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Highlights

e We injected parental male tree swallows with either GnRH or saline.

e GnRH-males elevated testosterone (T) and provisioned more than saline males.

e Compared to saline, GhRH-males’ chicks gained more mass during the following day.
e GnRH males’ AT positively correlated with chick growth but not parental behavior.

e T-mediated trade-offs may not be visible within a male’s own reactive scope.
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ABSTRACT

Decades of comparative and experimental work suggest that testosterone (T) promotes mating
effort at the expense of parental effort in many vertebrates. There is abundant evidence that T-
mediated trade-offs span both evolutionary and seasonal timescales, as T is often higher in
species or breeding stages with greater mating competition and lower in association with
parental effort. However, it is less clear whether transient elevations in T within a male’s own
reactive scope can affect parental effort in the same way, with effects that are visible to natural
selection. Here, we injected free-living male tree swallows (Tachycineta bicolor) with
gonadotropin-releasing hormone (GnRH), thus temporarily maximizing T production within an
individual’s own limit. Passive loggers at each nest showed that GnRH-injected males
provisioned more frequently than saline males for the subsequent day, and their offspring
gained more mass during that time. The degree of offspring growth was positively correlated
with the father’s degree of T elevation, but provisioning was not proportional to changesin T,
and GnRH- and saline-injected males did not differ in corticosterone secretion. These results
suggest that prior knowledge of T-mediated trade-offs garnered from seasonal, evolutionary,
and experimental research cannot necessarily be generalized to the timescale of transient
fluctuations in T secretion within an individual. Instead, we propose that GnRH-induced T
fluctuations may not result in visible trade-offs if selection has already sculpted an individual
male’s reactive scope based on his ability to handle the competing demands of mating and
parental care.

KEYWORDS: Hypothalamo-pituitary-gonadal axis, paternal care, nestling growth, Radio-
frequency identification, feeding
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INTRO

Evidence of life history trade-offs can be seen across multiple timescales: among species,
between different seasons or breeding stages, and in moment-to-moment changes in
phenotypes that respond to variable environmental conditions (reviewed in Roff, 1993; Stearns,
1992). A major goal of evolutionary biology has been to understand how these trade-offs arise.
One hypothesis is that short-term plastic responses give rise to macro-evolutionary variation
(West-Eberhard, 2005). This hypothesis relies on assumptions that trade-offs occurring during
moment-to-moment changes in the environment operate in the same manner as trade-offs
that have arisen over evolutionary time, and that any short-term adjustments affect fitness in
such a way that selection can act. Hormonal mechanisms are a promising avenue for testing
these assumptions because their effects on the phenotype traverse different timescales from
early life to adulthood (Adkins-Regan, 2005), and hormone secretion has been linked with key
life history variables among diverse animal taxa (Vitousek et al., 2019; Wingfield et al., 1990).

The steroid hormone testosterone (T) is known as a proximate mediator of life history and
behavioral trade-offs in vertebrates. T has pleiotropic effects that coordinate expression of
multiple traits promoting mating effort, oftentimes at the expense of parental effort (Ketterson
et al., 2009). In species with greater mating competition, males tend to have higher circulating T
levels, whereas males that provide more parental care tend to have lower T levels (e.g., blue-
headed vs. red-eyed vireos, Van Roo et al., 2003); these interspecific patterns hold at the
seasonal level as well, with higher T levels generally seen during territory establishment and
initial competition for mates, and lower levels seen in breeding stages with parental care
(Wingfield et al., 1990). Likewise, when males are given implants that increase T levels for days
or weeks, they often exhibit an increase in mating effort (e.g., increased territorial aggression or
advertisement) alongside a reduction in parental effort (reviewed in Lynn, 2016; Stiver and
Alonzo, 2009). This large body of comparative and experimental work suggests that T mediates
trade-offs at both interspecific and seasonal scales. However, T secretion also can vary over the
course of minutes or hours, in response to social interactions or breeding opportunities
(Goymann et al., 2007; Goymann et al., 2019; Wingfield et al., 1990). It is far less clear whether
these sorts of short-lived intra-individual differences in T also generate trade-offs between
mating effort and parental effort, in the way that they do over longer timescales.
Understanding the behavioral effects of naturalistic T fluctuations on a moment-to-moment
timescale is necessary to know how such seasonal and evolutionary patterns can arise, and how
they may be shaped by current evolutionary forces.

