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Abstract
Organisms in the wild have to allocate limited resources towards competing functions such
as reproduction, growth, and self-maintenance. These competing investments create significant changes in physiological activity, and we still know little about the relationship
between physiological activity and reproductive investment in natura. We investigated
trade-offs between physiological activity and reproductive investment in the parthenogenetic Colorado checkered whiptail, Aspidoscelis neotesselata, across three different sites
at the US Army Fort Carson Military Installation near Colorado Springs, CO, throughout the reproductive season in 2018 and 2019. We measured clutch size and reproductive activity and quantified plasma corticosterone (CORT), reactive oxygen metabolites
(ROMs), and bacterial killing ability (BKA) to examine how energy-mobilizing hormones,
oxidative stress, and immunity change in light of reproductive investment across different sub-populations. Circulating CORT increased with reproductive investment across all
sub-populations, and increased clutch size led to a decrease in BKA in one sub-population,
suggesting that habitat and nutritional availability may mediate this relationship. Oxidative
stress, CORT, and innate immunity were not correlated with the exception of a trade-off
between ROMs and BKA. This indicates individuals that have a better capacity to fight-off
pathogens suffered increased reactive oxygen metabolites across all sub-populations, independently of habitat characteristics, which has important implications for A. neotesselata
conservation.
Keywords Corticosterone · Hormone · Immunity · Oxidative stress · Reptile ·
Reproduction · Trade-off · Whiptail
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Introduction
All organisms have to allocate limited resources among fitness components that are traded
against one another (Stearns 1992). These trade-offs are central to life history evolution
(Williams 1966) and exist among a variety of physiological functions that are linked to
reproduction, self-maintenance, and growth (Zera and Harshman 2001; Monaghan et al
2009). Reproduction in particular is an extremely costly activity that has been hypothesized to come at a cost to self-maintenance via multiple pathways such as an increase
in energy-mobilizing hormones, and a decline in immune function (Sheldon and Verhulst
1996; Lochmiller and Deerenberg 2000; French et al 2007; Downs et al 2014; Schultner
et al 2014; Adamo 2017).
Trade-offs between reproduction and immune function have been extensively studied
(see review by Zera and Harshman 2001). A stronger immune response does not necessarily lead to an improvement in fitness in the wild (French 2017). Evidence often suggests
that mounting an immune response is energetically costly and can affect reproductive effort
and performance, in line with the idea of a physiological trade-off (Martin et al 2008).
Being efficient at allocating energetic and material resources (e.g. proteins) among physiological systems while responding to environmental stressors seems to drive life history
decisions (French 2017). Yet, the specific trade-offs driving these decisions remain unpredictable in the wild, and can vary with reproductive stage.
Energy-mobilizing hormones of the glucocorticoids family, including corticosterone
(CORT), are key mediators of physiological trade-offs (French et al 2007). CORT can influence physiological systems via multiple pathways that are often dependent on the environmental context (e.g. Wingfield and Romero 2000; Romero and Romero 2002; Romero et al.
2008) but also depend on an individual’s energetic state (Moore and Jessop 2003; Angelier
and Wingfield 2013; Neuman-Lee and French 2014). Specifically, a prolonged increase in
CORT typically exerts negative impacts on organisms (Wingfield 2005), including immunosuppression (Dhabhar 2009), and a decrease in reproductive output (Moore et al 2005).
The modulation of CORT secretion that drives the allostatic mediation of reproduction can
vary by species and reproductive strategy (see review by Romero and Romero 2002).
Competition between reproductive investment and immune function when internal energetic resources are limiting have been proposed as proximate causes of reproductive costs
(Harshman and Zera 2007). Yet, even in the best studied cases (i.e. birds), contradictory
responses are often observed likely due to the diversity of measures of immune function
used, inconsistency in experimental conditions, or variability across individuals that cannot always be quantified (Speakman 2008). No general consensus has been reached on the
direction and intensity of trade-offs that involve reproduction and immunity in natura as
animals are exposed to pathogens in a changing environment.
Oxidative status is also hypothesized to be compromised by reproductive investment
(Yang et al 2013; Costantini et al 2016). Oxidative stress, or the imbalance arising when
the rate of production of reactive oxygen species exceeds the capacity of the antioxidant
defense and repair mechanisms (Metcalfe and Alonso-Alvarez 2010), could further mediate such physiological trade-offs. In birds, an increase in reproductive effort is often linked
to a decrease in activity of antioxidants or resistance to oxidative stress (e.g. Salmon et al
2001; Alonso-Alvarez et al. 2004; Wiersma et al 2004). In mammals, oxidative damage
increases during lactation in some domesticated and laboratory animals (Upreti et al. 2002;
Castillo et al 2005; Stier et al 2012), and as litter size increased in the wild (e.g. in chipmunks Tamias striatus Bergeron 2011; in red squirrels Tamiasciurus hudsonicus Fletcher
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et al 2013). In reptiles, increased physiological stress linked to reproductive effort can lead
to the overproduction of reactive oxygen metabolites (Webb et al 2019), which may have
direct deleterious effects on survival.
Exploring the energetic, hormonal and immune correlates of varying reproductive effort
is of particular interest in wild organisms that experience anthropogenic disturbances.
We study these trade-offs in a parthenogenetic lizard, the Colorado Checkered Whiptail,
Aspidoscelis neotesselata. There are several advantages to studying reproductive tradeoffs in this species: (1) egg cell development proceeds without fertilization by males, and
offspring are genetically identical to their mother, potentially limiting additional amounts
of individual variability in reproductive effort and investment; (2) the energy required for
gamete production (Olsson et al 1997) is likely more equivalent among individuals than
in a sexual system, which could remove additional male–female variability; (3) reproductive behaviors such as courtship (Sullivan and Kwiatkowski 2007) and parental care (Case
1978), which demand large energetic costs; (4) finally, one can easily and non-invasively
use ultrasonography to quantify variability in one key aspect of reproductive investment,
follicular and egg development (Krawchuk and Brooks 1998; Gilman and Wolf 2007).
Clutch size in this “all-female” system varies between 0 and 3 eggs and is likely tied to
how each female invests into competing functions such as immunity and reproduction. The
Colorado Checkered Whiptail is also a “species of special concern” in Colorado, a status
that does not afford any legal protection for the lizards or their habitats despite their exposure to significant levels of anthropogenic disturbance. The species has also been petitioned
for listing under the Federal Endangered Species Act (US Fish and Wildlife Service 2015).
In this study, we examined how an energy-mobilizing hormone (i.e. Corticosterone,
‘CORT’), immunity (i.e. bacterial killing ability, ‘BKA’) and oxidative stress (i.e. reactive
oxygen metabolites, ‘ROMs’) were regulated in light of reproductive investments in three
sub-populations of A. neotesselata. We specifically tested whether reproductive activity
and clutch size meditated steroid hormone expression, innate immunity, and (or) oxidative
stress. When investigating trade-offs, we further controlled for extrinsic factors that could
explain baseline variability in reproductive activity and clutch size, such as seasonality
body condition and age-class differences in reproductive investment. Finally, we compared
our findings across three sub-populations located in different sections of the US Army Fort
Carson (FC) Military Installation near Colorado Springs, CO, that varied in density and
habitat characteristics (Aubry et al 2019), but were similar in their level of exposure to
anthropogenic military disturbances (i.e. mostly light land navigation and occasional sound
disturbance from aerial fly-overs). If habitat conditions permit increased reproductive
investment (i.e. clutch size), increased CORT mediation may become necessary. As such,
the release and action of CORT on downstream physiology is liable to depend on environmental conditions at each site.

