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Abstract

Ecoimmunology affords us the ability to better understand immunological processes

through consideration of external factors, such as the thermal microenvironment.

This consideration is imperative when examining the immunological processes of

ectothermic organisms like reptiles. Reptiles uniquely rely heavily on their innate

immune function but remain poorly understood in immunological studies. In this

study, we examined innate immunity in two zoo‐housed tortoise species, the Indian

star tortoise (Geochelone elegans, Schoepff, 1795) and northern spider tortoise

(Pyxis arachnoides brygooi, Vuillemin & Domergue, 1972). Bacterial killing assays

(BKAs) were optimized and used to assess the monthly immunocompetence of these

tortoises to three different bacteria: Escherichia coli, Salmonella enterica, and

Staphylococcus aureus. We evaluated differences in blood biochemistry values

(lactate and glucose) among months and species as well as fecal corticosterone

(CORT) between species. Lastly, we examined the potential influences of individual

thermal microenvironments on bactericidal ability. Both G. elegans and P. a. brygooi

demonstrated immunocompetence against all bacterial challenges, but only

bactericidal ability against E. coli varied over months. Optimal BKA serum dilutions,

blood glucose levels, and fecal CORT concentrations differed between the two

species. Finally, there was evidence that the thermal microenvironment influenced

the tortoises’ bactericidal ability against E. coli. Through use of nonmodel organisms,

such as tortoises, we are given insight into the inner workings of innate immunity

and a better understanding of the complexities of the vertebrate immune system.

K E YWORD S

bacterial killing assay, corticosterone, ecoimmunology, innate immunity, reptile, zoo

1 | INTRODUCTION

Physiological processes continually influence and modulate one

another in an interconnected, complex network. We can understand

how these processes interact through the lens of ecoimmunology

(Downs et al., 2014; Sheldon & Verhulst, 1996). Ecoimmunology

examines an organism holistically within its environment and considers

extrinsic and intrinsic stimuli (Demas & Nelson, 2012). However, wild

individuals can pose a challenge because of researchers' inability to

accurately determine potentially confounding factors, such as sex, age,

reproductive status (Millspaugh & Washburn, 2004), and pathogen

exposure (Flies et al., 2015). The use of captive populations in zoos and

other similar institutions is invaluable to controlling these factors,

building a better understanding of these processes, and, in turn,
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isolating specific physiological relationships. (Kleiman, 1985). Captive

institutions hold a wealth of information within their animal collections

(Conde et al., 2019; Poo et al., 2022) and can provide the opportunity

to better understand the ecoimmunology of understudied non‐model

organisms, such as reptiles.

Compared with mammalian models, reptilian species rely more

heavily on their innate immune system over their adaptive (Boehm,

2012; Zimmerman, 2018, 2020; Zimmerman et al., 2010). The innate

immune system is responsible for the initial, nonspecific immune

response; this branch of the immune system is found in all animals

(Litman et al., 2005; Zimmerman, Vogel & Edwards et al., 2010). In

contrast, the adaptive branch only exists in vertebrates; it responds

slower but develops an immunological memory, which allows it to

react to specific pathogens (Murphy & Weaver, 2017).

To date, immunological and ecoimmunological research has

focused largely on birds and mammals (e.g., Behringer et al., 2021;

Ramirez‐Otarola et al., 2019; Scalf et al., 2019), leaving other taxa

less understood. Non‐avian reptiles remain vastly understudied

regarding both functionality and characterizations of their immune

system (Buchmann, 2014; Field et al., 2022; Zimmerman, Vogel, &

Bowden, 2010) despite an apparent increase in the spread and

severity of reptile‐specific diseases (e.g., onygenalean fungus,

Woodburn et al., 2019; snake fungal disease, Lorch et al., 2016;

Ranavirus, Lesbarrères et al., 2012).

A valuable ecoimmunological tool when examining the life‐history

of an organism is the bacterial killing assay (BKA). Even without

complete mechanistic knowledge of the reptilian immune system,

researchers can examine the functional innate immune response.

Assessing the response of immune components in a blood sample, such

as leukocytes (present only in nonfrozen samples; Matson et al., 2006),

complement, and natural antibodies (i.e., spontaneous and polyreactive

antibodies; Ochsenbein & Zinkernagel, 2000) to a pathogenic threat

(Demas et al., 2011; Millet et al., 2007) can provide insight into

differential immune capabilities between individuals, populations, and

species. BKAs are an optimal assay to use when assessing tortoises'

immunity as they possess these immune components (Goessling et al.,

2016, 2017; Sandmeier et al., 2012; Zimmerman, Vogel, & Bowden,

2010). The innate immune system is dynamic and can distinctly

respond to different pathogenic threats, thus functional assessments

can be modulated to test different components of the immune system.

Innate immunity is influenced by various life‐history traits such as

life‐stage (e.g., Evans et al., 2015), sex (e.g., Flies et al., 2016), diet

(e.g., Odewahn et al., 2022), species (e.g., Irene Tieleman et al., 2005;

Matson et al., 2006), stress‐state (e.g., French et al., 2010), body

condition (e.g., Spence et al., 2020), and reproductive status (e.g.,

Neuman‐Lee & French, 2017).

The immune system is energetically costly and often siphons

resources away from other physiological processes (Demas, 2004;

French et al., 2007; Hegemann et al., 2013; Lochmiller & Deerenberg,

2000). To manage these allocations, organisms use trade‐offs, a

conflicting demand between energy‐costly processes (Zera &

Harshman, 2001), which are often modulated by glucocorticoids,

especially during unpredictable events (i.e., stress; McEwen &

Wingfield, 2003). The activation of the stress response often has

profound effects on the immune response (Neuman‐Lee & French,

2014; Sapolsky et al., 2000). Depending upon stress type, circulating

glucocorticoids may enhance (i.e., acute stress) or impede (i.e.,

chronic stress) the organism's immune system (Dhabhar & McEwen,

1997; Sapolsky et al., 2000). Fecal glucocorticoids are useful when

examining stress physiology (Sheriff et al., 2010). Unlike plasma

levels, which only represent circulating glucocorticoid levels at

discrete timepoint, fecal metabolite levels reflect average circulating

glucocorticoid levels over a longer length of time (Harper & Austad,

2000; Touma & Palme, 2005). Other circulating biochemical

parameters may also be considered in relation to glucocorticoid

concentrations as indicators of energetic shifts. These parameters

may include blood lactate (da Fonseca et al., 2020; Goessling &

Mendonça, 2021), an intermediate product of anaerobic respiration

(Allen & Holm, 2008) used in gluconeogenesis (Rui, 2014), and blood

glucose (Neuman‐Lee et al., 2020), a metabolic fuel (Rui, 2014).

Glucocorticoid hormones influence physiological processes including

lactate release from muscles (Neave, 2007) and circulating glucose

concentrations (Sapolsky et al., 2000), making the measurement of

these three factors important for providing insight into physiological

energy allocations of the organism.

When examining reptilian physiological processes, including

immune responses, the influences of the thermal environment must

be considered due to their ectothermic nature. Most physiological

processes have an optimal range of functioning, which are often

species‐specific (Butler et al., 2013) and impeded when the

organism's body temperature lowers or raises beyond the boundaries

of this range (Huey & Stevenson, 1979). This can cause the organism

increased stress (Fabrício‐Neto et al., 2019; Jessop et al., 2016;

Telemeco & Addis, 2014). To account for this, ectotherms may either

actively or passively adjust their body temperatures (thermoregulate

or thermoconform, respectively) to remain in physiologically optimal

ranges. Each of these strategies presents its own costs and benefits

to the organism (i.e., predation risk, high ambient temperature, and

resource competition; Huey & Slatkin, 1976). Reptilian thermo-

regulation may include strategies such as behavioral fever via basking

(Goessling et al., 2017) or microhabitat selection (Smith, 1979).

However, these mechanisms are dependent on the temporal and

spatial variability within the organism's thermal environment

(Stevenson, 1985). Previous studies have shown that the chelonian

innate immune system has a relationship with temperature

(Zimmerman et al., 2017) and has species‐specific optimal ranges of

functioning (Adamovich, Baker, Merchant, & Allender, 2020; Baker

et al., 2019). This is likely because cellular production rates of many

immune components must match the experienced thermal environ-

ment (Goessling et al., 2019).

The purpose of this study was to assess the differences between

the immunocompetences of two understudied tortoises from a zoo

collection, the Indian star tortoise (Geochelone elegans, Schoepff,

1795) and the northern spider tortoise (Pyxis arachnoides brygooi,

Vuillemin & Domergue, 1972) to three bacteria: Escherichia coli,

Salmonella enterica, and Staphylococcus aureus. The two tortoise
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species are maintained under differing housing regimes; G. elegans is

seasonally shifted between indoor and outdoor enclosures while P. a.

brygooi is housed indoors year‐round. Geochelone elegans is an IUCN

Red List Vulnerable species (Choudhury et al., 2020) endemic to the

dry regions (i.e., scrub forests, grasslands, and coastal scrublands) of

south‐eastern, southern, and north‐western India; northern and

eastern Sri Lanka; and the easternmost parts of Pakistan (Daniel,

1983). Pyxis arachnoides brygooi is an IUCN Red List Critically

Endangered species (Leuteritz & Walker, 2020) endemic to the

dry coastal forests of southern Madagascar (Pedrono, 2008).

We predicted species‐specific differences in the innate immune

responses, fecal glucocorticoid metabolite concentrations, and blood

biochemistry values as measured by blood lactate and blood glucose.

Furthermore, we predicted immune capability would vary within

each tortoise species in relation to bacterial challenge. Finally, we

examined the influence of thermal patterns in the microenvironment

at differing temporal resolutions on the tortoise's immuno-

competence. We predicted that the thermal microenvironment in

the week before the blood sampling would be the most influential

time period for immunocompetence.

2 | MATERIALS AND METHODS

2.1 | Study species and site

Tortoises used in this study were adult G. elegans and P. a. brygooi

housed at the Memphis Zoo (Memphis, Tennessee, USA). These

tortoises were maintained in two separate off‐exhibit housing

groups: G. elegans (male = 8, female = 1) and P. a. brygooi (male = 9,

female = 1). We identified the sex of individuals of both species by

visually inspecting tail morphology. If the tail was larger and extended

past the anal scute, it was classified as male. If the tail was smaller and

did not extend past the anal scute, it was classified as female. One

male from the P. a. brygooi group was transferred to another

institution in July 2021 and thus has an incomplete data set. The

G. elegans group seasonally moved between their off‐exhibit outdoor

and off‐exhibit indoor housing spaces. In 2020, the G. elegans group

was outdoors at the start of the study (August 2020), then moved

indoors on September 30, 2020. They were moved back outdoors on

May 16, 2021, and finally moved back indoors on September 23,

2021. The P. a. brygooi group was permanently housed off‐exhibit

indoors. The tortoise species in this study were selected due to their

available sample size within the Memphis Zoo's herpetological

collection. All work was conducted under Memphis Zoo IACUC

#2020‐3.

2.2 | Blood sample collection

We collected whole blood samples from all individuals at the beginning

of each month from August 2020–December 2021 (average of 30.125

days between sample periods). Samples (<0.5ml; <0.15% body weight

for both species) were taken from the dorsal coccygeal vein using a

non‐heparinized 1ml syringe outfitted with a 26 g × 5/8′′ needle.

