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1. Early competitive environments can shape the development of offspring across taxa. For
example, competition for food can have downstream effects on offspring phenotypes and fitness;
however, little is known about how early competition influences the development of the
hypothalamic-pituitary axis and its potential tradeoff with growth. Because baseline and stressor-
induced concentrations of glucocorticoids serve different purposes yet are central to survival,

both should be evaluated both when assessing these potential tradeoffs.

2. We used a reciprocal partial cross-fostering study design in a free-living population of two
species of sympatric, closely related bird species to test the hypothesis that increased competition
during post-natal development leads to tradeoffs in the production of corticosterone (CORT), the
primary glucocorticoid in birds, and growth. In addition, we tested the extent to which these
responses differed between closely related species experiencing the same experimental

conditions.



3. We found that nestlings of both species had elevated concentrations of both baseline and
stressor-induced CORT in enlarged broods relative to control and reduced broods. In addition, we
detected higher stressor-induced CORT in Violet-green Swallows (Tachycineta thalassina) when

compared to Tree Swallows (T. bicolor) across treatments.

4. Violet-green Swallows grew slower than Tree Swallows in all treatments, and growth rate
tended to decrease as brood size increased in both species. Further, we did not detect a treatment
effect on the offspring survivorship to fledge or length of nesting period. Thus, elevated levels of
CORT appear to be adaptive via changes that maintain nest survival rates under challenging

conditions, such as when brood competition is high.

5. Our study showed that nestlings of closely related species that experience the same
environmental stressors can diverge in their CORT response, indicating that species-level
variation in CORT expression may be more important than environmental drivers. Further, we
found that variation in early competition can lead to changes in CORT expression in swallows,
and that this expression trades off with growth when brood competition is high. CORT may play

a key role for balancing energetic demands that arise in the face of nestmate competition.
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Introduction

Early rearing environments often play an important role in the development of
offspring across taxa. The post-natal developmental conditions that organisms experience
can have lasting effects on a variety of behaviors and physiological processes, such as the
propensity for learning and spatial memory (Nowicki, Peters, and Podos 1998; Roy and
Bhat 2016), stimuli discrimination (Farrell and MacDougall-Shackleton 2016), and
growth and cellular metabolism (DiRienzo et al. 2012; Garcia-Torres et al. 2015). In turn,
these can lead to variation in fitness by priming organisms for the environmental
conditions they might face as adults (Monaghan 2008; Crino and Breuner 2015). For
example, male Zebra Finches (Taeniopygia guttata) who were experimentally stressed
during post-natal development sired more and higher quality young (Crino et al. 2014c),
possibly as a frontloading tactic to compensate for stressor-induced decreases in
longevity (Tissier, Williams, and Criscuolo 2014).

Of the developmental conditions that organisms face, the degree of sibling
competition may be one of the most important in determining juvenile and adult traits, as
it often mediates energy acquisition necessary for adequate growth and development.
Competition among siblings for food resources is typical among species that raise young
in broods (Mock and Parker 1997), with the degree of competition being a function of
both resource availability (Divya et al. 2012; Morandini et al. 2013) and factors that
relate to offspring characteristics such as relative size (Harper 1986; Kacelnik et al. 1995;

Ostreiher and Heifetz 2016), as well as parental quality (Saino et al. 1997; Smiseth et al.



2007). In birds, environmentally mediated competition can have long-lasting and
sometimes permanent downstream effects on offspring phenotypes of fitness-related
traits such as body mass at time of fledging, immune function, and glucocorticoid (GC)
production (Saino et al. 1997; Eraud et al. 2008; Gil et al. 2008; Kozlowski et al. 2011;
Nettle et al. 2016). While it is generally accepted that competition negatively affects body
mass and immune functioning, studies testing the effects of within-brood competition on
the development of the GC response have seen conflicting results (Saino et al. 2003;
Eraud et al. 2008; Gil et al. 2008; Kozlowski et al. 2011). For example, although Saino et
al. (2003) saw increased GC concentrations in response to brood enlargement, other
studies (Eraud et al. 2008; Gil et al. 2008; Kozlowski et al. 2011) did not detect any
effect.

