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ABSTRACT

Climate change can influence host—parasite dynamics by altering the
abundance and distribution of hosts and their parasites as well as the
physiology of both parasite and host. While the physiological effects
of hosting parasites have been extensively studied in aquatic and
laboratory model systems, these dynamics have been much less
studied in wild terrestrial vertebrates, such as ectotherms that live in
tropical forests. These organisms are particularly vulnerable to
climate change because they have limited scope for behavioral
buffering of stressful temperatures while already living at body
temperatures close to their heat tolerance limits. Thus, it is imperative
to understand how parasitism and tolerance to stressful thermal
conditions, both of which are changing under climate warming, might
interact to shape survival of non-model organisms. We measured
heat tolerance and assessed endoparasites and ectoparasites in
slender anole lizards (Anolis apletophallus; a lowland tropical forest
species from central Panama). We then treated lizards with the
antiparasitic drugs ivermectin and praziquantel and measured
changes in immune function and heat tolerance compared with an
unmanipulated control group. Immune function was not altered by
treatment; however, heat tolerance increased in treated lizards.
Additionally, higher endoparasite and ectoparasite abundance was
associated with lower heat tolerance in a separate set of wild-caught
lizards. Our results suggest that increasing environmental
temperatures may have especially severe effects on host survival
when parasites are present and highlight the need to consider
interactions between thermal physiology and host—parasite dynamics
when forecasting the responses of tropical animals to climate change.

KEY WORDS: Host—parasite interactions, Physiological trade-offs,
Anole lizard, Tropics, Environmental change

INTRODUCTION

Climate change is increasing exposure to novel diseases and
parasites, which has implications for the survival of imperiled
species (Dobson and Foufopoulos, 2001). Both invertebrates (corals
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and sea urchins: Tracy et al., 2019) and vertebrates (amphibians:
Daszak et al., 1999; bats: Frick etal., 2010; and reptiles: Lorch et al.,
2016) have declined in population size as a result of increases in
disease prevalence driven at least in part by environmental change
(Martin et al., 2010). For example, organisms encountering new
environments or habitats can themselves be exposed to novel
diseases while also bringing novel diseases to the current residents
of' that environment (Kutz et al., 2013; Kennedy-Slaney et al., 2018;
Johnson et al., 2020). Some models have predicted that parasite
ranges will not expand with that of their hosts because of the density
dependence of disease transmission and the host specificity of many
parasites, particularly if the parasite relies on intermediate hosts for
development and transmission (Lafferty, 2009; Carlson et al.,
2017). However, higher temperatures could increase pathogenicity
and facilitate the rapid evolution of parasites, allowing them to
infect new hosts (i.e. host switching; Brooks and Hoberg, 2007;
Hoberg and Brooks, 2015). Finally, infection with one type of
parasite can increase the probability of contracting secondary
infections (Demann and Wegner, 2019). In addition to these more
direct routes of infection, some organisms, such as ectotherms, are
more at risk of contracting diseases as climate change continues, as a
result of decreased immune response during times of drought and
fluctuating ambient temperatures (Fabricio-Neto et al., 2019,
Combrink et al., 2021).

The vertebrate immune system is often separated into two
components — innate and adaptive immunity — which work in
conjunction with one another. As with physiological systems such
as metabolism, digestion and locomotion, immune function is
highly temperature dependent. This temperature dependence
normally takes the shape of a thermal performance curve, where
performance is maximal at a relatively high temperature and
declines asymmetrically with either warmer or cooler temperatures
(Huey and Kingsolver, 1989; Angilletta et al., 2002). While short-
term increases in temperature can be beneficial to the immune
system (i.e. fever; Kluger, 1979; Richards-Zawacki, 2010),
prolonged exposure to high temperatures can decrease immune
function (Lima et al., 2020), and the different components of the
vertebrate immune system can vary in temperature dependence
depending on the immune challenge (Ainsworth et al., 1991;
Stahlschmidt et al., 2017; Bakewell et al., 2021).

Although the reptilian immune system contains many of the same
components as that of other vertebrate taxa, the innate immune
system often plays a larger role in immune function in ectotherms
than the adaptive immune system (Zimmerman et al., 2010;
Zimmerman, 2020). The innate immune system is responsible for
generalized responses to infection and includes components such as
the complement system, non-specific leukocytes, phagocytes,
lysozymes, antimicrobial peptides and natural antibodies
(reviewed in Riera Romo et al., 2016). In response to helminth
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infection and ectoparasite infection, birds and mammals exhibit
increased activity of these components of the immune system
(reviewed in de Veer et al., 2007; Friberg et al., 2010; Owen et al.,
2010). Functional assays measuring how various components of
innate immunity respond to parasitic infection have been used in
squamates (Garrido and Perez-Mellado, 2015; Spence et al., 2017;
Stromsland and Zimmerman, 2017), but results vary widely even
between members of the same genus when using the same
measurement of immune response (Amo et al., 2006; Damas-
Moreira et al., 2022). However, not all infections induce a reaction
from the immune system. For example, Huyghe et al. (2010) found a
relationship between immune function and ectoparasite load in
Dalmatian wall lizards (Podarcis melisellensis) but found no
relationship between immune function and hemogregarine
infection. As immune function is energetically costly to maintain,
organisms can differentially respond to infections or even tolerate
infection to balance the costs of hosting an infection with the costs
of mounting an immune response (Mazé-Guilmo et al., 2014; Haase
et al., 2016).

Because investment in the immune system can be energetically
intensive, it can induce tradeoffs with other important physiological
traits, such as growth and reproductive effort (French et al., 2007;
Korfel et al., 2015). For example, common wall lizards (Podarcis
muralis) and Dickerson’s collared lizards (Crotaphytus dickersonae)
show decreased immune function at high temperatures as well as
trade-offs between immune function and color (Sacchi et al., 2017;
Plasman and Torres, 2019). Immune response can also trade off with
behaviors such as refuge seeking (Iglesias-Carrasco et al., 2016;
Todd et al., 2016), which has consequences for thermal performance
in some squamates (Polo et al., 2005; Iglesias-Carrasco et al., 2016;
Todd et al., 2016). While some ectotherms are thermoregulators,
tightly regulating their body temperatures using behavior, other
ectotherms are thermoconformers, having body temperatures that
conform closely to ambient environmental temperatures (Huey and
Stevenson, 1979). This thermoconforming strategy is often observed
in closed-canopy tropical forests where there is limited opportunity
for thermoregulation because spatial variation in understory
microclimate is minimal and shuttling behavior is too costly (Neel
et al., 2021). Thus, thermoconformers are more likely to experience
temperatures that are sub-optimal for physiological performance as a
result of climate warming (Sunday et al., 2011; Huey et al., 2012). In
particular, as temperatures become warmer and more variable, their
inability to compensate with behavioral thermoregulation is likely to
affect their immune function and increase disease risk (Stapley et al.,
2015; Neel et al., 2021). How the thermal ecology of squamate
reptiles can mediate fitness, such as immune function and heat
tolerance, is less well known (but see Megia-Palma et al., 2020).

Of particular relevance to rapid environmental change, studies
have documented trade-offs between parasitic infection and heat
tolerance (reviewed in Hector et al., 2021, 2023). Other studies have
investigated relationships between parasitic infection and immune
function in thermoregulating squamates (Spence et al., 2017,
Neuman-Lee et al., 2019). However, both immune function and heat
tolerance are important to the survival and persistence of species
during rapid environmental change (Calosi et al., 2008; Somero,
2010; Huey et al., 2012; Dittmar et al., 2014), and while there has
been some work done on the relationships between heat stress and
immune function in amphibians (reviewed in Rollins-Smith and Le
Sage, 2023), little is known about how parasites affect immune
performance and heat tolerance in tropical, terrestrial ectotherms
that conform to changing thermal environments. This is an
important knowledge gap, as tropical forest reptiles are considered

especially vulnerable to climate change (Huey et al., 2009; Neel
et al.,, 2021; Rosso et al., 2024), and they are known to harbor
diverse parasite communities (Goldberg et al., 2006; Bursey et al.,
2012; Dantas-Torres et al., 2022).

The Panamanian slender anole (4nolis apletophallus) is a tropical
thermoconforming lizard living in the lowland forests of central and
eastern Panama. This species is vulnerable to climate change and
has been experiencing climate-related declines since at least the
1980s (Stapley et al.,, 2015). Slender anoles also host rich
communities of ectoparasites and endoparasites (Bursey et al.,
2012; Cox et al., 2020a), making them an ideal system to test how
parasitism interacts with heat tolerance and immune function. In this
study, we measured the heat tolerance of slender anoles across
multiple years, and we dissected a sample of slender anoles to assess
parasite prevalence and infection intensity. After analyzing which
parasite groups were most prevalent, we treated a separate set of
lizards with antiparasitic drugs targeting these parasites. We utilized
two antiparasitic drugs in this experiment: ivermectin and
praziquantel. Both of these drugs have been used for the
successful treatment of parasites in squamates (Mehlhorn et al.,
2005; Wittman et al., 2022). Ivermectin is formulated to treat
nematodes and mites by targeting their nervous system, inhibiting
parasite movement, reproduction and feeding (Laing et al., 2017).
Praziquantel is formulated for the treatment of cestodes and
trematodes, and while the mechanism of action for this drug is
still relatively unknown, it can cause parasite paralysis and
breakdown of the parasite tegument (Aragon et al., 2009). We
measured each lizard’s heat tolerance before and after treatment
with these drugs and compared these values with those of control
lizards receiving a placebo treatment. Heat tolerance was measured
using voluntary thermal maximum assays. This assay has been used
across many species of amphibians and reptiles as a way to measure
the body temperature at which an animal seeks refuge from
potentially stressful temperatures (Cowles and Bogert, 1944;
Brattstrom, 1963; Heatwole, 1970; Camacho et al., 2018; Plasman
et al., 2025). This assay is ecologically relevant, as the escape
behaviors observed in this assay prevent the animal from
experiencing temperatures in the wild which could cause
irreversible damage to the animal, loss of whole-body function
and/or death (Licht, 1964; Camacho and Rusch, 2017). Finally, we
used a series of assays targeting the innate immune response to
measure immune function after treatment compared with controls.
We asked: (1) what is the prevalence, intensity and abundance of
nematodes, cestodes, trematodes and mites in the slender anole?; (2)
how does the presence and abundance of parasites affect immune
function?; and (3) how does parasite presence and abundance
impact thermal tolerance? Because of the energetic cost of
maintaining immune function and thermal tolerance, we predicted
that immune function and heat tolerance would increase in lizards
with reduced parasite loads.

MATERIALS AND METHODS

Field methods

Fieldwork for this project took place in Soberania National Park in
Gamboa, Panama, between May and August, which is the peak
reproductive season for this species (Andrews, 1979), in 2022, 2023
and 2024. We hand-captured reproductively active adult male
slender anoles, Anolis apletophallus Kohler and Sunyer 2008, with
snout to vent length (SVL) greater than 38 mm (n=275; Sexton
et al.,, 1963) along a major trail (Pipeline Road) and transported
them to the Gamboa Laboratory facility at the Smithsonian Tropical
Research Institute. Lizards were weighed to the nearest 0.01 g, and
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SVL was measured to the nearest 0.01 mm using digital calipers.
The lizards captured were used for either non-experimental or
experimental components of this study (Fig. 1). Experimental
individuals were those used only in the antiparasitic experiment
(n=40; Fig. 1A). Non-experimental individuals were those used for
only baseline measurements of parasitism, baseline measurements
of heat tolerance, the validation of the bacterial killing assay and/or
the validation of the skin swelling assay (n=235; Fig. 1B).

All research was conducted under scientific collection permit
ARG-098-2023 from the Ministerio de Ambiente in Panama and
Animal Care and Use Protocol SI-23021-3 from the Smithsonian
Tropical Research Institute.

Baseline measurements of parasitism and heat tolerance
Parasite collection methods

For any non-experimental lizards used in the baseline measurements
of parasite diversity and heat tolerance, we performed visual
inspections of the cloaca, inguinal, axial and dewlap regions of the
body and counted any ectoparasites (ticks and trombiculid mites). A
subset of the lizards collected in the field (see ‘Field methods’,
above) were euthanized by decapitation and immediately pithed
prior to dissection (n=71). Then, we removed the lungs, liver, and
upper and lower gastrointestinal tracts (separated by the duodenum)
and placed these organs in a Petri dish, moistening them lightly with
0.9% saline solution to prevent desiccation. We carefully opened
each organ individually under a dissection microscope, using
forceps to avoid damaging any parasites. We searched for
nematodes, cestodes and digenean trematodes in the lungs, liver,
upper gastrointestinal tract, lower gastrointestinal tract and
subcutaneous tissue (Fig. 2). Upon finding a parasite, we removed
it using forceps and placed it in a Petri dish containing 0.9% saline
solution. We classified parasites as nematodes, cestodes or
trematodes based on morphology (Roberts et al., 2009). Parasites
were counted and sorted based on their classification and location
inside the lizard’s body, and after each dissection were heat-killed
using boiling water and transferred into tubes of 80% ethanol using
Pasteur pipettes. Only parasites that were of an adult life stage and
visible under a dissection microscope were recorded in this study.
Slender anoles are heavily parasitized by helminths, which often
take up a large proportion of their organs. Although high-intensity
helminth infections do not always decrease organismal fitness
(Mayer et al., 2015), they can still cause disease including but not
limited to gastrointestinal obstruction, depleted resources,
damaging inflammatory responses and secondary exposure to
bacterial infections (Mayer et al., 2015; Hallinger et al., 2018,
2019). Additionally, the number of helminths is more likely to stay
consistent in each lizard, as they typically do not replicate within
their host as microparasites often do (Fenton, 2008).

