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Individuals vary in their baseline levels of stress hormones (predictive homeostasis) and in their stress
responses (reactive homeostasis). Variation in normal reactive scope, both predictive and reactive home-
ostasis, may be important for understanding how endocrine traits respond to selection. Reactive home-
ostasis is the increase in glucocorticoid (GCs) hormones above baseline. Individuals at different life
history stages, such as gestation in females, may show variation in normal reactive scope. We performed
an adrenocorticotropic hormone (ACTH) challenge and measured changes in circulating GCs to estimate
the reactive scope of female sailfin mollies (Poecilia latipinna) at different gestational states. We measured
cortisol, primary GC in teleost fishes, to obtain baseline release rates prior to injection with either ACTH
or saline control. Using water-borne hormones, we measured cortisol release rates at four time intervals
post-injection. Females were then sacrificed to determine the developmental stage of embryos, if present,
and the number of developing embryos or mature ova. We found that ACTH-injected females had signif-
icant increases in cortisol releases rates, whereas cortisol release rates of control females did not change
during the 4 h post-injection period. We found high repeatability in predictive homeostasis of cortisol
and moderate repeatability in reactive homeostasis and a phenotypic correlation between predictive
and reactive homeostasis. Gestational state did not affect female predictive or reactive homeostasis.
We applied the reactive scope model to P. latipinna and gained a further understanding of how
among- and within-individual variation in both predictive and reactive homeostasis are partitioned

and how these traits vary under certain life-history conditions.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

Endocrine systems are highly variable within populations and
across contexts (e.g. circadian and seasonal differences, age-
dependence, life-history stages), and we are beginning to under-
stand the extent to which endocrine traits vary among individuals
(Biro and Stamps, 2015; Cox et al., 2016; Williams, 2008). Hor-
mones are important for coordinating multiple facets of the pheno-
type including physiology, behavior, life history, and morphology
(Taff and Vitousek, 2016). Therefore, understanding individual dif-
ferences in hormone responses can be informative about adapta-
tion and the evolution of complex traits, such as the stress
response (Dufty et al., 2002; Hau et al., 2016; Ketterson and
Nolan, 1999; Zera et al., 2007). The stress response promotes
immediate survival through mobilizing energy stores, often at
the expense of other life history traits such as reproduction
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(Sapolsky et al., 2000; Wingfield and Sapolsky, 2003). The stress
response may also show some degree of heritability (Cox et al,,
2016). As a trait that shows variation among individuals and is her-
itable, the stress response can respond to selection in ways that
maximize fitness benefits.

The stress response is a complex physiological mechanism that
regulates an organism’s response to perturbations and typically is
measured through changes in glucocorticoid (GC) hormones before
and after exposure to an aversive stimulus. The GC stress response is
mediated through the HPA/I-axis (hypothalamus-pituitary-adre
nal/interrenal) and GCs are the signaling hormones for target tissues
in this physiological pathway (Wendelaar Bonga, 1997). Exposure to
stressors initiate the release of CRH (corticotropin-releasing hor-
mone) from the hypothalamus, which in turn induces the release
of ACTH (adrenocorticotropic hormone) from the anterior pituitary.
ACTH activates glucocorticoid synthesis, which then produces sev-
eral physiological responses to cope with stressors. Romero et al.
(2009) proposed the reactive scope model as an explanatory, graph-
ical model that integrates homeostasis and allostasis to describe the
stress response. According to the reactive scope model, individuals
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vary in some physiological mediator, such as GC levels (we use cor-
tisol for this study), at both baseline levels (predictive homeostasis)
and at increases above baseline levels in response to unpredictable
events (reactive homeostasis). Predictive homeostasis varies
according to life-history demands and therefore encompass circa-
dian variation for seasonal and non-seasonal species. Species may
show seasonal variation that corresponds to breeding or gestation
events or species may show non-seasonal patterns (little to no vari-
ation across seasons) in predictive homeostasis (Romero, 2002). Any
exposure to a stressor will drive increases in cortisol into the reac-
tive range, but in healthy individuals, levels should rapidly return
to baseline after the stressor has ended to maintain homeostasis.
Combined, both predictive and reactive homeostasis constitute
the normal reactive scope. Below the normal reactive scope is
homeostatic failure, in which levels of cortisol are too low to main-
tain homeostasis. Any further increases in cortisol beyond the nor-
mal reactive scope is homeostatic overload, which can result in
reduced immune function, suppressed reproduction, and decreased
growth (DuRant et al., 2016; McEwen and Wingfield, 2003; Romero,
2004). The threshold for homeostatic overload presumably does not
vary with circadian or circannual rhythms but may be reduced
when an individual experiences frequent, chronic exposure to
stressful events (e.g., Narayan et al., 2015).

