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Assessing stress in wild populations is important in many ecological and conservation contexts because the physiological responses of individuals to stressors can be used to identify at-risk populations and the ability to respond appropriately to stressors is related to individual quality and fitness. Yet, one of the great challenges in ecophysiology is linking physiological measures in wild animal populations with changes in individual fitness. Here, we examined two indices of stress, namely, circulating baseline corticosterone concentration ([Cort]) and the heterophil:lymphocyte (H/L) ratio, in a long-lived seabird, the Nazca booby (Sula granti) and their relationship with current individual state and subsequent survival and residual and lifetime reproductive success. [Cort] was related to sex, age, and current reproductive effort in in that males, older birds, and birds currently engaged in a breeding attempt birds had higher [Cort]. [Cort] was negatively associated with survival to the next breeding season. The H/L ratio was not associated with the current state of birds but predicted cohort-specific long-term survival. Lifespan and reproductive performance are correlated in Nazca boobies; therefore, our results suggest that the H/L ratio may be useful as an indicator of overall fitness, while [Cort] can be used to predict current or near-term fitness in this species. We further propose the H/L [or neutrophil/lymphocyte (N/L)] Ratio-Fitness Hypothesis, which posits that this ratio is repeatable within individuals and are negatively associated with fitness. This hypothesis needs to be tested in Nazca boobies and other species, and when supported by empirical evidence, then these ratios could be a powerful monitoring tool for assessing population health or identifying at-risk populations.
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1. Introduction

Assessing stress in wild populations is important in many ecological and conservation contexts because the physiological responses of individuals to stressors can be used to identify at-risk populations (Wikelski and Cooke, 2006; Fefferman and Romero, 2013), and the ability to respond appropriately to stressors is related to individual quality and fitness (Romero et al., 2009; Angelier et al., 2010). Environmental and anthropogenic disturbances activate the vertebrate neuroendocrine hypothalamic–pituitary–adrenal (HPA) axis, resulting in the production and release of glucocorticoids (GCs). Elevated GCs act within a relatively short time frame to help vertebrates cope with the immediate stressor by modulating energy allocation, metabolism, behavior, and immune function (Romero, 2004; Martin, 2009). Thus, GCs are a primary mediator of vertebrate allostasis or the ability of individuals to cope with changing environments (McEwen and Wingfield, 2003). Therefore, baseline GCs should be an indicator of how well an individual copes with its environment when individuals are sampled under the same conditions (Bonier et al., 2009a).

Many hypotheses have been proposed to explain the relationship between baseline GCs and fitness (Schoenle et al., 2018); however, three non-mutually exclusive hypotheses have emerged as the broadest (Breuner and Berk, 2019). The “Cort-Fitness Hypothesis” predicts that individuals with elevated baseline GCs have low fitness (integrating survival and reproductive success), because baseline GCs increase with environmental challenges, and fitness decreases with increasing environmental challenges (Bonier et al., 2009a). While this hypothesis is supported by the literature, a major exception often occurs during reproduction, giving rise to the “Cort-Adaptation Hypothesis” (Bonier et al., 2009a). This modified version of the Cort-Fitness Hypothesis predicts that when the environmental challenge is associated with reproduction, elevated baseline GCs correlate with increased reproductive success because high-quality individuals can increase their allostatic load (indicated by baseline GCs) beyond those of low-quality individuals. Finally, the “Cort-Tradeoff Hypothesis” represents the long-standing view that GCs mediate tradeoffs between reproduction and survival; thus, elevated GCs will increase survival but decrease reproductive success (Breuner and Berk, 2019). Originally applied to stress-induced GCs, this hypothesis has since expanded to include baseline GCs (Schoenle et al., 2018).

Life-history strategies appear to be a major determinant of the effects of GCs on fitness, with short-lived species generally providing support for the Cort-Adaptation Hypothesis and long-lived species supporting the Cort-Tradeoff Hypothesis (Bókony et al., 2009; Hau et al., 2010; Breuner and Berk, 2019). However, few studies have tested these hypotheses in long-lived animals, because long-term (i.e., > 10 years) data sets on lifetime reproductive success and survival can be challenging to obtain. Long-lived species, such as seabirds, are largely able to escape adult mortality due to predation. Because of this, they demonstrate a shift toward adult self-maintenance and an extended reproductive lifespan and away from short-term reproductive effort (Apanius et al., 2008). Thus, environmental stressors (e.g., low food availability) typically result in decreased reproductive success, but no change in adult survival until stressors become severe or prolonged (Kitaysky et al., 2007). Previous work in seabirds has revealed that GC secretion is an indicator of nutritional stress during the breeding season, as it increases with challenging environmental conditions and declining food supply (Kitaysky et al., 2010; Satterthwaite et al., 2010; Will et al., 2020; Shimabukuro et al., 2023) and decreases with experimental supplemental feeding (Schultner et al., 2013). Nutritional stress, and thus GC secretion, then negatively predicts reproductive success (Kitaysky et al., 2007) and adult survival when breeding in poor food conditions (Kitaysky et al., 2010; Satterthwaite et al., 2010) in long-lived seabirds, in general supporting the Cort-Fitness Hypothesis.

Although GCs are frequently measured in wild animals, their collection and interpretation pose many challenges. Because GCs increase rapidly in circulation in response to stressors, collection of baseline GCs is extremely time-sensitive (typically requiring collection within 3 min of disturbance for birds) (Romero and Reed, 2005). Moreover, “normal” GC concentrations vary by breeding state, season, age, sex, time of day, and recent social interactions, as well as exposure to stressors (Romero and Wingfield, 2016). Finally, low baseline GC concentrations could indicate a low level of HPA axis activation or suppression of the HPA axis due to acclimation to a stressor, chronic exposure to long-term stressors (Johnstone et al., 2012), or increasing age (Heidinger et al., 2006, 2008).

