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Numerous effects of climate change on natural systems have been
documented, including range shifts, changes in phenology,
altered species interactions, and shifts in community structure
(reviewed in Parmesan, 2006). Climate change also affects the
health of individuals and populations through increased
exposure to novel diseases and pathogens (e.g., Kutz et al.,
2005; Brooks and Hoberg, 2007; Lu et al., 2011) and prolonged
periods of stressful environmental conditions (Romero and
Wikelski, 2001), which can depress immune function (Burek
et al., 2008; Martin et al., 2010) and alter metabolic rates (Dillon
et al., 2010). In light of this knowledge, it is critical to quantify
the physiological consequences of climate change to determine
whether populations can acclimate to particular levels of
environmental disturbance, and whether certain populations or

ABSTRACT Climate change may subject animals to increasingly stressful environmental conditions, which
could have negative physiological consequences if stress levels are elevated for long periods. We
conducted a manipulative experiment to determine the effects of a novel climate on stress levels
and immune function in a model reptile species, the painted turtle. We collected turtles from four
populations across the species' geographic range and housed them in a common-garden in one
population's local climate. We measured levels of the stress hormone corticosterone and tested
two aspects of innate immune function, bactericidal capacity and natural antibody agglutination,
at the time of capture (baseline) and three additional time points over 1 year. The four populations
did not differ in corticosterone levels over the course of 1 year, and corticosterone levels were also
similar at each sampling period except that post-hibernation corticosterone levels were
significantly lower than the previous three time points. Furthermore, we found no evidence that
elevated corticosterone depressed immune function in the painted turtle. Our study suggests that
turtles exposed to novel climatic conditions did not display a detectable stress response, nor did
the novel climate depress immune function in the transplanted populations. Therefore, in terms of
innate immune function, turtles may be relatively resilient to at least small changes in climatic
conditions. J. Exp. Zool. 323A:160–168, 2015. © 2015 Wiley Periodicals, Inc.
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species differ in their tolerance of environmental disturbance
(Walker et al., 2005; Wikelski and Cooke, 2006).
The animal endocrine system is one physiological system that

may be particularly susceptible to negative effects of climate
change. In vertebrates, steroid hormones, such as glucocorticoids,
are released in response to sudden stressors, such as capture by a
predator (e.g., Moore et al., '91; Cash et al., '97), or changes in
temperature (Lutterschmidt and Mason, 2009). The rate and
magnitude of increase in plasma glucocorticoid concentration
are indicators of the sensitivity of the hypothalamic-hypophy-
seal-adrenal axis and can be used to measure an individual's
sensitivity to a stressor. The rapid elevation of glucocorticoid
level is advantageous in directing energy towards activities
essential for survival (i.e., the fight-or-flight response). However,
glucocorticoids can also have harmful effects, known as allostatic
overload, when levels are elevated for prolonged periods
(McEwen and Wingfield, 2003).
Extreme weather events, such as severe El Niño events, floods,

and droughts, can cause prolonged elevation of glucocorticoids
(e.g., Romero and Wikelski, 2001), and increased glucocorticoids
are often correlated with depressed immune function (Millet
et al., 2007). Thus, populations exposed to prolonged periods of
environmental disturbance, such as higher temperatures and
increased frequency of extreme weather events associated with
global warming (IPCC, 2007), are likely to experience physio-
logical stress in the form of increased glucocorticoid levels.
Elevated glucocorticoid levels may, in turn, lead to health
declines in general and depressed immune function in particular,
and could increase mortality in vulnerable populations (Jessop
et al., 2013). Alternatively, the endocrine system, and plasticity
within it, may buffer animals against some degree of climate
change. Instead of acting as stress hormones, glucocorticoids
may instead be “anti-stress hormones” such that increases in
glucocorticoid levels following environmental perturbations
might function to avoid chronic stress through flexibility in
the suite of physiological and life-history responses to a
stochastic environment (Wingfield and Kitaysky, 2002).
In reptiles, the main glucocorticoid hormone is corticosterone.

Elevated levels of plasma corticosterone in reptiles are associated
with predictable life-history events, such as nesting (e.g., tuatara:
Cree and Tyrrell, 2001), giving birth (e.g., rattlesnakes: Taylor
et al., 2004), and hibernation (e.g., garter snakes: Lutterschmidt
and Mason, 2009). Less well-known, however, are the potential
effects of unpredictable environmental perturbations on cortico-
sterone levels in reptiles, how such perturbations might influence
any physiological effects of increased corticosterone, and
whether individuals can acclimate to increased levels of
corticosterone over time (Landys et al., 2006). Because organ-
ismal responses to stressors, such as novel climatic conditions,
likely vary among species and even populations (e.g., Schultner
et al., 2013), it is important to take a comparative approach when
examining physiological tolerance and reaction to environ-

