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Synopsis Individuals undergo profound changes throughout their early life as they grow and transition between life-
history stages. As a result, the conditions that individuals experience during development can have both immediate and
lasting effects on their physiology, behavior, and, ultimately, fitness. In a population of Canada jays in Algonquin
Provincial Park, Ontario, Canada, we characterized the diet composition and physiological profile of young jays at three
key time points during development (nestling, pre-fledge, and pre-dispersal) by quantifying stable-carbon (6'°C) and -
nitrogen (8'°N) isotopes and corticosterone concentrations in feathers. We then investigated the downstream effects of
early-life diet composition, feather corticosterone, and environmental conditions on a juvenile’s social status, body
condition, and probability of being observed in the fall following hatch. Across the three time points, the diet of
Canada jay young was composed primarily of vertebrate tissue and human food with the proportion of these food
items increasing as the jays neared dispersal. Feather corticosterone concentrations also shifted across the three time
points, decreasing from nestling to pre-dispersal. Dominant juveniles had elevated corticosterone concentrations in their
feathers grown pre-dispersal compared with subordinates. High body condition as nestlings was associated with high
body condition as juveniles and an increased probability of being observed in the fall. Together, our results demonstrate
that nestling physiology and body condition influence the social status and body condition once individuals are inde-
pendent, with potential long-term consequences on survival and fitness.

Introduction poor conditions early in life can have pronounced

Throughout early life, individuals undergo profound
changes in morphology, physiology, and behavior. At
the same time, threats of predation, low or fluctuat-
ing resources, and competition for resources can be
potent selective filters. Individuals exposed to good
early-life conditions often live longer than those that
underwent development in poor conditions (see the
“silver spoon hypothesis”; Grafen 1988; reviewed by
Lindstrom 1999 and Monaghan 2008). Young ani-
mals may experience adverse conditions during peri-
ods of social competition or nutritional restriction
due to low food availability or consumption of a
diet consisting of low caloric/nutrient foods. While

immediate effects (Lindstrom 1999), they may also
result in long-term programming of the endocrine
system (Spencer et al. 2009; Grace and Anderson
2018), the immune system (Cole et al. 2012) and
behavioral responses (Gardner et al. 2005; Spencer
and Verhulst 2007), leading to reduced reproductive
success and ultimately, reduced survival. Thus, how
individuals cope with the conditions they experience
during development can play an important role in
modulating offspring mortality and fitness.

Dietary shifts during early life can be drivers of sub-
sequent fitness due to the high nutritional demands
associated with growth and development. Diet during
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development may shift as individuals become larger
because they may be able to expand the range of
prey they are capable of catching and consuming
(e.g., Olson 1996). As individuals grow, in addition
to learning how to forage, they may also change hab-
itats, allowing them to access novel prey species (e.g.,
Davic 1991). Switching to more profitable food sour-
ces, such as those rich in protein and fat, may result in
increases in growth rate with positive downstream
effects on survival and recruitment (Post 2003;
Sanchez-Hernandez et al. 2019). Overall, changes in
both diet composition and abundance of prey are likely
to be important during growth and development.

Concurrent with early life shifts in diet is the on-
going development of physiological systems such as
the hypothalamic—pituitary—adrenal axis (HPA). The
HPA is activated in response to stimuli such as low
resource availability, inclement weather, and threats of
predation resulting in the release of glucocorticoids
(e.g., cortisol in many mammals and corticosterone
in birds). Upon secretion, glucocorticoids act on target
tissues to increase glucose in the blood by increasing
gluconeogenesis, proteolysis, and lipolysis (Sapolsky
et al. 2000) and also by modulating foraging
(Kitaysky et al. 2003) and begging behavior (Schoech
et al. 2011). Following birth, there is a hyporesponsive
period where the HPA is relatively insensitive to many
stimuli (fish [HPI axis]: Barry et al. 1995; mammals:
Sapolsky and Meaney 1986; birds: Sims and Holberton
2000; Quillfeldt et al. 2009). As the HPA becomes
sensitive to stimuli, glucocorticoid secretion increases
(Love et al. 2003; Wada et al. 2007). In American
kestrels (Falco sparverius), for example, baseline levels
of circulating corticosterone increased until 22 days
post-hatch at which point they were capable of
mounting an adult-type response to a stressor (Love
et al. 2003). While many studies have focused on the
relationship between glucocorticoids and survival (e.g.,
Romero and Wikelski 2001; Blas et al. 2007; Cabezas
et al. 2007; Wilkening and Ray 2016; Lind et al. 2020),
few have investigated how the HPA axis shifts in ac-
tivity across life-history stages in the wild and how this
may contribute to divergent life-history trajectories
among individuals.

Recent research on a population of Canada jays
(Perisoreus canadensis) in Algonquin Provincial Park,
Ontario, Canada has highlighted how aspects of the
early-life environment can influence juvenile sur-
vival. In Canada jays, a partial dispersal event occurs
approximately 2 months after hatch. During this
time, increasingly intense bouts of sibling competi-
tion led to the expulsion of the subordinate siblings
(hereafter “ejectees”) from the natal territory by the
dominant juvenile (Strickland 1991). Because the
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siblings fight to remain on their natal territory, it
is assumed that becoming the dominant juvenile is
the preferred life-history strategy. However, what
remains unknown are the proximate mechanisms
that link conditions during the nestling period
(e.g., body condition, corticosterone concentrations)
to juvenile social status. Dominant juveniles that
hatched earlier in the season were more likely to
be observed in the following fall than those hatched
later in the season, possibly because they had more
time to develop (Whelan et al. 2016). Nestlings were
also more likely to be observed in the fall following
hatch if they were raised on territories that received
food supplementation from the public (Freeman
et al. 2020). Nonetheless, a comprehensive analysis
of the intrinsic and extrinsic factors driving variation
in juvenile survival, social status, and body condition
is necessary to identify mechanisms that contribute
to variation in juvenile recruitment. Developing a
more robust understanding of these mechanisms
may also shed light on the mechanisms of decline
that has been observed in this population since 1980,
which is, in part, driven by juvenile male survival
(Sutton et al. 2021).

