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ABSTRACT

Climate change presents significant challenges to species survival; however, the long-term effects on tropical lizard populations
remain poorly understood. Previous studies have predicted contrasting outcomes, with some forecasting a high risk of extinc-
tion due to rising temperatures, while others suggest greater resilience in tropical habitats. To address this gap, we analysed the
population dynamics of G. humeralis at two time points, spaced 20years apart, in Central-Eastern Amazonia, focusing on how
temperature increases and habitat quality affect population growth rates. We surveyed G. humeralis across 24 sampling plots,
each with 1000m of trails, in 2001 and 2021, to assess the impact of high temperatures (restriction hours), forest area, isolation
from continuous forest, differences in invertebrate biomass and differences in forest cover between 2021 and 2001 on G. hu-
meralis population growth rates using Generalised Linear Mixed Models (GLMM). Our findings indicate that the G. humeralis
population increased significantly, with 192 individuals recorded in 2001 and 452 in 2021, demonstrating resilience to increases
in temperature during that period. While growth rates were slightly impacted by higher temperatures, the overall population
did not decline, contradicting previous extinction predictions due to climate change. Moreover, the analysed environmental var-
iables did not significantly affect the species’ population growth rates. Our data clearly indicate that G. humeralis is resilient to
long-term habitat fragmentation and that the predictions of previous models are not supported by our findings, suggesting that
the extinction of the species before 2070 may be less likely than previously proposed.
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RESUMO

As mudancas climaticas representam desafios significativos para a sobrevivéncia das espécies; no entanto, os efeitos de longo
prazo sobre as populacoes de lagartos tropicais ainda sdo pouco compreendidos. Estudos anteriores previram resultados con-
trastantes, com alguns apontando alto risco de extincao devido ao aumento das temperaturas, enquanto outros sugerem maior
resiliéncia em habitats tropicais. Para preencher essa lacuna, analisamos a dinamica populacional de Gonatodes humeralis em
dois momentos, com intervalo de 20, anos na Amazonia Centro-Oriental, com foco em como o aumento da temperatura e a quali-
dade do habitat afetam as taxas de crescimento populacional. Realizamos amostragens de G. humeralis em 24 parcelas, cada uma
com 1000m de trilhas, nos anos de 2001 e 2021, para avaliar o impacto das altas temperaturas (horas de restricao), area florestal,
isolamento em relacdo a floresta continua, diferencas na biomassa de invertebrados e diferenca na cobertura florestal entre 2021
e 2001 sobre as taxas de crescimento populacional de G. humeralis, utilizando Modelos Lineares Mistos Generalizados (GLMM).
Nossos resultados indicam que a populacdo de G. humeralis aumentou significativamente, com 192 individuos registrados em
2001 e 452 em 2021, demonstrando resiliéncia ao aumento das temperaturas nesse periodo. Embora as taxas de crescimento ten-
ham sido levemente impactadas por temperaturas mais altas, a populacao como um todo nao apresentou declinio, contradizendo
previsdes anteriores de extin¢ao devido as mudancas climaticas. Além disso, as varidveis ambientais analisadas nao afetaram sig-
nificativamente as taxas de crescimento populacional da espécie. Nossos dados mostram claramente que G. humeralis é resiliente
a fragmentacao de habitat em longo prazo e que as previsdes de modelos anteriores nao sao corroboradas por nossos resultados,

indicando que a extincio da espécie antes de 2070 pode ndo ser tdo provavel quanto anteriormente sugerido.

1 | Introduction

Accelerated global warming, driven by human activities, se-
verely impacts ectothermic organisms, particularly lizards,
which are highly vulnerable to extinction (Huey et al. 2009).
These animals depend on external environmental conditions
to regulate their body temperature, making them especially
susceptible to climate change, particularly in tropical regions
(Huey et al. 2009; Sinervo et al. 2010). Despite the increasing
amount of research on the impact of rising temperatures, much
of the existing literature relies on predictive modelling without
integrating long-term field data to understand actual popula-
tion trends. Understanding these effects is crucial for predict-
ing species resilience and biodiversity declines in a warming
world (Huey et al. 2009; Doucette et al. 2023). To capture these
dynamics accurately, physiological models linked to population
models are essential (Diele-Viegas et al. 2019). However, esti-
mating population trajectories proves more complex than mea-
suring short-term physiological responses, as long-term data
on population trends are not available for most species. Using
integrated physiological and population models, Diele-Viegas
et al. (2019) predicted that some Amazonian lizard species are
likely to go extinct or be subjected to large reductions in popu-
lation size. However, those projections differ from some earlier
predictions about species vulnerable to climate change (Sinervo
et al. 2010).

Besides temperature, other environmental variables also structure
lizard populations. Habitat characteristics and resource availabil-
ity, for example, can act as ecological filters that directly affect
species viability by shaping population growth or decline (Santos
et al. 2008; Silva et al. 2022; Souza-Oliveira et al. 2024). Factors
such as vegetation structure (Souza et al. 2020; Souza-Oliveira
et al. 2024; Gananga et al. 2025) and food supply play a critical
role, affecting survival, reproduction and population density
(Zeng et al. 2014). Moreover, forest fragmentation, often driven
by human activities such as deforestation and land use change,
creates isolated patches of habitat. These forest fragments are dy-
namic systems that can change in size over time and such variation

in forest cover may influence the populations that inhabit them,
particularly species with limited dispersal capacity or strict habi-
tat requirements. Consequently, changes in these parameters can
lead to shifts in population dynamics, including variation in birth
rates, mortality and dispersal, ultimately affecting the stability and
persistence of lizard populations over time.

Another key factor influencing lizard population dynamics is re-
productive seasonality. Most tropical lizards reproduce season-
ally (Fitch 1982), leading to fluctuations in the proportions of
age/size classes throughout the year (Magnusson 1987; Miranda
and Andrade 2003). This seasonal variation can pose challenges
for demographic analysis, particularly for life-table models,
which may yield unstable results if reproductive seasonality is
not adequately accounted. N, the population models used by
Diele-Viegas et al. (2019) were based on life-table analyses but
did not incorporate how reproductive seasonality affects the rel-
ative proportions of different age/size classes in the population.
Population projections ignoring reproductive seasonality and
temperature variation may misestimate extinction risks, espe-
cially for tropical species. To address this, we developed a long-
term demographic approach incorporating these factors.

