PROCEEDINGS B

rsph.royalsocietypublishing.org

)

Research

updates

Cite this article: Goymann W, Flores Davila P.
2017 Acute peaks of testosterone suppress
paternal care: evidence from individual
hormonal reaction norms. Proc. R. Soc. B
284: 20170632.
http://dx.doi.org/10.1098/rspb.2017.0632

Received: 24 March 2017
Accepted: 19 May 2017

Subject Category:
Behaviour

Subject Areas:
behaviour, ecology, evolution

Keywords:

hormonal reactive scope, parental care,
trade-off, gonadotropin-releasing hormone,
reaction norm

Author for correspondence:
Wolfgang Goymann
e-mail: goymann@orn.mpg.de

Electronic supplementary material is available
online at https://dx.doi.org/10.6084/m9.
figshare.c.3792304.

THE ROYAL SOCIETY

PUBLISHING

Acute peaks of testosterone suppress
paternal care: evidence from individual
hormonal reaction norms

Wolfgang Goymann and Pamela Flores Davila

Max-Planck-Institut fiir Ornithologie, Abteilung fiir Verhaltensneurobiologie, Eberhard-Gwinner-Strasse 6a,
82319 Seewiesen, Germany

*' WG, 0000-0002-7553-5910

A long-standing tenet of evolutionary endocrinology states that testosterone
mediates the life-history trade-off between mating and paternal care. How-
ever, the support for a role of testosterone in suppressing paternal care is
mixed: implantation studies in birds suggest that high-level testosterone
implants suppress paternal care, but circulating levels of testosterone and
paternal care are typically not correlated. Because any trade-off in real life
must be realized with hormone levels that are within an individual’s reaction
norm, it is crucial to show that natural changes in the hormone can modulate
behaviour. Here, we used GnRH-injections to alter testosterone levels of free-
living male black redstarts within each individual’s hormonal reaction norm:
individuals experiencing a short-term peak in testosterone resumed feeding
their offspring later and showed a stronger suppression of offspring-feeding
behaviour than control males. For the first time, this study demonstrated that
short-term peaks in testosterone within the hormonal reaction norm of indi-
viduals can suppress paternal behaviour. Our findings reconcile previous
seemingly contradictive effects that testosterone implants had on paternal
care and the absence of correlations between circulating testosterone levels
and paternal care, and demonstrate that the differential production of testos-
terone within the hormonal reaction norm of single individuals can indeed
function as a mechanism to mediate a potential trade-off between mating
and parenting. On a broader note, our results suggest that natural and
short peaks in testosterone can elicit adaptive behavioural changes.

1. Introduction

Resources such as space, energy and time are typically limited. Given such
constraints, life-history theory predicts trade-offs, i.e. resources invested into
one trait contributing to fitness limit the possibility to invest into other fit-
ness-relevant traits [1]. For example, searching for mating partners and
providing parental care represent fundamental life-history traits with often con-
flicting needs. In particular, when periods of mating and offspring care overlap,
individuals have to trade off mating effort with parental effort, because in most
cases time and energy invested into searching for additional mating partners
cannot be allocated to offspring care [2,3]. Various studies have suggested
that in many vertebrates, this trade-off is regulated by the sex steroid testoster-
one (e.g. [4-8]). In particular, it is thought that in male birds, high levels of
testosterone promote male mating effort and suppress paternal care behaviour
(e.g. [4,8—10]). For males of species with biparental care, the challenge hypoth-
esis [4] predicts rapid adjustments of circulating testosterone concentrations
(i.e. high androgen responsiveness). Testosterone concentrations should rise
during periods of mate guarding and when fertile females become available,
but they should remain at baseline during other times, in particular during par-
enting [4,11,12]. When periods with mating opportunities and paternal care
overlap there is conflict, and testosterone may mediate the immediate decision
to either invest into mating or into paternal behaviour. The notion that high
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levels of testosterone promote mating effort and suppress
paternal care in birds is a central tenet in evolutionary endo-
crinology, but it is still subject of debate because of conflicting
empirical evidence.

