General and Comparative Endocrinology 346 (2024) 114416

Contents lists available at ScienceDirect

General and Comparative Endocrinology

e 4

ELSEVIER

journal homepage: www.elsevier.com/locate/ygcen

Check for

Water-borne testosterone levels predict exploratory tendency in male e

poison frogs

Eva Ringler ®™“", Katharina Dellefont ', Mélissa Peignier "¢, Virginie Canoine

2 Division of Behavioural Ecology, Institute of Ecology and Evolution, University of Bern, Bern, Switzerland
Y Messerli Research Institute, University of Veterinary Medicine Vienna, Medical University Vienna, University of Vienna, Vienna, Austria
¢ Department of Behavioural and Cognitive Biology, University of Vienna, Vienna, Austria

ARTICLE INFO ABSTRACT

Keywords:
Testosterone

Animal personality
Behavioral challenge

Hormones play a fundamental role in mediating social behaviors of animals. However, it is less well understood
to what extent behavioral variation between individuals can be attributed to variation in underlying hormonal
profiles. The goal of the present study was to infer if individual androgen levels, and/or the modulation thereof,
can explain among-individual variation in aggressiveness, boldness and exploration. We used as a model the dart-
poison frog Allobates femoralis and took repeated non-invasive water-borne hormonal samples of individual males
before (baseline) and after (experimental) a series of behavioral tests for assessing aggression, boldness, and
exploratory tendency. Our results show that androgen levels in A. femoralis are quite stable across the repro-
ductive season. Repeatability in T baseline levels was high, while time of day, age of the frog, and trial order
did not show any significant impact on measured ;T levels. In general, experimental T levels after behavioral
tests were lower compared to the respective baseline levels. However, we identified two different patterns with
regard to androgen modulation in response to behavioral testing: individuals with low baseline ;T tended to
have increased 1, T levels after the behavioral testing, while individuals with comparatively high baseline \,T
levels rather showed a decrease in hormonal levels after testing. Our results also suggest that baseline T levels
are linked to the personality trait exploration, and that androgen modulation is linked to boldness in A. femoralis
males. These results show that differences in hormonal profiles and/or hormonal modulation in response to
social challenges can indeed explain among-individual differences in behavioral traits.

1. Introduction physiological response to challenges in their social/natural environment
(e.g. Biro and Stamps, 2010; Fiirtbauer et al., 2015; Réale et al., 2010;
Sih et al., 2015).

Hormones play a fundamental role in the expression of morpholog-

Several studies have demonstrated high within-individual consis-
tency and between-individual variation of behavior across time and

contexts in several animal taxa (i.e. termed animal personality; Araya-
Ajoy and Dingemanse, 2014; Reéale et al., 2007). Empirical and theo-
retical approaches have demonstrated how such differences in behavior
ultimately affect an animal’s prospects of survival, competitive ability,
mating success and other fitness relevant traits (Dingemanse et al., 2004;
Sih and Bell, 2008). One key question in the study of animal personality
is to what extent differences in behavioral phenotypes can be attributed
to constraints imposed by underlying physiology, such as hormonal
profiles (Groothuis and Carere, 2005). In turn, behavioral phenotypes
might also arise from differences across individuals in their

ical and behavioral traits (Adkins-Regan, 2005). The causal relationship
between hormones and behavior is bidirectional, as hormones regulate
the expression of social behaviors, but at the same time being exposed to
behavior of con- or heterospecifics can also induce a hormonal response
in the focal individual (Adkins-Regan, 2005; Gabor and Grober, 2010;
Vitousek et al., 2014; Wingfield et al., 1990). The precise interplay be-
tween hormones and behavior may differ between individuals of a
population, as it depends on various factors, such as experience during
early development, an animal’s physiological condition, environment
and adaptation to specific life-history stages — all of which may lead to a
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variation in behavioral phenotypes.