Methods
Study species
The Colorado Checkered Whiptail (A. neotesselata, previously Cnemidophorus neotesselata) is a triploid parthenogenetic species (Walker et al. 1997) that only ranges across
southeastern Colorado and was recently redefined to include Teller and El Paso counties (Taylor et al 2015a), Las Animas (Taylor et al 2006a), Pueblo (Taylor et al 2006b),
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Fremont (Taylor et al 2015b), and Otero (Walker et al 2012; Taylor et al 2015b, 2016)
counties in CO. It can also be found 1600 km northwest of its natural range in Grant
County, WA; a result of an anthropogenically-driven introduction (Weaver et al 2011). The
species resulted from hybridization between diploid normally parthenogenetic A. tesselata,
and gonochoristic A. sexlineatus. A. neotesselata has since diversified into four distinctive
allopatric variants referenced as pattern classes A, B, C, and D (Walker et al. 1997, 2012)
within a unisexual mode of reproduction. There is a variant of the species at Fort Carson
that is described as pattern class A (Walker et al. 1997; Taylor et al 2015a). The species has
had multiple conservation listings, most likely because of its small natural range. It is designated as near threatened by the International Union for Conservation of Nature (IUCN
2007), as a species of special concern by Colorado Parks and Wildlife, and a species at risk
by the US Army Work conducted at Fort Carson, where they are locally abundant depending on the level of military disturbance to which animals are subjected (Aubry et al 2019).

