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Abstract

There is a renewed interest in investigating individual variation in hormone levels in relation to
fitness metrics, as hormones act as mediators of life-history trade-offs. Hormone concentrations,
however, are labile, responding to both internal and external stimuli, so the relationship between
hormones and fitness can be non-consistent. One explanation of this inconsistent relationship is
that a single hormone sample may not be representative of individual phenotypes in a free-living
species. We addressed this issue by repeatedly sampling a free-living population of mountain
white-crowned sparrows, Zonotrichia leucophrys oriantha, for baseline and stress-induced
corticosterone (cort) and testosterone (T) across different stages of the breeding season. We
measured (co)variation using three different methods, taking into account inter- and intra-
individual variances, to determine whether hormone levels and the stress response are repeatable.
We documented the temporal (over 3 months) and spatial (home-range) variation of individual
hormone phenotypes and investigated how these components related to nesting success. At the
population level, we found significant repeatability in male stress-induced cort concentrations but
no repeatability in male or female baseline cort or male T concentrations. Using a new metric of
intra-individual variance focusing on the stress response (profile repeatability), we found a wide
range of variance scores, with most individuals showing high variation in their stress response.
Similarly, we found a low level of repeatability of the reaction norm intercept and slope for the
stress response across different life-history stages. Males with higher concentrations of stress-
induced cort had more central home-ranges. Males with higher body condition had larger home-
ranges; however, home-range size did not relate to male hormone concentrations or nesting
success. We also did not find any significant relationship between variation in hormone levels and
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nesting success. We recommend that future studies combine both physiological and environmental
components to better understand the relationship between hormones and fitness.
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1. Introduction

Hormones mediate many physiological and behavioral traits and, consequently, play a
significant role in the trade-off between reproduction and survival (Adkins-Regan, 2005). As
such, researchers have been investigating the relationship between hormone traits and fitness
as a proactive measure to predict the response of populations to environmental change and to
assess population health (Romero and Wikelski, 2001; Sorenson et al., 2017). Studies that
correlate hormone concentrations with fitness, however, find positive, negative, or no
significant relationships (Guimont and Wynne-Edwards, 2006; Cyr and Romero, 2007;
Husak et al., 2007; Gesquiere et al., 2008; Romero and Reed, 2008; Maestripieri et al., 2009;
Gerlach and Ketterson, 2013; Patterson et al., 2014; Ouyang et al., 2016; Cockrem et al.,
2017; Gangloff et al., 2017). The reason for this inconsistency is that researchers often
measure hormones at one time point, but with labile traits, this one-time measurement can be
context-dependent and have varying relationships with fitness (Williams, 2008; Bonier et al.,
2009a; Bonier and Martin, 2016). Natural seasonal variations in hormone levels also add to
the general complexity (Casao et al., 2010; Janati et al., 2013), but an individual may have
an elevated response or increased levels compared to other individuals despite life-history
stage (Jachowski et al., 2015). Thus, a major goal in physiological ecology and evolution
remains to describe the pattern of inter- and intra-individual variation in relation to life-
history trade-offs.

Glucocorticoids (GC) and testosterone (T) are hormones that coordinate reproductive events
and response to stressors, and often correlate with reproductive success and/or survival
(Uller et al., 2007; Fusani, 2008; Hau et al., 2016). For example, baseline GC levels
fluctuate in response to external and internal conditions, such as temperature (Ouyang et al.,
2012) and body condition (Jaatinen et al., 2013). GC levels rise in response to noxious
stimuli (stress-induced) and promote survival over non-essential activities (e.g.,
reproduction; Wingfield, 2013). Moreover, GCs are also deposited in hair (Malcolm et al.,
2013), feathers (Bortolotti et al., 2008), and/or feces (Bonier at al., 2004) and can be used as
long-term (days to weeks) measurements, as opposed to short-term measurements from
plasma (minutes to hours). These long-term measures of GCs help account for variation in
baseline GC levels, the frequency of the stress response, and the magnitude in which an
individual responds to a stressor (Harris et al., 2017). T influences an individual’s mating
behaviors and concentrations need to be elevated for reproductive events to occur,
particularly in males (McGlothlin et al., 2007; Mokkonen et al., 2012; Raynaud et al., 2013;
Apfelbeck et al., 2016). For example, higher levels of T are associated with increased
attractiveness (Enstrom et al., 1997) and reproductive output (Reed et al., 2006; Edwards et
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al., 2015); however, individuals with higher levels of T also show a decrease in parental care
(Ketterson et al., 1992; Veiga and Polo, 2008).

Although most studies focus on these two hormones separately, GCs and T are likely to
interact to mediate life-history trade-offs. The dual-hormone hypothesis (DHH) posits that
T’s role in aggression and status-relevant behavior should depend on GC concentrations
(Mehta and Prasad, 2015). Meta-analyses of the DHH, however, suggest the relationship
between GCs and T is insignificant in many studies (Hau et al., 2010; Li et al., 2017,
Dekkers et al., 2019; Grebe et al., 2019). The varying results between GCsand T (e.g.,
Ketterson et al., 1991; Wikelski et al., 1999; Klukowski, 2011; Zito et al., 2017) suggest that
the interaction between these two hormones is species specific (e.g., life-history strategy;
Garamszegi et al., 2008) and/or context dependent (e.g., environmental influence; Brischoux
et al., 2018). Assessing the level of (co)variation in free-living populations of these
hormones can establish individual hormonal phenotypes that affect fitness outcomes.