Animal personality is typically measured along five main axes:
aggressive-docile, exploration affine-averse, sociable-solitary, bold-shy
and active—passive (Réale et al., 2007). Several behaviors across these
five axes are known to be modulated by sex steroids, precisely androgens
and especially during the reproductive season (Hau, 2007; Nelson,
2005). In male vertebrates, androgens play a key role in the develop-
ment and maintenance of primary and secondary sexual traits but also
regarding the modulation of different behaviors related to reproduction,
such as courtship, mating behavior or territorial aggression (Burmeister
and Wilczynski, 2001; Fusani, 2008; Hirschenhauser et al., 2003; Hunt
et al., 2019; Rosvall et al., 2020; Rosvall et al., 2012). However,
persistent high levels of testosterone (T) are expected to bear consider-
able costs (Wingfield et al., 2001), such as reduced immune function
(Dufty, 1989; McGlothlin and Ketterson, 2008), increased risk-taking
and resulting elevated predation risk (Marler and Moore, 1988; Ray-
naud and Schradin, 2014), interference with parental and other social
behavior (Fiirtbauer et al., 2020; Hegner and Wingfield, 1987;
McGlothlin et al., 2007), and metabolic expenses (Buchanan et al., 2001;
Tobler et al., 2007). To minimize these negative impacts, androgens
undergo seasonal fluctuations, with the highest concentration during the
breeding season and lowest during the non-reproductive period (Goy-
mann et al., 2019; Hau, 2007; Husak et al., 2021). High among- and
within-species differences in the levels of circulating T have been shown
for many vertebrate taxa, and these differences have been linked to
respective social and environmental factors, such as breeding season
length, type of mating system, and latitude (cf. Husak et al., 2021). Also,
on smaller timescales, fine-tuned temporal fluctuations in T modulating
behavioral and physiological responses to sudden environmental chal-
lenges may reflect the trade-off associated with high and low levels of
circulating T in males (Hunt et al., 1995; Rodriguez et al., 2022; Romero
et al., 1998; Wingfield et al., 1990). Identifying the ecological and
physiological factors that shape behavior at the species, population, but
also individual level will advance our understanding about the mecha-
nisms that underline behavioral variation across these different levels of
biological organization. Previous research identified a prominent role of
glucocorticoids (e.g. cortisol) for explaining differences in behavioral
profiles (Baugh et al., 2017; Baugh et al., 2012; Dosmann et al., 2015;
Grace and Anderson, 2014), due to their prominent role in stress-axis-
programming. Only few studies have looked how androgens shape in-
dividual personalities (but see Hau and Goymann, 2015; Kraus et al.,
2020; Mutzel et al., 2011).

The aim of the present study was to infer if individual baseline
androgen levels are repeatable (i.e. if hormone levels show low within-
individual and high between-individual variation) and can explain
among-individual variation in the personality traits aggressiveness,
boldness and exploration. Furthermore, we asked if also the modulation
of androgen levels after a suite of behavioral challenges is repeatable
across individuals. We used as a model the Neotropical poison frog
Allobates femoralis, a territorial species that shows highly aggressive
behavioral response towards acoustic playbacks, simulating calling in-
truders (Hodl, 1983; Narins et al., 2003; Ringler et al., 2011; Rodriguez
et al., 2022). We took repeated samples of individual ‘baseline’ water
borne testosterone (ypT) levels (i.e., without any prior behavioral
manipulation) to assess repeatability in individual hormonal profiles
over the course of the study period. Furthermore, we took hormonal
samples directly after a series of behavioral tests (hereafter ‘experi-
mental’ ,,T), which assessed territorial aggression, boldness and
explorative behavior of individual males. For the hormonal sampling,
we used a non-invasive water bath method (Baugh et al., 2018; Gabor
et al., 2013; Rodriguez et al., 2022), which enabled us to take repeated
samples of the same individuals in the field. We assessed among- and
within-individual consistency of y,T to gain information about the
consistency of individual hormonal profiles over the course of several
weeks during the breeding season. Additionally, we identified if and
how preceding behavioral testing will alter obtained hormonal
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measurements. The combination of repeated hormonal sampling and
behavioral testing allowed us to link the endocrine profile and modu-
lation of each individual to its personality.

We expected T levels to be highly repeatable, especially when
sampled without any preceding behavioral manipulation. We also ex-
pected T to be positively linked to levels of territorial aggression,
boldness, and/or exploration in the behavioral tests, given that previous
studies in several species, including A. femoralis, suggested a link be-
tween androgen modulation and spatial behavior in the context of ter-
ritory defense or homing (cf. Herman and Wallen, 2007; Hodgson et al.,
2008; Pasukonis et al., 2022; Rodriguez et al., 2022).