Study areas
Fort Carson US Army installation (FC) is located in unincorporated El Paso County near
the city of Colorado Springs, CO. The 55,000-ha installation extends southward into
Pueblo and Fremont counties. We sampled and surveyed A. neotesselata at the northern
edge of its range within FC. Site selection required working around the constraints of
scheduled military training activities.
Of the 37 training areas (TA; numbered 20–56; Fig. 1) that provided suitable habitat for
A. neotesselata within FC, we were interested in surveying the TAs that had been recently
surveyed by local biologists and had indicated A. neotesselata activity (i.e. observations
in 2014: TAs 28, 29, 31, 43; observations between 2007 and 2013: TAs 45, 48, 50, 55 and
56). We were provided access to five of those TAs (29, 45, 48, 50, and 55). The number
of lizards observed was insufficient to support meaningful demographic and physiological
sampling at TA 29 and 50. As a result, intensive sampling was focused on TA 45, TA 48,
and TA 55; sampling areas within each TA covered 0.99 ha, 6.12 ha, and 4.85 ha, respectively. These sites were similarly exposed to low levels of military training activities (i.e.
on-foot navigation and orientation).
We observed A. neotesselata within habitat with Piñon Pine (Pinus edulis), Ponderosa
Pine (Pinus ponderosa), and mixed oak trees (Quercus sp.), as well as the cactus Tree
Cholla (Cylindropuntia imbricata), and the grass Blue Grama (Bouteloua gracilis), which
dominated grasslands in TA 45. The majority of A. neotesselata we observed in the TA 48
study site were concentrated within the dry creek bed and banks consisting of sparsely vegetated shrubland, particularly Shadscale (Atriplex confertifolia), Four-wing Saltbush (Atriplex canescens), James’ Seaheath (Frankenia jamesii), and Rubber Rabbitbrush (Chrysothamnus nauseosus). The secondary vegetation type was One-seed Juniper (Juniperus
monosperma) and mixed grassland located around the periphery of the sample area TA 55
was similar in habitat structure to TA 48.

Field capture measurements and samples
Captures and sampling
The field season ranged from late April–July 2018 and May–July 2019, and expanded on
our 2016 pilot physiology study where we sampled and marked 86 individuals over three
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Fig. 1  Aspidoscelis neotesselata surveys conducted in 1991–2007 (yellow dots), 2007–2013 (green dots),
and 2014 (red dots) at Fort Carson, CO. Intensive sampling as part of this study was focused on TA 45, TA
48, and TA 55

locations at FC (91 observations five of which were recaptures) over a 3-month period.
A. neotesselata was most active between 08:00 and 11:00 and field crews were typically
deployed between 07:00 and 12:00 to conduct field surveys and capture the animals.
Lizards were collected via snaring, a safe and effective technique for capturing this species (Hudson et al 2020). Each captured lizard was sampled for blood within 5 min of
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pursuit time (i.e. 5 min from the beginning of an animal capture attempt). Blood samples
(~ 40 µL, although exact amounts varied based on individual animal size and condition)
were immediately collected from the retro-orbital sinus using heparinized capillary tubes
(MacLean and Lee 1973) to measure baseline levels of physiological activity (Romero and
Reed 2005; Sheriff et al 2011). Blood samples were stored on ice and separation of plasma
from red blood cells was performed on site with a portable centrifuge. Samples were
stored at − 22 °C within the same trapping day until assayed later in the summer. Sampling
occurred within a standardized timeframe (7:00–12:00) to avoid circadian differences in
stimulus-evoked CORT release (MacLean and Lee 1973; Dallman et al 1987; Jones and
Gillham 1988; Romero and Wingfield 2001). This sampling period was found to yield no
relationship between circulating CORT and time of day (Hudson et al 2020).
Each captured lizard was permanently marked by toe-clipping, which has been found
to be harmless to A. neotesselata in the field (Hudson et al 2020; see also Langkilde and
Shine 2006). We recorded the date, time of day, body mass, and snout–vent length (SVL)
for each captured animal. Using both manual palpation of the abdomen and high-resolution
ultrasound (Sonosite Turbo ultrasound unit with an external linear probe ©2020 Fujifilm
Sonosite Inc), we assessed the firmness, shape, and number of follicles/eggs to determine
reproductive state and clutch size (0, 1, 2, or 3). Once all the data were collected, lizards
were released at their respective points of capture.

Ethics statement
All handling and procedures were approved by the Colorado State University Institutional
Animal Care and Use Committee, Protocol ID: 18-7772A “Demographic and Physiological Monitoring of the Colorado Checkered Whiptail on Fort Carson: An Integrated Conservation Approach”.

Blood plasma analysis
For each collected sample, we measured: (1) CORT, a glucocorticoid regulator of physiological trade-offs; (2) BKA, to assess innate immune status via ability to fight-off pathogens; and (3) ROMs, to assess the accumulation of free radicals which can be influenced by
metabolic activities such as reproduction. We completed BKA first due to sensitivity of the
proteins in this assay, followed by ROMs, and then CORT. Some animals did not have sufficient plasma for all assays and so later assays could not be completed for those individuals. Coefficients of variation (CVs) were calculated using standards that were included in
each assay such that comparisons could be made across assays (i.e. inter-assay).

