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Corticosterone Concentrations Reflect Parental Expenditure in Contrasting Mating Systems of Two Coucal Species
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The period of parental care can be a demanding life-history stage because parents need to find sufficient resources to feed themselves and their offspring. Often, this is reflected by elevated baseline levels of glucocorticoids—hormones that regulate metabolism and energy allocation. During 10 breeding seasons, we studied plasma corticosterone (the major avian glucocorticoid) concentrations as a physiological correlate of parental expenditure in two closely related coucal species with fundamentally different mating systems: the sex-role reversed black coucal (Centropus grillii) with female competition and male-only care and the socially monogamous and biparental white-browed coucal (C. superciliosus). The two species live in the same habitat and share a similar breeding biology. However, female black coucals aggressively defend a territory and produce many eggs for their various male partners, and male black coucals feed their offspring much more frequently and rest less often than female and male white-browed coucals. These differences were reflected in baseline and stress-induced concentrations of corticosterone: male black coucals had higher baseline and stress-induced corticosterone concentrations when they were feeding young than outside a feeding context, and also the concentrations of female black coucals were higher during the main period of breeding when they defended territories and produced multiple clutches. In contrast, baseline and stress-induced concentrations of corticosterone in female and male white-browed coucals did not differ between periods when they were feeding young and periods without dependent offspring. Paradoxically, on an individual basis feeding effort was negatively related to baseline corticosterone in male black coucals and female white-browed coucals. In conclusion, corticosterone concentrations of coucals reflected differences in competition and parental roles and support the notion that a switch from biparental to uniparental care and an increase in mate competition may come at a physiological and energetic cost.
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INTRODUCTION

Typically, the period of parental care is a demanding life-history stage. During this time, parents need to find enough food to sustain not only themselves but also their offspring. Physiologically, such increasing demands are often reflected by increased levels of baseline glucocorticoids, steroid hormones that play a paramount role in energy metabolism and resource allocation (Harvey et al., 1984; Lea et al., 1992; Landys et al., 2006; Crespi et al., 2013). Glucocorticoids mediate different levels of homeostasis that are required to tune critical internal variables to existing environmental conditions and life-history demands (Landys et al., 2006). These different homeostatic levels can be regarded as different allostatic states, characterized by changes in the level of energy demands (Goymann and Wingfield, 2004; Landys et al., 2006). Typically, baseline corticosterone—the major glucocorticoid of birds and many other vertebrates—is elevated during the parental phase (reviewed by Romero, 2002) reflecting the increased energetic demands (and allostatic state) of parenting. As a consequence, corticosterone has frequently been considered a physiological correlate of parental resource allocation to offspring care (= parental expenditure sensu Smiseth et al., 2012; see e.g., Love et al., 2004; Kern et al., 2005; Angelier et al., 2007; Groscolas et al., 2008; Bonier et al., 2009b; Kitaysky et al., 2010; Ouyang et al., 2011; Crossin et al., 2012; Ouyang et al., 2013a; Villavicencio et al., 2014). If baseline corticosterone concentrations reflect parental expenditure, then individuals with a lower parental expenditure should express lower levels of the hormone than individuals with higher parental expenditure. For example, brood manipulation in tree swallows (Tachycineta bicolor) affected baseline corticosterone concentrations: females with enlarged broods showed a larger increase in baseline corticosterone between the incubation and the nestling phase than females with normal or reduced broods (Bonier et al., 2011, but see Kern et al., 2007, for a study on pied flycatchers where brood manipulation apparently had no effect on baseline corticosterone).

Severe stressors typically trigger a glucocorticoid stress response resulting in elevated levels of stress-induced corticosterone that may induce an emergency life-history stage (Wingfield et al., 1998). This emergency life-history stage redirects an individual's behavior toward immediate survival and terminates non-essential processes such as reproduction. For example, severe weather events during the breeding season can lead to brood abandonment (Wingfield et al., 1998; Krause et al., 2016b). The induction of an emergency life-history stage may be suppressed in bird species breeding in severe environments with short breeding seasons, such as deserts or the Arctic (Wingfield et al., 1992, 1995; Krause et al., 2016a). Suppressing the magnitude of the glucocorticoid stress response may reduce the likelihood of brood abandonment, which may be adaptive in extreme environments because of the very limited opportunities to initiate a second breeding attempt within the same season. Comparative data indicate that the stress responses of Arctic shorebirds are reduced in the sex that provides most parental care, rendering further support for this hypothesis (O'Reilly and Wingfield, 2001). Similar mechanisms may operate in short-lived species that are unlikely to survive until the next breeding season (Wingfield et al., 1995). In more benign environments with longer breeding seasons, and in longer-lived birds, a suppression of the glucocorticoid stress-response during breeding is not expected (Romero and Wingfield, 2016).