Given these difficulties in obtaining and interpreting baseline GCs, ecologists increasingly have turned to leucocyte profiles, specifically the heterophil/lymphocyte ratio (H/L) in birds and reptiles, or the neutrophil/lymphocyte (N/L) ratio in fish, amphibians, and mammals, as a measure of stress in wild animals. Leucocytes are redistributed to different areas of the body in response to elevated GCs. Specifically, lymphocytes leave circulation (i.e., lymphopenia), while heterophils or neutrophils enter circulation (i.e., heterophilia or neutrophilia Dhabhar et al., 1996; Davis et al., 2008). This redistribution of leucocytes is slower than changes in circulating GC concentrations, sometimes occurring up to 24h after stressor exposure (Davis and Maney, 2018). Thus, the H/L(N/L) ratio is easier to obtain for wild populations because sampling is far less time-sensitive than for GC concentrations. Although both circulating GCs and H/L(N/L) ratios typically change after exposure to an acute stressor, these indices may not be interchangeable because they are not always correlated at baseline due to the differences in the timing of the onset of these changes (reviewed by Davis and Maney, 2018). This had led some authors to argue that these metrics reflect different types of stressors (Müller et al., 2011) or that leucocyte profiles are better suited for assessing chronic stress (Davis and Maney, 2018) while GCs may be better for assessing current acute stressors (Romero and Wingfield, 2016; Davis and Maney, 2018). In addition, the H/L ratio may be an important evolutionary and life-history trait in birds because a phylogenetic analysis found a negative relationship between the H/L ratio and lifespan at the order and superfamily level (Minias, 2019).

In this study, we examined baseline corticosterone (the primary avian GC) and the H/L ratio in a long-lived seabird, the Nazca booby (Sula granti; Anderson and Apanius, 2003) during the early breeding season. We evaluated the relationships between these indices of stress, current individual state, and subsequent survival and reproductive success to test the Cort-Fitness, Cort-Adaptation, and Cort-Tradeoff hypotheses.



2. Materials and methods


2.1. Field site and sample collection

Adult Nazca boobies were sampled in the breeding colony at Punta Cevallos, Española, and Galápagos Islands, Ecuador from 24 November to 5 December 2009 (see Apanius et al., 2008 for a detailed description of the site). Nazca boobies breed from October to May or June of the following calendar year (Huyvaert and Anderson, 2004); therefore, sampling was performed early in the 2009–2010 breeding season. Birds at Punta Cevallos have been banded and monitored for survival since 1984. Monitoring of the reproductive success of banded individuals began in 1992. This continuing effort has allowed the accumulation of detailed longitudinal data on survival and reproduction in this species (e.g., Tompkins and Anderson, 2019, 2021) because site fidelity is essentially 100% (Huyvaert and Anderson, 2004).

Adult birds were caught and restrained by hand from 0300h to 0520h, which is the period of the highest circadian corticosterone concentration and when birds are least likely to be disturbed by external events (Tarlow et al., 2003a). Blood samples (1–2 ml; ≤ 1% of body weight) were collected by brachial venipuncture, allowed to clot at ambient temperature for 2–4 h in 1.5-ml microfuge tubes, and then centrifuged at 6000 rpm for 5 min. The serum was then transferred to a clean 1.5-ml cryovial and frozen in the field in liquid nitrogen. Samples were transported from the field in liquid nitrogen and then stored at −80°C until laboratory analysis. Sampling time from the moment the bird was captured was recorded. If sampling took longer than 3 min, then any further blood collection was put into a second 1.5-ml microfuge, labeled as “>3 min”, and treated as described previously. At the time of sampling, one drop of fresh blood was used to make blood smears on microscope slides that were air-dried and fixed in methanol in the field (Fudge, 2000). Smears were kept at ambient temperature until laboratory processing.

We sampled birds across all age classes present in the colony, but particularly focused on birds that fledged during the 2002–2003 breeding season, which were 7 years old in 2009–2010. Young Nazca boobies return to the breeding colony between the ages of 2 and 7 years (Maness and Anderson, 2013; Champagnon et al., 2018). Thus, the 2002–2003 cohort was sampled toward the beginning of their reproductive years, with relatively little opportunity for the selective disappearance of low-quality adults to limit their representation in the sample. The adult sex ratio is male-biased in the study colony (Maness et al., 2007) due to the lower survival probability of females during the juvenile period (Maness and Anderson, 2013). Efforts were made to sample equal numbers of males and females.



2.2. Sample processing

Total bound and unbound circulating corticosterone concentration ([Cort]) was measured by quantitative competitive enzyme immunoassay (Enzo Life Sciences/Assay Designs, Cat. No. ADI-901-097), validated for use with Nazca booby serum for accuracy, precision, cross-reactivity, and parallelism in measurements (Grace et al., 2011). Serum was used directly in the enzyme immunoassay as described by Grace and Anderson (2014), and samples were run in duplicate. All corticosterone assays were performed by JKG and samples were part of a larger sampling effort, which were all analyzed simultaneously. For all samples in this larger dataset, the efficiency of immunoassay in measuring known quantities of corticosterone (using the supplied corticosterone standard diluted in stripped chicken serum) averaged 100% (SD = 6.6, N = 23). The immunoassay detection limit was 0.078 nmol/L, and average intra- and inter-assay coefficients of variation were 3.4% (SD = 0.5%, N = 190) and 6.2% (SD = 1.3%, N = 30), respectively. Because the primary antibody in the assay did not cross-react to a significant degree with other circulating steroids, all measures are called “Cort” measurements. Blood smears were stained using a Hemacolor® Staining Kit (EMD Millipore Corp., product code 65044), following manufacturer protocols. Stained slides were viewed at 400X magnification to estimate the total white blood cell count (TWBC; Fudge, 2000). Smears were then viewed at 1000X magnification for differential blood cell counts following Fudge (2000). All blood cell counts were performed by MRH.