The lizard Gonatodes humeralis (Sphaerodactylidae) is an ex-
cellent model for ecological studies due to its wide distribution
in the Amazon (Oliveira et al. 2021; Diele-Viegas et al. 2019),
where it is one of the most abundant and easily detectable liz-
ards (Avila-Pires 1995). Its range extends from the coast of
Venezuela, through the Guianas and Trinidad and Tobago, to
the Brazilian Cerrado (Avila-Pires 1995; Miranda et al. 2010).
Its body temperature is generally 1°C-2°C higher than air and
substrate (Diele-Viegas et al. 2019). Additionally, as a forest
non-heliothermic species (thermoconformer), it is less likely to
produce generations that gradually adapt to rising global tem-
peratures (Huey et al. 2009). Furthermore, its reliance on for-
est habitats makes it particularly vulnerable to the combined
impacts of deforestation and climate change, which tend to
reinforce each other, exacerbating environmental degradation
(Huey et al. 2009).
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Sinervo et al. (2010) projected that lizard populations in the
Sphaerodactylidae family face a negligible risk of extinction
due to climate change in both the medium (2050) and long-term
(2080). This low vulnerability is primarily attributed to the fact
that their physiological activity is only restricted during peri-
ods of the day when air temperatures exceed 33°C (restriction
hours). However, extended exposure to such temperatures, par-
ticularly during reproductive periods, could lead to declines in
Sphaerodactylidae populations. Under these conditions, the liz-
ards seek thermal refuges to protect themselves from the heat.
This behaviour reduces the time they spend foraging and can
impair essential metabolic functions, such as reproduction.
These effects could reduce population growth rates and increase
the risk of extinction (Doucette et al. 2023; Sinervo et al. 2010).
Conversely, studies on the genus Gonatodes (Altamirano-
Benavides et al. 2019; Diele-Viegas et al. 2019) indicated a high
risk of extinction by 2050 and 2070 due to increases in tempera-
ture. Diele-Viegas et al. (2019) predicted that G. humeralis could
face local extinction in most areas throughout its range by 2070
due to increasing temperatures, if they resulted in mean daily
temperatures exceeding 29.49°C.

The population of G. humeralis was also studied by Carvalho
etal. (2008) in the Area de Protecio Ambiental de Alter do Chao,
located in the central-eastern Amazon, which is characterised
by continuous and fragmented semideciduous forests bordered
by a savanna landscape. The authors observed that, under forest
fragmentation, the species tended to decline in isolated forest
fragments compared to continuous forest, highlighting its vul-
nerability to habitat disruption. In our study, we revisited the
sampling sites of Carvalho et al. (2008) and repeated the same
sampling protocol to investigate the population trajectories of
Gonatodes humeralis (Sphaerodactylidae) over a 20-year period.
In 2021, when we conducted our lizard survey, mean world tem-
peratures increased by about 0.4°C since 2001 (NOAA 2024),
when Carvalho et al. (2008) conducted the first survey. Also,
mean average temperatures (26.3°C) of the Alter do Chao are
similar to those in regions studied by Diele-Viegas et al. (2019),
which had mean temperatures of 26.5°C and 26.2°C. Within
the region, survey plots varied in vegetation density (do Amaral
et al. 2017), size of surrounding forest patches (Cintra et al. 2013),
fire intensity (Magnusson et al. 2021), all of which influence
mean temperatures. This environmental variation allowed us to
assess whether population growth rates over the 20-year period
were related to temperature, as well as other factors such as food
availability and distance to continuous forest.

The objectives of our study are: to determine the influence of
temperature (thermal restriction hours) and other environmen-
tal variables (fragment size, isolation from continuous forest,
tree density and food availability) on G. humeralis population
growth rates over 20years; to assess whether the abundances
of G. humeralis changed significantly over 20years; to compare
the relative impact of the environmental factors on the species’
abundance in 2001 and 2021; and to assess whether G. humer-
alis populations in our study area are at risk of extinction by
2070 due to rising temperatures, as suggested by Diele-Viegas
et al. (2019). We hypothesised that population growth rates of
G. humeralis populations would decline with increasing thermal
restriction hours, defined as periods with temperatures equal to
or exceeding 33°C (Sinervo et al. 2010). We further predicted

that habitat quality and food availability would modulate these
growth rates. Finally, we expected that interactions between
temperature and other environmental variables would drive
significant changes in lizard relative abundances over a 20-year
period, with habitat variables influencing lizard abundances dif-
ferently in 2001 compared to 2021. Understanding how tropical
lizard populations respond to long-term environmental changes
is essential to predict their resilience to ongoing climate change
and to guide future conservation strategies.

2 | Methods
2.1 | Study Area

The study area, on the south bank of the Tapajés River, comprises
continuous and fragmented semideciduous forests, surrounded
by a savanna matrix, within an Environmental Protection Area
(APA) near the village of Alter do Chao, Santarém municipality,
Pard, Brazil (centroid coordinates: 02°31’S, 55°00"W). The land-
scape was likely covered by continuous forest until 2000years
ago (Sanaiotti et al. 2002). The origins of the forest patches are
unclear, but records by Bates (1863) indicate their presence for
at least 150years. The transition to savanna may have resulted
from fires set for Paleo-Indian agriculture, as the region has
been populated by humans for millennia (Maezumi et al. 2018).

The mean temperature in the region remains relatively stable
at around 26°C throughout the year (INMET 2020), but aver-
age temperatures increased by 1.1°C, from 24.9°C in the period
1961-1990 to 26.0°C in 1991-2020 (INMET 2020). Precipitation
shows significant seasonality, with a distinct dry season from
July to December. The mean annual rainfall from 1991 to 2020
was 1878 mm (INMET 2020).

2.2 | Sampling Design

Surveys for G. humeralis were carried out in forest patches with
plots traversed by 1000 m of trails. Most plots had four trails of
250m separated by 50 m, but one plot had fewer trails of differ-
ent lengths to accommodate fragment shape differences.