Voluntary thermal maximum assay

We measured the voluntary thermal maximum (VT,,,,) of 154 non-
experimental lizards 24 h after capture. This measure of heat
tolerance estimates the upper behavioral set point (body
temperature) at which an animal will seek refuge from warm
temperatures (Weese, 1917; Camacho and Rusch, 2017; Cox et al.,
2020b; Logan et al., 2021). Each lizard was kept in a transparent
plastic container at room temperature (~23°C) for at least 12 h prior
to the assay. Then, we placed the container with the lizard inside a
glass-fronted incubator set to 50°C and observed the lizard for any
signs of escape behavior as they heated up. These lizards typically
remain in one place and abruptly display escape behavior when they
reach a particular temperature (Ruibal, 1961; Ballinger et al., 1970;

Logan et al., 2021; Neel et al., 2021). Escape behavior can take
many forms, but in this species, it is often identified by sudden and
sustained (greater than 2 s), urgent and repetitive digging behavior,
running and/or scratching the bottom of the container (Ruibal, 1961;
Ballinger et al., 1970; Camacho and Rusch, 2017). Once clear
escape behavior was observed, the lizard was removed and its
body temperature was measured immediately using a type-K
thermocouple inserted into the cloaca (Omega Engineering,
HH806AU, Michigan City, IN, USA).

Statistical analyses for parasite and VT, data

We calculated parasite abundance, infection intensity and infection
prevalence of the mites, nematodes, cestodes and/or trematodes
found in the non-experimental individuals. Parasite abundance was
calculated simply as the total number of mites, nematodes, cestodes
or trematodes infecting an individual, including lizards that were
uninfected by one or more of these groups. Parasite infection
intensity was calculated as the average number of mites, nematodes,
cestodes or trematodes per infected individual. Prevalence was
calculated as the percentage of individuals infected with mites,
nematodes, cestodes or trematodes (indicated by a 0 for uninfected
individuals and a 1 for infected individuals). We also tested for a
relationship between VT, and ectoparasite abundance in the
slender anole using a generalized linear model (GLM) with
ectoparasite abundance as the response variable and VT, as the
predictor variable, specifying a Poisson distribution. All analyses
were performed using R version 4.3.1.

Immune assay validations

Bacterial killing assay validation

The first immune function assay we performed was a bacterial
killing assay. Specifically, this assay elicits an immune response
which can involve complement activity, phagocytosis, and the
production of natural antibodies and/or antimicrobial peptides
(Demas et al., 2011; Field et al.,, 2022). Prior to running our
experimental assays, we performed a validation experiment to
identify the blood plasma dilution that yielded the optimal amount
of bacterial killing for slender anoles. Ten of the non-experimental
male slender anoles captured had blood drawn from the post-orbital
sinus within 3 min of capture using a capillary tube. These lizards
were marked with a visible implant elastomer (VIE) in the field to
avoid recapture and then they were released. We pooled the blood
from all lizards because of the small volume we were able to collect
from each individual and placed it on ice. Upon return to the lab, we
centrifuged the whole blood to separate plasma and red blood cells,
and froze the plasma at —80°C prior to performing the assays. All
assay procedures were adapted from French and Neuman-Lee
(2012). We thawed the plasma prior to use and plated 18 ul in
triplicate down the first column of a 96-well plate. We then added
18 ul of phosphate-buffered saline (PBS) to all wells in the plate
from columns 1 to 9. We serially diluted each plasma sample across
the plate for plasma dilutions ranging from 1:1 to 1:256. After the
serial dilution, each well received 6 ul of Escherichia coli
(Microbiologics ATCC 8739, St Cloud, MN, USA) bacteria
solution (10° CFU ml~"). Positive and negative controls were also
plated in triplicate. Positive controls contained 18 pl of PBS and 6 pl
of E. coli while negative controls contained 24 ul of PBS only. The
validation plate was incubated for 30 min at 37°C to allow the
plasma to interact with the bacteria. After this 30 min period, we
added 125 pl of sterile tryptic soy broth (TSB) to each well and
vortexed the plates. Then, we read the absorbance of each well at
340 nm using a Multiskan™ FC Microplate Photometer (Thermo
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Fig. 1. Protocols for slender anoles,
Anolis apletophallus. Timeline of
procedures for experimental individuals
(A), and the breakdown of procedures
done and sample sizes for non-
experimental individuals (B). PHA,
phytohemagglutinin; BKA, bacterial
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Fisher Scientific, Waltham, MA, USA) and placed the plate in an
incubator set to 37°C for 12h. After 12h, we re-read the
absorbances and calculated the percentage of bacterial killing that
occurred at each dilution by subtracting the average absorbance of
each dilution triplicate from the average absorbance of the positive
controls and dividing that value by the average absorbance of the
positive controls. The plasma dilution yielding ~50% bacterial
killing was used in subsequent assays as the optimal plasma dilution
for this species (French and Neuman-Lee, 2012).

Phytohemagglutinin skin swelling assay validation

We also performed phytohemagglutinin (PHA) skin swelling assays
to test immune function. This assay elicits an immune response
which can produce a variety of non-specific leukocytes, such as
heterophils, basophils and eosinophils, as well as natural antibodies
(Tylan and Langkilde, 2017; Field etal., 2022). To validate the PHA
assay and find the time of peak swelling response for slender anoles,
we took an initial measurement of the thickness of the hindfeet of 10
non-experimental lizards to the nearest 0.01 mm using digital
calipers. We then used an insulin syringe to inject 10 ul of PHA

solution (0.1 mg PHA in 0.01 ml of PBS; PHA-P L8754, Sigma-
Aldrich, St Louis, MO, USA) into the pad of the left hindfoot and
10 pl of PBS into the right hindfoot as a control. Each measurement
was repeated three times and the average of these measurements was
analyzed. We then measured the thickness of each hindfoot every
8 h until swelling subsided. Our results revealed that maximal
swelling was reached 24-30 h after PHA injection and then began to
subside (Fig. 3A; see Results).

Antiparasitic experiment

Experimental design

A subset of the male slender anoles that we caught from Soberania
National Park (see ‘Field methods’, above) was selected for an
antiparasitic experiment (experimental lizards). We randomly
assigned 40 lizards to one of four treatment groups: (1) ivermectin
treatment, (2) praziquantel treatment, (3) treatment with both
ivermectin and praziquantel, and (4) control (placebo treatment).
We examined each lizard for ectoparasites as described above (see
‘Parasite collection methods’) and measured each lizard’s heat
tolerance (see ‘Voluntary thermal maximum assay’). Then, we
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Fig. 2. Baseline parasite counts. Average prevalence
(percentage of individuals infected; A) and intensity (number of
(59/71) parasites per infected individual; B) of trematodes, cestodes,
nematodes and mites in wild male slender anoles. The number
of infected individuals is shown in parentheses in A. Individual
data points and meansts.e.m. are shown in B.
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us to control for any effects of handling stress and effects of the drug
vehicles. Lizards in the treatment groups receiving praziquantel
were dosed a second time 12 days after the first treatment. We
also re-checked the lizards receiving praziquantel for ectoparasites
during this time. After treatment, we randomly assigned lizards
to one of two temperature-controlled greenhouses (26°C),
within which lizards were housed individually in 9x9x18 inch
(~23%23x46 cm) mesh cages with autoclaved leaf litter and a perch.
We sprayed each cage with tap water two times daily to maintain
humidity (mean 65%) and fed each lizard five captive-bred crickets
every 3 days over a 3 week period. After lizards were removed from
the greenhouses at the end of the 3 week period, we re-measured
heat tolerance (immediately after taking final PHA measurements;
see ‘Experimental phytohemagglutinin skin swelling assays’,
below), re-examined each individual for ectoparasites, and
dissected each individual for helminth parasites (see ‘Parasite
collection methods’, above).

Experimental bacterial killing assays

For the experimental bacterial killing assays, we drew blood from
each lizard’s post-orbital sinus using a heparinized capillary tube a
few days prior to removing them from the greenhouses. We then
centrifuged the whole blood and stored the plasma with the same
procedure as in the validation assay. Before the assay, 1 ul of thawed
plasma was diluted with 64 ul of PBS (1:64 dilution), as this was the
plasma dilution which yielded the optimal amount of bacterial
killing for this species (see ‘Bacterial killing assay validation’,
above). We added 2 pl of diluted plasma, 16 pl of PBS and 6 pl of E.
coli bacterial solution to each well of a 96-well plate. Additionally,
we plated negative and positive controls as in the validation and all
assays were run in triplicate. We vortexed each plate thoroughly and
then incubated them at 27°C (the preferred temperature and optimal
sprint performance temperature for this species; Neel et al., 2021)
for 30 min to allow the plasma to react with the E. coli. After this
30 min period, we proceeded with the next steps of the assays and
calculations using the same methods as above in the validation
assays.

Experimental phytohemagglutinin skin swelling assays

Each lizard in the antiparasitic experiment received PHA and PBS
injections according to the protocol used for the validation
experiment (see ‘Phytohemagglutinin skin swelling assay
validation’, above). We performed the injections on 20 randomly
selected lizards 2 days post-blood draw and performed injections on
the remaining lizards the following day. We measured the thickness
of both hindfeet of all individuals before the injections and 24 h
after the injections as swelling appeared to level off around the 24 h
mark. Then, we calculated the percentage of swelling that occurred.

Statistical analyses for antiparasitic experiment

For the lizards used in the antiparasitic experiment, we used
ANOVA to test for any differences in SVL across treatment group.
SVL was not significantly different across treatment (/5 36=1.003,
P=0.403; n=10 for each treatment group), and therefore we did not
include this variable in any of our models. To test the efficacy of the
antiparasitic treatments, we used GLMs because of the non-
normality and skewedness of parasite intensity and the binary nature
of parasite prevalence. For prevalence, we used a GLM specifying a
binomial distribution, with cestode or nematode prevalence as the
response variable and antiparasitic treatment group as the predictor.
For intensity, we used a GLM specifying a Poisson distribution,
with cestode or nematode intensity as the response variable and

antiparasitic treatment group as the predictor variable. To test
whether ectoparasite abundance could predict endoparasite
abundance (total number of endoparasites infecting an individual,
including uninfected individuals), we used a GLM specifying a
Poisson distribution with endoparasite abundance as the response
variable and ectoparasite abundance as the predictor variable.

Separate ANOVA were used to test for differences in initial (pre-
treatment) and final (post-treatment) VT,,,, among the treatments
and followed up with Neuman—Keuls post hoc tests where the
ANOVA results were significant. We used a GLM specifying a
Poisson distribution with endoparasite abundance as the response
variable and VT,,,, as the predictor variable to test for a relationship
between endoparasite abundance and VT .

We log transformed the bacterial killing data and used both
ANOVA and a non-parametric Kruskal-Wallis test for analysis. We
also recorded these values as a binomial variable, with 0
representing no killing and 1 representing any amount of killing
for a given individual. We used a GLM with a binomial distribution
to analyze these data, including the binomial data as the response
variable and antiparasitic treatment group as the predictor variable.
Finally, we used a GLM with a Poisson distribution to look for
relationships between bacteria killing and endoparasite abundance,
with endoparasite abundance as the response variable and the log-
transformed bacteria killing data as the predictor variable.

For the PHA assay, we used a GLM, with final foot thickness as
the response variable, antiparasitic treatment group as the predictor
variable and initial foot thickness as a covariate. We also tested for a
relationship between swelling response and endoparasite abundance
using a GLM with a Poisson distribution, using endoparasite
abundance as the response variable and swelling response as the
predictor variable. All analyses were performed using R version
4.3.1.

RESULTS

Identification and distribution of parasites

We found that male slender anoles were parasitized with a
variety ectoparasites and endoparasites (Fig. 2). A total of 83% had
trombiculid mites (Eutrombicula cf. alfreddugesii, L. Durden personal
communication; n=71), while 50% were infected with nematodes,
34.5% were infected with cestodes and 13.7% were infected with
trematodes (n=58). Only 17.8% of lizards were infected with more than
one type of endoparasite. Mites attached primarily to the dewlap,
followed by the axillary and inguinal regions of the body. Nematodes
mainly infected the lower gastrointestinal tract followed by the liver,
lungs and upper gastrointestinal tract. One individual had subcutaneous
nematodes. Trematodes mainly infected the lower gastrointestinal tract,
followed by the liver. Cestodes were mainly found infecting the lower
gastrointestinal tract, but one individual had cestodes in the upper
gastrointestinal tract and another had a cyst containing a cestode
anchored to the outside of the lower gastrointestinal tract.