mental perturbations such as climate change (e.g., Moore
et al., 2000).
Global climate change likely poses an imminent threat to

turtles. In addition to potential sex ratio skews in turtles with
temperature-dependent sex determination (Janzen, '94), temper-
atures increasing beyond their thermal optima are likely to cause
physiological stress in turtles (Ihlow et al., 2012), which may
manifest as elevated stress hormone levels or altered baseline and
maximal stress response. Populations near the equatorial border
of species’ ranges may be particularly vulnerable to physiological
impacts of climate change, as they already persist in environ-
ments near their thermal tolerance threshold (Dunlap and
Wingfield, '95; Dillon et al., 2010; Mitchell and Janzen, 2010).
Altered stress hormone levels, in turn, could lead to chronic
depression of immune function, lowered body condition, and
decreased reproductive success. For example, as climate change
progresses, winters are becoming shorter (IPCC, 2007), which has
already caused early spring emergence in hibernating mammals
(Inouye et al., 2000) and will likely disrupt hibernation of reptiles
as well. Immune function is known to be depressed during
hibernation in painted turtles, possibly because low temperatures
and small energy budgets during winter reduce turtles’ need or
ability to mount an immune response (Schwanz et al., 2011). If
climate change induces early emergence from hibernation, and
recovery of immune function is delayed, turtles may be at
increased risk of infection (Schwanz et al., 2011). Currently,
however, the potential effects of climate change on stress levels
and physiology are virtually unknown in turtles.
We transplanted adult female painted turtles (Chrysemys picta)

from four populations across a 12° latitudinal gradient to novel
climatic conditions, a proxy for rapid climate change, in a
common-garden environment. We collected plasma samples at
four time points over 1 year, measured levels of the stress
hormone corticosterone, and conducted two assays of innate
immune function which have previously been used in reptiles,
and which are negatively correlated with corticosterone levels in
birds (Millet et al., 2007). We tested two hypotheses:
1) Populations exposed to a novel climate will exhibit higher
levels of corticosterone compared to locally-adapted popula-
tions; and 2) Across all individuals, corticosterone levels are
inversely correlated with immune function in turtles. Our
comparative approach of quantifying the physiological effects
of novel climatic conditions on multiple populations from
different local climates will provide insight into the vulnerability
of freshwater turtles to climate change.

MATERIALS AND METHODS
We conducted this study using the western painted turtle,
Chrysemys picta bellii. Painted turtles occur in a wide variety of
aquatic habitats across much of the United States and southern
Canada; the western subspecies occurs primarily west of the
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Mississippi River. Females emerge from wetland habitats in May
and June to nest in open areas such as beaches and lawns. Nesting
frequency is population-specific, with individual females nesting
from one to three times per year. The length of hibernation is also
population-dependent, with turtles from northern (i.e., poleward)
populations inactive for up to 5 months per year, whereas turtles
at the southernmost (i.e., equatorial) end of the species’ rangemay
only be dormant for a month (Ernst and Lovich, 2009). All
research was conducted in accordance with Institutional Animal
Care and Use Committee protocol #1–09-6677-J (Iowa State
University).

Animal Collection and Husbandry
We collected 11–15 adult, female C. picta bellii between 26 April
and 22 May 2009, before the onset of nesting, from each of four
populations throughout the subspecies' U.S. range: Pierce
National Wildlife Refuge, Skamania Co., WA, USA (45°
3704200N, 122°0005200W); Story Co., IA, USA (42°0304500N, 93°
3704900W); Thomson Causeway Recreation Area, Carroll Co., IL,
USA (41°5702300N, 90°0704900W); and Bosque del Apache National
Wildlife Refuge, Socorro Co., NM, USA (33°4601500N, 106°
5400700W (Fig. 1). Because these populations span a latitudinal
gradient of 33°–45°N, they experience a range of climatic
conditions to which they are locally adapted (Fig. 2). All turtles
were individually marked by filing a unique combination of
notches into the marginal scutes. In addition, a 0.5mL blood
sample was collected from the caudal vein of each turtle using a
28-gauge heparinized syringe within 3min of capture. Blood
samples were centrifuged for 2min at 6000 rpm, and plasma was
removed and stored on dry ice. Following transport to Iowa State