Repeatability (R) is an index for quantifying the consistency of individual phenotypes and is
measured as the ratio of phenotypic variation that is due to differences among individuals
relative to differences within an individual (Lessells and Boag, 1987). To improve our
interpretations of among- individual variation in hormone concentrations, information about
within-individual variation is needed (Schoenemann and Bonier, 2018). The repeatability of
hormones has been extensively studied with no conclusive agreement about (co)variation
(Cockrem and Silverin, 2002; Love et al., 2003; Kralj-Fiser et al., 2007; Cockrem et al.,
2009; Ouyang et al., 2011; Rensel and Schoech, 2011). For example, Grace and Anderson
(2014) found repeatability of stress-induced GCs in the Nazca booby (Su/a granti) measured
over multiple years, while Baugh et al. (2014) found no repeatability in stress-induced GCs
in great tits (Parus major) measured within one season. The various timescales used by
different studies likely add to the conflicting results (Fanson and Biro, 2019). Although,
meta-analyses do show repeatability in GCs, more so in stress-induced levels (Schoenemann
and Bonier, 2018; Taff et al., 2018).

Hormone repeatability (here GC and T) is most often calculated using a metric introduced
by Lessells and Boag (1987), which calculates among individual variation with respect to
total variation. A recent metric proposed by Reed et al. (2019) focuses on the shape of the
stress response (the rate and pattern of the elevation of GC concentrations over time), known
as profile repeatability (PR). PR measures the level of intra-individual variance and can be
used to assess individual variation in the stress response across time. It is calculated using
the variance of multiple stress series at each time point as well as the number of crossover
events (See Reed et al., 2019 Fig. 1 for further explanation). PR scores are calculated per
individual and indicate the level of variance of their stress response (PR=1: high
consistency; PR=0: low consistency). A limitation of PR is that it may not be comparable
across studies. Lastly, Araya-Ajoy et al. (2015) use a reaction norm approach to partition
among and within-individual variance. This method can give a repeatability estimate for the
slope and intercept of the stress response. These three methods explore different components
of individual variation in the stress response and a comparison of these methods is currently
lacking for free-living organisms exposed to different abiotic factors.
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(Co)variation in hormone levels may be the direct result of environmental heterogeneity. For
example, environmental variation leads to differences in territory quality, which can
influence hormone levels during breeding (Navarro-Castilla and Barja, 2019). Resulting
individual differences in physiology combined with territory metrics then affect breeding
success (Both and Visser, 2000; Baird and Hews, 2007; Viblanc et al., 2014; Apfelbeck et
al., 2017). For example, territory size can have a positive effect on offspring survival (Larus
glaucescens, Hunt and Hunt, 1976; Parus major, Both and Visser, 2000). Skorupski et al.
(2017), however, found smaller territories had higher habitat quality for multiple songbird
species, which supports other studies relating increased food abundance with smaller
territory size (Steingrimsson and Grant, 1999; Newmark and Stanley, 2016; Ippi et al.,
2018). Therefore, there is likely a context dependent trade-off between small territories, with
high food abundance and high competition, and large territories, with low food abundance
and low competition (Johnson, 2007).

How habitat variation within a breeding area drives the spatial distribution of individuals of
different physiological phenotypes is unknown. GCs and T both influence the behavior and
activity of individuals (Breuner et al., 1998; Wikelski et al., 1999) and, consequently, may
determine where an individual is located on the breeding grounds; or an individual’s
territory quality and structure may determine their hormone concentrations. Individuals with
high T levels tend to hold larger territories (Watson and Parr, 1981; Wingfield, 1984;
Chandler et al., 1994) and experimentally increased GC levels have been shown to influence
home-range size in the common side-blotched lizard (Uta stansburiana; DeNardo and
Sinervo, 1994). One study on King Penguins, Aptenodytes patagonicus, found that
individuals were spatially distributed across territories with individuals with higher GC
levels in the middle of the breeding area (Viblanc et al., 2014). Further investigation on how
individuals aggregate across the breeding grounds may shed light on how individuals are
coping with or selecting for certain environments, and we might expect resulting
associations to be paired with spatial distribution of individual physiological profiles.

Here, we collected repeated within-individual measures of GCs (corticosterone (cort) in
birds) and T across different life-history stages in a free-living songbird, the mountain white-
crowned sparrow (MWCS; Zonotrichia leucophrys oriantha) to answer two major questions:
1) which individual and environmental factors explain the patterns of differences among
individuals given variability within individuals and 2) whether the level of hormone
variation (plasma cort, feather cort, and plasma T) is related to environmental variation and
nesting success. We used three different methods to characterize inter- and intra-individual
variation in hormone levels: 1) inter-individual variation was measured to assess absolute
hormone concentration repeatability at the population level (Lessells and Boag, 1987) for
baseline cort (males and females), stress-induced cort (males), and T (males); 2) PR scores
were calculated to measure intra-individual variance in the shape of male stress responses
(Reed et al 2019); and 3) inter- and intra-individual plasticity was measured for male
baseline and stress-induced cort using a reaction norm approach (Araya-Ajoy et al., 2015).
Due to the flexibility of hormone concentrations to respond to environmental variation, we
expected to find low repeatability and high intra-individual variation using any of these
approaches. We used individual PR scores to test whether flexibility in cort levels related to
nesting success. We predicted that more flexible males would have higher nesting success,
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as these males are able to suppress their stress-induced cort levels during chick-rearing but
not necessarily during territory establishment, decreasing the likelihood of nest
abandonment (Ouyang et al., 2012). We predicted that these males may hold more
centralized territories and have higher nesting success.

