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Abstract

While there are many studies documenting female mating preferences across taxa, male mate choice remains relatively under-
studied. Male mate choice often develops when there is variation in female quality and thus the fitness benefits of mating with
particular females. Specifically, males tend to prefer females with traits that confer direct fitness benefits such as large body
size, which may be linked with high fecundity. Prior work has shown that females of the strawberry poison frog, Oophaga
pumilio, prefer males bearing certain coloration (most often the female’s own color), and that this preference can be learned
through maternal imprinting. Females have been shown to prefer larger males as well. Here we test whether similar mate
preferences for color and size exist in males of this species using two-way choice tests on captive bred male O. pumilio. In
each test focal males were placed in an arena with two stimulus females: either both of the same size but differing in color, or
both of the same color but differing in size. We found only weak evidence for behavioral biases toward particular colors and
no evidence for biases toward larger females, suggesting that males of O. pumilio do not predictably choose mates based on
these female traits. Despite several aspects of their natural history that suggest males have reasons to be choosy, our findings
suggest that the cost of mate rejection may outweigh any fitness benefits derived from being selective of mates. Studies of
additional populations, ideally conducted on wild individuals, are needed to better understand the range of conditions under
which males may exhibit mate choice and the types of traits on which they base these choices.

Significance statement

To fully understand the fitness landscapes and evolutionary trajectories that result from sexual selection, we need to under-
stand when and how the mate preferences of the two sexes act and interact. While female mate choice has been widely
studied, male mate choice remains poorly understood. To help bridge this gap, we studied male mate preferences in the
strawberry poison frog Oophaga pumilio, a small brightly colored frog for which female preferences for male color and size
have been well-documented. We found no evidence that male O. pumilio exhibit mate preferences based on female size and
little evidence for male mate preferences based on female color. This is surprising given that larger females are often more
fecund, male O. pumilio are known to exhibit color-based behavioral biases in the context of male-male competition, and
both sexes provide parental care.

Keywords Sexual selection - Reversed sex roles - Mate choice - Polymorphism - Visual cue - Coloration

Introduction

Male mate choice occurs when males show a preference
for females with specific traits. This can affect the evolu-
tion of these traits in females or the population as a whole,
thus influencing the fitness of future generations (Edward
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as indicators of female reproductive status) as opposed to
indirect benefits (i.e., improvements to the fitness of rela-
tives, such as increased offspring survival; Nakahashi 2008).
While there are many studies that investigate and discuss the
significance of female mate choice, very few of these con-
sider the potential evolutionary implications that male mate
choice may have within the same species. In many species
in which female choice has been studied, male choice has
not. Moreover, most of the examples that have documented
male mate choice come from arthropods (Tuschhoff and
Wiens 2023), highlighting the need for further study of this
form of mate choice in other animal phyla. Additionally, for
many species known to exhibit both male and female mate
choice, such as Drosophila melanogaster (fruit fly), Poe-
cilia reticulata (guppy), and Xiphophorus hellerii (swordtail
fish), female choice has been much better studied (Dosen and
Montgomerie 2004; Byrne and Rice 2006; Tudor and Mor-
ris 2008). Thus, while numerous studies have detailed the
effects of female mate choice on the evolution of populations
and species, the same emphasis has not been historically
placed on determining whether or how much male choice
may also be impacting evolutionary trajectories. More atten-
tion toward discovering and understanding instances of male
mate preferences may help elucidate complexities of mating
behavior and mechanisms of sexual selection and evolution
that would be missed by focusing on female choice alone.
Male mate choice tends to evolve under certain conditions
and life histories. First, there must be variation in the quality
of females and the associated fitness benefits males receive
by mating with them. Male mate choice is more likely to
develop if this variation in quality is linked to direct fitness
benefits to the male. On one hand, female quality may be
related to body size, such as when larger females have higher
fecundity (Edward and Chapman 2011). On the other hand,
female quality may be related to coloration, such as when
coloration is indicative of reproductive state (Amundsen and
Forsgren 2001), indicative of higher fitness (Baldauf et al.
2011), or prevents costly heterospecific courting and mat-
ing (Shahandeh et al. 2018). Moreover, the development of
male mate choice is influenced by the number of females
available for mating and is favored when the cost of mate
rejection is low (i.e., many receptive mates are available
and/or investment in courtship is low) and the probability
of finding another mate is high (Johnstone et al. 1996). As
a result, male mate choice is more likely to evolve when
many receptive females are available and/or in mating sys-
tems where males encounter multiple females at once, rather
than consecutively (Barry and Kokko 2010). Female choice
can also influence male mate choice, as attractive males have
a higher potential to mate (and choose mates) than unattrac-
tive males. This could cause male mate choice to become
condition-dependent, with increased mating between males
and females of similar quality. One example of this is seen
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in the two-spotted goby (Gobiusculus flavescens), in which
higher quality, larger males show stronger preferences
toward more desirable, colorful females than do smaller
males (Amundsen and Forsgren 2003). Interestingly, in situ-
ations where males face greater competition as a result of
preferring the same female, male mate choice may even lead
to the development of alternative preferences for different
trait values. This has been shown in the orb-weaving spider
(Zygiella x-notata), which exhibits size assortative mating
when sexual competition is strong (Bel-Venner et al. 2007).