University, plasma samples were stored at�80°C. Plasma samples
collected at the time of capture represented “baseline” cortico-
sterone and immune levels in each population.
Turtles from all four populations were housed in a series of

identical, semi-natural artificial ponds at Iowa State University's
outdoor Aquatic Research Facility (Story Co., IA, USA; see
Refsnider and Janzen, 2012 for details on husbandry). Each
population was housed in a separate replicate 15� 40m pond,
which was surrounded by a 0.5m-high drift fence, set back 7m
from the pond edge, to prevent turtles from travelling to adjacent
ponds. Pond depths graded from 2 to 3m from one end to the
other, and were filled with lake water 3 weeks before introducing
the experimental turtles to allow sufficient time for colonization
by local aquatic plants, invertebrates, and anurans, all of which
are food items for painted turtles. All ponds contained two
identical basking logs and had equivalent area along the pond
edges for basking. The perimeters of all ponds were patrolled
hourly from 27 May to 3 July 2009 during the hours of 0600–
1000 hr and 1500–2100 hr, the times of peak painted turtle
nesting activity. Turtles observed nesting were monitored from a
distance to prevent nest abandonment due to disturbance. Upon
completion of nesting, females were briefly captured for
identification and collection of a plasma sample as described
above; females were then released back into their pond. These
plasma samples represented the “nesting” time point.
In October 2009, the experimental ponds were drained and

turtles were retrieved. Plasma samples were collected from all
individuals following removal from the artificial ponds, and
constituted the “pre-hibernation” sample. All turtles were then
overwintered at 4°C in a controlled environmental chamber at

Figure 1. Geographic range of the painted turtle, Chrysemys picta (shading). The western subspecies (C. p. bellii) occurs west of the dotted
line. Numbers indicate the sites from which females were collected: Bosque del Apache National Wildlife Refuge, Socorro County, New
Mexico (1); Thomson Causeway Recreation Area, Carroll County, Illinois (2); and Pierce National Wildlife Refuge, Skamania County,
Washington (3). Turtles were also collected in Ames, Story County, Iowa (4), which was the location of the semi-natural common-garden
environment.
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Iowa State University. Following emergence from hibernation in
April 2010, a final plasma sample was collected from all
individuals, and represented the “post-hibernation” time point.

Corticosterone Assay
We measured corticosterone (CORT hereafter) concentration in
turtle plasma from each of the four sample time points using a
double-antibody radioimmunoassay kit (MP Biomedical, Catalog
# 07–102103, Orangeburg, NY, USA). We followed the protocol
for this kit that has previously been validated in our laboratory
for use in Thamnophis snakes (Robert et al., 2009), except that
plasma samples were diluted 1:20 (i.e., 4ml of plasma in 76ml
diluent). All samples were assayed in duplicate within a 48 hr
period, with samples from each population included in each of
four runs of the assay. We included a standard curve in each run,
and we conducted a serial dilution (1:5, 1:10, 1:20; 1:40; 1:80) of
a sample pool of six individuals to ensure that displacement
curves were parallel to the standard corticosterone curve. To
calculate average intra-assay variation, we averaged the percent
coefficient of variation of the CORT concentrations for the
duplicates in each of the four runs, and then took the average of
those four values (excluding four samples with largely disparate
values that were re-run). To calculate inter-assay variation, we
averaged the four values of the kit-provided, low-concentration
control in each run, and calculated the percent coefficient of
variation on those four values. Average intra-assay variation was
14.2%, and inter-assay variation was 17.1%.

Bacteria-Killing Assay
We quantified innate immune function (i.e., non-specific, rapid-
response) of turtles from each sample time point over a one-year
period using two different assays. The first, the bacteria-killing
assay (BK hereafter), measures the bactericidal capacity of plasma
to kill Eschericha coli, and is a test of innate immunity (Tieleman
et al., 2005). In this assay, diluted plasma samples are applied to
cultures of E. coli and given time for bactericidal activity in the
plasma to kill the bacteria. The proportion of the E. coli inoculum
killed compared to the number of E. coli colonies present in
control samples represents the bactericidal capacity of an
individual at the time of plasma collection.
We followed the methods described in Millet et al. (2007) and

Palacios et al. (2011) with a few alterations for use in painted
turtles. A pellet of lyophilized E. coli (Microbiologics, ATCC#8739,
St. Cloud, MN, USA) was reconstituted using 40mL phosphate-
buffered saline (PBS), and a working solution was prepared by
further diluting a fraction of reconstituted E. coli to 1:60. This
concentration of E. coli contained approximately 50 colony-
formingbacteria per 10ml. Turtle plasmasampleswerediluted1:10
with PBS. We prepared sample reactions by adding 10ml of
bacterial working solution to 100ml of the diluted plasma samples.
Sample reactionswere then incubated for 20min at 28°C (based on
the mean air temperature at which basking painted turtles

Figure 2. Mean air temperature in May (A), July (B), and
September (C) from 1979–2009 at each population's site of
collection, and the common-garden location in Iowa (solid black
line). Climate data are from the National Climate Data Center
(www.ncdc.noaa.gov) and were collected at Bosque del Apache
(NM site); Clinton, IA (IL site); Ames 8WSW (IA site); and Skamania
Fish Hatchery (WA site). Data were unavailable for some sites in
some years.
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maintained optimum body temperatures; Ernst, '72) to allow
bacteria-killing to occur.We also conducted three replicate control
reactions by adding 10ml of bacterial working solution to 100ml
PBS, and incubated them as described above for the plasma
samples. We plated two replicates of all sample and controls
reactions using 50ml aliquots on 4% trypic soy agar. Plates were
incubated at room temperature for 36 hr. Following incubation,
we counted the number of bacterial colonies on each plate. The
number of colonies in each plate was divided by the mean number
of colonies in the control plates, and this valuewas subtracted from
1 to obtain the proportion of bacteria killed. For each sample, we
used themean proportion of bacteria killed from the two replicates
as our measure of each individual's bactericidal capacity.