The reactive scope model accounts for some among-individual
variation in predictive homeostasis but the extent to which
among- and within-individual differences explain variation in the
normal reactive scope is not consistent across taxa, nor across
study conditions (Hau et al., 2016; Taff and Vitousek, 2016). Calcu-
lating repeatability of traits is a useful estimate to understand how
among- and within-individual phenotypic variance is partitioned.
However, studies on the repeatability of stress hormone titers do
not show consistent patterns with respect to either the predictive
or reactive ranges. Greater within-individual variation than
among-individual variation (low repeatability) in predictive ranges
has been shown in birds (e.g. great tits, Parus major, Baugh et al.,
2014; house sparrows, Passer domesticus, Romero and Reed,
2008), and fish (e.g. largemouth bass, Micropterus salmoides, Cook
et al., 2011). Conversely, high repeatability in predictive ranges
has also been shown in other bird species (e.g. Florida scrub-jay,
Aphelcoma coerulescens, Rensel and Schoech, 2011) and amphibians
(e.g. Fijian ground frog, Platymantis vitiana, Narayan et al., 2013;
Narayan and Hero, 2013). In contrast to the mixed results of pre-
dictive ranges, reactive ranges shows more consistent patterns of
high repeatability (largemouth bass, Micropterus salmoides: Cook
et al, 2011; Fijian ground frog, Platymantis vitiana: Narayan
et al., 2013; Narayan and Hero, 2013; Florida scrub-jay, Aphelcoma
coerulescens: Rensel and Schoech, 2011), but see Baugh et al. (2014)
for an example of no repeatability of reactive homeostasis.

Additionally, there may be some correlation between predictive
and reactive ranges within individuals. Predictive and reactive
ranges can be positively correlated (e.g., individuals with high pre-
dictive values have high reactive values) as was found in great tits,
Parus major, exposed to acute handling stress (Baugh et al., 2014),
and predictive and reactive ranges can also be negatively corre-
lated (e.g., individuals with higher predictive values have a con-
strained reactive value) as was found in Fijian ground frogs,
Platymantis vitiana (Narayan et al., 2013). The direction of the cor-
relation between predictive and reactive ranges may provide
insight into the flexibility of the homeostatic overload threshold.
If the homeostatic overload threshold is fixed, then individuals
with high predictive values may show reduced or constrained reac-
tive values. Conversely, a flexible homeostatic overload threshold
may allow both predictive and reactive values to show correlated
increases in the presence of stressors. Measuring repeatability of
both the predictive and reactive ranges provides the upper limit
to the heritability of these endocrine traits and therefore provides

information about the extent to which the stress response can
evolve (Bonier and Martin, 2016; Cox et al., 2016; Hau et al., 2016).

Gestation is likely to be a major source of circannual variation
observed in the predictive range of cortisol in seasonal species
(Romero, 2002; Wingfield and Sapolsky, 2003). Reproduction
requires considerable energetic investment (Stearns, 1992) and
increases in stress hormones during this period may aid females
by facilitating access to energy stores such as increasing blood glu-
cose levels, breakdown of lipids, and inhibition of protein synthesis
(Sapolsky et al., 2000). Therefore, gestating females may have
greater predictive values of cortisol than non-gestating females
(Romero, 2002). For example in female Fijian ground frogs, Platy-
mantis vitiana, both baseline and stress response corticosterone
(primary GC in amphibians and reptiles) values were higher in
vitellogenic females than in non-vitellogenic females (Narayan
and Hero, 2013). However, gravid female tuatara, Sphenodon punc-
tatus, had greater baseline corticosterone and a dampened corti-
costerone response compared to non-gravid females (Anderson et
al., 2014). Gestational stage of developing embryos may also affect
circulating stress hormones of females, particularly at later stages
of development. In some mammals, females show increases in cor-
tisol just prior to parturition (Cavigelli, 1999; Pavitt et al., 2016). In
addition, females with larger brood sizes may have greater repro-
ductive effort, hence greater energetic investment, and may also
show greater levels of stress hormones (Algera et al., 2017). There-
fore, understanding how predictive and reactive ranges of cortisol
differ within a species based on breeding phenology can identify
different sources of variation in the normal reactive scope.