It is theorized that males and females of most animal
species have conventional sex roles based on the Darwin-
Bateman paradigm, in which parental care is more com-
mon in females, and sexual dimorphism and stronger sexual
selection is more common in males (Janicke et al. 2016).
Accordingly, male mate choice and female-female com-
petition tend to be observed in species with “reversed” or
non-conventional sex roles, where males contribute more
to parental care than females and are unable to mate with
all available females. This reversal favors males who assess
female quality and preferentially mate with those with
desired traits (Gwynne 1991). For example, male pipefish
(Syngnathus typhle) invest more effort in parental care than
females and thus are the choosier sex. As a result, intra-
sexual competition is more intense among females than
males, and male mate choice significantly impacts offspring
fitness (Sandvik et al. 2000). However, male mate choice
exists in some species where males do not contribute much
to parental care. This is especially true in species where
males invest more resources into mating effort (e.g., attract-
ing and competing for females; Edward and Chapman 2011).
For example, two-spotted gobies (Gobiusculus flavescens;
Amundsen and Forsgren 2001), spiny-footed lizards (Acan-
thodactylus erythrurus; Belliure et al. 2018), and the fruit
fly (D. melanogaster; Byrne and Rice 2006) are all species
with conventional sex roles and low male investment that
still display male mate choice. This is significant, as these
“conventional” species tend to show female choice as well,
and the interplay between male and female choice in such
species is often understudied.

In anurans, like many other taxa, female choice is much
better studied than male choice. In most frog species that
display female choice, female preferences are based on vari-
ation in male acoustic signals (Burmeister 2017). These pref-
erences are well-documented across frog species (Gerhardt
et al. 2000; Ron 2008), including poison frogs (Dreher and
Prohl 2014), and the neurobiological mechanisms behind
these behaviors have been studied in depth (Burmeister
2017). Female mate choice based on visual signals, such as
color (e.g., Summers et al. 1999) or body size (e.g., Swierk
and Langkilde 2021), and multimodal signals (e.g., acoustic
signals coupled with visual ones as in de Luna et al. 2010)
have also been documented in a number of frog species.
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Nevertheless, when it comes to male mate choice in frogs,
the literature is sparse. One frog species known to display
male mate choice is the wood frog (Rana sylvatica). Male
wood frogs preferentially mate with females of similar size
as themselves, as size mismatch severely reduces fertiliza-
tion (Swierk and Langkilde 2021). Thus, selecting mates
based on size provides direct fitness benefits that likely out-
weigh the cost of mate rejection, especially as this species
exhibits an explosive breeding system in which many recep-
tive females are available simultaneously (Berven 1981).
Male mate choice has also been documented in another
explosive breeder Rana kukanoris, in which males prefer
larger females due to their higher fecundity (Chen and Lu
2011). Interestingly, there is also evidence of intra-female
competition in the green poison dart frog, Dendrobates
auratus. While females are still more selective than males
in this species, they compete with other females to prevent
them from mating with specific males in order to secure high
quality males for parental care (Summers 1989). While male
mate choice has not been studied in this species, the species
does meet some of the criteria for the evolution of male
mate choice as males invest significant energy into parental
care of offspring and may be limited in their ability to mate
with many females due to mate guarding by female partners
(Summers 1990).