We sampled a total of 24 plots, including five continuous for-
est sites and 19 forest fragments (Figure 1), with fragment sizes
ranging from 3.6 to 360ha, between August and December of
2021. We counted lizards along the 1000m of trails in each plot
and data from all four transects were combined for analysis. The
trails began at the edge and extended towards the center of the
fragments, ensuring a balanced sampling between the edge and
the interior, regardless of fragment size. In the 360-ha fragment,
we sampled two different locations and pooled the data from
the two sets of transects to calculate the mean values for that
fragment.

Surveys in 2021 followed the same methods and were conducted
during the same time of year (August to December—dry season)
as the sampling in 2001 by Carvalho et al. (2008). All surveys were
undertaken between 09:00 and 16:00. Plot sampling order was not
related to fragment size and sampling in continuous forest was in-
terspersed with sampling in forest fragments. We could not sample
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FIGURE1 | Study areain central-eastern Amazonia, showing the location of the 24 sampling plots.

all plots sampled by Carvalho et al. (2008) because some had been
degraded for real-estate speculation (Fadini et al. 2021), so we
work with 24 sampling plots, from the original 29 plots.

To sample lizards in the plots, two researchers walked side by
side along the trails, searching for individuals within a 6-m-wide
strip (3m on each side) and up to 3m in height, counting each
lizard. One of the observers participated in both the 2001 and
2021 surveys. Each trail was sampled once each year.

2.3 | Environmental Variables

We measured the temperature related to G. humeralis thermal
restriction hours following Sinervo et al. (2010), as well as for-
est size, isolation from continuous forest, tree density and food
availability with the same methods as Carvalho et al. (2008).

‘We used Hobo Dataloggers (AK172) to record temperatures hourly
during 2017 in all plots, during December 2017, which is one of the
hottest months in the study area. While October and November
are also characterised by high temperatures, some dataloggers
malfunctioned during those months, so we assumed December
restriction hours were representative of the hot season. The da-
taloggers were installed on trees at approximately 40cm above
the ground, the same microhabitat where G. humeralis typically
live, ensuring that temperature measurements accurately reflect
the thermal environment experienced by the species. Although

the climate data used in this analysis are from 2017, we chose to
use them as representative of the thermal conditions in 2021 due
to the high temporal correlation observed among recent years
in the study region. Annual mean temperature data for central
Amazonia tend to exhibit low interannual variation in forest areas.
To test the hypothesis that thermal restriction hours, with tem-
peratures equal to or exceeding 33°C (Sinervo et al. 2010), impact
the population growth rates of G. humeralis, we calculated the av-
erage number of hours for each day with temperatures above 33°.
Additionally, we calculated, also in December (2017), the mean
temperature during the activity period of G. humeralis from 08:00
to 17:00 (Diele-Viegas et al. 2019), to investigate whether G. hu-
meralis populations can tolerate temperatures above 29.49°C, the
threshold at which Diele-Viegas et al. (2019) suggested the species
may face extinction.

Data on tree density were collected in 2001 by counting trees
in four diameter-at-breast height (dbh) classes: 1.6-9.9cm,
10-19.9cm, 20-29.9cm and >29.9cm, in four 250m X 2m sub-
plots (total area=0.2ha) in each sampling unit see (Carvalho
et al. 2008). We did not resample tree densities in 2021, but our
subjective observations indicate that tree densities in the frag-
ments remained relatively stable over the 20-year period.

We assessed food availability for G. humeralis using inverte-
brate biomass (wet weight) in 2001 and 2021 following Carvalho
et al. (2008). We collected invertebrates using pitfall traps made
from 2-L plastic bottles positioned along the same trails where
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lizards were surveyed. Each trap had a 23X 15cm opening cut
along one side and was buried horizontally in the soil with the
opening parallel to the ground surface. We filled the traps with
a 1% formalin solution mixed with detergent to reduce surface
tension. We placed five traps at 50-m intervals along each tran-
sect, totalling 20 traps per plot. To prevent accidental capture
of lizards, traps were set after the lizard surveys. Invertebrates
were left in the traps for 48 h and then preserved in 70% alcohol.
We measured the wet weight of the invertebrates after remov-
ing excess water with filter paper using an electronic balance
accurate to 0.0001 g. We identified and categorised the size and
types of prey to assess food availability, following Carvalho
et al. (2008) and Vitt et al. (1997). We included potential prey up
to 1cm from Araneidae, Collembola, Coleoptera, Hymenoptera,
Isoptera, insect larvae and Mollusca.

We used data collected in 2001 to calculate forest size (forest
area) and distance to continuous forest was calculated following
Carvalho et al. (2008). We digitalised the data using the CAMRIS
software based on a Landsat TM5 image. We measured the mini-
mum distance between forest fragments and continuous forest in
the ARC-VIEW 3.2 program, using straight lines in the ‘nearest
distance’ tool; corrected manually, when needed, to avoid large
bodies of water. The fragments are surrounded by savanna and
have changed little in size over the 20-year interval (Appendix S1).
For analyses of forest area, we considered the arbitrary value of
500ha for plots in continuous forest, following Cintra et al. (2013).

Despite the limited change in fragment size between 2001 and
2021, we considered it relevant to assess whether size variation in-
fluenced lizard population dynamics. To analyse the difference in
forest cover in the fragments between 2001 and 2021 (Difference
forest cover 2021-2001), we used land use and land cover data
from MapBiomas, Collection 7 (MapBiomas 2023). This collec-
tion was chosen after a visual assessment, which indicated greater
classification accuracy for the study area compared to later collec-
tions. We processed the data using the Level 1 MapBiomas classi-
fication, followed by a reclassification into two main categories:
‘Forest Cover’ and ‘Other’. This simplification enabled the analysis
of forest cover dynamics over time. We calculated the Forest Cover
Index (FCI) for each forest fragment in the years 2001 and 2021.
The FCI was determined as the ratio between the forested area and
the total area of the fragment. We delineated fragment boundaries
based on field data collected via GPS, as described in (Carvalho
et al. 2008). To assess forest cover dynamics, we calculated the per-
centage differences in FCI between the analysed years 2021-2001.
These differences allowed us to quantify changes in forest cover
over time, providing insights into deforestation and regeneration
processes within the study area. MapBiomas (2023). Collection 7
of Brazilian Annual Land Use and Land Cover Mapping. Accessed
on December 18, 2024, from https://mapbiomas.org. We sum-
marised all environmental gradients measured in Table 1.