Materials and Methods

2.1 Field methods

Data were collected from May to July 2018 in Tioga Pass Meadow, Mono County, CA, USA
(37.91°N, —119.25°W). The population of MWCSs has been monitored at this field site
since 1968 (Morton, 2002; Crino et al., 2011; Malisch et al., 2018). Weather conditions
ranged from complete snow cover with temperatures below 0° C (early May) to no snow
cover with temperatures closer to 20° C (early July; Sup. Fig. 1). Male MWCSs arrive on the
breeding grounds in early May and begin establishing territories while females arrive an
average of 9 days later (Morton, 2002). MWCSs are socially monogamous and mate-pairing
begins shortly after females arrive. We caught male and female MWCSs across the breeding
season using two-compartment potter traps baited with millet. Trapping occurred daily,
beginning at 6:00 AM and ending when birds stopped entering traps, or around 12:00 PM.
Traps were monitored and checked every 20 minutes. Previous research on the use of potter
traps and baseline cort in white-crowned sparrows indicated that 15 minutes in a trap does
not alter baseline or stress-induced cort (Romero and Romero, 2002), however, this not true
for Lapland-longspurs (Calcarius lapponicus; Romero and Romero, 2002) or house sparrows
(Passer domesticus, Lynn and Porter, 2008). Morphological measurements (mass and tarsus)
were collected at every capture. To gain a better understanding of how the stress response
varies across the breeding season for male MWCSs, a stress series was collected during
territory establishment, mate-pairing, and egg/chick rearing for a maximum of 3 stress series
per individual (see Sup. Fig. 2 for a breakdown of life-history stages and blood sampling
during data collection). The territory establishment stage began when data collection started.
The mate-pairing stage began when individual pairs were seen together (late May) and the
egg/chick rearing stage began when nests were found with eggs (early June). We measured
adult mass to the nearest 0.5 g and tarsus to the nearest 0.5 mm and calculated body
condition using a scaled mass index (Peig and Green, 2009). We collected the outermost
rectrix during the first capture of each individual to measure feather cort concentrations. All
adult MWCSs were identified with a unique code on an aluminum leg band, in addition to
colored leg bands for behavioral observations. For each individual, a blood sample (~100ul)
was taken from the brachial vein within 3 minutes of capture (mean +/- SE: 2.35 £ 0.3), as
well as 15 (mean +/- SE: 14.97 £ 0.5) and 30 (mean +/— SE: 29.88 + 0.5) minutes after
initial capture, following a standardized stress series protocol (Romero and Reed, 2005).
Briefly, birds were placed in opaque bags to simulate capture and restraint stress. Blood
samples were placed on ice until centrifuged at 15,300 g for 5 minutes within 5 hours of
collection and placed into a —80° C freezer for later hormone analyses. T samples were only
collected from baseline male blood samples. A stress series was collected on all captured
MWCSs from May to June unless a blood sample had been collected from that individual
within the past 14 days. Due to the critical need of females to attend their nests, we did not
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collect a full stress series from females once they began laying. If a female was caught
during this stage, only a baseline blood sample was collected (see Table 1 for sample sizes).

When males arrived on the breeding grounds in early May, we deployed 17 Advanced
Telemetry Systems radio transmitters (< 0.5 g; Model A2455; Pulse width 16ms; Pulse rate
60ppm) during the first capture of males to map home-range size. Using epoxy, we glued an
elastic string in the shape of a figure- eight to the bottom side of each transmitter. The
transmitter was placed on the bird’s upper back and the loops of the string were hooked
around each leg acting as a harness for a secure fit that would not impair the bird’s
movement. Male MWCSs generally establish territories near their previous years’ territory.
Younger males arrive later, settling in the free areas. Territories are firmly set soon after
arrival to the breeding grounds (Morton, 2002). We used handheld radio telemetry
(Communications Specialist Inc. Model R1000 with a Yagi antenna) to locate males and
collected a GPS point (handheld Garmin GPSMAP 62st: 3m accuracy) where the male was
spotted (Chandler et al., 1994). We practiced caution in tracking males as to not chase the
individual and overestimate home-range size. A minimum of 5 GPS points were collected
per individual (mean +/- SE: 12.35 + 1.84). Transmitters were removed from birds at the
end of data collection.

Weather conditions strongly impact the start of nest building and egg laying. Female
MWCSs lay between 2—6 eggs with a mode of 4 (Morton, 2002). We began nest searching
when MWCSs were seen collecting grasses and twigs and mate pairs started to form, which,
due to low snowpack, started in late May. We walked line transects across the breeding
grounds as close together as the vegetation would allow to flush females. Areas with
vegetation too thick to walk through were monitored visually with binoculars. When nests
were located, we recorded the number of eggs and marked the location with a GPS point.
MWCS nests are heavily depredated by corvids and ground squirrels, so time spent at nests
was kept to a minimum (<1 min). Nests were monitored daily to count the number of eggs,
hatchlings, and/or fledglings. Nests were monitored until all chicks had fledged or the nest
had been abandoned or depredated. A nest was deemed successful if at least one of the
young fledged. We monitored MWCS pairs daily to accurately identify which male and
female belonged to which nest.