Here, we investigated the impact of extrinsic (e.g.,
age of parents, territory quality) and intrinsic (e.g.,
feather corticosterone concentrations) factors on juve-
nile over-summer survival, their social status, and
body condition in the fall following hatch. To do
this, we characterized the diet and physiological profile
of young Canada jays at three time points within the
first 6 months of life. In doing so, we tested predic-
tions from the silver-spoon hypothesis, which pro-
poses that individuals exposed to favorable
conditions during early life, such as high food avail-
ability and low sibling competition, would outperform
those raised in poor conditions (Grafen 1988;
Monaghan 2008). We predicted that jays would be
more likely to be observed in the fall following hatch,
achieve dominance, and be in high body condition as
juveniles if they were raised by experienced parents
(e.g., Whelan et al. 2016), came from smaller broods
(e.g., Sutton et al. 2019), were raised on high-quality
natal territories with high levels of food supplementa-
tion from the public (e.g., Freeman et al. 2020), con-
sumed a higher quality diet rich in protein and fat
(i.e., a diet composed primarily by vertebrate tissue),
or had low feather corticosterone concentrations.

Methods
Study area and species

From 2010 to 2018, we studied young Canada jays in
Algonquin  Provincial Park, Ontario, Canada

120z aunp || uo Jasn ydjens Jo Ausioaun Aq 15/G5Z9/8€00EIAOIEB0L 0 L/10P/S[0NE-20UBAPE/QDI/W0o"dNO"DIWSPEOE//:SARY WO} POPEOjUMO]



Social status and survival in a food-caching passerine

(hereafter “Algonquin Park”; 45°33'N, 78°38'W).
The study area in Algonquin Park consisted approx-
imately 30 territories along the Highway 60 corridor.
Within the study area, each individual was marked
with a unique combination of three color bands and
one standard United States Fish and Wildlife Service
and Canadian Wildlife Service (USFWS/CWS) alu-
minum band. Canada jays maintain territories year-
round and begin breeding in the late winter
(Strickland and Ouellet 2020). Breeding pairs pro-
duce a single brood per year but may attempt a
second, or even third, nest if their nest fails during
laying or incubation (Strickland and Ouellet 2020).
Breeding pairs were monitored through nest con-
struction (2—4 weeks) beginning in late-February to
mid-March, egg-laying (one egg per day) in March,
incubation (18 days) in mid-March and early April,
hatching in late March and April, and the nestling
period (22-24days) from late-March through May.
Fledged young remain with their parents until they
reach nutritional independence (observed foraging
for themselves) at 41days post-hatch (dph) and,
shortly after, they undergo a period (55-65 dph) of
intense intra-brood competition where the dominant
juvenile forces its siblings to disperse from the natal
territory. The dominant juvenile then remains with
its parents on the natal territory for 1-2years
(Strickland 1991; Strickland and Ouellet 2020). The
majority of subordinates, or ejectees, settle either on
territories with unrelated breeders with no retained
juvenile, while some may fill breeding vacancies
(Strickland 1991; Strickland and Ouellet 2020). In
the late-summer and throughout the fall, Canada
jays cache perishable food items such as berries,
mushrooms, arthropods, vertebrate flesh (from car-
casses or small mammals and nestlings they have
killed themselves) and, when available, human food
(e.g., bread, cheese, and raisins) that they depend on
for overwinter survival (Strickland and Ouellet
2020). The cached food is also used by females to
increase their mass before egg-laying and incubation
in February (Sechley et al. 2014) and to, at least
partially, feed nestlings from late-March through
May (Derbyshire et al. 2019).

Nestling body condition and sample collection

Nestlings were briefly removed from their nest 11-14
dph and were individually marked with three col-
oured leg bands and one standard USFWS/CWS alu-
minum band (n=143). While out of the nest, mass
and the length of the bill, tarsus, and seventh pri-
mary were measured and used to estimate the body
condition of each nestling.

Nestling body condition was estimated as the dif-
ference between observed mass and predicted mass
given body size (Derbyshire et al. 2015; Freeman
et al. 2020). Body size was quantified using a prin-
cipal component analysis (PCA) from a correlational
matrix of bill, tarsus, and length of the seventh pri-
mary. The first principal component (PC1) scores
explained 91% of the variation in the morphometric
data and was used as an estimate of body size for
each nestling (Freeman et al. 2020). The estimated
body size was then used to generate a predicted mass
using a model generated by Derbyshire et al. (2015)
which describes the relationship between body size
and mass of known-age Canada jay nestlings. Along
with morphological measurements, 8-10 back feath-
ers were also collected and stored in paper envelopes
for isotopic and hormonal analysis. The dorsal tract
of feathers becomes visible 4 dph and by 11-14 dph
the back is well feathered with some emergence from
the feather sheaths (Strickland and Ouellet 2020).
Therefore, nestling back feathers were estimated to
have grown between 4 and 10 dph.

Juvenile body condition and sample collection

In October of each year, we conducted a population
census to monitor the over-summer survival of
breeding pairs and their young. If a juvenile was still
with its parents on its natal territory, it was consid-
ered “dominant” while those found on non-natal
territories were considered to be “ejectees”.
Immigrant juveniles that had dispersed into the
study area were also considered “ejectees” because
they had left their natal territory. Juveniles were
caught using potter traps or mist nets and morpho-
logical measurements including mass, bill, tarsus,
and seventh primary lengths were recorded upon
capture. Sex was assigned based on mass (male
>70.5g > female) and if a mass was not collected
or if the mass was 70.5g, the sex was marked as
unknown. An estimate for juvenile body size was
generated using a PCA on a correlational matrix of
bill, tarsus and seventh primary length where the
first principal component explained 53% of the var-
iation. Juvenile body condition was then estimated as
the residuals of the relationship between mass and
the estimated body size of the juvenile.