The secretion of GCs is a typical endocrine response to the stressors experienced
by individuals (Sapolsky, Romero, and Munck 2001). GCs are the end product of the
cascade of the hypothalamic-pituitary-adrenal (HPA) axis for the purpose of maintaining
or altering physiology and behavior during exposure to stressors; this is achieved though
permissive, suppressive, or stimulating action (Sapolsky et al. 2001; Romero 2004). In
vertebrates, GC production is an important physiological process which may mediate
fitness through influencing juvenile survival (Lendvai et al. 2009; Rivers et al. 2012) and
reproductive success (Bonier et al. 2009a, 2011; Angelier et al. 2007). Furthermore,
baseline concentrations of circulating GCs are strongly linked to metabolism and energy
balance. For example, baseline concentrations of corticosterone (CORT), the primary GC
in birds and reptiles, is essential for stimulating appetite, promoting glucogenesis, and

bolstering feeding behaviors (Sapolsky and Romero 2000)—processes which are critical



for maintaining energetic homeostasis. For post-natal individuals, elevated baseline
concentrations can increase begging behavior (Kitaysky et al. 2001b; Quillfeldt et al.
2006; Loiseau et al. 2008, Wada et al. 2008), although they have also been linked to
reduced growth rate and body condition (Morici, Elsey, and Lance 1997; Muller, Jenni-
Eiermann, and Jenni 2009, Wada et al. 2008). Similarly, the amount of additional
hormone released into the blood in response to an acute stressor, known as acute stress
response reactivity (Wada and Breuner 2007), also acts as an important contributor to
survival by priming an organism to escape from life-threatening situations (Wingfield et
al. 1998; Sapolsky et al. 2000). This is achieved by facilitation of locomotor activity and
exploration (Thaker, Lima, and Hews 2009), problem solving ability (Oitzl and Kloet
1992), and learning and memory acquisition (Thaker et al. 2010; Beylin and Shors 2003),
which are necessary traits for the successful assessment and survival of acute stressors.
These temporary, stressor-induced spikes in CORT concentration can therefore enhance
survival by redirecting energy away from non-critical processes such as feeding and
reproductive functioning (Sapolsky et al. 2000) and towards life-saving behaviors in
times of need (Patterson et al. 2014).

In altricial nestlings, which hatch naked, blind, and unable to thermoregulate, the
development of the stress axis likely begins within a few days of hatch but in a
hyporesponsive state where concentrations cannot be detected; it isn’t until the latter
stages of the nestling phase that the response becomes identifiable and continues to
mature until fledge (Schwabl 1999). Once detectable, the baseline and stressor-induced
CORT concentrations found in nestlings can predict CORT expression in adulthood.

Several studies have shown that post-natal CORT concentrations alter HPA axis



responsiveness when individuals are tested as adults (reviewed by Schoech et al. 2011).
Thus, study of the baseline and stressor-induced CORT systems can provide information
about an individual’s current state as well as its potential adult phenotype. It is important
to note that baseline and stressor-induced CORT bind to separate sets of receptors
(baseline CORT binds to Type | receptors whereas stressor-induced CORT binds to Type
Il receptors) and can therefore be considered separate physiological processes (Romero
2004).

Possible tradeoffs between CORT and nestling growth have been studied in just a
few instances. Previous studies investigating baseline CORT have found it does trade off
with nestling growth in White-crowned Sparrows (Zonotrichia leucophrys) (Wada and
Breuner 2008), though relationships between stressor-induced CORT and growth have
not yet been investigated. Because baseline and stressor-induced CORT have different
binding receptors (Sapolsky et al. 2000) and contribute to different aspects of avian
phenotypes (e.g. baseline concentrations are linked to fitness and metabolic homeostasis
whereas induced CORT mediates the response to acute stressors), it is important to assess
both when exploring developmental tradeoffs. Moreover, previous studies of this topic
have been generally restricted to an array of phylogenetically distinct species or related
species living in contrasted environments (e.g. allopatric subspecies of Swamp Sparrow
[Melospiza georgiana]; Angelier et al. 2011), and none have examined whether closely-
related, sympatric species have divergent physiological responses when confronted with
identical challenges during their development.

In this study, we used an experimental reciprocal partial cross-fostering

experimental design to evaluate potential tradeoffs in the development of the stress axis



and growth when nestmate competition was experimentally manipulated. Specifically,
our goals were to (1) quantify variation in the expression of baseline and stressor-induced
CORT due to experimental changes in rearing environment, (2) assess whether
experimentally-induced changes in CORT trade off with growth and if those tradeoffs
might influence fitness, and (3) evaluate whether ecologically similar, sympatric, closely
related species responded similarly when confronted with the same range of rearing
environments. We did this by altering brood size of two sympatric species of Tachycineta
swallows, the Tree Swallow (T. bicolor) and the Violet-green Swallow (T. thalassina),
shortly after hatching to create broods that were within the natural range of variation of
these species (Brown et al. 2011; Winkler et al. 2011), and then measuring potential
tradeoffs between nestling CORT and growth rate during development. These two
species are ecologically similar close relatives (Brown et al. 2011; Winkler et al. 2011,
Cerasale et al. 2012) and at our study site in western Oregon they breed concurrently in a
nest-box population and feed their offspring similar diets (Garlick, Newberry, and Rivers
2014); further, both species typically raise a single brood each season, exhibit female-
only incubation and biparental provisioning, and are similar in their clutch size,
incubation period, and nestling developmental period (Winkler et al. 2011, Brown et al.
2011).