A large number of studies suggest that testosterone
increases mating behaviour in male vertebrates (reviewed in
[6,13,14]), and implants of this hormone have been demon-
strated to also decrease paternal care in many species of
birds. Testosterone implants suppressed incubation behaviour
of male blue-headed vireos (Vireo solitaries; [15]), rufous whis-
tlers (Pachycephala rufiventris; [16]), spotted sandpipers (Actitis
macularia; [17]) and yellow-legged gulls (Larus cachinnans;
[18]), and paternal feeding rates in barn swallows (Hirundo
rustica [19]), blue-headed vireos [15], dark-eyed juncos (Junco
hyemalis; [20,21]), house finches (Carpodacus mexicanus; [22]),
house sparrows (Passer domesticus; [23]), Lapland longspurs
(Calcarius lapponicus; [24]), pied flycatchers (Ficedula hypoleca;
[25]), reed warblers (Acrocephalus ssp.; [26]), rufous-collared
sparrows (Zonotrichia capensis; [27]), spotless starlings (Sturnus
unicolor; [28]), starlings (Sturnus vulgaris; [29]), snow buntings
(Plectrophenax nivalis; [30]), superb fairy wrens (Malurus
cyaneus [31]), and yellow-headed blackbirds (Xanthocephalus
xanthocephalus; [32]). Only in chestnut-collared longspurs
(Calcarius ornatus; [33]) and great tits (Parus major; [34,35])
testosterone implants did not affect paternal care. Thus, the
majority of testosterone manipulation studies support a role
of this hormone in suppressing paternal care.

However, results of testosterone manipulations are in con-
trast to published studies relating the naturally occurring
variance in testosterone levels with paternal care: post-capture
testosterone concentrations (termed ‘baseline testosterone” for
the remainder of this article) were not related to paternal care
in barn swallows [36], black redstarts (Phoenicurus ochruros;
[37]), dark-eyed juncos [38], eastern bluebirds (Sialia sialia
[39]), European starlings [40], and northern cardinals (Cardinalis
cardinalis; [41]; note, however, that in dark-eyed juncos maxi-
mum testosterone was related to pre-capture levels of paternal
care [38]). Male tawny owls (Strix aluco) with higher testoster-
one levels showed even higher provisioning rates than males
with lower circulating levels of the hormone [42]. Thus, there
is little indication that males with higher baseline levels of
testosterone are less paternal than males with lower baselines.

Where does this discrepancy between implantation studies
and the natural variance in testosterone in relation to paternal
care come from? Implantation studies have some draw-
backs limiting their relevance in ecological and evolutionary
contexts. First, testosterone implants lead to permanent long-
term increases in testosterone disrupting the circadian pattern
(e.g. [43-47]) and other natural short-term fluctuations in tes-
tosterone production. The permanent testosterone elevation
by implants renders it difficult to differentiate between acute
effects of short-term changes in testosterone (likely to be ecolo-
gically relevant), from those of chronic effects of the hormone
(likely to represent ecologically less meaningful artefacts).
Second—and more importantly—testosterone implants do
not take into account the huge amount of variation in testos-
terone concentrations among individuals even within one
life-history stage. For example, baseline testosterone concen-
trations differ by 60-fold (from 0.2 to 12ng ml~ ') between
individual male black redstarts sampled during the mating
life-history stage [48]. These substantial differences in individ-
ual baselines were strongly correlated with the respective
individual hormonal reaction norms (or hormonal reactive

scope [49]; defined as the range of concentrations of a hormone [ 2 |

an individual can express in response to external or internal
cues in a particular life-history stage): individuals with a low
baseline also showed a low maximum testosterone release,
whereas individuals with a high baseline also expressed high
maximum levels. Baseline testosterone concentrations of
high-baseline individuals were often even higher than the
maxima that low-baseline individuals could reach [49].