Here we test for the presence of male mate choice in
strawberry poison frogs, Oophaga pumilio. These small
(snout-vent length (SVL) from 1 to 2 cm; Siddiqi et al.
2004), brightly colored frogs show extreme variation in
coloration across populations found in the Bocas del Toro
region of Panama but little to no sexual dichromatism (i.e.,
both males and females are similarly brightly colored; Sum-
mers et al. 2003; but see Maan and Cummings 2009). While
many studies have demonstrated female choice based on
male color (Summers et al. 1999; Reynolds and Fitzpatrick
2007; Maan and Cummings 2008, 2009; Richards-Zawacki
and Cummings 2011; Dreher and Prohl 2014; Gade 2015;
Gade et al. 2016; Yang et al. 2016, 2019a, b) and size (Gade
2015; Gade et al. 2016), to date there have been no published
studies on male mate choice in this species. Nonetheless,
the reproductive roles and constraints on male O. pumilio
suggest the potential for the evolution of behavioral biases.

O. pumilio has a promiscuous mating system, in which
both males and females will court and mate multiple times
with different partners (Prohl and Hodl 1999). Promiscuous
mating systems may promote the evolution of mate choice
by facilitating the encounter of preferred traits in potential
partners while reducing the cost of rejecting low-quality
mates (Peignier et al. 2022). Frogs of this species also pro-
vide biparental care to offspring in which the male tends the
eggs, and the female cares for the tadpoles after they hatch.
However, this parental care behavior is asymmetrical, as the
female’s role requires more time and energy than the male’s

(Dugas 2018). Behavioral biases may evolve in the sex that
provides less care as this sex gains the greatest direct ben-
efit from choosing a suitable offspring-caring partner (John-
stone et al. 1996). Additionally, although males are usually
the territorial and aggressive sex, female territoriality and
aggression between females has also been documented in O.
pumilio (Haase and Prohl 2002; Meuche et al. 2011). Males
also aggregate close to females’ territories, which in turn,
are spatially clustered close to suitable tadpole rearing sites
(Prohl and Berke 2001). Therefore, given that encountering
multiple females is feasible, the evolution of male choosi-
ness may be facilitated by the low cost of searching for a
preferred mate. Finally, it has previously been established
that O. pumilio tadpoles imprint on the coloration of their
mother, and that female O. pumilio grow up to prefer males
of the mother’s coloration. Likewise, imprinting leads to
males that are more aggressive toward other males of their
mother’s coloration (Yang et al. 2019a). This result suggests
that color discrimination may act as a reproductive barrier
between diverging populations and indicates that behavioral
biases based on coloration have indeed evolved in males
of O. pumilio. However, to date, such color-associated
biases have only been investigated in males in the context
of aggressive behaviors. Here, we test the hypotheses that
males show preferences for (1) large females (which are typi-
cally more fecund; Donnelly 1989) and (2) females of the
same color as themselves (as such color-associated biases
are seen in female mate choice and male aggression in this
species; Yang et al. 2019a). To do this, we used two-way
choice tests on frogs from a laboratory colony to quantify
male mating preferences based on female coloration and
body size. Our findings contribute to an improved under-
standing of the evolution of mating preferences and associ-
ated traits in this species, as well as the factors that promote
or hinder the evolution of male mate choice more broadly.

Materials and methods
Study system

For our study, we used O. pumilio individuals from a captive
colony housed at the University of Pittsburgh. All focal males
and all but a few of the stimulus females (which were wild-
caught in Panama in 2009) we used were lab-bred, and all frogs
have been maintained in captivity in accordance with the meth-
ods described in Dugas and Richards-Zawacki (2015). Due to
the limited availability of virgin males, many of the males used
in this experiment came from same-morph breeding pairs (i.e.,
where one male and one female of the same morph had been
housed together in breeding enclosures). We used individu-
als from two differently colored populations: the Popa (green)
color morph, captive-bred from wild-caught individuals from
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the Punta Laurel population of Isla Popa in the Bocas del
Toro region of Panama, and the Bastimentos West (red) color
morph, captive-bred from wild-caught individuals from the
population at Cemetery Hill, Isla Bastimentos population in
Bocas del Toro. Both morphs are indicated in purple on the
map in Fig. 1. Both the Popa (green) and Bastimentos West
(red and yellow polymorphic) populations are known to exhibit
color-assortative female mate choice (Richards-Zawacki and
Cummings 2011; Yang et al. 2019a) and male-male competi-
tion (Yang et al. 2019a; MG-S et al. unpublished data), but
male mate choice has not been studied in either.

