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Abstract

Stress exposure during development can impact both the expression of individual traits and 

associations between traits, but whether stress results in stronger or weaker associations between 

traits is unclear. In this study, we examined within- and among-trait associations for morphological 

and physiological traits in zebra finches (Taeniopygia guttata) exposed to corticosterone (CORT) 

during the nestling and fledging stages as well as in control birds. Birds exposed to CORT 

exhibited stronger within-trait correlations over time and stronger associations among traits. We 

found preliminary evidence that birds that died before the median age of death had stronger 

within- and among-trait correlations independent of treatment, and among CORT-treated birds, 

smaller birds were more likely to survive beyond the median age than larger birds. These findings 

suggest that stress hormone exposure in early life can result in reduced developmental flexibility, 

with potential fitness ramifications, and that these costs may be greater for larger offspring. 

Furthermore, our results provide experimental evidence for pleiotropic effects of hormones during 

development through altered patterns of phenotypic correlation.
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Introduction

Stress during the early developmental period can have a disproportionately large impact on 

an organism’s phenotype (Matthews 2002; Monaghan 2008; Spencer 2017). These early life 

challenges can have transient or permanent impacts on phenotypic expression depending on 

the type, duration, and magnitude of the stressors, the developmental stage at which the 

stress occurs (e.g., Matthews 2002; Monaghan and Haussmann 2015), and the traits 

examined. There is a large body of work documenting short- and long-term effects of early 

life stress on trait expression across taxa and across trait types (e.g., behavior [Nowicki et al. 

2002; Pechtel and Pizzagalli 2011; Merrill et al. 2016, 2017], morphology [Denver et al. 

1998; Schmidt et al. 2014], and physiology [Merrill and Grindstaff 2015; Monaghan and 

Haussmann 2015]), indicating that most organisms exhibit some degree of phenotypic 

plasticity in response to early life challenges.

Despite broad interest in developmental programming, most studies of early life stress 

measure the mean trait expression of only one or a few traits at a single time point. This 

includes work examining the impacts of early life conditions on trait canalization and 

developmental stability (e.g., Van Dongen 2006). Canalization results in decreased variance 

in trait expression across the population, whereas developmental stability limits variation of 

trait expression within individuals (Debat and David 2001; Lazic et al. 2016). Fluctuating 

asymmetry is one widely used measure of developmental stability (Klingenberg et al. 2002; 

Klingenberg 2015) and has been used as a tool to assess levels of developmental stress 

(Klingenberg 2003; Lazicetal. 2013). However, early life conditions can influence not only 

trait expression, including trait symmetry, but also the strength of associations within traits 

over time (e.g., repeatability and predictive developmental trajectories), as well as 

associations between traits (Careau et al. 2014a, 2014b). There are two primary areas in 

which ecologists have investigated the effects of early life stress on trait associations: work 

examining the emergence of trade-offs under resource-limiting or otherwise stressful 

conditions and work on behavioral syndromes. Studies of trade-offs between traits are 

generally conducted on traits that compete for resources and often report a pattern of 

increased strength of correlation (inverse correlations, in these cases) under stressful 

conditions (e.g., Blount et al. 2003; O’Hagan et al. 2015). For work on associations between 

behavior and physiology or on the repeatability of behavioral or physiological traits, the 

results have been mixed. Some studies report increased strength of correlations between 

traits in stressful environments (e.g., Killen et al. 2012; reviewed in Killen et al. 2013; 

Careau et al. 2014b), whereas others report weaker correlations between traits in stressful 

environments (e.g., reviewed in Killen et al. 2013; Careau et al. 2014a). These disparate 

patterns could be due to trait-specific differences in stress-induced variance or differences in 

the severity (Killen et al. 2013) or timing (sensu Lindström 1999) of the stressor.
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Stressors occur in many forms (e.g., nutritional, thermal, social, immunological), but among 

vertebrates, they share a common regulatory effector: glucocorticoid (GC) hormones. 

Glucocorticoid levels such as corticosterone (the dominant GC in birds, reptiles, amphibians, 

and rodents) and cortisol (the dominant GC in nonrodent mammals and fish) are mediated 

via the hypothalamo-pituitary-adrenal/interrenal (HPA) axis, which releases GCs in response 

to perceived stressors. Increases in corticosterone or cortisol (both hereafter referred to as 

CORT) initiate a cascade of physiological, metabolic, and behavioral processes meant to 

help organisms cope with challenges (Wingfield et al. 1998; Wingfield and Sapolsky 2003). 