Target sampling time was confined to within three minutes of removal

from the enclosure to avoid confounding effects of the acute stress

response (Romero & Reed, 2005). However, due to limited sample size,

all samples were included (statistical tests revealed no effect on time of

sampling on any metrics). Samples were centrifuged at 10,000 rpm

until fractionation and serum was immediately decanted into separate

0.5ml conical microcentrifuge tubes via pipette. Samples were then

maintained on ice until arrival at Arkansas State University (<10 h

later).

2.3 | Blood biochemistry

Blood biochemistry has been measured in other studies of chelonian

physiology (Lewbart et al., 2018; Pereira et al., 2012; Reese et al.,

2002). Parameters such as blood glucose and blood lactate levels are

beneficial when looking at the health state of an organism (Chaffin

et al., 2008; Lewbart et al., 2014) and can assist in building a more

complete picture of immune function by allowing a glimpse into how

energy may mobilize. Using the whole blood, lactate and glucose

levels were read for each sample within 1min of sample collection

using a Nova Lactate Plus hand‐held analyzer (Nova‐Biomedical) and

Accu‐Chek® Performa hand‐held analyzer (Roche Diagnostics),

respectively.

2.4 | Sample storage

Following transport, all serum samples were stored at 4°C for short‐

term storage before the first round of BKAs within 6 days of

collection (see below for details). The remaining portions of samples

were then stored at −20°C until the second round of BKAs (within

30–60 days of collection).

2.5 | Bacterial killing assay optimizations

Complement is one of the initial defense mechanisms of innate immunity

and is a cascade of proteins that facilitates pathogen removal via

opsonization (Murphy & Weaver, 2017). Complement can be measured

using different bacterial species (Demas et al., 2011). Complement‐

independent immune responses can be assessed through the use of

Gram‐positive bacteria, such as Staphylococcus aureus which have a thick

peptidoglycan layer that hinders complement activation (Rautemaa &

Meri, 1999). Conversely, through use of Gram‐negative bacteria, such as

Escherichia coli and Salmonella sp., complement‐dependent pathways are

assessed (Rautemaa & Meri, 1999). Gram‐negative bacteria have outer

membranes primarily composed of lipopolysaccharides that can activate

complement (Rautemaa & Meri, 1999).

All assays were conducted following procedures established by

French and Neuman‐Lee (2012). BKAs were optimized for S. aureus in
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November 2020 and E. coli and S. Typhimurium from November

2020–February 2021 (Table 1). Assays were validated and optimized

for each tortoise species for the bacteria Escherichia coli (EPower™

Microorganisms, ATCC 8739, MicroBioLogics), Salmonella enterica

enterica serovar Typhimurium (EPower™ Microorganisms, ATCC

13311, MicroBioLogics), and Staphylococcus aureus aureus (EPower™

Microorganisms, ATCC 6538, MicroBioLogics). All bacteria suspen-

sions were diluted to 1.0E + 05 CFU. We used increasing amounts of

serum from randomly selected individuals to identify the serum

volume(s) that resulted in an average of 50% killing for each

bacterium and tortoise species. Initially, optimization assays were

conducted using frozen‐thawed serum samples and sterile

phosphated buffer solution (PBS). Due to the lack of killing against

E. coli and S. Typhimurium by the serum from both G. elegans and P. a.

brygooi, the assays were modified to use live (unfrozen) serum and

L‐glutamine (Thermo Fischer Scientific) supplemented CO2‐

Independent medium (Thermo Fischer Scientific) in place of PBS to

further promote optimal growth. These optimizations led to

identifying the serum dilution for each tortoise species and bacterial

strain to provide the widest range of killing. The serum dilutions that

achieved the closest average to 50% killing (thus allowing for

individual variation) were selected for the sample assays (see below;

Table 1).

2.6 | Sample bacterial killing assays

Samples were plated in triplicate in sterile round‐bottom 96‐well

plates; if serum volume was insufficient, samples were plated either

in singlicate or duplicate accordingly. Six positive (bacteria and broth

with no serum to assess bacterial growth) and six negative control

wells (only PBS or CO2‐Independent medium and broth to assess

plate contamination) were included on each plate. Following the

addition of serum and either PBS or CO2‐Independent media, 6 μl of

bacteria suspension was added to all wells except negative controls.

Plates were incubated at 37°C for 30min and then 125 μl of sterile

tryptic soy broth was added to all wells. Absorbance was read at

340 nm using an ELx 808 Microplate reader (Biotek Instruments, Inc.),

and then plates were incubated for 12 h at 37°C before final

absorbance was read. Immunocompetence for each sample was

calculated as a percentage, all negative scores were adjusted to zero,

and all positive scores over 100 were adjusted to 100.

2.7 | Fecal collection

Fecal samples were collected monthly, following the completion of

blood sampling. Tortoises were placed in a shallow warm water bath

for an average of 45min. This procedure typically stimulates

defecation in chelonian species (AH, personal observation). Samples

were removed immediately after production to prevent degradation

or coprophagy, drained of excess water, and placed in individual

sterile tubes. Fecals produced before the water baths were caught by

gloved hand and placed in an individual sterile tube. Samples were

stored on ice during transportation (<10 h) and then stored at −80°C.

2.8 | CORT extraction

Corticosterone (CORT), the primary glucocorticoid in reptiles

(Dickens & Romero, 2013), was extracted following the methods

outlined by Shideler et al. (1994) and Bauman and Hardin (1998).

Fecals were homogenized and any large particles of undigested food

were removed. A 0.5 g sample was removed from the resulting

homogenate and transferred to a sterile 15ml conical tube. To

extract the steroid, 5 ml of a 50% methanol and 50% PBS solution

was added to each tube. Tubes were then agitated on a plate

vortexer at 200 rpm for 17 h. All tubes were allowed 1 h to settle

TABLE 1 Optimization results outlining selected serum volumes and states for each tortoise species and months analyzed.

Species Bacteria Volume Dilutiona Serum state Months analyzed

Indian Star

Tortoise
(Geochelone elegans)

Escherichia coli

ATCC 8739

3 μl 1:5 Live February–December 2021

Salmonella enterica

serovar Typhimurium
ATCC 13311

5 μl 5:13 Live February–December 2021

Staphylococcus aureus

ATCC 6538
6.5 μl 6.5:11.5 Frozen‐thaw August 2020–December 2021

Northern Spider Tortoise
(Pyxis arachnoides brygooi)

Escherichia coli

ATCC 8739
3 μl 1:5 Live February–December 2021

Salmonella enterica

serovar Typhimurium
ATCC 13311

11 μl 11:7 Live February–December 2021

Staphylococcus aureus

ATCC 6538
6.5 μl 6.5:11.5 Frozen‐thaw August 2020–December 2021

aDilution of serum to either PBS (S. aureus assays) or CO2‐Independent media (E. coli and S. Typhimurium assays)
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before decanting the supernatant into a new 15ml conical tube.

These new tubes were then centrifuged for 1 h at 4000 rpm at 4°C.

The resulting supernatant was decanted into 0.6 ml micro‐centrifuge

tubes and stored at −20°C until use in the radioimmunoassay (within

30 days). The remaining fecal samples were dried under a fume hood

to be used in sample concentration corrections (see below).

2.9 | CORT radioimmunoassay

Fecal CORT metabolite concentrations were determined using

radioimmunoassay protocols developed by Neuman‐Lee et al.

(2015). The assay was run using all samples at the end of the

collection period to reduce assay variation. Individual samples of both

tortoise species were selected to complete validations and assess

binding‐interference and parallelism before running all samples. A

10‐point standard curve using known concentrations of CORT

was run in triplicate. All samples were run in duplicate. Final CORT

concentrations (hormone concentration per gram of fecal matter)

were determined by correcting for dilution factor and dry fecal mass.

Intra‐assay variation was 6.1% and precision was 97.8%.

2.10 | Temperature loggers

Temperature loggers (iButtons; DS 192 1G‐F5# Thermochron) can be

used in a multitude of environments to assess changes in tempera-

ture by recording and storing data at regular intervals (Fawcett et al.,

2019; Mittra et al., 2013) and have been successfully deployed in

studies using small chelonian species (Converse & Savidge, 2003;

Currylow et al., 2015). Loggers were deployed from June–December

2021. All loggers were wrapped in a single layer of sealing film and

affixed using cloth medical tape to the right dorsal carapace of each

tortoise. Readings were recorded every 30min during deployment.

Monthly, loggers were retrieved to download data, reset to avoid

rollover, and redeployed onto the same individuals.

2.11 | Analysis

All statistical analyses were performed using R (R Development Core

Team, 2021), and α = 0.05 was used for all tests. Due to the small

sample size of this study, we were unable to control for the

differences between the species in relation to the difference in the

housing conditions.

2.12 | Blood biochemistry analysis

To determine any species‐specific differences in energy mobilization we

compared the blood lactate and glucose between the two species.

Normality of these data was initially assessed using a Shapiro–Wilk test.

If data were normally distributed, a two‐tailed two‐independent‐sample

t‐test was selected. If at least one variable was not normally distributed,

a two‐sided Mann–Whitney U test was selected. The Nova Lactate Plus

hand‐held analyzer's test range was 0.3 to 25.0mmol/L, thus values that

were under this range (i.e., a reading of “LOW”) were arbitrarily adjusted

to 0.01mmol/L to be included in analysis. When the “LOW” values were

all changed to 0.29mmol/L, the final statistical outcomes were similar.

2.13 | Bacterial killing assays analysis

All data were initially assessed for homogeneity of variances using a

Bartlett test. BKA data for all bacteria were analyzed separately for each

tortoise species. Assay data for E. coli and S. Typhimurium were

analyzed for the months February–December 2021 and S. aureus for

the months August 2020–December 2021. To assess differences in

bactericidal ability among months, a Kruskal–Wallis rank sum test paired

with a Dunn's Multiple Comparison Test using package “FSA” (Ogle

et al., 2022) was selected if data were homoscedastic, or a Welch's

analysis of variance (ANOVA) paired with a Games‐Howell post hoc test

using package “rstatix” (Kassambara, 2020) if heteroscedastic.

2.14 | CORT radioimmune assay analysis

Because there were too few fecal samples across months to test for

monthly differences, we instead combined all fecal CORT data to

determine any general species‐specific differences in CORT between

G. elegans and P. a. brygooi. Normality of these data was initially

assessed using a Shapiro–Wilk test. If data were normally distributed,

a two‐tailed two‐independent‐sample t‐test was selected. If at

least one variable was not normally distributed, a two‐sided

Mann–Whitney U test was selected. To examine if housing

environment, indoors versus outdoors, affected G. elegans fecal

CORT levels, normality of these data was initially assessed using a

Shapiro–Wilk test. If data were normally distributed, a two‐tailed

two‐paired‐sample t‐test was selected. If at least one variable was

not normally distributed, a two‐sided Wilcoxon Signed‐Rank test was

selected.