Antiparasitic treatment and immune function

Treatment with antiparasitic drugs did not impact immune function
(Fig. 3). Peak swelling of the foot occurred ~24 h after the PHA
injection (Fig. 3A). Immune function as measured by the PHA assay
was not affected by treatment (n=9 per treatment) with ivermectin
(+=0.035, P=0.972), praziquantel (=—0.270, P=0.789) or both
ivermectin and praziquantel (/=0.392, P=0.698; Fig. 3B). Log-
transformed bacterial killing capacity was not affected by treatment
group when tested using ANOVA (F53,=1.078, P=0.372) or
Kruskal-Wallace (H3=3.903, P=0.272). When analyzed using
binomial data, bacterial killing capacity was not affected by
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ivermectin treatment (Z=—0.996, P=0.319), praziquantel treatment
(Z=1.18, P=0.239) or both ivermectin and praziquantel treatment
(Z=0, P=1; Fig. 3C). There was also no relationship between
swelling response and endoparasite abundance (Z=0.553, P=0.643)
or log-transformed bacterial killing and endoparasite abundance
(Z=-0.602, P=0.547).

Parasites and thermal tolerance

We found that parasitic infection reduced upper thermal tolerance in
the field and in the laboratory. In the field, we found a negative
relationship between VT,,, and ectoparasite abundance, with
higher ectoparasite abundance associated with lower VT,
(Z==-2.193, P=0.028; Fig. 5D). We then tested whether
antiparasitic drugs reduced parasites to increase thermal tolerance.

At the start of the antiparasitic experiment, lizards across all
treatment groups had an average of 11 mites, with 100% of
individuals being infected with at least one mite; however, at the end
of the experiment, no lizards in any treatment group (including the
control) were infected with mites. As dissection is necessary for the
quantification of endoparasites, we only quantified endoparasites at
the end of the experiment; however, there was a positive relationship
between the number of ectoparasites infecting individuals at the
beginning of the experiment and endoparasite abundance at the end
of'the experiment, with high ectoparasite abundance associated with
high endoparasite abundance (Z=6.297; P<0.001).

We found that ivermectin treatment reduced the intensity of
nematode infection, but praziquantel-treated individuals had
higher cestode intensity than individuals in the control group
(Fig. 4). Because there was a low prevalence of trematode infection
in this experiment, we were unable to evaluate the efficacy of the
antiparasitic treatments on trematode prevalence or intensity.
Ivermectin-treated lizards had significantly lower nematode
infection intensity compared with the control group (Z=-2.40,
P=0.016; Fig. 4B), but nematode infection prevalence did not differ

(7=0.449, P=0.654; Fig. 4A). Praziquantel-treated lizards had
significantly higher cestode infection intensity compared with the
control group (Z=4.99, P<0.001; Fig. 4D) but cestode prevalence
did not differ (Z=-0.196, P=0.845; Fig. 4C). While lizards
receiving both ivermectin and praziquantel had marginally lower
nematode infection intensity than control lizards (Z=—1.93,
P=0.054; Fig. 4B), nematode prevalence (Z=0, P=1; Fig. 4A) and
cestode prevalence (Z=-0.888, P=0.374; Fig. 4C) were not
significantly different compared with the control group. Cestode
infection intensity was lower in the control group compared with
lizards receiving both ivermectin and praziquantel (Z=6.04,
P<0.001; Fig. 4D).

We observed increased heat tolerance in all lizards receiving
antiparasitic drugs when compared with the control group (Fig. 5).
Initial VT, did not differ across treatment groups (F333=0.27,
P=0.846; n=10 for all treatments). However, after 3 weeks of
antiparasitic treatment, final VT, was significantly higher than
initial VT, for all treatment groups (F533=3.54, P=0.025; n=9
except ivermectin+praziquantel where n=10; Fig. 5A). Post hoc
testing showed final VT, in the control group was significantly
lower compared with that of the treatment groups receiving
antiparasitics (control-ivermectin P=0.0152, control-praziquantel
P=0.0301, control-ivermectin+praziquantel P=0.0433; Fig. 5B).
We also found a negative relationship between endoparasite
abundance and final VT, for the experimental lizards, with
high endoparasite abundance associated with lower final VT,
(Z=-2.333, P=0.0196; Fig. 5C).

DISCUSSION

We found experimental evidence that reduction of nematode parasites
was associated with increased heat tolerance in the Panamanian
slender anole. When measured across individuals caught in the field
over several years, those with more ectoparasites had lower heat
tolerance. Moreover, despite having no discernible effect on immune

Fig. 4. Parasite prevalence and intensity across antiparasitic
treatment groups. Average nematode infection prevalence (A) and
intensity (B) between treatment groups. Average cestode infection
prevalence (C) and intensity (D) between treatment groups. The
number of infected individuals is shown in parentheses in A and

C. Individual data points and meansts.e.m. are shown in B and D.
Asterisks denote significant differences between a treatment and the
control group.
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function, we observed increased heat tolerance after experimental
reduction of both ectoparasite and endoparasite load in the laboratory.
Although we did not achieve complete parasite removal in our
experiment, these results demonstrate that parasite load, particularly
nematode and ectoparasite infections, might trade off with heat
tolerance in the slender anole, though the mechanism of this
relationship remains unknown. Previous field studies also found that
parasite reduction, rather than parasite removal, had positive impacts
on fitness metrics such as thermoregulatory behavior (Egernia
stokesii: Fenner and Bull, 2008) and reproduction (Anolis sagrei:
Wittman et al., 2022). Our results are generally consistent with
previous studies on sunfish (Lepomis spp.; Lutterschmidt et al., 2007),
frogs (Litoria spenceri; Greenspan et al., 2017) and brown trout
(Salmo trutta; Bruneaux et al., 2017) that have shown decreased heat
tolerance resulting from increased parasite loads. Additionally, lizards
infected with hemoparasites (Uta stansburiana; Paranjpe et al., 2014)
and lizards infected with ticks (Sceloporus occidentalis; Megia-Palma
et al, 2020) had lower preferred temperatures than uninfected
individuals or those co-infected with another parasite, respectively.
However, one study showed increased survival of heavily parasitized
mussels during heat stress (Selbach et al., 2020), suggesting that
relationships between heat tolerance and parasites across taxa can be
complex. Nevertheless, our findings have implications for how
parasitism might affect the physiology of tropical thermoconformers
during rapid environmental change.

Slender anoles hosted a variety endoparasites including
nematodes, cestodes and trematodes. Preliminary morphological
and molecular characters allowed us to tentatively identify the
most abundant parasites, although further research is necessary as
we focused on macroparasites for this study and did not
assess hemoparasites or microscopic life stages of these
parasites. Nematodes were found infecting multiple organs and
were identified as likely Oswaldofilaria sp., Strongyluris sp. and

Turgida sp. (L.B., unpublished data). Cestodes were found mainly
in the lower gastrointestinal tract and were identified as belonging to
Order Cyclophyllidea (L.B., unpublished data). Finally, we were
able to identify a species of trematode as likely Mesocoelium sp.
infecting the slender anole lower gastrointestinal tract (L.B.,
unpublished data), although no trematodes were found in the
individuals receiving antiparasitics. Goldberg et al. (2010)
suggested that the helminth parasites of anoles are generalists,
with very little host specificity. Nonetheless, host ecology and life
history are known to influence parasite diversity and prevalence
(reviewed in Poulin and Morand, 2000; Cooper et al., 2012;
Eckhardt et al., 2019; Gutiérrez et al., 2019). As such, the short life
span and dietary and habitat preferences of the slender anole likely
influence the patterns of prevalence and infection intensity that we
observed in our study population. While the complete life cycles of
these parasites are unknown, slender anoles are insectivorous and
perch close to the ground (Sexton et al., 1972). Combined with the
high prevalence of mites in this species, these lizards are likely
exposed to various helminth parasites through contact with infected
soil and insects (Leung and Koprivnikar, 2019; Oda et al., 2020;
Alves et al, 2021). Additionally, Johnson et al. (2012)
demonstrated that frogs with short life spans (‘fast-lived’ species)
had higher parasite loads than frogs with longer life spans (‘slow-
lived’ species), possibly due to differences in their investment in
immune function.

Parasites interact in complex ways with host immune systems, with
studies reporting varying relationships between parasite load and
immune function depending on the type of parasite and immune
function assays used. For example, when infected with both
hemoparasites and ectoparasites, Uta stansburiana displays greater
bacterial killing ability than when infected with only one of these
parasites; however, infection with just one of these parasites did not
affect any other measure of immune function (Spence et al., 2017). In
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another lizard species, ectoparasite load showed a negative
relationship to bacterial killing ability, but hemoparasite load had
varying effects on immune function depending on body condition
(Podarcis lilfordi; Garrido and Perez-Mellado, 2015). Finally, Damas-
Moreira et al. (2022) found that swelling response was not associated
with hemoparasite infection in two lizard species (Podarcis vaucheri
and Scelarcis perspicillata). Even so, we expected to observe a
difference in immune response in lizards treated with antiparasitic
drugs compared with the control group in our study. The assays used
herein can be used to evaluate some components of the immune
system which respond to parasitic infection such as natural antibodies
and the complement system (Demas et al., 2011; Tylan and Langkilde,
2017; Field et al., 2022). Contrary to our predictions, we found that
immune function as measured by bacterial killing and skin swelling
assays was not affected by endoparasite abundance. These assays only
assess functional immune responses and thus we are unable to assess
potential mechanistic effects of parasites on the immune response.
Other factors such as food quality and availability, which are often
different in captivity compared with the wild, can affect immune
response to parasites (Kolluru et al., 2006). Captive stress can also play
arole in immunosuppression (de Assis et al., 2015; Titon et al., 2018);
however, Claunch et al. (2022) found no effect of captive stress on the
functional immunity of pythons (Python bivittatus). While it is
possible that captivity affected immune response in our study, all
individuals were kept in captivity for the same amount of time and
were fed the same diet. Additionally, age can have varying effects on
immune response and parasite load in long-lived reptiles (Liasis
fuscus: Ujvari and Madsen, 2005; Ujvari and Madsen, 2011;
Trachemys scripta: Stromsland and Zimmerman, 2017); however,
investment in immune function is often lower for short-lived
organisms (Martin et al., 2006; Miller et al., 2007; Lee et al., 2008).
Given the short lifespan (typically <1 year) of the slender anole
(Sexton et al., 1963; Andrews and Rand, 1974; Andrews and Nichols,
1990), this species might simply tolerate parasitic infections to reserve
energy for other important physiological functions such as
reproduction (Lee et al., 2023). We did, however, observe a
relationship between parasite abundance and another metric of
physiological function, heat tolerance.

We uncovered a negative relationship between heat tolerance and
parasite abundance experimentally and in the field. Higher
ectoparasite abundance was associated with lower heat tolerance in
the field, and greater heat tolerance was associated with experimental
reduction of endoparasites and ectoparasites. These results are
consistent with our initial predictions. It is possible that the increase
in heat tolerance we observed in our experimental lizards was caused
by the antiparasitic drugs themselves; however, a previous study
showed that ivermectin has no effect on thermal tolerance of dung
beetles (Euoniticellus intermedius; Gonzalez-Tokman et al., 2021).
While song sparrows (Melospiza melodia) exhibited fever after
praziquantel treatment, their behavior was not affected by treatment
(Vaziri et al.,, 2021). Though Fenner and Bull (2008) did find
increased thermoregulatory behavior in skinks treated with ivermectin,
slender anoles have a limited ability to behaviorally thermoregulate
(Ballinger et al., 1970; Neel et al., 2021), and we found a consistent
increase in heat tolerance across all of our drug treatments. Thus, it is
likely that the observed increase in thermal tolerance in our
praziquantel treatment group was not the result of treatment with the
drug. Additionally, captivity can increase heat tolerance (Rosso et al.,
2024); however, the slight increase in VT, observed in our control
lizards was not significant, and the lizards receiving antiparasitic
treatments had a much more pronounced increase in VT, over the
course of the experiment.

Despite observing no change in cestode infection prevalence and a
paradoxical increase in cestode infection intensity, praziquantel-
treated individuals showed the same increase in heat tolerance
observed in the ivermectin-treated individuals. Praziquantel is
formulated to treat both cestodes and trematodes (Mehlhom et al.,
2005). However, trematode prevalence in this species is low (Fig. 2A),
and as such we were unable to measure the effects of praziquantel on
trematode infections. Similarly, a previous study showed an initial
decrease followed by an increase in the number of cestodes after
13 days of praziquantel treatment in mice (Hrckova and Velebny,
1997). The counterintuitive increase in cestode infection intensity we
observed could have resulted from praziquantel having minimal effect
on the specific cestode taxa present in the slender anole (Hrckova
et al., 1998). Praziquantel can be effective in treating some
hemoparasites and larval forms of some helminths (Shirakashi et al.,
2012). It is possible that the observed increase in thermal tolerance in
our praziquantel treatment groups was caused by a reduction in
hemoparasites or larval helminths that we did not detect in gross
dissections but that impacted slender anole performance more than the
observed cestodes (Budischak et al., 2018). This may have reduced
competition between the cestodes present and other parasite species or
life stages, resulting in increased cestode infection intensity (Pedersen
and Antonovics, 2013).