In this study, we estimate the parameters of the reactive scope
model as proposed by Romero et al. (2009), using changes in cor-
tisol as the physiological mediator. First, we test the hypothesis
that there is a correlation between predictive (nominal baseline)
and reactive (stress response) homeostasis of cortisol, regardless
of within- and among-individual variation in these ranges. We also
test the hypothesis that baseline and stress response ranges of cor-
tisol in individual females will correlate with reproductive status.
We predict that as females progress in their gestational state, base-
line should increase. Similarly, we predict that female baseline
should increase as a function of increasing brood size. Additionally,
stress response also may vary with gestation and brood size.

We tested the reactive scope model using female sailfin mollies,
Poecilia latipinna. This species of livebearing fish typically carry
broods for ~30 days and are mainly lecithotrophic, where embryos
rely on yolk for nutrition rather than through maternal provision-
ing (i.e. placental nutrition, Pollux et al., 2014). Poecilia latipinna
have a long breeding season, especially in constant temperature
springs in southern temperate North America (Robinson et al.,
2011) and females have multiple broods per year. Female and male
P. latipinna form loose aggregations (shoals) of conspecific and
heterospecific individuals (Schlupp and Ryan, 1996). There is no
social structure or dominance hierarchies among females, but
males exhibit alternative mating phenotypes based on male size
(Ptacek and Travis, 1996; Snelson, 1985). To test our hypotheses,
we performed an ACTH challenge, which should provide upper
range estimates for the reactive homeostasis, on female P. latipinna
at different stages of gestation and measured changes in cortisol,
the primary GC of teleosts (Arterbery et al, 2010; Mommsen
et al., 1999; Wendelaar Bonga, 1997).

2. Materials and methods

2.1. Animal collection and housing

We collected P. latipinna (n~ 120) from Spring Lake, Hays
County, Texas (29.89°N, 97.82°W) in January 2015 and brought
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them to laboratory facilities at Texas State University, San Marcos,
TX. Mature males are easily distinguished from females by the
presence of a gonopodium, a modified anal fin used as an intromit-
tent sexual organ. Only mature females (SL >32 mm) were used in
this study. Females from this population are gravid from March
through August, although some females can be gravid year round
(Robinson et al., 2011). We maintained female fish in several
single-sex 40 L aquaria (~10 fish/tank) at a constant temperature
(25°C) on 14:10 h light-dark cycle with UV fluorescent lighting.
We coordinated our hormone collection to minimize daily cortisol
variation due to feeding, which contributes to peaks in cortisol
levels. By placing fish on a daily feeding schedule, we could predict
peaks in cortisol due to feeding and avoid additional error in our
data. Therefore, we fed fish daily from 1600 to 1800 h. We fed fish
food pellets (Purina AquaMax 200) and supplemented with live
brine shrimp for every feeding. Texas State University Institutional
Animal Care and Use Committee approved all procedures in this
study (Protocol #IACUC20151175).

2.2. Experimental design

During May 2015, we performed our ACTH challenge from 0800
to 1400 h. We stopped any further data collection 2 h prior to feed-
ing. We randomly assigned females to one of two treatments: 1)
ACTH solution injection (adrenocorticotropic hormone porcine
pituitary, Sigma A-6303; n=34), prepared in Ringer’s solution
[dosage: 0.23 IU/g body weight], or 2) Ringer’s-solution injection
(control; n = 15). Ringer’s solution for freshwater teleosts was pre-
pared with 128.1 mM NaCl, 2.5 mM KCl, 1.8 mM CaCl,, 0.2 mM
NaHCO; (Ogawa et al., 1973). We selected the ACTH dosage based
on previous studies (Bshary et al., 2007; Felix et al., 2013). Prior to
the injection treatments, we obtained “nominal” baseline cortisol
(hereafter baseline) levels by placing females in 250 mL sterile
glass beaker of 100 mL of de-chlorinated water for one hour (fol-
lowing methods of Gabor and Grober, 2010). Immediately after
obtaining a baseline sample, we injected females intraperitoneally
along their ventral body cavity using a 31G needle (0.3 mL, 7.9
mm) with 20 pL of either ACTH solution or Ringer’s saline solution.
Experimenters were blind to treatment assignments of females.
After injection, we obtained our first post-injection hormone sam-
ple (stress response) using the water-borne hormone collection
method described above. We repeated this procedure every con-
secutive hour to obtain three more post-injection water samples
for a total of 4 post-treatment samples. We stored all hormone
samples at —20 °C until hormones could be assayed (Ellis et al.,
2004). After obtaining our last post-injection sample, we eutha-
nized females by immersion in an ice bath at 2-4°C (Wilson
et al., 2009). We then measured standard length (SL) and severed
the head at the brain stem to ensure that individuals were dead
before we dissected the fish along the ventral abdominal wall.
We removed any eggs or embryos from the abdominal cavity and
scored the developmental stage of the eggs or embryos using
Haynes’ (1995) classification methods, and then counted the num-
ber of fully mature ova (stage 3+) or the number of developing
embryos.