2.15 | Temperature loggers analysis

Logger data were analyzed based on day (0700h–1830h) and night

(1900h–0630 h) periods for the timeframes of Week 1, Weeks

1–2, and Month. Weeks were established working backward in 7‐

day increments from the logger retrieval dates. All logger data

were visually assessed for disruptions in recording (i.e., logger

removal, data rollover, etc.). All data with disruptions were

removed from analysis. Data collected following the 1200 h

timepoint on the day before retrieval were also removed to create

even 24‐h day periods. For ease of modeling, BKA results were

adjusted by adding 0.001 to remove all zeros. BKA results were

selected as the response variable.
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To examine the relationship between temperature and immuno-

competence, BKA and logger data were incorporated into generalized

linear mixed models (Gamma error distribution, log link) and run using

R package “lme4” (Bates et al., 2014) for each of the bacteria and

each tortoise species for the time periods: Week 1, Weeks 1–2, and

Month, to examine the temporal resolution of microenvironment

temperature data and immunocompetence. Week 1 Day Maximum

(W1Dmax), Week 1 Day Minimum (W1Dmin), Week 1 Day Average

(W1Davg), Week 1 Night Maximum (W1Nmax), Week 1 Night

Minimum (W1Nmin), Week 1 Night Average (W1Navg), Week 2 Day

Maximum (W2Dmax), Week 2 Day Minimum (W2Dmin), Week 2 Day

Average (W2Davg), Week 2 Night Maximum (W2Nmax), Week 2 Night

Minimum (W2Nmin), Week 2 Night Average (W2Navg), Month Day

Maximum (MDmax), Month Day Minimum (MDmin), Month Day

Average (MDavg), Month Night Maximum (MNmax), Month Night

Minimum (MNmin), Month Night Average (MNavg) were scaled and

then included as fixed effects after removal of highly correlating

variables, and tortoise individual ID were included as a random effect.

Before model construction, the covariance of the fixed effects was

assessed for each of the two tortoise species' model sets (i.e., Week

1, Weeks 1–2, and Month) using a correlation matrix. Correlations

greater than 0.7 were considered highly correlated and the variable

with highest correlations was removed from each highly correlated

pair (Lehmann, 1989).

Multicollinearity between fixed effects was assessed again

through calculation of the variance inflation factor (VIF) for each

model predictor (James et al., 2013) using R package “car” (Fox &

Weisberg, 2019) before model fitting. Fixed effects with VIFs higher

than four were removed beginning with the highest, the model was

re‐run and repeated until all VIFs were under four (James et al.,

2013). Final fixed effects were selected for each model following the

removal of all collinear variables.

A null model including no fixed effects was included for

comparison in each analysis. Models were evaluated and ranked by

means of Akaike Information Criterion correct for small samples

(AICc; Burnham & Anderson, 2010) using package “wiqid” (Meredith,

2019) with lower AICc indicating a model better balancing data

description and complexity (Symonds & Moussalli, 2011). We

calculated the ΔAICc by subtracting the lowest overall AICc value

from each AICc value in the analysis set and then calculated the

Akaike weights (ωi) of each model (Symonds & Moussalli, 2011). All

models with a ΔAICc of less than or equal to two were considered

parsimonious. Model validity was assessed using diagnostic plots to

view residuals and the influence of outliers.

3 | RESULTS

3.1 | Blood biochemistry

All blood chemistry data failed Bartlett's test of homogeneity of

variances (p < 0.002) and none of the data were normally distributed

(p < 0.001), thus Welch's ANOVAs were used.

There was no difference in lactate among months in G. elegans

(F16,46.30 = 1.24, p = 0.274) or in P. a. brygooi (F16, 39.97 = 1.85,

p = 0.058). A Mann–Whitney U test indicated there were no

differences (W = 8717.5, p = 0.429) between the blood lactate levels

of the two species. There was no difference in glucose between

months in G. elegans (F16,47.42 = 1.39, p = 0.187) or in P. a. brygooi

(F16,39.80 = 1.65, p = 0.101). A Mann–Whitney U test (W = 14910,

p < 0.001) indicated G. elegans glucose levels (median = 70mg/dL)

were higher than P. a. brygooi (median = 49.5 mg/dL).

3.2 | Bacterial killing assays

A serum dilution of 1:5 (serum to CO2‐Independent Media) and of

6.5:11.5 (serum to PBS) were selected for assays using E. coli and

S. aureus, respectively, for both tortoise species. Serum dilutions of

5:13 and 11:7 (serum to CO2‐Independent Media) were selected for

assays using S. Typhimurium for G. elegans and P. a. brygooi,

respectively (Table 1).

Geochelone elegans serum killing of E. coli and S. aureus failed

Bartlett's test of homogeneity of variances (p < 0.001). Bactericidal

ability against E. coli (F10,28.75 = 152.92, p < 0.001) and against S.

aureus (F16,28.75 = 42.13, p < 0.001) differed among months. Post

hoc analysis for E. coli revealed the following months were from

one another: February–April (p = 0.005), March–April (p = 0.045),

April–May (p < 0.001), April–July (p = 0.004), April–August

(p = 0.007), April–September (p < 0.001), April–November

(p < 0.001), and April–December (p = 0.009). Post hoc analysis for

S. aureus revealed no differences among months (p > 0.068 for all

pairwise comparisons) when accounting for the adjustment of p‐

values. Geochelone elegans serum killing of S. Typhimurium passed

Bartlett's test of homogeneity of variances (p = 0.139). There was

no difference in bactericidal ability against S. Typhimurium among

months (χ210 = 17.91, p = 0.057; Figure 1).

Pyxis arachnoides brygooi serum killing of E. coli and

S. Typhimurium failed Bartlett's test of homogeneity of variances

(p < 0.001). There was a significant difference in bactericidal ability

against E. coli (F10, 26.79 = 42.13, p = 0.004) and against S. Typhimur-

ium (F10,26.79 = 25.67, p = 0.002) among months. Post hoc analysis for

E. coli revealed the months April–May were different from one

another (p = 0.023). Post hoc analysis for S. Typhimurium revealed no

differences among months when accounting for the adjustment of

p‐values (p > 0.060 for all pairwise comparisons). Pyxis arachnoides

brygooi serum killing of S. aureus passed Bartlett's test of homogene-

ity of variances (p = 0.703). There was no difference in bactericidal

ability against S. aureus among months (χ210 = 18.47, p = 0.297;

Figure 2).

3.3 | CORT radioimmune assays

Geochelone elegans CORT concentrations were not normally

distributed (W = 0.318, p < 0.001) while P. a. brygooi CORT
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concentrations were normally distributed (W = 0.946, p = 0.200). A

Mann‐Whitney U test indicated G. elegans fecal CORT metabolite

levels (Median = 0 ng/ml) were lower than P. a. brygooi fecal CORT

levels (Median = 0.675 ng/ml; W = 115, p < 0.001). Geochelone

elegans CORT concentrations were not normally distributed for

either the indoor (W = 0. 374, p < 0.001) or outdoor (W = 0. 273,

p < 0.001) months. Fecal CORT metabolite levels for the indoor

months were not different from the outdoor months (V = 35,

p = 0.4755).

3.4 | Temperature logger model selection

Fixed effects selected for each model following the removal of

co‐linear variables are outlined in Table 2. For the models G. elegans

(S. Typhimurium; S. aureus) and P. a. brygooi (S. Typhimurium;

S. aureus), the NULL model was the best fit model. For the G. elegans

(E. coli) model, the NULL and Month models were parsimonious and

selected as the best fit models. For P. a. brygooi (E. coli) the Month

model was the best fit model; within this model, the daily max

temperature was influential (p = 0.001).

4 | DISCUSSION

The present study examined physiological differences between

two species of tortoise and the variation of those differences

across a year in a captive environment. Species‐specific differ-

ences were noted in both blood glucose levels and fecal CORT

metabolite levels. Moreover, G. elegans experienced no difference

in stress, as measured by fecal CORT, between their indoor and

outdoor housing environments. Both tortoise species were able

to exhibit immunocompetence against all bacteria tested; how-

ever, only bactericidal ability against E. coli significantly varied by

month. The bactericidal abilities of G. elegans against S. aureus

and P. a. brygooi against S. Typhimurium were moderate and there

were no monthly differences. Despite experiencing different

thermal microenvironments, similar monthly bactericidal trends

were observed for both tortoise species. However, models

examining bactericidal ability against E. coli and thermal micro-

environments over a monthly period showed a potential

relationship.

Both the E. coli and S. enterica BKAs produced no adequate

bactericidal ability for either tortoise species when using frozen‐thaw

F IGURE 1 Bactericidal ability of Geochelone
elegans. Bactericidal ability against E. coli varied
monthly. Bactericidal ability did not vary monthly
for either S. Typhimurium or S. aureus. Months
significantly different from one another are
indicated with different letters.

F IGURE 2 Bactericidal ability of Pyxis
arachnoides brygooi. Bactericidal ability against
E. coli varied monthly. Bactericidal ability did not
vary monthly for either S. Typhimurium or
S. aureus. Months significantly different from one
another are indicated with different letters.
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serum. When live serum was used instead of frozen‐thawed serum

for the E. coli and S. enterica assays, bactericidal ability increased

indicating the reliance on live cell immune function in this context.

BKAs in other chelonian species have successfully used frozen‐

thawed serum (e.g., Beck et al., 2017). The use of frozen‐thaw

samples appears to have species‐specific effects, with freezing being

more detrimental to the bactericidal ability of some species than

others (Jacobs & Fair, 2016), as freezing serum samples results in

samples that are acellular (Tan et al., 2019) but the integrity of

immune proteins remains (Demas et al., 2011). Our results demon-

strate that the leukocytes (e.g., monocytes, azurophils, and hetero-

phils in reptiles; Jurd, 1994) are likely the primary innate mechanism

responsible for combatting Gram‐negative pathogens, such as E. coli

and S. enterica, in G. elegans and P. a. brygooi. In contrast, frozen‐thaw

serum displayed adequate bactericidal ability against Gram‐positive

S. aureus for both tortoise species. It appears likely that the

noncellular components (e.g., antimicrobial peptides) present in

these tortoises' serum appear highly competent at clearing S. aureus

infections.