Here, we compared baseline and stress-induced concentrations of corticosterone in parenting and non-parenting black coucals (C. grillii) and white-browed coucals (C. superciliosus). Coucals are Old-World non-parasitic cuckoos (Payne, 2005; Erritzoe et al., 2012) and most of them live in socially monogamous pairs in which both partners provide parental care. Typically, female coucals are slightly larger than males and the scarce information that is available on this taxon suggests that males contribute slightly more to incubation and offspring care than females (Andersson, 1995; Maurer, 2008). Black coucals and white-browed coucals have been described as sister clades (Irwin, 1985, but see Sorenson and Payne, 2005 for a different view) and represent the taxon's two extremes with regard to differences in sexual size dimorphism, mating system, and parental care.

The black coucal is exceptional and exhibits the taxon's largest reversed sexual dimorphism (females are ca. 70% larger than males). It operates a classically polyandrous mating system with reversed sex roles: Females sing, defend large territories, and form polyandrous groups with up to five males whom they provide with individual clutches. Male black coucals incubate their respective clutches and raise the young all by themselves (Vernon, 1971; Goymann et al., 2004, 2005, 2015; Geberzahn et al., 2009, 2010). In contrast to the black coucal, the white-browed coucal is the least sexually dimorphic of all 26 coucal species with females being only ca. 13% larger than males, and the one with the greatest similarity in sex roles (Van Someren, 1956; Rowan, 1983; Andersson, 1995; Goymann et al., 2015, 2016). Both partners sing and often duet (Brumm and Goymann, 2017), jointly defend a territory, and form socially monogamous pairs with both partners contributing to offspring care equally (Goymann et al., 2016). At our study site in the Usangu plains, Tanzania, we have the unusual situation that both species co-occur in the same habitat. Here, both species feed on the same prey, and breed during a similar time of the year, often in close proximity to one another. Black coucals are migrants and hence start breeding slightly later than white-browed coucals, which stay in the area year-round (Goymann et al., 2015). Further comparative details on the life-history, breeding biology, and parental behavior of the two species can be found in the studies by Goymann et al. (2015, 2016).

Favorable environmental conditions with a high abundance of food (and a mild climate) have been suggested to play a key-role in enabling a single bird parent to successfully raise offspring and free the other parent to seek additional mating partners (Erckmann, 1983; Andersson, 1995). However, when feeding dependent offspring, individual male black coucals have a four-fold higher feeding rate than individual white-browed coucals and, in between feeding bouts, rest only 1/3rd of the time white-browed coucals do (Goymann et al., 2016). These data suggest a substantial difference in time and energy costs of offspring care between male black coucals and pairs of white-browed coucals. Female black coucals are very active during the whole breeding season: they frequently sing to attract males and negotiate territorial borders with neighboring or newly arriving females, patrol their territories, and chase after males or competing females (Goymann et al., 2004, 2008; Geberzahn et al., 2009, 2010). Further, female black coucals build nests and lay several clutches of typically 4 eggs for their various male partners. Nest predation in black coucals is particularly high during the laying and incubation stage (32%) and because females are very secretive not all nests can be found in time. Thus, a conservative estimate of the number of nests a female produces during one season is eight, but in reality may be much higher (Goymann et al., 2015). Thus, during breeding, the energetic demands of female black coucals are most likely high. In contrast, white-browed coucals typically produce only 2 (or sometimes 3) clutches of typically 4 eggs (nest predation during the egg-stage is only 18% and all nests of a pair can be found, because parents are less secretive about nest-building; Goymann et al., 2015). Thus, the energetic demands for clutch production are likely to be substantially lower in white-browed coucals.

Here, we asked whether the large differences in parental care between the two coucal species are reflected by differences in baseline corticosterone concentrations. We expected baseline corticosterone concentrations to be higher during the phase when coucals feed dependent offspring than during the preceding mating (and incubation) stage. Further, we expected a larger difference between these two stages in male black coucals, because of their higher feeding effort compared to white-browed coucals. For female black coucals we expected baseline corticosterone concentrations to be lower during the pre-breeding period, when song activity is still low and when they have not yet started to lay clutches, than during the breeding period, when they sing frequently, defend their territories, and continuously lay clutches for their various males. On the individual level, we expected that birds with a higher feeding rate should express higher levels of baseline corticosterone. Finally, compared to Arctic birds the breeding season of coucals is long and severe weather events that constitute an energetic challenge for the animals are rare. Thus, in contrast to Arctic or desert birds and in line with predictions for birds living in more benign environments (Romero and Wingfield, 2016), we did not expect a suppression of the corticosterone stress-response in the parental sex.

MATERIALS AND METHODS

We studied black coucals and white-browed coucals in partially flooded grassland of the Usangu wetland (8°41′S 34°5′E; 1000 m above sea level) in Mbeya region, Tanzania, during the breeding seasons of 2005 (Jan. 23–May 27), 2006 (Jan. 15–Apr. 25), 2008 (Feb. 10–March 13), 2010 (Feb. 20–April 25), 2011 (Feb. 18–June 6), 2012 (Dec. 18–June 18), 2013 (Jan. 25–June 29), 2014 (Jan. 15–June 29), 2015 (Feb. 3–June 27), and 2016 (Feb. 10–June 30). Further details regarding the study site can be found in the work by Goymann et al. (2015, 2016).