At capture, the third rectrix on the right side of
the tail was collected (n=75) and stored in a paper
envelope. The rectrix was collected because it begins
growing ~8 dph, while young are still in the nest
(young fledge 22-24 dph) and finishes growing ~45
dph, just before the partial dispersal event (55-65
dph; Strickland and Ouellet 2020; Fig. 1). We
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Fig. 1 A timeline of sample collection during the first 6 months of life of Canada jays (P. canadensis) in Algonquin Provincial Park, ON,

Canada.

conducted isotopic and hormonal analyses at two
points along the rectrix that align with 15-20 dph
and 40-45 dph. These are two important time peri-
ods because they correspond to the lead up to two
key life-history events of a young Canada jay: fledge
and the partial dispersal event. Pre-fledge diet com-
position and corticosterone concentrations were an-
alyzed from tissue collected 5-15mm from the distal
end of the rectrix (i.e., the tip of the rectrix), while
pre-dispersal diet composition and corticosterone
concentrations were analyzed from tissue collected
0-10mm from the proximal end of the rectrix
(i.e., the base of the rectrix). For each section of
feather collected, half of the tissue was used for iso-
topic analysis while corticosterone was extracted
from the other half. All feather tissue collected
from the rectrix was from the inner vane. A timeline
of the life-history events during the early life of a
Canada jay and the time points that we sampled are
summarized in Fig. 1.

Stable isotope analysis and diet composition

Diet composition of the young jays at three time
points was estimated following methods outlined by
Freeman et al. (2021). In brief, potential food items
were opportunistically collected across the study area
during the breeding season and during the caching
period (February to May and October 2016-2017).
Food items were grouped into plants (n=21 individ-
ual samples), invertebrates (n=231 samples), and ver-
tebrates and human food (n=54 samples,
summarized in Supplementary Table S1 in Freeman
et al. 2021). For details about sample preparation

and stable-carbon (6'>C) and -nitrogen (6'°N) isotope
analysis, see Supplemental Information.

Diet composition nestling period (approximately
4-10 dph, back feathers), pre-fledge (approximately
15-20 dph, rectrix tip), and pre-dispersal (approxi-
mately 40-45 dph, rectrix base) were quantified us-
ing two stable isotope mixing models (MixSIAR,
Stock and Semmens 2016). The first mixing model
was generated by Freeman et al. (2021) and esti-
mated the nestling period diet composition of
Canada jays, which included individual ID as a fixed
effect. The second mixing model included a unique
ID for each sample timepoint (pre-fledge and pre-
dispsersal) for each individual to estimate the diet
composition of young jays at approximately 15-20
dph and approximately 40-45 dph, respectively. For
both mixing models, the raw C and N isotopic sig-
nature of each food item, rather than the means of
each food group, were input as the source data
(Stock et al. 2018) and trophic enrichment factors
from the omnivorous yellow-rumped warbler
(Setophaga  coronata, 1.9*0.1 for oC  and
3.2+0.1 for 0"°N; Pearson et al. 2003) were in-
cluded. Both mixing models had an uninformative
prior and the Markov Chain Monte Carlo parame-
ters were set to three chains with a chain length of
300,000 iterations, a burn-in of 200,000, and a thin
of 500. The mean proportion of each dietary source
was extracted for each individual for each feather
sample. Further statistical analyses were conducted
using only the proportions of vertebrate flesh and
human food because they represented the vast ma-
jority of the diet (Freeman et al. 2021).
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Feather corticosterone

Corticosterone in nestling back feathers (three to five
feathers per individual) and juvenile rectrices were
analyzed using a protocol optimized for avian feath-
ers (Bortolotti et al. 2008; Freeman and Newman
2018). To minimize any effect of varying feather
types and tracts, we only sampled from the vane of
both feather types and standardized by mass, thereby
avoiding the structural issues that arise with sam-
pling the rachis and reporting corticosterone levels
by feather length (Freeman and Newman 2018). For
the nestling back feathers, only feather that had
emerged from the sheath was analyzed. Feather sam-
ples were placed in microcentrifuge tubes with ce-
ramic beads and pulverized into a powder using a
bead mill (Bead Blaster: Benchmark Scientific,
Edison, NJ). Based on a serial dilution to determine
the optimal sample mass (Freeman and Newman
2018), 2.6 = 0.1 mg of powdered back feather and
5.0 = 0.1 mg of powdered rectrix were analyzed per
sample. Samples were weighed into individual glass
test tubes and 5mL of methanol (HPLC grade:
Thermo Fisher Scientific, Waltham, MA) were added
to each tube. The test tubes were placed in a soni-
cating water bath for 30 min and then incubated in a
50°C shaking water bath for 12h. The feather pow-
der was separated from the methanol using vacuum
filtration with #4 Whatman filter paper and rinsed
twice with 1 mL of additional methanol. The 7mL of
methanol was dried in a 40°C evaporation plate un-
der nitrogen gas for 50 min. Extract residues were
reconstituted with absolute ethanol (5% of the re-
constitution volume, absolute ethanol: Thermo
Fisher Scientific, Waltham, MA) and phosphate-
buffered saline (95% of the reconstitution volume,
0.05mol 17", pH 7.6) and vortexed following the
addition of each solution. The reconstituted samples
were analyzed as singletons (back feathers) and
duplicates (tip and base of rectrices) using four
double-antibody ~ I'*  radioimmunoassay  kits
(ImmuChem 07-120103: MP Biomedicals,
Orangeburg, NY). Feather corticosterone concentra-
tions were calculated from a standard curve from
each of the assays. Across assays, the average intra-
assay coefficient of variation was 5.1% for the high
control and 6.8% for the low control while the inter-
assay coefficient was 6.3%.

Statistical analysis

First, we characterized diet composition and feather
corticosterone concentrations at three time points
during the early life of Canada jays using feathers
collected from 75 individuals across 2010-2018.

Nestlings that were part of a food spiking
(Derbyshire et al. 2015) or food supplementation
experiment (Freeman et al. 2020) were excluded
from the analyses. Shifts in the composition of
young jay diets and feather corticosterone concentra-
tions throughout early life were assessed using a lin-
ear mixed-effect model (one for diet, one for
corticosterone) with sample type (nestling, pre-
fledge, and pre-dispersal) as the predictor and indi-
vidual ID as a random effect. Post-hoc analysis using
pairwise comparisons were then conducted to detect
differences between each sample type using the pack-
age “emmeans” (Lenth 2020).