Natural Antibody Agglutination Assay
Natural antibodies (NAbs hereafter) are produced constitutively
and function by agglutinating and mediating the lysis of foreign
cells. Our second measure of immune function assessed
individual turtles' constitutive innate immunity in terms of
ability to agglutinate foreign red blood cells (RBCs).
We followed the protocol described byMatson et al. (2005) with

several modifications for use in painted turtles (Schwanz
et al., 2011). To each well in a 96-well plate, we added 15ml
PBS. We mixed 5ml of plasma samples (rows 2–11) or positive
control (row 1; rabbit anti-sheep RBC serum, MP Biomedical
55800) with the PBS in column 1 for an initial plasma dilution of
1:4. We serially diluted samples 1:2 for columns 2–8. Row 12
served as a negative control and contained only PBS. We then
added 10ml of 5% sheep RBCs in Alsever's anticoagulant
(Hemostat Laboratories, Dixon, CA, USA) to all wells. Thus, the
final plasma dilution in column 1 was 1:8. We incubated plates at
28°C for 90min. Agglutination titers were then scored as �log2
(1/D), where D is the final dilution of plasma where agglutination
occurred. Because the final plasma dilution in column 1 was 1:8,
column 1 had a titer of 3, and column 8 had a titer of 10.

Statistical Analyzes
Data for CORT levels were log10 transformed for normality, BK
was normally distributed, and NAbs agglutination was

categorical. We first tested for correlations among dependent
variables (CORT, BK, and NAbs). No significant correlations were
found, thus, we proceeded to analyze each variable independ-
ently. We tested for overall differences among populations,
sampling time points, and their interaction in CORT levels and BK
capacity using repeated measures analysis of variance, and NAbs
using logistic analysis for categorical integer variables. We tested
for correlations between CORT and immune function at the
individual level by regressing BK or NAbs against CORT levels.
All statistical analyzes were conducted using SAS 9.3 (Proc
Mixed and Proc Logistic, SAS Institute).

RESULTS
We sampled a total of 50 female painted turtles (13 from
Washington, 13 from Iowa, 15 from Illinois, and 9 from New
Mexico) at four time points over 1 year. CORT differed among
time points such that the post-hibernation level was lower than
the levels at the three preceding time points (back-transformed
LSmeans [ng/mL (SE)]: Capture¼ 7.1 [1.1]; Nesting¼ 8.5 [1.2];
Pre-hibernation¼ 8.3 [1.2]; Post-hibernation 4.3 [1.2]; Table 1;
Fig. 3). CORT did not differ among populations at any time
point (F3,46¼1.27; P¼ 0.29). BK did not differ among
populations or time points, and variation in BK was not
explained by an interaction between the two (overall mean
percent killed� standard deviation¼ 29%� 23, range¼
0–90%; Fig. 4). NAbs titres ranged from 3 to 10 (overall
median¼ 9). Population and sampling time point interacted
significantly such that New Mexico turtles had the lowest
observed NAbs titres at both capture and nesting when
compared to all other populations and time points, including
the next two time points for the New Mexico turtles. Thus,
turtles from New Mexico started off with low titres and
increased to levels similar to the other populations pre- and
post-hibernation (Table 1; Fig. 5). At the individual level, CORT
was not correlated with either BK (F1,91¼1.60, r¼ 0.13,
P¼ 0.21; Fig. 6A) or NAbs agglutination (F1,95¼ 0.22,
r¼ 0.04, P¼ 0.64; Fig. 6B). Moreover, the two measures of
immune function were not correlated with each other
(F1,75¼ 0.31, r¼ 0.06, P¼ 0.58).

Table 1. Repeated measures analysis of corticosterone (CORT) and bactericidal capacity (BK), and logistic analysis of natural antibody
agglutination (NAbs), from four populations of painted turtles housed under common-garden conditions and sampled at four time points
over 1 year.