In reptilian species, infections caused by Gram‐positive bacteria

are typically less common than those caused by Gram‐negative

bacteria (Jacobson, 1987), although very little research has been

conducted in wild populations. There is evidence that different

reptiles may have differential immunocompetence against Gram‐

positive and Gram‐negative bacteria. LaVere et al. (2021) noted the

reduced bactericidal ability of American alligators (Alligator

TABLE 2 Model and Akaike Information Criterion corrected for small samples (AICc) information for the relationship between
immunocompetence and temperature variables for all six model groupings

Species Bacteria Model Fixed effectsa AICc ΔAICc ωi
b

Indian Star Tortoise

(Geochelone elegans)
n = 9

Escherichia coli

ATCC 8739

NULLc Intercept 473.77 0.00 0.6351

Monthc MDmax +MNmax +MNmin 475.34 1.57 0.2893

Weeks 1–2 W1Dmin +W1Davg +W1Nmax +W2Davg 479.17 5.41 0.0426

Week 1 W1Dmax +W1Dmin +W1Nmax +W1Nmin 479.68 5.92 0.0330

Salmonella enterica serovar
Typhimurium

ATCC 13311

NULLc Intercept 426.35 0.00 0.9489

Month MDmax +MNmax +MNmin 433.14 6.79 0.0318

Week 1 W1Dmax +W1Dmin +W1Nmax +W1Nmin 435.47 9.12 0.0099

Weeks 1–2 W1Dmin +W1Davg +W1Nmax +W1Nmin 435.57 9.23 0.0094

Staphylococcus aureus

ATCC 6538

NULLc Intercept 109.53 0.00 0.7729

Week 1 W1Dmax +W1Dmin +W1Nmax 113.49 3.96 0.1067

Month MDmax +MNmax +MNmin 114.48 4.95 0.0651

Weeks 1–2 W1Dmin +W1Davg +W1Nmax +W1Nmin 114.81 5.27 0.0553

Northern Spider Tortoise
(Pyxis arachnoides brygooi)

n = 10

Escherichia coli

ATCC 8739
Monthc MDmax +MDmin +MNavg 388.77 0.00 0.7407

NULL Intercept 391.29 2.52 0.2101

Week 1 W1Dmin +W1Nmax 395.18 6.41 0.0301

Weeks 1–2 W1Dmin +W1Nmax +W2Dmax 396.08 7.32 0.0191

Salmonella enterica serovar

Typhimurium
ATCC 13311

NULLc Intercept 373.94 0.00 0.7312

Week 1 W1Dmin +W1Nmax 376.73 2.79 0.1815

Weeks 1–2 W1Dmin +W1Nmax +W2Dmax 379.37 5.43 0.0483

Month MDmax +MDmin +MNavg 379.80 5.86 0.0390

Staphylococcus aureus

ATCC 6538

NULLc Intercept 323.87 0.00 0.8655

Week 1 W1Dmin +W1Nmax 328.61 4.74 0.0809

Weeks 1–2 W1Dmin +W1Nmax +W2Dmax 330.61 6.74 0.0298

Month MDmax +MDmin +MNavg 331.05 7.18 0.0238

Note: All models were generalized linear mixed models (Gamma error distribution, log link). Groupings were arranged with the best fit model presented

first and all bolded rows within a grouping indicate the best overall model and all parsimonious model(s) within 2 ΔAICc values (Difference between AICc

value and overall lowest group AICc).
aFixed effects chosen after adjusting for collinearity.
bAICc weight.
cBest model(s) of the grouping including parsimonious models.
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mississippiensis) against Salmonella typhimurium may be caused by the

lack of exposure to this pathogen under natural conditions. In our

current study, prior pathogen exposure does not impact our results

because BKAs are a measure of innate immunity (Demas et al., 2011).

However, a lack of exposure to a particular pathogen over time may

influence responses as the organism's immune response evolves in a

manner that prioritizes removing commonly encountered pathogenic

threats. Resulting in reduced immune ability against more infre-

quently encountered threats.

A study by Di Ianni et al. (2015) found Gram‐negative bacteria

are the predominant isolates from the conjunctiva of aquatic

turtles. Aquatic species most likely encounter Gram‐negative

bacteria frequently due to their common presence in aquatic

environments (Rhodes & Kator, 1988). Consequently, these

chelonian species may have prioritized immune defenses against

these bacteria. Reduced ability to effectively clear a Gram‐

positive bacterial challenge has been documented in freshwater

turtle species such as the alligator snapping turtle (Macrochelys

temminckii) and common snapping turtle (Chelydra serpentina;

Baker et al., 2019) as well as the eastern box turtle (Terrapene

carolina carolina; Adamovich et al., 2020). Though not a fully

aquatic species, T. c. carolina still relies on wet environments (e.g.,

ephemeral ponds and wetlands) for its life‐history (Donaldson &

Echternacht, 2005) and is phylogenetically related to many

aquatic species. In comparison, Gram‐positive isolates were more

common conjunctiva isolates in tortoises (Di Ianni et al., 2015).

Gram‐positive bacteria can survive in a variety of dry environ-

ments (Chaibenjawong & Foster, 2011). Consequently, terrestrial

reptiles such as tortoises may encounter Gram‐positive bacteria

like S. aureus more frequently. More research involving non‐model

species such as reptiles can be instrumental when determining the

impact of environment on innate immunity and can allow greater

accuracy when attempting to isolate mechanisms or understand

the root of observed variation in immune response.

The volume of serum required to achieve adequate killing of

S. enterica was much higher for P. a. brygooi than G. elegans. A study

by Matson et al. (2006) noted significant variation in bactericidal

ability against E. coli among five different bird species. The authors

hypothesized that the variation may suggest differing degrees of

innate immune engagement when faced with E. coli infections and

may result from compositions of circulating innate components being

dictated on a species‐specific basis. This hypothesis offers a possible

explanation for why the serum volume required for P. a. brygooi was

more than twice that needed for G. elegans. We propose anti-

microbial peptides may differ along with serum concentration

between the species. These peptides can kill Gram‐positive bacteria

(Hancock & Scott, 2000) and do not denature in the initial freeze‐

thaw process. The use of more mechanism‐specific immune assays

(Reviewed in Demas et al., 2011) may be more helpful in creating

a more precise analysis of the difference in bactericidal ability

between G. elegans and P. a. brygooi with respect to innate

mechanism composition. These findings also underscore the need

to optimize BKAs for every species.

Neither blood lactate nor blood glucose varied monthly for either

species. However, there are apparent species‐specific differences in

energy use. Blood glucose levels varied between species, with

median blood glucose levels of G. elegans higher than those of P. a.

brygooi. Because CORT can induce gluconeogenesis (Kuo et al., 2015;

Lin et al., 2004), we might expect that elevated fecal CORT would be

associated with elevated glucose levels. We saw the opposite

relationship when comparing the species‐specific relationships.

However, because we did not measure blood CORT, which may

have provided a better comparison. It is unlikely that this difference

in glucose is in response to different diets as both species are fed the

same diet on the same schedule. Regarding fecal CORT metabolite

levels, the median level for G. elegans was lower than that of P. a.

brygooi. The relationship between CORT and glucose levels is not

direct (Hudson et al., 2020; Neuman‐Lee et al., 2020). Rises in CORT

induced by acute stress have been shown to produce a variety of

trends in glucose levels in other reptilian models (Hudson et al., 2020;

Neuman‐Lee et al., 2020). In response to chronic stress, daytime

glucose did not change in an avian model (Sturnus vulgaris; Cyr et al.,

2007). Furthermore, CORT and glucose relationship is nuanced

and is impacted by factors such as energetic stores (Neuman‐Lee

et al., 2020).

CORT is a likely mediator of physiological trade‐offs, the extent

to which is dependent on available energy (French et al., 2007).

Moreover, it likely influences vertebrate life‐history strategies (Hau

et al., 2010). More research as to the effects of endocrine control

mechanisms, such as CORT, on organismal response to the

environment must be done to better understand the differences

among life‐history strategies (Ricklefs & Wikelski, 2002). Though

there was no observed difference in CORT between the indoor and

outdoor months, it is possible that levels of CORT were lower in

G. elegans due to their husbandry regime that includes outdoor

naturalistic housing, but we were unable to observe this due to our

limited data set. However, the more likely explanation is an innate

species‐specific difference on average basal CORT production

between G. elegans and P. a. brygooi as both species and context‐

specific effects can influence results (Romero & Beattie, 2022). These

results illustrate the need for establishing physiological baselines on a

species‐by‐species basis and further emphasized the importance of

evaluating multiple species and optimizing physiological assays when

working with non‐model species. It is a critical step that must be

initially established otherwise determination of fluctuations in

hormone levels, such as elevations, will be challenging (Millspaugh

& Washburn, 2004). More specifically, generalizations regarding

physiological baselines across similar taxa kept under comparable

conditions must be made with caution.

The thermal microenvironment that the tortoises experienced

did not appear to influence the immunocompetence metrics that we

selected. Reptiles' physiological processes are often influenced by

multiple environmental factors such as drought (Combrink et al.,

2021) or resource availability (Smith et al., 2017). In the tegu lizard

(Salvator merianae), differential leukocyte counts, another measure

of innate immunity, positively correlated with the average body
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temperature of the organism the week before blood sampling

(Madelaire et al., 2021). In contrast, body temperature had no effect

on the bactericidal ability of S. merianae to E. coli, regardless of the

timeframe of body temperature averages (Madelaire et al., 2021). The

authors theorize this difference in response may show differences in

the stabilities of immune traits, where some are more stable across a

broader temperature range.

In our current study, we included both short (i.e., the week prior)

and long (i.e., the month prior) exposure period models to ascertain if

the species displayed a correlation between immune function and

thermal microenvironment experienced. Because none of the models

regarding bactericidal ability against S. Typhimurium or S. aureus were

better fit than the NULL model, it is likely that the current differences in

thermal microenvironment (i.e., seasonally appropriate outdoor housing

of G. elegans vs. constant indoor housing of P. a. brygooi) experienced by

the two tortoise species at the resolution tested do not elicit differences

in innate immunity. Interestingly, only models concerning E. coli showed

potential effects. The E. coli models were either equal to the NULL

(G. elegans) or better fit than the NULL (P. a. brygooi). It is possible that

the thermal microenvironment variables we selected may influence the

tortoises' bactericidal ability of E. coli. However, this influence may only

be noticed after prolonged exposure to different temperatures or may

experience a lag‐like effect as demonstrated by the models incorporat-

ing month‐long data being better fit than or comparable to the NULL

models. Because we only assessed one aspect of immune function,

bactericidal ability, we may have missed relationships between the

thermal microenvironment and other innate metrics. A study in snakes

did note that bactericidal ability was most strongly associated with

other innate immune metrics including lysis (Neuman‐Lee et al., 2019).

In the future, the addition of other immune assays and metrics will be

imperative to building a more comprehensive assessment of the effects,

or lack thereof, of thermal microenvironment on the immune response

of G. elegans and P. a. brygooi.

During the late fall, winter, and early spring periods, both tortoise

species were housed indoors at constant summer‐like temperatures.

Consequently, this absence of exposure to significantly decreasing

temperatures may have influenced the observed lack of effect of the

thermal microenvironment on immune function. This study did not

examine other environmental variables that may have influenced

immunocompetence. For example, in a study by Combrink et al.

(2021), spring precipitation was found to be the most plausible

predictor of immune function as measured by bactericidal capacity

and natural antibody levels for two species of gartersnakes

(Thamnophis elegans and Thamnophis sirtalis). More specifically,

negative response in immune function in reaction to drought‐like

conditions. Additionally, Currylow et al. (2015) documented the

relationship between extreme weather events and behavior in free‐

living P. arachnoides. In association with higher cloud cover and

presence of precipitation, P. arachnoides shifted from being buried to

emerging as the weather event, a cyclone, progressed. Future studies

should include other environmental variables such as precipitation,

hours of direct sunlight, photoperiod, and barometric pressure.

Escherichia coli was the only bacterium for which there was a

possible relationship with the selected thermal variables. In this

instance, the mechanisms responsible for the removal of E. coli are

likely more profoundly influenced by the thermal microenvironment

than other mechanisms. Identifying and quantifying specific immune

metrics using only BKAs (Demas et al., 2011; Neuman‐Lee et al.,

2019) is a delicate task because this assay is primarily a functional

measure of serum immunocompetence. There are multiple innate

immune mechanisms used to combat Gram‐negative bacterial

infections (Ferrandon et al., 2007), so it is difficult to use this

functional approach to precisely identify the specific mechanism. It is

possible that natural antibodies may play a substantial role in the

defense against Gram‐negative bacteria in chelonian species

(Zimmerman et al., 2013) as they have also been shown to be

temperature‐dependent (Butler et al., 2013).