Sustained production of and exposure to CORT during adulthood, however, has deleterious 

effects on organisms, including loss of energy reserves, reduced immune defenses, and 

increased oxidative burden (Breuner et al. 2008; Bonier et al. 2009; Haussmann and 

Marchetto 2010; Crespi et al. 2013). These are generally ephemeral changes in somatic or 

physiological condition, and once the stressor is removed, organisms are typically able to 

return to the prior somatic and physiological state. Exposure to CORT or stress during 

development, conversely, can lead to permanent phenotypic programming (Lindström 1999; 

Monaghan 2008; Schmidt et al. 2014; Merrill et al. 2017). Whether these altered phenotypes 

are adaptive or maladaptive depends on the ecological context (sensu Gluckman et al. 2005; 

Monaghan 2008) and how stressed individuals perform relative to the normal, non-stressed 

phenotype. If organisms experience chronic stress during development, then adaptive 

developmental programming should allow individuals to modify life-history strategies to 

maximize lifetime reproductive success under poor environmental conditions (Gluckman et 

al. 2005; Monaghan 2008). It is also possible that the plastic responses to stress represent the 

“best of a bad job” (sensu Denver et al. 1998) and are adaptive in the sense that the organism 

would have otherwise died but they have reduced fitness compared to the unstressed 

phenotype, regardless of prevailing environmental conditions (Denver and Crespi 2006). 

Although many studies have demonstrated that developmental CORT exposure impacts trait 

expression, we have little understanding of the effects of early life CORT exposure on 

individual developmental trajectories for size-linked morphological traits or the effects of 

stress on the associations within and between physiological systems across development.

To broaden our understanding of the role that early life stress has on phenotypic 

programming and the capacity for stress to impact organism-wide developmental 

trajectories, we examined how chronic exposure to corticosterone during the nestling and 

fledging periods impacted the strength of associations within and among morphological and 

physiological traits in zebra finches (Taeniopygia guttata). We measured the expression of 

three morphological and four physiological traits during the nestling and fledging stages and 

at additional time points during the immature and adult periods (between days 60 and 108 

posthatch; Zann 1996). In related work, we found short-term effects of developmental CORT 

exposure on CORT levels but no long-term impact on HPA-axis function or innate immune 

defenses or on acute-phase protein production or antibody production following subsequent 

immune challenge (Grindstaff and Merrill 2017). Here we examined the associations among 

these measures to determine whether early life stress impacted the strength of correlations 

across physiological traits. We also examined within-trait correlations over time for both 

morphological and physiological measures to determine whether early life stress impacted 

within-trait correlations. These tests differ from many measures of repeatability because 
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traits were assessed across development and under differing contexts (e.g., prior to and 

following immune challenge). Assuch, these analyses provide an estimation of how strongly 

predictive the first measurement is of the subsequent measure. Finally, we recorded age at 

death to determine whether CORT treatment impacted survival and whether there were 

differences in trait associations for birds that died before the median age of death compared 

to those that survived beyond the median point.

We predicted that prolonged exposure to CORT during the nestling and fledging stages 

would result in weaker associations within and among morphological and physiological 

traits as a result of developmental dysregulation and the decoupling of physiological 

processes (sensu Killen et al. 2013; Careau et al. 2014a). We also predicted that CORT-

treated birds would die at an earlier age (sensu Saino et al. 2005; Haussmann et al. 2012; 

Grace et al. 2017) and that birds that died earlier would have weaker associations within and 

among traits. To our knowledge, this is the first study to examine the effects of early life 

stress on associations within and among morphometric and physiological traits, as well as 

the link between trait association strength and longevity.

Material and Methods

Research Animals and Housing

For details on housing and physiological measures, see Grindstaff and Merrill (2017). In 

brief, parents of birds used for this study were housed in breeding pairs in wire cages. Off-

spring were moved to larger, single-sex cages with 3–4 individuals on day 50 posthatch. 

Lighting was maintained on a 13.5L∶10.5D photoperiod, and temperatures were held 

constant. All birds had ad lib access to water and food. Research was approved by the 

Oklahoma State University Institutional Animal Care and Use Committee and complied 

with the National Institutes of Health Guide for the Care and Use of Laboratory Animals 

(National Research Council 2010).