2.3. Statistical analyses

[Cort] and H/L measurements were examined for outliers using the Dixon outlier range statistic, which identifies the most extreme value at the upper or lower limit as an outlier if D/R > 0.3, where D = |extreme value – next nearest value| and R is the range of all values (Dixon, 1983). Reference intervals for [Cort] and the H/L ratio in Nazca boobies were calculated with MedCalc Statistical Software (version 20.216, Ostend, Belgium) using non-parametric estimation when the sample size was large and the robust method when the sample size was small (Geffré et al., 2011). Adult Nazca boobies were categorized by their breeding status when sampled as follows: non-breeder (no breeding attempt in 2009–2010), pre-breeder (started a breeding attempt after sampling), incubating an egg, brooding a chick, breeder that failed at the egg stage, and breeder that failed at the chick stage. The effect of age, sex, sampling date, and breeding status on [Cort] or the H/L ratio was determined with general linear models.

Short-term effects of [Cort] on survival probability in the year following sampling and long-term effects of both [Cort] and H/L ratio on average annual survival probability over the next 11 years (2009–2010 to 2021–2022) were evaluated by fitting data from an annual band-resight survey (BRS) to capture–mark–recapture (CMR) models. CMR models estimated apparent annual survival probabilities from individual recapture histories while controlling imperfect detection (Lebreton et al., 1992) and were used to control detection probabilities that were less than one in Nazca boobies (Townsend et al., 2007; Champagnon et al., 2018; and lower in females). Recapture histories covered all breeding seasons from 2009–2010 to 2021–2022 except 2020–2021 (details of the BRS in Huyvaert and Anderson, 2004; Champagnon et al., 2018).

Effects of [Cort] and H/L ratio on survival were modeled separately because of a difference in sample size (N = 565 birds for [Cort], N = 85 birds for H/L ratio). Initially, previous results were used to construct a base model: female Nazca boobies have slightly lower annual survival than males do (Champagnon et al., 2018; Tompkins and Anderson, 2019), and each sex shows actuarial senescence starting in the late teens. Sex differences in the rate and timing of actuarial senescence are slight (Tompkins and Anderson, 2019), and, given our small sample size, we started with a base model predicting survival by sex (a two-level factor) and age (a continuous variable), but not their interaction. Age effects were modeled using a threshold function allowing slope estimates to change (e.g., become steeper) after age 16 (following Tompkins and Anderson, 2019). Detection probabilities were sex-specific. [Cort] or H/L ratio was added as a continuous predictor of annual survival probability to our base model, and their performance was evaluated using AICc-based model comparison (Burnham and Anderson, 2010). For the [Cort] model set, a third candidate model was included, fitting an interaction between [Cort] and a two-level factor differentiating the 2009–2010 to 2010–2011 interval from all other years. This interaction tested the hypothesis that [Cort] predicts survival to the next breeding season but does not affect survival over subsequent intervals.

Initially, analyses were run on data from the 2002–2003 cohort (N = 285 birds with [Cort] measurements, 38 birds with H/L measurements). Analyses were then repeated on data from all cohorts combined (N = 565 birds with [Cort] measurements, 85 birds with H/L measurements).

Models were constructed using a logit link function and fit using the program MARK (White and Burnham, 1999) to generate maximum-likelihood estimates of survival and detection parameters. We ran MARK through the RMark interface (v.3.0.0; Laake, 2013) in R (v.4.2.2; R Core Team, 2022). We evaluated the overall fit of our base model on data from the [Cort] data subsets (all cohorts combined vs. the 2002–2003 cohort only) using the median ĉ method in program MARK; goodness-of-fit testing was performed on the base model, and not on our most complex model, because individual covariates, like [Cort] and H/L ratio, are not allowed using the median c method. Estimated overdispersion parameters (ĉ) were close to 1 for the base models (for [Cort]), suggesting a reasonable fit (ĉ = 1.09 [95% CI: 1.08–1.10] and ĉ = 1.20 [95% CI: 1.05–1.46] for all cohorts vs. the 2002–2003 cohort data subsets). We mean-centered [Cort] before analysis.

Effects of [Cort] and H/L ratio on reproductive performance were evaluated using “lifetime” reproductive success (LRS), calculated as the sum of offspring produced through the 2019–2020 breeding season. Although 50% of the 2002–2003 cohort were still alive in the final year of the study (age 17 in 2019–2020), reproductive senescence begins in the mid-teens (Anderson and Apanius, 2003; Tompkins and Anderson, 2019), and offspring production through age 17 is highly correlated with lifetime reproductive success in older cohorts (males: Pearson's r = 0.96, d.f. = 1,504, P < 0.01; females: Pearson's r = 0.97, d.f. = 1,202, P < 0.01; data from cohorts 1984–1987 and 1992–1995).

Nazca boobies raise at most one offspring per breeding season (Humphries et al., 2006). Reproductive success for each parent, in each breeding season, was assigned based on daily monitoring of banded offspring late in the breeding cycle. Rarely, a nestling/fledgling will die after monitoring ends but before reaching independence and we adjusted reproductive success based on the recovery of offspring bands/carcasses during the following two breeding seasons (following Tompkins and Anderson, 2021). Offspring raised in 2007–2008 were excluded from lifetime reproductive success estimates because reproductive success was not monitored for some study colony subsections. We excluded 17 boobies with [Cort] measurements from analyses (6% of the total) because they occupied a colony subsection that was not monitored for reproductive success in 2017–2018 through 2019–2020 (location information from the annual band resight survey identified these individuals) for a final sample size of 268 birds in the 2002 cohort (38 for the H/L ratio) and 557 birds in all cohorts combined (85 for the H/L ratio).