2.3. Hormone extraction and assay

We extracted hormones from water samples using Sep-Pak C18
columns (Waters Corp., Milford, MA) placed on a vacuum manifold,
and we eluted hormones using methanol (following Gabor and
Grober, 2010). We then evaporated the eluted solvent using nitro-
gen gas. We resuspended the resulting hormone residue in 1 mL
solution of 95% enzyme immunoassay (EIA) buffer (Cayman Chem-
ical, Ann Arbor, MI) and 5% ethanol and vortexed the resuspended
samples for 1 h. We assayed hormones using cortisol EIA kits (Item

#: 500360, Cayman Chemical). We strictly adhered to protocols
provided by the manufacturer for duplicate samples on 96-well
plates, which we read on a spectrophotometer at 405 nm (Power-
wave XS, Bio Tek Instruments, Inc.,, Winooski, VT). Gabor and
Contreras (2012) previously validated cortisol EIA kits to assay
water-borne cortisol in the same population of P. latipinna and
found a significant correlation between plasma cortisol and
water-borne cortisol. The sensitivity of cortisol EIA plates was 14.
26-41.59 pg/mL. We wused a pooled sample from non-
experimental P. latipinna as our control in quadruplicate on each
of 8 experimental plates. Our inter-assay coefficient of variation
for the pool sample was 15.7% and our intra-assay coefficients of
variation ranged from 3.4% to 13.5%.

2.4. Statistical analyses

We first obtained cortisol release rates as ng/mL/h and then
multiplied by reconstitution volume (1 mL). We divided our hor-
mone values by SL for each fish to control for individual differences
in size to obtain hormone units as ng/SL/h. Our hormone data were
then log-transformed to better fit the assumptions of parametric
analyses. However, all figures are illustrated using non-
transformed data. We conducted all analyses in R version 3.2.3
(R Core Development Team). We used a linear mixed model
(LMM) to determine differences in cortisol release rates between
control and ACTH-injected females across the sampling hours from
baseline to 4 h post-injection (R package nlme::Ime). Our predic-
tors in this model were treatment, sampling hours, and an interac-
tion as fixed effects and a random effect including random
intercepts and slopes for females across sampling hours.

We calculated an adjusted repeatability (r) with a linear mixed
model (LMM) based approach using the Restricted Maximum Like-
lihood (REML) method (Dingemanse and Dochtermann, 2013;
Nakagawa and Schielzeth, 2010). Repeatability provides the pro-
portion of total variance that is explained by among-individual
variation. However, by using an adjusted repeatability for LMM-
based approaches, we control for confounding factors such as fixed
and random effects that may affect how variance is partitioned
(Nakagawa and Schielzeth, 2010). We specified a univariate mixed
model using an R package (rptR::rptGaussian) for control and
ACTH-injected females separately. Previous studies have used
LMM-based approaches to calculate repeatability (Baugh et al.,
2014; Ouyang et al.,, 2011). For control females, we calculated
repeatability using the cortisol measurements across all time sam-
ples as an estimate for the repeatability of predictive homeostasis
(‘baseline’). We used cortisol release rates as our response variable,
sampling hours (baseline to 4 h) as a fixed effect, and female iden-
tity with a random intercept effect. For ACTH-injected females, we
calculated repeatability using cortisol release rates as our response
variable, sampling hours (baseline to 4 h) as a fixed effect, and
female identity across time as a random slopes and intercepts
effect.