Lizards in all treatment groups (including the control group)
rapidly lost their ectoparasites in captivity. While we expected
ectoparasite loss in the treatment groups receiving ivermectin,
which is formulated to target ectoparasites and nematodes (Nevarez,
2009), we did not expect all groups to lose their ectoparasites. It is
possible that some of these ectoparasites detached before entering
the greenhouses, but we did observe individuals with ectoparasites
attached while re-treating the animals receiving praziquantel. A
previous study (Cox et al., 2020a) showed that these lizards lose
their mites after transplantation to small islands in the Panama Canal
where they are the only species of anole present; however, when
translocated to islands with a native congener, slender anoles
continue to harbor mites. The parasitic larval stage of trombiculid
mites only lasts a few days, where the mite feeds on a single host
until they are satiated and subsequently fall off the host to be free-
living nymphs (protonymphs, deuteronymphs and tritonymphs)
and adults (Michener, 1946; Shatrov and Kudryashova, 2006). As
such, removing the host from an environment rich in the parasitic
larval life stage might eliminate the possibility of re-infection.

While immune function remained unaffected by parasite
reduction, the increase in heat tolerance in anoles treated with
antiparasitic drugs shows the potential for parasitic infection to affect
species survival as temperatures increase as a result of climate
change. Any change in parasite abundance, infection intensity or
infection prevalence could alter host responses to climate change by
changing their capacity to withstand stressful thermal conditions.
This dynamic is particularly worrisome for tropical species such as
the slender anole, as these species already experience temperatures
close to their critical thermal limits (Deutsch et al., 2008; Huey et al.,
2009). But climate change can also affect the relationships between
hosts and their parasites to more rapidly precipitate host extinction.
For example, hosts and their parasites can have mismatched thermal
performance curves (‘thermal mismatch hypothesis’; Cohen et al.,
2017; Gehman et al., 2018) such that host physiological
performance, including immune function, could decline in warmer
conditions as parasite performance increases (Franke et al., 2019).
This could lead to increased parasite pathogenicity. New infections
from pre-existing or novel diseases might trigger immune defenses,
causing energetic trade-offs with other processes that ultimately
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reduce host fitness. Few studies have investigated the impact of
helminth infections on heat tolerance and immune function in
terrestrial vertebrates and further research is necessary to fully
understand how the health and survival of hosts and their parasites
will be affected by rapid environmental change. Regardless, our
study adds to a growing body of work showing that the interaction
between parasitism and host heat tolerance may be a key determinant
of the responses of these organisms to climate change.

Acknowledgements

We thank Raineldo Urriola, Isis Ochoa and Rivieth De Liones for facilitating research
in the Gamboa Laboratory. We also thank Stephen Greiman and Rokeya Ahmed for
assistance in preliminary identification of parasites. We thank the Smithsonian
Tropical Research Institute, Florida International University, and Georgia Southern
University for the use of their facilities.

Competing interests
The authors declare no competing or financial interests.

Author contributions

Conceptualization: L.B., W.O.M., M.L.L., C.L.C.; Data curation: L.B.; Formal
analysis: L.B., C.L.C.; Funding acquisition: W.O.M., M.L.L., C.L.C.; Investigation:
L.B.,CA.,KAA,SSF,JK,YFL-T,NEP.-C.,AV., CEW,KLW,;
Methodology: L.B., C.E.W.,K.L.W., M.L.L., C.L.C.; Project administration: L.B., C.A.,
K.AAA., SSF,JK,YFL-T,NE.P.-C, AV, CEW.,KLW. Resources: W.O.M.,
M.L.L.; Validation: L.B.; Visualization: L.B.; Writing — original draft: L.B.; Writing —
review & editing: C.A.,, K.A.A,, S.S.F.,J.K,,Y.FL-T,N.E.P.-C,AV.,C.EW, KLW.,
W.O.M.,, M.L.L, C.L.C.

Funding

This research was funded by the Tinker Field Research Grant from the Kimberly
Green Latin American and Caribbean Center at Florida International University to
L.B. and the National Science Foundation (award numbers DEB-2024157 to M.L.L.,
DEB-2024179 to C.L.C. and DEB-2024109 to W.O.M.). Additional funding was
provided by Florida International University, the University of Nevada, Reno, and the
Smithsonian Tropical Research Institute.

Data and resource availability

Data and R code are available from figshare: https:/doi.org/10.6084/m9.figshare.
28644314.v1. Other relevant data and details of resources can be found within the
article.

References

Ainsworth, A. J., Dexiang, C., Waterstrat, P. R. and Greenway, T. (1991). Effect of
temperature on the immune system of channel catfish (/ctalurus punctatus)-I.
Leucocyte distribution and phagocyte function in the anterior kidney at 10 degrees
c. Comp. Biochem. Physiol. A Comp. Physiol. 100, 907-912. doi:10.1016/0300-
9629(91)90313-2

Alves, P., Gomides, S. and Pereira, F. (2021). Co-occurrence of Eutrombicula
alfreddugesi and Oswaldofilaria chabaudi in Tropidurus torquatus and first report
of microfilariae in the chigger mite: possible evidence of a lifecycle pathway?
J. Helminthol. 95, e25. doi:10.1017/S0022149X21000158

Amo, L., Lopez, P. and Marti, J. (2006). Nature-based tourism as a form of
predation risk affects body condition and health state of Podarcis muralis lizards.
Biol. Conserv. 131, 402-409. doi:10.1016/j.biocon.2006.02.015

Andrews, R. M. (1979). Reproductive effort of female Anolis limifrons (Sauria:
Iguanidae). Copeia 1979, 620-626. doi:10.2307/1443868

Andrews, R. M. and Nichols, J. D. (1990). Temporal and spatial variation in survival
rates of the tropical lizard anolis limifrons. Oikos 57, 215-221. doi:10.2307/
3565942

Andrews, R. M. and Rand, A. S. (1974). Reproductive effort in anoline lizards.
Ecology 55, 1317-1327. doi:10.2307/1935459

Angilletta, M. J., Niewiarowski, P. H. and Navas, C. A. (2002). The evolution of
thermal physiology in ectotherms. J. Therm. Biol. 27, 249-268. doi:10.1016/
S0306-4565(01)00094-8

Aragon, A. D., Imani, R. A., Blackburn, V. R., Cupit, P. M., Melman, S. D.,
Goronga, T., Webb, T., Loker, E. S. and Cunningham, C. (2009). Towards an
understanding of the mechanism of action of praziquantel. Mol. Biochem.
Parasitol. 164, 57-65. doi:10.1016/j.molbiopara.2008.11.007

Bakewell, L., Kelehear, C. and Graham, S. P. (2021). Impacts of temperature on
immune performance in a desert anuran (anaxyrus punctatus). J. Zool. 315,
49-57. doi:10.1111/jz0.12891

Ballinger, R. E., Marion, K. R. and Sexton, O. J. (1970). Thermal ecology of the
lizard, Anolis limifrons with comparative notes on three additional Panamanian
anoles. Ecology 51, 246-254. doi:10.2307/1933660

Brattstrom, B. H. (1963). A preliminary review of the thermal requirements of
amphibians. Ecology 44, 238-255. doi:10.2307/1932171

Brooks, D. R. and Hoberg, E. P. (2007). How will global climate change affect
parasite-host assemblages? Trends Parasitol. 23, 571-574. doi:10.1016/j.pt.
2007.08.016

Bruneaux, M., Visse, M., Gross, R., Pukk, L., Saks, L. and Vasemagi, A. (2017).
Parasite infection and decreased thermal tolerance: impact of proliferative kidney
disease on a wild salmonid fish in the context of climate change. Funct. Ecol. 31,
216-226. doi:10.1111/1365-2435.12701

Budischak, S. A., O’Neal, D., Jolles, A. E. and Ezenwa, V. O. (2018). Differential
host responses to parasitism shape divergent fitness costs of infection. Funct.
Ecol. 32, 324-333. doi:10.1111/1365-2435.12951

Bursey, C. R., Goldberg, S. R., Telford, S. R. and Vitt, L. J. (2012). Metazoan
endoparasites of 13 species of central American anoles (Sauria: Polychrotidae:
Anolis) with a review of the helminth communities of Caribbean, Mexican, North
American, and South American anoles. Comp. Parasitol. 79, 75-132. doi:10.1654/
4530.1

Calosi, P., Bilton, D. T. and Spicer, J. I. (2008). Thermal tolerance, acclimatory
capacity and vulnerability to global climate change. Biol. Lett. 4, 99-102. doi:10.
1098/rsbl.2007.0408

Camacho, A. and Rusch, T. W. (2017). Methods and pitfalls of measuring thermal
preference and tolerance in lizards. J. Therm. Biol. 68, 63-72. doi:10.1016/j.
jtherbio.2017.03.010

Camacho, A., Rusch, T., Ray, G., Telemeco, R. S., Rodrigues, M. T. and
Angilletta, M. J. (2018). Measuring behavioral thermal tolerance to address hot
topics in ecology, evolution, and conservation. J. Therm. Biol. 73, 71-79. doi:10.
1016/j.jtherbio.2018.01.009

Carlson, C. J., Burgio, K. R., Dougherty, E. R., Phillips, A. J., Bueno, V. M.,
Clements, C. F., Castaldo, G., Dallas, T. A., Cizauskas, C. A., Cumming, G. S.
et al. (2017). Parasite biodiversity faces extinction and redistribution in a changing
climate. Sci. Adv. 3, e1602422. doi:10.1126/sciadv.1602422

Claunch, N. M., Bartoszek, I. A,, Tillis, S., Stacy, N. I., Ossiboff, R. J., Oakey, S.,
Schoenle, L. A, Wellehan, J. F. and Romagosa, C. M. (2022). Physiological
effects of capture and short-term captivity in an invasive snake species, the
Burmese python (Python bivittatus) in Florida. Comp. Biochem. Physiol. A Mol.
Integr. Physiol. 267, 111162. doi:10.1016/j.cbpa.2022.111162

Cohen, J. M., Venesky, M. D., Sauer, E. L., Civitello, D. J., McMahon, T. A,,
Roznik, E. A. and Rohr, J. R. (2017). The thermal mismatch hypothesis explains
host susceptibility to an emerging infectious disease. Ecol. Lett. 20, 184-193.
doi:10.1111/ele. 12720

Combrink, L. L., Bronikowski, A. M., Miller, D. A. W. and Sparkman, A. M. (2021).
Current and time-lagged effects of climate on innate immunity in two sympatric
snake species. Ecol. Evol. 11, 3239-3250. doi:10.1002/ece3.7273

Cooper, N., Kamilar, J. M. and Nunn, C. L. (2012). Host longevity and parasite
species richness in mammals. PLoS ONE 7, e42190. doi:10.1371/journal.pone.
0042190

Cowles, R. B. and Bogert, C. M. (1944). A preliminary study of the thermal
requirements of desert reptiles. Bull. Amnh 83, article 5.