To assess how early-life conditions might influ-
ence whether an individual was observed again in
the fall, we used a generalized linear mixed-effect
model (GLMM, binomial distribution with a logit
link function, n=143 nestlings). Fixed effects in-
cluded body condition as a nestling, the proportion
of vertebrate flesh and human food in the nestling
diet, and nestling feather corticosterone concentra-
tions (pg/mg). Pre-fledge and pre-dispersal measures
of diet and feather corticosterone were not included
in this model because they were only collected from
individuals that were present in the fall following
hatch. Additional fixed effects included brood size
(number of nestlings at the time of marking,
n=>53 nests), age of the parents (minimum or
known age in years, n=26 females, n=31 males),
the year, estimated hatch day (20 day since the first
day [= day 0] the female was observed on the nest),
natal territory quality (percentage of conifers on the
territory; Strickland et al. 2011, n=28 territories),
and level of food supplementation a territory re-
ceived. Level of food supplementation was assigned
based on the accessibility of the territory to the pub-
lic and the location of permanent feeders: none
(>200m from roads and trails with no access to
park visitors, n=11 territories), fall (moderate pub-
lic visitation but closed off from the public in the
winter, n=11 territories), fall + winter (moderate
public visitation throughout the year, n=3 territo-
ries), year-round (very high rates of public visitation
throughout the year or access to permanent feeders,
n=3 territories, Freeman et al. 2020). Nest ID and
the ID of each parent were included as random
effects because multiple nestlings were measured in
each nest and because some parents bred across mul-
tiple years of the study.

We also used a GLMM (binomial distribution
with a logit link function) to investigate factors
influencing juvenile social status (n=46 juveniles
assigned as either a dominant or ejectee). The fixed
effects were body condition as a nestling, the pre-
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dispersal proportion of vertebrate flesh and human
food in the diet, pre-dispersal feather corticosterone
concentrations, brood size, age of each parent, year,
hatch date, natal territory quality, and food supple-
mentation level. Nest ID and the ID of each parent
were included as random effects.

The early-life predictors of juvenile body condi-
tion (Gaussian distribution with an identity link
function) were assessed using a linear mixed model
(LMM; n=46 juveniles). The fixed effects included
were nestling body condition, the pre-dispersal pro-
portion of vertebrate flesh and human food in the
diet, pre-dispersal feather corticosterone concentra-
tions, brood size, sex, age of both parents, year, es-
timated hatch date, territory quality, level of food
supplementation, and an interaction between brood
size and sex. The random effects were nest ID and
the ID of each parent. All of the LMMs and GLMM:s
were run using the package lme4 (Bates et al. 2015)
and all underlying assumptions of the models were
met. All analyses were conducted in the R statistical
environment (v. 3.6.0; R Core Development Team
2019).

Results

Over 9years, we sampled 224 nestlings from 96 nests
throughout their first six months of life (Fig. 1).
Mean hatch date was April 11 (range = March 24
to May 17) and remained consistent across the study
period (linear model: 0.45 * 0.40, t=1.31, P=0.26).
Mean brood size was 2.8 * 0.1 nestlings (range = 1—
5) and did not change over time (linear model:
—0.04 =0.04, + = —1.11, P=0.27). Nestling body
size increased over time (mean = 0.23 = (.11, range
= —3.60 to 4.30, liner model: 0.13 = 0.05, t=2.66,
P <0.01), while body condition decreased (mean =
1.99 = 0.29, range = —15.00 to 13.58, linear model:
—0.51 =0.12, t = —4.41, P<0.001). Over the course
of the study, juvenile body size (mean =
—0.48 £ 0.13, range = —3.86 to 3.20; linear model:
—0.06 = 0.06, t = —1.08, P=0.28), and body con-
dition (mean = —0.15*0.42, range = —9.24 to
6.48; linear model: 0.02 =0.20, t=0.11, P=0.91)
did not change.

Early-life diet composition

Diet composition was estimated from back feathers
grown during the nestling period (n=196 nestlings)
and from two parts of the rectrix grown at the pre-
fledge and pre-dispersal stages (n=75 juveniles;
Fig. 1; Isoplot: Supplementary Fig. S1). Nestling diets
were estimated to consist of 51% (£7) vertebrate
flesh and human food (range = 35-72%), 35%
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(£6) plants (range = 17-48%), and 14% (*2),
invertebrates (range = 10-20%). Pre-fledge diet (ap-
proximately 15-20 dph, rectrix tip) was composed of
74% (=*5) vertebrate flesh and human food (range =
54-82%), 15% (*=3) invertebrates (range = 11—
26%), and 10% (=*2) plants (range = 4-21%).
Similarly, pre-dispersal diet (approximately 40-45
dph, rectrix base) was 72% (*4) vertebrate flesh
and human food (range = 53-83%), 16% (*2)
invertebrates (range = 10-25%), and 12% (*2)
plants (range = 5-22%). For both mixing models,
all chains converged (Gelman-Rubin diagnostic: all
variables were <1.05, Geweke diagnostic: 5% of var-
iables were *+1.96).

As young Canada jays aged, their diet shifted to
include more vertebrate flesh and human food
(LMM with post-hoc pairwise comparisons: nestling
to pre-fledge: —0.22*0.01, tratio = —26.18,
P <0.001; pre-fledge to pre-dispersal: —0.02 £ 0.01,
tratio = —4.20, P<0.001; nestling to pre-dispersal:
—0.24 = 0.01, t.ratio = —28.75, P<0.001; Fig. 2A).

Feather corticosterone concentrations

Across the study period, we quantified the concentration
of feather corticosterone of 148 nestlings and 75 juve-
niles. Corticosterone concentrations from feathers grown
in the nestling period ranged from 1.53 to 22.51 pg/mg
(mean = 6.85 * 0.37 pg/mg). Mean corticosterone con-
centrations from feathers grown pre-fledge was
4.36 £ 0.38 pg/mg (range = 0.63-17.37 pg/mg) while
concentrations in feathers grown pre-dispersal was
2.78 £ 0.21 pg/mg (range = 0.66-11.84 pg/mg). Feather
corticosterone concentrations decreased as birds aged
(LMM with post hoc pairwise comparisons: nestling to
pre-fledge: 1.50 = 0.60, tratio = 2.49, P=0.04; pre-
fledge to pre-dispersal: 1.69 *0.34, tratio = 4.97,
P<0.001; nestling to pre-dispersal: 3.20 = 0.60, t.ratio
= 5.29, P<0.001; Fig. 2B).