5 | CONCLUSION

In this study we demonstrated the diversity of bactericidal ability of

two threatened tortoise species and highlighted potential explana-

tions for these observed differences in innate immune function.

We additionally explored the differences in physiological energy

allocations of the two species. Lastly, we laid the groundwork for

examining the potential relationships between innate immunity and

temperature through the inclusion of multi‐season sampling and

exploratory modeling. To continue to expand our understanding of

the immune system, ecoimmunologists must further diversify and

optimize techniques (Downs et al., 2014). One major way to do this is

through non‐model species. Though immunity in reptilian species has

largely been ignored, reptiles offer a unique system to study innate

immunity due to their reduced reliance on the adaptive response

(Zimmerman, Vogel, & Bowden, 2010). In these nontraditional model

species, we are granted the ability to better investigate and

comprehend how particular immune qualities may have emerged

and determine whether they are phylogenetically or life‐history

motivated. Ultimately, this affords us a more complete understanding

of vertebrate immunity.

ACKNOWLEDGMENTS

We thank the following organizations for providing funding

support for this project: the Memphis Zoo (Conservation Action

Network Grant #5825‐6002 to L. A. NL., S. P., and A. M. H.), The

SUPERB Program (NSF: DUE‐1564954; for graduate scholarships

to A. M. H.) and the Arkansas Biosciences Institute (Grant

#200147 to L. A. NL). We further thank the Memphis Zoo for

their collaboration and keepers B. Grizzle and D. Lance for their

assistance. We also thank A. Bogisich, M. Cohn, G. Dawson, E.

Saffle, and all other volunteers who assisted in sample collection.

We thank C. Hartzheim for his helpful comments on the

manuscript. Lastly, we thank Bob the Tortoise for his company

during each sampling period.

10 | HARTZHEIM ET AL.



CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from

the corresponding author upon reasonable request.

ORCID

Lorin A. Neuman‐Lee http://orcid.org/0000-0002-0225-5686

REFERENCES

Adamovicz, L., Baker, S. J., Merchant, M., & Allender, M. C. (2020). Plasma
antibacterial activities in ornate (Terrapene ornata) and eastern box
turtles (Terrapene carolina). Journal of Experimental Zoology Part A:

Ecological and Integrative Physiology, 333, 295–305. https://doi.org/
10.1002/jez.2352

Allen, S. E., & Holm, J. L. (2008). Lactate: Physiology and clinical utility.

Journal of Veterinary Emergency and Critical Care, 18, 123–132.
https://doi.org/10.1111/j.1476-4431.2008.00286.x

Baker, S. J., Kessler, E. J., & Merchant, M. E. (2019). Antibacterial activities
of plasma from the common (Chelydra serpentina) and alligator
snapping turtle (Macrochelys temminckii). Journal of Experimental

Zoology Part A: Ecological and Integrative Physiology, 331, 85–92.
https://doi.org/10.1002/jez.2237

Bates, D., Mächler, M., Bolker, B., & Walker, S. (2014). Fitting linear mixed‐
effects models using lme4. arXiv preprint arXiv, 1406, 5823.
10.48550/arXiv.1406.5823

Bauman, J. E., & Hardin, A. (1998). Measurement of steroids in animal
feces with commercially available RIA kits intended for use in human
serum. Journal of Clinical Ligand Assay, 21, 83.

Beck, M. L., Thompson, M., & Hopkins, W. A. (2017). Repeatability and
sources of variation of the bacteria‐killing assay in the common

snapping turtle. Journal of Experimental Zoology Part A: Ecological

and Integrative Physiology, 327, 293–301. https://doi.org/10.1002/
jez.2089

Behringer, V., Deimel, C., Stevens, J. M., Kreyer, M., Lee, S. M.,
Hohmann, G., Fruth, B., & Heistermann, M. (2021). Cell‐mediated

immune ontogeny is affected by sex but not environmental context
in a long‐lived primate species. Frontiers in Ecology and Evolution, 9:
272. https://doi.org/10.3389/fevo.2021.629094

Boehm, T. (2012). Evolution of vertebrate immunity. Current Biology, 22,

R722–R732. https://doi.org/10.1016/j.cub.2012.07.003
Buchmann, K. (2014). Evolution of innate immunity: Clues from

invertebrates via fish to mammals. Frontiers in Immunology, 5, 459.
https://doi.org/10.3389/fimmu.2014.00459

Burnham, K. P., & Anderson, D. R. (2010). Statistical theory and numerical

results. In K. P. Burnham & D. R. Anderson (Eds.), Model selection and

multimodel inference: A practical information‐theoretic approach (pp.
323–334). Springer.

Butler, M. W., Stahlschmidt, Z. R., Ardia, D. R., Davies, S., Davis, J.,
Guillette, Jr., L. J., Johnson, N., McCormick, S. D., McGraw, K. J., &

DeNardo, D. F. (2013). Thermal sensitivity of immune function:
Evidence against a generalist‐specialist trade‐off among endother-
mic and ectothermic vertebrates. The American Naturalist, 181,
761–774. https://doi.org/10.5061/dryad.2d5m8

Chaffin, K., Norton, T. M., Gilardi, K., Poppenga, R., Jensen, J. B., Moler, P.,
Cray, C., Dierenfeld, E. S., Chen, T., Oliva, M., Origgi, F. C., Gibbs, S.,

Mazzaro, L., & Mazet, J. (2008). Health assessment of free‐ranging
alligator snapping turtles (Macrochelys temminckii) in Georgia and
Florida. Journal of Wildlife Diseases, 44, 670–686. https://doi.org/10.
7589/0090-3558-44.3.670

Chaibenjawong, P., & Foster, S. J. (2011). Desiccation tolerance in
Staphylococcus aureus. Archives of Microbiology, 193, 125–135.
https://doi.org/10.1007/s00203-010-0653-x

Choudhury, B. C., de Silva, A., & Shepherd, C. (2020). Geochelone

elegans. The IUCN Red List of Threatened Species,
2020):e.T39430A123815345. https://doi.org/10.2305/IUCN.
UK.2020-2.RLTS.T39430A123815345.en

Combrink, L. L., Bronikowski, A. M., Miller, D. A. W., & Sparkman, A. M.
(2021). Current and time‐lagged effects of climate on innate

immunity in two sympatric snake species. Ecology and Evolution, 11,
3239–3250. https://doi.org/10.1002/ece3.7273

Conde, D. A., Staerk, J., Colchero, F., da Silva, R., Schöley, J., Baden, H. M.,
Jouvet, L., Fa, J. E., Syed, H., Jongejans, E., Meiri, S., Gaillard, J.‐M.,
Chamberlain, S., Wilcken, J., Jones, O. R., Dahlgren, J. P.,

Steiner, U. K., Bland, L. M., Gomez‐Mestre, I.,, … Vaupel, J. W.
(2019). Data gaps and opportunities for comparative and conserva-
tion biology. Proceedings of the National Academy of Sciences of the

United States of America, 116, 9658–9664. https://doi.org/10.1073/
pnas.1816367116

Converse, S. J., & Savidge, J. A. (2003). Ambient temperature, activity, and
microhabitat use by ornate box turtles (Terrapene ornata ornata).
Journal of Herpetology, 37, 665–670. https://doi.org/10.1670/
117-02A

Currylow, A. F., Walker, R. C., Rafeliarisoa, T. H., & Louis, Jr., E. E. (2015).
Behavior, thermal preference, and ranging patterns of the critically
endangered Madagascar spider tortoise during a cyclone.
Herpetological. Conservation Biology, 10, 602–609.

Cyr, N. E., Earle, K., Tam, C., & Romero, L. M. (2007). The effect of chronic

psychological stress on corticosterone, plasma metabolites, and
immune responsiveness in European starlings. General and

Comparative Endocrinology, 154, 59–66. https://doi.org/10.1016/j.
ygcen.2007.06.016

Daniel, J. C. (1983). The book of Indian reptiles. Bombay Natural History

Society and Oxford University Press.
Demas, G. E. (2004). The energetics of immunity: A neuroendocrine link

between energy balance and immune function. Hormones and

Behavior, 45, 173–180. https://doi.org/10.1016/j.yhbeh.2003.11.002
Demas, G. E., & Nelson, R. J. (2012). Introduction to ecoimmunology. In G.

E. Demas, & R. J. Nelson (Eds.), Ecoimmunology (pp. 3–6). Oxford
University Press.

Demas, G. E., Zysling, D. A., Beechler, B. R., Muehlenbein, M. P., &
French, S. S. (2011). Beyond phytohaemagglutinin: assessing

vertebrate immune function across ecological contexts. Journal of
Animal Ecology, 80, 710–730. https://doi.org/10.1111/j.1365-2656.
2011.01813.x

Dhabhar, F. S., & McEwen, B. S. (1997). Acute stress enhances while
chronic stress suppresses cell‐mediated immunity in vivo: A

potential role for leukocyte trafficking. Brain, Behavior, and

Immunity, 11, 286–306. https://doi.org/10.1006/brbi.1997.0508
Dickens, M. J., & Romero, L. M. (2013). A consensus endocrine profile

for chronically stressed wild animals does not exist. General and
Comparative Endocrinology, 191, 177–189. https://doi.org/10.

1016/j.ygcen.2013.06.014
Donaldson, B. M., & Echternacht, A. C. (2005). Aquatic habitat use relative

to home range and seasonal movement of eastern box turtles
(Terrapene carolina carolina: Emydidae) in eastern Tennessee. Journal
of Herpetology, 39, 278–284. https://doi.org/10.1670/0022-

1511(2005)039[0278:AHURTH]2.0.CO;2
Downs, C. J., Adelman, J. S., & Demas, G. E. (2014). Mechanisms and

methods in ecoimmunology: Integrating within‐organism and
between‐organism processes. Integrative and comparative biology,

54, 340–352. https://doi.org/10.1093/icb/icu082
Evans, J. K., Dann, P., & Frankel, T. (2015). Variation in innate immune

function during incubation, chick‐rearing and moult in little penguins

HARTZHEIM ET AL. | 11

http://orcid.org/0000-0002-0225-5686
https://doi.org/10.1002/jez.2352
https://doi.org/10.1002/jez.2352
https://doi.org/10.1111/j.1476-4431.2008.00286.x
https://doi.org/10.1002/jez.2237
https://doi.org/10.1002/jez.2089
https://doi.org/10.1002/jez.2089
https://doi.org/10.3389/fevo.2021.629094
https://doi.org/10.1016/j.cub.2012.07.003
https://doi.org/10.3389/fimmu.2014.00459
https://doi.org/10.5061/dryad.2d5m8
https://doi.org/10.7589/0090-3558-44.3.670
https://doi.org/10.7589/0090-3558-44.3.670
https://doi.org/10.1007/s00203-010-0653-x
https://doi.org/10.2305/IUCN.UK.2020-2.RLTS.T39430A123815345.en
https://doi.org/10.2305/IUCN.UK.2020-2.RLTS.T39430A123815345.en
https://doi.org/10.1002/ece3.7273
https://doi.org/10.1073/pnas.1816367116
https://doi.org/10.1073/pnas.1816367116
https://doi.org/10.1670/117-02A
https://doi.org/10.1670/117-02A
https://doi.org/10.1016/j.ygcen.2007.06.016
https://doi.org/10.1016/j.ygcen.2007.06.016
https://doi.org/10.1016/j.yhbeh.2003.11.002
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/10.1006/brbi.1997.0508
https://doi.org/10.1016/j.ygcen.2013.06.014
https://doi.org/10.1016/j.ygcen.2013.06.014
https://doi.org/10.1670/0022-1511(2005)039%5B0278:AHURTH%5D2.0.CO;2
https://doi.org/10.1670/0022-1511(2005)039%5B0278:AHURTH%5D2.0.CO;2
https://doi.org/10.1093/icb/icu082