Corticosterone Treatment

Young were assigned to either the CORT treatment (N = 74) or the control group (N = 77) 

during the nestling period. Within broods, we attempted to balance the number of young 

assigned to the CORT and control groups. From days 12–15 posthatch, birds in the CORT 

group received a twice-daily oral dose of 0.124 mg/mL of CORT in 25 μL of peanut oil. 

Between days 16 and 28 posthatch, the dosage increased to 0.163 mg/mL of CORT in 25 μL 

of peanut oil administered twice daily to account for increased mass (Spencer et al. 2009). 

Control birds were given an equal volume of peanut oil throughout the treatment period 

(Spencer et al. 2009).

Immune Challenges

Once birds reached 60 days posthatch, one-half of the birds in each of the two nestling 

treatment groups (CORT and control) were challenged with lipopolysaccharide (LPS; N = 

61) and the other birds received a control injection (N = 57). Again, we attempted to balance 

treatment groups within families. LPS-challenged birds received a subcutaneous abdominal 

injection of 1.0 mg LPS/kg body weight (Sigma-Aldrich L7261, St. Louis) in 50 μL of 
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sterilized phosphate-buffered saline (PBS; Sigma-Aldrich P5368, St. Louis), and control 

birds were injected with 50 μL of PBS. The injections (LPS and control) were repeated on 

day 100 posthatch.

Morphometric Assessment

On days 0 and 5 posthatch, birds were weighed using a digital scale (0.01 g). Beginning on 

day 10 posthatch, birds were weighed, tarsus length was measured using digital calipers 

(0.01 mm), and wing length was measured using a wing rule (0.5 mm). Birds were measured 

again on days 17, 28, and 60.

Blood Sample Collection for Measurement of CORT Levels

To confirm that CORT treatment resulted in elevated circulating CORT levels, we collected 

blood samples (∼50 μL from the brachial vein) from all birds on day 14 posthatch, 10 min 

after dosing the bird with either CORT or peanut oil, as appropriate (Khan and Robert 2013). 

As previously reported (Grindstaff and Merrill 2017), we did find an increase in circulating 

CORT concentrations in experimental nestlings compared to controls (CORT-treated birds: 

58.3±2.6 ng/mL; control birds: 14.7±2.5 ng/mL). The magnitude of the difference between 

the CORT levels measured in control and CORT-treated birds closely reflects the magnitude 

of increase in CORT levels in response to a 30-min restraint stress in our population (L. 

Merrill and J. L. Grindstaff, unpublished data), and we refer to this sample as day 14 acute 

CORT. We also collected 2 blood samples (50 μL each) from each bird on day 60 posthatch; 

the first (baseline) was collected immediately prior to the primary injection of LPS or PBS, 

and the second was collected 1 h after injection (postinjection).Blood was centrifuged for 7 

min at 1,845×g, and plasma was separated from the red blood cells and stored at −80°C until 

analysis. For all assays, samples were evenly balanced by treatments and sex across plates.

Quantification of CORT Levels

CORT concentrations were quantified using an enzyme immunoassay kit from Enzo Life 

Sciences (ADI-901–097, Plymouth Meeting, MA) that had been previously validated for use 

with zebra finches (Wada et al. 2007; Merrill and Grindstaff 2015). Samples were diluted 

1∶40 in 1% steroid displacement reagent and assay buffer. Plates were read using a Biotek 

ELx808 microplate reader at 405 nm. The average intra- and interassay coefficients of 

variation were 6.9% and 22.4%, respectively.

Antibody Response to LPS Injection

On days 68 and 108 posthatch, blood samples (∼50 mL) were collected to quantify anti-LPS 

antibody levels in both birds injected with LPS and control birds. Antibody titers were 

quantified using enzyme-linked immunosorbent assays following previously described 

methods (Grindstaff et al. 2005; Grindstaff 2008; Merrill and Grindstaff 2014). The average 

intra- and interplate coefficients of variation were 7.68% and 13.64%, respectively.

Haptoglobin

Blood samples were collected from all birds on day 100 posthatch, immediately prior to 

injection with either PBS or LPS, and 12 h postinjection, to quantify production of 
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haptoglobin in response to the injection (Hegemann et al. 2013). Haptoglobin concentrations 

were quantified using a commercial kit (Tri-Delta Diagnostics, TP-801) following the kit 

instructions. The average intra- and interplate coefficients of variation were 7.08% and 

6.32%, respectively.