Selection acts on the level of the individual, and in real life a
hormone-dependent trait can only be affected by a change in
hormone concentrations that is within the hormonal reactive
scope of an individual. Thus, it is crucial to study a potential
trade-off between mating and parenting at the level of the indi-
vidual and at the level of the hormonal changes an individual
can actually realize [36,50]. Testosterone implantation studies
fail to achieve such an individual-level resolution, because tes-
tosterone implants typically elevate hormone concentrations
to the population maximum during the period of territory
establishment or even higher. Hence, the majority of males
who receive testosterone implants during the parental phase
experience testosterone concentrations that are many times
higher than their own peak endogenous concentrations of testos-
terone during this phase. In most cases, the implants are likely to
initially induce even supra-physiological concentrations [51,52],
rendering it even more difficult to interpret behaviour associated
with such chronic high hormone concentrations [13].

However, studies relating natural variation in circulating
levels of testosterone to paternal care also have limitations.
First, a point-measure of testosterone is correlated with an
interval measure of paternal behaviour. Thus, one has to
assume that the measured testosterone level is representative
for the whole interval during which paternal behaviour was
observed [13,50]. Second, hormones affect behaviour prob-
abilistically, i.e. they modulate the likelihood of a behaviour
to occur should the appropriate context arise (e.g. [13,53]).
Such effects can be mediated by a hormonal threshold func-
tion [13,53,54]. If so, the level of the hormone is unlikely to
correlate with the occurrence of the behavioural trait. When
individuals differ in their respective hormonal thresholds, a
correlation between hormone level and the frequency of the
behavioural trait does not exist (for a detailed discussion of
this topic, see [13,53,54]).

Testosterone implantation studies and correlations with
behaviour have been pivotal to advance our knowledge
regarding how hormones affect behaviour, but, as demon-
strated above, both approaches have limits. To find out
whether testosterone reduces the amount of care males provide
and thus may regulate the trade-off between mating and
paternal care, it is necessary to study changes in testosterone
at the individual level and ask the following questions: first,
do increases in testosterone within an individual’s hormonal
reactive scope reduce paternal care? And second—considering
the fact that natural increases in testosterone above the breed-
ing-baseline are likely to be short in duration [4]—do such
short-term surges in testosterone affect paternal behaviour?
In an ecologically relevant context, testosterone can only act
as a mediator of the trade-off between mating and parenting
if the answer to these questions is ‘yes’.

Here, we manipulated testosterone concentrations within
the hormonal reactive scope of each individual, by injecting
male black redstarts with gonadotropin-releasing hormone
(GnRH). GnRH is the hypothalamic hormone that induces
a hormonal cascade leading to a short-term peak-release of
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testosterone from the testes (reviewed by [13]). GnRH-injections
can maximize testosterone release. By definition, the resulting
increase in testosterone remains within the hormonal reactive
scope of each individual, because the testes cannot produce
more testosterone than a maximal stimulation with GnRH
can induce them to do. We assumed that any effect of the
GnRH-injection was due to an increase in circulating testoster-
one (or its oestrogenic metabolites after local conversion in the
brain), because there is no evidence that GnRH or the pituitary
hormone release triggered by GnRH would affect sexual,
aggressive or parental behaviour of male birds [13,55-57].
We compared offspring-feeding rates of males immediately
before and right after the induction of such a short peak-
release of testosterone and compared their change in paternal
behaviour with that of control males injected with saline. A
similar approach has been used previously to investigate the
effect of short-term surges in testosterone on aggression in
European ground squirrels (Spermophilus citellus; [58]) and
on territorial behaviour of black redstarts [49]. But to the
best of our knowledge, this is the first study to test whether
changes in testosterone within the physiological reactive
scope of an individual suppresses paternal care.

Male black redstarts are ideal to study the behavioural
effects of short-term increases in testosterone, because in
this species baseline testosterone strongly varies between
individuals (see above and [48]), and GnRH-injections lead
to marked short-term increases in testosterone that vary in
magnitude depending on the hormonal reactive scope of an
individual [49]. Furthermore, the large natural variation in
baseline testosterone between individual male black redstarts
is unrelated to paternal behaviour [37]. At the same time, tes-
tosterone controls aspects of behaviour that may influence
mating success in this species, i.e. it affects song parameters
likely to influence female choice [59], and males that maintain
higher levels of testosterone until the end of the breeding
season were less likely to lose paternity [37]. Furthermore,
black redstarts of our study population experience a long
breeding season with little synchrony among pairs. Some
pairs raise up to three broods [60], and there is a high inci-
dence of extra-pair paternity, with 28.8% of nestlings not
being fathered by the social mate [37]. Hence, if short-term
peaks in testosterone that lie within an individuals” potential
to produce this hormone would indeed suppress paternal
care, this would be strong evidence for a role of testosterone
in modulating the amount of paternal care and its potential to
mediate the trade-off between mating and paternal care.