2. Materials and methods
2.1. Study site and study species

This study was conducted in a free-ranging population of A. femoralis
on a river island of approx. 5 ha, close to the field camp ‘Saut Pararé’
(4°02' N, 52°41' W) in the nature reserve ‘Les Nouragues’, in French
Guiana (Bongers et al., 2001; Ringler et al., 2016). The island population
of A. femoralis was established in 2012 by introducing tadpoles from the
nearby mainland population and has been stable ever since with
approximately 150 individuals (Ringler et al., 2015). We conducted
fieldwork during the rainy season, from the beginning of February 2019
until the end of April 2019, which coincides with the reproductive
season of the focal species (Gottsberger and Gruber, 2004).

Allobates femoralis (Boulenger 1883) is a small, diurnal Neotropical
poison frog (Dendrobatidae sensu AmphibiaWeb, 2023), which is
distributed throughout the Amazon Basin and Guiana Shield. During the
reproductive season, males are highly territorial and advertise territory
occupancy to male competitors and potential female mating partners by
producing loud advertisement calls from exposed, elevated positions
(Hodl, 1983; Ringler et al., 2011; Rodriguez Lopez and Hodl, 2020;
Roithmair, 1992). Males vigorously defend their territory against
conspecific intruders (Narins et al., 2003). Females exhibit site fidelity
but are typically not aggressive towards either sex (Ringler et al., 2012;
Ringler et al., 2009), and actively approach neighboring calling males
for courtship and mating (Montanarin et al., 2011; Stiickler et al., 2019).
Egg deposition takes place in the male’s territory and both sexes mate
multiple times with multiple partners (Ringler et al., 2012; Ursprung
et al., 2011). After hatching, tadpoles are typically transported by the
male to medium sized water bodies located up to 200 m outside the
territory (Beck et al., 2017; Ringler et al., 2018; Ringler et al., 2013).

2.2. Population monitoring

We surveyed the entire population every day from 0900 to 1800 h.
We identified all frogs on site via digital pictures of their unique ventral
patterns and later verified their identity with the pattern matching
software Wild-ID (Bolger et al., 2012). Frogs were sexed by the presence
(males) or absence (females) of a vocal sac. We recorded the precise
location of the frogs on a digital map, using a tablet PC (WinTab 9, Odys,
Willich, Germany) equipped with the mobile GIS software ArcPad 10.2
(ESRI, Redlands, CA, U.S.A.). We determined body size (snout urostyle
length) from dorsal photographs taken on top of a measurement grid
using the software Image J 1.52a (Rasband, 1997-2021). Information on
the age of individuals was available from a concurrent long-term
monitoring on the island population since its origin in 2012.

2.3. Experimental design

To gain information about the among- and within-individual varia-
tion of individual , T levels and further investigate the effect of pre-
ceding behavioral tests on their T response, we repeatedly sampled T
under two following conditions: First we collected ‘baseline’ levels by
capturing a focal frog without the use of any acoustic stimuli (e.g.
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playback) and immediately transferred it to the water bath (for details
see ‘Hormonal sampling’ and Fig. 1). Second, we also measured ‘experi-
mental’ T levels immediately after the focal individual had completed
a consecutively deployed suite of behavioral tests to assess personality
traits (for details see ‘Behavioral experiments’ and Fig. 1). In every trial
we noted the date and time of day (am or pm) when the measurement
was taken, as well as individual parameters such as body size (in mm)
and age, measured as a binomial variable (first reproducer vs. recapture
from previous years). We aimed for obtaining three replicates in each
condition per individual, summing up to a total of six measurements per
frog. Half of the tested individuals started with ‘baseline’, while the
other half started with the ‘experimental’ sampling. Consecutive sam-
ples were always taken more than 24 h apart. After every second trial we
added a break of at least 3 days to minimize any confounding effects of
the procedure on the measurements.

2.4. Behavioral tests

All individuals underwent a set of behavioral tests to quantify the
following behavioral traits: territorial aggression, boldness and explor-
ative tendency. The procedure of these combined tests lasted for a total
of about 30 min and to facilitate reading, we will from now on define
both tests with ‘behavioral test’ unless we specifically refer to one of
these tests only.