2.2 Hormone assays

2.2.1 Plasma corticosterone—Plasma cort levels for male and female MWCSs were
measured using an enzyme immunoassay kit (Cat. No. ADI-901-097; Enzo Life Sciences,
Inc., Farmingdale, NY, USA) following standard assay protocols as modified for white-
crowned sparrows (Wada et al., 2007). We used 1% steroid displacement reagent for the
purpose of freeing cort bound to corticosteroid-binding globulin (CBG). Samples were
diluted 1:40 in assay buffer. Samples were run in duplicate and randomly placed across the
plate with the exception of keeping all samples per individual on the same plate. The intra-
plate coefficient of variation was 3.55% and the inter-plate coefficient of variation was
8.30% (n=7 plates). Our levels are consistent with other published studies on this species.
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2.2.2 Feather corticosterone—We used feather cort as a long-term hormone measure,
compared to the short-term measurement of plasma cort. To validate a feather assay for male
and female MWCS rectrices, we followed the general protocol of Lattin et al. (2011) and
Bortolotti et al. (2008). We ran samples diluted by 1:300, 1:600, and 1:900. Parallel curves
were generated and a dilution of 1:300 was selected due to this dilution having the highest
level of parallelism. Before hormone analysis, feathers were weighed to the nearest 0.0001 g
and measured to the nearest 0.5 mm before and after the calamus was removed and
discarded (feathers: n=28). Feathers were then cut into small pieces (<5 mm) and placed in
scintillation vials with 7 mL of methanol. All vials were placed in a sonicating water bath at
room temperature for 30 minutes. Directly after, the vials were placed in a shaking water
bath at 50° C overnight. We used vacuum filtration to filtrate all samples with two rinses of 2
mL of methanol. We used a vented air system to dry the methanol under 50° C. Samples
were then reconstituted in 300 pl of assay buffer overnight (300 ul tested from 100, 600, and
900 pl resulted in the best sample fit along a standard curve). For hormone analysis, we used
an enzyme immunoassay kit (Cat. No. 80-0045; Enzo Life Sciences, Inc., Farmingdale, NY,
USA), following the manufacturer’s instructions and ran all samples on a single plate in
duplicate. To validate this assay, we verified that a serially diluted sample was parallel with
the cort standard curve. Intra-plate coefficient of variation was calculated from duplicated
controls that were taken through the entire assay process: 9.37%. Cort values were then
standardized by feather length to account for variation in cort deposition during growth
(Bortolotti et al., 2009).

2.2.3 Testosterone—We quantified plasma testosterone for male MWCSs from baseline
blood samples using Salimetrics (State College, PA) salivary testosterone kit (#1-2402)
following the validation protocol for avian plasma (Washburn et al., 2007). We only
measured T concentrations of males as this was the most relevant for our study. In brief, the
slope of serial dilutions of MWCS plasma did not differ from the slope of the standard curve
(ANOVA: £ g=0.097, p=0.76) and the optimal plasma dilution was determined to be 1:10.
Plasma samples were run on one plate in duplicate and the intra-assay coefficient of
variation was 4.03% and plate sensitivity was 1 pg/mL.

2.3 Statistical analyses

All analyses were conducted in R v3.6 (R Core Team, 2018). Two female cort samples were
marked as statistical outliers (greater than 3 standard deviations from the mean) and were
removed from all analyses. We kept one male cort sample in the PR analysis (even though it
was marked as a statistical outlier) because the metric does not use exact measures of cort
concentrations, but instead measures the shape of the stress response. Removing this male
from analyses did not change our conclusions. One male testosterone sample was marked as
a statistical outlier and was removed from all analyses. Stress-induced cort was measured
from blood samples collected 30 minutes after capture. Samples collected 15 minutes after
capture were only included in PR and reaction norm analyses.

2.3.1 Repeatability: Inter-individual—We used the R package “rptR” v0.9.21 (Stoffel
et al., 2017) to measure intra-class correlation coefficients to calculate cortand T
repeatability at the population level. We calculated the R score (repeatability score) for male
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and female baseline cort, male stress-induced cort, and male T concentrations, separately.
Female stress-induced cort repeatability was not measured due to a lack of repeated
individual samples. We used a gaussian distribution and grouped by individual. Parametric
bootstrapping was used to obtain 95% confidence intervals for our population repeatability
estimates (nboot=1500).

2.3.2 Profile repeatability: Intra-individual—We measured PR scores for 18
individual male MWCSs following methods created by Reed et al. (2019; Appendix S1). We
were able to collect a stress series within each life-history stage (territory establishment,
mate-pairing, and egg/chick rearing; Sup. Fig. 2) for a total of 3 stress series per individual
for 13 males. We also included 5 males with only 2 stress series collected from 2 of the 3
life-history stages. Reed et al. (2019) found that removing one stress series from an
individual had little effect on that individual’s PR score. To test if this finding was true for a
free-living species, we experimentally removed from the 13 males with 3 stress series Z) the
first stress series (collected during territory establishment), 2) the second stress series
(collected during mate-pairing), 3)the third stress series (collected during egg/chick
rearing), and 4) randomly removing one stress series, and re-calculated PR scores.

