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Abstract

Background: Unpredictable and inclement weather is increasing in strength and frequency, challenging organisms
to respond adaptively. One way in which animals respond to environmental challenges is through the secretion of
glucocorticoid stress hormones. These hormones mobilize energy stores and suppress non-essential physiological
and behavioral processes until the challenge passes. To investigate the effects of glucocorticoids on reproductive
decisions, we experimentally increased corticosterone levels (the primary glucocorticoid in birds) in free-living
female tree swallows, Tachycineta bicolor, during the chick-rearing stage. Due to an unprecedented cold and wet
breeding season, 90 % of the nests in our study population failed, which created a unique opportunity to test how
challenging environmental conditions interact with the physiological mechanisms underlying life-history trade-offs.

Results: We found that exogenous corticosterone influenced the regulation of parental decisions in a context-
dependent manner. Control and corticosterone-treated females had similar brood failure rates under unfavorable
conditions (cold and rainy weather), but corticosterone treatment hastened brood mortality under more favorable
conditions. Higher female nest provisioning rates prior to implantation were associated with increased probability
of brood survival for treatment and control groups. However, higher pre-treatment male provisioning rates were
associated with increased survival probability in the control group, but not the corticosterone-treated group.

Conclusions: These findings reveal complex interactions between weather, female physiological state, and partner
parental investment. Our results also demonstrate a causal relationship between corticosterone concentrations and
individual reproductive behaviors, and point to a mechanism for why naturally disturbed populations, which
experience multiple stressors, could be more susceptible and unable to respond adaptively to changing
environmental conditions.

Keywords: Corticosterone, Stress, Reproduction, Tree swallow, Tachycineta bicolor, Biparental care, Inclement
weather, Hormone implant

Background

How much time and energy should parents invest in
their offspring? This question has long fascinated evolu-
tionary ecologists because the answer links major fields
of life-history theory, sexual selection, and population
ecology [1-3]. The concept of parental investment is
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based on the observation that reproduction is costly [4];
therefore, allocation of resources towards current
reproduction can come at a cost to longevity and future
reproduction [2]. However, the optimal balance of this
trade-off strongly depends on environmental context:
complex or unpredictable environments can alter the fit-
ness costs associated with parental investment and
thereby influence the evolution of life-history strategies.
Current environmental conditions are changing rapidly,
and population persistence may be influenced by the cap-
acity of organisms to respond flexibly to these changes [5].

© 2015 Ouyang et al. Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12862-015-0497-8&domain=pdf
mailto:j.ouyang@nioo.knaw.nl
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/

Ouyang et al. BMC Evolutionary Biology (2015) 15:219

Investigating endogenous hormone levels can provide
exceptional insight into the proximate mechanisms me-
diating context-dependent resource allocation decisions
because hormone levels change in response to both en-
vironmental and internal stimuli [6—10]. Glucocorticoid
steroid hormones (GCs) are particularly important be-
cause they maintain energetic balance in the face of
changing environmental demands [11-14]. The function
of GCs varies with circulating concentrations [15, 16].
For instance, at elevated levels (Level C sensu [17, 18]),
GCs induce an emergency life-history stage and promote
physiological and behavioral responses that enhance im-
mediate survival while inhibiting reproduction [19]. In
contrast with the negative effects of high GC levels on
reproduction, at seasonal baseline levels (Level B sensu
[17, 18]), GC levels are positively related to reproductive
performance, and help sustain the high metabolic costs
of parental care [20, 21]. For example, recent studies
that experimentally elevated corticosterone (‘cort’, the
primary GC in birds) levels within the baseline range
found support for a positive influence of baseline cort
on reproductive effort, such as increases in incubation
and parental care [22-24]. Thus, the ‘cort-adaptation hy-
pothesis’ suggests that individuals that can effectively
up-regulate their endogenous cort secretion will meet
the high energetic requirement of parental care [25].
The opposing effects that cort exerts on survival and
reproduction make GCs ideal candidates as a common
physiological mechanism underlying life-history vari-
ation [14, 26, 27], but we lack experimental studies in
free-living species under varying environments.