CORT BK NAbs

Source of variation F (df1, df2) F (df1, df2) x2 (df)
Population 1.27 (3, 46) 0.41 (3, 43) 4.36 (3)
Time point 2.46 (3, 58)* 1.28 (3, 36) 2.45 (3)
Population x time point 0.78 (9, 58) 1.46 (9, 36) (9)**

*P¼ 0.07.
**P¼ 0.01.
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DISCUSSION
Among the more insidious results of climate change are sub-
lethal effects that may not directly cause individual mortality or
extirpation of populations, but instead lead to lowered individual
fitness or gradual population declines via indirect pathways. We
used a common-garden design to experimentally test the effects
of a novel climate on corticosterone dynamics and innate
immune function in a freshwater turtle. We found that
populations did not differ from each other in corticosterone
levels at any of the four sampling time points, which suggest that
the novel climate to which the transplanted populations were
exposed did not result in a stress response (i.e., elevated
corticosterone levels) in turtles from those populations. Thus,
populations locally adapted to a range of climatic conditionsmay
have the capacity to acclimatize to a limited range of novel
conditions. In other reptiles, populations from the periphery of
the species' range had higher corticosterone levels compared to
populations from the core of the range (Dunlap and Wing-
field, '95; Eikenaar et al., 2012), which has been attributed to the
necessity of coping with predictably challenging conditions
(Romero, 2002) such as those found near latitudinal extremes. In
contrast, our results indicate that transplanted populations,
including those from both margins of the species’ range, did not
display detectable stress in response to novel climatic conditions
in the common-garden environment. The lack of difference in
population-specific stress responses may indicate that painted
turtles are “physiological generalists” that can quickly acclima-
tize to novel conditions without mounting a strong stress
response. However, populations may still differ in their stress
responses to sudden, acute stressors such as a predation attempt.
An among-population comparison of stress response to capture

(e.g., Cash et al., '97) would be necessary to determine whether
population-specific differences exist in short-term stress
response, in contrast to the longer term stress response studied
here.
We also found that all populations had lower corticosterone

levels in the spring following emergence from hibernation than
for the other three time points. Immune function in painted
turtles is depressed during hibernation (Schwanz et al., 2011),
likely because individuals’ low energy budget during hibernation
reduces their ability tomount an immune response, and our study
suggests that corticosterone levels are depressed during this time
as well. Corticosterone levels and intra-assay variation in our
study were similar to the range observed in related turtle species
(Cash et al., '97; Selman et al., 2012), and inter-assay variation in
our studywas low compared to other studies (Selman et al., 2012).
Prolonged periods of elevated corticosterone levels can lead to

negative physiological effects through allostatic overload. For
example, corticosterone levels were negatively correlated with
bactericidal capacity in birds (Millet et al., 2007) and body
condition in snakes (Moore et al., 2000). In contrast, cortico-
sterone levels did not explain variation in natural antibody
agglutination or bactericidal capacity in snakes, which instead
seemed to be shaped mainly by prevailing environmental
conditions (Palacios et al., 2013). Similarly, we found no evidence
that high levels of corticosterone were associated with depressed
innate immune function as measured by bactericidal capacity or
natural antibody agglutination in painted turtles exposed to
novel climatic conditions. The nesting season and early spring
after emergence from hibernation are periods during which
female turtles engage in overland travel, and may be times when
enhanced immune function is advantageous due to the potential

Figure 4. Mean proportion of E. coli colonies killed in the
bacteria-killing (BK) assay for four population of painted turtles at
four time point over 1 year. Bactericidal capacity did not differ
among populations or sampling time points.

Figure 3. Back-transformed least-square means and standard
error for corticosterone levels of four pooled populations of
painted turtles sampled at four time points over 1 year. The post-
hibernation sample was significantly lower than the earlier three
time points (see Table 1).
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for increased contact with infected individuals in new environ-
ments (Zimmerman et al., 2010). Alternatively, we might expect
natural antibody agglutination to display minimal seasonal
variation because these recognition molecules start the comple-
ment enzyme cascade, which eventually leads to lysis of foreign
cells; as part of the constitutive innate immune system natural
antibodies are the first line of protection against invading
microbes (Matson et al., 2005). We observed only minimal
variation in natural antibody agglutination, wherein the New
Mexico population had lower agglutination titres at the time of
capture and during nesting than other populations or time points.
At the two subsequent sampling points, agglutination titres in the
New Mexico population were comparable to the other popula-
tions, which may be indicative of an acclimitization response by
the New Mexico turtles. Interestingly, another study on painted
turtles from the Iowa population found that natural antibody
agglutination was highest in the fall, just prior to hibernation
(Schwanz et al., 2011). We also observed no significant variation
in bactericidal capacity over time or among populations, which
supports the prediction that painted turtles should rely heavily on
non-specific innate responses to recognize and initiate appro-
priate response to pathogens, based on their unique repertoire of
toll-like receptors (Shaffer et al., 2013). Results from these and
other studies suggest that components of the painted turtle
immune response are regulated differentially across seasons and
life stages, possibly to manage trade-offs among physiological
systems, growth, reproduction, and maintenance of allostasis
(e.g., Schwanz et al., 2011).
Animal populations living in stressful environments tend to

have higher levels of corticosterone than those living in more
benign environments (Dunlap and Wingfield, '95; Moore