We used Pearson’s correlation to investigate if baseline values
of cortisol release rates in females were correlated with their stress
response values. We used the sampling hour post-injection with
the highest cortisol release rates as the stress response for each
ACTH-injected female.

To determine the effect of gestational stage and brood size on
baseline cortisol release rates, we used two linear models with cor-
tisol release rates as the response variable. Baseline cortisol release
rates of females in both treatments (ACTH and control) were
pooled and used as the response variable because the baseline
sample was obtained prior to treatment injections. To avoid
collinearity between gestational stage and brood size, gestational
stage was used as a predictor variable in the first model and brood
size was used as a predictor variable in the second model. How-
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ever, because brood size was also correlated with SL (larger
females tend to carry more eggs or embryos), we controlled for
body size by using residuals from a correlation between brood size
and SL (? = 0.54, p < 0.001). To investigate the effects of gestational
stage and brood size on female stress response cortisol release
rates, we used stress response cortisol release rates as the response
variable in two linear models. Treatment, gestational stage and an

Table 1
The effects of treatment across sampling hours on female cortisol release rates. Bold
p-values indicate signifiance.

X Estimate SE t p
Treatment -0.230 0.220 -1.048 0.300
Sampling Hour 0.078 0.036 2.145 0.034
Treatment x Sampling Hour —0.208 0.066 -3.141 0.002
7- .
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Fig. 1. Cortisol release rates (ng/SL/h) of ACTH-injected and control-injected
(Ringer’s solution) female sailfin mollies, P. latipinna, across time from baseline to
hour(s) post-injection. Cortisol release rates from control-injected females are not
significantly different across time but cortisol release rates from ACTH-injected
females are different across time. The lower and upper portion of the box indicate
the 25-75% quantiles of each variable. The solid line indicates the median. The
whiskers indicate the 90 and 10 percentiles. Single data points are outlying data
points. Letters above ACTH columns indicate grouping of Tukey’s test for ACTH
treatment only.

Cortisol (ng/SL/h)

Baseline 1h 2h 3h 4h

interaction were used as predictor variables in the first model and
treatment, residuals of brood size corrected for body size, and an
interaction were used as predictor variables in the second model.

3. Results

Cortisol release rates differed across sampling hour for ACTH-
injected females (Table 1; Fig. 1). Average baseline values for
female P. latipinna (one baseline value per individual in both
ACTH- and Ringer’s solution-injected treatments) was 0.74 ng/SL/
h with a range of 0.11 ng/SL/h to 1.84 ng/SL/h. Post-hoc Tukey’s
multiple comparisons showed that control females did not differ
in cortisol release rates across times from baseline to 3 h
post-injection (all pairwise comparisons show non-significant
p-values), but differed significantly between 3 h post injection
and 4 h post-injection (Tukey’s: p = 0.034, Fig. 1). Cortisol levels
differed significantly across times for ACTH-injected females, with
peak cortisol levels at 2 h post-injection (Fig. 1). In addition, corti-
sol release rates between control and ACTH females did not differ
at baseline (Tukey’s: p = 1), but did differ significantly at all sam-
pling hours (Tukey’s: p <0.001), second sampling hour (Tukey’s:
p<0.001), third sampling hour (Tukey’s: p <0.001), and fourth
sampling hour (Tukey’s: p = 0.007) post-injection.

Repeatability was high in the control treatment (r = 0.42 + 0.14,
95% CI [0.12, 0.65], Fig. 2a); 42% of the variation in predictive
cortisol release rates were due to among-individual variation
(p <0.001). Repeatability of cortisol release rates was moderate
in ACTH-injected females (r=0.31%0.10, 95% CI [0.15, 0.53],
p <0.001, Fig. 2b), and lower than repeatability of control females.

There was a significant positive correlation between baseline
(predictive) and stress response (reactive) natural-log transformed
cortisol (i.e., the single highest value from 1 h to 4 h post-injection)
of ACTH-injected females (Fig. 3).

Baseline and stress response cortisol release rates did not vary
with the gestational stage of females or the number of fully mature
ova/developing embryos (Table 2 and 3, Fig. 4).