One way to experimentally induce brief fluctuations in T is an injection of gonadotropin-
releasing hormone (GnRH). By flooding an individual’s system with GnRH, this treatment
essentially maximizes gonadotropin output from the pituitary and maximizes gonadal T
secretion 30-60min later. These ‘GnRH challenges’ show how individuals respond hormonally to
standardized stimulation of the HPG axis, and as such are commonly used to assay an
individual’s natural T production capabilities, or reactive scope (e.g., Jawor et al., 2006; Rosvall
et al., 2016). The use of GnRH challenges as a bioassay has led to important insights in
comparative evolutionary endocrinology, beyond those gained from sampling basal T levels or
measuring behavioral responses to exogenous T. For instance, GNRH challenges used to track
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the seasonal breeding cycle of woodchucks (Marmota monax) showed that males can
facultatively increase luteinizing hormone (LH) and T about 1-2 months before they increase
basal LH levels, thus revealing the true timing of gonadal recrudescence (Concannon et al.,
1998). GnRH challenges also revealed divergence in the hormonal profiles of two subspecies of
dark-eyed juncos (Junco hyemalis) that differ in a suite of T-mediated traits: though the more
aggressive and ornamented South Dakota subspecies did not have higher baseline T levels than
the Virginia subspecies, they did elevate T more rapidly and to a higher peak in response to
GnRH (Rosvall et al., 2016). Within a population, individual differences in T responses to a GnRH
challenge are often predictive of other aspects of the phenotype measured separately,
including territorial aggression, parental care, body mass, and ornamentation (McGlothlin et al.,
2008; McGlothlin et al., 2007). Critically, T responses to GnRH are repeatable (Jawor et al.,
2006) and predictive of fitness measurements (Ambardar and Grindstaff, 2017; Cain and Pryke,
2016; McGlothlin et al., 2010), adding further biological relevance to this assay of an
individual’s hormonal phenotype.

Less commonly, GnRH challenges have been used as experimental treatments to temporarily
increase gonadal T production within an individual’s own reactive scope, which in turn can
affect behavior. Although GnRH affects multiple downstream hormones beyond just T (Adkins-
Regan, 2005), the use of GnNRH injections as a method for manipulating T levels has one key
advantage over direct treatment with T, at least in the context of evolutionary endocrinology.
Specifically, treating all individuals with a standardized dose of T fails to account for
evolutionarily significant inter-individual variation in T production capabilities. The GnRH
challenge limits each individual’s T production to his own physiological maximum, and in doing
so, better positions us to understand how naturalistic T elevation within a male’s own reactive
scope feeds back to shape other components of the phenotype. Behavioral effects of GnRH
injections have historically been attributed to known or assumed effects on T production. For
instance, male European ground squirrels (Spermophilus citellus) increase plasma T levels 40
min after GnRH treatment, and they exhibit more aggression in the day post-GnRH treatment
(Millesi et al., 2002). In the black redstart (Phoenicurus ochruros), however, GnRH injection does
not alter male aggression (Goymann et al., 2015), but it does reduce paternal care in the 2
hours post-treatment; notably, T levels were not quantified in these same individuals
(Goymann and Davila, 2017; Goymann et al., 2015), leaving some uncertainty as to whether
observed behavioral shifts could be attributed to changes in systemic T levels. Thus, it is still
unclear whether transient fluctuations of T within an individual’s reactive scope lead to short-
term deleterious effects on parental care, as is typically assumed in previous literature focused
on longer timescales.

The process by which fluctuations in T affect other aspects of the phenotype should take time:
one of the primary mechanisms of T action occurs via androgen receptors, which alter
transcription and translation. Therefore, T-mediated changes in behavior may not become
visible until several hours after changes in T levels in circulation (Adkins-Regan, 2005). More
rapid effects via non-genomic mechanisms are also possible, e.g., via T that is converted into
estradiol (Heimovics et al., 2018). In either case, if any T-mediated changes in parental effort
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can be shaped by selection, then these behavioral changes should result in costs or benefits to
current reproductive success; however, this idea is also untested.

Here we set out to test the effects of GnRH injections on circulating T and parental behavior
using male tree swallows (Tachycineta bicolor), a cavity-nesting songbird with biparental care.
In a study repeated over three years, we captured males while they provisioned, injected each
male with either GnRH or saline, measured changes in circulating T levels 30 min later, and then
observed changes in provisioning behavior and offspring growth over the subsequent day. In
this way, a GnRH injection served as both (i) an assay of a male’s T production capabilities,
which reflect his investment in mating effort, and (ii) an experimental treatment to increase a
male’s T levels within his own reactive scope. At the time of the post-injection bleed, we also
measured circulating corticosterone (CORT) levels, since 30 min of restraint commonly induce
acute stress responses (Romero and Reed, 2005), which in turn can affect parental behavior
(Wingfield et al., 1998). We monitored parental visits to the nest using RFID technology,
allowing us to collect data continuously for a full day after the treatment. To assess potential
fitness-related consequences of a single activation of the HPG axis, we focused on the subset of
nests with chicks at the peak of postnatal growth, and we measured treatment effects on chick
growth for one day. We predicted that GnRH-treated males would increase T levels and reduce
parental care, leading to slowed chick growth; such a finding would be consistent with the
hypothesis that brief, naturalistic elevations in T negatively affect parental behavior. In fact, we
did find significant effects of GnRH treatment on T levels, paternal behavior, and offspring
development, but these effects were not consistent with what we have come to expect from
previous work on T-mediated trade-offs.