Corticosterone
Enzyme-linked immunosorbent assay (ELISA) kits were validated and used with blood
plasma (10 µL) to determine CORT concentrations. The assay was completed in duplicate according to manufacturer guidelines (Enzo Life Sciences, Farmingdale, NY) over 7
plates in total. The CORT ELISAs is based on competitive binding between sheep polyclonal antibodies and plasma hormone that occurs on a donkey anti-sheep immunoglobulin
microtiter plate. CORT assay sensitivity included a minimum level of detection at 27 pg/
mL with a mean intra-assay coefficient of variation (CV) of 1.46% and an inter-assay CV
of 12.19%.
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Bacterial killing assay
To assess innate immune function for this species, BKA was quantified with a validated
volume of blood plasma (11 µL). Using the protocol outlined in French and NeumanLee (2012), a 1:2 plasma dilution was combined with CO2-independent media (plus
4 nM l-glutamine), 104 colony producing units of Escherichia coli (EPowerTM Microorganisms #483-581-1, ATCC 8739, MicroBioLogics, St. Cloud, MN, USA), and agar
broth on a 96-well microplate. Included were both positive (media and bacteria with no
plasma) and negative (media and no plasma or bacteria) controls to account for potential growth and ensure there was no contamination. The plate was incubated for 12 h
and absorbance per well was measured with a microplate reader at 300 nm (xMark;
BioRad Benchmark, Hercules, CA, USA). Bactericidal ability was then calculated as
1 − (absorbance of sample/absorbance of positive controls) × 100. We ran 7 microplates
in total with a mean intra-assay CV of 2.82% and an inter-assay CV of 7.88%.

Reactive oxygen metabolites
Oxidative status was measured using reactive oxygen metabolites (ROMs). Circulating
ROMs were quantified using a d-ROMs test kit (MC435, Diacron International, Italy)
which detects levels of hydroperoxides that oxidize an alkyl-substituted aromatic amine
(A-NH2). Plasma was diluted in an acidic buffered solution (5 µL: 100 µL) following
“endpoint” mode manufacturer instructions that were adapted for a 96-well microplate
(French et al. 2017), and incubated for 90 min at 37 °C. Values were calculated as
absorbance change relative to the standard. The mean intra-assay CV over 8 plates was
3.26% and the inter-assay CV was 3.33%.

Statistical analyses
All analyses and visual representation of data were performed using default packages in
RStudio (version 1.2.5001, R Core Team 2019) and additional packages: ‘dplyr’ (Wickham 2020) and ‘ggplot2’ (Wickham 2016). The statistical analysis called for One-way
ANOVA models when considering single effects, or Two-way ANOVA when considering interactions between independent variables (Mangiafico 2015). We systematically
tested for normality of model residuals (using Shapiro’s test; Royston 1982) and homogeneity of variance (using Levene’s test; Hines and Hines 2000) in our models. To that
end, CORT was log-transformed to un-skew its distribution and normalize residuals.
Yet, model assumptions were never met, and we applied non-parametric alternatives
instead: the Kruskal–Wallis test, or one-way ANOVA on ranks, and the Mann–Whitney U test when comparing two groups to untransformed data (Hollander and Douglas
1973). We regrouped variables of interest into new categories (e.g. juveniles or adults
with low or high body condition; i.e. 4 groups) and tested for differences in CORT,
BKA, and ROMs among groups using the Kruskal–Wallis test. We used the Pairwise
Wilcoxon Rank Sum Tests to calculate pairwise comparisons between groups. We used
untransformed values for non-parametric analyses, but log-transformed values in figures
involving CORT as the dependent variable to minimize its spread for visual purposes
(Fig. 3a, b).
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Finally, we explored the potential for trade-offs between immunity and physiological
correlates, independently of reproductive investment, using linear regression. We report on
intercept and slope parameters, their precision and significance. We adopted a significance
level alpha of 0.05 for statistical significance for all analyses.

Results
Clutch size was observed for 718 individual clutches (Table 1). A subset of 265, 319, and
274 individual samples were collected for CORT, DROMs, and BKA assays, respectively.
Sample sizes reported by TA (45, 48, 55) and month of capture (May, June, and July) over
field seasons 2018 and 2019 are presented in Table 1.

