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A B S T R A C T

Given that double-brooding (rearing two broods within a season) can increase annual fecundity, it is unclear why 
some females in multi-brooded populations rear only one brood per season. The Quality Hypothesis proposes that 
double-brooded females are high quality and, thus, have sufficient energetic resources available to bear the costs 
of rearing two broods per season. Glucocorticoids — endocrine hormones that have a critical role in energy 
regulation — could reflect female quality, and, therefore, also have the potential to indicate whether a female 
will rear a second brood. Using 12 years of reproductive data on migratory Savannah sparrows (Passerculus 
sandwichensis) from a population in eastern Canada, we explored whether baseline corticosterone concentrations 
were correlated with measures of female quality (body condition and fat score) and whether a female’s baseline 
corticosterone concentrations during her first brood would predict whether she attempted a second. We found 
weak evidence that baseline corticosterone was negatively correlated with female body condition and found 
strong evidence that baseline corticosterone was negatively correlated with fat score. There was weak evidence 
for a positive relationship between double-brooding and baseline corticosterone in females sampled during the 
first brood incubation stage. Additionally, there was moderate evidence to suggest that the probability of double- 
brooding was negatively related to baseline corticosterone in females sampled during the first brood nestling 
stage. Our results provide evidence that corticosterone can reflect female condition in the context of double- 
brooding and demonstrate the importance of considering breeding stage when assessing corticosterone con
centrations in parents.

1. Introduction

Double-brooding (rearing two broods within one breeding season) 
can result in increased annual productivity (Bulluck et al., 2013; Den 
Boer-Hazewinkel, 1987; Evans Ogden and Stutchbury, 1996; Geupel and 
DeSante, 1990; Woodworth et al., 2017a) and positively impact lifetime 
reproductive success (Carro et al., 2014; Johns et al., 2018; Zabala et al., 
2020). However, despite the reproductive benefits of double-brooding, 
producing a second brood after successfully rearing a first is typically 
only attempted by a subset of females in a given population (Geupel and 
DeSante, 1990; Kluijver, 1951; Middleton, 1979; Rodenhouse and 
Holmes, 1992). The question of what drives intra-population variation 
in double-brooding has interested ecologists for decades and multiple 
hypotheses have been developed to explain why some individuals 

remain single-brooded, including hypotheses related to timing of 
breeding (Geupel and DeSante, 1990; Hoffmann et al., 2015;; Jackson 
and Cresswell, 2017; Verboven and Verhulst, 1996; Woodworth et al., 
2017a; Zabala et al., 2020), predation (Woodworth et al., 2017a), 
resource availability (Jackson and Cresswell, 2017; Zabala et al., 2020), 
environmental factors (Bukor et al., 2021; Den Boer-Hazewinkel, 1987), 
and female quality (Cornell and Williams, 2016; Geupel and DeSante, 
1990; Hoffmann et al., 2015; Verboven and Verhulst, 1996).

The Quality Hypothesis proposes that “high quality” females — those 
with the energetic resources available to invest in reproduction 
(Patterson et al., 2011) — are more likely to rear two broods (van 
Noordwijk and de Jong, 1986; Verboven and Verhulst, 1996). The pri
mary issue with testing predictions from this hypothesis is the challenge 
of reliably assessing variation in female ‘quality’. While some studies 
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have found that double-brooding was positively related to female body 
mass and body condition (Jacobs et al., 2013; Laet and Dhont, 1989; 
Pilastro et al., 2003; Smith et al., 1987 in 1 of 4 years), others have found 
no relationship between these same body metrics and double-brooding 
(Cornell and Williams, 2016; Evans Ogden and Stutchbury, 1996; 
Lindén, 1988; Nomi et al., 2018a, 2018b; Tinbergen and Verhulst, 
2000). Body mass could reflect structural size, rather than fats or other 
energy reserves that would be expected to reflect energy availability 
(Green, 2001). Moreover, daily mass can fluctuate up to 15 % in small 
songbirds (Clark, 1979), which questions any method using mass to 
estimate body condition. Thus, expanding the exploration of the Quality 
Hypothesis to other condition-related metrics, such as physiological 
ones, may offer additional insight as to whether and how individual 
condition can help explain intra-population variation in double- 
brooding.