2. Material and methods

To validate the experimental protocol for this study, we first
explored for how long a single injection of GnRH elicits a rise
in circulating testosterone above baseline levels (see the electronic
supplementary material). From these results regarding the effec-
tiveness of GnRH-injections (testosterone remained elevated for a
period of 60-90 min after injection of GnRH, see the electronic
supplementary material), we derived the experimental protocol
for studying changes in parental behaviour of male black red-
starts in response to short-term increases in testosterone. This
experiment was performed between 18 May-16 July 2015 and
13 May-6 July 2016, in the vicinity of the Max Planck Institute
for Ornithology, Germany (N 47°, E 11°, 500-600 m.a.s.l.). We
searched for nests of pairs of black redstarts containing nestlings
that were at least one week old. For 60 min, baseline nestling
feeding rates were established by observing nests from a

distance, using binoculars. We established how often the
female and the male entered the nest with food. After this initial
observation period, males were caught with mealworm-baited
ground traps or spring traps in the vicinity of the nest (approx.
5-20 m distance). Traps were observed at all times and upon
capture, males were immediately removed from the traps.
After measurement (body mass in g, lengths of the right tarsus
and the wing in mm) and banding with a numbered aluminium
ring (Vogelwarte Radolfzell) and a combination of three colour
rings males were either injected with 50 ul saline (control
group, N =13), or with 1.25 ug chicken GnRH-I (Bachem H
3106) in 50 pl isotonic saline (GnRH group, N = 16) into the pec-
toralis major muscle. The experimenters were blind to the
treatment. Within 5—10 min after capture, the birds were released
back onto their respective territories. Based on the above obser-
vation that testosterone concentrations remained elevated after
injection of GnRH for at least 30—60 min and had returned to
or below baseline after 90-120 min (electronic supplementary
material), we decided to observe nests for a total of 120 min
after releasing the freshly injected bird to establish the latency
of males to return to their nest with food, and to measure the
feeding rates of males (and their female partners) after the
respective injections. Even if testosterone was elevated only for
a period of 30-60 min, we expected a longer lasting effect,
because testosterone does not act as an on/off switch of behav-
iour, but influences behaviour by binding to genomic androgen
receptors in the brain, or by being locally converted to oestradiol
and binding to genomic oestrogen receptors (reviewed by [8,13]).
In both of these cases, these receptors then affect gene expression,
which will ultimately modulate behaviour. In addition, oestradiol
can bind to a membrane receptor that directly affects protein syn-
thesis resulting in faster effects [56]. Because of this cascade of
hormone expression, conversion, receptor binding, and resulting
changes in gene expression and protein synthesis, we expected a
longer lasting effect on behaviour, even if the peak in testosterone
occurred only for 30—60 min. Furthermore, we are not aware of
any published evidence that releasing hormones (such as GnRH)
or gonadotropins (such as luteinizing hormone (LH), i.e. the pitu-
itary hormone that is released upon GnRH stimulation and
induces the production of testosterone) would directly affect
paternal care. Also, earlier reports from the 1950s and 1960s
suggesting GnRH or LH could directly affect sexual or aggressive
behaviour in male birds independent of gonadal steroids have
been refuted [13,55-57]. We thus assumed that any effect of the
GnRH-injection was due to the increase in circulating testosterone
concentrations (or its local conversion to oestradiol or dihydrotes-
tosterone) and not due to direct effects of the peptides involved in
the signalling cascade of the hypothalamic pituitary gonadal axis.
Finally, we are also not aware of any report suggesting that adrena-
line or corticosterone would be differentially affected by capture
and injection with either saline or GnRH, and we thus assumed
that capture and saline injection represent an appropriate control
treatment for capture and GnRH-injection.