METHODS

(a) Capture and GnRH treatments

This study used male tree swallows breeding in artificial nesting cavities (nest boxes) located
around Bloomington, IN, USA (39°9 N, 86°31 W). The experiment occurred during three
successive breeding seasons, from 2016 to 2018 (hereafter Y1 to Y3) and included 62 unique
males. Six of these males were sampled in two years, leading to 68 total nests studied. Only two
of these repeated males received the same treatment, and randomly excluding data from one
year for these two males does not change our results. Sample sizes and exact dates for each
year are summarized in supplemental table 1.

We used nest box traps (Stutchbury and Robertson, 1986) to capture males that were
provisioning. Offspring ranged from 5-10 days post-hatch (mean=7 days old, where hatch
day=1). All males were captured between 0700 and 1300 EDT. Upon capture, we immediately
collected blood (40-70 uL) from the alar vein using heparinized microcapillary tubes and a 27G
needle (latency from capture to initial bleed: 5.1+0.5min). We then used a 50 puL Hamilton
syringe to inject either a solution of 1.25 ug chicken GnRH-I (Bachem H-3106, Torrence, CA,
USA; n=40 males) in 50 pL phosphate-buffered saline (PBS) or a control solution of 50 uL PBS
(hereafter ‘saline’; n=28) into the left pectoral muscle. This method has been used with female
tree swallows (George and Rosvall, 2018) and other songbirds of similar mass to bring about a
peak in T about 30 min later, which subsides within 2h (Rosvall et al., 2016). We gave each bird
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a unique numbered USGS band on one leg and a plastic color band on the other leg. In Y2 and 3
of this study, each plastic band contained a PIT tag (personal integrated transponder; 2.3mm
with an EM4102 transponder from Eccel Technologies, UK) that transmits a unique hexadecimal
number when activated by an RFID reader/antenna, thus allowing us to record individual time-
stamped visits to nests (elaborated below). Males were held in an opaque paper bag until 30
min post-injection, when we collected another 40-70 plL blood. Using a spring-loaded scale, we
measured each male’s body mass as a proxy of his condition or quality. After applying pressure
and confirming that bleeding had ceased, we released each male.

(b) Quantifying parental visits to nest

In Y2 and 3 of this study, we equipped each nest box with a low-cost radio-frequency
identification (RFID) reader (“Generation 2” of the design in Bridge and Bonter, 2011; Cellular
Tracking Technology, PA, USA). In all we collected RFID data for n=22 GnRH- and 15 saline-
injected males (see supplemental table 1 for sample size per year). Readers were attached to a
copper coil antenna at the nest box entrance. Previous work in this species has shown that
RFID-detected visits are highly correlated with observed visit counts (Lendvai et al., 2015), and
>95% of parental visits to the nest are feeding events (McCarty, 2002); thus, RFID visit counts
accurately reflect provisioning efforts. RFID readers were programmed to scan every 500 ms to
detect any PIT tags at the box entrance and record date, time, and tag identity. To conserve
battery life, readers were programmed to be inactive overnight (2100 to 0600 EDT). To account
for individuals perching or hovering at the antenna before entering the box, we filtered out any
repeated reads by the same individual within 3 sec of one another, and used the remaining
reads per individual as estimated counts of entrances and exits combined. We then divided the
remaining reads in half to estimate the number of unique visits, assuming one entrance and
one exit per visit. In a separate study, our lab confirmed that RFID visits calculated in this exact
way are highly correlated (r=0.90) with counts obtained via focal observation of provisioning
over 30 min periods (Wolf et al., preprint). For all analyses of provisioning behavior, we
calculated visitation rate as the average number of visits per hour for the 28-hour period post-
release (excluding overnight or incomplete hours). This time period was chosen because it was
the maximum elapsed time over which we measured chick growth (see below). Additionally, we
used RFID data to find each male’s latency to return to his nest (time elapsed between a male’s
release post-injection and his first post-injection box visit). We also obtained visitation rates
from RFID-tagged female social partners at 34 of these 37 boxes, which allowed us to
separately address whether male treatment altered female behavior.

(c) Quantifying effects on offspring

At the time of each male’s injection, we measured the mass of each chick in the nest, to the
nearest 0.1 g (Ohaus HH120D digital scale, Parsippany, NJ, USA). We returned to each nest
approximately one day later to mass chicks again, recording time elapsed between
measurements (mean=25.01+0.2h, range= 21 to 28 h). We also measured chick mass on day 12
post-hatch, at which point we routinely band and measure chicks because they have typically
reached their asymptotic mass (Teather, 1996).
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We calculated average chick growth for each male as each brood’s change in mass normalized
total post injection chick mass)— (total pre injection chick mass .. -
(total post in )— (total pre inj ) To maximize our ability to detect

for brood size:

brood size

differences in chick mass change over a short period of time (one day), we limited any chick
growth analyses to only nests whose chicks had the potential to gain the most mass in a single
24-hour period. We determined which nests to include by fitting a logistic growth curve to chick
mass by age in our population (data collected for a separate study; Wolf et al., in press) and
calculating the inflection point (i.e., the point on the curve with the steepest slope). This
maximal growth rate occurred at day 6 post-hatch, consistent with prior work in this species
(Quinney et al., 1986). Thus, growth analyses included only nests whose chicks were 6 + 1 days
post-hatch on the date the father was treated with GnRH (n=30) or saline (n=24). We did not
apply this same restriction to the provisioning analyses described above because tree swallow
parental behavior increases from days 1-5 post-hatching and then remains fairly constant until
a few days before fledging (Leffelaar and Robertson, 1986; Lombardo, 1991). Given that all
males in our study had chicks ranging in age from 5-10 days post-hatch (i.e., the period of
maximal provisioning), we included all injected males with RFID data in analyses of provisioning.
When testing for treatment effects on average day 12 mass, we limited our analysis to only
those nests included in earlier growth analyses, excluding 3 additional nests that failed for
unrelated reasons before day 12 (n=51 nests included).

(d) Hormone assays

Testosterone

We measured pre- and post-injection T levels using competitive-binding commercial ELISA kits
(Enzo ADI# 900-176) that have already been validated in tree swallows (George and Rosvall,
2018). In general, we extracted hormones using three rounds of liquid-liquid ether extraction
and reconstituted in 250uL assay buffer. For >80% of samples, we began with 20 uL plasma. For
19 of 107 samples, we did not have 20uL and so we instead used 5-15 pL and checked whether
their results still fell between 20-80% binding. 2 of those low-volume samples and 13 additional
samples did fall >80% binding (concentrations too low), and so we conservatively estimated
their T concentrations based on the assay sensitivity (7.81 ng/mL), corrected for plasma
volume. Plates were balanced by treatment and date, with both samples from the same
individual run on the same plate, but each year was run separately. T concentration was
calculated by comparing a sample’s absorbance to the absorbance of the assay’s 9-point
standard curve (Gen5 curve-fitting software, Biotek EPOCH plate reader, Winooski, VT, USA).
We used a previously extracted hormone pool (leftover from another study) to measure intra-
and inter-plate variation, with three pairs of duplicates uniformly dispersed across each plate.
The same pool was used throughout the entire study, and was stored at -20°C between assays
and years. Intra-plate variation of the pool was 5.5+3.5% (average tse), and inter-plate
variation was 14.9%. Sample duplicates showed a CV of 6.910.7%. All analyses of T focused on
pre-injection T levels and AT (post- minus pre- injection levels).

Corticosterone
In Y1 and 2 of the study, we used additional plasma from post-injection bleeds (n=16 GnRH, 13
saline males) to measure corticosterone (CORT) with commercial ELISA kits (Caymann Chemical,
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# 501320) previously validated for tree swallows (Virgin and Rosvall, 2018). We did not assay
pre-injection samples because latencies from capture to initial bleed were 5.6£0.5 min, but
CORT levels are known to change within only 3 min (Romero and Reed, 2005). Extraction
methods were the same as above, except that we began with 5-10 uL of plasma and
reconstituted in 500 uL assay buffer. We again used a pool of plasma extract to quantify
variability of the assay. Inter-plate variation was 26.8% (plate 1 was higher than plates 2-3), but
intraplate variation was 12.3 £ 5.3 % and sample duplicates showed a CV of 9.1+1.3% (average
tse). Due to the high inter-plate variation, we used a plate correction factor; that is, we
multiplied each measurement by the pool grand mean divided by each plate’s pool mean (as in
Jawor et al.,, 2007; McGlothlin et al., 2008). Samples were balanced by treatment and year
across three plates, meaning any effects of those predictor variables should be apparent
despite inter-plate variation.

(e) Statistical analyses

Statistical analyses used R (v. 3.6.1, R Core Team, 2019). All reported means are followed by
standard errors. In general, we used a series of linear models to address our questions. For each
separate question, we developed a set of a priori model options that included the main
predictor in question (e.g., treatment) as well as probable predictors and interactions based on
the literature (e.g., date, year, male body mass, chick age, brood size). Some response variables
(AT, pre-injection T, and latency to return) were log-transformed to better meet model
assumptions of normality. The full set of candidate models are overviewed below and detailed
in the supplementary materials. We used AlCc scores to systematically compare candidate
models with one another and the intercept-only model, and used the multcomp R package
(Hothorn et al., 2016) to select the top model that best fit the data (Burnham et al., 2011). In
cases with multiple models with AAICc<2, reported results are from the most parsimonious
model (Tables 1-3). Exceptions occurred when the intercept-only model was the best fit;
instead, we present the most parsimonious model that still includes the key predictor variable
(e.g., treatment), in order to quantify null results. We visually inspected histograms and normal
guantile plots of final model residuals as well as plots of predicted versus residual values to
verify that assumptions of normality and homoscedasticity were met (Figures S1-12; Zuur et al.,
2010). This process identified three situations in which the most parsimonious model
insufficiently met assumptions of homoscedasticity: testing for an effect of treatment on AT, an
effect of treatment on pre-injection T, and an effect of GnRH-induced AT on male provisioning.
In all three cases, the next most parsimonious model, still within AAICc<2 alleviated this
problem with the addition of an important explanatory variable, and therefore we present
those results in Tables 1-3, with further details in the supplement.