We housed focal males individually in an enclosure with
black opaque walls for ~48 h prior to behavioral assays. We
did this because in prior experiments we have found time
away from their prior social setting to improve the odds of
individuals exhibiting courtship behaviors during trials.
Immediately prior to each trial, we measured the SVL of
each focal male to the nearest 0.1 mm using dial calipers.
We conducted this study in two experiments with similar
methodologies: the first part tested for male mate prefer-
ences based on female coloration, and the second tested for
male mate preferences based on female size.

Experiment 1: color
We conducted the color portion of the study using 37 male

O. pumilio as focal individuals. Of these, 21 were of the
Popa (green) color morph, and the other 16 were of the
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Bastimentos West (red) color morph. These color morphs
were chosen because they are visually distinct in coloration.
We removed 4 of those trials (1 Bastimentos West red and
3 Popa green) due to prior co-housing of the focal male and
one of the stimulus females, giving a final sample size of 33
consisting of 18 Popa green and 15 Bastimentos West red.
We tested more Popa males than Bastimentos West due to
limited availability of adult male Bastimentos West individu-
als in our captive colony. Pairs of opposite-morph (i.e., one
red, one green), size-matched female O. pumilio were used
as stimulus individuals for the color choice assays. For each
trial, we selected one pair of stimulus females at random
from a set of size-matched pairs.

Experiment 2: size

For the size choice study, we used 30 Popa (green) males,
but removed 3 of those trials from analysis due to prior co-
housing of the focal male with one of the stimulus females
(final n=27). We chose this because similar or smaller
sample sizes have been sufficient to detect significant mate
preferences in this species in previous studies (see Table S1).
We used pairs of Popa (green) females differing by at least
2.0 mm (~10-15%) in SVL as stimulus individuals and
selected these pairs at random from a set of such size-distinct
pairs prior to each trial. We used SVL as our size parameter
because it can be measured quickly (reduces handling time
and stress on the frog). Bastimentos West (red) frogs were
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Fig.1 Map showing the locations of different color morphs of O.
pumilio in the Bocas del Toro Archipelago of Panama (large map)
and the location of the Archipelago with respect to the species range
(inset, top right). The focal populations included in our study are
labelled in bold and colored in purple on the map and images of these
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color morphs are shown bracketed in purple on the right. Populations
labeled with stars are polymorphic and images of the morphs found
in sympatry at these sites are shown at the lower right. Photographs
by V. Prémel, J.P. Lawrence, S.A. Echeverri, 1.J. Wang, and Y. Yang
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not used as focal or stimulus individuals in this experiment
due to sample size limitations.

Behavioral assays

We conducted behavioral assays in a 30 x40 % 20 cm plas-
tic arena containing sheet moss as a substrate, which was
moistened with water prior to each set of trials. The top of
the arena was left open during the trials, but a plastic mesh
around the edges prevented frogs from escaping. We con-
ducted the assays in a dark room maintained at 23-25 °C
and with a lighting setup designed to simulate the conditions
of the forest floor (following Maan and Cummings 2008).
The behavioral assay protocol followed the setup in Yang
et al. (2019a) but with the sexes of focal and stimulus frogs
reversed (Fig. 2).

During the trials, we confined the stimulus females under
small, transparent plastic domes equidistant from the center
of the arena (Fig. 2). Each dome was placed in the center
of a plastic disk that denoted the 4 cm “interaction zone”
surrounding the dome. We allowed the stimulus females to
acclimate to the domes for 15 min prior to the addition of
the focal male frog to the arena. Upon adding the focal male,
we initially confined him under a larger transparent plastic
dome, which was attached overhead to a simple pulley sys-
tem. We immediately placed an opaque black plastic cover
over the focal male’s transparent dome and allowed him
5 min to acclimate to this new environment. After five min,
we lifted the black cover but not the transparent dome, and
allowed the male another two minutes to view the stimulus
females from within the clear dome. After the two min, we
lifted the transparent dome, so the focal male could move
freely in the arena.

