caused by urbanization. Ganci et al., (2022)
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also showed that frog species richness decreased as urbanization increased in a
tropical city, with high turnover between highly urbanized and less urbanized ponds.
In general, studies show that urbanization not only affects the survival rate of
individuals, but also greatly influences species richness and community structure of
amphibians in urban environments (Knutson et al. 1999; Rubbo and Kiesecker
2005; Hamer and McDonnell 2008; Pillsbury and Miller 2008; Yang et al. 2022).
However, most studies have been conducted in the Northern Hemisphere (see
Szulkin et al. 2020) and data about the ecological and evolutionary dynamics of
amphibian communities in tropical urban areas are still scant.

Tropical environments may respond to urbanization differently than
temperate ones, due to their distinct climate, geologic, and geomorphology
conditions (Boulton et al. 2008). For example, environmental changes resulting from
urbanization tend to be intensified in the tropics (e.g., Marcacci et al. 2021), mostly
because they are experiencing unprecedented urban growth. Tropical cities have
different ages, development, growth rate, and history than those in the temperate
countries. While Europe took nearly two hundred years to transform itself from a
rural to a predominantly urban society (Landsberg 1981), tropical regions will do so
in less than sixty years (Oke et al. 1990; Givoni 1991; Jauregui 1997). Additionally,
tropical zones harbor greater biodiversity than temperate ones (Brown 2014), which
makes the effect of urbanization even more worrying.

Here, we present a systematic literature review to summarize the effects of
urbanization on amphibian ecological aspects focusing on tropical cities. We
address aspects of individual (e.g., behavior), population dynamics, and community
structure, as well as ecology, evolution, and conservation of amphibians in tropical

urban areas. We also present a summary/consensus of proposals found in the
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literature for the conservation of amphibians and their associated aquatic habitats
in a growing urbanized planet. Plurality in knowledge production can be beneficial
for everyone, since more plural groups can have different yet complementary points
of view (Halpern et al. 2023). As a way to assess how equal authorship is on anuran

urban ecology, we also quantified gender bias on authorship.

Material and Methods

We conducted a literature search from June 2022 to January 2023 in
English on Scopus (www.scopus.com) to find papers related to the ecology,
evolution, and conservation of amphibians in tropical urban areas. We used the
following key terms combined to Boolean operators and asterisks as wildcard
symbol: amphibia* OR anura* OR frog* AND urban* OR cities OR city OR
anthropogenic AND *tropic*. We followed the PRISMA 2.0 protocol (Page,
McKenzie, et al. 2021; Page, Moher, et al. 2021) (see Appendix 1 for a PRISMA
flow diagram). We also used a snowballing approach (Biernacki and Waldorf 1981;
Johnson 2014; Naderifar et al. 2017) to track papers from the references or citations
of the papers found. Moreover, we used the Connected papers website
(www.connectedpapers.com) and Harzing’s publish or perish software (Harzing
2007) using the same key terms to find additional papers not retrieved by Scopus.

Afterwards, we screened papers based on the title, abstract, main text, and
reference list. The criteria for including papers were those that: (i) evaluated
urbanization or some process related to it, such as anthropogenic noise, roads,
buildings; (ii) related either ecological (e.g., composition, diversity, predation) or
evolutionary patterns (e.g., phenotypic or genetic changes) to urbanization; (i)

related urbanization to other biological aspects (e.g., body condition, reproduction).
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We excluded review papers, short notes, and papers that did not evaluate
urbanization effects (i.e., studies conducted in cities, but that did not test
urbanization per se) (see Appendix 1 for a PRISMA flow diagram). Then, we built a
table to summarize characteristics of the papers selected, including: (a) authors and
year of study, (b) country, (c) study type, (d) organization level, (e) response
variable, (f) urbanization measure, impact or result, (g) evolutionary response, (h)
ecological response, (i) if evolution was detected, (j) spatial grain and extent, (k)
biological sample size; and (l) gender of authors and their position as first or senior.

We used author names in each paper to collect information about gender
identity. This approach based on names is limited and may be biased, since we
cannot identify nonbinary people. To overcome this problem, we searched for
researchers’ names in ResearchGate and their personal websites to confirm their
gender. We removed any name to which we could not confirm the gender. Then, we
calculated the proportion of female and male among authors and their position (first
or senior author). Finally, we explored these data visually and extracted quantitative
aspects. All graphs were made in R v. 4.2.1 (R Core Team 2023), with packages

ggplot2 (Wickham 2016), wordcloud (Fellows 2018), and tm (Feinerer et al. 2008).