4. Discussion

We estimated the parameters of the reactive scope model pro-
posed by Romero et al. (2009) by measuring both baseline and
ACTH-reactive cortisol levels of female P. latipinna across different
gestational stages. The lack of difference in cortisol release rates
across sampling hours among our control treatment show that
handling and injection did not induce a stress response in our

b)

Cortisol (ng/SL/h)

0
Baseline 1h 2h 3h 4h

Fig. 2. Individual variation in cortisol release rates (ng/SL/h) of a) control-injected (Ringer’s solution) and b) ACTH-injected female P. latipinna across time from baseline to

hour(s) post-injection.
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Fig. 3. Correlation between predictive (baseline) cortisol release rates (ng/SL/h) and
the highest reactive (stress response) cortisol release rate of individual ACTH-
injected females (r* = 0.15, p = 0.024). Data in figure shows untransformed data, but
all analyses were conducted with transformed data.

control females (similar to Gabor and Contreras 2012). Female
P. latipinna injected with ACTH showed a significant increase in
cortisol levels across time when compared to females injected with
saline. Cortisol release rates of ACTH-injected females was highest
two hours post-injection but each individual female showed vari-
ation in the timing of their peak cortisol and in the magnitude of
the increase. Both zebrafish (Danio rerio), and anthias (Pseudanthias
squamipinnis), mounted a stress response when challenged with
ACTH, similar to the results of our study (Bshary et al., 2007;
Felix et al., 2013).

Some studies on mammals have shown a relationship between
reproductive status and changes in maternal GCs (Carr et al., 1981;
Cavigelli, 1999; Dorr et al., 1989; McLean and Smith, 1999; Obel
et al., 2005), but other studies have not observed any such relation-
ship. Pribbenow et al. (2014) found no measurable increases in cor-
tisol during the peripartal period in two species of lynx (Lynx spp.)
whereas Pavitt et al. (2016) only found increases in cortisol during
the peripartal period in older female red deer, Cervus elaphus. In

amphibians, Narayan and Hero (2013) found that vitellogenic
females showed greater baseline and short-term corticosterone
responses to handling and capture stress. In contrast, we found
no such relationship between GCs and reproductive status in
female P. latipinna. The reactive scope of P. latipinna fits the basic
graphic model for non-seasonal species (Romero et al., 2009). As
a species with a long breeding season (~9 months to a year),
female P. latipinna may not show the same seasonal patterns as
short-term or explosive breeding species. Therefore, female
P. latipinna maintain more constant baseline GCs across time rather
than changing their energetic investment for reproduction. Addi-
tionally, this population of fish live in a spring-fed stream with
constant year-round temperatures and therefore inhabit a rela-
tively stable environment where the need to rapidly respond to
unpredictable and dynamic changes is reduced. Therefore, there
may be no need to mobilize energy stores via cortisol production,
which assist in a rapid response to homeostatic perturbations, dur-
ing gestation compared to other species that encounter a more
stochastic environment and have a shorter breeding season.

Female P. latipinna may also be better adapted to handle addi-
tional stressors during gestation because their cortisol levels are
not elevated during reproduction compared to species that show
seasonal reproduction and, often, seasonal patterns in their normal
reactive scope. Future studies can focus on how the reactive scope
of other livebearing fish varies with reproductive status and test
whether species with seasonal changes in their reactive scope
can respond to additional stressors by increasing their cortisol
levels. Other livebearing fish such as Gambusia spp. have a broad
latitudinal distribution and therefore may show more seasonal
reproductive patterns. Furthermore, our study used a cross-
sectional experimental design to investigate the correlation
between circulating hormones and gestational status but conduct-
ing a longitudinal study of cortisol release rates for individual
females across the span of gestation may detect smaller scale indi-
vidual patterns.

Repeatability sets an upper bound to estimates of trait heritabil-
ity (Boake, 1989; Lessels and Boag, 1987). Our calculations of
repeatability show that cortisol levels characterizing predictive
homeostasis in female P. latipinna were repeatable, which suggests
that there is likely to be a heritable component to predictive (base-
line) levels of cortisol release rates. High repeatability also suggests
that within-individual variation in predictive levels of circulating
cortisol in P. latipinna is low enough across a short time period (5
consecutive hours) that using a single observation of hormone con-

gf:l:( zf reproductive state on female predictive (baseline) cortisol release rates.
X Estimate SE t P
Model 1 Gestational stage -0.03 0.03 -1.10 0.277
Model 2 Brood size’ 0.004 0.02 0.16 0.871

" Brood size represents residuals of the standard length vs. brood size regression.