40cm

® &
@ @

30cm

Fig.2 Experimental setup of the two-way choice tests. The trials
were conducted in a 30 X40x 20 cm arena, and stimulus females were
placed under transparent plastic domes equidistant from the center.
Each stimulus dome was placed in the center of a 4 cm “interaction
zone,” and the stimulus male was allowed to roam freely in the arena
during the trials

Data were recorded by an unblinded observer (i.e., a per-
son who could readily assess the color and body size of the
focal and stimulus animals) via direct observation between
the hours of 8:44 and 16:50. While male O. pumilio are most
reproductively active (call most intensely) between 6:00 and
10:00 in the field (Bunnell 1973), frogs in our colony have
been observed to call frequently during all daylight hours
(6:00-18:00). The first half of each trial lasted 15 min, and
the trial began when the first interaction between the male
and a female (defined as the focal male entering the 4 cm
“interaction zone” of either stimulus female) commenced.
If the male failed to enter either female’s interaction zone
within the first 30 min, we considered the trial “failed,” and
we tested the focal male again on a different day. To account
for potential side biases, after the first half of the trial we
once again confined the focal male under the plastic dome
and black cover and switched the positions of the stimulus
females. We similarly allowed the male five minutes of dark
acclimation and two minutes of time to view the females
from within the clear dome before a second 15-min period
where the male was allowed to move freely in the arena.

Behaviors of interest

During each behavioral assay, we recorded several behaviors
indicative of the focal male’s interest in a female, which
we based on observations of courtship and mating in wild
O. pumilio (Yang et al. 2019b). We recorded the number
of approaches toward each of the stimulus females with an
approach being defined as the focal male orienting towards
and entering the interaction zone of a stimulus female. We
also measured the length of time the focal male spent in
the interaction zone for each approach, as well as the total
association time spent with each female over the course of
the trial. The number and duration of calling behavior by the
focal male was also recorded, with one call being defined as
the male orienting towards a female and initiating calling
after a period of silence (at least 3 s). Finally, we quantified
the number of times the male climbed on the female’s dome
(or touched it with at least two feet while oriented towards
the female). Calling and climbing behavior did not occur
with enough frequency to be useful metrics of mating inter-
est and were therefore not used in our statistical analyses.

Statistical analysis

Color biases

We quantified association time for the color experiment
as the proportion of time spent with the stimulus female
of the same color as the male divided by the total associa-

tion time spent with both females. We similarly quantified
the proportion of approaches. We analyzed the proportion
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of association time and proportion of approaches toward
females of the same morph as the focal male. To avoid issues
with normality assumptions for proportional data we used
directed, one-sample permutational 7-tests (with y/a=0.8
and &/y = 0.25, following Rice and Gaines 1994), compar-
ing the data to the null hypothesis of a population mean
of <0.5 (no preference for own-colored female). For each
of these metrics, values > 0.5 indicate a behavioral bias in
the direction that would support the alternative hypothesis:
that males show preferences for own-colored females. We
analyzed each metric independently for each morph (Popa
green and Bastimentos West red). Because sample sizes per
morph were small, we also ran the permutational #-test with
both morphs together to investigate the potential for low sta-
tistical power causing us to fail to reject the null hypothesis.

Size biases

We quantified association time for the female size experi-
ment as the proportion of time spent with the larger stimu-
lus female divided by the total association time spent with
both females. We similarly quantified the proportion of
approaches. We analyzed the proportion of association time
and proportion of approaches to the larger female in the
same way as in the color bias experiment, using directed,
one-sample permutational z-tests (with y/a=0.8 and 8/y =
0.25, following Rice and Gaines 1994) to test for proportions
greater than the null hypothesis of <0.5 (no preference for
larger females). In this case, only the Popa (green) popula-
tion was examined.

Table 1 Proportion of association time per treatment group for both
color and size bias experiments. P values and effect sizes (Cohen’s
D) were based on directed, one-sample permutational #-tests (with

We used the function perm.test (package jmuQutlier) to
perform the r-tests and the function cohensD (package Isr)
to find effect sizes. All statistical analyses were conducted
in R using RStudio version 4.3.1 (RStudio Team 2019;
R Core Team 2020).

Results
Color assays

We conducted 55 trials using our 37 focal individuals. Of
these, 18 trials were considered “failed” (focal male did not
reach the interaction zone within 30 min of observation)
and 37 were successful; however, 4 of these successful trials
(3 Popa green and 1 Bastimentos West red) were removed
from analysis due to prior co-housing of the focal male and
one of the stimulus females. When considering both color
morphs together, we did not find support for male behavioral
biases based on female coloration. Neither the proportion of
association time (Table 1) nor the proportion of approaches
(Table 2) were significantly greater than 0.5. When consid-
ering each morph independently, the proportion of associa-
tion time for the Popa population was nearly significantly
greater than 0.5 (Table 1, P= 0.068) but we did not find
support for an assortative color preference in this metric for
the Bastimentos West population (Fig. 3). The proportion of
approaches was not significantly greater than 0.5 regardless
of whether we considered both populations together or each
separately (Fig. 4, Table 2).