Coucals build dome-shaped grass nests that are either well-hidden in dense high grass (black coucal) or in an acacia or other thorny shrub (white-browed coucal). The egg-laying period of migratory black coucals is <3 months, typically between February and April. White-browed coucals are residents and start egg-laying slightly earlier, typically in January, and they continue to lay eggs until April. The modal clutch size and number of nestlings in both species is four. Each year we monitor ca. 20–40 nests per species. Incubation typically lasts 15 days in black coucals and 16 days in white-browed coucals, and their nestlings leave the nest typically after ca. 13 days (black coucals) and 14 days (white-browed coucals). The parents continue to feed the young for 2–3 more weeks after they have left the nest. Further details on the comparative life history and breeding biology of black coucals and white-browed coucals can be found in Goymann et al. (2015, 2016).

All coucals were caught with mist nets. During the nestling feeding phase, coucals were caught while approaching or after leaving the nest, with a mist net placed 5–20 m away from the nest. Immediately upon capture (within 3 min of hitting the net: mean ± sd: 01:50 ± 00:53 min) we took a small blood sample (<50 μl) from the wing vein for corticosterone analysis. 30–35 min after the initial capture we took a second blood sample (<50 μl) for the measurement of stress-induced levels of corticosterone. In between, the birds were measured, banded, and placed in a cotton bird bag. All birds were banded with a numbered aluminum and two colored plastic rings for individual identification. Amongst other biometric parameters, we measured the right tarsus (to the nearest 0.1 mm) and body mass (to the nearest g), and from these measures calculated a scaled body mass index following Peig and Green (2010). The scaling exponent (bsma) and the mean tarsus length necessary for this analysis were calculated from the measurements of all of the coucals that we ever caught and for each species and sex separately (159 female and 118 male black coucals, 48 female, and 79 male white-browed coucals). Most birds were equipped with a Holohil BD-2 radio-transmitter (<2 g; Holohil Systems Ltd., Carp, Ontario, Canada) fitted with a Rappole-Tipton harness (Rappole and Tipton, 1991) to ease individual identification and relocation of individuals (see Goymann et al. (2015) for more details on capture, measurement, and tagging).

To determine parental feeding rates, we conducted focal observations of nests (typically of 60 min duration) using binoculars from a distance of ca. 40–100 m, either sitting on the roof of a car, on top of a ladder, or on a mud bank. We identified the individual coming to the nest and we only considered nest visits as feeding visit, when the arriving bird carried food in its bill. Our final data set included 131 observations (158 h) of 31 black coucal males, 78 observations (101 h) of 19 white-browed coucal females, and 50 observations (51 h) of 14 white-browed coucal males. These data represent the subset of previously published feeding rate observations (Goymann et al., 2016) for which corticosterone concentrations of the feeding parents were available. To avoid a potential influence of capture stress on feeding rates, we did not include feeding observations during the day an individual was captured and sampled. The comparison between corticosterone concentrations and feeding rates assumed that a single point measure of corticosterone was representative for the period during which parental care behavior was recorded. All procedures were approved by the respective governmental authorities of Tanzania, i.e., the Tanzania Wildlife Research Institute (TAWIRI) and the Tanzanian Commission for Science and Technology (COSTECH).

Hormone Analysis

Blood samples were stored in a thermos on ice until we returned from the field each day, when the plasma was separated from cells by centrifugation (Hettich EBA 3S, 10 min, ca. 2,000 rpm) and frozen in liquid nitrogen. Plasma samples were transported from Tanzania to Germany on dry ice and then stored at −80°C until measurement.

Corticosterone samples were extracted and measured by radioimmunoassay (RIA, following Goymann et al., 2006). The mean extraction efficiency for plasma corticosterone was 88.4%. Standard curves and sample concentrations were calculated with Immunofit 3.0 (Beckman Inc. Fullerton, CA), using a four parameter logistic curve fit and corrected for individual recoveries. The lower detection limits of the standard curves was determined as the first value outside the 95% confidence intervals for the zero standard (Bmax) and ranged between 31 and 66 pg/ml. All sample concentrations fell within the detectable range of the assays. Intra-assay coefficients of variation were 5.2% (1.9–12.4%, N = 10), the inter-assay coefficient of variation of all assays was 6.7%.