2.4 | Data Analysis

We used paired t-tests to determine if there were significant differ-
ences in the abundance of G. humeralis between 2001 and 2021.

We estimated population growth rates for G. humeralis over the
20-year interval (2001-2021) for each sampling unit using the

TABLE 1 | Minimum (Min), maximum (Max), mean and standard
deviation (SD) values of environmental variables measured in 24 plots
in western Par4, central-eastern Amazonia. Restriction hours (Average
number of hours at or above 33°C during the days in December), Forest
size (ha), Isolation to continuous forest (m), Tree density (number
of trees), Food availability 2021, Food availability 2021 (g), Food
availability 2021-2001 (differences in invertebrate biomass [g] between
the years) and Difference in forest cover (Forest cover index) between
2021 and 2001.

Environmental

variables Min Max Mean SD
Restriction hours 0.29 2.68 1.33 0.57
Forest size 3.6 500 131.8 187.6
Isolation to 0 9135 3483.5 3195.2
continuous forest

Tree density 111 1020 400.8 297.3

Food availability 0.068 0.577 0.336 0.155
2001

Food availability 0.155 2.954 1.386 0.827
2021

Food availability —-0.027 2.670 1.050 0.803
2021-2001
Difference forest -5.3 26.9 2.42174  6.79471

cover 2021-2001

formula: growth rate=1/20xIn(number encountered 2021/num-
ber encountered 2001). To investigate the influence of environmen-
tal variables (thermal restriction hours, forest size, isolation from
continuous forest, tree density, food availability and difference in
forest cover between the years 2021 and 2001) on the population
growth rate of G. humeralis, we used GLMM with the glmmTMB
package (Brooks et al. 2017) in R software (R Core Team 2020).
The model was fitted using the Gaussian family, which effectively
captured the variability in the rate of increase. A scatter plot of
predicted values and residuals assessed model adequacy and iden-
tified potential patterns or deviations. In this model, we consid-
ered the differences in food availability between 2001 and 2021.
We tested for multicollinearity among the environmental variables
using Variation Inflation Factor (VIF) tests, using the car R pack-
age (Fox et al. 2012). The temperature data from the HOBO device
was not recorded in one of the fragments; therefore, this sample
unit was excluded from the model. We estimated pseudo R? for
each pairwise comparison using the function r? from the package
performance (Liidecke et al. 2021).

To compare the impact of environmental variables on the spe-
cies' relative abundances separately in 2001 and 2021, con-
sidering all the plots (fragments and continuous forest) and
only fragment plots separately, we used the generalised linear
mixed effects model (GLMM) with the glmmTMB package
(Brooks et al. 2017). The models were fitted using the negative
binomial distribution family (nbinom2), which is appropriate
for count data. We also tested for multicollinearity among the
environmental variables using VIF tests. We used the same
variables (forest size, isolation from continuous forest, tree
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density and food availability) as Carvalho et al. (2008), but up-
dated the analyses, as Carvalho et al. (2008) used hierarchical
partitioning (HP) to evaluate the effect of the environmental
variables on the number of G. humeralis. The use of gener-
alised linear mixed models (GLMM) instead of hierarchical
partitioning (HP) allows for a more robust analysis of the com-
plex interactions between predictor variables on G. humeralis,
as GLMM can handle non-independent data and non-normal
distributions.

To determine whether the species will withstand future tem-
perature increase and to compare with the results obtained
by Diele-Viegas et al. 2019, we used temperature data from
the years (1979-2000) and the future (2070) obtained from
WorldClim. Following Diele-Viegas et al. 2019, we used the
raster package in the R software and the MPI-ESM1-2-HR
(Max Planck Institute Earth System Model) climate layer at
0.0083333 degree resolution, downscaled to 1 X 1km grid cells
(30s spatial resolution), which is an accurate climate model
for representing global temperature patterns during the con-
trol period (Anav et al. 2013).

3 | Results

We encountered 452 Gonatodes humeralis individuals in 2021,
representing an increase of 260 individuals compared to 2001,
when 192 individuals were recorded. Gonatodes humeralis was
found in most fragments in 2001 (undetected in only two frag-
ments) and in all fragments in 2021. In continuous forest, the
species was observed in all sampled areas in both years. The
maximum number of individuals encountered in a single plot
in 2001 was 45, whereas in 2021, the maximum rose to 82, with
a minimum of 2. There was a significant difference in the rela-
tive abundances of G. humeralis between 2001 and 2021 (paired
t-test: t=3.55, df =23, p=0.0017).

Four of the areas in this study recorded mean temperatures
during the activity period of G. humeralis that exceeded 29.49°C
(ranging from 29.51°C to 30.45°C). The density of G. humera-
lis increased in three areas (r=0.020, 0.028 and 0.066) and de-
creased slightly in one (r=—0.008).

In the Generalised Mixed Models investigating population
growth rates of G. humeralis between 2001 and 2021, VIF val-
ues for isolation and tree density were > 5.6, due to high col-
linearity. Therefore, we excluded tree density from the model
(Appendix S2). The final model included thermal restriction
hours, forest area, isolation from continuous forest, food avail-
ability (invertebrate biomass) and difference in forest cover be-
tween 2021 and 2001 as predictors of G. humeralis population
growth rates. There was weak evidence (p =0.098) for a negative
effect of restriction hours on population growth (Figure 2), but
this variable explained little of the variance in relative densities
of G. humeralis (pseudo r?=0.09). Similarly, forest area (pseudo
R2=0.11, p=0.126), isolation from continuous forest (pseudo
R?=0.19, p=0.716), food availability (invertebrate biomass)
(pseudo R?=0.18, p=0.596), and difference in forest cover be-
tween the years 2021 and 2001 (pseudo R?>=0.19, p=0.917)
showed no significant effect on population growth in the long-
term (Appendix S3). Overall, the full model accounted for only
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FIGURE 2 | Partial regression of growth rate of G. humeralis in re-
lation to restriction hours derived from a Generalised Linear Mixed
Model (GLMM).