Our goal in this study was to investigate the effects of
elevated cort levels on parental investment in breeding
birds. We used exogenous cort pellets to experimentally
increase cort levels in female tree swallows (Tachycineta
bicolor) during chick-rearing. The study year (2013) was
characterized by a period of exceptionally cold and rainy
weather at our field site, which had a detrimental impact
on the flying insects that tree swallows rely upon exclu-
sively to feed their offspring [28]. Repeated, sudden
drops in temperature led to massive reproductive failure
in the study population: 90 % of tree swallow nests
failed, as opposed to an average of 53 % nest failure in
this population over the previous 5 years [F. Bonier un-
published]. Although the immediate cause of this mor-
tality remains unknown (adults may have deserted the
brood, or the young could have died due to insufficient
food supplies and/or hypothermia), harsh weather condi-
tions throughout the season could have exerted strong
selection on the combination of traits that enabled some
individuals to cope with weather as nest desertion oc-
curred throughout the season. Thus, our study repre-
sents a unique investigation of the combined effects of
parental feeding rates prior to hormone manipulation
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and experimentally elevated cort levels on reproductive
success under varying environmental conditions within a
breeding season. We investigated how adverse weather
conditions interacted with the experimental cort elevation
to affect brood mortality. In addition, we investigated
whether initial parental feeding rates were associated with
brood survival and whether the hormonal treatment and
weather conditions altered this effect.

Results

There were no significant differences (all p-values > 0.2)
between the control and treatment groups in pre-
manipulation cort levels, body condition, hematocrit,
brood size, or feeding rates. Thirty-one of 33 nests (15
of 16 cort-female nests, 16 of 17 control-female nests)
failed during the nestling period, although timing of nest
failure varied. Because we captured adults with nest box
traps, and because swallows depart from the study site
after nest failure, we were not able to measure post-
treatment hormone levels.

Parental body condition and pre-implant cort levels
(male and female) did not predict brood survival time
(all p>0.16). Average nestling mass also did not predict
brood survival time: on average, a one gram increase in
nestling mass decreased daily mortality by 6 %, but this
effect was not significant (p = 0.69). Brood size also did
not predict brood survival (p = 0.36).

We examined how weather altered the effect of treat-
ment on brood survival and found that maximum
temperature and relative humidity significantly improved
model fit (Table 1a). The best-supported model in this
set of candidate models included maximum temperature
and an interaction between relative humidity and treat-
ment (Table 1a). Parameter estimates (Table 2a) showed
that broods of cort-implanted females had higher failure
risk (ie., higher daily mortality) than control broods.
However, this effect was modified by weather. Cold tem-
peratures increased daily mortality, such that decreases
in daily temperature induced immediate, concomitant
increases in nestling mortality (Fig. 1). A strong inter-
action effect between treatment and relative humidity
was observed: when relative humidity was low (dry wea-
ther, daily humidity below 80 %), cort treatment in-
creased the risk of brood failure compared to controls,
but this difference disappeared during humid weather
(relative humidity above 80 %; Fig. 2).

Second, we looked at whether parental behavior the
day before capture predicted brood survival. The best-fit
model in this set of candidate models included both
male and female feeding rate and an interaction between
male feeding rate and treatment (Table 1b). High female
feeding rate prior to implantation was associated with
lower brood mortality, regardless of implant type
(Table 2b). The association between male feeding rate
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Table 1 Candidate model sets for A) the effect of weather and
cort treatment, B) the effect of parental behavior and cort
treatment, and C) the effect of weather, parental behavior, and
cort treatment on tree swallow brood survival

Model id K AlCc Effects in the model AAICc
A1 4 16093 maxtemp + rh X treatment 0.00
2 5 16282 (maxtemp + rh) X treatment 1.89
3 2 16334 maxtemp + treatment 241
4 3 16534 maxtemp + rh + treatment 441
5 2 16586 maxtemp+rh 493
6 4 16640 rh+ maxtemp X treatment 547
7 2 16793 rh+treatment 7.00
8 1 16833 treatment 740
9 0 16872 null 7.79
B. 10 4 16337 ffv+mfv X treatment 0.00
11 5 16465 (ffv + mfv) X treatment 1.28
12 4 16730 mfv+ffv X treatment 393
13 3 16783 mfv+ffv+ treatment 446
14 2 16963 ffv+treatment 6.27
15 2 17025 mfv+treatment 6.88
C 16 8 15992 maxtemp x mfv x treatment+ffv ~ 0.00
17 8 16192 rhxmfvx treatment + ffv 2.00

K denotes the number of parameters in the model, AICc refers to the second
order Akaike Information Criterion, AAICc shows the difference between the AlCc
value of a given model and the best-fit model in the set. Variable abbreviations:
maxtemp daily maximum temperature, rh relative humidity, mfv/ffv male/female
feeding rate (visits/h/chick)

and brood survival was more complex. Nests where
males had a high feeding rate prior to implantation had
lower brood mortality if the female was subsequently
control-implanted, but higher brood mortality if the fe-
male was cort-implanted (Table 2b).