Bacterial Killing Ability

We quantified the birds’ plasma bacterial killing ability (BKA) from samples collected on 

day 36 posthatch following methods in Matson et al. (2006), Millet et al. (2007), and 

Morrison et al. (2009). In brief, 5 μL of plasma were added to a combination of CO2-

independent media (Gibco, Invitrogen) + 4 mM L-glutamine (90 μL) and the E. coli (ATCC 

8739) bacterial broth (10 μL), incubated at 40°C for 20 min, and then pipetted onto agar 

plates in 50 μL aliquots in duplicate. The solution was evenly distributed on the plates and 

then incubated overnight at 37°C. The following day, the bacterial colonies were counted 

and killing ability was calculated by subtracting the mean colony numbers for a bird’s two 

plates from the control mean and then dividing that by the control mean. Intra-assay 

coefficient of variation mean was 10% for day 36 BKA.

Statistical Analyses

To assess the impact of early life CORT treatment on mean measures of morphological traits 

(mass, tarsus, and wing length), we used general linear mixed models for these traits on days 

17, 28, and 60 posthatch. We also ran models for day 10 posthatch to ensure that there were 

no differences in the treatment groups prior to CORT manipulation. To examine whether 

CORT treatment impacted longevity, we ran a survival analysis (SAS 9.4, Proc PHREG) in 

which we used age at death in days as the dependent variable and birds that were still alive 

as of this writing were censored. For all analyses, we included CORT treatment (CORT, 

control) as a fixed effect; maternal identity as a random effect; and hatch order, hatch date, 

sex, and clutch number (i.e., which clutch in the female’s life a given nestling originated 

from) as covariates in initial models for each dependent variable. Covariates that were 

significant (P < .05) were retained in the final model. To determine whether any treatment-

related differences in morphometric traits were due to the selective loss of smaller or larger 

chicks from the treatment groups, we ran general linear models for mass, tarsus length, and 

wing length at day 10 as described above, but with death prior to or after the median date, 

CORT treatment, and the interaction of the two as fixed effects. We used median age rather 

than mean because 31 birds were still alive at the time of writing. In all models, we used 

maximum likelihood, and the denominator degrees of freedom were approximated using the 

containment method (Littell et al. 2006); for the generalized linear mixed models, we used 

the logit link function.

For all analyses in which we examined patterns of co-variation, we used only measures for 

which we had at least 15 individuals in each CORT treatment so as not to draw inferences 

from small sample sizes. To assess within-trait associations, we examined the three 

morphological traits (mass, tarsus length, and wing length) at days 10 (2 days prior to the 

start of CORT treatment) and 60 posthatch (end of the measurement period) and four 

physiological traits at different time points (see table 1 for details). The day 14 CORT 

sample represented a temporal intermediate between baseline and stress-induced CORT, but 
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rather than including associations between day 14 CORT and both day 60 CORT baseline 

and postinjection (which exhibited nearly identical pairwise-association absolute differences 

between CORT and control birds), we selected day 60 CORT baseline. For among-trait 

associations, we examined the three morphological traits on day 60 posthatch and nine 

physiological traits (table 2). We used morphological measurements from day 60 because 

that was the final day we recorded all morphological traits, and at that point, birds should be 

at, or close to, their final adult size. These measurements thus reflect permanent 

programming effects of CORT treatment. We selected physiological trait groupings first 

based on the closest temporal associations that met the minimum sample size standard. 

Second, when the measurement of one trait was approximately equidistant to another trait 

measured at two time points (e.g., day 36 BKA and day 14 acute and day 60 baseline 

CORT), we included both associations. Third, we limited the pairings to those that made the 

most biological sense to include. For instance, we examined day 36 BKA and day 100 

baseline haptoglobin but did not include day 36 BKA and 12 h postinjection haptoglobin 

because that haptoglobin measure is a relatively transient-induced response, whereas the 

other two are baseline levels and should reflect the same physiological state. We examined 

both day 68 and day 108 antibody concentrations because day 68 should reflect a primary 

antibody response, and the concentrations on day 108 should reflect a secondary response. 