Because the concept of “quality” invokes the availability of energy 
that can be devoted to reproduction, glucocorticoids — steroid hor
mones that play a critical role in mobilizing internal energy reserves — 
are good candidates as physiological measures of quality and may, 
therefore, be reliable predictors of double-brooding. In wild vertebrates, 
glucocorticoid hormones play roles in both daily energy regulation and 
in the mobilization of energy in response to stressors (Wingfield and 
Romero, 2015). Glucocorticoids help stimulate increases in blood 
glucose levels through sustaining catecholamine-induced glycogenol
ysis, upregulating glucose transport, stimulating gluconeogenesis, and 
influencing appetite (Dallman et al., 1993; Dallman et al., 2004; Horner 
et al., 1987; Munck and Koritz, 1962; Taborsky and Porte, 1981; 
Wingfield and Romero, 2015). During resting, non-stressful conditions, 
glucocorticoids regulate diurnal fluctuations in activity through circa
dian rhythms, aligning biological processes such as metabolism and 
hormone secretion with daily activities (Breuner et al., 1999; Schwabl 
et al., 2016). Importantly, glucocorticoids can act as mediators 
contributing to allostasis: the maintenance of physiological stability 
(homeostasis) through changing internal or external conditions (Sterling 
and Eyer, 1988). In the reactive scope model of homeostasis, glucocor
ticoids act as homeostatic mediators and will rise and fall within a range 
of values to achieve internal stability over time (Romero et al., 2009). 
Such baseline glucocorticoids mediate energetic changes across different 
life-history stages, such as during reproduction and migration, by real
locating resources in ways that support these behaviours (Bonier et al., 
2009a; Crespi et al., 2013; Holberton, 1999; Landys-Ciannelli et al., 
2002; Landys et al., 2006; Romero, 2002).

The role of glucocorticoids as mediators connecting an organism 
with its environment has led to numerous studies exploring a relation
ship between glucocorticoids and fitness in free-living animals 
(reviewed in Bonier et al., 2009a; Breuner et al., 2008). The Cort-Fitness 
Hypothesis (Bonier et al., 2009a, 2009b) proposes that higher levels of 
baseline corticosterone, the primary circulating glucocorticoid in birds 
(Holmes and Phillips, 1976), can reflect poor condition and reduced 
fitness. When environmental challenges increase glucocorticoids, en
ergy is directed toward behaviours that support an individual’s ability to 
cope with the challenges (Bonier et al., 2009a). Thus, less energy may be 
available for reproduction. It is important to recognise that elevated 
glucocorticoid levels are not equivalent to “stress” (MacDougall-Shack
leton et al., 2019), but rather that increases in glucocorticoids may be 
one of many physiological responses to challenging conditions that 
contribute to allostasis. The Cort-Adaptation Hypothesis (Bonier et al., 
2009b) predicts a positive relationship between baseline corticosterone 
and fitness during times of high reproductive effort (i.e., when cortico
sterone elevations direct energy toward reproduction). In birds, baseline 
total glucocorticoids (combined measure of corticosterone bound to the 
transport protein corticosteroid binding globulin, CBG, and free corti
costerone) have been negatively correlated with other metrics of energy 
storage, such as fat scores (Jenni et al., 2000; Long and Holberton, 2004; 
Müller et al., 2006), body mass (Hau et al., 2010; Marra and Holberton, 
1998), and body condition (meta-analysis by Bókony et al., 2009). 

Baseline glucocorticoids have also been negatively associated with 
reproductive success (Angelier et al., 2010), providing support for the 
Cort-Fitness Hypothesis. While double-brooding can substantially in
crease annual fecundity, whether baseline corticosterone relates to 
double-brooding has only been tested in European starlings (Sturnus 
vulgaris), with no evidence for a relationship between baseline cortico
sterone measured during the first brood and the probability of initiating 
a second brood (Fowler et al., 2018).