y/x=0.8 and &8/y = 0.25, following Rice and Gaines 1994), compar-
ing the data to the null hypothesis of a population mean of <0.5

Population Proportion of time spent n Median +1IQR Cohen’s D P
with

Popa (green) Own morph 18 0.82+0.54 0.40 0.068

Bastimentos West (red) 15 0.39+0.83 0 0.655

All 33 0.66+0.83 0.20 0.157

Popa (green) Larger female 27 0.75+0.87 0.16 0.242

Table 2 Proportion of approaches per treatment group for both color
and size bias experiments. P values and effect sizes (Cohen’s D) were
based on directed, one-sample permutational r-tests (with y/a=0.8

and 8/y = 0.25, following Rice and Gaines 1994), comparing the data
to the null hypothesis of a population mean of <0.5

Population Number of approaches to n Median +IQR Cohen’s D P

Popa (green) Own morph 18 0.50+0.58 0.25 0.177
Bastimentos West (red) 15 0.50+0.52 0.25 0.211
All 33 0.50+0.66 0.25 0.090
Popa (green) Larger female 27 0.50+0.37 0 0.575
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Fig. 3 Proportion of time that males of each population spent with a
female of their own morph. A proportion significantly greater than
0.5 (dashed line) indicates a male preference towards same-colored
females. Bold lines indicate medians. Boxes enclose 25th to 75th per-
centiles. Dots are data points. Error bars enclose data range, exclud-
ing any outliers (defined as dots appearing above or below error bars).
Colors denote the typical population coloration (red for Bastimentos
West and green for Popa)

Size assays

We conducted 52 trials using our 30 focal individuals. Of
these, 22 trials were considered “failed” and 30 were con-
sidered successful; however, 3 of these successful trials were
removed from analysis due to prior co-housing of the focal
male and one of the stimulus females (final n=27). We did
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Fig.4 Proportion of approaches of males of each population towards
a female of their own morph. A proportion significantly greater than
0.5 (dashed line) indicates a male preference towards same-colored
females. Bold lines indicate medians. Boxes enclose 25th to 75th per-
centiles. Dots are data points. Error bars enclose data range, exclud-
ing any outliers (defined as dots appearing above or below error bars).
Colors denote the typical population coloration (red for Bastimentos
West and green for Popa)

not find support for male behavioral biases based on female
size. This lack of support was evident for both the proportion
of association time (Fig. 5, Table 1) and the proportion of
approaches (Fig. 5, Table 2), which were not significantly
greater than 0.5.

Discussion

We used two-way choice tests to test whether male straw-
berry poison frogs (O. pumilio) demonstrate preferences
for larger females and/or females of the same color as
themselves. Our results suggest that, unlike females (see
Tables S1 and S2) male O. pumilio do not show color- or
size-assortative mate preferences. We predicted that males
would show some preference for at least one of these female
traits for several reasons: courtship is both lengthy and inten-
sive (lasting on average 1.5 h; Prohl and Hodl 1999), both
males and females contribute to parental care (Prohl and
Hodl 1999), this species has a promiscuous mating system
(Prohl and Hodl 1999), larger females are more fecund, thus
conferring more direct fitness benefits (Donnelly 1989), and
males show aggressive behavioral biases toward other males
based on coloration (Yang et al. 2019a). However, we found
little evidence for male mate choice based on female size
or color. Only for the Popa population did one metric, the
proportion of time spent interacting with females of the
local green phenotype, exhibit a pattern that could have been
interpreted as a marginally significant assortative mate pref-
erence. Given this ambiguous result, we discuss our findings
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Fig.5 Proportion of approaches and time spent of Popa green males
towards a female of their own morph. A proportion significantly
greater than 0.5 (dashed line) indicates a male preference towards
larger females. Bold lines indicate medians. Boxes enclose 25th to
75th percentiles. Dots are data points. Error bars enclose data range,
excluding any outliers (defined as dots appearing above or below
error bars)
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in light of sexual selection theory and the sexes' differential
reproductive roles.