Finally, we included correlations between both haptoglobin measures and both antibody 

measures because the induced haptoglobin levels are in response to LPS challenge and 

therefore are likely to be linked to the anti-LPS antibody responses. Associations were 

selected based on these criteria prior to analyses, and all data are deposited in the Dryad 

Digital Repository: http://dx.doi.org/10.5061/dryad.vd158h6 (Merrill and Grindstaff 2018).

We ran pairwise correlations on z-transformed values for each within- and among-trait 

comparison and used the absolute value of the resulting correlation coefficient to assess the 

strength of trait associations. To ensure that LPS exposure was not consistently impacting 

our assessment of the effects of CORT treatment, we ran correlations for traits that were 

assessed post LPS-challenge (day 60 CORT postinjection, 12 h haptoglobin, and days 68 

and 108 anti-LPS anti-bodies) broken down by CORT (yes/no) and LPS (yes/no), and 

examined the resulting r values (see appendix, available online). To determine whether 

CORT treatment impacted within- or among-trait covariance, we ran paired two-tailed t-tests 

of the absolute r values in which the association (e.g., day 10 wing length×day 10 mass) was 

the nominal variable, and the r value for the CORT-treated birds was matched with the r 
value for the control birds. We ran similar analyses for birds that died before the median age 

at death and those that survived to that age or longer.

We confirmed normality of residuals and homogeneity of variance, and all analyses were run 

in SAS 9.4 and JMP 10.0 (SAS Institute, Cary, NC). Antibody titer and haptoglobin data 

were log +1 transformed to achieve normality prior to analysis. Two outliers due to 

methodological error were removed from analyses, although inclusion of these values did 

not qualitatively or quantitatively impact results. Variation in sample sizes for each analysis 

(see tables 1, 2, and 4) reflects changes in the number of individuals due to mortality over 

time, plasma limitations, and removal of the two outliers.
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Results

Effects of CORT Treatment on Mean Expression of Morphological Traits and Survival

There were no differences in morphological measures between treatment groups prior to 

CORT treatment as assessed from day 10 measurements (P > 75). On day 17 posthatch, 

CORT-treated birds weighed significantly less than control birds but did not differ in tarsus 

or wing length (table 3). On the final day of CORT dosing (day 28 posthatch), CORT-treated 

birds weighed significantly less and had marginally shorter wings than control birds, but 

tarsus length did not differ (table 3). We also found a sex difference in day 28 wing length, 

in which females had shorter wings than males, although this did not persist beyond day 28 

(table 3). On day 60 posthatch, CORT-treated birds had significantly shorter wings, but mass 

and tarsus length did not differ (table 3). We found no effect of CORT treatment on 

longevity (χ2 = 0.79, P = .37), but there was a sex difference in which females died earlier 

than males (χ2 = 13.61, P < .001; female age at death = 1,005.5 days; male age at death = 

1,363.7 days). We also found significant interaction effects between CORT treatment and 

age at death category for day 10 morphometric traits (mass: F1, 100 = 5.39, P = .02; tarsus 

length: F1, 100 = 4.79, P = .03; wing length: F1, 199 = 5.54, P = .02), in which control birds 

that died before the median age of death were similar in size at day 10 compared to those 

that survived to at least the median age (mass: F1, 42 = 1.64, P = .21; tarsus length: F1, 42 = .

92, P = .34; wing length: F1, 40 =0.04, P = .85), whereas CORT-treated birds that died before 

the median age of death were larger at day 10 than those that survived to at least the median 

age (mass: F1, 39 = 3.24, P = .08; tarsus length: F1, 39 = 4.87, P = .03; wing length: F1, 38 = 

4.63, P = .04).

Within- and Among-Trait Correlations

CORT treatment resulted in consistently and significantly stronger within-trait associations 

for all traits assessed (table 1; figs. 1, 2, A1; figs. A1–A5 are available online; paired t-test: t 
ratio = 4.17, df = 6, P = .006). Among-trait correlations were consistently stronger as well 

for CORT-treated birds (table 2; figs. 1, 2, A2; paired t-test: t ratio = 3.02, df = 14, P = .009). 

Among-trait correlations in morphological traits were stronger for CORT-treated birds for 

two of the three associations (table 2; figs. 1, 2, A2). Correlations between physiological 

traits averaged higher for CORT-treated birds than for controls (table 2; fig. 1), and all 

associations except two (day 60 baseline CORT and both day 100 baseline haptoglobin and 

day 108 anti-LPS antibody) were stronger for CORT-treated birds (table 2; figs. 2, A2).