Statistical Analysis

All statistical analyses were conducted with R, version 3.2.2 (R Core Development Team, Vienna 2015). First, we used a linear mixed model (R package lme4; Bates et al., 2015) comparing baseline corticosterone concentrations of individuals of the two coucal species that were either caught and sampled while they were feeding nestlings or outside a nestling feeding context (mating or incubation stage). Because female black coucals did not feed offspring, data from females could be only included for a non-feeding context, which corresponds to defending a territory, mating, and egg-laying (i.e., behaviors that female black coucals do simultaneously throughout the breeding season). Species, sex, and feeding context as well as the interactions of these variables were included as fixed factors. Because female black coucals only contributed data to a non-nestling feeding context, the resulting model matrix was rank-deficient, i.e., the interaction between sex and feeding context and species and feeding context could only be modeled for male black coucals and male and female white-browed coucals. To control for potential increases of corticosterone between capture and blood sampling we included the time lag between capture and sampling as a control (z-transformed fixed effect covariate). Further, we included the year of sampling as a random effect. Stress-induced corticosterone concentrations were analyzed in a similar way, with species, sex and feeding context, as well as the interactions of these variables as fixed factors, and year of sampling as a random effect. Because it happened only rarely, that two partners were caught in the same breeding stage we assumed that the data of individuals belonging to a pair or polyandrous group were statistically independent.

For female black coucals we conducted additional mixed model analyses in which we compared baseline and stress-induced concentrations of corticosterone between females caught very early during the breeding season (i.e., during the pre-breeding period when they had arrived on the breeding grounds, but did not sing much, and had not begun nesting) with females during the breeding season, when song activity was high and females were providing males with nests and eggs. For the baseline corticosterone data we again included time between capture and sampling as a covariate, and in both analyses we included year as a random effect.

For the subset of individual black coucals and white-browed coucals that were sampled while feeding offspring and for which we had information about individual feeding rates we compared baseline corticosterone concentrations and mean feeding rates using linear models implemented in the R package lme4 (Bates et al., 2015). The analysis was conducted for each species and sex separately. We controlled for the time lag between capture and sampling and the mean brood mass of all observations (as a combined measure for the number and the age of the nestlings in relation to feeding rates), and we also included the scaled body mass index as a measure of adult body condition as a covariate. Prior to testing we checked whether mean brood mass and mean feeding rate were correlated, which was not the case for any of the three tests. All covariates were z-transformed to allow an unbiased estimate of the slope between feeding rates and baseline corticosterone concentrations. Please note that the corticosterone concentrations represent point measures, whereas the mean feeding rate represents an interval measure collected over several days.

We used a Poisson mixed model to estimate whether the number of fledglings was related to baseline corticosterone concentrations. Following the suggestions by Korner-Nievergelt et al. (2015) we controlled for overdispersion by including individual ID as a random factor. In all analyses, we only included baseline corticosterone data from individuals that were sampled within 3 min after capture.

Model residuals were examined using graphical methods (i.e., qq plots of residuals and random effects, fitted values vs. residuals) for homogeneity of variance, violation of normality assumptions, or other departures from model assumptions and model fit (Korner-Nievergelt et al., 2015). For inferences from the models we obtained Bayesian parameter estimates and their 95% credible intervals using bsim of the R package arm (Gelman et al., 2014) with an uninformed prior distribution (Korner-Nievergelt et al., 2015). The Bayesian approach is the only method that allows the drawing of exact inferences while avoiding the difficulties of determining the degrees of freedom in mixed model analyses (Bolker et al., 2009). Further, Bayesian methods refer to the probability of a hypothesis given the data. Biologically meaningful differences between groups can be assessed by comparing the ranges of the 95% credible intervals between groups or a regression slope. This 95% credible interval provides an estimate for the mean with a probability of 0.95. If the credible interval of one group does not overlap with the mean estimate of another group, the groups can be assumed to differ from each other. Similarly, if the 95% credible interval of the slope in a regression does not include zero it can be assumed that there is a meaningful relationship between the continuous predictor and the dependent variable (Korner-Nievergelt et al., 2015). If not indicated otherwise, data are presented as individual data points in combination with posterior means and their respective 95% credible intervals (in text and tables reported within squared brackets). We also provide the posterior probability P(β) of the likelihood that the parameter estimates are larger than zero, with values of P(β) close to zero or one indicating statistically meaningful effects. A P(β) of zero indicates a negative effect with a mean effect size and its 95% credible interval being negative (smaller than zero), and a P(β) of one indicates a positive effect with a mean effect size and its 95% credible interval being positive (larger than zero). Finally, we provide measures of the goodness-of-fit of the models (i.e., how much of the variance they explain) by reporting R2-values for linear models, or the respective marginal and conditional R2-values for mixed models following Nakagawa and Schielzeth (2013). The marginal R2-value represents the variation explained by the fixed effects of a mixed model, whereas the conditional R2-value reflects the combined variation of fixed and random effects.