Extrinsic drivers of change in reproductive investment
Clutch size was on average more in TA 45 when compared to other TAs (Kruskal–Wallis, 𝜒 2 = 10.864, df = 2, p value = 0.004; Fig. 2a). Adults produced larger clutches than
juveniles (Mann–Whitney U, W = 17,048, df = 1, p value < 0.001; Fig. 2b), and clutch
size peaked in June and July, with lower vitellogenic investments in May (Kruskal–Wallis 𝜒 2 = 192.640, df = 2, p value < 0.001; Fig. 2c). Clutch size did not differ across body
condition categories (i.e. below vs. above average; Mann–Whitney U, W = 9875.5, df = 1,
p value = 0.149). The same patterns held true for reproductive investment (no eggs versus
Table 1  Number of individuals
for which information on clutch
size was collected, ranging from
no clutch (0), to a clutch size of
either 1, 2, or 3 eggs

Number of clutches of a specific size
May

June

July

0
0
0
0

4 (19%)
5 (23.8%)
11 (52.4%)
1 (0.05%)

0
0
0
0

126 (76.4%)
25 (15.1%)
14 (8.5%)
0

46 (16.2%)
106 (37.5%)
123 (43.5%)
8 (2.8%)

34 (47.9%)
26 (36.6%)
9 (12.7%)
2 (2.8%)

31 (60.8%)
13 (25.5%)
7 (13.7%)
0

16 (14.4%)
38 (34.2%)
55 (49.5%)
2 (1.8%)

7 (43.7%)
4 (25%)
4 (25%)
1 (6.3%)

TA 45
0
1 egg
2 eggs
3 eggs
TA 48
0
1 egg
2 eggs
3 eggs
TA 55
0
1 egg
2 eggs
3 eggs

Each individual was only sampled once for clutch size, thus these
numbers represent individual observations of Colorado Checkered
Whiptails (Aspidoscelis neotesselata) reported by TA (45, 48, 55) and
by month (May, June, and July) at Fort Carson, El Paso County, Colorado. These observations were summed over field seasons 2018 and
2019
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Fig. 2  a Clutch size by training
area (i.e. 45, 48, and 55) with
significant differences represented by p value s for each
paired comparison. Note that
although the distributions (i.e.
the median and inter-quartile
range, represented by the thick
line and edges of the box, respectively) are the same for TA 48
and 55, their mean clutch sizes
are significantly different (i.e.
TA 48 = 0.93 vs. TA 55 = 1.1; p
value = 0.019). Whiskers represent 95% confidence intervals;
thick horizontal lines show
medians, while large black dots
represent means; NS non-significant; ****p value < 0.0001;
***p value < 0.001; **p
value < 0.01; *p value < 0.05. b
Age class comparison of clutch
size across all sub-populations
where ‘A’ stands for adults
and ‘J’ stands for juveniles.
The median and inter-quartile
range are represented by the
thick line and edges of the box,
respectively. Whiskers represent
95% confidence intervals; thick
horizontal lines show medians,
while large black dots represent
means; NS non-significant;
****p value < 0.0001; ***p
value < 0.001; **p value < 0.01;
*p value < 0.05. c Monthly
comparison (i.e. May, June, and
July sampling periods) of clutch
size across all sub-populations
with significant differences
represented by p value s for
each paired comparison. The
median and inter-quartile range
are represented by the thick line
and edges of the box, respectively. Whiskers represent 95%
confidence intervals; thick
horizontal lines show medians,
while large black dots represent
means; NS non-significant;
****p value < 0.0001; ***p
value < 0.001; **p value < 0.01;
*p value < 0.05
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eggs produced) which peaked in June and July, and did not differ across body condition
categories; results are not presented here for conciseness.

Corticosterone and reproductive investment
CORT was significantly different across clutch size, ranging from 0 to 3 eggs (Kruskal–Wallis 𝜒 2 = 49.539, df = 3, p value < 0.001; Fig. 3a), and across levels of reproductive investment, when comparing animals that had invested into reproduction (1–3 eggs) versus those
that did not (Mann–Whitney U, W = 2170.5, df = 1, p value < 0.001; Fig. 3b). The effect of
clutch size on CORT was significantly different across TAs (Kruskal–Wallis 𝜒 2 = 47.82,
df = 11, p value < 0.0001), age classes (Kruskal–Wallis 𝜒 2 = 58.468, df = 5, p value < 0.0001),
month of capture (Kruskal–Wallis 𝜒 2 = 71.585, df = 9, p value < 0.0001), and body condition (Kruskal–Wallis 𝜒 2 = 53.62, df = 7, p value < 0.0001). For reproductive investment,
this relationship differed across TAs (Kruskal–Wallis 𝜒 2 = 63.446, df = 7, p value < 0.0001),
age classes (Kruskal–Wallis 𝜒 2 = 56.159, df = 3, p value < 0.0001), month of capture
(Kruskal–Wallis 𝜒 2 = 69.537, df = 5, p value < 0.0001), and body condition. Specifically,
CORT was more elevated in adult female among reproductive females (post-hoc pairwise
rank sum test comparisons between adults and juveniles p value = 0.0285), and in females of
Fig. 3  a Relationship between
clutch size and the energy-mobilizing hormone (i.e. log(CORT)
in ng/mL) across all sub-populations. Significant differences
are represented by p value s
for each paired comparison.
The median and inter-quartile
range are represented by the
thick line and edges of the box,
respectively. Whiskers represent
95% confidence intervals; thick
horizontal lines show medians,
while large black dots represent
means; NS non-significant;
****p value < 0.0001; ***p
value < 0.001; **p value < 0.01;
*p value < 0.05. b Relationship
between reproductive investment
(i.e. absent vs. present) and the
energy-mobilizing hormone (i.e.
log(CORT) in ng/mL) across
all sub-populations. Significant
differences are represented by p
value s for each paired comparison. The median and inter-quartile range are represented by the
thick line and edges of the box,
respectively. Whiskers represent
95% confidence intervals; thick
horizontal lines show medians,
while large black dots represent
means; NS non-significant;
****p value < 0.0001; ***p
value < 0.001; **p value < 0.01;
*p value < 0.05
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above-average body condition among individuals that did not invest into reproduction (posthoc pairwise rank sum test comparisons p value = 0.002).