19% of the variance in population growth rates. As an explor-
atory approach, we also ran the model using only the 19 plots
located in forest fragments; however, none of the variables sig-
nificantly influenced G. humeralis growth rates (p>0.174 in all
cases). Detailed results of the GLMM are given in Appendices S4
and S5.

Analyses of G. humeralis relative abundances for each year
separately resulted in conclusions that differed from those re-
ported by Carvalho et al. (2008). For the 2001 data, there is
no influence of any variable (forest area, isolation, tree den-
sity, or food availability), both when considering all areas,
fragments and continuous forest (p>0.200 in all cases)
(Appendix S6) and when analysing only forest fragments
(p>0.154 in all cases) (Appendix S7). In contrast, our model
for 2021, which included all plots (both fragments and con-
tinuous forest), showed that G. humeralis relative abundances
were positively correlated with forest area (pseudo r>=0.54,
p=0.012) and negatively correlated with invertebrate biomass
(pseudo r>=0.53, p=0.014) (Appendices S8 and S9); the full
model explained 66% of the variance in relative abundances.
When considering only forest fragments, G. humeralis relative
abundances in 2021 were negatively influenced by food avail-
ability (pseudo R?=0.38, p=0.006) and tree density (pseudo
R?=0.49, p=0.022) (Appendices S10 and S11). Overall, the full
model explained 60% of the variance in relative abundances.
VIF values did not indicate collinearity among the variables in
either the 2001 or 2021 models (VIF < 3.2 in all cases).

4 | Discussion

Our study revealed a significant increase in Gonatodes humer-
alis populations over the 20-year period. Although we found
weak evidence that thermal restriction hours (i.e., periods with
temperatures exceeding 33°C) had a slight negative effect on
population growth rates (p=0.098), none of the other habitat
quality variables: forest size, isolation from continuous forest,
tree density, or food availability explained a significant por-
tion of the variation in G. humeralis population growth rates.
Importantly, even in areas where mean temperatures during
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the species’ activity period exceeded 29.49°C, G. humeralis pop-
ulations continued to grow, contradicting previous predictions
(Diele-Viegas et al. 2019) that the species could not tolerate
mean temperatures of 29.49°C.

Our findings contrast with the predictions of Diele-Viegas
et al. (2019), who suggested that G. humeralis populations could
face extinction due to rising temperatures by 2070. Instead, our
results are consistent with Sinervo et al. (2010), who projected
that species in the family Sphaerodactylidae would not expe-
rience significant declines due to climate change before 2080.
While our analyses suggest that prolonged exposure to tempera-
tures above 33°C may slightly reduce population growth rates,
the overall population expansion observed in our study suggests
that G. humeralis may be more resilient to warming than pre-
viously thought. This resilience could be attributed to physio-
logical acclimation, behavioural plasticity, or local adaptation,
as has been observed in other widely distributed lizard species
(Pontes-da-Silva et al. 2018). Supporting this view, genomic data
from Yves et al. (2025) reveal significant local climate adaptation
across G. humeralis populations, highlighting that genetic varia-
tion and adaptive potential vary spatially and some populations
may face higher vulnerability to future climate change. Their
findings emphasise the importance of considering spatially ex-
plicit genetic contexts to fully understand species’ responses to
environmental changes.

Our temperature data, collected in December, one of the hot-
test months in the region, show that some of the sampled frag-
ments already experience conditions similar to those predicted
for 2070 by Diele-Viegas et al. (2019). In four of these fragments,
mean temperatures during the species activity period exceeded
29.49°C, reaching up to 30.45°C. Despite these high tempera-
tures, G. humeralis populations in three of these fragments
showed positive growth rates, while abundance decreased
slightly in only one fragment. Each of these fragments rep-
resents a geographically isolated habitat, suggesting that popu-
lations of G. humeralis in Alter do Chao are not only persisting
but thriving under conditions that were previously considered
potentially unsustainable (Diele-Viegas et al. 2019). Moreover,
the species’ ability to persist in habitats that already experience
high temperatures, such as Alter do Chao, suggests that it may
possess mechanisms for coping with gradual warming.

We do not know why our results differ from the predictions
of Diele-Viegas et al. (2019), but one possible explanation is
the methodological approach used in population projections.
Models based on life tables and size-structured demographic
data from short time frames may not adequately capture long-
term population dynamics. Additionally, population responses
to climate change may vary across different environmental con-
texts (Magnusson et al. 2021) and factors beyond temperature,
such as predation, competition, or microhabitat availability, may
play a more significant role in regulating G. humeralis popula-
tions in this region.

Climate projections from WorldClim indicate that the average
regional temperature is expected to rise by ~2.5°C by 2070,
reaching 28.8°C in our study area. Sinervo et al. (2010) warned
that prolonged exposure to temperatures above 33°C could limit
physiological activity and lead to population declines. Moreover,

WorldClim projections suggest that mean temperatures in the
study region are not expected to exceed 33°C for extended peri-
ods by 2070. Considering Sinervo et al. (2010) and the WorldClim
temperature projections for the study region, our results suggest
that the populations of G. humeralis living there are unlikely
to be negatively affected by this temperature increase by 2070.
Therefore, previous predictive models should be updated to bet-
ter predict future outcomes.

In addition to temperature, other ecological factors have been
widely recognised as important determinants of lizard abun-
dance at local scales, such as forest structure, food availability
and landscape connectivity, which are often recognised as key
factors influencing lizard abundance at local scales (Santos
et al. 2008; Silva et al. 2022; Souza-Oliveira et al. 2024). For ex-
ample, higher tree density can change microclimatic conditions
and provide more shelter and basking spots, which are import-
ant for thermoregulation and avoiding predators. In addition,
greater food availability, especially arthropod biomass, is gener-
ally linked to higher lizard abundance because it directly affects
individual growth, reproduction and survival (Vitt et al. 1997).
Larger and less isolated forest patches also tend to support more
stable and diverse animal populations, due to reduced edge ef-
fects and better habitat connectivity (Laurance et al. 2002). In
general, we expected these ecological patterns to influence G.
humeralis population dynamics in fragmented landscapes.
However, in our study, even though we observed spatial vari-
ation in these factors, none of these variables explained the
changes in G. humeralis population growth over the two de-
cades. This suggests that drivers affecting short-term abun-
dance patterns may not reliably predict long-term demographic
trends in this species.