Results

We screened 230 papers (202 from Scopus; 28 came from other search
methods), of which 42 met the established criteria (Appendix 1). The most frequent
words were: species, urbanization, habitat, frogs, diversity, richness, and ecology
(Fig. 1). The number of studies published per year evaluating aspects related to
ecology and evolution in tropical urban areas were low, with exception of 2019,

2021, and 2022 (Fig. 2). Most papers evaluating frogs and urbanization are
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concentrated in Brazil (N = 12), Australia (N = 7), China (N = 4), and South Africa
(N = 4) (Fig. 3). Also, papers had more men (N = 129) than women (N = 62) as
authors (fig. 4a). Moreover, gender differences were more remarkable when we
compared the proportion of females and males in relation to authorship (16 papers
were led by women; and 26 by men) and senior authorship (12 by women; and 30
by men) (fig. 4b, 4c).

Studies were mostly observational in nature (N =37), two have experimental
and observational characteristics, and three had an experimental approach. Most
studies evaluated ecological and evolutionary aspects at population and community
levels (N= 21 and N = 20, respectively), and at least one study assessed a
metacommunity. Only three out of 42 studies detected an evolutionary pattern.
Furthermore, the main response variables evaluated were abundance, species
richness, diversity, and composition (N = 17); calling behavior (N = 8); diet (N = 3);
reproduction (N = 1); habitat use (N = 1); morphology and phenotype (N = 6); genetic
diversity (N = 3); and body condition (N = 3). Many studies used adult frogs (N = 37)
and only five used tadpoles. Most studies focused on diversity (alpha and beta), and
abundance (N = 17); and phenotypic changes following urbanization (N = 17), while
a minor part evaluated genetic diversity (N = 3) and niche dimensions (N = 5).

Most studies evaluating phenotypic changes focused mainly on shifts in
calling behavior and temporal and spectral call parameters. These studies
incorporated anthropogenic stressors (e.g., light pollution, vehicle noise, airplane
noise, roads, engines) as explanatory variables. Conversely, few studies focused
on morphological traits, such as body size, color patterns, parotoid gland, and health
status (i.e., body condition). Studies that addressed how urbanization affects

biodiversity evaluated mainly species richness and abundance (i.e., alpha diversity),
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species composition (e.g., beta diversity — turnover and nestedness), probability of
occurrence, and occupancy. Furthermore, papers that assessed the impacts of
cities on species niche focused mainly on predator-prey relationships, testing the
relationship between body size and mouth size and type of prey consumed (i.e.,
impact niche sensu Chase and Leibold, 2003), and habitat use (requirement niche,
sensu Chase and Leibold, 2003). Finally, studies on genetic diversity assessed
population genetics and cytogenetics, focusing on genetic differentiation between

populations (urban and rural anurans) (Appendix 2).

Discussion

Ecological patterns on tropical cities

Studies with calling behavior showed that spectral parameters (e.qg., calling
frequency) were higher and less variable in urban environments and sites close to
roads, than in rural environments or sites distant from roads (e.g., Higham et al.,
2021; Kruger and Du Preez, 2016; Leon et al., 2019). Conversely, three studies
found an opposite pattern, in which the dominant frequency decreased with
increasing urbanization (N. Liu et al. 2022) and anthropogenic noise (Caorsi et al.
2017) in some populations, but this pattern seems variable, since some studies did
not detect any effect of noise (Lima et al., 2022). Call rate seems more variable and
consequently more prone to be affected by anthropogenic noise or urbanization
(e.g., Caorsi et al., 2017; Kaiser and Hammers, 2009). Also, some studies (Fig. 5)
found shorter calls and higher amplitude (Leon et al. 2019) that were longer (N. de