Territorial aggression: We assessed within- and between-individual
variation in the levels of territorial aggression in individual males by
simulating a calling intruder inside a male’s territory. To do so, we used
a simulated territorial intrusion test to induced territorial defense
behavior of the territorial male by broadcasting /presenting synthetic
conspecific call by a loudspeaker (for details see Peignier et al., 2022).
These conspecific male calls elicit aggressive responses of a territorial
male (Rodriguez et al., 2022; Sonnleitner et al., 2020; Ursprung et al.,
2009) which can be categorized/quantified in following behavioral
parameters: a) latency until the first head-body orientation and b) until
the first jump, c) the likelihood to jump in moments when the speaker
was silent (i.e., between bouts of calls), and d) the speed to approach the
speaker (cf. Chaloupka et al., 2022; Peignier et al., 2022).

Boldness and Exploration: Immediately after the previous test, we
caught the frog and assessed exploration- and boldness-related behav-
iors using a Novel Environment Setup (cf. Peignier et al., 2022). The
setup consisted of a cooler box (hereafter “Novel Environment”), with a
PVC tube attached on one side of the box (hereafter “shelter”). We first
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put the frog in the dark shelter for five minutes, to allow the individual
to acclimatize to the setup. Afterwards we opened the shelter and
allowed the focal frog to explore the Novel Environment for 15 min. We
measured the a) latency and b) probability to leave the shelter as well as
c) the distance travelled, d) the number of jumps performed, and e) the
area covered in the novel environment (for more details see Peignier
et al., 2022).

To assess within- and between-individual variation in behavior we
repeated those tests several times: we conducted 163 territorial defense
tests with 51 males (mean + SD = 3.20 + 1.31 repetitions per individ-
ual) and 156 Novel Environment Tests with 50 males (mean 4+ SD =
3.31 + 1.50 repetitions per individual). In a previous study, using the
same behavioral dataset, it was shown that the behaviors measured
during the both tests are repeatable and that the latency until the first
jump, the distance travelled, and the time spent in the shelter best
represented aggression, exploration, and boldness, respectively (Peig-
nier et al., 2022). In the present study, we use these measures as proxies
for the personality traits aggression, exploration and boldness to
investigate the link between personality and T levels.

2.5. Hormonal sampling and analysis

We used a non-invasive water-bath method (Baugh et al., 2018;
Baugh and Gray-Gaillard, 2021; Gabor et al., 2013) with variations
following the protocol described in Rodriguez et al. (2022) to collect
repeated T measurements of male A. femoralis. In brief, after capture,
we put the frogs in a small glass box (14 cm x 9 cm x 5 cm), filled with 40
mL of distilled water and left them in this box for one hour (Fig. 1).
Resulting concentrations (pg/mL) thus represent androgen release rates
of one individual over one hour. The dimensions of the box and the
water volume were chosen so that the frogs’ body was covered with
water, water levels did not constrain breathing (nose was outside water),
and frogs were not able to climb out of the water. An opaque cover was
placed over the box to minimize any disturbances from outside and to
minimize stress of the focal individual. After one hour the frog was
gently released at the original capture location. Non-polar hormones
were extracted by processing each water sample through 20 mL sterile
syringes coupled to an individual C18 cartridge (SPE, Sep-Pak C18 Plus,
360 mg Sorbent, 55-105 um particle size, # WAT020515, Waters corp.,
Milford, MA) with a flow rate of ca. 10 mL/min. Afterwards, cartridges
were eluted with 4 mL of 96 % EtOH into 8 mL borosilicate vials and
stored at 4 °C until further processing in the endocrinological lab at the

(‘baseline’)
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Fig. 1. Experimental design. We repeatedly sampled ,,;,T under two following conditions: without the use of any acoustic stimuli (‘baseline’) and immediately after a
consecutively deployed suite of behavioral tests (‘experimental’). We aimed for obtaining three replicates of both ‘baseline’ and ‘experimental’ hormonal samples per
individual (a total of six measurements per frog). Half of the tested individuals started with the ‘baseline’ condition (as visualized in the figure), while the other half
started with the ‘experimental’ condition. Consecutive samples were always taken more than 24 h apart. After every second trial we added a break of at least 3 days to

minimize any confounding effects of the procedure on the measurements.
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University of Vienna. Between water-bath samplings, water bowls were
thoroughly rinsed with ethanol and distilled water, and fully dried
before subsequent use. Researchers were wearing nitrile gloves at all
times, which were changed between each sample, to avoid
contamination.