RESULTS

Baseline Corticosterone Concentrations in Relation to Species and Breeding Stage

Male black coucals with nestlings expressed higher baseline concentrations of corticosterone than males without nestlings (Figure 1A, comparing white and gray bars). During the breeding period female black coucals had higher levels of baseline corticosterone than males with and without nestlings (Figure 1A). Baseline corticosterone concentrations of female and male white-browed coucals did not differ between periods with and without nestlings (Figure 1A).
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FIGURE 1. Back-transformed posterior means (± 95% credible intervals) of (A) baseline and (B) stress-induced corticosterone concentrations of black coucals, and white-browed coucals outside (gray bars) and within (white bars) a parental context. If the 95% credible intervals of one group do not overlap with the mean estimate of another group one can assume a meaningful difference. Thus, male black coucals expressed higher baselines in a feeding context than outside a feeding context, whereas the baseline concentrations of female and male white-browed coucals did not differ between contexts. Female black coucals did not provision offspring and thus can only presented outside a feeding context. Their levels were higher than those of conspecific males and higher than those of white-browed coucals. Male black coucals also expressed higher levels of stress-induced corticosterone when they were feeding nestlings than outside a nestling-feeding context. In female and male white-browed coucals, stress-induced corticosterone did not differ between contexts. Breeding female black coucals expressed similar stress-induced concentrations as conspecific males in a nestling-feeding contest. Numbers inside bars refer to sample sizes, and jittered dots represent individual data points.



Differences in baseline corticosterone may be species-specific, and thus a comparison among species may provide limited information regarding differences in allostatic states. With this limitation in mind, we looked at among-species differences in baseline corticosterone concentrations. Baseline corticosterone concentrations were substantially higher in male black coucals with nestlings compared to male and female white browed coucals in the same breeding stage (Figure 1A, comparing white bars and their 95% credible intervals among species). Outside a parenting context, the levels of male black coucals and female and male white-browed coucals were similar (Figure 1A, comparing gray bars and their 95% credible intervals among species). Baseline corticosterone concentrations of female black coucals during the breeding season were higher than those of female and male white-browed coucals, regardless whether white-browed coucals were feeding nestlings or not (Figure 1A; Table 1; marginal R2 = 0.19, conditional R2 = 0.22).


Table 1. Estimates of effect sizes and the 95% credible intervals of the posterior distribution of baseline corticosterone concentrations.

[image: image]



To further explore state-dependent differences in baseline corticosterone concentrations of female black coucals we compared baseline corticosterone concentrations of females during the pre-breeding period (= little singing activity, no egg-laying) with those of females during the breeding period (= high singing activity, egg-laying): female black coucals expressed lower baseline concentrations of corticosterone during the pre- breeding period than during the breeding period (Figure 2; fixed effects: time between capture and sampling: 0.055 [0.002–0.110], P(β) = 0.98; stage: −0.319 [−0.470 to −0.170]. P(β) = 0; random effect: year variance = 0.002 ± 0.05, residual variance = 0.084 ± 0.29; marginal R2 = 0.15, conditional R2 = 0.17). A comparison of the 95% credible intervals of pre-breeding female black coucals (Figure 2) with those of non-parenting male black coucals and male and female white-browed coucals (Figure 1A) shows that during the pre-breeding season, when female black coucals have not yet started to intensely compete for territories and did not yet produce clutches, their baseline corticosterone concentrations are similar to those of male black coucals that do not feed nestlings, and female and male white-browed coucals, regardless of their stage.
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FIGURE 2. Back-transformed posterior means (± 95% credible intervals) of baseline corticosterone concentrations of female black coucals were lower during the pre-breeding than during the breeding period. Numbers inside bars refer to sample sizes, and jittered dots represent individual data points.



Stress-Induced Corticosterone Concentrations in Relation to Species and Parental Stage

Male black coucals with nestlings expressed higher levels of stress-induced corticosterone concentrations than males sampled before the nestling stage (Figure 1B). Female black coucals had higher stress-induced corticosterone concentrations than non-feeding male black coucals, but their levels were similar to those of males feeding nestlings (Figure 1B). Female and male white-browed coucals expressed similar levels of corticosterone within and outside a nestling-feeding context (Figure 1B).

Among species, stress-induced corticosterone concentrations were higher in male black coucals with nestlings than in male and female white-browed coucals in the same breeding stage (Figure 1B, white bars only). Before the nestling stage, stress-induced concentrations of male black coucals were higher than those of male, but not female white-browed coucals. Female black coucals in the breeding stage expressed higher stress-induced corticosterone concentrations than non-feeding male and female white-browed coucals, and than feeding male white-browed coucals. Sample size for stress-induced corticosterone in feeding female white-browed coucals was limited and showed large variation. This resulted in a large 95% credible interval and a low power to distinguish their levels from those of all other groups (Figure 1B, gray bars only; see Table 2 for overall model parameters; marginal R2 = 0.19, conditional R2 = 0.27).


Table 2. Estimates of effect sizes and the 95% credible intervals of the posterior distribution of stress-induced corticosterone concentrations.
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Stress-induced corticosterone concentrations of female black coucals did not differ between the pre-breeding (69.2 [58.7–82.0] ng/ml) and the breeding season (70.8 [47.4–104.7] ng/ml). Unlike all previous tests, most of the variance was explained by differences between years (fixed effect: stage: 0.005 [−0.162 to 0.173], P(β) = 0.52; random effect: year variance = 0.004 ± 0.07, residual variance = 0.040 ± 0.200; marginal R2 < 0.001, conditional R2 = 0.10).