Despite the critical role of glucocorticoids for energy regulation and 
mobilization, it is not always clear how to interpret high or low levels of 
corticosterone, which poses challenges for creating a priori predictions 
following hypotheses that relate corticosterone to fitness. Multiple re
views have found that there is no consistent corticosterone-fitness 
relationship: individual studies demonstrated either positive or nega
tive relationships between baseline or post-stress corticosterone and 
fitness-related traits (Bonier et al., 2009a; Breuner et al., 2008; Crespi 
et al., 2013). One reason for discrepancies could be due to variation in 
sampling individuals across different life-history stages (Bonier et al., 
2009b; Hau et al., 2010; MacDougall-Shackleton et al., 2013). Given 
that individual corticosterone concentrations are temporally variable 
and are thought to change in association with energetic resource needs 
across different life-history stages, a relationship between corticosterone 
and double-brooding could depend on breeding stage (Bonier et al., 
2009b; Duckworth and Jawor, 2018; Romero, 2002). In a study on tree 
swallows (Tachycineta bicolor), for example, the direction of the 
corticosterone-fitness relationship depended on breeding stage, with 
baseline corticosterone negatively correlating with clutch mass during 
early incubation but positively correlating with clutch mass during the 
nestling stage (Bonier et al., 2009b). As a consequence, it is important to 
control for breeding stage when detecting and interpreting relationships 
between corticosterone and components of fitness.

In this study, we aimed to determine whether corticosterone varied 
with double-brooding in a population of Savannah sparrows (Passerculus 
sandwichensis) on Kent Island, New Brunswick. Previous work with 
migratory Savannah sparrows in this population has revealed that 
double-brooding was negatively related to predation, first lay date, and 
local density, and positively related to age (Woodworth et al., 2017a). In 
this population, double-brooded females have higher return rates 
compared to single-brooded females (unpublished data), suggesting that 
double-brooded individuals are high quality (i.e., capable of rearing two 
broods in one breeding season without incurring a survival cost). 
However, it is unknown whether metrics related to female physiological 
condition predict double-brooding in this population. First, we explored 
whether corticosterone related to other measures of female condition. 
We predicted that individuals with a higher body condition index and fat 
score would have lower total baseline corticosterone. Second, we 
explored factors predicting double-brooding, including factors previ
ously demonstrated to influence double-brooding in this population 
(timing of breeding, predation, and age; Woodworth et al., 2017a), and 
corticosterone concentrations measured during the first brood period in 
the focal season. Following the Cort-Fitness Hypothesis (Bonier et al., 
2009a, 2009b), we predicted that females with lower baseline cortico
sterone concentrations during the first brood would be more likely to 
double-brood rather than remain single-brooded in a given breeding 
season. Because the nestling stage is nearer to when females initiate a 
second brood, we expected that corticosterone concentrations during 
this time might show a stronger relationship with the probability of 
double-brooding.

2. Methods

2.1. Study species and field site

Savannah sparrows are migratory, grassland songbirds that are 
abundant throughout North America (Wheelwright and Rising, 2020). 
They overwinter in the southern United States or Mexico and return to 
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their temperate breeding areas to reproduce in the spring and summer 
(Wheelwright and Mauck, 1998; Wheelwright and Rising, 2020). 
Savannah sparrows breed in open areas such as meadows, pastures, 
cultivated fields, roadsides, grasslands, sedge bogs, salt marsh bound
aries, and tundra (Wheelwright and Rising, 2020). Upon their return to 
the breeding grounds, males establish territories and engage in courtship 
displays and birdsong to secure a mate. Males will demonstrate agonistic 
displays toward other males to maintain territories, and both males and 
females will aggressively defend their nests (Wheelwright and Rising, 
2020). Females lay their eggs (average clutch size of 4) in nests built on 
the ground in open fields (Wheelwright and Rising, 2020). Eggs hatch 
after ~12 days of incubation and fledging occurs ~9–11 days post- 
hatching (Wheelwright and Rising, 2020).

We collected hormone samples during the breeding season (May – 
July) from 2009 to 2018 and from 2021 to 2022 on Kent Island, New 
Brunswick, Canada (44.58254◦N, 66.75604◦W). Kent Island is an 80-ha 
island located 9 km southeast of Grand Manan Island in the Bay of Fundy 
and is the traditional territory of the Abenaki, the Passamaquoddy, and 
the Wabanaki Confederacy. The main study area consists of two open 
fields, measuring 1 and 6 ha that are split into 50 × 50 m quadrats by 
mowed pathways (Pakkala et al., 2016). Breeding behaviour has been 
monitored annually in these two fields since 1987, including individu
ally marking all adults, daily territory mapping, and finding and moni
toring nests (Woodworth et al., 2017a). Annual predation rates of 
Savannah sparrow nests on the island ranged from 6 to 54 % 
(Woodworth et al., 2017a), with the most common predator being the 
American crow (Corvus brachyrhynchos; Wheelwright et al., 1997). 
Breeding pairs build replacement nests following the failure of a previ
ous brood. If the breeding pair successfully fledges a first brood, the 
female will sometimes initiate a second brood (Wheelwright and Rising, 
2020). In this study, the term second brood is only used to refer to a 
double-brood nest produced after fledging of a first brood. All protocols 
were approved and complied with the guidelines of the Canadian 
Council on Animal Care and the University of Guelph Institutional An
imal Care and Use Committee.