Cox, C. L., Alexander, S., Casement, B., Chung, A. K., Curlis, J. D., Degon, Z.,
Dubois, M., Falvey, C., Graham, Z. A,, Folfas, E. et al. (2020a). Ectoparasite
extinction in simplified lizard assemblages during experimental island invasion.
Biol. Lett. 16, 20200474. doi:10.1098/rsbl.2020.0474

Cox, C. L., Tribble, H. O., Richardson, S., Chung, A. K., Curlis, J. D. and Logan,
M. L. (2020b). Thermal ecology and physiology of an elongate and semi-fossorial
arthropod, the bark centipede. J. Therm. Biol. 94, 102755. doi:10.1016/j.jtherbio.
2020.102755

Damas-Moreira, l., Maia, J. P., Tomé, B., Salvi, D., Perera, A. and Harris, D. J.
(2022). Blood parasites in sympatric lizards: what is their impact on hosts’ immune
system? Amphib-Reptilia 43, 37-49. doi:10.1163/15685381-bja10078

Dantas-Torres, F., Picelli, A. M., Sales, K. G. D. S., Sousa-Paula, L. C. D., Mejia,
P., Kaefer, I. L., Viana, L. A. and Pessoa, F. A. C. (2022). Ticks on reptiles and
amphibians in central Amazonia, with notes on rickettsial infections. Exp. Appl.
Acarol 86, 129-144. doi:10.1007/s10493-021-00682-8

Daszak, P., Berger, L., Cunningham, A. A., Hyatt, A. D., Green, D. E. and Speare,
R. (1999). Emerging infectious diseases and amphibian population declines.
Emerg. Infect. Dis. 5, 735-748. doi:10.3201/eid0506.990601

de Assis, V. R,, Titon, S. C. M., Barsotti, A. M. G., Titon, B., Jrand Gomes, F. R.
(2015). Effects of acute restraint stress, prolonged captivity stress and
transdermal corticosterone application on immunocompetence and plasma
levels of corticosterone on the cururu toad (Rhinella icterica). PLoS ONE 10,
e0121005. doi:10.1371/journal.pone.0121005

de Veer, M. J., Kemp, J. M. and Meeusen, E. N. T. (2007). The innate host defence
against nematode parasites. Parasite Immunol. 29, 1-9. doi:10.1111/j.1365-3024.
2006.00910.x

Demann, F. and Wegner, K. M. (2019). Infection by invasive parasites increases
susceptibility of native hosts to secondary infection via modulation of cellular
immunity. J. Anim. Ecol. 88, 427-438. doi:10.1111/1365-2656.12939

10

)
(@)}
9
je
(2]
©
-+
c
Q
£
—
()
o
x
NN
Y
(©)
‘©
c
—
>
(®)
-_


https://doi.org/10.6084/m9.figshare.28644314.v1
https://doi.org/10.6084/m9.figshare.28644314.v1
https://doi.org/10.6084/m9.figshare.28644314.v1
https://doi.org/10.1016/0300-9629(91)90313-2
https://doi.org/10.1016/0300-9629(91)90313-2
https://doi.org/10.1016/0300-9629(91)90313-2
https://doi.org/10.1016/0300-9629(91)90313-2
https://doi.org/10.1016/0300-9629(91)90313-2
https://doi.org/10.1017/S0022149X21000158
https://doi.org/10.1017/S0022149X21000158
https://doi.org/10.1017/S0022149X21000158
https://doi.org/10.1017/S0022149X21000158
https://doi.org/10.1016/j.biocon.2006.02.015
https://doi.org/10.1016/j.biocon.2006.02.015
https://doi.org/10.1016/j.biocon.2006.02.015
https://doi.org/10.2307/1443868
https://doi.org/10.2307/1443868
https://doi.org/10.2307/3565942
https://doi.org/10.2307/3565942
https://doi.org/10.2307/3565942
https://doi.org/10.2307/1935459
https://doi.org/10.2307/1935459
https://doi.org/10.1016/S0306-4565(01)00094-8
https://doi.org/10.1016/S0306-4565(01)00094-8
https://doi.org/10.1016/S0306-4565(01)00094-8
https://doi.org/10.1016/j.molbiopara.2008.11.007
https://doi.org/10.1016/j.molbiopara.2008.11.007
https://doi.org/10.1016/j.molbiopara.2008.11.007
https://doi.org/10.1016/j.molbiopara.2008.11.007
https://doi.org/10.1111/jzo.12891
https://doi.org/10.1111/jzo.12891
https://doi.org/10.1111/jzo.12891
https://doi.org/10.2307/1933660
https://doi.org/10.2307/1933660
https://doi.org/10.2307/1933660
https://doi.org/10.2307/1932171
https://doi.org/10.2307/1932171
https://doi.org/10.1016/j.pt.2007.08.016
https://doi.org/10.1016/j.pt.2007.08.016
https://doi.org/10.1016/j.pt.2007.08.016
https://doi.org/10.1111/1365-2435.12701
https://doi.org/10.1111/1365-2435.12701
https://doi.org/10.1111/1365-2435.12701
https://doi.org/10.1111/1365-2435.12701
https://doi.org/10.1111/1365-2435.12951
https://doi.org/10.1111/1365-2435.12951
https://doi.org/10.1111/1365-2435.12951
https://doi.org/10.1654/4530.1
https://doi.org/10.1654/4530.1
https://doi.org/10.1654/4530.1
https://doi.org/10.1654/4530.1
https://doi.org/10.1654/4530.1
https://doi.org/10.1098/rsbl.2007.0408
https://doi.org/10.1098/rsbl.2007.0408
https://doi.org/10.1098/rsbl.2007.0408
https://doi.org/10.1016/j.jtherbio.2017.03.010
https://doi.org/10.1016/j.jtherbio.2017.03.010
https://doi.org/10.1016/j.jtherbio.2017.03.010
https://doi.org/10.1016/j.jtherbio.2018.01.009
https://doi.org/10.1016/j.jtherbio.2018.01.009
https://doi.org/10.1016/j.jtherbio.2018.01.009
https://doi.org/10.1016/j.jtherbio.2018.01.009
https://doi.org/10.1126/sciadv.1602422
https://doi.org/10.1126/sciadv.1602422
https://doi.org/10.1126/sciadv.1602422
https://doi.org/10.1126/sciadv.1602422
https://doi.org/10.1016/j.cbpa.2022.111162
https://doi.org/10.1016/j.cbpa.2022.111162
https://doi.org/10.1016/j.cbpa.2022.111162
https://doi.org/10.1016/j.cbpa.2022.111162
https://doi.org/10.1016/j.cbpa.2022.111162
https://doi.org/10.1111/ele.12720
https://doi.org/10.1111/ele.12720
https://doi.org/10.1111/ele.12720
https://doi.org/10.1111/ele.12720
https://doi.org/10.1002/ece3.7273
https://doi.org/10.1002/ece3.7273
https://doi.org/10.1002/ece3.7273
https://doi.org/10.1371/journal.pone.0042190
https://doi.org/10.1371/journal.pone.0042190
https://doi.org/10.1371/journal.pone.0042190
https://doi.org/10.1098/rsbl.2020.0474
https://doi.org/10.1098/rsbl.2020.0474
https://doi.org/10.1098/rsbl.2020.0474
https://doi.org/10.1098/rsbl.2020.0474
https://doi.org/10.1016/j.jtherbio.2020.102755
https://doi.org/10.1016/j.jtherbio.2020.102755
https://doi.org/10.1016/j.jtherbio.2020.102755
https://doi.org/10.1016/j.jtherbio.2020.102755
https://doi.org/10.1163/15685381-bja10078
https://doi.org/10.1163/15685381-bja10078
https://doi.org/10.1163/15685381-bja10078
https://doi.org/10.1007/s10493-021-00682-8
https://doi.org/10.1007/s10493-021-00682-8
https://doi.org/10.1007/s10493-021-00682-8
https://doi.org/10.1007/s10493-021-00682-8
https://doi.org/10.3201/eid0506.990601
https://doi.org/10.3201/eid0506.990601
https://doi.org/10.3201/eid0506.990601
https://doi.org/10.1371/journal.pone.0121005
https://doi.org/10.1371/journal.pone.0121005
https://doi.org/10.1371/journal.pone.0121005
https://doi.org/10.1371/journal.pone.0121005
https://doi.org/10.1371/journal.pone.0121005
https://doi.org/10.1111/j.1365-3024.2006.00910.x
https://doi.org/10.1111/j.1365-3024.2006.00910.x
https://doi.org/10.1111/j.1365-3024.2006.00910.x
https://doi.org/10.1111/1365-2656.12939
https://doi.org/10.1111/1365-2656.12939
https://doi.org/10.1111/1365-2656.12939

RESEARCH ARTICLE

Journal of Experimental Biology (2025) 228, jeb250580. doi:10.1242/jeb.250580

Demas, G. E., Zysling, D. A., Beechler, B. R., Muehlenbein, M. P. and French,
S. S. (2011). Beyond phytohaemagglutinin: assessing vertebrate immune
function across ecological contexts. J. Anim. Ecol. 80, 710-730. doi:10.1111/}.
1365-2656.2011.01813.x

Deutsch, C. A., Tewksbury, J. J., Huey, R. B., Sheldon, K. S., Ghalambor, C. K.,
Haak, D. C. and Martin, P. R. (2008). Impacts of climate warming on terrestrial
ectotherms across latitude. Proc. Natl Acad. Sci. USA 105, 6668-6672. doi:10.
1073/pnas.0709472105

Dittmar, J., Janssen, H., Kuske, A., Kurtz, J. and Scharsack, J. P. (2014). Heat
and immunity: An experimental heat wave alters immune functions in three-spined
sticklebacks (Gasterosteus aculeatus). J. Anim. Ecol. 83, 744-757. doi:10.1111/
1365-2656.12175

Dobson, A. and Foufopoulos, J. (2001). Emerging infectious pathogens of wildlife.
Philos. Trans. R. Soc. Lond. B Biol. Sci. 356, 1001-1012. doi:10.1098/rstb.2001.
0900

Eckhardt, F., Strube, C., Mathes, K. A., Mutschmann, F., Thiesler, H., Kraus, C.
and Kappeler, P. M. (2019). Parasite burden in a short-lived chameleon, Furcifer
labordi. Int. J. Parasitol. Parasites Wildl. 10, 231-240. doi:10.1016/}.ijppaw.2019.
09.010

Fabricio-Neto, A., Madelaire, C. B., Gomes, F. R. and Andrade, D. V. (2019).
Exposure to fluctuating temperatures leads to reduced immunity and to stress
response in rattlesnakes. J. Exp. Biol. 222, jeb208645. doi:10.1242/jeb.208645

Fenner, A. L. and Bull, C. M. (2008). The impact of nematode parasites on the
behaviour of an Australian lizard, the gidgee skink Egernia stokesii. Ecol. Res. 23,
897-903. doi:10.1007/s11284-007-0453-1

Fenton, A. (2008). Worms and germs: The population dynamic consequences of
microparasite-macroparasite co-infection. Parasitology 135, 1545-1560. doi:10.
1017/S003118200700025X

Field, E. K., Hartzheim, A, Terry, J., Dawson, G., Haydt, N. and Neuman-Lee, L. A.
(2022). Reptilian innate immunology and ecoimmunology: What do we know and
where are we going? Integr. Comp. Biol. 62, 1557-1571. doi:10.1093/icb/icac116

Franke, F., Raifarth, N., Kurtz, J. and Scharsack, J. P. (2019). Consequences of
divergent temperature optima in a host—parasite system. Oikos 128, 869-880.
doi:10.1111/0ik.05864

French, S. S. and Neuman-Lee, L. A. (2012). Improved ex vivo method for
microbiocidal activity across vertebrate species. Biol. Open 1, 482-487. doi:10.
1242/bi0.2012919

French, S. S., DeNardo, D. F. and Moore, M. C. (2007). Trade-offs between the
reproductive and immune systems: facultative responses to resources or obligate
responses to reproduction? Am. Nat. 170, 79-89. doi:10.1086/518569

Friberg, I. M., Bradley, J. E. and Jackson, J. A. (2010). Macroparasites, innate
immunity and immunoregulation: developing natural models. Trends Parasitol. 26,
540-549. doi:10.1016/j.pt.2010.06.010

Frick, W. F., Pollock, J. F., Hicks, A. C., Langwig, K. E., Reynolds, D. S., Turner,
G. G., Butchkoski, C. M. and Kunz, T. H. (2010). An emerging disease causes
regional population collapse of a common North American bat species. Science
329, 679-682. doi:10.1126/science.1188594

Garrido, M. and Perez-Mellado, V. (2015). Immune responses vary with parasite
burden in an insular lizard. Evol. Ecol. Res. 16, 593-603.