Juvenile survival, social status, and body condition

Of the 224 nestlings sampled, 66 were observed the
following fall (41 males, 22 females, and 3 unknown
sex). There were also an additional 30 juveniles that
immigrated into the study area (15 males, 15
females), who were presumed to be ejectees from
territories outside the study area (note: because the
natal history of these individuals were unknown,
they were only included in the diet and feather cor-
ticosterone analyses). The probability of being ob-
served in the fall following hatch did not change
over 9years (GLMM: 0.16 £0.54, =0.30,
P=0.76). Juveniles were more likely to be observed
in the fall following hatch if they were of higher
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Fig. 2 Shifts in the proportion of vertebrate flesh and human
food in the diet (A) and feather corticosterone concentrations
(B, pg/mg) across the early life of Canada jays (P. canadensis) in
Algonquin Provincial Park, ON, Canada (2010-2018). Each color
represents one individual (n=75). Isotopic analysis and cortico-
sterone extraction was conducted on feathers grown during the
nestling period (approximately 4-10dph, back feathers), pre-
fledge (approximately 15-20 dph, rectrix tip), and pre-dispersal
(approximately 40—45 dph, rectrix base).

body condition as nestlings (GLMM: 0.90 *0.31,
z=2.86, P<0.01; Supplementary Table SI).
Extrinsic factors such as hatch date (GLMM:
—0.26 = 0.30, z = —0.88, P=0.38), the age of their
parents (GLMM, mother: —0.42 +0.36, z = —1.15,
P=0.25; father: —0.09 * 0.27, z = —0.33, P=0.74),
brood size (GLMM: -0.21*0.27, z = -0.80,
P=0.42), and the quality of the natal territory
(0.01 £0.28, z=0.05, P=0.96) did not influence
the probability of being observed in the fall
(Supplementary Table S1). Additionally, the propor-
tion of vertebrate flesh and human food in the diet
and the concentration of feather corticosterone esti-
mated from nestling back feathers had no effect on
whether an individual was observed in the fall
(GLMM, proportion of diet: 0.15=*0.31, z=0.48,
P=0.63; feather corticosterone: —0.33 *0.39, z =
—0.83, P=0.41; Supplementary Table S1).

The surviving 66 nonimmigrant juveniles con-
sisted of 50 dominants and 16 ejectees. Social status
was associated with corticosterone concentrations in
feather grown just before the partial dispersal
(GLMM: —4.46%206, z = -2.17, P=0.03;
Supplementary Table S2), where ejectees had lower
corticosterone concentrations than dominant juve-
niles (Fig. 3). Social status was not influenced by
the proportion of vertebrate flesh and human food
in the diet just before dispersal (GLMM:
—0.17*x0.53, z = —0.32, P=0.75), brood size
(GLMM: 0.14 = 0.80, z=0.18, P=0.86) or nestling
body condition (GLMM: —0.28 +0.77, z = —0.36,
P=0.72; Supplementary Table S2).

Juvenile body condition was positively associated
with nestling body condition (LMM: 1.57 = 0.59,
t=2.66, P=0.02) and was higher for males than
females (LMM: —3.25*0.93, t = —3.52, P<0.01;
Supplementary Table S3). There was no correlation
between juvenile body condition and pre-dispersal
feather  corticosterone  concentrations (LMM:
0.14 £0.47, t=0.31, P=0.76) or the proportion of
vertebrate flesh and human food in the diet before
dispersal (LMM: 0.19 £0.41, t=0.45, P=0.66;
Supplementary Table S3).

Discussion

Using 9years of data, we showed that a nestling’s
body condition carries over to influence its body
condition five months later as a juvenile, as well as
the probability that it will be observed in the fall.
Contrary to the silver-spoon hypothesis, there was
no positive influence of having older, more experi-
enced parents, fewer siblings, or being raised on a
higher quality territory on either body condition or
survival. Higher than average body condition as
nestlings may allow individuals to outcompete mem-
bers of their brood and cohort when searching for
resources or breeding vacancies. Additionally, indi-
viduals with higher than average body condition may
have more energy stores to aid in surviving unpre-
dictable weather events (e.g., late-spring/early-
summer snow falls) or the unpredictability of suc-
cessfully foraging as they learn to forage for them-
selves. While our findings suggest that nestling body
condition is positively associated with apparent sur-
vival, it is important to note that our measure of
presence in the fall underestimates survival because
many individuals were not sampled because they dis-
persed out of the study area (i.e., ejectees).
Interestingly, dominant juveniles tended to have
higher feather corticosterone concentrations before
the partial dispersal event than ejectees. Dominance
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Fig. 3 The relationship between pre-dispersal feather cortico-
sterone concentrations (pg/mg) and juvenile social status (domi-
nant = navy, ejectee = white) of young Canada jays (P
canadensis) in Algonquin Provincial Park, ON, Canada (2010—
2018, n=46).

has been linked with lower circulating corticosterone
in mammalian and avian species that do not coop-
eratively breed (e.g., Louch and Higginbotham 1967;
Creel 2001). In contrast, dominant individuals in
cooperatively breeding species, such as the Florida
scrub-jay (Aphelocoma coerulescens), tend to have
higher concentrations of glucocorticoids than subor-
dinates (Schoech et al. 1991; Creel 2001). Canada
jays in Algonquin are not considered to be cooper-
ative breeders because, during the breeding season,
dominant juveniles are actively excluded from the
area around the nest, although there are some obser-
vations of dominant juveniles feeding their siblings
after fledging (Strickland and Ouellet 2020).
However, we measured corticosterone in feathers
grown long before dominant juveniles had the
chance to help feed their future siblings. Therefore,
elevated glucocorticoid concentrations in dominant
juveniles are likely the result of mechanisms other
than assisting with breeding.