We hypothesized that, relative to offspring in control broods, nestlings raised in
experimentally enlarged broods would have higher baseline and stressor-induced CORT
concentrations and lower growth rates, with longer nestling phases and lower nest
survival rates as consequences of these tradeoffs. In contrast, we hypothesized that

individuals raised in reduced broods would show the opposite pattern. Furthermore, we



hypothesized that close relatives would have consistent responses to variation in rearing
environments because of similar environmental pressures experienced during the
breeding season. We focus on production of endogenous CORT as a function of rearing
environments across a natural range of environmental conditions; our study stands as the
first investigation to quantify the rearing conditions - post-natal physiological
development - survival pathway in free-living populations of two sympatric species
thought to experience very similar selection pressures during breeding. This study will
provide context on how hormonal physiology and survival are linked during post-natal

development in similar species.

Materials and methods

Study Species and Population

Our work took place during May-August in 2015 and 2016 within the vicinity of
Corvallis, Oregon where we have established a nestbox-breeding population of Tree
Swallows and Violet-green Swallows that used approximately 45% of the 225 nest boxes
available to them in each year. In our study sites, these species use the same breeding
locations and prey resources (Garlick et al. 2014), though Tree Swallows generally begin
nesting activity two weeks earlier than Violet-green Swallows. We monitored nest boxes
every 2-3 days from the start of nesting to determine the nest initiation date, defined as
the date the first egg appeared in the clutch. The first nest initiation date for 2015 was 2
May for Tree Swallows and 20 May for Violet-green Swallows, and the first initiation

date for 2016 was 22 April for Tree Swallows and 16 May for Violet-green Swallows.



We restricted our study to the first breeding attempt in each nest box in each year to

maintain independence between broods.

Experimental Design

We manipulated the contents of nests on nestling day 3 (where nestling day 0 is
the day the first egg in a clutch hatched) to create three brood types across a gradient of
competition. Reduced broods were created via a net reduction of two nestlings relative to
starting brood size, whereas enlarged broods were created by a net increase of two
nestlings relative to starting brood size; this created broods that were between 40% and
66% smaller or larger than initial brood sizes. Control broods experienced no net change
in number of nestlings, although they too consisted of a mix of offspring from different
nests (see below). Mean starting brood sizes were similar among treatments for both Tree
Swallows (reduced broods = 3.1 nestlings + 1.1 SD, control broods = 4.5 nestlings + 1.2
SD, enlarged broods = 6.9 nestlings £ 1.3 SD) and Violet-green Swallows (reduced
broods = 2.9 nestlings £ 0.7 SD, control broods = 4.5 nestlings + 1.3 SD, enlarged broods
= 6.7 nestlings + 1.1 SD).

To create broods, we first paired nests that hatched within 24 h of one another,
although the great majority of pairs hatched on the same day (82.6%, n = 64 pairs for
both species combined). To ensure even treatment assignment across each breeding
season, we assigned every three consecutively-hatching nest pairs for each species into a
study block. Within each block, we randomly assigned one pair to serve as controls, and
each of the two remaining pairs became reduced and enlarged brood. For each of these

non-control brood pairs, we randomly assigned one nest each to an enlarged and reduced



treatment. On nestling day 3, we moved three nestlings from each reduced brood into the
enlarged brood with which it was paired while simultaneously removing one nestling
from the enlarged brood and moving it into the reduced brood. For control nest pairs, we
moved two nestlings from the first nest to the second nest, and vice versa. This approach
resulted in a net increase of two nestlings in enlarged broods, a net decrease of two
nestlings in reduced broods, and no net change in the number of nestlings in control
broods. Moreover, it ensured that all nests in our study experienced a combination of
nestlings that were related to the provisioning female (hereafter, natal nestlings), and
nestlings that were unrelated to the provisioning female (hereafter, foreign nestlings) in
the unlikely event that parents discriminated against non-kin young during provisioning
bouts. Nestling transfers took place between the hours of 6:30am and 6:00pm, and no
nestlings were held out of the nest longer than 30 min. We detected no differences in
CORT measures or growth rate between natal and foreign nestlings within each of our six
treatment x species combinations (Hardt et al., unpublished data) so we took combined
measures for all nestlings in a brood, regardless of their nest origination. One treatment
group did not receive older or heavier nestlings by chance (One-way ANOVA, age: F2473

=0.983, P =0.38; mass: F2473 =0.76).