2.3.3 Reaction norm repeatability: Inter- and intra-individual—To measure the
level of repeatability of the slope and intercept of the stress response during three different
life-history stages, we used a reaction norm approach following Araya-Ajoy et al. (2015).
Only males with 3 full stress series were included in this analysis (n=13, series=39). We
used a multi-level random regression mixed-effect model to quantify variation in reaction
norm intercepts and slopes within and among individual males (see supplementary materials
for model structure). Cort levels were modelled as a function of the stress response over time
(0, 15, 30 mins after capture) in interaction with life-history stage, which was fitted as an
environmental covariate with three levels (territory establishment, mate-pairing, and egg/
chick rearing). Random intercepts were included for individual and series; random slopes
with respect to time were also included at two hierarchical levels. We fitted the random
regression model using a Bayesian framework implemented with the package
“MCMCglmm” (Hadfield, 2010). We ran 3,003,000 iterations per model, from which we
discarded the initial 3000 (burn in period). Each chain was sampled at an interval of 3000
iterations. Repeatabilities of slope and intercept were calculated using equation 3 from
Araya-Ajoy et al. (2015). Posterior means and 95% credible intervals were estimated across
the thinned samples for the mean effects (fixed effects), (co)variances, and repeatabilites.

2.3.4 Corticosterone and testosterone—We used a linear mixed model to test for a
relationship between T and baseline cort levels. T was used as the dependent variable and
baseline cort and body condition were included as covariates. Individual ID was included as
a random effect to account for repeated measures. We only used baseline cort levels in this
model as T samples were collected from baseline cort blood samples.

2.3.5 Hormones and home-range—We used GPS points to estimate male home-
range size (m2; n=17). Home-ranges were calculated as the 95% kernel utilization
distribution (UD), a method which summarizes an individual’s locations in a 2-dimensional
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probability space (Worton, 1989). Kernel UD was estimated using the R package
“adehabitatHR” v0.4.15 (Calenge, 2006). We used a linear model to test whether territory
size was related to male pre-breeding cort (baseline or stress-induced) or T concentrations.
We focused on male pre-breeding hormone levels as those are the most relevant during
territory establishment. Body condition collected during territory establishment was used as
a covariate. To test for a pattern of cort (baseline or stress-induced) and T distribution across
home-ranges, we used Moran’s | test (R package “spdep” v1.0- 2; Bivand and Wong, 2018).
Moran’s | is a measure of spatial autocorrelation (Cliff and Ord, 1973), which compares
hormone levels of each territorial male with adjacent males within a specified distance. In
this analysis, we interactively ran Moran’s | tests by specifying different distances (from
140m and 400m) to progressively include more neighboring males in the comparison.

2.3.6 Hormones and nesting success—To test for a difference in the stress response
between male and females during the pre-breeding season, we used separate Welch’s t-tests
for samples collected at 0, 15, and 30 minutes after capture. To measure reproductive
success, we used nesting success (proportion of young fledged over total young hatched) as
our metric as there was low variation in the number of fledglings (>75% had 4 young). We
ran separate models for each sex, as we collected fewer hormone measures for females than
males to minimize nest desertion and home-range size was measured for territory-
establishing males. We ran generalized linear mixed models (GLMMs) with a binomial
distribution to test if male nesting success was related to absolute baseline and stress-
induced cort and T concentrations with an interaction of life- history stage, feather cort, PR
scores, and home-range size with body condition as a covariate. We ran GLMMs with a
binomial distribution to test if female nesting success was related to absolute baseline and
stress-induced cort concentrations with an interaction of life-history stage and feather cort
with body condition as a covariate. Individual ID was included as a random effect in all
models to account for repeated measures. Our set of candidate models included all variables
described above, and we evaluated combinations of all parameters using the corrected
Akaike information criterion (AlCc) to avoid overparameterization (Burnham and Anderson,
2002). We found no issues of collinearity between all parameters, which we checked by
creating a correlation matrix (r<0.5 for all pairwise comparisons).

3. Results

3.1 Repeatability: Inter-individual

Stress-induced cort was repeatable for male MWCSs (R=0.43, p=0.002; Table 2). Male and
female baseline cort and male T concentrations were not repeatable (Table 2).

3.2 Profile Repeatability: Intra-individual

PR scores range between 0 (no consistency) and 1 (high consistency). There was high
variation in the 18 PR scores (PR range: 0.0001 — 0.99; Sup. Table 1). Average PR score was
higher for males with only 2 stress series (Sup. Table 1). We removed one stress series from
each male that had 3 stress series at different life-history stages to see how PR scores and
rank would change. Average PR scores increased slightly from the original average PR score
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(0.18 + 0.34) in all cases (see section 2.3.2); 1.)0.25+£0.20, 2,)0.36 £ 0.26, 3,)0.21 £ 0.17,
and 4.)0.28 £ 0.22. However, rank order significantly changed (Sup. Table 2).

Due to the contrasting results from the group with 3 stress series compared to the group with
2 stress series, we separated the groups for all further analyses. Out of the 13 individuals
measured with 3 stress series, 3 individuals showed high PR scores (>0.56; high
consistency), while the remaining 10 scores showed low consistency (<0.06). For example,
the individual with the highest intra-individual consistency in their stress response had a PR
score of 0.86 whereas the individual with the lowest consistency had a PR score of <0.0001
(Fig. 1). For the individuals in the 2 stress series group, 4 out of 5 males showed high PR
scores (>0.61).

3.3 Reaction norm repeatability: Inter- and intra-individual

Cort levels positively correlated with time since capture (Table 3). The interaction of time
and life-history stage was also significant: the reaction norm of territory establishment and
mate-pairing in relation to time since capture had a steeper slope than egg/chick rearing
(Table 3). This indicates that males had a lower stress response to capture and restraint
during egg/chick rearing than during territory establishment and mate-pairing. We found
large credible intervals for repeatability in both slope (R=0.50) and intercept (R=0.35) of the
stress response over different life-history stages (Table 3), suggesting low confidence in
repeatability.