Briefly, we tested for treatment effects on male hormone levels and responses (baseline T; AT;
post-injection CORT), male parental behavior (latency to return to nest; average provisioning
rates), female parental behavior (average provisioning rates), chick growth over the one day
period post-treatment, and chick mass at day 12 post-hatch.
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To assess how treatment-induced changes in hormones affected male provisioning and chick
growth, we also tested for relationships between hormone variables (GnRH-induced AT; post-
injection CORT) and male behavior or chick growth.

All models initially included date, year, and male body mass. Hormone models also considered
latency to bleed. Models looking at effects of CORT levels on behavior also considered a
CORT*treatment interaction. The final model testing for effects of treatment on AT contained a
treatment *date interaction, so we used the emtrends() function from package emmeans
(Lenth et al., 2018) to test whether the estimated simple slopes of AT by date within each
treatment group significantly differed from zero. All models of behavior or chick growth
considered effects of chick age and brood size, and growth models also considered the exact
time elapsed between mass measures.

RESULTS
Treatment effects on hormone secretion

We found a significant main effect of treatment on AT, such that males injected with GnRH
elevated T more (i.e., had higher AT) than saline males (GnRH AT= 0.36+0.09 ng/mL plasma,
saline AT=-0.13+0.07 ng/mL plasma; Table 1a, Figure 1a). We also found a significant main
effect of male body mass on AT, indicating higher T elevation in heavier males. Finally, AT
showed a marginal main effect with date, but a significant treatment by date interaction (Table
1a, Figure 1b): the slope of the relationship between AT and date significantly differed from
zero in the GnRH group (t=2.63, p=0.011), but not the saline group (t=0.79, p=0.44; see Figure
1b). Pre-injection T levels significantly differed by year and date, with lower T levels at later
dates; critically, however, pre-injection T levels did not differ between treatment groups (Table
1b). Therefore, treatment differences in AT are due to differences in T responses, rather than
differences in initial values.

a.) b.)
— pre-injection T‘? 2 ]
g 30min post-injection £ o Gn.RH
@ 0.75 b o saline
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Figure 1: (a). Average T concentrations (untransformed) by pre/post-injection and treatment
(with standard error bars) (b). T response (AT, untransformed) by day of year.
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Males of the two treatment groups did not have significantly different CORT levels 30min post-
injection (Table 1c; combined mean= 48.2+4.5 ng/mL plasma). Observed CORT levels resembled
those seen in adult male songbirds sampled 30 min after a standardized stressor (similar to
Bokony et al., 2009).

Response variable Predictor variable Estimate (+ SE) F-statistic =~ p-value

ATestosterone (post minus pre-injection)

(a) Treatment 1.37+£0.50 F165=20.9 p<0.0001
Date 0.0020 £ 0.0026 Fi65=3.24  p=0.077
Treatment*Date -0.0077 £ 0.0034 F165=5.19 p=0.026
Mass 0.029 £ 0.016 F1,65=4.05 p=0.049

Pre-injection Testosterone

(b) Treatment -0.247 £0.20 F165=1.27 p=0.26
Date -0.017 £0.011 F1,65=5.62 p=0.021
Year 0.49+0.24 (v2) F2,65=3.08 p=0.053

-0.50 + 0.26 (Y3)

Post-injection Corticosterone

(c) Treatment 6.11+9.62 F1,33=0.40 p=0.53

Table 1: Linear models testing effects of treatment and other covariates on male hormone levels.
Estimates use saline as the reference for treatment and Y1 as reference for year. Pre-injection T and AT
values were log-transformed. Inclusion and exclusion of covariates determined via systematic
comparison of candidate models (supplemental tables 2-4). Signficant predictors are bolded (p<0.05).
Letters denote separate models.

Effects on visitation rates

Contrary to our predictions, GnRH-injected males visited their nests more frequently over the
28 hours post-injection (Table 2a; Figure 2). AT in response to GnRH did not predict male
visitation rates, nor did male body mass (Table 2b). In a separate model including only Y2 data,
from which we had both RFID visit counts and CORT levels, we found no relationship between
CORT levels and visitation rates, though there was still an effect of treatment, with GnRH males
visiting more (Table 2c). There was no treatment effect on latency to return to the nest (Table
2d; GnRH=2h 47min £ 16min, saline=3h 38min + 55min). Average female visitation rates during
the same period did not differ between treatments (Table 2e), suggesting that female
responses to the male treatment did not drive any downstream effects.