In order to quantify T (in pg/mL), we used a commercially avail-
able ELISA kit (Enzo Life science #ADI-900 065). Beforehand, 1 mL out
of the 4 mL of 96 % EtOH eluded samples were pipetted into a glass tube
and dried down under a Nj-stream and then re-suspended in 250ul Assay
buffer provided by the manufacturer. Preliminary tests have shown that
1 mL of 96 % EtOH was sufficient to quantify reliably testosterone
concentration. Because the antibody has a very low cross-reaction with
other androgens (19-hydroxytestosterone < 15 %, androstendione <
7.2 %, Estradiol < 0.4, all others < 0,001 %) we dare to assume to have
mostly measured testosterone. Final concentration of the samples was
corrected for dilution factor. The detection limit for the assay was 5.67
pg/mL. The intra-assay CV% of all duplicates was below 5.3 %. The
inter-assay CV% was calculated using a control sample and was below
11 % (n = 8).

2.6. Statistical analysis

The statistical analyses were conducted in RStudio (RStudio Team,
2019). We log transformed the y,T measurements as it deviated from
normality. Where possible, we report results as p > 0.1 no evidence, 0.1
< p < 0.05 weak evidence, 0.05 < p < 0.01 moderate evidence, 0.01 <p
< 0.001 strong evidence, p < 0.001 very strong evidence (Muff et al.,
2022).

To investigate factors that affect the overall androgen levels, we
fitted a linear mixed model using the function ‘lmer’, in the package
‘Ime4’, with condition (‘baseline’/‘experimental’), time of day (am/pm),
age (new encounters/survivors from a previous reproductive season),
body size, whether the frog was calling or not before the hormonal
measurement, and trial order as fixed effects. We included ID as random
effect, and 4T concentration (log transformed) as response variable. We
assured that model assumptions of residual normality were met by
visually inspecting qq-plots. The condition was the only factor influ-
encing overall 1, T level. We further investigated the consistency of T
levels within and between individuals, using both reduced (‘baseline’
only or ‘experimental’ only) datasets, with the ‘rpt’ function in the rptR
package (Stoffel et al., 2017). To identify if T levels at ‘baseline’ itself
had an influence on androgen modulation during/after the behavioral
tests, we calculated AT by subtracting individual average ‘baseline’
levels from the respective average ‘experimental’ levels from all indi-
vidual males. We then tested for a possible correlation between ‘base-
line’ T and AT using a Pearson correlation test.

We also studied how aggression, exploration and boldness covary
with T levels and modulation at the among- and within-individual
level using a Markov chain Monte Carlo method. We built two
Bayesian linear mixed effect models (Hadfield, 2010) with the three
personality scores as response variables and ID as random factor. In
addition, we added as response variables the log transformed ‘baseline’
wbT in the first model and the AT in the second model. We scaled each
response variable by centering to their mean value and standardizing to
units of 1 phenotypic standard deviation. We estimated the among- and
within-individual correlations and covariances between each of the
personality score and the v, T using the posterior distributions. We used
an uninformative prior and ran 2,000,000 iterations with a burn-in of
80,000, and selected every 750th posterior parameter sample after the
initial burn-in. We assumed statistical significance if the 95 % credible
intervals did not overlap 0. We assured that model assumptions were
met by verifying the absence of autocorrelation (correlation between
lags < 0.1; Hadfield, 2010), sufficient mixing (plots of Markov-Chain-
Monte-Carlo chains), and performing a Heidelberg and Welch diag-
nostic test.
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3. Results

In total we collected 252 hormonal samples from 40 individual
males. We obtained samples for baseline ,T from 37 males (‘baseline’:
1-6 samples per male, mean + SD = 3.51 + 1.19 samples per male), and
samples after the behavioral manipulations from 39 males (‘experi-
mental’: 1-5 samples per male; mean + SD = 3.13 + 1.08 samples per
male).

We did not find any evidence that hormonal measurements were
influenced by the time of day when samples were collected, the age or
body size of the individual, the activity (i.e., calling or not) of the male,
or the trial order (all p > 0.05; Table 1). However, we found very strong
evidence that ,T levels were lower (p = -0.3, p < 0.001, Table 1) when
measured after behavioral experiments (mean average ,,T + SD =
306.15 + 107.5 pg/mL) compared to the respective baseline samples
(mean average wpT + SD = 387.43 + 171.1 pg/mL). Repeatability was
quite high for the baseline samples (‘baseline’: R = 0.45; 95 %CI =
[0.24;0.61]), but much lower when hormones were collected after
behavioral manipulations (‘experimental’: R = 0.24; 95 %CI =
[0.03;0.43]).