2.2. Banding, territory mapping, and nest monitoring

Each year at the beginning of the season, unbanded adults were 
captured in mist nets and tagged with a unique combination of a U.S. 
Fish and Wildlife Service/Canadian Wildlife Service (USFWS/CWS) 
aluminum leg band and three coloured leg bands. Coloured bands 
enabled visual identification of each adult within the study area. Male 
territories were mapped by observing behaviours such as singing from 
perches and territory defense (for details see Sharma et al., 2024). 
Mating pairs were identified by observing social interactions of the pair 
within the male’s territory. Nests were found by observing female nest 

building and incubation behaviours. Once found, nests were monitored 
every other day for hatching, and nestlings were banded with a USFWS/ 
CWS aluminum leg band and one coloured leg band on post-hatch day 7. 
To prevent researchers from inducing premature fledging, nests were 
not visited following day 7. Nesting areas were monitored for fledging 
every other day by observing parental defense or feeding behaviours 
following the 9th day after hatching. After the fledging of the first brood, 
breeding pairs were monitored at least once every three days to deter
mine whether they would initiate a second brood (double-brood) or 
remain single-brooded.

2.3. Nest exclosures

In 2 of 12 years of the study (2021 and 2022), a subset of females had 
their nests protected by predator exclosures (Fig. 1) to increase the 
sample size of birds that successfully fledged young from their first nest. 
In addition, efforts to collect blood samples from females for cortico
sterone analysis were also increased in these two years (Suppl. Fig. 1). 
Exclosures enabled Savannah sparrows to enter and exit the nests while 
preventing avian predators from accessing the nests. Exclosures were 
built from sheets of steel mesh and were 22″ x 22″ x 22″ with 2-in. square 
sizes. Five exclosures were built to be 22″ x 22″ x 36″ to enable exclosures 
to be placed over tall vegetation. Exclosures were first used in a subset of 
nests in 2021 (n = 31/44 first broods, n = 10/12 s broods). Of the 13 first 
nests that did not have an exclosure, 10 were predated and both second 
broods without exclosures also were unsuccessful (one predated, one 
abandoned). All 31 first broods and 10 s broods with exclosures fledged 
one or more offspring. In 2022, n = 41/43 first broods and n = 25/26 s 
broods had exclosures. Of the two first broods that did not have an 
exclosure, one was predated. Of the 66 nests with exclosures, all but 
three fledged one or more offspring (one abandoned first brood and two 
abandoned second broods).

In the current dataset, corticosterone concentrations were obtained 
from 27 females each in 2021 and 2022. In 2021, 81 % (22/27) of fe
males’ first broods were protected with exclosures. In 2022, 96 % (26/ 
27) of females’ first broods were protected with exclosures. Predation 
events still occurred on nests that were not protected in years when 
predator exclosures were used and predators remained active in the 
study area (H.A.S., D.R.N., S.D.M., personal observation). There was no 
evidence that having a predator exclosure affected female baseline 
corticosterone levels (Suppl. Table 1a).

2.4. Sample collection and corticosterone measurement

To determine corticosterone levels in Savannah Sparrows, we ob
tained blood samples from breeding females. Females were captured by 
mist-net once during the first brood period, either during the incubation 