Saline and GnRH-injected males were similar in body mass
(reported as means and their 95% credible intervals in squared
brackets: saline: 17.2 [16.7-17.8] g; GnRH: 17.2 [16.7-17.7] g),
tarsus length (saline: 23.4 [23.0-23.8] mm; GnRH: 23.4 [23.1-
23.8] mm), and wing length (saline: 85.3 [84.3-86.3] mm;
GnRH: 85.9 [84.9-86.8] mm). Also, paternal feeding rates
before capture did not differ between the two groups (for details
on this, see Results).

(a) Statistical analysis

Statistical analyses were conducted using R v. 3.03 [61] and a
Bayesian statistical approach using the packages ‘BayesianFirst-
Aid’ [62], ‘arm’ [63] and ‘Ime4’ [64]. We looked at two different
components of the feeding behaviour of male black redstarts
that are not independent, but reveal different aspects of the
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behaviour: (i) the latency period between releasing males until
they resumed feeding their offspring as a measure of whether
or not they are feeding at all and (ii) the frequency of feeding
behaviour as a measure of the intensity of the behaviour.

The latency period between releasing males until they resumed
feeding their offspring was compared using the Bayesian equival-
ent of a t-test (bayes.t.test in ‘BayesianFirstAid’). A generalized
linear mixed effect model (glmer in package ‘Ime4”) with Poisson
distribution was used to test whether feeding rates of males
differed before and after injection of either GnRH or saline.
Individual ID was included as a random effect and to control for
overdispersion we added an observation level random effect (fol-
lowing the recommendations by Korner-Nievergelt et al. [65],
resulting in an overdispersion value of 1.05, which seemed accep-
table). We also compared the subset of control and GnRH-injected
males that were feeding during the second hour to see whether
feeding rates differed between males of both groups that were actu-
ally feeding their offspring, using a general linear model with a
Poisson distribution. The feeding rates of females were analysed
using a similar glmer approach as described for males (overdisper-
sion: 1.02). Model residuals were analysed using graphical
methods (i.e. qq plots of residuals, fitted values versus residuals)
for homogeneity of variance, violation of normality assumptions
or other departures from model assumptions and model fit.
For inferences from the models, we obtained Bayesian parameter
estimates and their 95% credible intervals (running 10 000 simu-
lations of the function bsim of the R package ‘arm’; [63]), using
an uninformed prior distribution [65]. In frequentist statistics, the
statistical test provides a p-value describing the probability that
the null hypothesis is true given the data. Bayesian statistics does
not provide such p-values. Instead, meaningful differences
between groups can be assessed by comparing the ranges of the
95% credible intervals between groups. The 95% credible interval
provides an estimate for the group mean with a probability of
0.95. If the credible interval of one group does not overlap with
the mean estimate of another group, the groups can be assumed
to differ from each other. In our view, Bayesian estimates and cred-
ible intervals enable a more intuitive and meaningful comparison
of groups than the frequentist statistics and its reliance on an arbi-
trary a-value referring to the likelihood of the null hypothesis
being true. If not indicated otherwise, data are presented as indi-
vidual data points in combination with Bayesian posterior
means and their respective 95% credible intervals (reported in
the text within squared brackets). We also provide the posterior
probability P(B) of the likelihood that the parameter estimates
are larger than zero, with values of P(B) close to either zero or
one indicating statistically meaningful effects. A P(B) of zero indi-
cates a negative effect with a mean effect size and its 95% credible
interval being negative (smaller than zero), and a P(B) of one or
close to one indicates a positive effect with a mean effect size
and its 95% credible interval being positive (larger than zero).
Finally, we provide measures of the goodness of fit of the
models (i.e. how much of the variance they explain) by reporting
R%values for linear models, or the respective marginal and
conditional R*values for mixed models following Nakagawa &
Schielzeth [66]. The marginal R*-value represents the variation
explained by the fixed effects of a mixed model, whereas the con-
ditional R*value reflects the combined variation explained by
fixed and random effects.