Finally, we investigated whether the treatment-
dependent effects of male parental behavior on brood sur-
vival could be due to a difference between treatment
groups in the males’ sensitivity to changing weather condi-
tions (i.e., weather x feeding rate x treatment interaction).
For both weather variables (maximum daily temperature
and relative humidity), adding this three-way interaction
increased model fit substantially (Table 1c). Parameter es-
timates for these models indicate that during inclement
weather (low temperature), initially high male feeding rate
was associated with low nestling mortality in control
broods, whereas high male feeding rate was associated
with high nestling mortality for broods of cort-
implanted females. In more favorable weather condi-
tions, initially high male feeding rate was associated
with decreased nestling mortality in the cort-
implanted group, whereas male feeding rate did not
have a consistent relationship with nestling mortality
in the control group (Table 2c, Fig. 3).
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Table 2 Parameter estimates from time-dependent Cox
proportional hazard models analyzing factors affecting daily chick
mortality for the best-fit candidate models from Table 1. Treatment
effects are given for control-implanted females relative to cort-
implanted females

Variable coef  SE p value
A. Log rank test score = 14.33, df =4, p = 0.006

Maximum daily temperature -0.11 005 0.050
Relative humidity -003 002 0187
Treatment (control) —-742 292 0011
Relative humidity x treatment 008 003 0017
B. Log rank test score =13.51, df =4, p=0.009

Female feeding rate per chick -080 032 0014
Male feeding rate per chick 100 039 0010
Treatment (control) 111 072 0126
Male feeding rate X treatment -153 062 0013
C. Log rank test score =25.38, df =8, p=0.001

Daily max. temperature 017 012 0163
Male feeding rate 562 224 0012
Treatment (control) 9.14 355 0010
Female feeding rate -064 033 0053
Daily max. temperature x male feeding rate -022 010 0035
Daily max. temperature X treatment -040 018 0023
Male feeding rate X treatment -759 296 0010
Daily max. temperature x male feeding 003 015 0043

rate X treatment

Coef indicates the estimated coefficient and ‘SE standard error of that
estimate in the model

Discussion

Inclement weather provided us with an opportunity to
test the consequences of an altered physiological state
during a major ecological challenge. Our results reveal
that the effect of cort treatment on brood survival de-
pends strongly on weather conditions, such that treat-
ment differences were only evident during periods of
benign weather. Moreover, our results reveal a complex
interaction between weather, the females’ physiological
state, and their partners’ parental feeding rate. In par-
ticular, male sensitivity to changes in both the environ-
mental conditions and the state of their partner seems
to be an important component of the reproductive suc-
cess of a breeding pair. These findings not only indicate
that the causal relationship between cort concentrations
and brood survival is context-dependent, but also pro-
vide evidence that glucocorticoid mechanisms can at-
tune individual state to external conditions.

It is important to note that we would not have seen
the context-dependent effect of cort on reproductive
success had we performed the study in a year with typ-
ical weather conditions. Repeated drops in temperature
(Fig. 1) gave us the ability to analyze how weather
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Fig. 1 Rapid, repeated drops in temperature (upward spikes in the dotted line) were accompanied by concomitant increases in mortality,
especially in control broods. Predicted values (relative risk of nest failure, i.e, daily mortality relative to the mean) and corresponding standard
errors from the best-supported Cox proportional hazard model (see Table 2a) are plotted against date. The grey bands represent the standard
error of the predicted values for the risk of nest failure (left y-axis). The dotted blue line shows the daily maximum temperature (°C) and corresponds
to the right y-axis. To facilitate interpretation, the scale on the right y-axis was reversed
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affected the daily probability of brood survival. Our re-
sults show that low temperatures and high humidity has-
tened brood mortality for both control and cort-
implanted birds, but as weather conditions worsened
(e.g., between June 4 and June 7), the difference between
treatment groups diminished. This interaction effect was
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Fig. 2 When relative humidity is low, broods of cort-implanted
females had higher risk of failure than control broods, but this
difference disappears when relative humidity is high. Predicted
values (relative risk of nest failure, i.e, daily mortality relative to the
mean) from the best-supported Cox proportional hazard model (see
Table 2a) are plotted in relation to relative humidity and the treatment.
Solid and dashed lines represent cort and control groups, respectively,
and the grey bands represent the standard error of the predicted
values. A loess smoother was applied to the predicted values to
facilitate interpretation. The non-linearity of the predictions is
due to the effect of maximum temperature in the model