Although both males and females contribute to parental
care, female O. pumilio invest more time and energy into
parental care than males. Females are responsible for trans-
porting the tadpoles to their leaf axil nurseries after they
hatch and feeding them unfertilized eggs until they complete
metamorphosis (Prohl and Hodl 1999). This means that the
potential reproductive rate (PRR) is higher for males while
females are the limiting reproductive resource (i.e., females
have a longer reproductive “time-out”; Prohl 2002). This
imbalance in parental care may explain why females often
show significant mating preferences in this species while
males in the current study generally did not. For males, the
benefits of mating indiscriminately may outweigh the costs
of courting and engaging in parental care with low quality
females. This idea is supported by a meta-analysis for all
animals, including Allobates femoralis, a related species of
dendrobatoid frog (the poison frog superfamily containing
0. pumilio), which found a steeper Bateman gradient (i.e.,
a larger increase in fitness with each additional mating) for
males of most species (including A. femoralis) in compari-
son to females (Ursprung et al. 2011; Janicke et al. 2018). In
such cases, males are predicted to increase their fitness more
by mating with many partners and focusing on offspring
quantity rather than quality, thus disfavoring the evolution
of male mate choice.

Another potential explanation for the lack of male
choice in O. pumilio may be related to how often males
encounter receptive females in the wild. For example, a
study on the sexually cannibalistic praying mantid Pseu-
domantis albofimbriata showed that even in species with
significant variation in female quality, if males encounter
females sequentially (rather than simultaneously), this may
prevent the evolution of male mate choice. This is because
the fitness cost of rejecting a potential mate is high if the
male is unlikely to find another mate, making it more ben-
eficial for him to mate with all available females, regardless
of quality, rather than being selective (Barry and Kokko
2010). Likewise, O. pumilio males are likely to encounter
females sequentially, as they court females within small
non-overlapping territories and receptive females approach
calling males prior to courtship (Prohl and Hodl 1999).
Moreover, while female O. pumilio have larger home
ranges than males, these are still small enough that a male’s
territory may only overlap with the home ranges of a few
females, only some of whom may be receptive to mating
at any given time. Females are not receptive when they
are caring for tadpoles because they use their own unfer-
tilized eggs to feed the tadpoles (Prohl and Hodl 1999).
This would serve to further limit the number of receptive
mates a male may encounter within a given time frame and
further supports the idea that sequential encounters may
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also be acting to hinder the evolution of male mate choice
in this species.

Additionally, our study was conducted using captive-
reared individuals in a laboratory setting. While we adjusted
the lighting, temperature, and humidity to emulate natural
conditions during our experiments, it is possible our find-
ings may have differed if the experiment were carried out
with wild O. pumilio in the males’ natural territories. Male
O. pumilio keep their territories for years and are familiar
with the resources available within them, such as potential
oviposition, calling, and defense sites (McVey et al. 1981;
Prohl and Hodl 1999). In light of this, males may be more
motivated to pursue females (and potentially exert prefer-
ences) in their familiar wild habitats as opposed to the unfa-
miliar setting of a laboratory arena.

While the results of our study suggest that, at least under
captive conditions, male O. pumilio may not be selective
about the color or size of their mates, our study only tested
two or one population(s), respectively, and was limited in
sample size. Moreover, we used SVL as our factor of inter-
est for the size experiment, but we cannot rule out that other
indicators of size (i.e. mass or volume) may have the poten-
tial to influence mate preferences. For example, a previous
study on O. pumilio found a significant female preference
for males with greater mass (but did not measure SVL; Gade
2015). Additionally, we found variation among the two pop-
ulations such that the difference in male interaction time
with females of different colors approached statistical sig-
nificance in one population (see Table 1, Popa “Green”) but
not in the other. Similar variation in the strength of behavio-
ral biases in the two sexes has been seen among O. pumilio
populations in previous studies (e.g., Yang et al. 2016, 2018)
suggesting that studies of male mate choice in additional
populations could uncover clearer evidence for male mate
choice. Differences in the operational sex ratio (i.e., the ratio
of males to females that are ready to mate; Prohl 2002), or
habitat conditions that facilitate the recognition of preferred
signals (e.g., light availability; Yang et al. 2019b), are known
to affect the direction and intensity of sexual selection (Prohl
2002) and likely vary among wild O. pumilio populations.
However, since our study was performed using captive-bred
individuals in a laboratory setting, we would not expect such
differences in our study. It is also possible that male mate
choice exists in our studied populations but that the biases
are subtle enough (i.e., small enough effect size) that we
could not detect them as significant without a larger sam-
ple size. However, the sample sizes that we used are on par
with previous studies of O. pumilio that have found signifi-
cant female mate preferences (see Tables S1 and S2). Our
methodology differs from Yang et al. (2019a), which found
significant female choice in lab-reared O. pumilio, in that our
focal frogs were not naive to encounters with the opposite
sex. In our study, all of the males we tested had been housed
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with opposite-sex individuals of the same and/or different
colors as themselves prior to testing. Since O. pumilio are
known to learn color-associated behavioral biases based
on social interactions (i.e., with their mothers; Yang et al.
2019a), we cannot rule out the possibility that learning based
on prior social experiences with females may have affected
the behaviors we observed in this study as well. However,
many previous studies on wild-caught (and presumably not
naive) O. pumilio have documented significant female choice
based on both male color and male size despite a presumed
history of previous experience with the opposite sex (see
Tables S1 and S2).