(Eudyptula minor). Emu‐Austral Ornithology, 115, 63–71. https://doi.
org/10.1071/MU13077

Fabrício‐Neto, A., Madelaire, C. B., Gomes, F. R., & Andrade, D. V. (2019).
Exposure to fluctuating temperatures leads to reduced immunity

and to stress response in rattlesnakes. The Journal of Experimental

Biology, 222):jeb208645. https://doi.org/10.1242/jeb.208645
Fawcett, S., Sistla, S., Dacosta‐Calheiros, M., Kahraman, A., Reznicek, A. A.,

Rosenberg, R., & Wettberg, E. J. B. (2019). Tracking microhabitat
temperature variation with iButton data loggers. Applications in Plant

Sciences, 7):e01237. https://doi.org/10.1002/aps3.1237
Ferrandon, D., Imler, J. L., Hetru, C., & Hoffmann, J. A. (2007). The

Drosophila systemic immune response: Sensing and signalling during
bacterial and fungal infections. Nature Reviews Immunology, 7,
862–874. https://doi.org/10.1038/nri2194

Field, E. K., Hartzheim, A., Terry, J., Dawson, G., Haydt, N., & Neuman‐Lee,
L. A. (2022). Reptilian innate immunology and ecoimmunology: What
do we know and where are we going. Integrative and comparative

biology, icac116. https://doi.org/10.1093/icb/icac116
Flies, A. S., Mansfield, L. S., Flies, E. J., Grant, C. K., & Holekamp, K. E.

(2016). Socioecological predictors of immune defences in wild
spotted hyenas. Functional Ecology, 30, 1549–1557. https://doi.org/
10.1111/1365-2435.12638

Flies, A. S., Mansfield, L. S., Grant, C. K., Weldele, M. L., & Holekamp, K. E.

(2015). Markedly elevated antibody responses in wild versus captive
spotted hyenas show that environmental and ecological factors are
important modulators of immunity. PLoS One, 10:e0137679. https://
doi.org/10.1371/journal.pone.0137679

da Fonseca, L. A., Fagundes, V., Girardi, F. M., & Dornelas, L. R. S. (2020).

Blood values of cortisol, glucose, and lactate in healthy Green turtle
(Chelonia mydas) and affected by fibropapillomatosis. Comparative

Clinical Pathology, 29, 1099–1105. https://doi.org/10.1007/s00580-
020-03148-2

Fox, J., & Weisberg, S. (2019). An R companion to applied regression

(3rd ed.). Sage.
French, S. S., DeNardo, D. F., Greives, T. J., Strand, C. R., & Demas, G. E.

(2010). Human disturbance alters endocrine and immune responses
in the Galapagos marine iguana (Amblyrhynchus cristatus). Hormones

and Behavior, 58, 792–799. https://doi.org/10.1016/j.yhbeh.2010.
08.001

French, S. S., McLemore, R., Vernon, B., Johnston, G. I. H., & Moore, M. C.
(2007). Corticosterone modulation of reproductive and immune
systems trade‐offs in female tree lizards: Long‐term corticosterone

manipulations via injectable gelling material. Journal of Experimental

Biology, 210, 2859–2865. https://doi.org/10.1242/jeb.005348
French, S. S., & Neuman‐Lee, L. A. (2012). Improved ex vivo method for

microbiocidal activity across vertebrate species. Biology Open, 1,
482–487. https://doi.org/10.1242/bio.2012919

Goessling, J. M., Guyer, C., & Mendonça, M. T. (2016). Seasonal
acclimation of constitutive immunity in gopher tortoises Gopherus

polyphemus. Physiological and Biochemical Zoology, 89, 487–497.
https://doi.org/10.1086/688694

Goessling, J. M., Guyer, C., & Mendonça, M. T. (2017). More than fever:

Thermoregulatory responses to immunological stimulation and
consequences of thermoregulatory strategy on innate immunity in
gopher tortoises (Gopherus polyphemus). Physiological and Biochemical

Zoology, 90, 484–493. https://doi.org/10.1086/692116
Goessling, J. M., & Mendonça, M. T. (2021). Physiological responses of

gopher tortoises (Gopherus polyphemus) to trapping. Conservation

Physiology, 9):coab003. https://doi.org/10.1093/conphys/coab003
Goessling, J. M., Ward, C., & Mendonça, M. T. (2019). Rapid thermal

immune acclimation in common musk turtles (Sternotherus odoratus).

Journal of Experimental Zoology Part A: Ecological and Integrative

Physiology, 331, 185–191. https://doi.org/10.1002/jez.2252
Hancock, R. E. W., & Scott, M. G. (2000). The role of antimicrobial

peptides in animal defenses. Proceedings of the National Academy of

Sciences of the United States of America, 97, 8856–8861. https://doi.
org/10.1073/pnas.97.16.8856

Harper, J. M., & Austad, S. N. (2000). Fecal glucocorticoids: A noninvasive
method of measuring adrenal activity in wild and captive rodents.

Physiological and Biochemical Zoology, 73, 12–22. https://doi.org/10.
1086/316721

Hau, M., Ricklefs, R. E., Wikelski, M., Lee, K. A., & Brawn, J. D. (2010).
Corticosterone, testosterone and life‐history strategies of birds.
Proceedings of the Royal Society B: Biological Sciences, 277,

3203–3212. https://doi.org/10.1098/rspb.2010.0673
Hegemann, A., Matson, K. D., Flinks, H., & Tieleman, B. (2013). Offspring

pay sooner, parents pay later: Experimental manipulation of body
mass reveals trade‐offs between immune function, reproduction and
survival. Frontiers in zoology, 10, 77. https://doi.org/10.1186/1742-

9994-10-77
Hudson, S. B., Lidgard, A. D., & French, S. S. (2020). Glucocorticoids,

energy metabolites, and immunity vary across allostatic states for
plateau side‐blotched lizards (Uta stansburiana uniformis) residing in a
heterogeneous thermal environment. Journal of Experimental Zoology

Part A: Ecological and Integrative Physiology, 333, 732–743. https://
doi.org/10.1002/jez.2415

Huey, R. B., & Slatkin, M. (1976). Cost and benefits of lizard
thermoregulation. The Quarterly Review of Biology, 51, 363–384.
https://doi.org/10.1086/409470

Huey, R. B., & Stevenson, R. D. (1979). Integrating thermal physiology and
ecology of ectotherms: A discussion of approaches. American

Zoologist, 19, 357–366. https://doi.org/10.1093/icb/19.1.357
Di Ianni, F., Dodi, P. L., Cabassi, C. S., Pelizzone, I., Sala, A., Cavirani, S.,

Parmigiani, E., Quintavalla, F., & Taddei, S. (2015). Conjunctival flora
of clinically normal and diseased turtles and tortoises. BMC

Veterinary Research, 11, 91. https://doi.org/10.1186/s12917-015-
0405-x

Irene Tieleman, B., Williams, J. B., Ricklefs, R. E., & Klasing, K. C. (2005).

Constitutive innate immunity is a component of the pace‐of‐life
syndrome in tropical birds. Proceedings of the Royal Society B:

Biological Sciences, 272, 1715–1720. https://doi.org/10.1098/rspb.
2005.3155

Jacobs, A. C., & Fair, J. M. (2016). Bacteria‐killing ability of fresh blood

plasma compared to frozen blood plasma. Comparative Biochemistry

and Physiology. Part A, Molecular & Integrative Physiology, 191,
115–118. https://doi.org/10.1016/j.cbpa.2015.10.004

Jacobson, E. R. (1987). Reptiles. In J. Harknes (Ed.), The veterinary clinics of

North America: Small animal practice (pp. 1203–1225). Saunders.
James, G., Witten, D., Hastie, T., & Tibshirani, R. (2013). Linear

regressions, An introduction to statistical learning (pp. 59–128).
Springer.

Jessop, T. S., Lane, M. L., Teasdale, L., Stuart‐Fox, D., Wilson, R. S., Careau, V.,

& Moore, I. T. (2016). Multiscale evaluation of thermal dependence
in the glucocorticoid response of vertebrates. The American Naturalist,
188, 342–356. https://doi.org/10.1086/687588

Jurd, R. D. (1994). Reptiles and birds. In R. J. Turner (Ed.), Immunology: A

comparative approach (pp. 137–172). John Wiley & Sons.

Kassambara, A. (2020). rstatix: Pipe‐friendly framework for basic statisti-
cal tests. R package version 0.6. 0.

Kleiman, D. G. (1985). Criteria for the evaluation of zoo research
projects. Zoo Biology, 4, 93–98. https://doi.org/10.1002/zoo.
1430040202

Kuo, T., McQueen, A., Chen, T. C., & Wang, J. C. (2015). Regulation of
glucose homeostasis by glucocorticoids. Glucocorticoid Signaling,
872, 99–126. https://doi.org/10.1007/978-1-4939-2895-8_5

LaVere, A. A., Hamlin, H. J., Lowers, R. H., Parrott, B. B., &

Ezenwa, V. O. (2021). Associations between testosterone and
immune activity in alligators depend on bacteria species and
temperature. Functional Ecology, 35, 1018–1027. https://doi.org/
10.1111/1365-2435.13756

12 | HARTZHEIM ET AL.

https://doi.org/10.1071/MU13077
https://doi.org/10.1071/MU13077
https://doi.org/10.1242/jeb.208645
https://doi.org/10.1002/aps3.1237
https://doi.org/10.1038/nri2194
https://doi.org/10.1093/icb/icac116
https://doi.org/10.1111/1365-2435.12638
https://doi.org/10.1111/1365-2435.12638
https://doi.org/10.1371/journal.pone.0137679
https://doi.org/10.1371/journal.pone.0137679
https://doi.org/10.1007/s00580-020-03148-2
https://doi.org/10.1007/s00580-020-03148-2
https://doi.org/10.1016/j.yhbeh.2010.08.001
https://doi.org/10.1016/j.yhbeh.2010.08.001
https://doi.org/10.1242/jeb.005348
https://doi.org/10.1242/bio.2012919
https://doi.org/10.1086/688694
https://doi.org/10.1086/692116
https://doi.org/10.1093/conphys/coab003
https://doi.org/10.1002/jez.2252
https://doi.org/10.1073/pnas.97.16.8856
https://doi.org/10.1073/pnas.97.16.8856
https://doi.org/10.1086/316721
https://doi.org/10.1086/316721
https://doi.org/10.1098/rspb.2010.0673
https://doi.org/10.1186/1742-9994-10-77
https://doi.org/10.1186/1742-9994-10-77
https://doi.org/10.1002/jez.2415
https://doi.org/10.1002/jez.2415
https://doi.org/10.1086/409470
https://doi.org/10.1093/icb/19.1.357
https://doi.org/10.1186/s12917-015-0405-x
https://doi.org/10.1186/s12917-015-0405-x
https://doi.org/10.1098/rspb.2005.3155
https://doi.org/10.1098/rspb.2005.3155
https://doi.org/10.1016/j.cbpa.2015.10.004
https://doi.org/10.1086/687588
https://doi.org/10.1002/zoo.1430040202
https://doi.org/10.1002/zoo.1430040202
https://doi.org/10.1007/978-1-4939-2895-8_5
https://doi.org/10.1111/1365-2435.13756
https://doi.org/10.1111/1365-2435.13756