especially marked for relative humidity, resulting in a
statistically significant interaction with treatment (Fig. 2).
When daily humidity was below 80 %, the risk of brood
failure was higher for cort-treatment birds than for con-
trols (Fig. 2). However, this treatment effect disappeared
with high relative humidity (> than 80 %; [29]), such that
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Fig. 3 High male feeding rate prior to cort treatment combined
with cold temperatures increases the risk of brood failure. Predicted
values (relative risk of nest failure, i.e., daily mortality relative to the
mean) from the best-supported Cox proportional hazard model (see
Table 2¢) with respect to pre-treatment male feeding rate and female
cort manipulation. Solid and dashed lines represent cort and control
groups, respectively, and the grey bands represent the standard error
of the predicted values. For visualization purposes in this figure only,
maximum daily temperatures <20 °C were considered a cold period
and maximum daily temperatures 2 20 °C were considered normal;
note that temperature was treated as a continuous variable in all

statistical analyses (e.g, Table 2c)




Ouyang et al. BMC Evolutionary Biology (2015) 15:219

in rainy weather, all individuals had a high risk of brood
failure (Fig. 2; Table 2a). These inclement conditions
occur in approximately 5 % of breeding seasons in a
nearby population [28], and have thus likely shaped se-
lection on reproductive trait reaction norms. Given that
extreme weather conditions are predicted to occur more
often as a result of global climate change (IPCC AR4),
our findings have important implications for under-
standing whether organisms can respond to increasingly
frequent climatic challenges. Individuals with high cort
levels may not be able to properly attune their state and
reproductive decisions to increasingly challenging envir-
onmental conditions.

A limitation of our study is that we were not able to
obtain post-implant hormone levels, because catching
the adults requires an active nest, and all but three
broods had failed by the time of the planned recapture
of the parents. Although knowing exactly how the pellets
modified the cort profile of the birds would have been
useful, we found a difference between the treatment and
the control groups in brood mortality, which suggests a
causal role of the hormone treatment. Although our
conclusions are limited by the lack of post-treatment
hormone samples, we can still conclude that the cortico-
sterone implant resulted in a mismatch between envir-
onmental conditions and physiology that ultimately
caused lower fitness under otherwise favorable conditions.

We found that broods were less able to persist when
the females’ cort levels were experimentally increased.
The females’ hormonal state is, therefore, an important
factor in determining a brood’s susceptibility to environ-
mental fluctuations. In other words, cort-treated females’
brood success resembles that of control females during
poor weather conditions. Therefore, elevation of cort ap-
pears to increase the parents’ sensitivity to further chal-
lenges [30], and/or inhibit individual attunement to
weather conditions. Moreover, elevated corticosterone
concentrations have been shown to decrease prolactin
levels and parental care [31]. Even if moderately elevated
cort levels are beneficial for fueling demanding parental
activities (as the ‘cort-adaptation hypothesis’ suggests
[25]), such elevation may represent a risk-prone strategy,
in which the benefits depend on predictable (e.g., cli-
matic) environmental conditions. If this interpretation is
correct, then we would expect selection to act against
this strategy in environments where the probability of
adverse, unpredictable conditions is high. With global cli-
mate change, the occurrence of such conditions is increas-
ing ([32]; IPCC AR4), which could in turn affect the
evolution of hormonal regulation of resource allocation.

We also found that brood survival was related to ini-
tial male provisioning behavior and its interaction with
hormone treatment, even though only adult females re-
ceived treatment implants. While high female parental
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effort before treatment increased brood survival across
both treatment groups, male feeding effort had a positive
effect at control nests only. The pattern was reversed for
nests where the female was implanted with cort; at these
nests, high male investment prior to treatment was asso-
ciated with lower brood survival. Why would initially
high male investment result in lower brood survival in
this context? We propose three alternative, but not mu-
tually exclusive, explanations. First, high-invested males
may be especially sensitive to changes in their partner’s
effort [33, 34]. Male and female feeding rates were posi-
tively correlated before treatment [35], so it is possible
that males match their feeding effort to their partner’s
effort [36]. Therefore, the observed pattern of nest fail-
ure might have occurred if cort-treated females de-
creased their feeding rate, and males with high parental
effort responded more strongly to changes in their part-
ner’s effort than other males. Second, males that were
investing the most effort early on might be more sensi-
tive to weather changes [37, 38], and less able to persist
with their high level of investment after their partner
was hormone-implanted. To investigate this possibility,
we examined the interaction between male feeding,
treatment, and weather conditions. Consistent with this
explanation, we found that the opposing effects of initial
male (but not female) feeding rates on brood survival
were only apparent during unfavorable weather condi-
tions (Fig. 3). Finally, females may be more willing to
decrease feeding rate when paired with a good pro-
vider. If so, cort-implanted females might be more
likely to desert their broods when paired with a high-
provisioning male, because a high-provisioning male
could potentially provide sole care. Additional studies
on parental care dynamics are needed to differentiate
among these explanations, to help understand how
changing environmental conditions influence the nego-
tiation over parental care.