10
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Figure 2: Average nest visitation rate by treatment. Although we analyzed these data averaged across

the entire 28h period, relative to when each male was released post-injection, we visualized the data
here in 3-hr intervals for heuristic purposes.

Response variable Predictor variable Estimate (+ SE)  F-statistic p-value

Avg male visits per h

(a) Treatment 2.07 £0.90 F1,36=5.28 p=0.028

(b) GnRH AT -0.46 £ 1.57 F1,21=0.004  p=0.95
mass 0.90x0.54 F1,21=2.75 p=0.11

(c) Treatment 2.81+1.25 F1,22=5.01 p=0.04
Post-inject CORT -0.043 £0.02 F1,220=2.78 p=0.11

Latency to return (h)

(d) Treatment -0.030+0.12 F136=0.037  p=0.85

Avg female visits per h

(e) Male treatment 0.51+0.98 F1,33=0.27 p=0.60

Table 2: Linear models testing effects of treatment and other covariates on parental behavior in the 28 h
following male injection. Latency to return values were log-transformed. Estimates use saline as the
reference for treatment. Inclusion and exclusion of covariates was determined via systematic
comparison of candidate models (supplemental tables 5-9). Signficant predictors are bolded (p<0.05).
Letters denote separate models.

Effects on chick growth

Focused on chicks at the peak of nestling growth (6 + 1 day old), we found a significant main
effect of treatment: chicks of GnRH males gained approximately 0.4 +0.2 g more than those of
saline males in the day post-treatment (Figure 3a, Table 3a), at a time when pre-treatment
chick mass averaged 10.1+ 0.4 g. Chick growth was also significantly related to the number of
hours elapsed between the first and second mass measurement and date, such that chicks with
more time between measurements and chicks hatched earlier in the spring gained more mass
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(Table 3a). Outside the period of rapid post-natal growth (age 5-7 days), these effects were
more limited (see supplemental table 14). Across treatment groups, average male visitation

rates predicted variation in chick growth (Figure 3b), as did elapsed time between

measurements (Table 3b). Looking solely within the GnRH treatment group, males with higher T
elevation (AT) had chicks that gained more mass compared to the chicks of low AT males, in

addition to a significant effect of elapsed time (Table 3c).

By 12 days post-hatch there was no longer a significant treatment effect, though there were
significant effects of year, brood size, and male mass, indicating that chicks in smaller broods

with heavier fathers were larger by day 12 post-hatch (Table 3d).

Response variable Predictor variable Estimate (+ 95% Cl) F-statistic p-value

Avg chick growth (Ag)

(a) Treatment 0.37+0.16 F153=5.41 p=0.024
Date -0.020 £ 0.007 F1,53=7.38 p=0.009
Elapsed time 0.27 £ 0.052 F153=23.24 p<0.0001

(b) Avg M visits/hr 0.085 +0.034 F1,30 =9.49 p=0.0046
Elapsed time 0.22 £0.067 F1,30=11.01 p=0.0025

(c) GnRH AT 0.59 +0.15 F128=14.87  p=0.0007
Elapsed time 0.30+£0.05 F1,28 =30.52 p<0.0001

Avg d12 mass (g)

(d) Treatment -0.16 £ 0.64 F150=1.24 p=0.27
Brood size -1.00+£0.39 F1,50=9.36 p=0.0037
Male mass 1.19+0.31 F1,50=11.38 p=0.0015
Year 1.93+0.71 (Y2) F2,50=5.21 p=0.0092

2.28 +0.82 (Y3)

Table 3: Linear models testing effects of treatment, hormone levels, and other covariates on chick
growth . Estimates use saline as the reference for treatment and Y1 as the reference for year. Inclusion

and exclusion of covariates was determined via systematic comparison of candidate models

(supplemental tables 10-13). Signficant predictors are bolded (p<0.05). Letters denote separate models.
Analyses a-c focus on effects occuring within one day of male treatment at the time of peak growth;

analysis d measured delayed effects at d12 post-hatch.
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Figure 3: At the age of their peak growth, (a) chicks of GnRH males gained more mass in the day
following treatment; (b) average growth per nest was positively correlated with the rate of paternal
visits; and (c) within the GnRH treatment, the degree of T elevation was correlated with average chick
growth in the day following paternal treatment. Error bars are + SE and shaded areas are 95%
confidence intervals. These conditional plots are generated using the package visreg (Breheny and
Burchett, 2017), which represents the relationship between one predictor and response variable by
holding other predictors constant (see Table 3).
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DISCUSSION

Testosterone is considered a mechanistic driver in the evolution of life history strategies, but
how this evolutionary process unfolds is unclear. One hypothesis is that relationships between
hormones and behavior on longer timescales result from accumulation of shorter-term effects
that are canalized or fixed over evolutionary time (sensu Goymann et al., 2007; Wingfield et al.,
1990). To begin to test whether this hypothesis applies to short term changes in T and parental
care, we injected parental male songbirds with either saline or gonadotropin-releasing
hormone, which stimulated T secretion within each male’s current reactive scope. We
calculated subsequent changes in T secretion (AT), which we used as a metric of each male’s
own investment in putatively T-mediated mating effort (Ketterson et al., 2009; McGlothlin et
al., 2007). We quantified downstream effects over the subsequent day and found treatment
effects on both paternal care and offspring mass at the peak of growth, but not in the direction
predicted by decades of prior work. Below we offer alternative hypotheses for our results and
discuss their implications for broader questions about hormones and the evolution of life
history trade-offs.