Bacterial killing ability and reproductive investment
BKA was not significantly different across clutch sizes (Kruskal–Wallis 𝜒 2 = 0.938,
df = 3, p value = 0.816). However, the relationship between clutch size and BKA was significantly different across TAs (Kruskal–Wallis 𝜒 2 = 20.935, df = 11, p value = 0.034).
The relationship between clutch size and BKA did not change with respect to age classes
(Kruskal–Wallis 𝜒 2 = 4.851, df = 6, p value = 0.563), month of capture (Kruskal–Wallis
𝜒 2 = 10.602, df = 10, p value = 0.389), or body condition (Kruskal–Wallis 𝜒 2 = 4.228, df = 7,
p value = 0.753). Although the effect of reproductive investment on BKA was not significant
(Mann–Whitney W = 5719.5, df = 1, p value = 0.841), it did significantly change with respect
to TA (Kruskal–Wallis 𝜒 2 = 15.087, df = 5, p value = 0.001), with highest levels reached in
TA55, followed by TA48, and TA45. The effect of reproductive investment on BKA, however,
did not change with respect to age class (Kruskal–Wallis 𝜒 2 = 3.6268, df = 3, p value = 0.305),
month of capture (Kruskal–Wallis 𝜒 2 = 9.045, df = 5, p value = 0.107), or body condition
(Kruskal–Wallis 𝜒 2 = 0.510, df = 3, p value = 0.917).

Reactive oxygen metabolites and reproductive investment
ROMs were not significantly different across clutch sizes (Kruskal–Wallis 𝜒 2 = 0.622, df = 3,
p value = 0.891). The relationship between clutch size and ROMs did not change across
TAs (Kruskal–Wallis 𝜒 2 = 15.929, df = 11, p value = 0.144), age classes (Kruskal–Wallis = 𝜒 2 = 1.208, df = 6, p value = 0.976), or body condition (Kruskal–Wallis 𝜒 2 = 3.014,
df = 7, p value = 0.884), but did change with respect to month of capture (Kruskal–Wallis 𝜒 2 = 36.171, df = 10, p value < 0.0001). Similarly, we did not detect changes in ROMs
with respect to reproductive investment (Mann–Whitney W = 8183, df = 1, p value = 0.590).
Although this relationship did not change with age class (Kruskal–Wallis = 𝜒 2 = 0.898, df = 3,
p value = 0.8258), body condition (Kruskal–Wallis 𝜒 2 = 1.789, df = 3, p value = 0.617), or TA
(Kruskal–Wallis 𝜒 2 = 11.798, df = 5, p value = 0.058), it did change across months of capture
(Kruskal–Wallis 𝜒 2 = 31.863, df = 5, p value < 0.0001), and was highest in May, followed by
June, then July, independently of reproductive investment.

Hormonal, oxidative, and immune correlates
We further observe that energetic, stress, and immunity metrics were not correlated with
the exception of a trade-off between ROMs and BKA. The slope of the linear relationship
between ROMS and BKA was indeed positive and significantly different from 0 (Table 2:
slope = 0.746, standard error = 0.213, p value < 0.001; Fig. 4), which indicates that individuals
that have a better capacity to fight-off pathogens experienced increased ROMs.
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Table 2  Results from linear
regressions testing for a
relationship between (a) BKA
(%) and ROMs (mg H2O2/dL),
(b) BKA (%) and CORT (pg/
mL), and (c) CORT and ROMs.
Intercept and slope regression
parameters are presented
below, along with standard
errors, t-value, p value, degrees
of freedom, and R-squared
estimates