et al., 2000 Romero and Wilkelski, 2001; Robert et al., 2009;
Eikenaar et al., 2012). Moreover, in some species, an added
stressor can induce greater sensitivity in the adrenocortical
responsiveness to acute stress (Berger et al., 2007), which could
make species with relatively strong stress responses particularly
vulnerable to climate change (Jessop et al., 2013). However, stress
tolerance could also be conferred by adaptive mechanisms
including phenotypic plasticity (e.g., acclimatization; Wingfield
and Kitaysky, 2002; Landys et al., 2006) and evolution (e.g., via
natural selection; Evans et al., 2005). Our study suggests that
exposure of turtles to novel climatic conditions did not induce a
detectable stress response, nor did it appear to depress immune
function.
It is important to recognize that climate change will have a

multitude of impacts, both within individuals’ lifetimes and over
the course of many generations. Fully understanding the effects
of climate change and organisms’ potential responses requires a
whole-life cycle approach, while an evolutionary perspective is
necessary to determine the degree to which selection and/or
phenotypic plasticity may facilitate persistence despite a

Figure 6. Across all individuals and sampling times, cortico-
sterone level (CORT) was not inversely related to either
bactericidal capacity (A; F1,91¼1.60, r¼ 0.13, P¼ 0.21) or natural
antibody agglutination (NAbs; F1,95¼ 0.22, r¼ 0.04, P¼ 0.64) in
four populations of painted turtles at four time points over 1 year.

Figure 5. Mean natural antibody agglutination (NAbs) titres for
four population of painted turtles at four time point over 1 year.
New Mexico baseline and nesting values were significantly lower
than the other three populations at those same time points, and
were significantly lower than the subsequent New Mexico time
points.
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rapidly-changing environment. In long-lived turtle species,
survival of early life stages may decline as nest incubation
temperatures become lethally-warm (Telemeco et al., 2013), while
later life stages may experience sex-ratio bias as warmer
incubation temperatures produce predominantly one sex as a
result of the temperature-dependent sex determining system in
turtles (Janzen, '94). Plasticity in nest-site choice prevents sex
ratio skews in some reptiles with TSD (Morjan, 2003; Doody
et al., 2006; Refsnider and Janzen, 2012), but evolutionary and
ecological constraints may prevent such plasticity from being
expressed (Refsnider et al., 2013). Genetic adaptation is another
possible response to climate change, but evolutionary mecha-
nisms that allowed genetic adaptation to past, gradual periods of
climate change may not have time to operate under the current,
rapid rate of climate change (IPCC, 2007). Indeed, in the painted
turtle, low heritability ofmaternal nest-site choice (Morjan, 2003;
McGaugh et al., 2010) suggests that this trait is unlikely to
undergo sufficient genetic adaptation to keep pace with rapid
climate change, and adaptation of thermal sensitivity in the sex-
determining pathway may be a more realistic mechanism of
responding to climate change (McGaugh et al., 2011). To the
growing body of work on climate change effects on reptiles with
temperature-dependent sex determination, our study adds a
physiological perspective. While exposure to a novel climate may
negatively impact aspects of physiology or metabolism that were
not measured here, our results suggest that, in terms of innate
immune function, freshwater turtles may be resilient to at least
modest changes in climatic conditions.

ACKNOWLEDGMENTS
This study was funded by the Iowa Academy of Science, the
Society for Integrative and Comparative Biology, the Society for
the Study of Amphibians and Reptiles, Iowa State University's
Department of Ecology, Evolution, and Organismal Biology
(to J.M.R.), and NSF DEB-0640932 (to F.J. Janzen). C. Vleck
provided lab facilities and guidance for the radio-
immunoassay. R. Alverio-Newton, K. Christensen, R. Clayton,
E. Holman, N. Howell, J. Kubik, T. Mitchell, J. Stuart, H. Streby,
J. Strickland, and D. Warner assisted with animal collection and
maintenance of experimental ponds. This manuscript was much
improved by valuable comments from F. Janzen, E. Rosenblum
and lab members, and H. Streby.

LITERATURE CITED
Berger S, Wikelski M, Romero LM, Kalko EKV, Rödl T. 2007. Behavioral
and physiological adjustments to new predators in an endemic
island species, the Galapagos marine iguana. Horm Behav 52:653–
663.

Brooks DR, Hoberg EP. 2007. How will global climate change affect
parasite-host assemblages? Trends Parasitol 23:571–574.

Burek KA, Gulland FMD, O'Hara TM. 2008. Effects of climate change
on Arctic marine mammal health. Ecol Appl 18:S126–S134.

Cash WB, Holberton RL, Knight SS. 1997. Corticosterone secretion in
response to capture and handling in free-living red-eared slider
turtles. Gen Comp Endocrinol 108:427–433.