Fig. 1. Images of predator exclosures covering Savannah sparrow nests in South Field, Kent Island, NB. a) exclosure (red arrow) protecting a Savannah sparrow nest 
from aerial predators. b) close up view of an exclosure protecting a nest with Savannah sparrow nestlings (red arrow).
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(post-laying to hatching, a window of 12 days) or nestling stage of 
breeding (day one post-hatch to fledging, a window of 10 days). Upon 
capture, females were measured for mass, tarsus length, and fat scores 
(methods in LPBO, 2019). If previously unbanded, females were aged by 
tail feather shape (Pyle, 2022). A baseline blood sample was obtained 
within 3 min. of capture. Blood samples (~100 μL, <1 % body weight; 
Kramer and Harris, 2010) were extracted using brachial venipuncture 
with a 26-gauge needle and blood was collected into microhematocrit 
capillary tubes. Brachial venipuncture is the recommended technique 
when collecting small volumes of blood from small birds (Owen, 2011). 
Blood was transferred to microcentrifuge tubes and stored on ice for 1–4 
h, then centrifuged at 2200 xg for 10 min. Serum was collected and 
stored at − 20 ◦C until processing the following autumn. Total cortico
sterone concentrations were measured using I125 Corticosterone Double 
Antibody RIA Kits (MP Biomedicals Ltd., Solon, OH), modified for avian 
plasma (Washburn et al., 2002; Newman et al., 2008; Pakkala et al., 
2016). The optimal plasma volume (1 μL) was previously determined in 
song sparrow (Melospiza melodia) plasma through validation with seri
ally diluted plasma to confirm parallelism with the standard curve 
(Newman et al., 2008). In that study, inter-assay variation for the RIA kit 
was determined to be 8.0 % (low control) and 6.8 % (high control) (n =
10 assays; Newman and Soma, 2009). In our study, all samples were run 
in duplicate. The minimum detection limit was 3.1 ng/mL, and intra- 
assay variation was <4 %.

2.5. Statistics

We tested whether corticosterone concentrations were associated 
with other measures of female quality (body condition, fat scores) using 
Pearson’s product-moment correlations and whether corticosterone 
concentrations predicted double-brooding using a generalized linear 
mixed-effects model (GLMM; glmmTMB Package; Brooks et al., 2017) fit 
to a binomial distribution. Analyses were performed in R (v. 4.2; R Core 
Team, 2023). All means are reported ± SD. For each continuous variable 
included within the GLMM, normality of residuals was assessed using 
visual diagnostic tools, including QQ plots and histograms, as well as by 
Shapiro-Wilk tests. To reduce the positive skew of the distribution of 
baseline corticosterone, to reduce the impact of outlying values, and to 
linearize the relationships between baseline corticosterone and mea
sures of female condition (body condition and fat score), baseline 
corticosterone values were log transformed prior to analysis (Hoyt et al., 
2016). Model validation was assessed using the DHARMa package 
(Hartig, 2022). We only included females whose complete breeding 
history for the season of sample collection was known (i.e., excluding 
females whose first nest was not found). Details regarding each analysis 
are reported below.

We assessed whether baseline concentrations were correlated with 
female body condition and fat score within a subset of individuals for 
whom we had these measurements (n = 118 body condition, n = 97 fat 
score). Body condition was a continuous variable measured as the re
siduals of the relationship between mass and tarsus length (Mitchell 
et al., 2011). Fat score was determined by assigning a numerical rank 
(0–7) to visible subcutaneous fat (LPBO, 2019). Because we did not 
observe birds with fat scores higher than 3, fat score in this analysis was 
categorized as a four-level factor (0–3).

We assessed whether baseline corticosterone concentrations in 
breeding females predicted double-brooding (n = 82 females remained 
single-brooded and n = 47 females produced a second brood) using a 
GLMM. Previous research in our study system using a larger dataset 
(1987–2005 and 2007–2016) determined that double-brooding was 
associated with female age (older females were more likely to double- 
brood), timing of breeding (early-breeding females were more likely 
to double-brood), predation of the first brood (females that had their 
first attempts depredated rarely reared two broods to fledging), and 
local density (double-brooding was more likely when the population 
density was low; Woodworth et al., 2017a). Thus, we included female 

age, timing of breeding, and predation of the first brood in the model. 
For this dataset, we were unable to calculate local density as some in
dividuals nested in areas where their neighbours were not monitored. To 
account for known differences in reproductive performance between 
experienced and first-time breeders (Wheelwright and Schultz, 1994; 
Woodworth et al., 2017a), we included female age (classified as a two- 
level factor: 1 = one year, and 2 = two years or older). Timing of 
breeding (continuous variable) was the ordinal date on which females 
initiated laying for the season. For females that successfully fledged their 
first brood, lay date was calculated by subtracting 12d from the hatch 
date (average incubation duration; Dixon, 1978) and one extra day for 
each egg laid up to the penultimate egg. For females whose first broods 
failed before hatching, hatch date was estimated by calculating the 
average difference (in days) between when a nest was found and when it 
hatched and then subtracting this value from the found date of the failed 
nest. The estimated hatch date was then used to determine lay date, as 
was done with successful first broods. Predation was classified as a two- 
level factor: 0 = first attempt not predated, and 1 = first attempt pre
dated. To test predictions from the hypothesis that the relationship be
tween corticosterone and double-brooding would depend on breeding 
stage, we also included the interaction between corticosterone concen
tration and the female’s breeding stage at capture. Breeding stage was 
included as a two-level factor: 0 = incubation stage, and 1 = nestling 
stage (females sampled after her first brood hatch date but before first 
brood fledging). Estimated trends for the interaction between baseline 
corticosterone and breeding stage were carried out using the emmeans 
package (emtrends function; Lenth, n.d). We included individual ID as a 
random effect to account for repeated sampling of individuals across 
multiple seasons (n = 19 individuals). We included sample year as a 
categorical random variable to account for year effects.