Estimate

SE

t-value

p value

2.876
0.1979

14.604
4.093

< 0.001***
< 0.001***

2.246
0.0003

23.477
− 0.921

< 0.001***
0.358

5.477
− 1.218

< 0.001***
0.225

(a) BKA versus ROMs
(Intercept)
41.996
ROMs
0.8102
(b) BKA versus CORT
(Intercept)
52.729
CORT
− 0.0003
(c) CORT versus ROMs
(Intercept)
3835.32
ROMs
− 58.57

700.27
48.09

Significance codes for p value s: ***p value < 0.001; **p value < 0.01;
*p value < 0.05.
(a) Residual standard error: 28.51 on 236 degrees of freedom.
Adjusted R-squared: 0.066
(b) Residual standard error: 28.62 on 205 degrees of freedom.
Adjusted R-squared: 0.004
(c) Residual standard error: 6521 on 199 degrees of freedom. Adjusted
R-squared: 0.002

Fig. 4  Linear relationship
between innate immunity (i.e. %
BKA) and oxidative stress (i.e.
dROMs in mg H2O2/dL) across
all sub-populations with associated R-squared value (27%) and
slope significance. The shaded
area represents the 95% confidence intervals associated with
the fitted regression line

Discussion
Our findings highlight differences among sub-populations of A. neotesselata in how an
energy-mobilizing hormone and immunity are regulated in light of reproductive investment, but only in one of the three locations sampled. Steroid hormones correlated with
reproductive activity and generally increased with reproductive investment and clutch
size. In addition, reproductive investment came at a cost to innate immunity under specific circumstances (i.e. location, month of capture, and age-class), and individuals that
had a better capacity to fight-off pathogens experienced increased ROMs.
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Circulating CORT was greater among A. neotesselata that invested into reproduction
(Fig. 3b). This pattern of CORT release is consistent with females of other lizard species
(e.g. Wilson and Wingfield 1992; Woodley and Moore 2002) supporting the notion that
reproductive investment is a predictable, yet energetically-demanding challenge (Wingfield 2005; Moore et al 2005). The extent of reproductive investment (i.e. clutch size) in A.
neotesselata was further reflective of the associated energetic costs, as increased clutch size
often corresponded with greater CORT levels (Fig. 3a). The exception to this relationship
was when clutches included three follicles/eggs, which was a rare occurrence in our data.
Seasonal progression in vitellogenic stage, clutch number, or seasonality could further
obscure this finding (Mitchell et al. 2018), since most observation of clutch size equal, or
greater than one, happened with greater frequency in June and July, when compared to
May (Table 1). Trade-offs between clutch size and follicle/egg size could also explain this
finding since females that produced larger clutches likely produce smaller follicles to offset
the energetic cost of a large clutch.
Differences in energy usage and availability may also relate to intrinsic characteristics
such as age, ability to secure resources, and body condition (e.g. Bleu et al 2013). CORT
was slightly more elevated in females of above-average body condition among individuals that did reproduction, but this difference was not significant (Post-hoc pairwise rank
sum test comparisons p value = 0.998). Because this result did not change across locations,
environmental conditions may not help explain this finding either. Behavioral differences
could be a driving factor, but determining this would call for a more fine-scaled study of
individual behaviors, resource acquisition, and allocation (e.g. Bleu et al 2013).
Hudson et al. (2020) studied the same species, but different sub-populations of A.
neotesselata at FC in 2016, and compared similar physiological metrics (CORT, BKA)
in response to reproductive phenology ranging from May to August. They observed patterns of CORT release that differed between breeding (May–June) and non-breeding seasons (August) such that CORT secretion was either suppressed for reproductively active
lizards, or greater for inactive lizards recovering from reproductive investment. This pattern of CORT secretion suggests that seasonality and reproductive phenology are important in explaining the relationship between CORT release and reproductive investment
in this species. Our results are derived only from a “within-reproductive season” comparison (May–July) which suggest that CORT is only released during more critical periods of reproductive investment during the active season, hence the differences in CORT
between no clutch and clutch sizes with at least one follicle or egg. Hudson and colleagues’
results further suggest that once the active season ends (August) even more circulating
CORT is released to mobilize what energy stores remain, with variations in CORT values
(May–July) collectively below what was observed in Hudson and colleagues (2020) study
in August.
Glucocorticoids are released to support metabolically demanding activities such as
reproduction (Wingfield and Romero 2000; Romero and Romero 2002; Sapolsky et al.
2000; Romero and Butler 2007). Downs et al (2018) discussed how an acute increase in
CORT may facilitate reproduction, and stimulate or redistribute immunological defenses
(Adamo 2017; Sapolsky et al. 2000; Romero and Butler 2007; Martin 2009). Yet, sustained
elevated concentrations of glucocorticoids from chronic stress can suppress immunity and
prevent reproduction (Singer et al. 1996). Reproductive investment was associated with
compromised innate immunity in A. neotesselata, considering increased clutch size correlated with a decrease in BKA, albeit only for the sub-population at TA 45 (Fig. 5). Many
species reduce immune defenses when investing into reproduction (Bonneaud et al 2003;
French et al 2007), however, population differences in reproductive-immune trade-offs are
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Fig. 5  Relationship between reproductive investment and innate immunity (i.e. BKA in %) for each subpopulation (i.e. TA 45, 48, and 55). Whiskers represent 95% confidence intervals; thick horizontal lines
show medians, while large black dots represent means; NS non-significant; ****p value < 0.0001; ***p
value < 0.001; **p value < 0.01; *p value < 0.05. A post-hoc pairwise rank sum test indicated that there
were significant differences in BKA across TAs for individuals that did not produce a clutch (TA48 vs.
TA55, p value = 0.008) and for those that invested into reproduction (TA45 vs. TA48, p value = 0.046;
TA45 vs. TA55, p value = 0.008), as well as within TAs (TA45 reproductive investment vs. none, p
value = 0.044; TA55 reproductive investment vs. none, p value = 0.009), and across TAs and levels of reproductive investment (non-reproductive females in TA48 vs. reproductive females in TA45, p value = 0.010)