Elevated corticosterone could be an indication
that an individual is experiencing higher energetic
demands (Johns et al. 2018). Leading up to the par-
tial dispersal event, the eventual dominant juvenile
competes with its siblings, with each sibling getting
ejected from the territory one at a time. Therefore,
the dominant juvenile is involved in a greater num-
ber of antagonistic interactions than its siblings be-
fore the partial dispersal event, possibly resulting in
elevated corticosterone levels. In Algonquin Park,

N. E. Freeman et al.

dominant juveniles are typically male (Strickland
1991), which are larger and heavier than females. It
is unlikely that male-dominant juveniles have ele-
vated corticosterone due to higher energetic
demands than their smaller male counterparts be-
cause many studies have found no sex-based differ-
ences in feather corticosterone levels (Fairhurst et al.
2012; Robertson et al. 2017; Adamkova et al. 2019).

Our results also demonstrate that, as Canada jay
young become nutritionally independent from their
parents, the proportion of vertebrate flesh and hu-
man food increased from 51 to 72% of the diet. The
rise of vertebrate flesh in the diet may be due to
small mammals and birds becoming more accessible
in late spring and early summer. Melting snow could
increase the chance of capture as small mammals
and reptiles are no longer tunneling under the
snow or hibernating (e.g., Bieber et al. 2012).
Additionally, Canada jays would have the opportu-
nity to consume more eggs and nestlings with the
onset of the breeding season of many migratory
songbirds (Ouellet 1970). Human food is likely not
playing much of a role in this dietary shift because,
after the young fledge, the family group becomes
difficult to locate until the late summer when they
begin caching food again.

Although we have shown that individuals shift
diets as they age, unexpectedly 83% of the diet was
composed of vertebrate flesh, especially considering
previous reports that food fed to nestlings consisted
almost entirely of arthropods and other invertebrates
(Strickland and Ouellet 2020; Dan Strickland,
unpublished data). One explanation is that we
missed sampling some food sources (e.g., nestlings
of other species, migrating or newly emerged insects,
berries from annual/perennial plants which were
covered in snow or had not grown yet) because we
only collected potential food items until late-May
while rectrices used to estimate diet continued to
grow into June. We also cannot rule out the possi-
bility that seasonal changes in the isotopic signatures
of prey led to the observed shifts in the Canada jay
feathers. Despite some uncertainty in our estimation
of diet composition, our results clearly show that
there is an ontogenetic shift in the diet of young
Canada jays. However, whether the shift is due to
seasonal changes in food availability or juveniles
learning to forage for themselves, which could result
in changes in diet over time, remains unknown.

While the diet of Canada jay young shifted across
time, the proportion of vertebrate flesh and human
food at any time point sampled (nestling, pre-fledge,
pre-dispersal) did not influence the probability of
being observed during the fall population count, an
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individual’s social status, or body condition.
Although this does not support the idea that early-
life diet quality has downstream consequences for
individual success, it is consistent with our recent
study demonstrating that diet composition did not
impact a nestling’s body condition or their probabil-
ity of being observed in the fall following hatch
(Freeman et al. 2021). In other species, however,
early-life deficiencies in nutrition can lead to re-
tarded growth, small adult body size, impaired cog-
nitive abilities, and increased mortality (Boag 1987;
Kitaysky 1999; Nowicki et al. 2000; van der Ziel and
Visser 2001; Pravosudov et al. 2005; Kitaysky et al.
2006). Because Canada jays consume a wide variety
of food items rich in protein and fat, it is likely that
the juvenile jays were not experiencing a deficiency
in macronutrients within their diet, which may be
why we see no relationship between diet and various
metrics of juvenile body condition, social status, and
survival.

Contrary to our predictions, we found that corti-
costerone concentrations in feathers grown leading
up to the partial dispersal event decreased.
Circulating corticosterone concentrations in plasma
increase throughout development following a period
of hyporesponsiveness of the HPA axis (Love et al.
2003; Wada et al. 2007), and as a result, more cor-
ticosterone should also be deposited into growing
feathers. But, no study has examined whether the
hyporesponsive period is detectible in feather corti-
costerone levels. The decrease in feather corticoste-
rone concentrations across the samples is not likely
due to structural (i.e., density) differences between
the feathers because it was accounted for by sam-
pling only the vane and standardizing by mass
(Freeman and Newman 2018). Future work needs
to characterize the relationship of plasma and feather
corticosterone concentrations throughout develop-
ment to determine whether a decrease in feather
corticosterone with age is consistent across species.

We showed that body condition during develop-
ment and, to a degree, feather corticosterone, are
associated with whether an individual survives its
first summer, its social status, and its body condition
as a juvenile. Thus, factors influencing nestling body
condition, such as diet quantity (Freeman et al.
2020), have likely played a role in the observed de-
cline of Canada jays in Algonquin Park. We also
found that feather corticosterone concentrations
and diet of an individual changes during develop-
ment. While we only focused on the first 6 months
of life, continuing to monitor individuals throughout
their lifetime may provide some insight into how

events during early life can have lasting effects on
fitness.

Acknowledgments

We thank the volunteers who have helped with field-
work, in particular R. and D. Tozer, G. and D.
Hanes, R. Hawkins, the late M. Pageot, T.
Hagedorn, J. Lachapelle, G. Pitman, K. Valdes, and
K. Watson. We also thank ]. Lachapelle, C.
Dilkumar, B. Varcoe, and J. Nael for their assistance
in the laboratory. Logistical support was provided by
Algonquin Park staff (R. Stronks and D. Legros) and
the Ontario Ministry of Natural Resources and
Forestry (S. Dobbyn and P. Gelok).

Funding

This work was supported by the Natural Sciences
and Engineering Research Council of Canada
(Discovery Grants to D.R.N. and A.E.M.N.; CGS-D
Scholarship to N.E.F.); a University of Guelph
Research  Chair (to D.R.N.); the Wildlife
Conservation Society of Canada and W. Garfield
Weston Foundation (Fellowships for Northern
Conservation to N.E.F. and A.O.S.); the Ontario
Ministry of Natural Resources and Forestry; and
Ontario Graduate Scholarships (to N.E.F. and
A.0S.).

Data availability statement

The data underlying this article will be shared on
reasonable request to the corresponding author.

Supplementary data
Supplementary Data available at ICB online.

References

Addmkové M, Bilkovd Z, Tomdasek O, Simek Z, Albrecht T.
2019. Feather steroid hormone concentrations in relation
to age, sex, and molting time in a long-distance migratory
passerine. Ecol Evol 9:9018-26.