As was done for survival, the effects of [Cort] or H/L ratio on reproductive performance were assessed separately, first for members of the 2002–2003 cohort and then for the full dataset. Effects of [Cort] and H/L ratio on lifetime reproductive success for the 2002–2003 cohort were evaluated in R using linear models (LMs) with a Gaussian error distribution and an identity link function. Lifetime reproductive success for the 2002–2003 cohort was predicted by sex (a two-level factor) and either the H/L ratio or [Cort]. The magnitude of slope estimates and span of 95% CIs relative to zero were used to evaluate support for [Cort] and the H/L ratio as predictors of lifetime reproductive success. Finally, because lifetime reproductive success is a count variable, we verified that our results were unchanged when fit with a GLM with Poisson errors and a log link function (Zuur et al., 2009). The same approach was used for the data from all cohorts combined, except using linear mixed models (LMMs; using package lme4; Bates et al., 2015) and including cohort as a random intercept in addition to the fixed effects (sex and either [Cort] or the H/L ratio).

The baseline [Cort] and H/L ratio sampled in the 2009–2010 breeding season may not reflect individual state earlier in life, and we repeated our reproductive performance analyses using summed reproductive success from 2009–2010 onward as the response variable (“residual reproductive success”) using GLMs (for the 2002–2003 cohort) and GLMMs (for all cohorts) with Poisson errors and a log link function. Cohort was included as a random intercept, accounting for cohort-level differences in residual reproductive success due to the age when stress indices were measured or to other factors. Finally, we verified that including individuals with incomplete LRS information (still alive at the end of the study) did not affect our results by repeating our evaluation of stress effects on reproductive performance (for LRS and residual reproductive performance) using data restricted to cohorts 1994–1995 and earlier (N = 158 for [Cort], N = 35 for the H/L ratio). A few members (8%) of the 1994–1995 cohort were still alive in 2019–2020 (and even lower percentages for the 1992–1993 and 1993–1994 cohorts), but successfully producing an offspring at age 25 or older is extremely rare (only four cases in our long-term data).




3. Results

The 2009–2010 breeding season was a poor year for reproductive success in the colony at Punta Cevallos. In 27 years of regular nest monitoring by our group, only two other breeding seasons, which were years of strong El Niño Southern Oscillation warm events (Clifford and Anderson, 2001; Champagnon et al., 2018), had lower reproductive success (Figure 1). This indicates that the birds in our colony experienced greater-than-usual environmental stressors associated with reduced food availability and/or prey quality (Champagnon et al., 2018) at the time of sampling.


[image: Figure 1]
FIGURE 1
 Reproductive success, as indicated by the production of an independent offspring, of Nazca booby breeding pairs located in an area of the colony designated as the “Study-Area”, where all nests are monitored regardless of the banding status of the parents (Huyvaert and Anderson, 2004). Only the 1997–1998 and 1999–2000 breeding seasons had lower reproductive success than the year of sample collection in the current study (2009–2010, indicated by the arrow). Production of independent offspring was assessed at two different time points during the breeding season, at the time the chick was banded (blue line), which was typically done at the 1% down developmental stage (Maness et al., 2011), and at a later time that would include late-season chick deaths (blue line; Tompkins and Anderson, 2021).


One outlier was identified for baseline [Cort] and was subsequently removed for measurement of reference intervals. However, we had no indication that this value was due to sampling or analytical error, so we retained this sample for further analyses. Tests were run with and without this sample to see whether the results changed and, as none did, the results we present included this value. The reference interval (RI) for baseline [Cort] as measured by the non-parametric method was 25.66 (90% CI = 24.87–28.7) – 278.63 (90% CI = 258.12–295.91) nmol/L. In total, 14 birds had elevated [Cort] (i.e., above the upper RI limit) and 14 birds had values below the lower RI limit. Those with high [Cort] were 2.5 times more likely to be in older age classes, and those with low values were 4.7 times more likely to be female and 11.2 times more likely to be in younger age classes (odds ratio 95% CI = 1.0–7.6; 1.8–11.2; and 4.8–26.3, respectively). Comparison of our baseline [Cort] with other published studies of sulids revealed that our values were higher than most, except for oiled and breeding northern gannets (Morus bassanus) (Table 1).


TABLE 1 Baseline [Cort] values (converted to standard international (SI) units if needed) and sample sizes (N) reported in studies of sulids.
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No outliers were identified for the H/L ratio or individual cell count. In total, 11 slides were counted twice to assess the reliability of the white blood cell count. Intraclass correlation coefficients were calculated using two-way random-effects models (ICC; Liljequist et al., 2019) and were TWBC ICC = 0.93 (95% CI = 0.74–0.98), lymphocyte count ICC = 0.93 (95% CI = 0.73–0.98), heterophil count ICC = 0.88 (95% CI = 0.57–0.97), eosinophil count ICC = 0.85 (95% CI = 0.46–0.97), basophil count ICC = 0.85 (95% CI = 0.45–0.96), and monocyte count ICC = 0.78 (95% CI = 0.19–0.94). The RI for the H/L ratio as estimated by the robust method ranged from 0.15 (90% CI = 0.13–0.18) to 1.15 (90% CI = 0.99–1.39). RIs for TWBC and individual cell types are available in Supplementary Table 1. Three birds had low H/L ratios, and two had high ratios. The sample size of birds falling outside the RI limits for the H/L ratio was too small to reliably calculate odds ratios for group membership. Our H/L ratio values were lower than values reported in other studies of sulids (Table 2). However, most studies did not report variability measures in this index or did not calculate the H/L ratio from their differential white blood cell counts (Table 2), which makes comparisons difficult. We also had a substantially larger sample size than the other studies (Table 2).