Gehman, A. M., Hall, R. J. and Byers, J. E. (2018). Host and parasite thermal
ecology jointly determine the effect of climate warming on epidemic dynamics.
Proc. Natl. Acad. Sci. USA 115, 744-749. doi:10.1073/pnas.1705067115

Goldberg, S. R., Bursey, C. R. and Vitt, L. J. (2006). Parasites of two lizard
species, Anolis punctatus and Anolis transversalis (squamata: Polychrotidae)
from Brazil and Ecuador. Amphibia Reptilia 27, 575. doi:10.1163/
156853806778877068

Goldberg, S. R., Bursey, C. R. and Vitt, L. J. (2010). Helminths from three species
of anoles: the humble anole, Anolis humilis; the border anole, Anolis limifrons; and
the lion anole, Anolis lionotus (Squamata: Polychrotidae), from Nicaragua. Comp.
Parasitol. 77, 242-246. doi:10.1654/4424.1

Gonzalez-Tokman, D., Gil-Pérez, Y., Servin-Pastor, M., Alvarado, F., Escobar,
F., Baena-Diaz, F., Garcia-Robledo, C. and Martinez-M, 1. (2021). Effect of
chemical pollution and parasitism on heat tolerance in dung beetles (Coleoptera:
Scarabaeinae). J. Econ. Entomol. 114, 462-467. doi:10.1093/jee/toaa216

Greenspan, S. E., Bower, D. S., Roznik, E. A., Pike, D. A., Marantelli, G., Alford,
R. A., Schwarzkopf, L. and Scheffers, B. R. (2017). Infection increases
vulnerability to climate change via effects on host thermal tolerance. Sci. Rep. 7,
9349. doi:10.1038/s41598-017-09950-3

Gutiérrez, J. S., Piersma, T. and Thieltges, D. W. (2019). Micro—and
macroparasite species richness in birds: the role of host life history and
ecology. J. Anim. Ecol. 88, 1226-1239. doi:10.1111/1365-2656.12998

Haase, D., Rieger, J. K., Witten, A., Stoll, M., Bornberg-Bauer, E., Kalbe, M.,
Schmidt-Drewello, A., Scharsack, J. P. and Reusch, T. B. (2016). Comparative
transcriptomics of stickleback immune gene responses upon infection by two
helminth parasites, Diplostomum pseudospathaceum and Schistocephalus
solidus. Zoology (Jena) 119, 307-313. doi:10.1016/j.z00l.2016.05.005

Hallinger, M. J., Taubert, A., Hermosilla, C. and Mutschmann, F. (2018).
Occurrence of health-compromising protozoan and helminth infections in
tortoises kept as pet animals in Germany. Parasit. Vectors 11, 352. doi:10.
1186/s13071-018-2936-z

Hallinger, M. J., Taubert, A., Hermosilla, C. and Mutschmann, F. (2019). Captive
agamid lizards in Germany: prevalence, pathogenicity and therapy of
gastrointestinal protozoan and helminth infections. Comp. Immunol. Microbiol.
Infect. Dis. 63, 74-80. doi:10.1016/j.cimid.2019.01.005

Heatwole, H. (1970). Thermal ecology of the desert dragon Amphibolurus inermis.
Ecol. Monogr. 40, 425-457. doi:10.2307/1942339

Hector, T. E., Sgro, C. M. and Hall, M. D. (2021). Thermal limits in the face of
infectious disease: how important are pathogens? Glob. Change Biol. 27,
4469-4480. doi:10.1111/gcb.15761

Hector, T., Gehman, A.-L. and King, K. (2023). Infection burdens and virulence
under heat stress: ecological and evolutionary considerations. Philos.
Trans. R. Soc. B 378, 20220018. doi:10.1098/rstb.2022.0018

Hoberg, E. P. and Brooks, D. R. (2015). Evolution in action: climate change,
biodiversity dynamics and emerging infectious disease. Philos. Trans. R. Soc.
Lond. B Biol. Sci. 370, 20130553. doi:10.1098/rstb.2013.0553

Hrékova, G. and Velebny, S. (1997). Effect of praziquantel and liposome-
incorporated praziquantel on peritoneal macrophage activation in mice infected
with Mesocestoides corti tetrathyridia (Cestoda). Parasitology 114, 475-482.
doi:10.1017/S0031182096008694

Hrékova, G., Velebny, S. and Corba, J. (1998). Effects of free and liposomized
praziquantel on the surface morphology and motility of Mesocestoides vogae
tetrathyridia (syn. M. Corti; Cestoda: Cyclophyllidea) in vitro. Parasitol. Res. 84,
230-238. doi:10.1007/s004360050387

Huey, R. B. and Kingsolver, J. G. (1989). Evolution of thermal sensitivity of
ectotherm performance. Trends Ecol. Evol. 4, 131-135. doi:10.1016/0169-
5347(89)90211-5

Huey, R. B. and Stevenson, R. D. (1979). Integrating thermal physiology and
ecology of ectotherms: a discussion of approaches. Am. Zool. 19, 357-366.
doi:10.1093/icb/19.1.357

Huey, R. B., Deutsch, C. A., Tewksbury, J. J., Vitt, L. J., Hertz, P. E., Alvarez
Pérez, H. J. and Garland, T., Jr. (2009). Why tropical forest lizards are vulnerable
to climate warming. Proc. R. Soc. B 276, 1939-1948. doi:10.1098/rspb.2008.1957

Huey, R. B., Kearney, M. R., Krockenberger, A., Holtum, J. A., Jess, M. and
Williams, S. E. (2012). Predicting organismal vulnerability to climate warming:
roles of behaviour, physiology and adaptation. Philos. Trans. R. Soc. Lond. B Biol.
Sci. 367, 1665-1679. doi:10.1098/rstb.2012.0005

Huyghe, K., Van Oystaeyen, A., Pasmans, F., Tadi¢, Z., Vanhooydonck, B. and
Van Damme, R. (2010). Seasonal changes in parasite load and a cellularimmune
response in a colour polymorphic lizard. Oecologia 163, 867-874. doi:10.1007/
s00442-010-1646-9

Iglesias-Carrasco, M., Head, M. L. and Cabido, C. (2016). Habitat dependent
effects of experimental immune challenge on lizard anti-predator responses.
Behav. Ecol. Sociobiol. 70, 1931-1939. doi:10.1007/s00265-016-2199-7

Johnson, P. T., Rohr, J. R., Hoverman, J. T., Kellermanns, E., Bowerman, J. and
Lunde, K. B. (2012). Living fast and dying of infection: Host life history drives
interspecific variation in infection and disease risk. Ecol. Lett. 15, 235-242. doi:10.
1111/1.1461-0248.2011.01730.x

Johnson, D. S., Shields, J. D., Doucette, D. and Heard, R. (2020). A climate
migrant escapes its parasites. Mar. Ecol. Prog. Ser. 641, 111-121. doi:10.3354/
meps13278

Kennedy-Slaney, L., Bowman, J., Walpole, A. A. and Pond, B. A. (2018).
Northward bound: the distribution of white-tailed deer in Ontario under a changing
climate. Wildl. Res. 45, 220-228. doi:10.1071/WR17106

Kluger, M. J. (1979). Fever in ectotherms: evolutionary implications. Am. Zool. 19,
295-304. doi:10.1093/icb/19.1.295

Kolluru, G. R,, Grether, G. F., South, S. H., Dunlop, E., Cardinali, A., Liu, L. and
Carapiet, A. (2006). The effects of carotenoid and food availability on resistance
to a naturally occurring parasite (Gyrodactylus turnbulli) in guppies (Poecilia
reticulata). Biol. J. Linn. Soc. 89, 301-309. doi:10.1111/j.1095-8312.2006.00675.x

Korfel, C. A., Chamberlain, J. D. and Gifford, M. E. (2015). A test of energetic
trade-offs between growth and immune function in watersnakes. Oecologia 179,
343-351. doi:10.1007/s00442-015-3365-8

Kutz, S. J., Checkley, S., Verocai, G. G., Dumond, M., Hoberg, E. P., Peacock, R.,
Wu, J. P, Orsel, K., Seegers, K., Warren, A. L. et al. (2013). Invasion,
establishment, and range expansion of two parasitic nematodes in the Canadian
arctic. Glob. Chang. Biol. 19, 3254-3262. doi:10.1111/gcb.12315

Lafferty, K. D. (2009). The ecology of climate change and infectious diseases.
Ecology 90, 888-900. doi:10.1890/08-0079.1

Laing, R., Gillan, V. and Devaney, E. (2017). Ivermectin—old drug, new tricks.
Trends Parasitol. 33, 463-472. doi:10.1016/j.pt.2017.02.004

Lee, K. A., Wikelski, M., Robinson, W. D., Robinson, T. R. and Klasing, K. C.
(2008). Constitutive immune defences correlate with life—history variables in
tropical birds. J. Anim. Ecol. 77, 356-363. doi:10.1111/j.1365-2656.2007.01347.x

Lee, K. H., Whiting, M. J. and Leu, S. T. (2023). Are whole-organism performance
and thermal preference linked to endo- and ectoparasites in a short-lived lizard?
Ethology 129, 432-443. doi:10.1111/eth.13379

Leung, T. L. and Koprivnikar, J. (2019). Your infections are what you eat: How host
ecology shapes the helminth parasite communities of lizards. J. Anim. Ecol. 88,
416-426. doi:10.1111/1365-2656.12934

11

)
(@)}
9
je
(2]
©
-+
c
Q
£
—
()
o
x
NN
Y
(©)
‘©
c
—
>
(®)
-_



https://doi.org/10.1111/j.1365-2656.2011.01813.x
https://doi.org/10.1111/j.1365-2656.2011.01813.x
https://doi.org/10.1111/j.1365-2656.2011.01813.x
https://doi.org/10.1111/j.1365-2656.2011.01813.x
https://doi.org/10.1073/pnas.0709472105
https://doi.org/10.1073/pnas.0709472105
https://doi.org/10.1073/pnas.0709472105
https://doi.org/10.1073/pnas.0709472105
https://doi.org/10.1111/1365-2656.12175
https://doi.org/10.1111/1365-2656.12175
https://doi.org/10.1111/1365-2656.12175
https://doi.org/10.1111/1365-2656.12175
https://doi.org/10.1098/rstb.2001.0900
https://doi.org/10.1098/rstb.2001.0900
https://doi.org/10.1098/rstb.2001.0900
https://doi.org/10.1016/j.ijppaw.2019.09.010
https://doi.org/10.1016/j.ijppaw.2019.09.010
https://doi.org/10.1016/j.ijppaw.2019.09.010
https://doi.org/10.1016/j.ijppaw.2019.09.010
https://doi.org/10.1242/jeb.208645
https://doi.org/10.1242/jeb.208645
https://doi.org/10.1242/jeb.208645
https://doi.org/10.1007/s11284-007-0453-1
https://doi.org/10.1007/s11284-007-0453-1
https://doi.org/10.1007/s11284-007-0453-1
https://doi.org/10.1017/S003118200700025X
https://doi.org/10.1017/S003118200700025X
https://doi.org/10.1017/S003118200700025X
https://doi.org/10.1093/icb/icac116
https://doi.org/10.1093/icb/icac116
https://doi.org/10.1093/icb/icac116
https://doi.org/10.1111/oik.05864
https://doi.org/10.1111/oik.05864
https://doi.org/10.1111/oik.05864
https://doi.org/10.1242/bio.2012919
https://doi.org/10.1242/bio.2012919
https://doi.org/10.1242/bio.2012919
https://doi.org/10.1086/518569
https://doi.org/10.1086/518569
https://doi.org/10.1086/518569
https://doi.org/10.1016/j.pt.2010.06.010
https://doi.org/10.1016/j.pt.2010.06.010
https://doi.org/10.1016/j.pt.2010.06.010
https://doi.org/10.1126/science.1188594
https://doi.org/10.1126/science.1188594
https://doi.org/10.1126/science.1188594
https://doi.org/10.1126/science.1188594
https://doi.org/10.1073/pnas.1705067115
https://doi.org/10.1073/pnas.1705067115
https://doi.org/10.1073/pnas.1705067115
https://doi.org/10.1163/156853806778877068
https://doi.org/10.1163/156853806778877068
https://doi.org/10.1163/156853806778877068
https://doi.org/10.1163/156853806778877068
https://doi.org/10.1654/4424.1
https://doi.org/10.1654/4424.1
https://doi.org/10.1654/4424.1
https://doi.org/10.1654/4424.1
https://doi.org/10.1093/jee/toaa216
https://doi.org/10.1093/jee/toaa216
https://doi.org/10.1093/jee/toaa216
https://doi.org/10.1093/jee/toaa216
https://doi.org/10.1038/s41598-017-09950-3
https://doi.org/10.1038/s41598-017-09950-3
https://doi.org/10.1038/s41598-017-09950-3
https://doi.org/10.1038/s41598-017-09950-3
https://doi.org/10.1111/1365-2656.12998
https://doi.org/10.1111/1365-2656.12998
https://doi.org/10.1111/1365-2656.12998
https://doi.org/10.1016/j.zool.2016.05.005
https://doi.org/10.1016/j.zool.2016.05.005
https://doi.org/10.1016/j.zool.2016.05.005
https://doi.org/10.1016/j.zool.2016.05.005
https://doi.org/10.1016/j.zool.2016.05.005
https://doi.org/10.1186/s13071-018-2936-z
https://doi.org/10.1186/s13071-018-2936-z
https://doi.org/10.1186/s13071-018-2936-z
https://doi.org/10.1186/s13071-018-2936-z
https://doi.org/10.1016/j.cimid.2019.01.005
https://doi.org/10.1016/j.cimid.2019.01.005
https://doi.org/10.1016/j.cimid.2019.01.005
https://doi.org/10.1016/j.cimid.2019.01.005
https://doi.org/10.2307/1942339
https://doi.org/10.2307/1942339
https://doi.org/10.1111/gcb.15761
https://doi.org/10.1111/gcb.15761
https://doi.org/10.1111/gcb.15761
https://doi.org/10.1098/rstb.2022.0018
https://doi.org/10.1098/rstb.2022.0018
https://doi.org/10.1098/rstb.2022.0018
https://doi.org/10.1098/rstb.2013.0553
https://doi.org/10.1098/rstb.2013.0553
https://doi.org/10.1098/rstb.2013.0553
https://doi.org/10.1017/S0031182096008694
https://doi.org/10.1017/S0031182096008694
https://doi.org/10.1017/S0031182096008694
https://doi.org/10.1017/S0031182096008694
https://doi.org/10.1007/s004360050387
https://doi.org/10.1007/s004360050387
https://doi.org/10.1007/s004360050387
https://doi.org/10.1007/s004360050387
https://doi.org/10.1016/0169-5347(89)90211-5
https://doi.org/10.1016/0169-5347(89)90211-5
https://doi.org/10.1016/0169-5347(89)90211-5
https://doi.org/10.1093/icb/19.1.357
https://doi.org/10.1093/icb/19.1.357
https://doi.org/10.1093/icb/19.1.357
https://doi.org/10.1098/rspb.2008.1957
https://doi.org/10.1098/rspb.2008.1957
https://doi.org/10.1098/rspb.2008.1957
https://doi.org/10.1098/rstb.2012.0005
https://doi.org/10.1098/rstb.2012.0005
https://doi.org/10.1098/rstb.2012.0005
https://doi.org/10.1098/rstb.2012.0005
https://doi.org/10.1007/s00442-010-1646-9
https://doi.org/10.1007/s00442-010-1646-9
https://doi.org/10.1007/s00442-010-1646-9
https://doi.org/10.1007/s00442-010-1646-9
https://doi.org/10.1007/s00265-016-2199-7
https://doi.org/10.1007/s00265-016-2199-7
https://doi.org/10.1007/s00265-016-2199-7
https://doi.org/10.1111/j.1461-0248.2011.01730.x
https://doi.org/10.1111/j.1461-0248.2011.01730.x
https://doi.org/10.1111/j.1461-0248.2011.01730.x
https://doi.org/10.1111/j.1461-0248.2011.01730.x
https://doi.org/10.3354/meps13278
https://doi.org/10.3354/meps13278
https://doi.org/10.3354/meps13278
https://doi.org/10.1071/WR17106
https://doi.org/10.1071/WR17106
https://doi.org/10.1071/WR17106
https://doi.org/10.1093/icb/19.1.295
https://doi.org/10.1093/icb/19.1.295
https://doi.org/10.1111/j.1095-8312.2006.00675.x
https://doi.org/10.1111/j.1095-8312.2006.00675.x
https://doi.org/10.1111/j.1095-8312.2006.00675.x
https://doi.org/10.1111/j.1095-8312.2006.00675.x
https://doi.org/10.1007/s00442-015-3365-8
https://doi.org/10.1007/s00442-015-3365-8
https://doi.org/10.1007/s00442-015-3365-8
https://doi.org/10.1111/gcb.12315
https://doi.org/10.1111/gcb.12315
https://doi.org/10.1111/gcb.12315
https://doi.org/10.1111/gcb.12315
https://doi.org/10.1890/08-0079.1
https://doi.org/10.1890/08-0079.1
https://doi.org/10.1016/j.pt.2017.02.004
https://doi.org/10.1016/j.pt.2017.02.004
https://doi.org/10.1111/j.1365-2656.2007.01347.x
https://doi.org/10.1111/j.1365-2656.2007.01347.x
https://doi.org/10.1111/j.1365-2656.2007.01347.x
https://doi.org/10.1111/eth.13379
https://doi.org/10.1111/eth.13379
https://doi.org/10.1111/eth.13379
https://doi.org/10.1111/1365-2656.12934
https://doi.org/10.1111/1365-2656.12934
https://doi.org/10.1111/1365-2656.12934