Lehmann, D. R. (1989). Market research and analysis (3rd ed). Irwin.
Lesbarrères, D., Balseiro, A., Brunner, J., Chinchar, V. G., Duffus, A.,

Kerby, J., Miller, D. L., Robert, J., Schock, D. M., Waltzek, T., &
Gray, M. J. (2012). Ranavirus: Past, present and future. Biology

Letters, 8, 481–483. https://doi.org/10.1098/rsbl.2011.0951
Leuteritz, T., & Walker, R. (2020). Pyxis arachnoides (amended version

of 2014 assessment). The IUCN Red List of Threatened Species,
2020):e.T19035A177075588. https://doi.org/10.2305/IUCN.UK.
2020-3.RLTS.T19035A177075588.en

Lewbart, G. A., Griffioen, J. A., Savo, A., Muñoz‐Pérez, J. P., Ortega, C.,
Loyola, A., Roberts, S., Schaaf., G., Steinberg, D., Osegueda, S. B.,
Levy, M. G., & Páez‐Rosas, D. (2018). Biochemistry and hematology
parameters of the San Cristóbal Galápagos tortoise (Chelonoidis
chathamensis). Conservation Physiology, 6, coy004. https://doi.org/

10.1093/conphys/coy004.
Lewbart, G. A., Hirschfeld, M., Denkinger, J., Vasco, K., Guevara, N.,

García, J., Muñoz, J., & Lohmann, K. J. (2014). Blood gases,
biochemistry, and hematology of Galapagos green turtles (Chelonia
mydas). PLoS One, 9, e96487. https://doi.org/10.1371/journal.pone.

0096487
Lin, H., Decuypere, E., & Buyse, J. (2004). Oxidative stress induced by

corticosterone administration in broiler chickens (Gallus gallus

domesticus). Comparative Biochemistry and Physiology Part B:

Biochemistry and Molecular Biology, 139, 737–744. https://doi.org/
10.1016/j.cbpc.2004.09.013

Litman, G. W., Cannon, J. P., & Dishaw, L. J. (2005). Reconstructing
immune phylogeny: New perspectives. Nature Reviews Immunology,
5, 866–879. https://doi.org/10.1038/nri1712

Lochmiller, R. L., & Deerenberg, C. (2000). Trade‐offs in evolutionary
immunology: Just what is the cost of immunity? Oikos, 88, 87–98.
https://doi.org/10.1034/j.1600-0706.2000.880110.x

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.,

Blodgett, D., Farrell, T. M., Glorioso, B. M., Last, L. A., Price, S. J.,
Schuler, K. L., Smith, C. E., Wellehan, J. F. X., & Blehert, D. S. (2016).
Snake fungal disease: An emerging threat to wild snakes. Philosophical
Transactions of the Royal Society, B: Biological Sciences, 371,
20150457. https://doi.org/10.1098/rstb.2015.0457

Madelaire, C. B., Zena, L. A., Dillon, D., Silva, D. P., Hunt, K. E., Buck, C. L.,
Bícego, K. C., & Gomes, F. R. (2021). Who rules over immunology?
Seasonal variation in body temperature, steroid hormones, and
immune variables in a tegu lizard. Integrative and comparative biology,

61, 1867–1880. https://doi.org/10.1093/icb/icab093
Matson, K. D., Tieleman, B. I., & Klasing, K. C. (2006). Capture stress and

the bactericidal competence of blood and plasma in five species of
tropical birds. Physiological and Biochemical Zoology, 79, 556–564.
https://doi.org/10.1086/501057

McEwen, B. S., & Wingfield, J. C. (2003). The concept of allostasis in
biology and biomedicine. Hormones and Behavior, 43, 2–15. https://
doi.org/10.1016/S0018-506X(02)00024-7

Meredith, M. (2019). R package version 0.2.1. Quick and dirty estimates
for wildlife populations. https://cran.r-project.org/

Millet, S., Bennett, J., Lee, K. A., Hau, M., & Klasing, K. C. (2007).
Quantifying and comparing constitutive immunity across avian
species. Developmental and Comparative Immunology, 31, 188–201.
https://doi.org/10.1016/j.dci.2006.05.013

Millspaugh, J. J., & Washburn, B. E. (2004). Use of fecal glucocorticoid

metabolite measures in conservation biology research: Considerations
for application and interpretation. General and Comparative

Endocrinology, 138, 189–199. https://doi.org/10.1016/j.ygcen.2004.
07.002

Mittra, S., Etten, J. V., & Franco, T. (2013). Collecting weather data in the
field with high spatial and temporal resolution using iButtons.
Bioversity International. https://hdl.handle.net/10568/52177

Murphy, K., & Weaver, C. (2017). Basic concepts in immunology. In
A. Bochicchio (Ed.), Janeway's Immunobiology (9th ed., pp. 1–36).
Garland Science.

Neave, N. (2007). Hormones and the endocrine system, Hormones and

behaviour: A psychological approach (pp. 22–47). Cambridge Univer-
sity Press.

Neuman‐Lee, L. A., & French, S. S. (2014). Wound healing reduces stress‐
induced immune changes: Evidence for immune prioritization in the
side‐blotched lizard. Journal of Comparative Physiology B, 184,

623–629. https://doi.org/10.1007/s00360-014-0826-z
Neuman‐Lee, L. A., & French, S. S. (2017). Endocrine‐reproductive‐

immune interactions in female and male Galápagos marine iguanas.
Hormones and Behavior, 88, 60–69. https://doi.org/10.1016/j.
yhbeh.2016.10.017

Neuman‐Lee, L. A., Hudson, S. B., Webb, A. C., & French, S. S. (2020).
Investigating the relationship between corticosterone and glucose in
a reptile. The Journal of Experimental Biology, 223, jeb203885.

https://doi.org/10.1242/jeb.203885
Neuman‐Lee, L. A., Van Wettere, A. J., & French, S. S. (2019).

Interrelations among multiple metrics of immune and physiological
function in a squamate, the common gartersnake (Thamnophis

sirtalis). Physiological and Biochemical Zoology, 92, 12–23. https://
doi.org/10.1086/700396

Neuman‐Lee, L. A., Bobby Fokidis, H., Spence, A. R., Van der Walt, M.,
Smith, G. D., Durham, S., & French, S. S. (2015). Food restriction and
chronic stress alter energy use and affect immunity in an infrequent
feeder. Functional Ecology, 29, 1453–1462. https://doi.org/10.
1111/1365-2435.12457

Ochsenbein, A. F., & Zinkernagel, R. M. (2000). Natural antibodies and
complement link innate and acquired immunity. Immunology Today,
21, 624–630. https://doi.org/10.1016/S0167-5699(00)01754-0

Odewahn, R., Wright, B. R., Czirják, G. Á., & Higgins, D. P. (2022).
Differences in constitutive innate immunity between divergent

Australian marsupials. Developmental and Comparative Immunology,
132, 104399. https://doi.org/10.1016/j.dci.2022.104399

Ogle, D. H., Doll, J. C., Wheeler, P., & Dinno, A. (2022). FSA: Fisheries Stock
Analysis. R package version 0.9.3, https://github.com/fishR-Core-
Team/FSA

Pedrono, M. (2008). Spider tortoise (Pyxis arachnoides). The tortoises and

turtles of Madagascar, 40–47, Natural History Publications.
Pereira, C. M., Booth, D. T., Bradley, A. J., & Limpus, C. J. (2012). Blood

concentrations of lactate, glucose and corticosterone in dispersing

hatchling sea turtles. Biology Open, 2, 63–67. https://doi.org/10.
1242/bio.20123046

Poo, S., Whitfield, S. M., Shepack, A., Watkins‐Colwell, G. J., Nelson, G.,
Goodwin, J., Bogisich, A., Brennan, P. L. R., D'Agostino, J., Koo, M. S.,
Mendelson, III, J. R., Snyder, R., Wilson, S., Aronsen, G. P.,

Bentley, A. C., Blackburn, D. C., Borths, M. R., Campbell, M. L.,
Conde, D. A., … Chakrabarty, P. (2022). Bridging the research gap
between live collections in zoos and preserved collections in natural
history museums. BioScience, 72, 449–460. https://doi.org/10.
1093/biosci/biac022

R Development Core Team. (2021). R: A language and environment for
statistical computing. R Foundation for Statistical Computing,
Vienna, Austria. https://www.R-project.org/

Ramirez‐Otarola, N., Sarria, M., Rivera, D. S., Sabat, P., & Bozinovic, F.
(2019). Ecoimmunology in degus: Interplay among diet, immune

response, and oxidative stress. Journal of Comparative Physiology B,
189, 143–152. https://doi.org/10.1007/s00360-018-1195-9

Rautemaa, R., & Meri, S. (1999). Complement‐resistance mechanisms of
bacteria. Microbes and Infection, 1, 785–794. https://doi.org/10.

1016/S1286-4579(99)80081-1
Reese, S. A., Jackson, D. C., & Ultsch, G. R. (2002). The physiology of

overwintering in a turtle that occupies multiple habitats, the

HARTZHEIM ET AL. | 13

https://doi.org/10.1098/rsbl.2011.0951
https://doi.org/10.2305/IUCN.UK.2020-3.RLTS.T19035A177075588.en
https://doi.org/10.2305/IUCN.UK.2020-3.RLTS.T19035A177075588.en
https://doi.org/10.1093/conphys/coy004
https://doi.org/10.1093/conphys/coy004
https://doi.org/10.1371/journal.pone.0096487
https://doi.org/10.1371/journal.pone.0096487
https://doi.org/10.1016/j.cbpc.2004.09.013
https://doi.org/10.1016/j.cbpc.2004.09.013
https://doi.org/10.1038/nri1712
https://doi.org/10.1034/j.1600-0706.2000.880110.x
https://doi.org/10.1098/rstb.2015.0457
https://doi.org/10.1093/icb/icab093
https://doi.org/10.1086/501057
https://doi.org/10.1016/S0018-506X(02)00024-7
https://doi.org/10.1016/S0018-506X(02)00024-7
https://cran.r-project.org/
https://doi.org/10.1016/j.dci.2006.05.013
https://doi.org/10.1016/j.ygcen.2004.07.002
https://doi.org/10.1016/j.ygcen.2004.07.002
https://hdl.handle.net/10568/52177
https://doi.org/10.1007/s00360-014-0826-z
https://doi.org/10.1016/j.yhbeh.2016.10.017
https://doi.org/10.1016/j.yhbeh.2016.10.017
https://doi.org/10.1242/jeb.203885
https://doi.org/10.1086/700396
https://doi.org/10.1086/700396
https://doi.org/10.1111/1365-2435.12457
https://doi.org/10.1111/1365-2435.12457
https://doi.org/10.1016/S0167-5699(00)01754-0
https://doi.org/10.1016/j.dci.2022.104399
https://github.com/fishR-Core-Team/FSA
https://github.com/fishR-Core-Team/FSA
https://doi.org/10.1242/bio.20123046
https://doi.org/10.1242/bio.20123046
https://doi.org/10.1093/biosci/biac022
https://doi.org/10.1093/biosci/biac022
https://www.R-project.org/
https://doi.org/10.1007/s00360-018-1195-9
https://doi.org/10.1016/S1286-4579(99)80081-1
https://doi.org/10.1016/S1286-4579(99)80081-1


common snapping turtle (Chelydra serpentina). Physiological and

Biochemical Zoology, 75, 432–438. https://doi.org/10.1086/342802
Rhodes, M. W., & Kator, H. (1988). Survival of Escherichia coli and