TABLE 2 The H/L ratio, sample size (N), state at sampling, total white blood cell count (TWBC), heterophil count, and lymphocyte count of other studies in adult sulids.
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The baseline [Cort] and H/L ratio were natural log-transformed to meet normality assumptions, with 1 added to the H/L ratio before log transformation to avoid negative values for ratios that were < 1.0. Sampling time was >3 min for 24 birds; however, all samples were collected within 5 min of capture. The mean baseline [Cort] was not different between birds sampled in ≤ 3 min (Ln(mean) = 4.50; 95% CI = 4.45–4.55) and those sampled in 3–5 min (Ln(mean) = 4.63; 95% CI = 4.38–4.87; F1,27 = 0.99, P = 0.32); therefore, all samples were combined for all analyses.


3.1. Effects of the current state on stress indices

Model ranking (Burnham et al., 2011) of baseline [Cort] included two top additive models: sex, age, and reproductive state and reproductive state and age (Table 3). The relative importance of the variables included in the top models was as follows: reproductive state = 0.87, age = 0.87, and sex = 0.52. Males had a higher baseline [Cort] than females; birds that were currently engaged in a breeding attempt had a higher baseline [Cort] than other groups; and age was positively associated with baseline [Cort] (Figures 2A–C). Models including sex, reproductive state, age, and date and additive combinations of these predictors did not explain more variation in the H/L ratio than the null model (Supplementary Table 2). No association between baseline [Cort] and H/L ratio (Pearson's r = −0.08; P = 0.54) or between [Cort] and any white blood cell type count (data not shown; P > 0.45) was found.


TABLE 3 Model ranking of potential predictors of baseline [Cort] in adult Nazca boobies showing the model tested, the change in Akaike information criterion corrected for small sample sizes (ΔAICc), the model weight (ωi), number of predictors in the model (K), the residual sums of squares of the model (RSS), and evidence ratio (Burnham et al., 2011).
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FIGURE 2
 (A) Mean male and female baseline [Cort]. Males had a higher mean [Cort] than females (partial eta2 = 0.011). Samples sizes are in parentheses below the x-axis, blue circles indicate individual data points, and error bars are 95% confidence intervals. (B) Mean baseline [Cort] of adult Nazca boobies in various reproductive states at the time of sampling. NB, non-breeders; PB, pre-breeders; Egg, incubating an egg, Chick, incubating a small chick; FE, nesting attempt failed at the egg stage; FC, nesting attempt failed after eggs had hatched. Sample sizes are in parentheses below the x-axis, blue circles indicate individual data points, and error bars are 95% confidence intervals. Birds that were currently breeding (Egg and Chick) had higher baseline [Cort] than all other groups (partial eta2 = 0.037). (C) Baseline [Cort] increased with increasing age in Nazca boobies (partial eta2 = 0.024). Blue circles are individual data points, the black line is the line of best fit, and the dashed lines are 95% confidence intervals.




3.2. Effects of stress indices on subsequent survival

For the 2002–2003 cohort, baseline [Cort] did not influence survival: the base model outperformed all others (Table 4A) and coefficient estimates describing the effect of [Cort] on annual survival probability immediately after the study (β = −0.77 [95% CI: −2.74–1.21]) and in later years (β = −0.03 [95% CI: −0.34–0.29]) were not distinct from zero. Although a candidate model including baseline [Cort] falls < 2 ΔAICc units from the top model (Table 4), this does not indicate support for the predictor: when a candidate model is identical to the top model except for the addition of one predictor, that model will be < 2 ΔAICc units from the top simply because the penalty for the additional complexity is low (2 AIC units) and not because the additional predictor is supported (Burnham and Anderson, 2010).


TABLE 4 Candidate models evaluating the H/L ratio and [Cort] as predictors of Nazca booby survival (S), ranked by AICc.
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In contrast, the H/L ratio negatively affected annual survival probabilities (β = −2.80 [95% CI: −4.86 – −0.74], Figure 3, Table 4B). Lower average annual survival probabilities for individuals with high H/L ratio (Figure 3) accumulated across the 11-year period of our study to exert large effects on expected lifespan (Figure 4). We did not attempt to distinguish between immediate and long-term effects of the H/L ratio on annual survival probability because of our small sample size.


[image: Figure 3]
FIGURE 3
 Negative effects of the H/L ratio on annual survival probability of the 2002–2003 (focal) cohort. Dashed lines show the 95% CI around the model-estimated relationship. Predictions are from the best-supported model in Table 1. Age was set to 10, and sex was set to female for plotting (effects of the H/L ratio are not sex-specific). Note that the lower boundary of the y-axis is at 0.5.
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FIGURE 4
 Survivorship curves for females (top) and males (bottom) of the 2002–2003 cohort as a function of the H/L ratio. Curves begin at age 7, the age at which the H/L ratio was sampled. Lines show predicted values from a model including age (as a threshold function), sex, and the H/L ratio as predictors of annual survival probability (see Methods).


When data from all sampled cohorts were included, [Cort] appeared as a predictor within the best-supported model and interacts with a two-level factor distinguishing effects on survival in the year after the study from those affecting all subsequent years (Table 4, Figure 5). [Cort] negatively affected the probability of survival in the year after the study (β = −0.87 [−1.71 – −0.05]) but not beyond (β = −0.04 [95% CI: −0.23–0.15]; Table 4C). In contrast with results from data restricted to the 2002–2003 cohort, the H/L ratio was not an important predictor of survival when data for all sampled cohorts were combined (Table 4D), although a negative slope estimate was maintained (β = −0.30 [95% CI: −1.50–0.91]).
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FIGURE 5
 For all sampled cohorts, baseline [Cort] negatively covaries with the probability of surviving from 2009–2010 to the following year (black line) but has no effect on annual survival probability over subsequent intervals (gray line). Dashed lines are 95% CI.




3.3. Effects of stress indices on reproduction

Because 2009–2010 was a poor year for reproductive success in the entire colony (Figure 1), few sampled birds produced a fledgling (54 out of 576 individuals with baseline [Cort] measured, a 9% success rate). Therefore, we could not assess the effect of [Cort] or H/L ratio on the current reproductive effort.