Approximately 25% of the nestlings died over the course of the 108-day sampling period, 

and while this was roughly split between treatment groups (∼20% for CORT-treated birds, 

∼26% for control birds), it limited our ability to examine associations within and among 

traits for those that died prior to the median age of death compared to those that survived at 

least that long. Due to the sample size disparity, and because we were also interested in 

assessing traits prior to the onset of CORT treatment to determine whether associations 

within and among traits could expose underlying differences in critical processes linked to 

survival, we examined withintrait associations between mass on days 0, 5, and 10 posthatch 

and among-trait correlations for mass, tarsus length, and wing length on day 10 posthatch, 

on the basis of whether the bird survived to the median age. Birds that died before the 
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median age of death had stronger within-trait correlations for all three associations, but the 

strength of the correlations was not significantly different (paired t-test: t ratio = 1.44, df = 2, 

P = .29). Among-trait correlations were also stronger in birds that died earlier for two of the 

three associations, although again this difference was not significant (paired t-test: t ratio = 

2.63, df = 2, P = .12; table 4; figs. 1, 2, A3). We ran a z-test comparing the number of 

within- and among-trait associations that were stronger for birds that died before the median 

age at death (six of six associations), and it was significantly different from random (P < .

001).

We found no evidence for a consistent effect of LPS challenge, or an interaction effect 

between CORT and LPS on associations among or within traits (figs. A4, A5).

Discussion

Early life stress has been shown to impact mean trait expression across a wide range of taxa 

and trait types (Lindström 1999; Monaghan 2008; Schmidt et al. 2014; Merrill et al. 2017). 

The influence of developmental stress on within- and among-trait associations, however, has 

received less attention. Here we demonstrated that prolonged exposure to corticosterone 

during the nestling and fledging stages in zebra finches negatively impacted mean 

morphological trait expression to differing degrees during and after CORT exposure but also 

that CORT treatment significantly impacted the strength of both within- and among-trait 

associations for a suite of morphological and physiological parameters. Moreover, we found 

an indication that, independent of treatment, birds that died prior to the median age of death 

were more likely to have stronger within- and among-trait correlations prior to the onset of 

the experimental treatment than birds that survived to the median age or longer. Together, 

these findings provide compelling evidence that early life stress impacts more than the 

expression of specific traits; it appears to alter an individual’s phenotypic flexibility.

CORT exposure during the nestling and fledging stages resulted in birds that weighed less 

on days 17 and 28 posthatch and had shorter wings on day 60 posthatch compared to control 

birds. These findings are similar to those of prior studies documenting short- and long-term 

negative effects of CORT exposure on growth (Spencer and Verhulst 2007; Mueller et al. 

2009; Crino et al. 2014), but interestingly, we found no effect on tarsus length. The lack of 

tarsus length difference between treatments suggests that CORT exposure did not negatively 

impact skeletal development in these birds (Senar and Pascual 1997). The differences in 

mass and wing length indicate that prolonged CORT exposure resulted in a temporary 

reduction in body mass (perhaps due to increased energy expenditures associated with 

elevated CORT; Lin et al. 2006; Schmidt et al. 2012) and a more protracted or permanent 

reduction in wing development. Much of the measured wing length is feather, and there is 

evidence that elevated CORT inhibits feather growth (Romero et al. 2005). Among CORT-

treated birds, larger individuals at day 10 were more likely to die before the median age of 

death. This elevated mortality for large CORT-treated birds could be a product of CORT 

inducing higher metabolic rates (Lin et al. 2006; Schmidt et al. 2012) and thus increased 

energy requirements that larger birds were unable to maintain. Regardless of the cause, size-

linked mortality is unlikely to be responsible for the differences in morphological traits 

between CORT and control birds because only one CORT-treated bird had died by day 17, 
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two by day 28, and 11 by day 60. CORT treatment did not impact survival, but we did find a 

significant difference between the sexes, in which females died at a younger age than males. 

Female-biased mortality has been widely reported in zebra finches (e.g., Martins 2004 and 

references therein), but sex did not appear to impact the other analyses.