In an effort to move away from reporting results with the language of 
significance (based on an arbitrary p-value cut off), we have used the 
language of evidence, as suggested by Muff et al., (2022). We report no 
evidence when p-values were between 1 and 0.1, weak evidence when p- 
values were between 0.09 and 0.05, moderate evidence when p-values 
were between 0.04 and 0.01, and strong evidence when p-values were 
<0.01 (Muff et al., 2022).

3. Results

We explored whether baseline corticosterone concentrations during 
the first brood correlated with other metrics of female condition in 
breeding females. We found weak evidence that baseline corticosterone 
was negatively correlated with female body condition (r = − 0.16, t =
− 1.77, df = 116, p = 0.08; Fig. 2a) and found strong evidence that 
baseline corticosterone was negatively correlated with fat score (r =
− 0.35, t = − 3.66, df = 95, p < 0.001; Fig. 2b).

We assessed whether female baseline corticosterone concentrations 
that were sampled during either the incubation or nestling stage of the 
first brood predicted the probability of double-brooding that season. 
Baseline corticosterone levels differed between breeding stages (Pear
son’s product-moment correlation: r = 0.30, t = 3.59, df = 127, p <
0.001). Mean baseline corticosterone levels were 10.6 ± 8.0 ng/mL 
during the incubation stage (n = 63) and 14.6 ± 9.2 ng/mL during the 
nestling stage (n = 66). After controlling for the fixed effects of age (β =
− 0.34, z = − 0.65, p = 0.52), lay date (β = − 0.20, z = − 3.53, p < 0.001), 
and predation (β = − 4.40, z = − 3.77, p < 0.001), there was strong 
evidence that an interaction between baseline corticosterone and 
breeding stage predicted double-brooding (β = 2.80, z = 3.12, p = 0.002; 
Fig. 3; Suppl. Table 2a). We found moderate evidence that when they 
were sampled during the nestling stage of their first brood, females with 
low baseline corticosterone were more likely to double-brood compared 
to females with high baseline corticosterone (β = − 1.59, z = − 2.52, p =
0.01; Fig. 3; Suppl. Table 2b). However, we found weak evidence that 
when they were sampled during the incubation stage of their first brood, 
females with high corticosterone were more likely to double-brood (β =
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1.20, z = 1.98, p = 0.05; Fig. 3; Suppl. Table 2b).

4. Discussion

We present the first evidence for a relationship between baseline 
corticosterone concentrations and double-brooding in free-living pas
serines. We found moderate evidence for a negative relationship be
tween corticosterone levels sampled during the first brood nestling stage 
and double-brooding probability that season and weak evidence for a 
positive relationship between corticosterone levels sampled during the 
first brood incubation stage and double-brooding probability that sea
son. We discuss how these results provide support for the Cort-Fitness 
Hypothesis that predicts a negative relationship between baseline 
corticosterone and fitness (Bonier et al., 2009b) and postulate about the 
mechanisms driving a positive relationship between baseline cortico
sterone during the incubation stage and double-brooding.

Double-brooding can be a highly profitable breeding strategy for 
Savannah sparrows because females that produce second broods can 
double their annual fecundity (Woodworth et al., 2017a) and increase 
their lifetime reproductive success (unpublished data). Double-brooded 

females may have the ability to produce a second brood because they 
are higher quality individuals relative to other females in the population 
(Verboven and Verhulst, 1996). We hypothesized that, because corti
costerone is involved in energy regulation and mobilization of glucose, it 
may reflect other measures of condition and be related to double- 
brooding. We found weak and strong evidence, respectively, that body 
condition and fat scores were negatively correlated with baseline 
corticosterone concentrations. Thus, lower baseline corticosterone may 
be reflective of higher female condition. Because we also demonstrated a 
negative relationship between baseline corticosterone sampled during 
the first brood nestling stage and females attempting second broods, 
baseline corticosterone may be able to be used as a predictive biomarker 
for the female’s capacity for double-brooding that season. Future 
experimental studies manipulating resource availability and assessing 
the impact on baseline corticosterone and double-brooding could assess 
whether the mechanism is driven by resource-based condition versus 
other corticosterone-related processes.