3.4 Corticosterone and testosterone

We found significant intra-individual correlations between T and cort: when individual
males had higher levels of baseline cort, their T concentration was significantly lower (coef:
-0.66, SE: 0.17, p=0.0005; Sup. Fig. 3).

3.5 Hormones and home-range

We did not find a significant relationship between male cort or T concentrations and home-
range size (baseline: £, 19=2.54, p=0.51; stress-induced: £, 19=3.37, p=0.20; T: A,
34=1.36, p=0.27). We found that males with larger home-ranges had better body condition
(F1, 20=4.76, p=0.04; Fig. 2). With respect to baseline cort levels and T, male home-ranges
were randomly distributed across the breeding grounds (Fig. 3A and C), as we found non-
significant results at all distances from Moran’s | test (Sup. Fig. 4). For stress-induced cort,
we found that male home-ranges were nonrandomly distributed within 225-250m of each
other, with males showing higher levels of stress-induced cort clustered together in more
central home-ranges (Fig. 3B). On average, each male had 10.35 neighbors within 240m
(Fig. 3). As we measured home-range size, which are larger and more flexible than
territories, there is a higher rate of overlap between neighbors.

3.6 Hormones and nesting success

We found a significant difference between average male and females stress responses during
the pre-breeding life-history stage in that females had a lower stress response compared to
males (Welch’s T- test: 0 mins: £49.735)=-1.373, p=0.176; 15 mins: #48.693)=-4.7232,
p=<0.0001; 30 mins: #163.88)=6.007, p=<0.0001; Fig. 4). Of the 18 nests we found, 8 were
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successful and 10 failed (due to desertion or depredation). Male and female nesting success
was not explained by any predictor variables. The top model for both males and females was
an intercept only model (Sup. Table 3; Sup. Table 4).

4. Discussion

This study uses a novel dataset with repeated within-individual hormone samples and home-
range size to predict nesting success in a free-living songbird. Although absolute
concentrations of male stress- induced cort levels were repeatable at the population level, PR
scores and reaction norm analyses revealed low intra-individual consistency and low
repeatability in the shape of the stress response, respectively. Males were non-randomly
distributed across territories with individual males having higher concentrations of stress-
induced cort clustered in central territories. We found no evidence that cort (baseline, stress-
induced, PR scores, or feather) or T concentrations were related to an individual’s nesting
success in males or females.

4.1 Repeatability

The lack of repeatability in baseline cort and T levels is in accordance with other studies
(e.g., Baugh et al., 2014; Pavitt et al., 2015). One reason for the lack of repeatability in
baseline cort levels is the relationship between baseline cort and metabolic functions
(Sapolsky et al., 2000), which have strong temporal variations, as well as variations within
life-history stage (Cockrem et al., 2017). Both internal and external conditions impact an
individual’s level of baseline cort, such as individual quality (Husak and Moore, 2008),
adding natural variation at any given time (Rensel and Schoech, 2011). Natural variation in
T due to social factors (dominance and aggressive interactions during territory
establishment) likely also account for the low repeatability in T concentrations (While et al.,
2010; Pavitt et al., 2015; Fanson and Biro, 2019). Stress-induced cort, however, is less
variable, as it is a response to a standardized stressor. In line with current literature (Rensel
and Schoech, 2011; Holtmann et al., 2017; Schoenemann and Bonier, 2018; Taff et al.,
2018), we found repeatability in male stress-induced cort levels. Given that stress-induced
cort is a proxy for the maximum level of cort that an individual secretes in response to a
stressor (Rensel and Schoech, 2011), finding repeatability among individuals is more
common compared to baseline concentrations.

PR scores may be able to address the uncertainties of measuring the stress response, i.e.,
subtracting baseline from stress-induced or calculating the area under the curve, as PR
scores encompass cross-over events and the shape of the response. Although we found
absolute concentrations of stress- induced cort in males to be repeatable, we found a wide
range of PR scores with most individuals (10 of 13) with 3 stress series showing a low level
of intra-individual consistency and most individuals (4 of 5) with 2 stress series showing a
high level of intra-individual consistency (Sup. Table 1). These results indicate that a single
measurement of a stress response in this population will not accurately represent the cort
profile of an individual across different life-history stages. Our results indicate that either the
PR metric cannot holistically assess intra-individual variance or the relatedness among an
individual’s stress responses are highly variable.
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This is the first study to use the PR metric on a free-living organism. Reed et al. (2019)
tested the metric on captive European starlings (Sturnus vulgaris) and found high intra-
individual consistency with an average PR score of 0.84. In their dataset, removing one
stress series did not change PR scores; however, in our population, removing one stress
series from each individual male significantly changed the PR score ranks for individuals
(Sup. Table 2). This finding, combined with the large credible intervals for repeatability in
the reaction norm intercept and slope, suggest that individual stress response profiles are not
consistent. The population of MWCSs used for this study live in a highly variable
environment, experiencing a wide range of temperatures across seasons (Sup. Fig. 1).
Additionally, as this population borders Yosemite National Park, human traffic is high,
which has been shown to impact GC levels (Thiel et al., 2008). In a study by Addis et al.
(2011), high elevation white-crowned sparrows had a different stress response compared to
low elevation white-crowned sparrows, which they propose may be due to the increase in
phenotypic variation in response to novel environments (Holway and Suarez, 1999).
Therefore, the variability in the environment of the MWCS population in Tioga Pass is likely
a significant factor in their overall low levels of intra-individual consistency in the stress
response.