Our results have implications for understanding and
predicting the persistence of breeding bird populations.
In general, parents are predicted to stop investing in
their current offspring when the marginal gain from par-
ental care is less than that of alternative behaviors that
enhance the parent’s future reproductive opportunities
[3, 39, 40]. One of the main alternatives to parental care
is re-mating and subsequent reproduction, however, the
tree swallows in our population do not re-nest later in
the same season. Therefore, brood desertion entails zero
reproductive success for a given year, potentially reducing
lifetime reproductive success (average lifespan of tree swal-
lows 2.7 years; [41]), and contributing to local population
decline [42]. With lower temperatures and heavier rainfall
in June as compared to previous years, the assessment of
physiological mediators of reproductive success and their
flexibility in response to external conditions becomes vital.
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Our study provides evidence for a causal link be-
tween cort and a metric of reproductive success that
represents a major component of fitness. Further-
more, our results demonstrate how an individual’s
physiological state (cort treatment) can interact with
partner parental investment to influence brood sur-
vival in response to challenging environmental condi-
tions. We propose that elevated cort levels caused a
mismatch between parents’ reproductive behavior and
the weather conditions. These results suggest that
populations in which organisms experience increased
cort levels as a result of disturbance (e.g., urban
noise, pollution, and predation) might be less able to
respond appropriately to climate change.

Methods

Study area and general field procedures

We conducted this study from May 1 to July 30, 2013
at the Queen’s University Biological Station in Elgin,
Ontario, Canada (44.6°N, 76.3°W, ~140 m elevation).
At this site, there are 229 nest boxes set up in a grid
network across nine fields. We monitored tree swallow
nests daily following the completion of nest building to
determine first egg date (May 8-16th), clutch size, and
the onset of incubation. We also checked nests daily
13 days after clutch completion to determine the date
of hatching (day O of the nestling period), and we
weighed the nestlings on day 4 post-hatching. Nests
were monitored every other day during chick-rearing.
We defined outcome date as the date when the young
fledged or were found dead (June 1-June 29). The date
when broods were found to have no remaining living
chicks (defined as the date of nest failure) was used for
brood survival analysis.

Our study period was characterized by unusually high
precipitation and rapid, repeated drops in temperature
(when daily maximum temperatures fell below 20 °C). Ac-
cording to Environment Canada (https://weather.gc.ca/
canada_e.html), total precipitation in June 2013 was
132 mm as compared to only three times in the past
20 years in which rainfall during June exceeded 100 mm.
Additionally, for 10 of the 30 days in June, the maximum
daily temperature did not reach 18.5 °C, the critical
temperature for insect flight [28], as compared to the pre-
vious 20 years with an average of only 2.8 days during June
with maximum temperatures below 18.5 °C.

All procedures followed guidelines for animal care out-
lined by ASAB/ABS and the Canadian Council on Animal
Care (CCAC), and were approved by the Virginia Tech’s
Institutional Animal Care and Use Committee (protocol
#12-020) and Queen’s University Animal Care Committee
(2013-019). All birds were banded under Canadian
Wildlife Services banding permit #10771.
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Behavioral observations

Observers, blind to the experimental treatment, performed
behavioral observations for one hour between 0730 and
1300 h during day 3 post-hatching and recorded parental
feeding rates (visits/hr/chick) and time spent in the box as
a proxy for brooding (durations > three minutes were de-
fined as brooding). In tree swallows, the number of visits to
a nest is an accurate measure of food delivered to nestlings
[43]. Rose [44] found that the cumulative number of tree
swallow parental feeding visits increased linearly over the
day, indicating that diel variation in visit behavior is unlikely
to affect our estimates of feeding rates. One hour observa-
tion of visit rate is a good predictor of total daily visit rate
for both females and males in this population [Lendvai
et al.,, MS in review].