While baseline corticosterone may predict double-brooding because 
it reflects resource-based condition, an alternative mechanism could be 
that high corticosterone levels at the end of the first-brood period 
directly suppress a second round of reproduction. In female birds, 
breeding onset involves a cascade of hormone secretion by the 
hypothalamic-pituitary-gonadal (HPG) axis: an increase in gonado
tropin releasing hormone stimulates the release of luteinizing hormone 
and follicle stimulating hormone from the pituitary, leading to the 
release of sex steroid hormones including estradiol and testosterone 
(Dawson et al., 2001; Sharp et al., 1998). Following the activation of the 
HPG axis, reproductive behaviours including mating, nest building, and 
egg laying occur (Austin et al., 2021; Cheng, 1975). Multiple studies on 
birds have demonstrated that high baseline corticosterone levels or 
exogenous corticosterone treatment may suppress hormone release from 
the HPG axis (Goutte et al., 2010a; Wilson and Follett, 1975) and delay 
or halt breeding or egg laying (Goutte et al., 2011; Goutte et al., 2010b; 
Salvante and Williams, 2003; Schoech et al., 2009). Future studies could 
manipulate corticosterone concentrations in females during early- 
breeding and the late-nestling stage to determine whether suppressing 
or increasing circulating corticosterone concentrations increases or de
creases double-brooding rates, respectively. Because high levels of 
corticosterone could simulate an acute stress response, studies manip
ulating corticosterone should limit an experimental increase to fall 
within typical physiological range for baseline corticosterone levels 
within the population.

A positive relationship between baseline corticosterone sampled 
during the first brood incubation stage and the probability of double- 
brooding could support the Cort-Adaptation Hypothesis (Bonier et al., 

Fig. 2. Correlations between female Savannah sparrow corticosterone concentrations and other physiological condition metrics: body condition (a) and fat score (b). 
a) weak evidence demonstrated that baseline corticosterone negatively correlated with body condition, b) strong evidence demonstrated that baseline corticosterone 
negatively correlated with fat scores. Error bars represent 1.5× interquartile range.

Fig. 3. Relationships between double-brooding and corticosterone between 
breeding stages in female Savannah sparrows. a) Weak evidence suggested 
baseline corticosterone was higher in females that produced a second brood 
that season when corticosterone was measured during the incubation stage of 
their first brood. b) Moderate evidence suggested baseline corticosterone was 
lower in females that produced a second brood that season when corticosterone 
was measured during the nestling stage of their first brood. Error bars represent 
1.5× interquartile range.
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2009b). Differences in baseline corticosterone between single- and 
double-brooded birds during incubation could be reflective of differ
ences in the costs of incubating and raising young as environmental 
conditions change across the breeding season (Bonier et al., 2009b). In 
this population, double-brooded females are often the earliest breeding 
females (Woodworth et al., 2017a) and temperatures are typically cooler 
earlier in the season in the Martimes region. Thus, it might be more 
difficult for females to accumulate sufficient resources for egg laying and 
incubation earlier in the season (te Marvelde et al., 2012). In our sample, 
first brood lay dates were on average 4 days earlier in double-brooded 
females compared to single-brooded females (single-brooded female 
first brood lay date: mean = ordinal date 148.5 ± 5.7, double-brood 
female first brood lay date: mean = ordinal date 144.5 ± 5.1). 
Average daily temperature values for the period between laying and 
hatching for double-brooders in this dataset were 0.4 ◦C lower than 
those for single-brooders (single-brooded females mean temperature 
between lay date and hatch date = 12.8 ± 1.4 ◦C; double-brooded fe
males mean temperature between lay date and hatch date = 12.4 ±
1.0 ◦C; weather data taken from an Environment and Climate Change 
Canada weather station approximately 110 km northeast of Kent Island; 
Burant et al., 2022; Woodworth et al., 2017b). However, while baseline 
corticosterone levels have been shown to be negatively related to 
environmental temperature in other songbird populations (Hau et al., 
2022), in our population, baseline corticosterone increased with tem
perature during the incubation period and decreased with temperature 
during the nestling period (Suppl. Table 1b). Thus, the hypothesis that 
double-brooders have higher corticosterone during the incubation 
period because they require more energy to breed when temperatures 
are lower earlier in the season seems unlikely. Alternatively, the finding 
that females with higher baseline corticosterone during the incubation 
stage were more likely to be double-brooded that season could be a 
spurious relationship. This relationship was weakly positive and 
appeared to be driven by a small number of individuals with highly 
elevated baseline corticosterone (Fig. 3). Thus, the positive relationship 
between baseline corticosterone sampled during the first brood incu
bation stage and the probability of double-brooding should be inter
preted with caution.