3. Results
(a) Latency to start refeeding after capture

Saline-injected males had a much shorter latency to resume
feeding their offspring after having been released than males
injected with GnRH (figure 1). The data suggest with a 99.8%
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Figure 1. Saline- and GnRH-treated males differed in the latency until they
resumed feeding their offspring. If males did not resume feeding within
120 min after they had been released, then latency was set to 120 min.
Large, grey triangles and error bars represent posterior means and their
95% credible intervals. If the 95% credible intervals of one group do not
overlap with the mean of the other group a statistically meaningful difference
between the groups can be assumed. Smaller triangles represent data points
of each single individual (N = 13 saline-treated and 16 GnRH-treated males).

likelihood that the latency of saline-injected males was shorter
than that of GnRH-injected males, rendering strong support for
a true difference between the two groups.

(b) Reduction in feeding rates

As an alternative—albeit not independent—measure to latency,
we also examined the change in feeding frequency. Feeding
rates of male black redstarts in the saline- and GnRH-injected
groups were similar before the treatment (i.e. the credible inter-
vals of the feeding rates of saline and GnRH-injected males
before the treatment overlap with the respective other mean
estimate in figure 2), but strongly differed after the treatment.
Both groups reduced feeding during the first and second
hour after having been released, but GnRH-injected males did
so to a much stronger degree than saline-injected males
(figure 2; treatment (P(B)=0.21); time (before first hour:
P(B) =0; before second hour: P(B)=0.0078); interaction
between treatment and time (before first hour: P(B) = 0.0007;
before second hour: P(B) = 0.006). The fixed effects explained
67.7% of the variance in the data (conditional R? = 0.677), and
the random effect (male identity) explained an additional
2.3% of the variance (marginal R = 0.700).

Comparing the feeding rates of only those males that fed
their offspring in the second hour after the treatment, we
found that control males fed their offspring more often
(4.75 [3.65-6.15] feedings per hour) than GnRH-injected
males (2.58 [1.61-4.09] feedings per hour; P(8) = 0.011).

Females did not compensate for the reduction in feed-
ing rates of their male partners (treatment: P(B)= 0.825,
time: P(B) = 0.66; interaction between treatment and time:
P(B) = 0.25). The fixed effects explained only 0.5% of the var-
iance in the female feeding rate data (conditional R* = 0.005).
Most of the explained variance (8.5%) stems from the
random effect of nest identity (marginal R* = 0.09).

4. Discussion

A fundamental tenet of evolutionary endocrinology of tetra-
pods with paternal contributions to offspring care has been
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Figure 2. (a,b) The effect of injecting male black redstarts with either 50 l saline or 1.25 g GnRH in 50 i saline on offspring-feeding rates during the hour
before, and 1 and 2 h after the respective treatment. Before treatment there was no difference, but during the first and the second hour GnRH-injected males
showed a stronger suppression of feeding rates than control males. Large, grey triangles and error bars represent posterior means and their 95% credible intervals.
Small triangles and dotted lines represent data points of each single individual (males that showed a feeding rate of zero are depicted in two parallel rows). The lack
of overlap of the 95% credible intervals with the respective means of the saline or GnRH-injected group during the first and second hour after treatment illustrate

the large treatment effect (N = 13 saline-treated and 16 GnRH-treated males).

that testosterone mediates the trade-off between mating and
paternal care (e.g. [4,8—10]). Despite this, no study has as of
yet demonstrated that testosterone concentrations within the
hormonal reaction norm of an individual can suppress paternal
behaviour. This study showed that short-term peaks in testos-
terone within the hormonal reaction norm of individual black
redstarts suppressed paternal care: males that were caught
and injected with GnRH to induce an individual short-term
peak in endogenous testosterone production refrained from
feeding their offspring for a longer period of time and showed
a stronger reduction in feeding rates than males that were treated
with saline only. Because females of saline and GnRH-injected
males maintained similar feeding rates throughout the 3-h
period we can exclude that variables or disturbances other
than capture and treatment influenced feeding rates of males.
To the best of our knowledge, this is the first study to investigate
therole of testosterone in paternal care at the level of individually
achievable testosterone concentrations. We demonstrated
that short testosterone surges within the individual hormonal
reaction norm affected paternal care.