RESEARCH ARTICLE

Journal of Experimental Biology (2025) 228, jeb250580. doi:10.1242/jeb.250580

Licht, P. (1964). A comparative study of the thermal dependence of contractility in
saurian skeletal muscle. Comp. Biochem. Physiol. 13, 27-34. doi:10.1016/0010-
406x(64)90081-7

Lima, A. S., Ferreira, L. D. F., Silva, D. P., Gomes, F. R. and Titon, S. C. (2020).
Thermal sensitivity of bullfrog’s immune response kept at different temperatures.
J. Exp. Zool. A Ecol. Integr. Physiol. 333, 767-778. doi:10.1002/jez.2436

Logan, M. L., Neel, L. K., Nicholson, D. J., Stokes, A. J., Miller, C. L., Chung,
A. K, Curlis, J. D., Keegan, K. M., Rosso, A. A., Maayan, I. et al. (2021). Sex-
specific microhabitat use is associated with sex-biased thermal physiology in.
J. Exp. Biol. 224, jeb235697. doi:10.1242/jeb.235697

Lorch, J. M., Knowles, S., Lankton, J. S., Michell, K., Edwards, J. L., Kapfer,
J. M., Staffen, R. A, Wild, E. R., Schmidt, K. Z., Ballmann, A. E. et al. (2016).
Snake fungal disease: an emerging threat to wild snakes. Philos. Trans. R. Soc.
Lond. B Biol. Sci. 371, 20150457. doi:10.1098/rstb.2015.0457

Lutterschmidt, W. I., Schaefer, J. F. and Fiorillo, R. A. (2007). The ecological
significance of helminth endoparasites on the physiological performance of two
sympatric fishes. Comp. Parasitol. 74, 194-203.

Martin, L. B., Hasselquist, D. and Wikelski, M. (2006). Investment in immune
defense is linked to pace of life in house sparrows. Oecologia 147, 565-575.
doi:10.1007/s00442-005-0314-y

Martin, L. B., Hopkins, W. A., Mydlarz, L. D. and Rohr, J. R. (2010). The effects of
anthropogenic global changes on immune functions and disease resistance.
Ann. N. Y. Acad. Sci. 1195, 129-148. doi:10.1111/j.1749-6632.2010.05454 .x

Mayer, M., Brown, G. P., Zimmermann, B. and Shine, R. (2015). High infection
intensities, but negligible fitness costs, suggest tolerance of gastrointestinal
nematodes in a tropical snake. Austral. Ecol. 40, 683-692. doi:10.1111/aec.12235

Mazé-Guilmo, E., Loot, G., Paez, D. J., Lefévre, T. and Blanchet, S. (2014).
Heritable variation in host tolerance and resistance inferred from a wild host-
parasite system. Proc. Biol. Sci. 281, 20132567. doi:10.1098/rspb.2013.2567

Megia-Palma, R., Paranjpe, D., Blaimont, P., Cooper, R. and Sinervo, B. (2020).
To cool or not to cool? Intestinal coccidians disrupt the behavioral hypothermia of
lizards in response to tick infestation. Ticks Tick Borne Dis. 11, 101275. doi:10.
1016/j.ttbdis.2019.101275

Mehlhorn, H., Schmahl, G., Frese, M., Mevissen, |., Harder, A. and Krieger, K.
(2005). Effects of a combinations of emodepside and praziquantel on parasites of
reptiles and rodents. Parasitol. Res. 97, S65-S69. doi:10.1007/s00436-005-1446-z

Michener, C. D. (1946). Observations on the habits and life history of a chigger mite,
Eutrombicula batatas (Acarina: Trombiculinae). Ann. Entomol. Soc. Am. 39,
101-118. doi:10.1093/aesa/39.1.101

Miller, M. R., White, A. and Boots, M. (2007). Host life span and the evolution of
resistance characteristics. Evolution 61, 2-14. doi:10.1111/j.1558-5646.2007.
00001.x

Neel, L. K., Logan, M. L., Nicholson, D. J., Miller, C., Chung, A. K., Maayan, I.,
Degon, Z., DuBois, M., Curlis, J. D., Taylor, Q. et al. (2021). Habitat structure
mediates vulnerability to climate change through its effects on thermoregulatory
behavior. Biotropica 53, 1121-1133. doi:10.1111/btp.12951

Neuman-Lee, L. A., Van Wettere, A. J. and French, S. S. (2019). Interrelations
among multiple metrics of immune and physiological function in a squamate, the
common gartersnake (Thamnophis sirtalis). Physiol. Biochem. Zool. 92, 12-23.
doi:10.1086/700396

Nevarez, J. (2009). Chapter 8 - lizards. In Manual of Exotic Pet Practice (ed.
A. M. A. T. N. T. Mark), pp. 164-206. Saint Louis: W.B. Saunders.

Oda, F. H,, da Graga, R. J., Lima, F. S., Alvarenga, F. S., Takemoto, R. M. and
Pavanelli, G. C. (2020). Cysts and larvae of strongyluris: a parasite of amphibians
and reptiles found in an urban population of Lissachatina fulica (Férussac, 1821)
in southern Brazil. Vet. Parasitol. Reg. Stud. Rep. 20, 100386. doi:10.1016/j.vprsr.
2020.100386

Owen, J. P, Nelson, A. C. and Clayton, D. H. (2010). Ecological immunology of
bird-ectoparasite systems. Trends Parasitol. 26, 530-539. doi:10.1016/j.pt.2010.
06.005

Paranjpe, D. A., Medina, D., Nielsen, E., Cooper, R. D., Paranjpe, S. A. and
Sinervo, B. (2014). Does thermal ecology influence dynamics of side-blotched
lizards and their micro-parasites? Am. Zool. 54, 108-117. doi:10.1093/icb/icu069

Pedersen, A. B. and Antonovics, J. (2013). Anthelmintic treatment alters the
parasite community in a wild mouse host. Biol. Lett. 9, 20130205. doi:10.1098/
rsbl.2013.0205

Plasman, M. and Torres, R. (2019). Feeling the heat: extreme temperatures
compromise constitutive innate humoral immunity and skin color in a desert
dwelling lizard. J. Therm. Biol. 83, 142-149. doi:10.1016/j.jtherbio.2019.05.012

Plasman, M., Diaz de la Vega-Pérez, A. H., McCue, M. D., Tepos-Ramirez, M. and
Reynoso, V. H. (2025). The ultimate challenge to climate change: Endurance of a
thermophilic reptile to the harsh temperatures on an extremely hot island. PLoS
ONE 20, e0320796. doi:10.1371/journal.pone.0320796

Polo, V., Lépez, P. and Martin, J. (2005). Balancing the thermal costs and benefits
of refuge use to cope with persistent attacks from predators: a model and an
experiment with an alpine lizard. Evol. Ecol. Res. 7, 23-35.

Poulin, R. and Morand, S. (2000). The diversity of parasites. Q Rev. Biol. 75,
277-293. doi:10.1086/393500

Richards-Zawacki, C. L. (2010). Thermoregulatory behaviour affects prevalence of
chytrid fungal infection in a wild population of Panamanian golden frogs.
Proc. R. Soc. B 277, 519-528. doi:10.1098/rspb.2009.1656

Riera Romo, M., Pérez—Martinez, D. and Castillo Ferrer, C. (2016). Innate
immunity in vertebrates: an overview. Immunology 148, 125-139. doi:10.1111/
imm.12597

Roberts, L., Schmidt, G. D. and Janovy, J., Jr. (2009). Foundations of
Parasitology: McGraw-Hill Education.

Rollins-Smith, L. A. and Le Sage, E. H. (2023). Heat stress and amphibian
immunity in a time of climate change. Philos. Trans. R. Soc. B 378, 20220132.
doi:10.1098/rstb.2022.0132

Rosso, A. A., Casement, B., Chung, A. K., Curlis, J. D., Folfas, E., Gallegos,
M. A,, Neel, L. K., Nicholson, D. J., Williams, C. E. and McMillan, W. O. (2024).
Plasticity of gene expression and thermal tolerance: implications for climate
change vulnerability in a tropical forest lizard. Ecol. Evol. Physiol. 97, 81-96.
doi:10.1086/729927

Ruibal, R. (1961). Thermal relations of five species of tropical lizards. Evolution 15,
98-111. doi:10.2307/2405846

Sacchi, R., Mangiacotti, M., Scali, S., Ghitti, M. and Zuffi, M. A. (2017). Effects of
colour morph and temperature on immunity in males and females of the common
wall lizard. Evol. Biol. 44, 496-504. doi:10.1007/s11692-017-9422-y

Selbach, C., Barsge, M., Vogensen, T. K., Samsing, A. B. and Mouritsen, K. N.
(2020). Temperature—parasite interaction: do trematode infections protect against
heat stress? Int. J. Parasitol. 50, 1189-1194. doi:10.1016/).ijpara.2020.07.006

Sexton, O. J., Bauman, J. and Ortleb, E. (1972). Seasonal food habits of Anolis
limifrons. Ecology 53, 182-186. doi:10.2307/1935727

Sexton, O. J., Heatwole, H. F. and Meseth, E. H. (1963). Seasonal population
changes in the lizard, Anolis limifrons, in Panama. Am. Midl. Nat. 69, 482-491.
doi:10.2307/2422924

Shatrov, A. B. and Kudryashova, N. I. (2006). Taxonomy, life cycles and the origin
of parasitism in trombiculid mites. In Micromammals and Macroparasites: From
Evolutionary Ecology to Management (ed. B. R. Krasnov, S. Morand and
R. Poulin), pp. 119-140: Springer.