This temporal aspect becomes even more evident when we com-
pare the two sampling periods in our study. The differences we
observed between 2001 and 2021 indicate that Gonatodes hu-
meralis has changed its responses to environmental factors over
time. In 2001, we found no significant relationship between the
species’ abundance and variables (forest area, isolation, tree
density and food availability). However, in 2021, some of the
variables influenced G. humeralis abundance. For instance, for-
est area had a positive effect, while food availability (measured
as invertebrate biomass) showed negative effects. Additionally,
when considering only fragment plots, both food availability
(invertebrate biomass) and tree density negatively influenced
lizard abundance. These shifts may reflect changes in habitat
quality and structure, local population dynamics, or even the
species’ ability to adjust its habitat use in response to environ-
mental pressures and ongoing fragmentation over the years. The
unexpected negative effect between G. humeralis abundance
and invertebrate biomass might indicate increased competition
or predation pressure in areas with richer arthropod commu-
nities. These findings highlight the importance of considering
temporal variation in ecological responses, demonstrating that
factors initially deemed unimportant can become critical as en-
vironmental conditions evolve.

In conclusion, the ecological conditions that affected G. humer-
alis abundance at local scales (e.g., forest structure, food avail-
ability, etc.) do not appear to drive long-term population trends.
The differences observed between 2001 and 2021 highlight the
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importance of long-term monitoring to understand population
dynamics in fragmented landscapes. Our results show that G.
humeralis populations in the studied region are resilient to long-
term habitat fragmentation and to temperatures above those
projected by Diele-Viegas et al. (2019) for 2070, where local ex-
tinction had been predicted. In these areas, G. humeralis pop-
ulations not only persist but have increased in abundance over
time, highlighting the need for further studies incorporating
physiological, behavioural and genetic analyses that would help
clarify the species’ capacity for adaptation and resilience in the
face of climate change.

Acknowledgements

We thank undergrad students at the Universidade Federal do Oeste do
Pard for their assistance in data collection. INPA Santarém provided
field logistics. The Article Processing Charge for the publication of
this research was funded by the Coordenacdo de Aperfeicoamento de
Pessoal de Nivel Superior - Brasil (CAPES) (ROR identifier: 00xOma614).

Disclosure

Permission to reproduce material from other sources: We permit repro-
ducing this material from other sources.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support this finding of the study are openly available
in the DataONE repository at https://search.dataone.org/view/PPBio
AmOc.722.12, reference number PPBioAmQc.722.16.

References

Altamirano-Benavides, M. A., S. F. Dominguez-Guerrero, F. J.
Mufoz-Nolasco, et al. 2019. “Thermal Ecology and Extinction
Risk due to Climate Change of Gonatodes Concinnatus (Squamata:
Sphaerodactylidae), an Endemic Lizard From Western Amazonia.”
Revista Mexicana de Biodiversidad 90: €902824. https://doi.org/10.
22201/1B.20078706E.2019.90.2824.

Anav, A., P. Friedlingstein, M. Kidston, et al. 2013. “Evaluating the
Land and Ocean Components of the Global Carbon Cycle in the CMIP5
Earth System Models.” Journal of Climate 26: 6801-6843. https://doi.
org/10.1175/JCLI-D-12-00417.1.

Avila-Pires, T. C. S. 1995. “Lizards of Brazilian Amazonia (Reptilia:
Squamata).” Zoologische Verhandelingen 299: 1-706.

Bates, H. W. 1863. The Naturalist on the River Amazons. John Van
Voorst.

Brooks, M. E., K. Kristensen, K. J. van Benthem, et al. 2017. “glmmTMB
Balances Speed and Flexibility Among Packages for Zero-inflated
Generalized Linear Mixed Modeling.” R Journal 9: 378-400. https://doi.
org/10.32614/RJ-2017-066.

Carvalho, E. A. R., A. P. Lima, W. E. Magnusson, and A. L. K. M.
Albernaz. 2008. “Long-Term Effect of Forest Fragmentation on the
Amazonian Gekkonid Lizards, Coleodactylus Amazonicus and
Gonatodes Humeralis.” Austral Ecology 33: 723-729. https://doi.org/10.
1111/j.1442-9993.2008.01840.x.

Cintra, R., W. E. Magnusson, and A. Albernaz. 2013. “Spatial and
Temporal Changes in Bird Assemblages in Forest Fragments in an

Eastern Amazonian Savannah.” Ecology and Evolution 3: 3249-3262.
https://doi.org/10.1002/ece3.700.

Diele-Viegas, L. M., F. P. Werneck, and C. F. D. Rocha. 2019. “Climate
Change Effects on Population Dynamics of Three Species of Amazonian
Lizards.” Comparative Biochemistry and Physiology. Part A, Molecular &
Integrative Physiology 236: 110530. https://doi.org/10.1016/j.cbpa.2019.
110530.

do Amaral, I. L., W. E. Magnusson, F. D. d. A. Matos, A. L. K. Albernaz,
Y. O. Feitosa, and J. L. Guillaumet. 2017. “Desvendando Padroes
Estruturais de Fragmentos Florestais na Amazoénia Oriental.” Acta
Amazonica 47: 111-122. https://doi.org/10.1590/1809-4392201601923.

Doucette, L. I., R. P. Duncan, W. S. Osborne, et al. 2023. “Climate
Warming Drives a Temperate-Zone Lizard to Its Upper Thermal Limits,
Restricting Activity, and Increasing Energetic Costs.” Scientific Reports
13: 9603. https://doi.org/10.1038/s41598-023-35087-7.

Fadini, R. F., C. R. Brocardo, C. Rosa, et al. 2021. “Long-Term
Standardized Ecological Research in an Amazonian Savanna: a
Laboratory Under Threat.” Anais da Academia Brasileira de Ciéncias
93: 1-11. https://doi.org/10.1590/0001-3765202120210879.