Male black redstarts are highly territorial throughout most
of the year and testosterone does not seem to play a large role in
regulating their territorial behaviour [49,59,60,67]. However,
testosterone does modulate song characteristics of male black
redstarts likely to be important in male—male competition
and female choice [59,68]. Furthermore, males that maintain
higher levels of testosterone until the end of the breeding
season are less likely to lose paternity [37]. Thus, testosterone
is likely to be involved in mediating mating effort and success
in this species. This study now demonstrated that changes in
testosterone can adjust paternal effort, demonstrating that
changes in circulating levels of testosterone within an individ-
ual’s reaction norm could mediate a trade-off between mating
and paternal care. In addition to the relevance of our data for
understanding the hormonal regulation of behaviour in our
particular study species, we believe that the results of this
study represent a crucial advance in the field of ecological
and evolutionary endocrinology for several reasons.

First, our study accounted for the large variation in testos-
terone concentrations that exists among male birds even

within the same breeding stage (e.g. [48,69]) and the variation
of maximal testosterone concentrations that different individ-
uals can realize [49,70]. By default, the GnRH-injections
increased testosterone only within the hormonal reactive
scope of each individual, showing that testosterone increases
within an individual’s reaction norm can suppress paternal
care. This represents a crucial demonstration of the ecological
and evolutionary relevance of testosterone as a potential
mediator of trade-offs. Natural and sexual selection act on
the level of the individual phenotype, and for this reason tes-
tosterone can only mediate the trade-off between mating and
paternal care if changes in testosterone concentrations within
the reactive scope of an individual are effective in modulating
behaviour [50]. By default, testosterone implantation studies
cannot demonstrate such an ecologically relevant effect,
because they typically increase the hormone concentrations
far beyond the reactive scope of most, if not all individuals.

Second, our findings reconcile the absence of a correlation
between post-capture levels of testosterone and the degree of
paternal care in black redstarts [37] and other bird species
[36,38,40,41] with the function of testosterone as a potential
mediator of the trade-off between mating and paternal care.
From previous studies in redstarts, we know that individuals
differ in baseline- and peak-testosterone concentrations, indicat-
ing individual hormonal reaction norms (e.g. [37,48,49,67]).
This variation in hormonal reaction norms between individuals
renders it difficult to correlate the natural variance in testoster-
one and paternal care. An example may illustrate this: the
scheme in figure 3a illustrates that baseline testosterone concen-
trations are unrelated to paternal care. The blue individual has a
naturally high-baseline level of testosterone (level X) and a reac-
tion norm starting at level X and ending at level Y. At level X
paternal behaviour of the blue individual is not suppressed,
but when testosterone rises to level Y, feeding rates decrease
(figure 3). By contrast, the red individual has a naturally
lower baseline level W and its reaction norm spans from level
W to level X. Baseline concentration W does not affect paternal
behaviour of the red individual, but at level X its paternal
behaviour is reduced (figure 3). Thus, the same absolute con-
centration of testosterone (level X) may or may not suppress
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(a) baseline testosterone (b) increase in testosterone

Ve =P
. ¢¢Oo K
4o | A
R A SN

testosterone concentration

Figure 3. Schematic drawing of the relationship between circulating testos-
terone and paternal care in black redstarts. Baseline testosterone
concentrations differ between individuals and are statistically unrelated to
feeding rates (a; open circles; see also [37]). Also maximum testosterone
concentrations differ between individuals and are statistically unrelated to
feeding rates (b; closed circles; see also [37]). However, as demonstrated
by the current study, a short-term increase in testosterone decreases feeding
rates of individual males. (b) The hormonal reaction norm of each individual
and its effect on feeding rates represented by the connected open and closed
circles (for simplicity, we are assuming similar slopes and magnitudes in tes-
tosterone increase). For example, the red and the blue individual exert similar
baseline feeding rates, but differ in baseline testosterone (a) and their hor-
monal reaction norms (b). The red male has a lower hormonal reaction norm
(level W to X) than the blue male (level X to Y). At level X, paternal care of
the blue male is not suppressed, but at the same concentration paternal care
of the red individual is suppressed. Because hormonal reaction norms differ,
different levels of testosterone are required to suppress paternal care, i.e. the
blue individual 'needs” much higher levels of testosterone than the red indi-
vidual to suppress paternal care (for further details, see main text). Note that
this scheme represents a simplification of real life, where the magnitude of
the testosterone increase and an individuals' paternal responsiveness to the
increase in testosterone (i.e. the slope of the relationship between
testosterone and paternal care) may differ between individuals.