Quantification of Nestling Growth and CORT Production

At the time broods were created, we measured each nestling for body mass and
clipped the tip of one or more of its claws in a unique pattern relative to its nestmates so
that we were able to quantify variation in growth rate between individuals in each brood.

We returned to nests to re-measure each nestling every three days until day 15 when we



collected CORT samples, resulting in 5 growth measures for each individual (i.e., days 3,
6, 9, 12, and 15). To quantify CORT, we selected two nestlings in the middle of the size
continuum and collected ~75 uL of blood from each by pricking the brachial vein of the
wing with a sterile 26-gauge needle, collecting blood with a capillary tube, and then
transferring it to a 3 mL sterile centrifuge tube. We took baseline blood samples within 3
min of initial contact to ensure pre-stressor hormone concentrations (Romero and
Romero 2002), and handling-induced CORT was measured from blood taken 30 min
after initial contact. All blood samples were placed on ice immediately after being
obtained. Because of slight differences in broods that resulted from hatching asynchrony
and non-matching hatch dates, the majority of nestlings were bled for CORT on day 15
(79%), with a minority bled on day 14 (10%) or day 16 (11%). Between baseline and
stress-induced sample collections, we kept all nestlings from a nest together in a small
cloth bag. To control for differences in CORT between natal and foreign nestlings, we
sampled from at least one natal and one foreign nestling within each brood, except for in
the rare cases in which nestlings in each group had died prior to sampling (n = 2 out of 98

broods).

Quantification of Adult Provisioning Rates

The amount of food a nestling obtains during development is directly linked to its
growth and development, so we quantified parental provisioning rates for nests in our
study. We did this by hiding a digital video camera >20 m from each nest box for a
minimum of 90 min on nestling day 9, and measured chicks immediately after filming to

avoid influencing delivery rates. We made simultaneous recordings for each set of paired



nests within each study block to control for time of day and weather effects. Swallows
carry food within their mouth when arriving at the nest box, so we were unable to
quantify food loads and were restricted to quantifying provisioning rates. Nevertheless,
prior work with Tree Swallows has shown that nest visitation rate provides an accurate
index for the amount of food delivered to the nest (McCarty 2002), so we assumed that
was the case in our study. To obtain data on parental provisioning from videos we used
an automated program, MotionMeerkat (Weinstein 2015), that used foreground detection
followed by contour analysis to determine when adults entered nest boxes to feed young.
In our population, female swallows significantly reduce brooding by day 9 and enter nest
boxes with food as soon as they return to the nest (Garlick et al. 2014); therefore, we
assumed that parents visiting the nests were doing so to feed their offspring. We ground-
truthed a random subset of approximately 10% of feeding videos from each species (n =
10) to assess precision and found that this program had 100% detection accuracy. For
analysis, we calculated per capita provisioning rate as the number of parental feeding

visits divided by the number of nestlings present in the nest on day 9.

Laboratory Analysis

Within 6 hours of taking blood samples we returned to a laboratory where we
centrifuged samples to separate blood plasma, which was then kept frozen at -80°C for 2-
17 months until analysis. To assay corticosterone in blood samples we used an enzyme
linked-immunoassay (EIA) supplied by CJ Munro (University of California-Davis). First,
we extracted samples in methylene chloride followed by drying under a gentle stream of

N, and then reconstituted samples in assay buffer. We then diluted polyclonal
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corticosterone antiserum (CJMO006) at 1:15,000 in coating buffer (0.05M NaHCO3 pH
9.6), with 50 ul/well on a 96-well Nunc-Immuno Maxisorp (Thermo-Fisher Scientific)
microtiter plate, covered with a plate sealer and allowed it to sit overnight at °C. The
next day, we washed plates five times (0.15 M NaCl, 0.05% Tween 20) before adding
standards or samples in duplicate; standards ranged from 3.9 to 200,000 pg/well. Next,
we diluted samples (50 ul/well) in a 1:20 ratio in EIA Buffer (0.1 M NaPO4, 0.149 M
NaCl, 0.1% bovine serumalbumin, pH 7.0) and then add 50 ul of diluted horseradish
peroxidase conjugate in EIA buffer (1:70,000) to each well. We incubated plates in the
dark at room temperature for two hours and then washed them before subjecting them to
an additional 20-minute incubation with 100 ul/well of ABTS [0.4 mM 2,2'-azino-di-(3-
ethylbenzthiazoline sulfonic acid) diammonium salt, 1.6 mM H202, 0.05 M citrate, pH
4.0]. Finally, we read plates at 405 nm using a spectrophotometer (Gen 5, BioTek,
Winooski, Vermont). To avoid plate-level variation, we randomized samples from
different treatments across plates. Coefficient of variation estimates for intra- and inter-
plate variation were < 8%. For a positive control we used a pooled blood plasma samples

from zebra finches.