rarely documented (but see Lucas and French 2012). Although our results support the idea
that this trade-off can change across populations depending on the environmental context
experienced, only few observations were collected at TA45, and all observations were collected at peak reproduction in June, which could be driving this result.
Though clutch sizes were also larger for this sub-population (TA 45) compared to others
(Fig. 5), this particular location may be amenable to elevated reproductive investment and
associated immune costs. Indeed, the availability of nutritional resources that help regulate
energetic state has been shown to mediate trade-offs between immunity and reproductive
output through integrative physiological pathways (French et al 2007; Downs et al 2014;
Adamo 2017). Interestingly, habitat composition at TA 45 (Fig. 1) is quite different from
other sampled locations with Piñon and Ponderosa Pine, mixed oak trees, Tree Cholla, and
Blue Grama dominating the landscape. We suspect both nutrition and habitat characteristics, which are intrinsically linked, may explain why reproductive output is particularly
elevated at this location. However, TA 45 was only visited in June, which seems to be when
peak reproductive activity occurs (Fig. 2c). A disproportionate amount of reproductive
investment may therefore be represented for this particular site when compared to others
(Fig. 2a). Nonetheless, relatively greater CORT levels for the sub-population at TA 45 may
be indirectly related to their concurrent immunosuppression (Singer et al. 1996). Investigations examining the arthropod communities in the various TAs, paired with studies aimed
at determining if foraging efficiency (e.g. capture rate, handling time) differs by TAs, could
help shed light on our findings.
Finally, ROMs directly corresponded with BKA for A. neotesselata, providing evidence for
potential ROMs associated with immune defense (Yang et al 2013). Indeed, reactive oxygen
species play many important roles in the immune system, and are intimately involved in various aspects of the immune response such as host defense, immune cell activation, and immune
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suppression (Yang et al 2013). The positive association among BKA and ROMs suggests that
these females may be utilizing elevated free radicals to fight pathogens. Alternatively, animals
investing in elevated immunological defenses may suffer an oxidative cost (Costantini and
Møller 2009). This alternative scenario is also likely because immune responses are known to
be energetically costly and could result in oxidative stress.

Conservation implications
Coarse–scale distribution models developed by the Fort Carson Conservation Branch
indictae that that Colorado checkered whiptail available habitat encompasses nearly half of
Fort Carson lands available to training (Parks and Kluever 2017). Hence the proper monitoring and management of COCW on Fort Carson will be essential in maintain existing
populations in the near future.
That TAs differed in clutch size could be important information for the conservation of
A. neotesselata at Fort Carson. If in the near future, there becomes a greater need to sustain
or enhance subpopulations of A. neotesselata, managers could focus conservation efforts in
areas where clutch sizes have been shown to be highest (e.g. TA 48). But we recommend
the influence of clutch size on population state variables (e.g. density) be explored before
assuming these areas are more productive for the species (Aubry et al 2019).
An additional consideration is that although all studied sub-populations are thought to
be exposed to similar levels of military activity, differences in such activities (e.g. number of land navigation events and aircraft fly-overs) during the reproductive season have
never between directly quantified and contrasted across locations. This will be the focus of
a future study on aerial noise pollution and ground disturbance on A. neotesselausa physiology at FC. In addition, predation risk may vary across TAs which could in turn impact
immune and (or) oxidative stress in A. neotesselata; that the areas varied in vegetation
communities/composition adds plausibility to this notion. Future data collection will help
quantify differences in levels of anthropogenic disturbances that may help explain our current findings.
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