Cree A, Tyrrell CL. 2001. Patterns of corticosterone secretion in tuatara
(Sphenodon): comparisons with other reptiles, and applications in
conservation management. In: Goos HJT, Rastogi RK, Vaudry H,
Pierantoni R, editors. Perspective in comparative endocrinology:
unity and diversity. Sorrento, Italy: University of Naples. p 433–441.

Dillon ME, Wang G, Huey RB. 2010. Global metabolic impacts of
recent climate warming. Nature 467:704–707.

Doody JS, Guarino E, Georges A, et al. 2006. Nest site choice
compensates for climate effects on sex ratios in a lizard with
environmental sex determination. Evol Ecol 20:307–330.

Dunlap KD, Wingfield JC. 1995. External and internal influences on
indices of physiological stress. I. Seasonal and population variation
in adrenocortical secretion of free-living lizards, Sceloporus
occidentalis. J Exp Zool 271:36–46.

Eikenaar C, Husak J, Escallón C, Moore IT. 2012. Variation in
testosterone and corticosterone in amphibians and reptiles:
relationships with latitude, elevation, and breeding season length.
Am Nat 180:642–654.

Ernst CH. 1972. Temperature-activity relationship in the painted
turtle, Chrysemys picta. Copeia 1972:217–222.

Ernst CH, Lovich JE. 2009. Turtles of the United States and Canada.
Baltimore MD: Johns Hopkins University Press.

Evans MR, Roberts ML, Buchanan KL, Goldsmith AR. 2005. Heritability
of corticosterone response and changes in life history traits during
selection in the zebra finch. J Evol Biol 19:343–352.

Ihlow F, Dambach J, Engler JO, et al. 2012. On the brink of extinction?
How climate change may affect global chelonian species richness
and distribution. Global Change Biol 18:1520–1530.

Inouye DW, Barr B, Armitage KB, Inouye BD. 2000. Climate change is
affecting altitudinal migrants and hibernating species. Proc Natl
Acad Sci 97:1630–1633.

Intergovernmental Panel on Climate Change. 2007. Climate change
2007: the scientific basis. In: Solomon S, Qin D, ManningM, Chen Z,
Marquis M, Averyt KB, Tignor M, Miller HL, editors. Contribution of
working group I to the fourth assessment report of the
intergovernmental panel on climate change: “The Physical Science
Basis.” Cambridge, England: Cambridge University Press. p 1–18.

Janzen FJ. 1994. Climate change and temperature-dependent sex
determination in reptiles. Proc Natl Acad Sci 91:7487–7490.

Jessop TS, Woodford R, Symonds MRE. 2013. Macrostress: do large-
scale ecological patterns exist in the glucocorticoid stress response
of vertebrates? Funct Ecol 27:120–130.

Kutz SJ, Hoberg EP, Polley L, Jenkins EJ. 2005. Global warming is
changing the dynamics of Arctic host-parasite systems. Proc Roy
Soc Lond B 272:2572–2576.

Landys MM, Ramenofsky M, Wingfield JC. 2006. Actions of
glucocorticoids at a seasonal baseline as compared to stress-
related levels in the regulation of periodic life processes. Gen Comp
Endocrinol 148:132–149.

J. Exp. Zool.

NOVEL CLIMATE EFFECTS ON TURTLE PHYSIOLOGY 167



LuM,Wingfield MJ, Gillette N, Sun JH. 2011. Do novel genotypes drive
the success of an invasive bark beetle-fungus complex? Implica-
tions for potential reinvasion. Ecology 92:2013–2019.

Lutterschmidt DI, Mason RT. 2009. Endocrine mechanisms
mediating temperature-induced reproductive behavior in red-
sided garter snakes (Thamnophis sirtalis parietalis). J Exp Biol
212:3108–3118.

Martin LB, Hopkins WA, Mydlarz LD, Rohr JR. 2010. The effects of
anthropogenic global changes on immune functions and disease
resistance. Ann N Y Acad Sci 1195:129–148.

Matson KD, Ricklefs RE, Klasing KC. 2005. A hemolysis-hemaggluti-
nation assay for characterizing constitutive innate humoral
immunity in wild and domestic birds. Dev Comp Immunol
29:275–286.

McEwen BS, Wingfield JC. 2003. The concept of allostasis in biology
and biomedicine. Horm Behav 43:2–15.

McGaugh SE, Schwanz LE, Bowden RM, Gonzalez JE, Janzen FJ. 2010.
Inheritance of nesting behaviour across natural environmental
variation in a turtle with temperature-dependent sex determi-
nation. Proc Roy Soc Lond B 277:1219–1226.

McGaugh SE, Bowden RM, Kuo C, Janzen FJ. 2011. Field-measured
heritability of the threshold for sex determination in a turtle with
temperature-dependent sex determination. Evol Ecol Res 13:75–
90.