We were surprised to find that GnRH-injected males visited their nests more frequently in the
day following treatment. At the same time, chicks of GnRH-injected males grew more
(discussed in greater depth below) and male visits positively correlated with chick growth,
suggesting that RFID-detected visits to the nest were in fact accompanied by food delivery to
chicks. Therefore, in this instance we found that HPG axis activation actually promoted, rather
than inhibited, paternal provisioning. One interpretation of this result is that T itself may have
enhanced the expression of parental care in this context. Although experimentation with T or
androgen receptor blockers is needed to directly assess this possibility, we believe it is unlikely
because of the marked inter-male variation in T production among GnRH-injected males. This
variation in T production, which was only partly explained by date, allowed us to tease apart
effects of GnRH vs. T to some degree. We found no relationship between a male’s T elevation
and provisioning: even GnRH-injected males who did not significantly elevate T still provisioned
more than saline-injected controls. This suggests that some other mechanism downstream of
GnRH release is responsible for the observed effects on paternal care.

There are certainly ways in which stimulation of the HPG axis could positively affect parenting,
independent of T. For instance, the secretion of LH can occur in response to GnRH injection
even without a detectable effect on T (e.g., Meddle et al., 2002; Wingfield and Lewis, 1993).
Therefore, GnRH may promote parental care via one or more of its other downstream products,
such as estradiol (E2), which can promote paternal care in mammals (Trainor and Marler, 2001).
GnRH can also stimulate release of prolactin (Henderson et al., 2008; Weber et al., 1997), which
is one of the main hormones affecting parental care in birds (Smiley, 2019). Other HPG axis-
related hormones that have previously been implicated in paternal care in birds include
progesterone and GnlH (reviewed in Lynn, 2016), but it is unclear whether these hormones
directly promote provisioning behaviors, as observed in the present study.
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An additional possibility is that GnRH treatment may have interacted with stress-related
impacts on parenting. Given that our protocol (measuring T 30min post-injection) mirrors a
standardized restraint stress assay (reviewed in Small et al., 2017), it is unsurprising that post-
injection blood samples indicated high levels of CORT secretion in both treatment groups. There
is a wide body of literature suggesting that stress-induced CORT elevation may temporarily
reduce parental effort (Lynn, 2016; Wingfield et al., 1998). We found no correlation between
post-injection CORT levels and visitation rates in the subset of birds for which we had both
types of data; however, relationships between hormones and behavior need not be linear for
them to exist (Adkins-Regan, 2003). Without unhandled controls, we cannot say for certain
whether saline-males provisioned less than ‘usual’ in this system. But if so, our results may
suggest that simultaneous activation of both HPA and HPG axes in GnRH males acted as a buffer
against the negative effects of CORT on provisioning. With roughly equal CORT levels in the two
treatment groups, such mitigative effects would have to occur downstream of CORT secretion.
In fact, GnRH can alleviate anxiety and depressive behaviors in rodents (Massol et al., 1989;
Umathe et al., 2008), and there is some evidence that sex steroids can modulate glucocorticoid
receptor signaling (reviewed in Bourke et al., 2012). However, these effects are not as well
understood as the more well characterized effects of HPA-axis activation on the HPG-axis (as
reviewed in Acevedo-Rodriguez et al., 2018). Regardless of the exact mechanism, we show that
a temporary increase in GnRH promotes parental effort immediately following an acute
stressor, a pattern ripe for future investigation.

GnRH treatment of fathers also had real effects on offspring growth at the age of their most
rapid daily mass gain. Across both treatment groups, male visitation rates positively correlated
with chick growth, and male treatment did not affect female parental behavior, suggesting that
the observed treatment effect on chick growth was the direct result of the treatment effect on
male parental behavior. In a single day, chicks of GnRH-injected males gained roughly 0.4g
more than chicks in saline nests. This difference amounts to a 14% difference in growth rate,
during a period of time when chicks grow by 4x in a matter of days (Wolf et al., in press). While
this treatment effect on chick mass was subtle and gone by 12 days post-hatch (5-7 days after
male injection), we can extrapolate how this difference in growth would affect development if
applied to the entire pre-fledging period. Floaters can intrude at nestboxes, even during the
chick period (Stutchbury and Robertson, 1987) and extra-pair paternity is likewise high (76% of
broods), with most extra-pair matings occurring among neighbors (Kempenaers et al., 2001).
Therefore, it is reasonable to expect males could have social interactions that activate the HPG
axis, even during chick rearing, in a way comparable to that of our one-time treatment. If such
activation occurred repeatedly, longer-term changes in paternal behavior could influence the
overall pace of nestling growth, as well as asymptotic mass or feather length achieved prior to
fledging (Gebhardt-Henrich and Richner, 1998), particuarly in light of the strong relationship we
observed between male visitation rates and chick growth. Each of these factors have clear
effects on the probability of survival to fledging (Martin et al., 2011) or after fledging (Martin et
al., 2018). Thus, changes in offspring development that stem from HPG axis activation in a
parent could have real consequences that are visible to natural selection.
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Regardless of how HPG axis activation may have promoted parental care and chick growth, a
key question remains: how can we reconcile our finding that brief GnRH-induced T elevations
did not negatively affect paternal care, despite decades of correlative and experimental work
showing a negative relationship between T and paternal care in birds?