Not all individuals responded to the behavioral manipulations with a
reduction in ,T. Interestingly, we found a very strong evidence for a
negative correlation between average baseline 4T and Ay, T in males
(Pearson correlation test: r = -0.76, t = -6.81, df = 33, p < 0.001,
Fig. 2A). This means, that individuals with a relatively low baseline ,, T
tended to increase hormone levels after the behavioral tests, while in-
dividuals with a comparatively high baseline level showed a decrease in
their androgen levels after the behavioral manipulation (Fig. 2B).

Our results show a clear trend for a positive covariation between
exploration and baseline T levels at the among- and at the within-
individual level, as confidence intervals only slightly overlapped zero
(among-individual level: estimate = 0.18, 95 % CI = [—0.01, 0.45];
within-individual level: estimate = -0.14, 95 % CI = [-0.31, 0.03];
Table 2). Males showed increased levels of exploration when their
baseline ,T levels were high. We also found a clear trend for a
covariation between boldness and androgen modulation during/after
the behavioral tests at the within-individual level (estimate = -0.18, 95
% CI = [—0.39, 0.03]; Table 2). Males that showed the highest increase
in T levels after the behavioral tests were also very bold.

4. Discussion
4.1. Repeatability of androgen levels

Our results show that male A. femoralis have relatively consistent T
levels throughout the breeding season. The repeatability of hormonal
measurements that were obtained from non-invasive water bath samples
was quite high, especially for the ‘baseline’ samples (R = 0.45). These
values were considerably higher than repeatability scores of

Table 1

Results of the linear mixed effect model looking at how personality and abiotic
factors influence T release rates (N = 244 for 39 individuals). Sample size (N)
is presented. Results indicating at least weak evidence (sensu Muff et al., 2022)
are written in bold.

Fixed effects Estimate f Standard-Error p-value
Intercept 5.68 1.45 < 0.001
Time of the day (am/pm) 0.06 0.10 0.540
Trial order —0.00 0.01 0.999
Condition —0.30 0.08 < 0.001
Age (0/1) -0.11 0.13 0.383
Body size 0.04 0.50 0.934
Calling (yes/no) 0.10 0.11 0.358
Random effects Variance Standard-Deviation

D 0.11 0.33

Residual 0.20 0.45
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Fig. 2. Comparison of average individual ;T levels from baseline samples and samples taken immediately after behavioral experiments. A) Correlation between
average baseline ;T and the relative change A,,,T after behavioral testing; B) Pairwise comparisons of individual males. Red lines indicate individuals for which
average T measured in the ‘experimental’ condition is increased compared to ‘baseline’. Black lines indicate individuals for which the average ,,T level is
decreased in the ‘experimental’ condition compared to ‘baseline’. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

Table 2

Covariance and 95% credible intervals between proxies for aggressiveness (agg),
exploration (exp) and boldness (bol), and variation in T level. Estimates were
calculated based on a MCMCglmm model investigating the correlations between
the four behaviors measured. An extended version of the table is presented in the
Supplementary Table S1.

among-individual covariance  within-individual covariance

baseline T — agg
baseline T — bol
baseline ,T — exp

—0.01 (-0.21, 0.19)
—0.05 (-0.28, 0.17)
0.18 (—-0.01, 0.45)

0.08 (—0.09, 0.26)
0.09 (-0.08, 0.27)
—0.14 (-0.31, 0.03)

A T - agg —0.02 (—0.14; 0.09) 0.01 (—0.19; 0.22)
A T - bol 0.02 (-0.14; 0.16) —0.18 (—0.39; 0.03)
A wpT - exp —0.05 (-0.21; 0.1) 0.11 (-0.1; 0.32)

glucocorticoid hormones across several vertebrates (Schoenemann and
Bonier, 2018). This indicates that T levels are relatively constant over
the course of several weeks within the reproductive season in
A. femoralis and that there are consistent differences between in-
dividuals in their baseline androgen levels. As a consequence, even a low
number of repeated measurements allowed reliable estimations of in-
dividual baseline hormonal profiles in male poison frogs.