Statistical Methods

To quantify the rate of growth, r, across the period during which we evaluated
nestlings (day 3-15), we used the program Mathematica (version 11.0.1) to create
individual body mass curves using the ‘Growth Fit” and ‘Logistic Growth’ programs. We
then used the “nls’ function in R (version 3.2.4) to fit a logistic growth curve for body

mass for each of our species x treatment combinations.
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To determine the effects of brood manipulation on response variables (i.e.,
baseline CORT, stressor-induced CORT, and growth rate), we used multiple linear mixed
effects models with the “mle’ function in R (version 3.2.4). All models were fitted using
weights = varldent for treatment and species to meet assumptions of residual variance
and normality. To evaluate the effect of our experimental brood treatments on baseline
and stressor-induced CORT, we constructed similar models that contained brood
treatment, species, and a treatment x species interaction as fixed effects, block and brood
ID as random effects, and the time of sample collection and per capita provisioning rate
as covariates. We included the time when each brood was sampled as a covariate because
baseline CORT exhibits diurnal patterns of variation in other songbird species (Romero
and Remage-Healey 2000; Rich and Romero 2001). We did not include the time from
first contact to the time blood samples were obtained because all samples were taken
within 3 min, which is thought to represent pre-stressor levels in birds (Romero and
Romero 2002). To assess how growth rate was influenced by brood treatments, we
constructed a model that contained treatment, species, and a treatment x species
interaction as fixed effects, with block and brood ID as random effects, and per capita
provisioning rate as a covariate. We used a model with the same parameters to assess
whether treatments influenced the length of the nestling phase. For our results, we report
least-squares marginal means and their 95% confidence intervals (Cls), which take into
account the mean of each covariate within the model, unless otherwise noted. To ensure
that growth was not biased downward by nestlings that were in fatally poor condition, we
removed individuals from analysis that did not survive during the time of our

experiments (day 3-15); this resulted in a minority of individuals being removed (15 %).
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Finally, to quantify the effects of brood treatments on brood survival, we
quantified the proportion of nestlings that successfully fledged from the nest after broods
were created. We analyzed this proportion in a binomial distributed model with a logit
link using the “glmer’ function in R package ‘Ime4; this model contained species,
treatment and a treatment x species interaction as fixed effects, block as a random effect,

and per capita provisioning rate as a covariate.

Results

We created 118 experimental broods over two years, of which 98 survived to day
15 and could be used for analysis (n = 58 Tree Swallow, n = 40 Violet-green Swallow);
the majority of nest failures (approximately 60%) were due to predation. Sample sizes
ranged from 18-21 nests/treatment for the Tree Swallow, where we had 11-17
nests/treatment for Violet-green Swallows. We detected no differences in brood sizes
between the two species when comparing within each treatment [reduced: £ = 0.57 (95%
Cl: -0.06, 1.20), tz7= 1.82, P = 0.076, control: 8 = 0.10 (95% CI: -0.96, 0.78), tzs = -0.23,

P =0.817, enlarged: 5 =0.79 (95% CI: -0.06, 1.65), t3s=1.86, P = 0.070] (see Fig. 1).

Baseline Corticosterone

We found that baseline CORT was influenced by treatment (F12=31.76, P <
0.001) (see Fig. 2a). We found no evidence that chicks in reduced broods had baseline
concentrations [4.27 ng mL™ (95% CI: 0.91, 7.863)] that differed from those in control
broods [4.13 ng mL™ (95% CI: 0.45, 7.80), # = 0.15 ng mL* (95% CI: -1.72, 2.02), t10s,64

=0.15, P = 0.871], although mean baseline CORT was greater in enlarged broods [12.29
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ng mL (95% CI: 8.52, 16.07)] than in control broods [4.13 ng mL™* (95% CI: 0.45,
7.80), p=8.16 ngmL™ (95% CI: 5.44, 10.89), t10s,64 = 5.88, P < 0.001)] and this
relationship was consistent across both species [ = -1.33 ng mL™ (95% ClI: -3.62, 0.95),
ti0s,64 = -1.16, P = 0.260]; treatment x species interaction: 5 = -0.004 ng mL™ (95% CI: -
2.78, 2.78), F12 = 0.40, P = 0.671]. Baseline CORT concentrations of nestlings in
enlarged broods were about 3.0 x (x 1.7 SD) greater than those of nestlings in enlarged

broods.