Blood sampling and hormone manipulation
On day 4 of chick-rearing (May 31-June 8), we captured
both parents in their nest box and collected a blood sample
from the brachial vein (200 pl) within 3 min of capture
(mean + standard error: 2.13+0.003 min). Sample time
within this 3-min period was not significantly related to
measured cort level (Pearson’s correlation: r=0.12, p = 0.13,
n = 65). Blood was stored in heparinized capillary tubes on
ice and sealed with clay until further processing. Samples
were centrifuged within 3 h of collection for 10 mins.
Hematocrit (relative amount of red blood cells in the total
blood volume) was measured to the nearest mm. Red blood
cells and plasma were then separated and stored at —20 °C.
After collecting the blood sample, we measured the birds’
skull length (head + bill) to the nearest 0.1 mm, and body
mass to the nearest 0.25 g. We released adult males after
taking these measurements. Adult females were randomly
assigned to either a control or treatment group and re-
ceived either a cort (n = 16) or a control (n = 17) pellet im-
plant (0.5 mg 60-day release, Innovative Research of
America, Sarasota, FL, USA) of the same type used in pre-
vious hormone manipulation experiments with birds [45].
After applying topical lidocaine (10 %) to the exposed skin,
we placed subcutaneous implants after making a 2 mm in-
cision on the dorsal epidermis between the shoulders. After
the pellet was inserted, we sealed the opening with liquid
bandage. Adults were released within 10 min of capture.
We allocated treatment using a randomized block design,
with capture day as a blocking factor to control for poten-
tial seasonal effects.

Hormone analysis

Total cort from plasma samples was quantified through
direct radioimmunoassay, as described by [20]. Briefly,
cort was extracted from plasma using dichloromethane,
and extracts were reconstituted in PBS buffer. Mean ex-
traction efficiency was 73 % and final concentrations
were corrected for individual extraction efficiencies. We
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used a commercial antiserum (Esoterix Endocrinology,
Calabasas Hills, CA 91301, Product number: B3-163). The
extracts were incubated overnight at 4 °C with 14 K dpm of
3H-Cort (Perkin Elmer, Product number: NET399250UC)
and antiserum. Dextran-coated charcoal was added to sep-
arate cort bound to antibodies. After centrifugation, the
radioactivity of the bound fraction was counted in a liquid
scintillation counter. Within-assay variation among repli-
cate known-concentration standard samples was 3.12 %.
Minimal detectable cort levels were 1.16 ng/mL, and no
samples fell below this detection limit.

Statistical analysis

We performed statistical analyses using R version 3.0.1 (R
Core Team 2013). We compared pre-implant cort levels,
adult body condition, haematocrit, and brood size between
the treatment groups. Body condition was estimated as a
scaled mass index [46], using each individual's body mass
and skull length. Brood survival was analyzed using Cox
proportional hazards regression models for censored data
[47-49] with weather conditions as time-dependent covari-
ates (see below for weather measurements). This type of
survival analysis models the time that passes before some
event occurs in relation to one or more covariates. In our
study, the response variable in this analysis was the time
until nest failure. We checked nests for brood survival until
20 days post-hatch, and analyzed daily brood survival from
implant date until day 20 of the nestling period or nest fail-
ure, whichever came first, for all nests in the population
(not just for the one nest in each treatment group that
fledged offspring). To avoid confounding brood survival
with fledging time, the two broods that were still alive at
day 20 were right-censored in all analyses of brood survival
(broods can fledge at 21 days, range 21-25; F. Bonier
unpublished).

We considered the following independent variables
and their interactions: hormone treatment, weather con-
ditions, and parental feeding rates (visits/hr/chick), and
we used the second order Akaike’s Information Criterion
(AICc) to compare candidate models [50]. All models
met the assumptions for Cox regression.

Weather data were collected from two HOBO™ data log-
gers placed at Queen’s University Biological Station that re-
corded local temperature and relative humidity values every
hour. We calculated daily maximum temperature and daily
mean relative humidity (as a proxy for precipitation) be-
cause previous work on tree swallows indicates that these
factors affect parental feeding rate [28, 43]. Both variables
were analyzed as continuous variables in our statistical
models. Because we checked nests in the morning, nestling
survival was likely to be more strongly affected by the pre-
vious day’s conditions rather than the conditions on the
outcome day. Thus, when analyzing brood survival, we
used weather conditions from the preceding day.
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