In addition to variable differences in mass and wing length related to CORT treatment, we 

found consistent differences in within-trait associations for both morphological and 

physiological traits, in which CORT-treated birds exhibited stronger correlations. For the 

morphological traits, this consisted of associations between traits on days 10 and 60 

posthatch. Day 10 was 2 days prior to experimental manipulation, and the tighter 

associations for CORT-treated birds indicate that exposure to CORT resulted in a more rigid 

developmental trajectory in which size at day 10 more strongly predicted size at day 60 than 

it did for control birds. The same pattern for physiological traits suggests that CORT 

exposure during development resulted in a more limited range of trait expression across 

systems.

We also found that among-trait correlations were significantly stronger for CORT-treated 

birds than controls. This pattern was especially strong for associations among traits that 

were weakly or negatively correlated in control birds but in which CORT-treated birds 

exhibited strongly inverse associations (table 2). This was most pronounced in associations 

between haptoglobin and anti-LPS antibodies (Ab), suggesting that early life exposure to 

CORT resulted in a trade-off between the two immunological proteins. Haptoglobin is an 

acute-phase protein that typically increases in circulation within a few hours of immune 

challenge and, by binding free heme, helps to protect the organism from oxidative damage 

and prevents invading bacteria from being able to use the iron in heme (Exton 1997). Anti-

LPS Ab production typically takes a few days to peak, but both haptoglobin and antibody 

production are dependent on protein and, in particular, the amino acid lysine (Iseri and 

Klasing 2014). The inverse relationship in CORT-treated birds may reflect protein or lysine 

limitation driving patterns of investment in one mode of defense or the other. Conversely, it 

may be that this trade-off is not directly due to nutritional limitations but reflects a 

developmental shift in immunological investment. It is not uncommon for organisms to trade 

off between different arms of the immune system (e.g., Sheldon and Verhulst 1996; 

Lochmiller and Deerenberg 2000; Lee 2006), and our data may reflect differential 

investment in aspects of immunity driven by early life challenge. We also examined whether 

LPS challenge influenced within- and among-trait associations but found no consistent 

effects (figs. A4, A5), indicating that early life CORT treatment appears to be more 

important in driving these associations than LPS exposure later in life.

Glucocorticoids have been widely recognized as important mediators of behavioral and 

physiological processes (Wing-field et al. 1998; Sapolsky et al. 2000; French et al. 2007; 

Crespi et al. 2013), but this study represents the first demonstration of alterations in 

relationships within- and among-traits as a result of early life exposure to CORT. CORT 

receptors are found in most tissue and cell types (Ballard et al. 1974; Lattin et al. 2012), 

meaning that variation in CORT levels can result in pleiotropic effects. How, and to what 

extent, exposure to elevated levels of CORT during development acts to influence the 

permanent expression of specific traits (e.g., production of haptoglobin)—or whether effects 
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are broader but harder to detect (e.g., across all immunological tissues)—remains unclear. 

The window during which an organism is most susceptible to the programming effects of 

stress likely varies by species and potentially even within species. Thus the timing of the 

stressor likely is important in determining the magnitude of the effects (sensu Lindström 

1999). Killen et al. (2013) also suggested that the magnitude of the stressor determines the 

impact on trait associations and that mild-to-moderate stressors result in stronger 

correlations, whereas severe stressors mask or attenuate relationships between physiological 

and behavioral traits. We predicted that CORT treatment would mimic exposure to a severe 

stressor and, consequently, that we would find weaker associations within and among 

morphological and physiological traits, but it is possible that our protocol instead mimicked 

exposure to mild or moderate stressors. The regulatory mechanisms responsible for 

impacting trait covariance are unknown at this stage, but future work examining the effects 

of stressors of different severity on mean trait expression, trait covariance, and patterns of 

gene expression for those traits could help uncover some of the mechanisms.

Our results provide experimental evidence that the hormonal environment early in life can 

have pleiotropic effects on the phenotype. Although the potential for hormones to exert 

pleiotropic effects is widely recognized (e.g., Ketterson and Nolan 1999; Williams 2012), 

very few empirical studies have provided quantitative evidence of this process. However, 

Cox et al. (2015, 2016) also compared phenotypic correlations between treatment and 

control groups similar to what we have done here and found that associations among 

sexually dimorphic and testosterone-mediated traits were stronger in female brown anole 

lizards (Anolis sagrei) when individuals with experimentally elevated testosterone levels 

were included in the analyses than when only control females with low testosterone levels 

were examined. In addition to comparing pairwise associations, the phenotypic covariance 

matrices (P) can be compared between control and hormone-exposed individuals (with 

sufficiently large sample sizes for all traits) to statistically evaluate the potential for 

hormones to alter multivariate selection gradients and correlational selection. Any changes 

to phenotypic covariances resulting from early life stress, however, should not be heritable 