Resolution of this issue may rest on the idea that a male's hormonal reactive scope — and thus
his ability to reallocate resources towards T-mediated mating effort — is condition-dependent.
It is well established that quality, or condition, can vary greatly among individuals (Rowe and
Houle, 1996). Such individual differences in resource acquisition can generate positive
correlations of traits or behaviors among individuals, even when negative correlations (i.e.,
trade-offs) are anticipated or observed within individuals (Laskowski et al., 2021; Van Noordwijk
and de Jong, 1986). In our experiment, we found that AT of GnRH males positively correlated
with body mass and chick growth, suggesting that a male’s T reactive scope reflects his
condition or quality, as previously seen in other species (McGlothlin et al., 2008; Millesi et al.,
2002). Higher quality individuals are likely to have greater overall resources to allocate between
mating, parental, and somatic effort (Magrath and Komdeur, 2003); therefore, they may be
able to reallocate resources toward mating effort without measurable consequences to current
offspring. This is not to say that T elevation is universally cost-free for high quality individuals,
but rather that they have the somatic resources to provide parental care in spite of elevated T.

Extending this reasoning, lower quality males should have fewer resources available to
reallocate toward pursuing additional mating opportunities. For them, an increase in mating
effort could lead to a fall in parental or somatic effort in such a way that survival and/or current
reproductive success is affected. But critically, in our study, these low quality males hardly
increased T at all, which may in turn have limited their ability to reallocate resources toward T-
mediated mating phenotypes during the parental breeding stage. In single-brooded and highly
synchronous breeders such as the tree swallow, new mating opportunities during the chick-
rearing stage are not abundant, as most females have already laid eggs. Furthermore, extra-pair
paternity in this species is often biased toward males in better condition (i.e., heavier and fewer
ectoparasites; Kempenaers et al., 2001) and with brighter dorsal plumage coloration
(Whittingham and Dunn, 2016). Therefore, low quality males may have little to gain by
investing in putative T-mediated mating phenotypes while simultaneously rearing chicks. Our
observations suggest that selection has already acted to ‘turn off’ the HPG axes of some males
during this breeding stage. In contrast, males of multi-brooded or asynchronous breeding
species may face greater selective pressure to maintain reproductive capabilities throughout
the breeding season. In those cases, lower quality males could still be induced to elevate T and
reallocate resources toward mating, even at a cost to parental effort. This could explain the
negative effect of GnRH injection on parental behavior seen in the multi-brooded black redstart
(Goymann and Davila, 2017), which stands in contrast to our own findings.

Moving forward, one way to test for condition-dependent effects of T on parental care would
be to measure the effects of standardized doses of T (via injections) on males with different
reactive scopes. We predict that if lower quality males’ T levels were elevated beyond their
reactive scope, this may in fact negatively affect their parental care, as we initially expected to
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see in this study. Indeed, how individual variation in condition or other components of the
phenotype interacts with hormonal responses or manipulations is a poorly understood but
critical aspect of life history and evolutionary trajectories (e.g., Bonier and Cox, 2020).

In summary, we found that, contrary to predictions based on decades of prior research on T-
mediated trade-offs in birds, a single activation of the HPG axis did not reduce parental care.
Instead, GnRH-injected males provisioned their chicks more than saline-injected males,
regardless of how much they increased T in response to the treatment. These effects have the
potential to influence reproductive fitness, as rapidly-growing chicks of GnRH-injected males
experienced faster growth during the next day. Among GnRH-injected males, we found that
chick growth and male body mass were positively correlated with the magnitude of a male’s T
response, supporting the idea that GnRH AT positively reflects male quality. We propose that
only the highest-quality individuals maintain the ability to elevate T during parental stages,
effectively preventing any visible costs to parental care from naturally-occurring T elevations.
Thus, seasonal and evolutionary patterns of T-mediated trade-offs cannot necessarily be
generalized to the timescale of transient changes in T experienced by an individual, if selection
has already limited the potential scope of T production in a condition-dependent manner.
Moving forward, we urge further research on how even the potential for T-mediated trade-offs
can vary among individuals, species, and ecological settings, and how trade-off parameters can
become fixed over evolutionary time.
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