Millet S, Bennet J, Lee KA, Hau M, Klasing KC. 2007. Quantifying and
comparing constitutive immunity across avian species. Dev Comp
Immunol 31:188–201.

Mitchell NJ, Janzen FJ. 2010. Temperature-dependent sex determi-
nation and contemporary climate change. Sex Dev 4:129–140.

Moore IT, Lerner JP, Lerner DT, Mason RT. 2000. Relationships between
annual cycles of testosterone, corticosterone, and body condition in
male red-spotted garter snakes, Thamnophis sirtalis concinnus.
Physiol Biochem Zool 73:307–312.

Moore MC, Thompson CW, Marler CA. 1991. Reciprocal changes in
corticosterone and testosterone levels following acute and chronic
handling stress in tree lizards, Urosaurus ornatus. Gen Comp
Endocrinol 81:217–226.

Morjan CL. 2003. How rapidly can maternal behavior affecting
primary sex ratio evolve in a reptile with environmental sex
determination? Am Nat 162:205–219.

Palacios MG, Sparkman AM, Bronikowski AM. 2011. Developmental
plasticity of immune defence in two life-history ecotypes of the
garter snake, Thamnophis elegans: a common-environment
experiment. J Anim Ecol 80:431–437.

Palacios MG, Cunnick JE, Bronikowski AM. 2013. Complex interplay of
body condition, life history, and prevailing environment shapes
immune defenses of garter snakes in the wild. Physiol Biochem Zool
86:547–558.

Parmesan C. 2006. Ecological and evolutionary responses to
recent climate change. Annu Rev Ecol Evol Systemat 37:637–
669.

Refsnider JM, Janzen FJ. 2012. Behavioural plasticity may compensate
for climate change in a long-lived reptile with temperature-
dependent sex determination. Biol Conservat 152:90–95.

Refsnider JM, Warner DA, Janzen FJ. 2013. Does shade cover
availability limit nest-site choice in two populations of turtles
with temperature-dependent sex determination? J Thermal Biol
38:152–158.

Robert KA, Vleck C, Bronikowski AM. 2009. The effects of maternal
corticosterone levels on offspring behavior in fast- and slow-
growth garter snakes (Thamnophis elegans). Horm Behav 55:
24–32.

Romero LM. 2002. Seasonal changes in plasma glucocorticoid
concentrations in free-living vertebrates. Gen Comp Endocrinol
128:1–24.

Romero LM, Wikelski M. 2001. Corticosterone levels predict survival
probabilities of Galápagos marine iguanas during El Niño events.
Proc Natl Acad Sci 98:7366–7370.

Schultner J, Kitaysky AS, Gabrielsen GW, Hatch SA, Bech C. 2013.
Differential reproductive responses to stress reveal the role of life-
history strategies within a species. Proc Roy Soc Lond B
280:20132090.

Schwanz LE, Warner DA, McGaugh S, Di Terlizzi R, Bronikowski AM.
2011. State-dependent physiological maintenance in a long-
lived ectotherm, the painted turtle (Chrysemys picta). J Exp Biol
214:88–97.

Selman W, Jawor JM, Qualls CP. 2012. Seasonal variation of
corticosterone levels in Graptemys flavimaculata, an imperiled
freshwater turtle. Copeia 2012:698–705.

Shaffer HD, Minx P, Warren DE, et al. 2013. The western painted turtle
genome, a model for the evolution of extreme physiological
adaptations in a slowly evolving lineage. Genome Biol 14:R28.

Taylor EN, DeNardo DF, Jennings DH. 2004. Seasonal steroid hormone
levels and their relation to reproduction in the western diamond-
back rattlesnake, Crotalus atrox (Serpentes: Viperidae). Gen Comp
Endocrinol 136:328–337.

Telemeco RS, Abbott KC, Janzen FJ. 2013. Modeling the effects of
climate change-induced shifts in reproductive phenology on
temperature-dependent traits. Am Nat 181:637–648.

Tieleman BI, Williams JB, Ricklefs RE, Klasing KC. 2005. Constitutive
innate immunity is a component of the pace-of-life syndrome in
tropical birds. Proc Roy Soc Lond B 272:1715–1720.

Walker BG, Boersma PD, Wingfield JC. 2005. Field endocrinology and
conservation biology. Integr Comp Biol 45:12–18.

Wikelski M, Cooke SJ. 2006. Conservation physiology. Trends Ecol Evol
21:38–46.

Wingfield JC, Kitaysky AS. 2002. Endocrine responses to unpredictable
environmental events: stress or anti-stress hormones? Integr Comp
Biol 42:600–609.

Zimmerman LM, Paitz RT, Vogel LA, Vogel RM. 2010. Variation in the
seasonal patterns of innate and adaptive immunity in the red-eared
slider (Trachemys scripta). J Exp Biol 213:1477–1483.

J. Exp. Zool.

168 REFSNIDER ET AL.