Neither baseline [Cort] nor the H/L ratio predicted lifetime reproductive success for the 2002-2003 cohort (β = −0.01 [95% CI: −0.52–0.49] and β = −1.32 [95% CI: −5.37-2.72], respectively). Visual inspection of residual plots did not indicate a lack of fit, and results were identical using Poisson GLMs. Extending the data to include all sampled cohorts also showed no effect of [Cort] (β = 0.08 [95% CI: −0.26–0.42]) or H/L ratio on lifetime reproductive success (β = −1.24 [95% CI: −3.63–1.24]).

As with lifetime reproductive success, the baseline [Cort] and H/L ratio did not predict residual reproductive success for the 2002–2003 cohort or for all cohorts combined (coefficients reported in Supplementary Table 3). Finally, restricting the data to cohorts with (nearly) complete information on lifetime and residual reproductive success (cohorts 1994–1995 and earlier) did not affect our results: across all versions of our analyses, we document no association between stress indices and reproduction (Supplementary Table 3).




4. Discussion


4.1. Corticosterone

In our study, the baseline [Cort] reflected the current state of sampled birds in that males, older birds, and actively breeding birds had higher [Cort] than females, younger birds, and currently non-breeding birds (Figure 2). Increased baseline GCs during reproductive events are relatively well documented in birds and other vertebrates (reviewed in Bonier et al., 2009a) including Nazca boobies (Grace and Anderson, 2014), and in other long-lived seabirds when food is scarce (Kitaysky et al., 2007, 2010; Shimabukuro et al., 2023). This finding supports one tenet of the Cort-Adaptation Hypothesis that predicts a positive correlation between allostatic load (measured by baseline GCs) and reproductive activities (Bonier et al., 2009a). However, the three predictors associated with baseline [Cort] (sex, age, and current reproductive state) in our study only explained approximately 7% of the variability in [Cort]. Several studies have shown that nutritional stress raises circulating [Cort] in seabirds and is more strongly associated with [Cort] than reproduction alone (Kitaysky et al., 2007, 2010; Schultner et al., 2013; Will et al., 2020; Shimabukuro et al., 2023). Thus, the challenging environmental conditions in the sampling year (Figure 1) may have elevated baseline [Cort] of all birds (Table 1) overwhelming trends between [Cort] and other indicators of allostatic load (Sorenson et al., 2017). Indeed, Nazca boobies at our study site had a higher baseline [Cort] in March during the 2009–2010 breeding season than in March of the 2008–2009 season (see Supplementary Material 1 of Grace and Anderson, 2014), indicating that nutritional stress was probably quite high.

Regarding survival and reproductive success, we found mixed support for the Cort-Fitness hypothesis and no support for the Cort-Adaptation or Cort-Tradeoff hypotheses. The baseline [Cort] negatively predicted the immediate survival of birds in our study, supporting the Cort-Fitness hypothesis (Bonier et al., 2009a) and contradicting expectations of the Cort-Tradeoff hypothesis (Breuner and Berk, 2019). Birds with elevated [Cort] were less likely to survive to the following year when all cohorts were considered, and the effect of age at the time of sampling was controlled (Figure 5), similar to findings in other seabirds (Kitaysky et al., 2007; Schultner et al., 2013). This effect was not seen when considering only the 2002–2003 cohort, although the sign and magnitude of the coefficient estimate are similar in the two datasets (−0.77 vs. −0.87). The larger confidence intervals surrounding the estimate for the 2002–2003 cohort alone probably reflect the extremely low mortality rates for 7-year-old boobies (Anderson and Apanius, 2003; Tompkins and Anderson, 2019).

However, baseline [Cort] was not associated with long-term survival or lifetime reproductive success in our study species, which contradicts the predictions of all three hypotheses. Relationships between baseline [Cort] and reproductive success are well studied in birds but with varying conclusions. Most studies, predominantly in passerine birds, support the Cort-Adaptation hypothesis (e.g., Ouyang et al., 2011; Burtka et al., 2016) or the Cort-Tradeoff Hypothesis (Bókony et al., 2009; Hau et al., 2010), while some of those in seabirds support the Cort-Fitness Hypothesis (e.g., Kitaysky et al., 2007), but others have found no relationship between [Cort] and reproductive success (e.g., Schoenle et al., 2017), like our own study. This may, in part, be due to relationships with reproductive success being specific to the reproductive stage at the time of [Cort] measurement (e.g., incubation vs. chick-rearing; Bonier et al., 2009b; Fischer et al., 2020). Most studies also only examine reproductive success during a single breeding season (e.g., Ouyang et al., 2011; Burtka et al., 2016; Schoenle et al., 2017; Fischer et al., 2020) and not lifetime reproductive success, which may be a more comprehensive indicator of fitness and a stronger test of these hypotheses. Although we were unable to evaluate short-term reproductive success in this study, our finding that [Cort] predicted short-term survival in conjunction with the results of these previous studies suggests that baseline [Cort] reflects current nutritional stress (Kitaysky et al., 2007, 2010; Shimabukuro et al., 2023) and thus correlates with short-term proxies of fitness, but may correlate less well with long-term indicators of fitness. Future studies in other species should investigate relationships between [Cort] and both short-term and lifetime reproductive success to evaluate this hypothesis.

Together, our results suggest that the baseline [Cort] reflects the current, transient physiological state of Nazca boobies (i.e., current reproductive activities and immediate survival) and does not reflect long-term differences in individual quality or fitness. This finding concurs with previous work indicating that GCs reflect current acute stressors such as environmental conditions (Kitaysky et al., 2007, 2010; Satterthwaite et al., 2010; Schultner et al., 2013; Romero and Wingfield, 2016; Davis and Maney, 2018; Shimabukuro et al., 2023). Moreover, the year-to-year repeatability of baseline [Cort] is low in our study species after controlling for other environmental factors (i.e., sex, reproductive status, mass, and year) (Grace and Anderson, 2014), providing no support for an assumption of the Cort-Fitness and Cort-Adaptation hypotheses that baseline [Cort] reflects inherent, repeatable differences in the overall quality of individuals in a population (e.g., Angelier et al., 2010). Instead, Grace and Anderson (2014) found that maximum stress induced [Cort] was highly repeatable in Nazca boobies, thus this metric could be a better indicator of individual quality differences than baseline [Cort] in our study species. In addition, maximum acute stress-induced [Cort] in seabirds may reflect the long-term nutritional state of birds (Kitaysky et al., 2007), reflecting differences in foraging ability or long-term reduction in food quantity or quality (Champagnon et al., 2018).