A. P. Lima et al. 2022), with either lower (Caorsi et al. 2017) or higher rate (Kaiser
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and Hammers 2009) in the presence of urban noise. Moreover, a paper found that
under light pollution, the peak calling season is anticipated (i.e., phenological shift).
Due to continuous light, frogs change their calling activity, calling all night (Dias et
al. 2019). In conclusion, both temporal and spectral call parameters of frogs seem
variable in relation to anthropogenic noise, light pollution in urban environments.
Papers evaluating morphological traits (Fig. 5), comparing rural (less
disturbed) and urban populations (highly disturbed) detected significant changes in
body size. A study found that parotoid glands in bufonids were smaller in urban than
in rural populations, while tibiofibula length of males in urban sites were longer than
rural populations. However, females showed a different pattern (Komine et al. 2022).
A paper evaluating body size and body condition found that species in undisturbed
habitats were larger than in intermediate and in highly disturbed habitats, but had a
higher fluctuating asymmetry in tibia-fibula in natural habitats (Matias-Ferrer and
Escalante 2015). Another paper found that frogs with larger body size and calling at
low dominant frequency were more tolerant to anthropogenic habitats, as well as
frogs that laid egg in water and have large or small clutches (G. Liu et al. 2021).
Moreover, closely-related species exhibited similar responses to anthropogenic
habitat in terms of their traits (G. Liu et al. 2021). One study found different color
patterns in Engystomops pustulosus in urban and forest environments (Anderson et
al. 2019). Two studies evaluating behavior (MuUhlenhaupt et al. 2022), and
morphology and performance (Muhlenhaupt et al. 2021) in tadpoles found no
differences between rural and urbanized populations. Overall, these studies show
that patterns related to phenotypic traits (e.g., body size) are highly variable in urban
environments when compared to undisturbed or natural habitats. Frogs usually have

better body condition in rural than urban habitats, with females heavier than males,
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and males larger than females (Ofori et al. 2021). In general (e.g., Li et al., 2016;
Matias-Ferrer and Escalante, 2015) body condition (e.g., scaled mass index) is
negatively related to habitat disturbance.

Papers that evaluated trophic niche did not find a consensus when
comparing frog diet between urban and rural areas (Fig. 5). For example, a study
analyzing trophic niche (impact niche) showed that diversity of prey consumed by
anurans in urbanized areas was lower than in rural areas (Santana et al. 2019).
Conversely, another paper found a similar distribution of prey items between rural
and urban areas (Ofori et al. 2021). Also, a study that compared diet composition
(i.e., different prey taxa) across four cities found a large niche overlap and niche
breadth between two frog species (Petrozzi et al. 2021). Finally, another study found
high diversity of ants in the diet of toads in urban sites (Oliveira-Souza et al. 2022).
A study analyzing niche dimensions related to habitat use (requirement niche) found
a strong effect of water body area and aquatic vegetation on the occurrence of frog
species in urban environments (Hamer and Parris 2011). Another study with
invasive frogs found that they were restricted to gardens (Ernst et al. 2011). Due to
the lower number of studies comparing diet or different niche dimension across
urban and rural areas, we did not find a clear pattern.

Several studies evaluating species diversity (Fig. 5) show that the levels of
diversity (i.e., alpha and beta) and abundance decreased with urbanization (e.g.,
Bickford et al., 2010; Callaghan et al., 2021; Ganci et al., 2022; Kruger et al., 2015;
MacGregor-Fors et al., 2013; Menin et al., 2019; Zhang et al., 2016). There was little
consensus on patterns of beta diversity, when comparing urban and rural
communities. Some studies found that beta diversity was driven by turnover along

urbanization gradients (Holzer et al. 2017; Ganci et al. 2022), while others found it
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was driven by nestedness, in which species compaosition in urban sites are a subset
of non-urban sites (Lourenco-de-Moraes et al. 2018). Studies also showed a
negative influence of urbanization on species occupancy and occurrence probability
(e.g., Bajaru et al., 2020; Canessa and Parris, 2013; Holzer et al., 2017). Overall,
the main pattern was that all levels of diversity are negatively affected with

increasing urbanization.

The impact of geographical bias and knowledge gaps on urban ecology

In this review, most studies evaluating how urbanization impacts frogs
focused on diversity patterns (e.g., alpha and beta). Overall, studies concluded that
species diversity and abundance decrease with increasing urbanization (e.g., more
generalists than specialist species in cities). Although these patterns have been
generated by different processes, the same overarching pattern emerged. Studies
evaluating how urbanization affects species richness increased over the years, but
not 