Further, we did not find a significant difference between hormonal
samples collected in the morning and in the afternoon. This was contrary
to what we expected, as in a previous study androgen levels were found
to be increased in the afternoon compared to morning hours, which was
linked to general calling activity in a nearby A. femoralis population
(Rodriguez et al., 2022). In vertebrates, steroid concentrations
commonly undergo a circadian rhythm; they increase during early
morning hours and drop in the afternoon (Nelson, 2005). Several studies
have documented the existence of diurnal cycles of circulating T (fish:
Lorenzi et al., 2008; monkeys: Schlatt et al., 2008; humans: Diver et al.,
2003; but see also Licht et al., 1985 for green sea turtles). In several
animal taxa, T concentrations are positively related to latitude and
negatively to the length of the breeding season (Eikenaar et al., 2012;
Husak et al., 2021), which suggests that tropical animals usually exhibit
lower T levels with very low seasonal fluctuation during the reproduc-
tive season compared to temperate-zone species (see also Canoine et al.,
2007; Hau et al., 2008). However, it is possible that other environmental
factors (e.g. predators, temperature, climatic conditions, calling activ-
ity), might have contributed to the differences in diurnal T variation

found in this and the study of Rodriguez et al., 2022,

The factor ‘age’ did not show a significant relationship with
androgen levels. There is evidence for an age-related change of T levels
in various animal taxa (Groothuis and Carere, 2005; Schlatt et al., 2008;
Tesicky et al., 2022), however those taxa typically show a greater life-
span than our studied species. In A. femoralis the majority of the popu-
lation only survives one reproductive season (cf. Ringler et al., 2015),
and therefore age likely is not a relevant factor for the variation in
androgen levels in this short-lived species.

4.2. Influence of behavioral tests on androgen levels

An increase in T has been observed in many species following social
challenges (Goymann et al., 2019; Wingfield et al., 2020; see also Assis
et al., 2012; Leary, 2014; Moore et al., 2020). In our study, wT levels
generally dropped after the behavioral tests. This is in contrast with a
recent study which found a positive androgenic response to simulated
territorial intrusions in A. femoralis males, providing support for the
Challenge Hypothesis (Rodriguez et al., 2022). In this previous study,
water-borne androgen levels were elevated after presenting a conspe-
cific playback compared to baseline conditions, but only in males that
actually approached the loudspeaker and not in males which did not
react to the playback. Moreover, while an increase of ,,T was observed
within the first hour of water sampling after playback presentation,
androgen levels clearly dropped in the following hours, even below
baseline levels. Curiously, the ‘non-responders’ showed a much stronger
decline of T three hours after the playback test compared to males
who actively approached the loudspeaker. In this previous study, the
decline of T levels was observed only after more than 2 h following
exposure to a behavioral test/or stressor, and might have been due to the
activation of the negative feedback system of the hypothal-
amic-pituitary—gonadal (HPG) axis, or due to other hormones, such as
glucocorticoids, via an antagonistic effect on the HPG axis (Moore and
Jessop, 2003; see also “Energetics-Hormone Vocalization hypothesis” by
Emerson and Hess, 2001). We cannot fully exclude similar effects may
have impacted on our measurements, but since all hormonal samples
were collected in the same standardized procedure, we assume that such
effect might have impacted all samples equally. Because in the present
study we collected the hormonal samples not immediately after the
territorial aggression test, but after a suite of behavioral tests which
lasted in total about 30 min, the resulting androgen levels actually
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represent a combined/integrated hormonal response to the entire test
sequence. Further studies are needed to clarify the link between the
hypothalamic-pituitary—adrenal (HPA) and the HPG axis in A. femoralis.