Stressor-induced Corticosterone

Stressor-induced CORT generally showed a similar pattern across treatments as
baseline CORT. Although we did not detect a difference between reduced [11.75 ng mL™*
(95% CI: 5.24, 18.25)] and control broods [9.91 ng mL™ (95% CI: 3.06, 16.79), = 1.84
ng mL (95% CI: -1.57, 5.24), tioz 64 = -1.06, P = 0.294)], induced concentrations of
CORT were higher in enlarged broods than in control broods [ = 15.62 ng mL™ (95%
Cl: 10.94, 20.31), F1o364 = -6.54, P < 0.001] (see Fig. 2b). However, unlike baseline
CORT, the stressor-induced CORT varied by species [ = 5.75 ng mL™ (95% CI: 0.88,
10.60), tios,64 = 2.31, P = 0.024], and although this pattern was similar across treatments,
the magnitude of the effect was much greater for enlarged broods [treatment x species
interaction: F1 = 2.48, P = 0.092]: induced CORT in Violet-green Swallows in enlarged
broods was 23.87 ng mL™ (95% CI: 17.13, 30.60) higher than in control (ti0s64 = -6.94, P
< 0.001), whereas induced CORT in Tree Swallows in enlarged broods was only 15.63

ng mL (95% CI: 10.94, 20.32) higher than in control (tieses = -6.54, P < 0.001).
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Growth Rate

We found evidence for a relationship between brood treatment and growth rate
(F12=5.07, P =0.008) (see Fig. 2c). In general, as brood size increased, growth rate
decreased, although this difference was only evident when we compared reduced broods
to enlarged broods ( = -0.04 per day, tx70,79 = -2.25, P = 0.027) Both species showed a
slight decrease in growth rate from reduced [TRES: 0.51 per day (95% CI: 0.49, 0.60);
VGSW: 0.37 per day (95% CI: 0.31, 0.43)] to control broods [TRES: 0.46 per day (95%
Cl1: 0.40, 0.52); VGSW: 0.36 per day (95% CI: 0.30, 0.42)] and from control broods to
enlarged broods [TRES: 0.44 per day (95% CI: 0.40, 0.48); VGSW: 0.31 per day (95%
Cl: 0.25, 0.37)]. Further, we detected a relatively slower growth rate in Violet-green
Swallows when compared to Tree Swallows, and this reduction was similar across
treatments [species: £ = -0.14 per day (95% CI: -0.22, -0.05), to70,79 = -2.25, P = 0.003;

species x treatment interaction: F1> = 0.04, P = 0.96] (see Fig. 3).

Length of Nestling Phase

We did not detect a difference in the length of the nestling phase, measured as
days between hatch and fledge, between treatments [25 days (95% CI: 23, 28), F1. =
0.084, P = 0.91] or between species [ = 2 days (95% CI: -1, 5), F12 = 1.44, P = 0.16],
and we saw no species x treatment interaction (F1,2 = 1.09, P = 0.34), although nestling
phases did tend to be slightly longer in Violet-green Swallows. Estimated mean Tree
Swallow nestling phase was 24 days (95% ClI: 22, 26) in reduced broods, 25 days (95%

Cl: 23, 28) in control broods, and 24 days (95% CI: 23, 26) in enlarged broods. Estimated
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mean nestling phase for Violet-green Swallows was 28 days for all treatments (reduced

95% CI: 27, 30; control 95% CI: 25, 30; enlarged 95% CI: 26, 30).

Nest Survival

We detected no difference in the proportion of nestlings that successfully fledged
from nests in different treatments [88.5% fledged (95% CI: 86.3%, 90.7%), F1. = 0.08, P
=0.759], or species (species: F12 =0.393, P = 0.976), with no species x treatment
interaction (F12 = 0.000, P = 0.988). Mean survival rates did appear to decrease slightly
in enlarged broods, but not significantly so. Estimated Tree Swallow survival rate was
98.9% (95% CI: 92.9%, 99.8%) in reduced broods, 92.2% (95% CI: 84.2%, 96.9%) in
control broods, and 85.7% (95% CI: 79.2%, 93.2%) in enlarged broods. For Violet-green
Swallows, estimated survival rate was 92.8% (95% CI: 78.9%, 97.8%) in reduced broods,
92.6% (95% CI: 80.7%, 97.5%) in control broods, and 84.8% (95% CI: 71.6%, 92.5%) in

enlarged broods.