(unless variation in the reaction norms has a heritable component), thus the evolutionary 

response to selection should not be altered (McGlothlin and Ketterson 2008). This complex 

dynamic warrants further investigation, and we encourage other researchers to consider 

utilizing quantitative genetic analyses to more explicitly assess the potential for hormone 

exposure to impact multivariate selection (McGlothlin and Ketterson 2008; Cox et al. 2016, 

2017).

It has been proposed that stress induces adaptive plasticity to help organisms cope with 

challenging conditions (Denver et al. 1998; Denver and Crespi 2006; Monaghan 2008). 

Plasticity can occur in different forms: it can be expressed on a trait-by-trait basis, in which 

early life experience impacts the mean expression of specific traits; it can occur at the 

whole-organism level, in which the expression of all traits are impacted; and plasticity can 

influence trait covariance. Our work has shown that early life exposure to CORT exerts 

generally weak and variable effects on long-term morphological and physiological trait 

expression (this study; Grindstaff and Merrill 2017) but consistent effects on associations 

within and among traits. This is striking given that we examined associations at the within- 
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and among-trait levels for both morphological and physiological traits. This pattern of 

stronger correlations for CORT-treated birds indicates that the plastic response to stress 

exposure (altered correlation strength) results in reduced flexibility. If flexibility, defined in 

this case as trait covariance, is constrained by early life stress, then this alteration can have 

profound impacts on the organism and could potentially limit the capacity of an organism to 

respond to changing environmental conditions. Indeed, we found preliminary evidence that 

the strength of trait covariance is linked to rates of mortality. There was no difference in 

mortality between CORT-treated and control birds, but when we examined correlations 

within and among traits, we found that birds that died before the median age at death had 

stronger correlations than birds that survived to at least the median age at death. Trait 

covariance may predict mortality as a result of reduced flexibility, constraining 

developmental trajectories to such an extent that birds unable to maintain the constrained 

trajectory die earlier. Our data showing that birds that were larger at day 10 were more likely 

to die earlier within the CORT treatment but not among control birds provides some 

tentative evidence in support of this idea. These questions require further investigation, but 

we believe that they provide a strong impetus for examining within and among-trait 

correlations in the context of early life stress.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Mean trait associations by corticosterone (CORT) treatment (A, B) and mortality (C). 

Triangles and circles represent the mean absolute value of the z-transformed correlation 

coefficient for a given trait, and the line connects the same trait for CORT and control birds 

(A, B) and for birds that died prior to the median age of survival (Y) versus those that 

survived to at least the median age of death (N; C). Black triangles are within morphological 

trait associations (A, C), gray triangles are within physiological trait associations (A), black 
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circles are among morphological trait associations (B, C), and gray circles are among 

physiological trait associations (B).
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Figure 2: 
Absolute z-transformed correlation coefficient values for corresponding trait associations. 

Triangles are within-trait associations, circles are among-trait associations, black shapes are 

morphological traits, and gray shapes are physiological traits. The line represents a 1∶1 

relationship, and values above the line reflect associations that were stronger for birds 

treated with corticosterone (CORT) during development.
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Table 4:

Within- and among-trait correlations by longevity

Parameters

Variable 1 Variable 2 Median death N r P

D0 mass D5 mass After 78 .39 <.001

Before 70 .65 <.001

D0 mass D10 mass After 78 .29 <.001

Before 71 .46 <.001

D5 mass D10 mass After 78 .72 <.001

Before 69 .77 <.001

D10 mass D10 tarsus After 78 .83 <.001

Before 71 .83 <.001

D10 tarsus D10 wing After 78 .86 <.001

Before 71 .93 <.001

D10 mass D10 wing After 78 .76 <.001

Before 71 .78 <.001

Note: Within- and among-trait correlation coefficients in zebra finches (Taeniopygia guttata) that died prior to the median age at death (before) and 
those that survived to that age or beyond (after). See table 1 for a description of parameters. Boldface indicates the group that died before or after 
the median in which within- and among-trait correlations were stronger.
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