4.2 Corticosterone and testosterone

4.3 Spatial

Studies relating baseline cort and T concentrations show negative, positive, and no
relationships (Ketterson et al., 1991; Wikelski et al., 1999; Hau et al., 2010; Li et al., 2017;
Zito et al., 2017). The inconsistent correlations between these hormones could be due to
differences across life-history stages (Deviche et al., 2014). We had multiple samples of the
same individual across different life-history stages and our results indicate that within
individuals, there is a negative relationship between T and baseline cort across time. This
finding indicates that the relationship between these two hormones may only be evident
when taking within-individual differences into account and why there is not a clear
relationship among individuals with one-time sampling. We did not assess T after the
standard capture and restraint, so the relationship between these hormones will likely differ
after exposure to a stressor (Deviche et al., 2014). Deviche et al. note that because not all
stressors elicit an identical relationship between cort and T, this is not a direct relationship
but one mediated by a suite of physiological mechanisms (2014).

relationships

To our knowledge, this is the first time MWCS home-range size and distributions have been
measured and mapped; however, male MWCSs generally return to the same or similar
territory locations between years (Morton, 2002). Our results suggest that there is a non-
random pattern in the spatial distribution of individuals and their cort phenotypes in
territorial male MWCSs. As this is a correlative study, we were unable to test if cort levels
determined home-range location or, rather, home-range location affected an individual’s cort
phenotype. Habitat composition and nest site availability likely create competition for better
nesting areas (Merild and Wiggins, 1995; Strubbe and Matthysen, 2009) and may select for
spatial patterning of individuals with different physiological profiles. Viblanc et al. (2014)
found that king penguins with peripheral territories (few neighbors) had lower baseline cort
levels than individuals with central territories (surrounded by neighbors). In MWCSs, males
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with higher stress- induced cort levels inhabited centralized home-ranges. Higher stress-
induced cort concentrations in central home-ranges may be due to a higher rate of
intraspecific interactions (C6té, 2000). Although, assumedly this would increase
concentrations of T as well (Wingfield and Wada, 1989; Wingfield et al., 1990), but
individual males were randomly distributed in space in regard to T. One reason for this
difference may be due to T levels decreasing after a conspecific interaction too quickly for
our study to have detected a significant spatial distribution of individuals and their respective
T concentrations. We also point out that a colonial nesting seabird may have different
territory establishment rules and different social interactions between breeding pairs than
territorial temperate songbirds. Measuring territory quality in addition to size and location
may give a more accurate representation of environmental factors affecting hormone levels
and fitness (Both and Visser, 2000; Meadows, 2001; Steury and Murray, 2003; Machin et al.,
2018).

4.4 Hormones and nesting success

In line with previous research (Wingfield et al., 1982; Wingfield et al., 1994), we found that
female MWCSs had a suppressed stress response compared to males during the pre-breeding
life-history stage (Fig. 4). Since female MWCSs usually provide more parental care than
males (Morton, 2002), our finding corroborates with other studies indicating that the parent
that gives the most parental care tends to have a more dampened stress response (Wingfield
etal., 1995; O’Reilly and Wingfield, 2001, Bbkony et al., 2009). Moreover, males had a
lower stress response during chick-rearing than other life-history stages, which also supports
the hypothesis that the stress response is dampened during breeding to minimize desertion
and increase parental care (O’Reilly and Wingfield, 2001).

We found no relationship between hormone levels (baseline cort, stress-induced cort, feather
cort, or T) and nesting success, even with repeated within-individual hormone
measurements. This suggests that nesting success is either unrelated to an individual’s
hormone phenotype or this relationship is highly complex, with many physiological and
environmental components playing species-specific and context- dependent roles. Our data
may also lack the statistical power needed to detect relationships among these variables, or
female stress responses during breeding may be more important for nesting success than
those of males (we did not collect multiple stress series from females to minimize nest
desertion). After collecting three stress series per individual across different life-history
stages, we found that male PR scores did not predict nesting success. The natural variability
in baseline cort (e.g., Breuner et al., 1999) and the wide range of PR scores we found are
likely why there is inconsistency between GC levels and fitness (Bonier et al., 2009a).
Although studies have found that high GC plasticity is related to increased reproductive
success (Bonier et al., 2009b; Ouyang et al., 2013), our study cautions that more data should
be collected across seasons (Hau and Goymann, 2015). As for feather cort, the
environmental conditions an individual experiences during pre-breeding and breeding likely
have a greater impact on the success of a nest compared to cort levels during the time of
feather growth (Boves et al., 2016). Nesting success in male MWCSs was also not related to
T concentrations. In other studies of T and fitness, reproductive success was measured with
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respect to extra-pair paternity (Reed et al., 2006), and it is possible that MWCSs nesting
success is affected by extra-pair possibilities (Sherman and Morton, 1988; Morton, 2002).

It is important to note a critical difference between individuals that experience nest
depredation compared to nest abandonment. Out of the 10 failed nests we recorded, 5 were
abandoned and 5 were depredated and due to low sample size, we could not separate them in
the analyses. Nests are abandoned primarily due to perceived risk of immediate survival,
e.g., extreme weather conditions (Wingfield et al., 1983) or increased predation risk
(Beckmann and Martin, 2016). A breeding individual that is unable to or does not suppress
their stress response, and therefore has a more elevated response to stressors, is more likely
to abandon a nesting attempt (Wingfield and Sapolsky, 2003; Ouyang et al., 2012; Thierry et
al., 2013). Nest abandonment can be detrimental to fitness; however, it can be advantageous
if an individual is able to perceive a failed nesting attempt and re-nest (Morton, 2002). Nest
depredation does not directly interfere with the survival of a parent unlike inclement weather
or a predator, leading to a difference in the way physiological responses are mediated
(Wingfield, 2003).