Shirakashi, S., Andrews, M., Kishimoto, Y., Ishimaru, K., Okada, T., Sawada, Y.
and Ogawa, K. (2012). Oral treatment of praziquantel as an effective control
measure against blood fluke infection in pacific bluefin tuna (Thunnus orientalis).
Aquaculture 326, 15-19. doi:10.1016/j.aquaculture.2011.10.035

Somero, G. N. (2010). The physiology of climate change: how potentials for
acclimatization and genetic adaptation will determine ‘winners’ and ‘losers’.
J. Exp. Biol. 213, 912-920. doi:10.1242/jeb.037473

Spence, A. R., Durso, A. M., Smith, G. D., Skinner, H. M. and French, S. S.
(2017). Physiological correlates of multiple parasitic infections in side-blotched
lizards. Physiol. Biochem. Zool. 90, 321-327. doi:10.1086/691059

Stahlschmidt, Z., French, S., Ahn, A., Webb, A. and Butler, M. W. (2017). A
simulated heat wave has diverse effects on immune function and oxidative
physiology in the corn snake (Pantherophis guttatus). Physiol. Biochem. Zool. 90,
434-444. doi:10.1086/691315

Stapley, J., Garcia, M. and Andrews, R. M. (2015). Long-term data reveal a
population decline of the tropical lizard Anolis apletophallus, and a negative affect
of EINino years on population growth rate. PLoS ONE 10, e0115450. doi:10.1371/
journal.pone.0115450

Stromsland, K. and Zimmerman, L. M. (2017). Relationships between parasitic
infection and natural antibodies, age, and sex in a long—lived vertebrate. J. Exp.
Zool. A Ecol. Integr. Physiol. 327, 407-412. doi:10.1002/jez.2111

Sunday, J. M., Bates, A. E. and Dulvy, N. K. (2011). Global analysis of thermal
tolerance and latitude in ectotherms. Proc. Biol. Sci. 278, 1823-1830. doi:10.1098/
rspb.2010.1295

Titon, S. C. M., Titon Junior, B., Assis, V. R,, Kinker, G. S., Fernandes, P. A. C. M.
and Gomes, F. R. (2018). Interplay among steroids, body condition and immunity
in response to long-term captivity in toads. Sci. Rep. 8, 17168. doi:10.1038/
$41598-018-35495-0

Todd, G., Jodrey, A. and Stahlschmidt, Z. (2016). Immune activation influences
the trade-off between thermoregulation and shelter use. Anim. Behav. 118, 27-32.
doi:10.1016/j.anbehav.2016.05.003

Tracy, A. M., Pielmeier, M. L., Yoshioka, R. M., Heron, S. F. and Harvell, C. D.
(2019). Increases and decreases in marine disease reports in an era of global
change. Proc. Biol. Sci. 286, 20191718. doi:10.1098/rspb.2019.1718

Tylan, C. and Langkilde, T. (2017). Local and systemic immune responses to
different types of phytohemagglutinin in the green anole: Lessons for field
ecoimmunologists. J. Exp. Zool. A Ecol. Integr. Physiol. 327, 322-332. doi:10.
1002/jez.2108

Ujvari, B. and Madsen, T. (2005). Age, parasites, and condition affect humoral
immune response in tropical pythons. Behav. Ecol. 17, 20-24. doi:10.1093/
beheco/ari091

Ujvari, B. and Madsen, T. (2011). Do natural antibodies compensate for humoral
immunosenescence in tropical pythons? Funct. Ecol. 25, 813-817. doi:10.1111/j.
1365-2435.2011.01860.x

Vaziri, G. J., Jusino, M. A., Palmer, J. M., Brewer, M. T. and Adelman, J. S.
(2021). Anthelmintic drugs modulate the acute phase immune response but not

12

)
(@)}
9
je
(2]
©
-+
c
Q
£
—
()
o
x
NN
Y
(©)
‘©
c
—
>
(®)
-_



https://doi.org/10.1016/0010-406x(64)90081-7
https://doi.org/10.1016/0010-406x(64)90081-7
https://doi.org/10.1016/0010-406x(64)90081-7
https://doi.org/10.1002/jez.2436
https://doi.org/10.1002/jez.2436
https://doi.org/10.1002/jez.2436
https://doi.org/10.1242/jeb.235697
https://doi.org/10.1242/jeb.235697
https://doi.org/10.1242/jeb.235697
https://doi.org/10.1242/jeb.235697
https://doi.org/10.1098/rstb.2015.0457
https://doi.org/10.1098/rstb.2015.0457
https://doi.org/10.1098/rstb.2015.0457
https://doi.org/10.1098/rstb.2015.0457
https://doi.org/10.1007/s00442-005-0314-y
https://doi.org/10.1007/s00442-005-0314-y
https://doi.org/10.1007/s00442-005-0314-y
https://doi.org/10.1111/j.1749-6632.2010.05454.x
https://doi.org/10.1111/j.1749-6632.2010.05454.x
https://doi.org/10.1111/j.1749-6632.2010.05454.x
https://doi.org/10.1111/aec.12235
https://doi.org/10.1111/aec.12235
https://doi.org/10.1111/aec.12235
https://doi.org/10.1098/rspb.2013.2567
https://doi.org/10.1098/rspb.2013.2567
https://doi.org/10.1098/rspb.2013.2567
https://doi.org/10.1016/j.ttbdis.2019.101275
https://doi.org/10.1016/j.ttbdis.2019.101275
https://doi.org/10.1016/j.ttbdis.2019.101275
https://doi.org/10.1016/j.ttbdis.2019.101275
https://doi.org/10.1007/s00436-005-1446-z
https://doi.org/10.1007/s00436-005-1446-z
https://doi.org/10.1007/s00436-005-1446-z
https://doi.org/10.1093/aesa/39.1.101
https://doi.org/10.1093/aesa/39.1.101
https://doi.org/10.1093/aesa/39.1.101
https://doi.org/10.1111/j.1558-5646.2007.00001.x
https://doi.org/10.1111/j.1558-5646.2007.00001.x
https://doi.org/10.1111/j.1558-5646.2007.00001.x
https://doi.org/10.1111/btp.12951
https://doi.org/10.1111/btp.12951
https://doi.org/10.1111/btp.12951
https://doi.org/10.1111/btp.12951
https://doi.org/10.1086/700396
https://doi.org/10.1086/700396
https://doi.org/10.1086/700396
https://doi.org/10.1086/700396
https://doi.org/10.1016/j.vprsr.2020.100386
https://doi.org/10.1016/j.vprsr.2020.100386
https://doi.org/10.1016/j.vprsr.2020.100386
https://doi.org/10.1016/j.vprsr.2020.100386
https://doi.org/10.1016/j.vprsr.2020.100386
https://doi.org/10.1016/j.pt.2010.06.005
https://doi.org/10.1016/j.pt.2010.06.005
https://doi.org/10.1016/j.pt.2010.06.005
https://doi.org/10.1093/icb/icu069
https://doi.org/10.1093/icb/icu069
https://doi.org/10.1093/icb/icu069
https://doi.org/10.1098/rsbl.2013.0205
https://doi.org/10.1098/rsbl.2013.0205
https://doi.org/10.1098/rsbl.2013.0205
https://doi.org/10.1016/j.jtherbio.2019.05.012
https://doi.org/10.1016/j.jtherbio.2019.05.012
https://doi.org/10.1016/j.jtherbio.2019.05.012
https://doi.org/10.1371/journal.pone.0320796
https://doi.org/10.1371/journal.pone.0320796
https://doi.org/10.1371/journal.pone.0320796
https://doi.org/10.1371/journal.pone.0320796
https://doi.org/10.1086/393500
https://doi.org/10.1086/393500
https://doi.org/10.1098/rspb.2009.1656
https://doi.org/10.1098/rspb.2009.1656
https://doi.org/10.1098/rspb.2009.1656
https://doi.org/10.1111/imm.12597
https://doi.org/10.1111/imm.12597
https://doi.org/10.1111/imm.12597
https://doi.org/10.1098/rstb.2022.0132
https://doi.org/10.1098/rstb.2022.0132
https://doi.org/10.1098/rstb.2022.0132
https://doi.org/10.1086/729927
https://doi.org/10.1086/729927
https://doi.org/10.1086/729927
https://doi.org/10.1086/729927
https://doi.org/10.1086/729927
https://doi.org/10.2307/2405846
https://doi.org/10.2307/2405846
https://doi.org/10.1007/s11692-017-9422-y
https://doi.org/10.1007/s11692-017-9422-y
https://doi.org/10.1007/s11692-017-9422-y
https://doi.org/10.1016/j.ijpara.2020.07.006
https://doi.org/10.1016/j.ijpara.2020.07.006
https://doi.org/10.1016/j.ijpara.2020.07.006
https://doi.org/10.2307/1935727
https://doi.org/10.2307/1935727
https://doi.org/10.2307/2422924
https://doi.org/10.2307/2422924
https://doi.org/10.2307/2422924
https://doi.org/10.1016/j.aquaculture.2011.10.035
https://doi.org/10.1016/j.aquaculture.2011.10.035
https://doi.org/10.1016/j.aquaculture.2011.10.035
https://doi.org/10.1016/j.aquaculture.2011.10.035
https://doi.org/10.1242/jeb.037473
https://doi.org/10.1242/jeb.037473
https://doi.org/10.1242/jeb.037473
https://doi.org/10.1086/691059
https://doi.org/10.1086/691059
https://doi.org/10.1086/691059
https://doi.org/10.1086/691315
https://doi.org/10.1086/691315
https://doi.org/10.1086/691315
https://doi.org/10.1086/691315
https://doi.org/10.1371/journal.pone.0115450
https://doi.org/10.1371/journal.pone.0115450
https://doi.org/10.1371/journal.pone.0115450
https://doi.org/10.1371/journal.pone.0115450
https://doi.org/10.1002/jez.2111
https://doi.org/10.1002/jez.2111
https://doi.org/10.1002/jez.2111
https://doi.org/10.1098/rspb.2010.1295
https://doi.org/10.1098/rspb.2010.1295
https://doi.org/10.1098/rspb.2010.1295
https://doi.org/10.1038/s41598-018-35495-0
https://doi.org/10.1038/s41598-018-35495-0
https://doi.org/10.1038/s41598-018-35495-0
https://doi.org/10.1038/s41598-018-35495-0
https://doi.org/10.1016/j.anbehav.2016.05.003
https://doi.org/10.1016/j.anbehav.2016.05.003
https://doi.org/10.1016/j.anbehav.2016.05.003
https://doi.org/10.1098/rspb.2019.1718
https://doi.org/10.1098/rspb.2019.1718
https://doi.org/10.1098/rspb.2019.1718
https://doi.org/10.1002/jez.2108
https://doi.org/10.1002/jez.2108
https://doi.org/10.1002/jez.2108
https://doi.org/10.1002/jez.2108
https://doi.org/10.1093/beheco/ari091
https://doi.org/10.1093/beheco/ari091
https://doi.org/10.1093/beheco/ari091
https://doi.org/10.1111/j.1365-2435.2011.01860.x
https://doi.org/10.1111/j.1365-2435.2011.01860.x
https://doi.org/10.1111/j.1365-2435.2011.01860.x
https://doi.org/10.1093/ornithology/ukaa066
https://doi.org/10.1093/ornithology/ukaa066

RESEARCH ARTICLE

Journal of Experimental Biology (2025) 228, jeb250580. doi:10.1242/jeb.250580

the microbiota in wild song sparrows. The Auk 138, ukaa066. doi:10.1093/
ornithology/ukaa066

Weese, A. 0. (1917). An experimental study of the reactions of the horned lizard,
Phrynosoma modestum gir., a reptile of the semi-desert. Biol. Bull. 32, 98-116.
doi:10.2307/1536420

Wittman, T. N., Carlson, T. A., Robinson, C. D., Bhave, R. S. and
Cox, R. M. (2022). Experimental removal of nematode parasites
increases growth, sprint speed, and mating success in brown anole

lizards. J. Exp. Zool. A Ecol. Integr. Physiol. 337, 852-866. doi:10.1002/jez.
2644

Zimmerman, L. M. (2020). The reptilian perspective on vertebrate
immunity: 10 years of progress. J. Exp. Biol. 223, jeb214171. doi:10.1242/
jeb.214171

Zimmerman, L. M., Vogel, L. A. and Bowden, R. M. (2010). Understanding the
vertebrate immune system: insights from the reptilian perspective. J. Exp. Biol.
213, 661-671. doi:10.1242/jeb.038315

13

>

(@)
9
Q
(2]
©
-+
C
Q
S
=
()

o
x
L
Y
(©)
©
c
e
-]
(®)
_


https://doi.org/10.1093/ornithology/ukaa066
https://doi.org/10.1093/ornithology/ukaa066
https://doi.org/10.2307/1536420
https://doi.org/10.2307/1536420
https://doi.org/10.2307/1536420
https://doi.org/10.1002/jez.2644
https://doi.org/10.1002/jez.2644
https://doi.org/10.1002/jez.2644
https://doi.org/10.1002/jez.2644
https://doi.org/10.1002/jez.2644
https://doi.org/10.1242/jeb.214171
https://doi.org/10.1242/jeb.214171
https://doi.org/10.1242/jeb.214171
https://doi.org/10.1242/jeb.038315
https://doi.org/10.1242/jeb.038315
https://doi.org/10.1242/jeb.038315