Imprinting does not influence male mate choice
in the same way as male aggression

While we did not find support for our hypotheses regarding
male mate choice, this study’s results do shed some addi-
tional light on the role that learning via imprinting plays in
this species. Both sexes of O. pumilio are known to imprint
on the color of their mother as tadpoles, but males use this
color-associated learning to bias later life aggressive behav-
iors toward males of the same color as their mother, while
females grow up to prefer mates of the same color as their
mother (Yang et al. 2019a). It is interesting that while this
learned color bias influences competitive decisions in male
O. pumilio, it does not appear to carry over to bias male
behaviors in the context of mate choice the way it does for
females. Sex differences in imprintability have previously
been documented in birds (ten Cate and Vos 1999), includ-
ing the zebra finch (Taeniopygia guttata), a sexually dimor-
phic species with biparental care, similar to O. pumilio. Sex
differences in imprinting in zebra finches have been attrib-
uted to the differing roles of males and females in court-
ship and appear to influence sexual selection and sex dif-
ferentiation later in life, suggesting that these differences are
important to mating success (Vos 1995). Additional research
is needed to deepen our understanding of the mechanisms
that produce these types of differences in learned behavioral
biases between males and females.

Future directions

While O. pumilio do not appear to display color- or size-
associated male mate preferences, there are many other
species within the poison frog family Dendrobatidae that
show a variety of parental care strategies, many of which
are either male-biased or male-only. In fact, the male is the
primary caregiver in most dendrobatid species (Carvajal-
Castro et al. 2021). As male mate choice most commonly
develops in species with reversed sex roles (Gwynne
1991), this form of sexual selection may potentially be

widespread among poison frog species that exhibit male-
dominated parental care and female-female competition,
such as the green poison dart frog Dendrobates auratus
(Summers 1989, 1990). Additionally, over 330 species
within the neotropical poison frog superfamily Dendro-
batoidea display sexual dichromatism, often in species that
are cryptically colored rather than aposematic. In at least
one such species, Colosthethus imbricolus, female repro-
ductive fitness is correlated with the conspicuousness of
her colorful markings, suggesting the potential for male
mate choice in sexually dichromatic poison frog species
(Palacios-Rodriguez et al. 2022). Hence, while we found
no evidence for male mate choice in O. pumilio, it may
have evolved in other poison frog species, and particularly
in those with male-dominated parental care and/or forms
of sexual dichromatism where females are more conspicu-
ous. Future research into male mate choice in related spe-
cies of poison frogs with different life histories could go
a long way toward improving our understanding of the
evolution of this understudied form of sexual selection.
The need to better understand the occurrence and
importance of male mate choice, however, extends beyond
poison frogs. A recent meta-analysis of large-scale pat-
terns of sexual selection found that while female choice
is the most common mechanism of sexual selection, 40%
of animals displaying sexually selected traits demonstrate
some form of male mate choice, and this is particularly
prevalent in arthropods (Tuschhoff and Wiens 2023).
Considering the historical bias towards studying female
choice, especially in vertebrates, these data suggest that
male mate choice may be more common within the animal
kingdom than previously thought. As many species exhib-
iting male choice also exhibit female choice, a deeper anal-
ysis into male mate choice in species where only female
choice has been studied would help us better understand
the pattern of occurrence and potential for interactions
between these two types of biases. While in some species,
as appears to be true with O. pumilio, females may truly be
the choosier sex, further study of male mate choice across
taxa is needed to reject the null hypothesis that male mate
choice is equally likely to evolve and contribute to shap-
ing the patterns and effects of sexual selection in animals.
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