Fitch, H. S. 1982. “Reproductive Cycles in Tropical Reptiles.” Occasional
Papers of the Museum of Natural History da University of Kansas 96:
1-53.

Fox, J., S. Weisberg, D. Adler, et al. 2012. Package ‘Car’. R Foundation
for Statistical Computing.

Gananca, P. H. S,, C. A. Rosa, A. P. Lima, et al. 2025. “Recovery of
Lizard Assemblages 10 Years After Reduced-Impact Logging in Central-
Eastern Amazonia.” Biotropica 57: e13400. https://doi.org/10.1111/btp.
13400.

Huey, R. B, C. A. Deutsch, J. J. Tewksbury, et al. 2009. “Why Tropical
Forest Lizards Are Vulnerable to Climate Warming.” Proceedings of the
Royal Society B: Biological Sciences 276: 1939-1948. https://doi.org/10.
1098/rspb.2008.1957.

INMET. 2020. “Instituto Nacional de Meteorologia—Monitoramento
da Estacdo Meteoroldgica de Belterra-PA.” https://portal.inmet.gov.br/.

Laurance, W.F., T. E. Lovejoy, H. L. Vasconcelos, et al. 2002. “Ecosystem
Decay of Amazonian Forest Fragments: A 22-Year Investigation.”
Conservation Biology 16: 605-618. https://doi.org/10.1046/j.1523-1739.
2002.01025.x.

Liidecke, D., M. S. Ben-Shachar, I. Patil, P. Waggoner, and D. Makowski.
2021. “performance: An R Package for Assessment, Comparison and
Testing of Statistical Models.” Journal of Open Source Software 6: 3139.
https://doi.org/10.21105/joss.03139.

Maezumi, S. Y., M. Robinson, J. de Souza, et al. 2018. “New Insights
From Pre-Columbian Land Use and Fire Management in Amazonian
Dark Earth Forests.” Frontiers in Ecology and Evolution 6: 1-23. https://
doi.org/10.3389/fevo.2018.00111.

Magnusson, W., C. Rosa, V. M. G. Layme, I. R. Ghizoni Jr., and A.
P. Lima. 2021. “Local Effects of Global Climate on a Small Rodent
Necromys Lasiurus.” Journal of Mammalogy 102, no. 1: 188-194. https://
doi.org/10.1093/jmammal/gyaal40.

Magnusson, W. E. 1987. “Reproductive Cycles of Teiid Lizards in an
Amazonian Savanna.” Journal of Herpetology 21, no. 4: 307-316. https://
doi.org/10.2307/1563972.

MapBiomas. 2023. “Collection 7 of Brazilian Annual Land Use and
Land Cover Mapping.” Accesed 17 Oct. 2024. https://brasil. mapbiomas.
org/en/collections/collection-7.

Miranda, J. P,, and G. V. Andrade. 2003. “Seasonality in Diet, Perch
Use, and Reproduction of the Gecko Gonatodes humeralis from Eastern
Brazilian Amazon.” Journal of Herpetology 37, no. 2: 433-438. https://
doi.org/10.1670/0022-1511(2003)037[0433:SIDPUA]2.0.CO;2.

8 of 9

Austral Ecology, 2025

85UB0|7 SUOLULLOD BAERID 3|deolidde 8y} Aq peueA0B a1 s3I VO '8SN JO S3INI Joj ARRIGIT BUIUO AB]IM UO (SUOIPUOD-PUR-SWBIL0D A8 1M Afe1q) U UO//SHNY) SUORIPUOD PUE SWL L 8U3 89S *[9202/0/20] U0 A%1diT 8ulUO /B]IM BIU0Zew Y Bp SesIinbsad ap [eUOIIRN OINHISUI - VN | Aq SETOL 98e/TTTT OT/I0P/LO0D" A8 1M AzeiqieulUo//SdY wo1y pepeojumod ‘0T ‘G202 ‘€66627T


https://search.dataone.org/view/PPBioAmOc.722.12
https://search.dataone.org/view/PPBioAmOc.722.12
https://doi.org/10.22201/IB.20078706E.2019.90.2824
https://doi.org/10.22201/IB.20078706E.2019.90.2824
https://doi.org/10.1175/JCLI-D-12-00417.1
https://doi.org/10.1175/JCLI-D-12-00417.1
https://doi.org/10.32614/RJ-2017-066
https://doi.org/10.32614/RJ-2017-066
https://doi.org/10.1111/j.1442-9993.2008.01840.x
https://doi.org/10.1111/j.1442-9993.2008.01840.x
https://doi.org/10.1002/ece3.700
https://doi.org/10.1016/j.cbpa.2019.110530
https://doi.org/10.1016/j.cbpa.2019.110530
https://doi.org/10.1590/1809-4392201601923
https://doi.org/10.1038/s41598-023-35087-7
https://doi.org/10.1590/0001-3765202120210879
https://doi.org/10.1111/btp.13400
https://doi.org/10.1111/btp.13400
https://doi.org/10.1098/rspb.2008.1957
https://doi.org/10.1098/rspb.2008.1957
https://portal.inmet.gov.br/
https://doi.org/10.1046/j.1523-1739.2002.01025.x
https://doi.org/10.1046/j.1523-1739.2002.01025.x
https://doi.org/10.21105/joss.03139
https://doi.org/10.3389/fevo.2018.00111
https://doi.org/10.3389/fevo.2018.00111
https://doi.org/10.1093/jmammal/gyaa140
https://doi.org/10.1093/jmammal/gyaa140
https://doi.org/10.2307/1563972
https://doi.org/10.2307/1563972
https://brasil.mapbiomas.org/en/collections/collection-%c2%ad7
https://brasil.mapbiomas.org/en/collections/collection-%c2%ad7
https://doi.org/10.1670/0022-1511(2003)037%5B0433:SIDPUA%5D2.0.CO;2
https://doi.org/10.1670/0022-1511(2003)037%5B0433:SIDPUA%5D2.0.CO;2

Miranda, J. P.,, P. L. B. Rocha, and N. J. Silva. 2010. “Influence of
Structural Habitat Use on the Thermal Ecology of Gonatodes humer-
alis (Squamata: Gekkonidae) from a Transitional Forest in Maranhao,
Brazil.” Zoologia (Curitiba) 27, no. 1: 35-39. https://doi.org/10.1590/
S1984-46702010000100006.