Similar to the findings in tree swallows (Bonier et al., 2009b), we 
observed that the relationships between corticosterone and double- 
brooding in Savannah sparrows depended on breeding stage. Howev
er, while Bonier et al. (2009b) found a negative relationship between 
baseline corticosterone sampled during early incubation and metrics of 
fitness (the number of fledglings produced and clutch mass), we found a 
negative relationship between baseline corticosterone and the proba
bility of double-brooding only during the nestling stage. Bonier et al. 
(2009b) also observed that the corticosterone-fitness relationship 
reversed in direction during the nestling period, where total baseline 
corticosterone was positively related to clutch mass. One reason for 
differences in the direction of the relationship between corticosterone 
and components of fitness in our study compared to Bonier et al. (2009b)
could be that the energetic requirements of each breeding stage differ 
between species. As aerial insectivores, tree swallows have been shown 
to expend less energy during the incubation period compared to the 
feeding period (Williams, 1988), while ground-foraging Savannah 
sparrows did not differ in the amount of energy expenditure during in
cubation compared to feeding (Williams, 1987). Thus, elevated corti
costerone concentrations observed in Bonier et al. (2009b) may be 
reflective of increased energetic requirements in females provisioning 
large broods whilst foraging on the wing. Since energetic requirements 
remain relatively consistent across the breeding season in Savannah 
sparrows, we speculate that a negative corticosterone-fitness relation
ship may have only been observed during the nestling stage due to the 
proximity in time between when sample measurements and the decision 
to double brood occurred. Because the decision to double-brood occurs 
either before or soon after the first brood fledges, a female’s physio
logical condition during the nestling stage may be more reflective of the 

energy a female has available to initiate a second round of reproduction 
and brood rearing.

While we did not set out to test whether the relative change in in
dividual corticosterone concentrations between breeding stages may be 
an important predictor of double-brooding, our results suggest that this 
may be an interesting pattern to explore in future studies. Comparing 
corticosterone levels within single-brooded females, mean baseline 
corticosterone appeared to be higher in females sampled during the 
nestling stage compared to females sampled during the incubation stage 
(Fig. 3). Comparing corticosterone levels within double-brooded fe
males, baseline corticosterone levels appeared similar between females 
sampled during the incubation and nestling stages (Fig. 3). Because 
high-quality females may have sufficient resources to mitigate the en
ergetic costs of providing parental care (Mitchell et al., 2012; van 
Noordwijk and de Jong, 1986), an increase in corticosterone across the 
parental care period may only be expected in lower quality individuals. 
Thus, an increase in corticosterone during the period of parental care 
would be predicted to occur in single- but not double-brooded females. 
In this population, there was no evidence for a difference between sin
gle- and double-brooded females in terms of how baseline corticosterone 
levels changed across the season (Suppl. Table 1a). However, because 
we did not sample the same females repeatedly during the first brood, it 
remains possible that changes in corticosterone levels within individuals 
across the season could differ between single- and double-brooders. 
Future studies could resample individuals throughout the breeding 
season to observe whether the relative change of baseline corticosterone 
across different parental care stages can predict double-brooding 
probability.

In conclusion, our results contribute to the understanding of intra- 
population variation in double-brooding behaviour and fecundity. We 
demonstrated that a female’s baseline corticosterone concentrations 
may reflect her internal energy stores and her capacity for double- 
brooding. Our study provides further support to the hypothesis that 
corticosterone-fitness relationships differ across life-history stages 
(Bonier et al., 2009b) and highlights the importance of limiting timing of 
sample collection to one breeding stage or controlling for the timing of 
sample collection within the statistical models.
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