Baseline Corticosterone Concentrations in Relation to Feeding Rates and Number of Fledglings

Male black coucals with a higher mean feeding rate expressed lower baseline corticosterone concentrations than males with a lower mean feeding rate (Figure 3; log10 slope: −0.11 [−0.17 to −0.05]; P(β) = 0). Again, baseline corticosterone was positively related to the time delay between capture and blood sampling (log10 slope: 0.13 [0.02–0.24]; P(β) = 0.99), but the mean brood mass (log10 slope: −0.006 [−0.101 to 0.089]; P(β) = 0.44) and the scaled body mass index (log10 slope: −0.002 [−0.013 to 0.010]; P(β) = 0.38) did not explain much of the variation in baseline corticosterone concentrations (N = 29, adjusted R2 = 0.44).
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FIGURE 3. Mean feeding rate and baseline corticosterone concentrations of feeding male black coucals (black triangles), male (white triangles), and female white browed coucals (gray circles). The regression lines refer to male black coucals and female white-browed coucals, only. For male white-browed coucals, there was no relationship between mean feeding rates and baseline corticosterone.



Also in female white-browed coucals, baseline corticosterone concentrations were marginally lower in individuals with a higher mean feeding rate (Figure 3; log10 slope: −0.12 [−0.28 to 0.01]; P(β) = 0.03). In this case the time between capture and sampling (log10 slope: 0.08 [−0.04 to 0.20], P(β) = 0.90) did not strongly influence the result. Also the mean brood mass (log10 slope: 0.002 [−0.135 to 0.014]; P(β) = 0.52) and the scaled body mass index (log10 slope: 0.002 [−0.010 to 0.014]; P(β) = 0.63) did not explain much of the variation (N = 19, adjusted R2 = 0.23).

In male white-browed coucals the credible intervals for the slope of the mean feeding rate clearly included zero (Figure 3; log10 slope: −0.06 [−0.26 to 0.13]; P(β) = 0.25) suggesting no relationship between baseline corticosterone and mean feeding rate in males. Also, the time between capture and sampling did not influence baseline corticosterone in male white-browed coucals (log10 slope: −0.29 [−0.68 to 0.11]; P(β) = 0.07), and the mean brood mass also did not affect the result (log10 slope: 0.09 [−0.19 to 0.37]; P(β) = 0.76). However, the scaled body mass index showed a slight negative relationship with baseline corticosterone (log10 slope: −0.024 [−0.044 to −0.002]; P(β) = 0.02), suggesting that feeding males in better condition expressed slightly lower baseline concentrations of corticosterone (N = 14, adjusted R2 = 0.38). However, with a sample size of only 14 individuals and 4 factors to control for, this result should be considered with caution.

Baseline corticosterone concentrations of parenting male black coucals (N = 29), parenting female white-browed coucals (N = 19), and parenting male white-browed coucals (N = 14) were unrelated to the number of fledglings (male black coucals: number of fledglings = −0.007 [−0.031 to 0.016], P(β) = 0.26; time between sampling and bleeding: slope = 0.16 [−0.10 to 0.43], P(β) = 0.89; marginal and conditional R2 = 0.02; female white-browed coucals: number of fledglings = 0.02 [−0.05 to 0.08], P(β) = 0.68; time between sampling and bleeding: slope = 0.06 [−0.27 to 0.39], P(β) = 0.64; marginal and conditional R2 = 0.01; male white-browed coucals: number of fledglings = 0.01 [−0.05 to 0.08], P(β) = 0.65; time between sampling and bleeding: slope = −0.01 [−0.38 to 0.36], P(β) = 0.46; marginal R2 = 0.004 and conditional R2 = 0.05). Because of the limited sample size the results on white-browed coucals should be considered with caution, though.

DISCUSSION

We compared parental expenditure and basal and stress-induced corticosterone concentrations of two coucal species: the sex-role reversed and uniparental black coucal and the socially monogamous and biparental white-browed coucal. The high mating and egg-laying effort of female black coucals and the large parental investment of male black coucals were reflected in their baseline corticosterone profiles. Baseline corticosterone levels of female black coucals were higher during the breeding period, when territorial activities and egg-laying peaked, than during the pre-breeding period, when they sang little and did not yet provide clutches for their mates. Similarly, baseline (and stress-induced) corticosterone concentrations of parenting male black coucals were higher than those of males that did not feed dependent offspring. In contrast baseline and stress-induced corticosterone levels did not differ between non-parenting and parenting white-browed coucals regardless of sex. Among species, baseline corticosterone concentrations of breeding female black coucals and parenting male black coucals were higher than baseline corticosterone concentrations of parenting white-browed coucals. Unexpectedly, though, baseline corticosterone concentrations were negatively related to feeding rates in male black coucals and female white-browed coucals: individuals with lower feeding rates expressed higher baseline levels of corticosterone than individuals with higher feeding rates.