Table 3
Effects of reproductive state on female reactive (stress response) cortisol release rates. Bold p-values indicate significance.
X Estimate SE t p
Model 1 Treatment —0.55 0.39 -1.41 0.165
Gestational stage —-0.003 0.03 -0.12 0.909
Treatment x Gestational stage -0.05 0.05 -1.05 0.299
Model 2 Treatment -1.03 0.19 —5.48 <0.001
Brood size’ —0.04 0.02 1.77 0.086
Treatment x Brood size’ —0.04 0.04 —1.03 0.310

" Brood size represents residuals of the standard length vs. brood size regression.
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Fig. 4. Cortisol release rates (ng/SL/h) of female P. latipinna predictive (baseline) range (black circles and solid line) and reactive (stress response) range (open circles and
dashed line) with a) ACTH-injected females at different stages of gestation, b) control-injected females at different stages of gestation, c) ACTH-injected females carrying

different brood sizes and d) control-injected females carrying different brood sizes.

centration may be representative of an individual’s predictive
level. In ACTH-injected females, individuals showed moderate
repeatability in their induced reactive (stress response) levels of
cortisol. However, there are some limitations to our repeatability
estimates for ACTH-injected females. By design, each cortisol mea-
surement after an ACTH-injection represents a distinct physiolog-
ical state, which increases within-individual variation and
decreases repeatability estimates, thereby underestimating our
measures of repeatability for induced reactive levels of cortisol. A
more accurate measurement of repeatability might be obtained
by conducting our procedure (baseline plus several samplings after
ACTH injection) multiple times for each individual, provided
enough recovery time was given between sessions. Such a protocol
would likely increase repeatability estimates. Yet, despite our
underestimated measure of repeatability, we nevertheless found
moderate repeatability in reactive levels of cortisol.

There was a positive correlation between our baseline and
stress response values of cortisol release rates (e.g., individuals
with high predictive cortisol also have high reactive cortisol).
One possible hypothesis for a positive correlation may be that
our nominal baseline measures do not reflect absolute baseline
value. If an individual experiences a stressful event prior to the ini-
tial measurement of cortisol, then our estimate of baseline values

may be inflated. However, we took all necessary precautions to sig-
nificantly reduce potential stressors. All females were acclimated
to laboratory conditions several months prior to the experiment,
fed at the same time of day, and were exposed to similar biotic
and abiotic environments. Further, we saw no effect of handling
on cortisol levels. An alternative hypothesis is that the homeostatic
overload threshold also shows considerable among- and possibly
within-individual variation. If the homeostatic overload threshold
is fixed, increased baseline cortisol (predictive) would constrain
the extent to which animals can respond to a stressor (reactive)
without detrimental effects. If, however, the homeostatic overload
threshold is labile, an individual with high predictive homeostasis
may have a higher threshold (i.e. exhibit plasticity in the threshold)
that allows for a greater reactive range.

A phenotypic correlation also suggests that these endocrine
traits could have a coordinated response to selection, given enough
among-individual variation and a genetic correlation between the
predictive or reactive ranges of cortisol. Although there is a signif-
icant phenotypic correlation between predictive and reactive corti-
sol in our study, the relationship is weak (15% of the variance in
reactive values are explained by predictive values). Baugh et al.
(2014) also found a phenotypic correlation between baseline corti-
costerone and stress-induced corticosterone in great tits and



D.S. Kim et al./General and Comparative Endocrinology 261 (2018) 51-58 57

attributed this phenotypic correlation to a strong within-individual
correlation. Regardless of the mechanism, however, the phenotypic
correlation between predictive and reactive ranges suggests that
these endocrine traits are not independent of each other, and that
this correlated relationship should be considered in future studies.

Our study highlights a need to further explore the large amount
of variation in the stress response among individuals but also the
need to further understand within-individual variation. There
may be important evolutionary consequences of hormonal pheno-
types if individuals remain consistent in their stress response but
variation among individuals remain high. If there is phenotypic
plasticity in the stress response (i.e., physiological flexibility), then
selection could act upon this plasticity rather than a static trait
value. More importantly, there is a need to further understand
how the stress response changes, if at all, at different life history
stages. This may aid in understanding how endocrine traits of a
given species might respond to selection and the fitness conse-
quences of environmental stressors on both individuals and
populations.
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