Salmonella spp. in estuarine environments. Applied and Environmental

Microbiology, 54, 2902–2907. https://doi.org/10.1128/aem.54.12.
2902-2907.1988

Ricklefs, R. E., & Wikelski, M. (2002). The physiology/life‐history nexus.
Trends in Ecology & Evolution, 17, 462–468. https://doi.org/10.
1016/S0169-5347(02)02578-8

Romero, L. M., & Beattie, U. K. (2022). Common myths of glucocorticoid
function in ecology and conservation. Journal of Experimental Zoology

Part A: Ecological and Integrative Physiology, 337, 7–14. https://doi.
org/10.1002/jez.2459

Romero, L. M., & Reed, J. M. (2005). Collecting baseline corticosterone

samples in the field: Is under 3 min good enough. Comparative

Biochemistry and Physiology. Part A, Molecular & Integrative Physiology,
140, 73–79. https://doi.org/10.1016/j.cbpb.2004.11.004

Rui, L. (2014). Energy metabolism in the liver. Comprehensive Physiology, 4,
177–197. https://doi.org/10.1002/cphy.c130024

Sandmeier, F. C., Tracy, C. R., Dupré, S., & Hunter, K. (2012). A trade‐off
between natural and acquired antibody production in a reptile:
Implications for long‐term resistance to disease. Biology Open, 1,
1078–1082. https://doi.org/10.1242/bio.20122527

Sapolsky, R. M., Romero, L. M., & Munck, A. U. (2000). How do
glucocorticoids influence stress responses? Integrating permissive,
suppressive, stimulatory, and preparative actions. Endocrine Reviews,
21, 55–89. https://doi.org/10.1210/edrv.21.1.0389

Scalf, C. S., Chariker, J. H., Rouchka, E. C., & Ashley, N. T. (2019).

Transcriptomic analysis of immune response to bacterial lipo-
polysaccharide in zebra finch (Taeniopygia guttata). BMC Genomics,
20, 647. https://doi.org/10.1186/s12864-019-6016-3

Sheldon, B. C., & Verhulst, S. (1996). Ecological immunology: Costly
parasite defences and trade‐offs in evolutionary ecology. Trends in

Ecology & Evolution, 11, 317–321. https://doi.org/10.1016/0169-
5347(96)10039-2

Sheriff, M. J., Krebs, C. J., & Boonstra, R. (2010). Assessing stress in animal
populations: Do fecal and plasma glucocorticoids tell the same
story? General and Comparative Endocrinology, 166, 614–619.
https://doi.org/10.1016/j.ygcen.2009.12.017

Shideler, S. E., Savage, A., Ortuno, A. M., Moorman, E. A., & Lasley, B. L.
(1994). Monitoring female reproductive function by measurement of
fecal estrogen and progesterone metabolites in the White‐faced saki

(Pithecia pithecia). American Journal of Primatology, 32, 95–108.
https://doi.org/10.1002/ajp.1350320203

Smith, E. N. (1979). Behavioral and physiological thermoregulation of
crocodilians. American Zoologist, 19, 239–247. https://doi.org/10.
1093/icb/19.1.239

Smith, G. D., Neuman‐Lee, L. A., Webb, A. C., Angilletta, M. J., DeNardo, D. F.,
& French, S. S. (2017). Metabolic responses to different immune
challenges and varying resource availability in the side‐blotched lizard
(Uta stansburiana). Journal of Comparative Physiology B, 187, 1173–1182.
https://doi.org/10.1007/s00360-017-1095-4

Spence, A. R., French, S. S., Hopkins, G. R., Durso, A. M., Hudson, S. B.,
Smith, G. D., & Neuman‐Lee, L. A. (2020). Long‐term monitoring of
two snake species reveals immune–endocrine interactions and the
importance of ecological context. Journal of Experimental Zoology

Part A: Ecological and Integrative Physiology, 333, 744–755. https://
doi.org/10.1002/jez.2442

Stevenson, R. D. (1985). The relative importance of behavioral and
physiological adjustments controlling body temperature in terrestrial
ectotherms. The American Naturalist, 126, 362–386. https://doi.org/
10.1086/284423

Symonds, M. R. E., & Moussalli, A. (2011). A brief guide to model
selection, multimodel inference and model averaging in beha-
vioural ecology using Akaike's information criterion. Behavioral

Ecology and Sociobiology, 65, 13–21. https://doi.org/10.1007/

s00265-010-1037-6

Tan, Y. B., Rieske, R. R., Audia, J. P., Pastukh, V. M., Capley, G. C.,
Gillespie, M. N., Smith, A. A., Tatum, D. M., Duchesne, J. C.,
Kutcher, M. E., Kerby, J. D., & Simmons, J. D. (2019). Plasma
transfusion products and contamination with cellular and associated

pro‐inflammatory debris. Journal of the American College of Surgeons,
229, 252–258. https://doi.org/10.1016/j.jamcollsurg.2019.04.017

Telemeco, R. S., & Addis, E. A. (2014). Temperature has species‐specific
effects on corticosterone in alligator lizards. General and Comparative

Endocrinology, 206, 184–192. https://doi.org/10.1016/j.ygcen.2014.
07.004

Touma, C., & Palme, R. (2005). Measuring fecal glucocorticoid metabolites

in mammals and birds: The importance of validation. Annals of the

New York Academy of Sciences, 1046, 54–74. https://doi.org/10.
1196/annals.1343.006

Woodburn, D. B., Miller, A. N., Allender, M. C., Maddox, C. W., &

Terio, K. A. (2019). Emydomyces testavorans, a new genus and
species of onygenalean fungus isolated from shell lesions of
freshwater aquatic turtles. Journal of Clinical Microbiology, 57,
e00628–18. https://doi.org/10.1128/JCM.00628-18

Zera, A. J., & Harshman, L. G. (2001). The physiology of life history trade‐
offs in animals. Annual Review of Ecology and Systematics, 32, 95–126.
https://doi.org/10.1146/annurev.ecolsys.32.081501.114006

Zimmerman, L. M. (2020). The reptilian perspective on vertebrate

immunity: 10 years of progress. Journal of Experimental Biology,
223):jeb214171. https://doi.org/10.1242/jeb.214171

Zimmerman, L. M., Carter, A. W., Bowden, R. M., & Vogel, L. A. (2017).
Immunocompetence in a long‐lived ectothermic vertebrate is
temperature dependent but shows no decline in older adults.

Functional Ecology, 31, 1383–1389. https://doi.org/10.1111/1365‐
2435.12867

Zimmerman, L. M., Clairardin, S. G., Paitz, R. T., Hicke, J. W.,
LaMagdeleine, K. A., Vogel, L. A., & Bowden, R. M. (2013). Humoral
immune responses are maintained with age in a long‐lived
ectotherm, the red‐eared slider turtle. The Journal of Experimental

Biology, 216, 633–640. https://doi.org/10.1242/jeb.078832

Zimmerman, L. M. (2018). Reptilia: Humoral immunity in reptiles. In (Ed.) E.
L. Cooper, Advances in Comparative Immunology (pp. 751–772).
Springer. https://doi.org/10.1007/978‐3‐319‐76768‐0_20

Zimmerman, L. M., Vogel, L. A., & Bowden, R. M. (2010). Understanding
the vertebrate immune system: Insights from the reptilian perspec-
tive. Journal of Experimental Biology, 213, 661–671. https://doi.org/
10.1242/jeb.038315

Zimmerman, L. M., Vogel, L. A., Edwards, K. A., & Bowden, R. M. (2010).
Phagocytic B cells in a reptile. Biology Letters, 6, 270–273. https://
doi.org/10.1098/rsbl.2009.0692

How to cite this article: Hartzheim, A. M., Terry, J. L., Field, E. K.,

Haydt, N. T., Poo, S., & Neuman‐Lee, L. A. (2022). Immune and

stress physiology of two captively‐housed tortoise species.

Journal of Experimental Zoology Part A: Ecological

and Integrative Physiology, 1–14.

https://doi.org/10.1002/jez.2674

14 | HARTZHEIM ET AL.

https://doi.org/10.1086/342802
https://doi.org/10.1128/aem.54.12.2902-2907.1988
https://doi.org/10.1128/aem.54.12.2902-2907.1988
https://doi.org/10.1016/S0169-5347(02)02578-8
https://doi.org/10.1016/S0169-5347(02)02578-8
https://doi.org/10.1002/jez.2459
https://doi.org/10.1002/jez.2459
https://doi.org/10.1016/j.cbpb.2004.11.004
https://doi.org/10.1002/cphy.c130024
https://doi.org/10.1242/bio.20122527
https://doi.org/10.1210/edrv.21.1.0389
https://doi.org/10.1186/s12864-019-6016-3
https://doi.org/10.1016/0169-5347(96)10039-2
https://doi.org/10.1016/0169-5347(96)10039-2
https://doi.org/10.1016/j.ygcen.2009.12.017
https://doi.org/10.1002/ajp.1350320203
https://doi.org/10.1093/icb/19.1.239
https://doi.org/10.1093/icb/19.1.239
https://doi.org/10.1007/s00360-017-1095-4
https://doi.org/10.1002/jez.2442
https://doi.org/10.1002/jez.2442
https://doi.org/10.1086/284423
https://doi.org/10.1086/284423
https://doi.org/10.1007/s00265-010-1037-6
https://doi.org/10.1007/s00265-010-1037-6
https://doi.org/10.1016/j.jamcollsurg.2019.04.017
https://doi.org/10.1016/j.ygcen.2014.07.004
https://doi.org/10.1016/j.ygcen.2014.07.004
https://doi.org/10.1196/annals.1343.006
https://doi.org/10.1196/annals.1343.006
https://doi.org/10.1128/JCM.00628-18
https://doi.org/10.1146/annurev.ecolsys.32.081501.114006
https://doi.org/10.1242/jeb.214171
https://doi.org/10.1111/1365-2435.12867
https://doi.org/10.1111/1365-2435.12867
https://doi.org/10.1242/jeb.078832
https://doi.org/10.1007/978-3-319-76768-0_20
https://doi.org/10.1242/jeb.038315
https://doi.org/10.1242/jeb.038315
https://doi.org/10.1098/rsbl.2009.0692
https://doi.org/10.1098/rsbl.2009.0692
https://doi.org/10.1002/jez.2674