If baseline corticosterone can be considered a physiological correlate of parental expenditure and reflects allostatic state (Landys et al., 2006), then the corticosterone levels of parenting male black coucals that were about one third higher than those of males without dependent offspring suggest an elevated allostatic state during parenting (Landys et al., 2006). A similar pattern exists for example in starlings (Love et al., 2004). Hence, the rich food resources of the Usangu may allow for uniparental care in male black coucals. But being a single parent may come with an energetic cost, because male black coucals work at least four times harder than individual white-browed coucals, who can exploit similar food resources as a pair (Goymann et al., 2016). In contrast to male black coucals, the similarity of baseline corticosterone in white-browed coucals with and without dependent offspring indicates that they did not enter a higher allostatic state when feeding nestlings. Hence, the corticosterone data support behavioral observations which suggest that parental care does not require substantially higher energetic effort in this species: feeding rates in white-browed coucals are low and in-between their rare feeding visits white-browed coucals typically spend substantially more time perching on acacia bushes or grasses than male black coucals (Goymann et al., 2016).

During the breeding season, female black coucals expressed levels of baseline corticosterone that were even higher than those of parenting males. Female levels likely reflect the high energetic needs related to the effort females put in acquiring mates, fending off competing females, and producing eggs for the various clutches of their male partners (Goymann et al., 2004, 2008, 2015; Geberzahn et al., 2009, 2010). A comparison of females during the pre-breeding period—when they sang little and had not started producing clutches—with the time when breeding activities were in full swing, supports this notion. In summary, behavioral data and baseline corticosterone profiles of female and male black coucals suggest that members of this species have a substantially higher energy expenditure during breeding than white-browed coucals.

Bókony et al. (2009) found in a comparative study that baseline levels of corticosterone during the parental phase were higher in short-lived bird species (that place higher importance on current reproduction) than in longer-lived species with a higher value for future reproductive events. We rarely re-sighted black coucals during more than one breeding season: so far only 3 males and 1 female out of 93 males and 120 females ringed between 2005 and 2015 have been re-sighted during subsequent seasons, and only two of the 253 nestlings ringed during the same period had been recovered in subsequent seasons. This may either indicate low between-year survival or—because black coucals migrate—low site fidelity between years. In contrast, we re-sighted ~30% of adult white-browed coucals that were ringed in the previous season, and regularly find birds that were ringed as nestlings in previous years (Goymann, unpublished data). Hence, between-year survival may be lower in black coucals than in white-browed coucals, but because the species differ in their migratory habits we cannot distinguish between survival and site-fidelity. The higher baseline corticosterone concentrations in black coucals would be consistent with the predictions substantiated by Bókony et al. (2009).

On an individual level, higher levels of baseline corticosterone were—unexpectedly—associated with a lower feeding rate in male black coucals and female white-browed coucals. This result is in contrast to previous findings in other birds, such as common murres (Uria algae), Adelie penguins (Pygoscelis adeliae), Macaroni penguins (Eudyptes chrysolophus), mourning doves (Zenaida macroura), and house sparrows (Passer domesticus), in which individuals that fed at a higher rate also expressed higher levels of baseline corticosterone (Angelier et al., 2008; Doody et al., 2008; Miller et al., 2009; Crossin et al., 2012; Ouyang et al., 2013b). In black redstarts (Phoenicurus ochruros), feeding rates and baseline corticosterone concentrations were unrelated (Villavicencio et al., 2014). Even though the majority of species shows a positive relationship between feeding rate and baseline corticosterone, the pattern does not seem to be consistent. A recent evaluation of the corticosterone fitness hypothesis, which predicts that lower levels of baseline corticosterone is associated with higher fitness, found that roughly 50% of all published studies support the hypothesis, whereas the remainder of published study finds no relationship between corticosterone and fitness, or the opposite pattern (Bonier et al., 2009a). Life-history factors and environmental conditions may influence the relationship between corticosterone concentrations, feeding rates and fitness (Bonier et al., 2009a; Crossin et al., 2016). An inherent problem of comparisons between hormone levels and life-history parameters is the time scale of measurements: hormones typically represent a one point-in-time measure that is then related to a fitness measure which represents an integrated measure over a longer period of time. It is questionable, though, if a one-time hormone measure is representative of the hormonal status of an individual over a longer period of time, which would be relevant for the integrated life-history context.

At first sight, it appears paradoxical that in male black coucals parental care should lead to higher baseline corticosterone concentrations on the population level, whereas on the individual level higher parental expenditure corresponded with lower baseline corticosterone concentrations. However, such paradoxical relationships are not so uncommon and have been, for example, modeled in a famous study by Van Noordwijk and De Jong (1986). On the population level, an elevated baseline concentration during parental care may reflect the higher metabolic or energetic needs of this life-history stage. On the individual level, however, there may be other factors that further influence the already elevated baseline, and these modifying factors could even result in a negative relationship between baseline corticosterone and feeding rates. For example, individuals in poor condition may express higher levels of corticosterone in combination with lower feeding rates. Our measure for condition (i.e., the scaled body mass index) did not predict baseline corticosterone concentrations in male black coucals or female white-browed coucals, but in male white-browed coucals, individuals with a lower condition expressed higher levels of baseline corticosterone. The feeding rate of male white-browed coucals, however, was unrelated to baseline corticosterone. Because the sample size was low, this result should be considered with caution, though.