Barry TP, Malison JA, Held JA, Parrish JJ. 1995. Ontogeny of
the cortisol stress response in larval rainbow trout. Gen
Comp Endocrinol 97:57-65.

Bates D, Michler M, Bolker BM, Walker SC. 2015. Fitting
linear mixed-effects models using Ime4. ] Stat Softw
67:1-48.

Bieber C, Juskaitis R, Turbill C, Ruf T. 2012. High survival
during hibernation affects onset and timing of reproduc-
tion. Oecologia 169:155-66.

Blas J, Bortolotti GR, Tella JL, Baos R, Marchant TA. 2007.
Stress response during development predicts fitness in a
wild, long lived vertebrate. PNAS 104:8880—4.

Boag PT. 1987. Effects of nestling diet on growth and adult
size of zebra finches (Poephila guttata). Auk 104:155-66.

120z aunp || uo Jasn ydjens Jo Ausioaun Aq 15/G5Z9/8€00EIAOIEB0L 0 L/10P/S[0NE-20UBAPE/QDI/W0o"dNO"DIWSPEOE//:SARY WO} POPEOjUMO]



10

Bortolotti GR, Marchant TA, Blas J, German T. 2008.
Corticosterone in feathers is a long-term, integrated mea-
sure of avian stress physiology. Funct Ecol 22:494-500.

Cabezas S, Blas J, Marchant TA, Moreno S. 2007.
Physiological stress levels predict survival probabilities in
wild rabbits. Horm Behav 51:313-20.

Cole SW, Conti G, Arevalo JMG, Ruggiero AM, Heckman J]J,
Suomi §J. 2012. Transcriptional modulation of the devel-
oping immune system by early life social adversity. PNAS
109:20578-83.

Creel S. 2001. Social dominance and stress hormones. Trends
Ecol Evol 16:491-7.

Davic RD. 1991. Ontogenetic shift in diet of Desmognathus
quadramaculatus. ] Herpetol 25:108-11.

Derbyshire R, Strickland D, Norris DR. 2015. Experimental
evidence and 43 years of monitoring data show that food
limits reproduction in a food-caching passerine. Ecology
96:3005-15.

Derbyshire R, Norris DR, Hobson KA, Strickland D. 2019.
Isotopic spiking and food dye experiments provide evi-
dence that nestling Canada Jays (Perisoreus canadensis) re-
ceive cached food from their parents. Can ] Zool
97:368-75.

Fairhurst GD, Navarro J, Gonzdlez-Solis J, Marchant TA,
Bortolotti GR. 2012. Feather corticosterone of a nestling
seabird reveals consequences of sex-specific parental invest-
ment. Proc Royal Soc B 279:177-84.

Freeman NE, Newman AEM. 2018. Quantifying corticoste-
rone in feathers: validations for an emerging technique.
Conserv Physiol 6:coy051.

Freeman NE, Norris DR, Sutton AO, Newman AEM. 2020.
Raising young with limited resources: supplementation
improves body condition and advances fledging of
Canada jays. Ecology 101:€02909.

Freeman NE, Newman AEM, Sutton AO, Kyser TK, Norris
DR. 2021. Causes and consequences of variation in diet
composition of nestling Canada jays. J Avian Biol 52.

Gardner KL, Thrivikraman KV, Lightman SL, Plotsky PM,
Lowry CA. 2005. Early life experience alters behavior dur-
ing social defeat: focus on serotonergic systems.
Neuroscience 136:181-91.

Grace JK, Anderson DJ. 2018. Early-life maltreatment predicts
adult stress response in a long-lived wild bird. Biol Lett
14:20170679.

Grafen A. 1988. On the uses of data on lifetime reproductive
success. In: Clutton-Brock TH, editor. Reproductive
Success. Chicago: University of Chicago Press. p. 454-71.

Johns DW, Marchant TA, Fairhurst GD, Speakman JR, Clark
RG. 2018. Biomarker of burden: feather corticosterone
reflects energetic expenditure and allostatic overload in
captive waterfowl. Funct Ecol 32:345-57.

Kitaysky AS. 1999. Metabolic and developmental responses of
alcid chicks to experimental variation in food intake.
Physiol Biochem Zool 72:469-73.

Kitaysky AS, Kitaiskaia EV, Piatt JF, Wingfield JC. 2003.
Benefits and costs of increased corticosterone in seabird
chicks. Horm Behav 43:140-9.

Kitaysky AS, Kitaiskaia EV, Piatt JF, Wingfield JC. 2006. A
mechanistic link between chick diet and decline in sea-
birds? Proc Royal Soc B 273:445-50.

N. E. Freeman et al.

Lenth R. 2020. emmeans: Estimated Marginal Means, aka
Least-Squares Means. R package version 1.4.7 (https://
cran.r-project.org/web/packages/emmeans/emmeans.pdf).

Lind M-A, Horak P, Sepp T, Meitern R. 2020. Corticosterone
levels correlate in wild-grown and lab-grown feathers in
greenfinches (Carduelis chloris) and predict behaviour and
survival in captivity. Horm Behav 118:104642.

Lindstrom J. 1999. Early development and fitness in birds and
mammals. Trends Ecol Evol 14:343-8.

Louch CD, Higginbotham M. 1967. The relation between
social rank and plasma corticosterone levels in mice. Gen
Comp Endocrinol 8:441-4.

Love OP, Bird DM, Shutt LJ. 2003. Corticosterone levels dur-
ing post-natal development in captive American kestrels
(Falco sparverius). Gen Comp Endocrinol 130:135-41.

Monaghan P. 2008. Early growth conditions, phenotypic de-
velopment and environmental change. Philos Trans R Soc
B 363:1635-45.

Nowicki S, Hasselquist D, Bensch S, Peters S. 2000. Nestling
growth and song repertoire size in great reed warblers: ev-
idence for song learning as an indicator mechanism in
mate choice. Proc Royal Soc B 267:2419-24.

Olson MH. 1996. Ontogenetic niche shifts in largemouth
bass: variability and consequences for first-year growth.
Ecology 77:179-90.

Ouellet H. 1970. Further observations on the food and pred-
atory habits of the Gray Jay. Can J Zool 48:327-30.