paternal behaviour depending on individual hormonal reaction
norms or threshold levels upon which a suppression of paternal
care is realized (for a detailed discussion of this effect, see [53]).
This may explain why a correlation between baseline or maxi-
mum testosterone and paternal care among individuals does
not exist (scheme in figure 3a and actual data in [37]), but
why injections of GnRH can lead to a reduction in paternal be-
haviour (this study). In line with this notion, the degree of
paternal care in dark-eyed juncos (measured only before cap-
ture) did not correlate with post-capture concentrations of
baseline and GnRH-induced testosterone, but with the increase
in testosterone between baseline and GnRH-induced maximum
([38]; but see the studies on black redstarts [37], northern cardi-
nals [41] and eastern bluebirds [71] for contrasting results). In
summary, previous studies have shown that individual black
redstarts differ largely in baseline testosterone and in the mag-
nitude of their testosterone response to GnRH-injections.
Furthermore, baseline testosterone and the degree of paternal
care are unrelated in this (and other) species, but injections of
GnRH led to (individually distinct) testosterone concentrations
that suppressed paternal behaviour in all individuals. While
we cannot rule out the possibility that baseline testosterone
and paternal care are unrelated because a hormonal point-
measure is correlated with an interval measure of behaviour
(see Introduction and [13,50]), our results are consistent with
the existence of individual reaction norms and individual
thresholds of testosterone necessary to suppress paternal care.

Third, the results of our study demonstrate that even short-
term peaks of testosterone can affect paternal care. Because
our manipulation of testosterone involved capture, we cannot
distinguish exactly when the additional effect of an increase in
testosterone surmounted the suppressive effect of capture-stress.
However, most saline-injected individuals resumed feeding
their offspring within less than 60 min after release, whereas
GnRH-injected males typically took 100 min or more to resume
feeding. Hence, the additional suppressive effect of a short peak
of testosterone on paternal behaviour must have been effective
at least within 60 min after the injection and lasted for at least
another hour in the majority of cases. Because the effects occur
on such a short time-scale, it is possible that testosterone did not
only act via genomic receptors, but also via local conversion to
oestradiol and binding to an oestrogenic membrane receptor [56].

Fourth, our findings reconcile results of testosterone
implantation studies with the absence of a correlation of
baseline testosterone and paternal behaviour in birds. Testos-
terone implants lead to chronic elevations of testosterone to a
level that is either close to the maximum of a population or
may be even supra-physiological. Hence, results from implan-
tation studies may theoretically be of limited validity in
ecologically relevant contexts. However, we have shown that
even short-term elevation of testosterone within an individual’s
hormonal reaction norm suppress paternal care in a similar way
as implantation studies. This result may be thus considered as a
validation of implantation studies: even though testosterone
implants raise endogenous testosterone concentrations to the
population maximum or even higher, the effect of such
implants is similar to that of endogenously elevated levels of
testosterone within an individual’s reactive scope. This may
hint at a threshold mechanism of testosterone function in med-
iating the trade-off between mating and paternal care: below a
certain level of testosterone, paternal care is not suppressed, but
once an individual’s threshold is reached, paternal care is
reduced, regardless of how high testosterone rises even above
this particular threshold [13,53,54].

In conclusion, to the best of our knowledge, our study is the
first unambiguous demonstration that testosterone levels rea-
lized within the reactive scope of single individuals are
capable of suppressing paternal care, showing that real-life
changes in testosterone can indeed mediate a life-history
trade-off between mating and paternal care behaviours.
Thus, natural individual short-term changes in testosterone
may elicit behavioural changes that are relevant in the
contexts of ecology and Darwinian fitness.
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