NOAA (National Oceanic and Atmospheric Administration). 2024.
Annual Global Surface Temperature Report. National Centers for
Environmental Information (NCEI) Accessed 13 Apr. 2024. https://
Wwww.ncei.noaa.gov/.

Oliveira, F. R. C., D. C. Passos, and D. M. Borges-Nojosa. 2021. “Ecology
of the Lizard Gonatodes Humeralis (Sphaerodactylidae) in a Coastal
Area of the Brazilian Semiarid: What Differs From the Amazonian
Populations?” Journal of Arid Environments 190: 104506. https://doi.
0rg/10.1016/j.jaridenv.2021.104506.

Pontes-da-Silva, E., W. E. Magnusson, B. Sinervo, et al. 2018. “Extinction
Risks Forced by Climatic Change and Intraspecific Variation in the
Thermal Physiology of a Tropical Lizard.” Journal of Thermal Biology
73: 50-60. https://doi.org/10.1016/j jtherbio.2018.01.013.

R Core Team. 2020. R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing. https://www.R-proje
ct.org/.

Sanaiotti, A. T. M., L. A. Martinelli, R. L. Victoria, S. E. Trumbore, and
P. B. Camargo. 2002. “Past Vegetation Changes in Amazon Savannas
Determined Using Carbon Isotopes of Soil Organic Matter.” Global
Change Biology 34, no. 2: 2-16.

Santos, T., J. A. Diaz, J. Pérez-Tris, R. Carbonell, and J. L. Telleria. 2008.
“Habitat Quality Predicts the Distribution of a Lizard in Fragmented
Woodlands Better Than Habitat Fragmentation.” Animal Conservation
11: 46-56. https://doi.org/10.1111/j.1469-1795.2007.00146.x.

Silva, D. J., A. F. Palmeirim, M. Santos-Filho, T. M. Sanaiotti, and C.
A. Peres. 2022. “Habitat Quality, Not Patch Size, Modulates Lizard
Responses to Habitat Loss and Fragmentation in the Southwestern
Amazon.” Journal of Herpetology 56: 75-83. https://doi.org/10.1670/
20-145.

Sinervo, B., F. Méndez-de-la-Cruz, D. B. Miles, et al. 2010. “Erosion
of Lizard Diversity by Climate Change and Altered Thermal Niches.”
Science 328: 894-899. https://doi.org/10.1126/science.1184695.

Souza, E., A. P. Lima, W. E. Magnusson, et al. 2020. “Short- and Long-
Term Effects of Fire and Vegetation Cover on Four Lizard Species in
Amazonian Savannas.” Canadian Journal of Zoology 99, no. 3: 173-182.
https://doi.org/10.1139/cjz-2020-0224.

Souza-Oliveira, A. F., G. Zuquim, L. F. Martins, et al. 2024. “The
Role of Environmental Gradients and Microclimates in Structuring
Communities and Functional Groups of Lizards in a Rainforest-
Savanna Transition Area.” PeerJ 12: e16986. https://doi.org/10.7717/
peerj.16986.

Vitt, L. J., P. A. Zani, and A. A. M. Barros. 1997. “Ecological Variation
Among Populations of the Gekkonid Lizard Gonatodes Humeralis in the
Amazon Basin.” Copeia 1997: 32. https://doi.org/10.2307/1447837.

Yves, A.,J. A.R. Azevedo, R. M. Pirani, and F. P. Werneck. 2025. “Local
Adaptation Has a Role in Reducing Vulnerability to Climate Change in
a Widespread Amazonian Forest Lizard.” Heredity 134, no. 6: 352-361.
https://doi.org/10.1038/s41437-025-00765-x.

Zeng, Z.-G., J.-H. Bi, S.-R. Li, et al. 2014. “Effects of Habitat Alteration
on Lizard Community and Food Web Structure in a Desert Steppe
Ecosystem.” Biological Conservation 179: 86-92. https://doi.org/10.
1016/j.biocon.2014.09.011.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Appendix S1: Satellite images of the
study area in (A) 2001 and (B) 2021. The images illustrate that the size

of habitat fragments changed very little over the two decades, show-
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and fragmentation patterns within the region. Appendix S2: Variance
Inflation Factor (VIF) values for the explanatory variables included in
the GLMM analysis. Appendix S3: Partial regression of growth rate of
G. humeralis in relation to (A) Fragment size (ha), (B) Isolation to con-
tinuous forest (m) and (C) differences in food availability (G) between
2001 and 2021, (D) Difference forest cover 2021-2001, derived from a
Generalised Linear Mixed Model (GLMM). Appendix S4: Results of
the generalised linear model analysis (GLMM) on the growth rates of G.
humeralis, presenting the estimates, standard error (SE), z values and p
values for each variable across all plots. Significant results are in bold.
Appendix S5: Results of the generalised linear model analysis (GLMM)
on the growth rates of G. humeralis, presenting the estimates, standard
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Significant results are in bold. Appendix S6: Results from the GLMM
model predicting G. humeralis abundance in 2001 across all plots. The
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the predictor variables. Appendix S7: Results from the GLMM model
predicting G. humeralis abundance in 2001 in fragments plots. The
table shows the estimates, standard errors (SE), z values and p values
for the predictor variables. Significant results are in bold. Appendix
S8: Partial regression of abundance of G. humeralis in 2021 in relation
to (A) forest size (ha) and (B) Food availability (Invertebrate biomass) in
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S9: Results from the GLMM model predicting G. humeralis abundance
in 2021 across all plots. The table shows the estimates, standard errors
(SE), z values and p values for the predictor variables. Significant re-
sults are in bold. Appendix S10: Partial regression of abundance of G.
humeralis in 2021 in relation to (A) tree density (number of trees) and
(B) food availability (Invertebrate biomass) in 19 fragments plots, de-
rived from a Generalised Linear Mixed Model (GLMM). Appendix S11:
Results from the GLMM model predicting G. humeralis abundance in
2021 in fragments plots. The table shows the estimates, standard errors
(SE), z values and p values for the predictor variables. Significant results
are in bold. Significant results are in bold.
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