Pearson SF, Levey DJ, Greenberg CH, Martinez del Rio C.
2003. Effects of elemental composition on the incorpora-
tion of dietary nitrogen and carbon isotopic signatures in
an omnivorous songbird. Oecologia 135:516-23.

Post DM. 2003. Individual variation in the timing of onto-
genetic niche shifts in largemouth bass. Ecology
84:1298-310.

Pravosudov VV, Lavenex P, Omanska A. 2005. Nutritional
deficits during early development affect hippocampal struc-
ture and spatial memory later in life. Behav Neurosci
119:1368-74.

Quillfeldt P, Poisbleau M, Chastel O, Masello JF. 2009. Acute
stress hyporesponsive period in nestling thin-billed prions
Pachyptila belcheri. JComp Physiol A 195:91-8.

R. Core Development Team. 2019. R: a language and envi-
ronment for statistical computing. R Foundation for
Statistical Computing. Vienna, Austria.

Robertson JK, Muir C, Hurd CS, Hing JS, Quinn JS. 2017.
The effect of social group size on feather corticosterone in
the co-operatively breeding smooth-billed ani (Crotophaga
ani): and assay validation and analysis of extreme social
living. PLoS One 12:0174650.

Romero LM, Wikelski M. 2001. Corticosterone levels predict
survival probabilities of Galdpagos marine iguanas during
El Nino events. Proc Natl Acad Sci USA 98:7366-70.

Sanchez-Herndndez J, Nunn AD, Adams CE, Amundsen P-A.
2019. Causes and consequences of ontogenetic dietary
shifts: a global synthesis using fish models. Biol Rev
94:539-54.

Sapolsky RM, Meaney MJ. 1986. Maturation of the adreno-
cortical stress response: neuroendocrine control mecha-
nisms and the stress hyporesponsive period. Brain Res
Rev 11:65-76.

120z aunp || uo Jasn ydjens Jo Ausioaun Aq 15/G5Z9/8€00EIAOIEB0L 0 L/10P/S[0NE-20UBAPE/QDI/W0o"dNO"DIWSPEOE//:SARY WO} POPEOjUMO]



Social status and survival in a food-caching passerine

Sapolsky RM, Romero LM, Munck AU. 2000. How do glu-
cocorticoids influence stress responses? Integrating permis-
sive, suppressive, stimulatory, and preparative actions.
Endocr Rev 21:55-89.

Schoech SJ, Mumme RL, Moore MC. 1991. Reproductive
endocrinology and mechanisms of breeding in coopera-
tively breeding Florida scrub jays (Aphelocoma c. coerules-
cens). Condor 93:354-64.

Schoech SJ, Rensel MA, Heiss RS. 2011. Short- and long-term
effects of corticosterone exposure on avian physiology,
behavioural phenotype, cognition, and fitness: a review.
Curr Zool 57:514-30.

Sechley TH, Strickland D, Norris DR. 2014. Causes and
consequences of pre-laying weight gain in a food-
caching bird that breeds in late winter. J Avian Biol
45:85-93.

Sims CG, Holberton RL. 2000. Development of the corti-
costerone stress response in young northern mocking-
birds (Mimus polyglottos). Gen Comp Endocrinol
119:193-201.

Spencer KA, Verhulst S. 2007. Delayed behavioral effects of
postnatal exposure to corticosterone in the zebra finch
(Taeniopygia guttata). Horm Behav 51:273-80.

Spencer KA, Evans NP, Monaghan P. 2009. Postnatal stress in
birds: a novel model of glucocorticoid programming of the
hypothalamic-pituitary-adrenal axis. Endocrinology
150:1931-4.

Stock BC, Semmens BX. 2016. MixSIAR GUI user manual.
Version 3.1 (https://github.com/brianstock/MixSIAR,
accessed October 10, 2019).

Stock BC, Jackson AL, Ward EJ, Parnell AC, Phillips DL,
Semmens BX. 2018. Analyzing mixing systems using a
new generation of Bayesian tracer mixing models. Peer ]
6:€5096.

11

Strickland D. 1991. Juvenile dispersal in Gray Jays: dominant
brood member expels siblings from natal territory. Can ]
Zool 69:2935-45.

Strickland D, Ouellet H. 2020. Canada jay (Perisoreus cana-
densis). In: Poole A, editor. Birds of the World. Cornell Lab
of Ornithology (https://birdsoftheworld.org/bow/species/
gryjay/cur/introduction).

Strickland D, Kielstra B, Norris DR. 2011. Experimental evi-
dence for a novel mechanism driving variation in habitat
quality in a food-caching bird. Oecologia 167:943-50.

Sutton AQO, Strickland D, Freeman NE, Newman AEM,
Norris DR. 2019. Fall freeze-thaw events carry over to de-
press late-winter reproductive performance in Canada Jays.
R Soc Open Sci 6:181754.

Sutton AO, Strickland D, Freeman NE, Sorenson MC, Norris
DR. 2021. Climate-driven carry-over effects negatively in-
fluence population growth rate in a food-caching boreal
passerine. Glob Change Biol 27:983-92.

van der Ziel CE, Visser GH. 2001. The effect of food restric-
tion on morphological and metabolic development in two
lines of growing Japanese Quail chicks. Physiol Biochem
Zool 74:52—-65.

Wada H, Hahn TP, Breuner CW. 2007. Development of stress
reactivity in white-crowned sparrow nestlings: total corti-
costerone response increases with age, while free cortico-
sterone response remains low. Gen Comp Endocrinol
150:405-13.

Whelan S, Strickland D, Morand-Ferron J, Norris DR. 2016.
Male experience buffers female laying date plasticity in a
winter-breeding, food-storing passerine. Anim Behav
121:61-70.

Wilkening JL, Ray C. 2016. Characterizing predictors of sur-
vival in the American pika (Ochotona princeps). ] Mammal
97:1366-75.

120z aunp || uo Jasn ydjens Jo Ausioaun Aq 15/G5Z9/8€00EIAOIEB0L 0 L/10P/S[0NE-20UBAPE/QDI/W0o"dNO"DIWSPEOE//:SARY WO} POPEOjUMO]


https://github.com/brianstock/MixSIAR