Discussion

Measures of CORT

As predicted, both Tree and Violet-green Swallow nestlings exhibited increased
baseline CORT in response to experimentally increased competition, which may have the
potential to cause changes in nestling survival. Although some studies have achieved
similar results, baseline CORT responses to brood manipulation seem to be inconsistent
across species. For example, when Saino et al. (2003) experimentally enlarged the broods

of the Barn Swallow (Hirundo rustica), CORT concentrations increased; however,
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studies of other altricial species detected no effect of brood alteration on baseline
concentrations (Gil et al. 2008; Kozlowski et al. 2011). It may be that these discrepancies
can be explained by differences in the feeding compensation ability of parents; in our
study populations, at least, parents were unable to fully compensate for increased
provisioning demand (unpublished data). Alternatively, increased CORT concentrations
may be a mediator of food intake, not just a consequence of it. Because persistently
elevated baseline CORT facilitates begging behavior, appetite, and food intake in birds
(Sapolsky et al. 2001; Kitaysky et al. 2001a, 2003; Loiseau et al. 2008), it may be
adaptive by ensuring that nestlings get enough food when confronted with an especially
challenging developmental conditions. Importantly, in our study, brood enlargement did
not lead to treatment specific differences in survival. Thus, greater concentrations of
baseline CORT in enlarged broods could be a mechanism that helps maintain energetic
homeostasis by ramping up food consumption in response to reduced provisioning, acting
as part of a negative feedback loop which ultimately preserves nest survival rates in the
short term.

Although other studies have found relationships between sibling competition and
baseline CORT expression, ours is the first to test the effects of brood size on baseline
and stressor-induced CORT, each of which may have consequences for survival (Breuner
et al. 2008; Bonier et al. 2009). We found that stressor-induced CORT was significantly
higher in experimentally enlarged broods. Because induced CORT concentrations are
necessary for an adequate physiological and behavioral response to acute stressors
(Wingfield et al. 1998; Sapolsky et al. 2000), high concentrations may be an adaptive

reaction to unexpected stressors that arise during nesting. For example, inclement

17



weather has been shown to increase stressor-induced CORT in Lapland Longspurs
(Calcarius lapponicus), which could in part be due to short-term fasting during bad
weather (Aestheimer, Buttemer, and Wingfield 1995); indeed, fasting experiments with
White-crowned Sparrows elicit elevated stressor-induced CORT responses (Lynn et al.
2003). During storms, nestlings raised in large broods may be even further food-stressed
due to heightened competition for an extremely-limited resource, in which case an
elevated stressor-induced CORT response may be beneficial for navigating these low-
feeding periods. Additionally, competition-altered induced CORT responses could be
programmed during the nestling stage for use in later life history stages. In House
Sparrows (Passer domesticus), for example, recently fledged juveniles from
experimentally enlarged broods maintained higher stressor-induced CORT responses to
handling protocol, showing that nest environment can have lasting effects on HPA axis
reactivity (Lendvai et al. 2009). Our study suggests that this heightened stress reactivity
develops during the nestling stage, possibly so that it is fully functional and available for
use from the start of the fledging period.

Perhaps the most noteworthy result of our study was the strong difference
between the stressor-induced CORT responses of our two study species such that Violet-
green Swallows had higher stressor-induced CORT reactivity than Tree Swallows did
across treatments. Because both species appear to use similar nest (Brown et al. 2011;
Winkler et al. 2011) and food (Garlick et al. 2014) resources in our study, the differences
we observed are difficult to elucidate. One explanation arises from phylogenic
differences that have developed over evolutionary time. Violet-green Swallows are more

closely related to the Caribbean clade of Tachycineta swallows (i.e. the Bahama Swallow
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[T. cyaneoviridis] and the Golden Swallow [T. euchrysea]) than Tree Swallows (Cerasale
et al. 2012); therefore, current-day differences in CORT response may linked to having
an ancestor that evolved in a tropical location. Indeed, several studies have shown that
closely related temperate and tropical species have differing CORT responses (Wingfield
et al. 2008b), and glucocorticoid reactivity is relatively higher in lower latitude
populations (Silverin 1997, 1998; O’Reilly and Wingfield 2001). Although it is
interesting to speculate that evolutionary ancestry could contribute more to variation in
the stressor-induced CORT response than current environmental factors, data that allow
for conclusively addressing this is lacking. A broader study investigating several
descendants of the same evolutionary line, using both sympatric and allopatric species,
would be informative for understanding the relative contributions of environmental

versus genetic factors influencing post-natal CORT development.