4.5 Conclusion

Although absolute concentrations of male stress-induced cort is repeatable at the population
level, we provide evidence that the stress response is highly plastic in a population of
MW(CSs. We encourage further studies with repeated measures of the cort phenotype in free-
living species to test the generality of this pattern and the use of PR as a metric for intra-
individual variation of the stress response. Spatial distribution of individuals and their
physiological traits can reveal non-random patterns of home- range/territory establishment
and is an interesting avenue of research linking spatial and temporal variation of individuals
and their hormone levels. Longer-term studies (i.e., the same individual breeding in different
years with varying environmental factors, such as habitat quality) may disentangle the
relationship between hormones and fitness. By gaining a better understanding of these
relationships, we can identify how selection is acting on hormone expression, when and how
the stress response promotes individual survival, and how habitat alterations can affect
fitness in free-living organisms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Male stress-induced corticosterone was repeatable at the population level
. Male stress-response profiles were highly variable
. Males with higher body condition had larger home-ranges
. Males with higher levels of testosterone had lower levels of baseline
corticosterone
. Hormones and home-range size did not relate to nesting success
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Figure 1. Profile repeatability.
Profile repeatability (PR) plots of individual male mountain white- crowned sparrows with 3

stress series collected at separate life-history stages. The individual with the highest intra-
individual consistency (A) had a PR score of 0.86. The individual with the lowest intra-
individual consistency (B) had a PR score of <0.0001. Mean PR score for all males with 3
stress series each (n=13) was 0.18 (95% confidence intervals: 0.00 — 0.36).
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Figure 2. Home-range size and body condition.
Male mountain white-crowned sparrows in better pre-breeding body condition had larger

home-ranges (0=0.041).
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Figure 3. Mountain white-crowned sparrow hormone home-range maps.
Spatial distribution of male mountain white-crowned sparrow home-ranges with baseline

corticosterone (A), stress-induced corticosterone (B), and testosterone levels (C).
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Figure 4. Mountain white-crowned sparrow average corticosterone levels across life-history
stages.

Average male and female mountain white-crowned sparrow stress response during the pre-
breeding life- history stage (A) and average male stress response during the breeding life-
history stage (B). Plotted are means + 95% confidence intervals.
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Table 1.
Summary of sample sizes.

Sample sizes are separated by hormone and subsequently separated by sex. Numbers outside of parentheses
indicate total number of blood samples collected. Numbers inside parentheses indicate unique individuals
from which these samples were collected. For example, 55 baseline corticosterone measurements were
collected from 23 individual male mountain white-crowned sparrows, Zonotrichia leucophrys oriantha.

Hormone Males (n)  Females (n)

Baseline corticosterone 53 (21) 47 (18)

Stress-induced corticosterone 53 (21) 16 (13)

Testosterone 45 (21) 0
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Table 2.
Repeatability of absolute values of hormone levels in mountain white crowned sparrows,

Zonotrichia leucophrys oriantha.

Repeatability estimates were calculated using intra-class correlation coefficients with parametric bootstrapping
to obtain 95% confidence intervals. Significant p-values are in bold.

Hormone Sex R (CI) P-value

Baseline corticosterone Male 0.06 (0, 0.33) 0.90
Female 0.13 (0, 0.34) 0.20

Stress-induced corticosterone  Male 0.43(0.08,0.68) 0.002

Testosterone Male 0.12 (0, 0.49) 0.27
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Table 3.
Variation in individual corticosterone concentration as a function of life-history stage and

time.

We used a MCMCglmm with random intercepts and slopes (with respect to life-history stage*time) at the level
of the individual and series within individual. Variance in intercepts are printed with subscript *0’, variances in
slopes with subscript ‘1’ for the among-individual (‘ind”), among-series (“series’) levels; intercept-slope
covariances (‘cov’) are presented at each level. Reference level for life-history stage is chick rearing. All
values are reported as mean with 95% credible intervals.

Model Output | B (95% CI) | P-Value
Fixed effects Intercept 36.99 (27.32, 47.30) <0.001
Time 38.72(26.34,50.17) | <0.001
Life-history stage (Mate-pairing) 6.55 (-5.17, 18.46) 0.26
Life-history stage (Territory estab.) 4.33 (-7.20, 15.46) 0.45
Time x Life-history stage (Mate-pairing) 21.72(7.38,37.92) 0.01
Time x Life-history stage (Territory estab.) 16.89 (7.38, 37.92) 0.02
Random effects o2 (95% CI)
Vinao 103.84 (0.001, 272.6)
Among individuals Vindz 86.11 (0.001, 254.3)

COV jng,inaz | 55.75 (-18.17, 191.3)

Viserieso 177.30 (58.9, 329.9)
Within-individuals among-series Viseries 86.2 (0.001, 250.3)
COV serieso, seriest 57.1(-31.0, 188.9)

Residuals 153.1 (87.09, 205.4)
Repeatability Intercept 0.35 (0.001, 0.69)
Slope 0.50 (0.001, 0.99)
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