Alternatively, individuals in poor quality territories may need to work harder to feed their offspring. Thus, higher levels of baseline corticosterone in combination with lower feeding rates may reflect the increased work-load required in such poor territories: owners of such territories may feed their offspring less frequently simply because food is harder to find. However, given the overall high food abundance of the Usangu plains during the rainy season we consider this explanation unlikely.

Previous studies on songbirds and seabirds found that parents with higher levels of baseline corticosterone typically had lower nesting success, supporting the idea that elevated baseline concentrations of corticosterone reflect the condition of the parents and/or environmental quality (Love et al., 2004; Angelier et al., 2007; Groscolas et al., 2008; Bonier et al., 2009b; Kitaysky et al., 2010; Ouyang et al., 2011, 2013b; Crossin et al., 2012). The main factors driving nesting success in these studies was food availability, often in combination with cold weather, and the effect of these variables on the condition of the parents. In contrast to these northern temperate or Arctic species, food supply, and weather condition showed little variation at our study site and we did not find a relationship between nesting success and baseline corticosterone concentrations. The almost exclusive factor determining nesting success in coucals accounting for roughly 99% of all nest-losses is predation (Goymann et al., 2015). Because nest predators are omnipresent in coucal habitat, nest predation represents an unpredictable event unlikely to be related to baseline corticosterone concentrations. This is unlike the situation described by Scheuerlein et al. (2001), where feeding male African stonechats (Saxicola torquata axillaris) expressed higher baseline corticosterone levels when they shared a territory with a fiscal shrike (Lanius collaris), which regularly preys on nestling and adult stonechats. Such ecological differences between study sites and species highlight the importance of considering life history and the ecological context of studies when interpreting hormone data (see Crossin et al., 2016, for a recent discussion of this topic). Our data clearly show a negative relationship between feeding rates and baseline corticosterone concentrations of male black coucals and female white-browed coucals, but we currently lack an explanation as to whether internal (condition) or external factors (environment) or a combination of both factors are responsible for this curious finding.

Stress-induced concentrations of corticosterone in coucals were related to parental expenditure only in male black coucals, but not in white-browed coucals. Parenting male black coucals expressed higher stress-induced corticosterone concentrations than males sampled outside a parenting context. This finding is in contrast to those of Arctic shorebirds, in which stress-induced corticosterone concentrations seemed to be suppressed during parental care, in particular in the sex that provides the majority of care (O'Reilly and Wingfield, 2001). Compared to Arctic birds or desert birds with breeding seasons that allow for only one reproductive attempt, the breeding seasons of coucals are long and food is highly abundant. Further, with the exception of occasional heavy rains, severe and unpredictable weather conditions are absent. In one breeding season, a male black coucal can raise 2–3 clutches and re-nesting after losing a nest to a predator is also common (Goymann et al., 2015). Hence, the environmental conditions that have shaped the stress-response in tropical seasonal breeders, such as the two coucal species, are likely to be quite different from those shaping the stress responses of Arctic or desert birds. The suppression of the stress response in the parent that provides the majority of parental care may be a common phenomenon in Arctic or desert birds with short breeding seasons, but predictions derived for such habitats most likely cannot be transferred to other, more benign environments.

In conclusion, the current study showed that sex-role reversal and uniparental care in black coucals was associated with elevated baseline and stress-induced corticosterone concentrations of males during the parental phase and of females during the main breeding period. In contrast, the “laid-back” style of parenting in biparental white-browed coucals did not come with elevated baseline corticosterone concentrations. Rich food resources have been identified as a necessary condition for the evolution of sex-role reversal in coucals, birds, and terrestrial vertebrates in general (Andersson, 1995, 2005; Goymann et al., 2015). Although two-species comparisons allows only for limited conclusions (Garland and Adolph, 1994) the results from this study support the idea that a switch from biparental to uniparental care may come at the physiological cost of elevated baseline corticosterone concentrations that most likely reflect a higher metabolic expenditure. This is especially so because by studying the two species at the same time and in the same habitat, we were able to “control” for many other confounding environmental factors. The rich food resources in the habitat may compensate for the larger energetic needs of uniparental care and female competition in black coucals, and they probably allow biparental white-browed coucals to live at a more relaxed pace-of-life.
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The last column [P} > 0] gives the posteror probabiity of the hypothesis that the
parameter is larger than zero (Random effect: year variance = 0.002  0.049, residual

variance = 0.030 + 0.173).
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The last column [P(§) > 0] gives the posterior probabilty of the hypothesis that the
parameter is larger than zero (Random effect: year variance = 0.003 = 0.06, residual
variance = 0.088 + 0.30).
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