Tradeoffs Between CORT and Growth Rate

The nestlings in our study trended toward exhibiting an inverse linear relationship
between brood size and growth rate (see Fig. 4). Because endogenous CORT production
increased while growth decreased in response to brood enlargement in our study, within-
brood competition seems to be a strong enough stressor to elicit tradeoffs between growth
trajectories and HPA axis functioning in nestling swallows. This aligns with previous
studies that have found negative relationships between baseline CORT and growth
(Morici et al. 1997; Wada et al. 2008; Muller et al. 2009) while showing that a

relationship exists for stressor-induced CORT as well.
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When environmental conditions are challenging, especially when food intake is
low, there may be a strategic shift from energy allocated to growth to energy allocated to
physiological maintenance mediated by CORT. If this shift is temporary, no permanent
effects may result; however, if CORT is maintained over long timescales and becomes
chronic, nestlings may experience reduced growth which could negatively affect survival
rates (Wada et al. 2008). Although we expected increased early competition to have some
negative effects on survival, we did not observe any differences in the proportion of
nestlings successfully fledged between treatments, indicating the tradeoffs we detected
were not linked to fitness consequences for offspring. Nevertheless, because fledging
mass is strongly correlated with juvenile survival in many species of migratory songbird
(Perlut and Strong 2016; Naef-Daenzer and Grueebler 2016), our study may have had
consequences for the quality of those chicks that do survive. Indeed, in other brood
manipulation experiments, nestlings raised in experimentally enlarged broods commonly
weigh less than those raised in smaller broods during the pre-fledge period (Saino et al.
2003; Gil et al. 2008; Wada et al. 2008; Kozlowski et al. 2011). Further, though we
expected that individuals from enlarged broods would stay nest-bound longer to
compensate for reduced growth rates, we saw no evidence that the length of the nestling
period was influenced by brood size. This suggests that, given the same amount of time
to grow, nestlings in enlarged broods will fledge in poorer condition for these species.
Thus, competition-induced tradeoffs between CORT and growth may be an adaptive
strategy for surviving to fledge, although we cannot be certain of its downstream effects

on juvenile and adult fitness.
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Interestingly, despite ecological and physiological similarities between our two
study species, Violet-green swallows showed a relatively slower growth rate than Tree
Swallows across treatments. Growth rate is likely influenced by the thermal properties of
broods, as growth has been shown to trade off with the development of endothermy in
other songbirds because of constraints on energy allocation (Olson 1992; Wegrzyn et al.
2013; Andreasson et al. 2016). The differences seen between our species could be an
endothermic consequence of size differences; because Violet-green Swallow chicks were
slightly smaller than Tree Swallow chicks at the time we measured CORT (Tree Swallow
19.8 (95% ClI: 19.11, 20.4), Violet-green Swallow 18.3 g (95% ClI: 17.5, 19.2); Hardt et
al. unpublished data), they may need to allocate more energy away from growth and
toward endothermic development; Indeed, initial brood cooling work suggests very rapid
cooling in reduced broods for other Tachycineta swallows, especially for the smaller
species (Ardia et al., unpublished data).

Species differences notwithstanding, our study found that for two sympatric,
ecologically similar species, both baseline and stressor-induced CORT responses during
the nestling period are influenced by early competitive environment, although the reason
why remains untested. To determine underlying mechanisms responsible for what drives
the CORT response to brood enlargement, further study should test how CORT varies
within a lab setting that can control for differences in food intake and thermal properties
of nests. We also showed that both baseline and stressor-induced CORT trades off with
growth when nestlings of these species are faced with heightened sibling competition.
However, we should take care in considering increased CORT levels in response to poor

conditions as an adverse outcome that may negative influence fitness, as it facilitates
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behavioral responses such as begging and predator avoidance that promote survival in
these less-than-ideal conditions. Regardless of the environmental circumstances in which
a nestling develops, stress axis functioning and growth must be carefully balanced so that

survival chances and future reproductive output are optimized.
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Figure Legends

Fig. 1. Mean brood size across treatments for both Tree Swallows (TRES) and Violet-
green Swallows (VGSW) showing that our experiment was effective at creating a
stepwise increase in mean brood size. We used the average number of nestlings present
over the day 3-15 period, as it more accurately represents the competitive conditions

nestlings experience during development than brood size on any single day.

Fig. 2. Predicted differences between control broods and manipulated broods for baseline
CORT (a), stressor-induced CORT (b), and growth rate (c). Both baseline and stressor-
induced CORT concentrations were higher in enlarged broods while reduced broods
showed no difference from control. Growth rates in both species trended toward an
increase in reduced broods and a reduction in enlarged broods. Dashed lines indicate the

reference levels in control broods.

Fig. 3. Growth curves for each species/treatment combination. Tree Swallows (TRES; a-
c) grew faster than Violet-green Swallows (VGSW; d-f) across all treatments (p-value =
0.014). Solid lines represent mean logistic growth curves whereas dashed lines indicate
asymptotic value (horizontal, across the top of the curve) and inflection point (horizontal,

halving the curve), and age at half of day 15 mass (vertical).

Fig. 4. Correlation between measures of CORT (ng/mL) and nestling growth rate (r).

Both baseline CORT (a-b) (correlation coefficient = -0.23) and stressor-induced CORT

(c-d) (coefficient = -0.26) were slightly negatively correlated with growth rate.
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