Most interestingly, not all individuals responded to the behavioral
tests in the same way. We observed two different patterns when
comparing ‘baseline’ and ‘experimental’ ,,,T levels: individuals with low
baseline 1, T tended to show an increase in hormonal levels, while in-
dividuals with comparatively high baseline ,,T rather showed a
decrease in hormonal levels following the behavioral manipulation
(Fig. 2). This phenomenon could happen if the physiological maximum
of individuals’ high baseline T was already reached before the start of
the behavioral tests, e.g. due to a stressful interaction. These individuals
might not be able to further increase their androgen levels when faced
with a new challenge, while individuals with low baseline ,T could
(Goymann et al., 2007; Wingfield et al., 1990). However, because the
repeatability of baseline 4T was so high, it is unlikely that these in-
dividuals were caught each time just prior a stressful event. Alterna-
tively, our results could potentially be caused by differential personality
types being linked to differential physiological (i.e. hormonal) responses
to stress and/or social challenges. Previous studies have shown a link
between animal personality and differential physiological response to
social challenges (i.e. “stress coping styles”; Baugh et al., 2017; Baugh
et al., 2012; Carere and Maestripieri, 2013; Cockrem, 2013; Coppens
et al., 2010). For example, proactive and reactive rats and mice differed
in the levels of serotonin release or receptor expression in the prefrontal
cortex (Caramaschi et al., 2007; Ferrari et al., 2003; van Erp and Miczek,
2000). Although we did not find a link between hormonal modulation
and any personality trait we measured, we cannot rule out that another
underlying trait, such as activity, is responsible for the observed pattern.

4.3. Link between personality traits and androgen levels or -modulation

Interestingly, we found no evidence that ‘baseline’ androgen levels
were associated with territorial aggression in A. femoralis males. Similar
results were reported in a previous study where the intensity of the
phonotactic approach towards a playback was not related to androgen
responsiveness in A. femoralis males (Rodriguez et al., 2022). However,
our results suggest that ,T levels are positively linked to the personality
trait ‘exploration’. Individuals with a high exploratory tendency in the
Novel Environment Test also had high baseline T levels. These find-
ings are in line with a recent study that found androgens to be associated
with navigation-associated behaviors in three species of poison frogs
(Pasukonis et al., 2022). Higher baseline androgen levels were found in
individuals that also showed more exploration after translocation in
D. tinctorius. The amount of exploration during the navigation task was
associated with an increase in androgen levels in A. femoralis, while
successful homing was found to result in a significant decrease in
androgen compared to baseline levels (Pasukonis et al., 2022). These
results together with the findings of our present study highlight a
prominent role of androgens for among-individual variation in
exploration-related spatial behaviors in males.

Our results further suggest a link between T modulation and bold-
ness. Males that showed the highest increase in T levels after the
behavioral tests were also very bold. These findings are in line with the
Challenge Hypothesis, which states that the temporary increase of T is to
facilitate potentially challenging or threatening encounters (Wingfield
et al., 1990). As our experimental design does not allow to disentangle
cause and consequence of these correlations, future studies using hor-
monal manipulation experiments in combination with behavioral ex-
periments are needed to precisely disentangle the causal relationship
between T modulation and exploration or boldness.

4.4. Methodological implications

One key question in animal personality research is why there are
consistent individual differences in behavior. One hypothesis is that
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heritable traits leading to genetically determined physiological differ-
ences among individuals could give rise to consistent behavioral dif-
ferences (Baugh et al., 2012; Drent et al., 2003; Stamps and Groothuis,
2010). The present study highlights the importance of the exact time
point when the hormonal sample is collected, for trying to link hormonal
with behavioral profiles. To minimize handling time and experimental
effort, it would be ideal to measure hormonal levels directly before and/
or after behavioral tests, however this procedure could affect the hor-
monal and behavioral experiments, respectively. Whether hormonal
measurements should be taken independently from behavioral tests or
immediately thereafter, ultimately depends on the research question. To
gain information about long-term differences in hormonal profiles,
measurements should be taken without any preceding behavioral ex-
periments. However, when determining differences in physiological
responses after behavioral challenges, it is important to carry out hor-
monal sampling completely independently from other experimental
manipulations as well as directly after behavioral testing.

4.5. Conclusions

Our findings show that androgen levels in A. femoralis are quite
stable across the reproductive season, as repeatability in T baseline
levels was high. Time of day, age and calling activity had no influence on
hormone levels. As expected, preceding behavioral experiments had a
strong influence on the variation in T levels, but the direction of the
hormonal response appears to be linked to individual baseline levels.
Individuals with low baseline levels showed an increase in androgen,
while individuals with high baseline levels showed a reduction of
androgen levels after the behavioral tests. In addition, we show that in A.
femoralis, androgens are linked to the personality trait exploration.
Taken together, these results suggest that differences in hormonal pro-
files and/or responses to social challenges can — at least partially —
explain among-individual differences in behavioral traits.
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