4.2. H/L ratio

In contrast to [Cort], the H/L ratio was a strong negative predictor of long-term survival for the 2002–2003 cohort but did not reflect the current state in our study, as it had no association with sex, age, or reproductive activities. The effect of the H/L ratio on survival was not apparent when all cohorts were considered. This is perhaps due to the selective disappearance of low-quality phenotypes from older cohorts, which would leave a biased subset of relatively low H/L ratio individuals at the time of sampling (e.g., Nussey et al., 2008; Bouwhuis et al., 2009). Although we found no relationship between the H/L ratio and age in this study (Supplementary Table 2), the power of this analysis was low (β = 0.10) due to the low number of older birds in the dataset.

Longevity has been found to be an important component of lifetime reproductive success in many species (Brown, 1988; Newton, 1989; Oring et al., 1991; Kruuk et al., 1999; Heidinger et al., 2021) including Nazca boobies (Townsend et al., 2007). However, we did not find any relationship between the H/L ratio and reproductive success. This may be because lifetime reproductive success was probably incomplete for our youngest and largest cohort. The number of individuals that fledged from the colony in 2002–2003 indicates that this was a good year for fledging success in the colony (Figure 1). Fledglings produced during this breeding season were heavier, larger, had faster nestling growth rates, and had higher juvenile survival rates than other cohorts (Maness and Anderson, 2013). These favorable rearing conditions likely influence the fitness of this cohort (e.g., Van de Pol et al., 2006) and could influence when these individuals begin to senesce. The 2002–2003 cohort was 17 years old during the last year of the nest monitoring effort (2019–2020). These birds should be entering reproductive senescence (Anderson and Apanius, 2003; Tompkins and Anderson, 2019), but 50% were still alive, so our lifetime reproductive success estimate may be incomplete in this cohort. Further monitoring of the reproductive success of this focal cohort is needed to determine whether the H/L ratio corresponds with complete lifetime reproductive success, as would be expected when the H/L ratio reflects the individual quality. If true, then the H/L ratio would seem to be a good indicator of fitness in Nazca boobies, in a similar manner to the Cort-Fitness hypothesis, at least when it is measured in young individuals. Alternatively, the H/L ratio may indicate differential investment in the innate and acquired arms of the immune system (Martin et al., 2006; Martin, 2009; Brace et al., 2017), creating a tradeoff between survival probabilities and reproductive success similar to that of the Cort-Tradeoff hypothesis. However, this tradeoff is not supported by our data because we found no relationship between the H/L ratio and lifetime or residual reproductive success in the focal cohort or in the entire dataset.

Few studies have attempted to correlate the H/L or N/L ratios with fitness in animal populations. The H/L ratio is associated with aspects of fitness in selectively bred domestic chickens (Gallus gallus), for which low H/L ratios were associated with greater egg production, heavier eggs with higher fertility and hatchability, and heavier chicks with lower mortality rates (Al-Murrani et al., 2006). In wild animals, studies that have attempted to link the H/L or N/L ratio and fitness have been short-term or used proxies for fitness-like body condition (e.g., Xuereb et al., 2012) male ornamentation (e.g., Lebigre et al., 2012) or chick weight (e.g., Parejo and Silva, 2009). If the H/L ratio reflects inherent individual quality, then the H/L ratio should be repeatable from year to year after controlling for confounding environmental variables, similar to the Cort-Fitness Hypothesis. This possibility needs to be assessed in Nazca boobies, but evidence from a truncation selection experiment (using the 99% confidence interval for H/L ratio to select breeders) showed that the H/L ratios are heritable in domestic chickens (Al-Murrani et al., 2006), suggesting individual repeatability in birds. Similarly, the N/L ratio was found to be repeatable in three populations of wild roe deer (Capreolus capreolus) over an 8- or 9-year interval (Carbillet et al., 2019). Further studies are needed to assess both the repeatability of individual H/L and N/L ratios and their correlates with fitness in animal populations.




5. Conclusion

One of the great challenges in ecophysiology is linking physiological measures in wild animal populations with changes in individual fitness. Here, we assessed two indicators of stress in a wild long-lived bird, namely, baseline [Cort] and H/L ratio, to determine whether these metrics corresponded with individual performance. [Cort] corresponded with the current conditions and activities (e.g., breeding) that the animal was engaged in (Figure 2) and predicted near-term survival probability (Figure 5). The H/L ratio predicted long-term survival in our youngest focal cohort (Figures 3, 4). Our results suggest that the H/L ratio may be a good indicator of long-term fitness in Nazca boobies because survival and reproductive performance are known to correlate in this species (Townsend et al., 2007). Our results also support findings from other seabirds (e.g., Kitaysky et al., 2007, 2010) that suggest that baseline [Cort] may be a good indicator of the current state and near-term performance. We propose a corresponding hypothesis to the Cort-Fitness Hypothesis: the H/L(N/L) Ratio-Fitness Hypothesis. This hypothesis predicts that H/L or N/L ratios reflect the underlying quality of an individual, such that lower values predict higher fitness. An assumption of the hypothesis is that these ratios should be repeatable across years. This hypothesis needs to be tested in this and other species and, if supported by empirical evidence, then these ratios could be a powerful monitoring tool for assessing population health or identifying at-risk populations. Continued monitoring of reproductive success in study birds that are still alive and assessment of the repeatability of the H/L ratio is needed to demonstrate the applicability of this hypothesis in our study system.
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Species Baseline [Cort] (SI:
nmol/L)
Nazca Booby 576 107.5 (£ 63.9 SD) Breeding season This study
(Sula granti)
222 45.3 (£ 41.0 SD) Breeding (Grace and Anderson, 2014
80 29-87 Non-breeding and moon phase (Tarlow et al., 2003a)
42 144 -23.1 Non-breeding (Tarlow et al., 2003b)
Blue-footed Booby 140 28.8-77.9 Breeding season (Wingfield et al., 1999)
(Sula nebouxii)
Red-footed Booby 22 14.4-37.5 Breeding in El Nifio (Wingfield etal., 2018)
(Sula sula) 22 11.5 - 100.94 Breeding in La Nifa
Australasian Gannet 8 8.91 (£ 1.5SE) Breeding (Cockrem et al,, 2016)
(Morus serrator)
Northern Gannet 58 115.4 - 187.5 Oil exposed and Breeding (Franci et al.,, 2014)

(Morus bassanus)

Breeding season refers to birds that were sampled during a breeding season, and the breeding status of birds was either unknown or included both breeding and non-breeding birds.
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Data: The 2002—-03 cohort

Recapture Survival AlCc AAICc

A p(Sex) S(Sex + Age + (Age - 16);) 6 2,060.40 0.00 0.69
p(Sex) S(Sex + Age + (Age - 16); + Cort) 7 2,062.39 1.99 025
p(Sex) S(Sex + Age + (Age - 16)4 + 9 2,065.23 4.83 0.06

Cort*Time 009, 2009)

Recapture Survival K AlCc AAICc

B. p(Sex) S(Sex + Age + (Age - 16)4 + H/L) 7 269.55 0.00
p(Sex) S(Sex + Age + (Age - 16);) 6 274.40 485 0.08

Data: All cohorts

Recapture Survival
C. p(Sex) S(Sex + Age + (Age - 16)4 + 9 4,028.47 0.00 0.81
Cort*Timez009,>2009)
p(Sex) S(Sex + Age + (Age - 16)+) 6 4,032.17 3.69 0.13
p(Sex) S(Sex + Age + (Age - 16). + Cort) 7 4,033.51 5.04 0.07
Recapture Survival K AlCc AAICc ®;
D. p(Sex) S(Sex + Age + (Age - 16)4) 6 595.58 0.00 071
p(Sex) S(Sex + Age + (Age - 16). + H/L) 7 597.40 1.82 029

Detection rates (p) were sex-specific in all candidate models.and“(Ageij - T1)+” is the product of Age; (minus the threshold age, 16) and a logical function equal to 1 when Age; > 16,and 0
otherwise. “Timezo09, 2009 is a two-level factor separating the year after stress sampling from all others. The number of parameters (K) and Akaike weights (w;) are included.
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Species TWBC Heterophil Lymphocyte H/L

(10%/uL) (103/uL)
Nazca Booby 86 Breeding season 632:£2.68 1.63 £ 0.93 374 162 0.46£022 | This study
(Sula granti) . |
30 Breeding season 17.5543.33 594+ 129 517+ 123 1.19£032 | (Tucker-Retter etal,2021)
4 Non-breeding 9.40 £ 3.50 439+ 134 3234133 136 (Padilla et al., 2006)
Blue-footed Booby 26 Breeding - - - 230 (Gonzilez-Medina et al., 2015)
(Sula nebouxii) (1 effort)
26 Breeding = = - 120
({ effort)
26 Breeding - - - 119
(control)
Red-footed Booby 31 Breeding 454+ 1.06 229+ 0.65 278 £0.70 0.82 (Lewbart et al., 2017)
(Sula sula
g / 18 Non-breeding 10.30 £ 4.70 372£172 5.64 % 1.80 0.66 (Padilla et al., 2006)
35 Breeding 9.91 £ 2.69 573+2.18 326+ 141 176 (Work, 1996)
Brown Booby 37(F) | Breeding = - = 073 (Dehnhard and Hennicke, 2013)
Sula t
(Sl esicogaster), 34(M) | Breeding - - - 133
35(F) | Breeding 10.33 £ 3.09 723£223 122 0.60 593 (Work, 1999)
35(M) | Breeding 8.60 £2.94 6.19£2.15 0.96 + 0.47 6.45°
Northern Gannet 27 Breeding 481+ 1.82 279 £ 1.06 0.78 £ 0.40 4.07£178 | (Malvatetal, 2020)
(Morus bassanus)
Cape Gannet 16 Breeding - - - 3.05+135 | (Moseley, 2010)
(Morus capensis)

F indicates females, while M indicates males.

*This study did not report the H/L ratio, so we calculated this value from reported mean values for heterophils and lymphocytes. Our calculated value should differ from values calculated in
individual birds but should be relatively close to the true population value.

Breeding season refers to birds that were sampled during a breeding season and the breeding status of birds was either unknown or included both breeding and non-breeding birds.
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atio
Sex + Age + State 0.00 0523 | 5 | 2015 1.00
State + Age 0.83 0345 | 4 | 203.8 1.52
Sex + State 4.18 0.065 | 4 | 206.5 8.09
State 5.69 0.030 | 3 | 209.5 17.24
Date 6.96 0.016 3 210.5 3244
Age 7.94 0.010 3 2114 53.12
Sex + Age 8.01 0.010 4 209.7 54.85
Sex 12.08 0.001 3 2149 420.68
B 12.59 0.001 | 2 | 217.1 542.42

Predictors are as follows: the sex of the bird (Sex) as determined by voice (Maness and
Anderson, 2013), its age in years at the time of sampling (Age), the sampling date (Date),
and current reproductive state (State). The null model is indicated by B.
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