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For male vertebrates, androgens are considered physiological mediators of the trade-off between mating and parenting effort. About 30 years ago,
the challenge hypothesis provided a conceptual framework to explain the variation in androgen levels among individuals and species, primarily
as a function of male competition and parental care. Initially developed in—and applied to—birds, the challenge hypothesis was rapidly adopted
for other vertebrate groups and even insects. Experimental evidence on birds, however, offers limited support for the challenge hypothesis in
terms of explaining androgen responses to social challenges from other males. Rather than throwing the baby out with the bathwater, we advance
a modified challenge hypothesis 2.0, in which male–female interactions are more important than male–male interactions in mediating rapid
changes in plasma androgen concentrations. The predictions we generate are supported by current evidence from birds and can be tested in
other animal taxa.
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ales of most seasonally reproducing vertebrates
show pronounced changes in plasma androgen levels,
such as testosterone, across the annual cycle. Even among
individuals androgen levels can vastly differ within the same
life-history stage. Why is this so? The challenge hypothesis
(Wingfield et al. 1987, 1990) has been one of the most influential attempts to explain seasonal, species, and individual
differences in androgens levels by relating them to competition among males and the males’ contributions to parental
care of the young, and it has recently been listed as one of the
conceptual breakthroughs in ethology and animal behavior
(Breed 2017). Wingfield and colleagues (1987, 1990) initially
aimed at explaining the variation in testosterone levels of
birds, but other researchers quickly adopted the idea to make
sense of hormonal profiles within other vertebrate groups,
including humans (e.g., Archer 2006, Hirschenhauser and
Oliveira 2006, Oliveira 1998, 2004). Lately, the hypothesis
even moved beyond vertebrates and androgens and has been
used to explain the variation in juvenile hormone concentrations in relation to competition and parental care of insects
(Scott 2006, Tibbetts and Huang 2010, Trumbo 2007).
In essence, from a functional perspective, the challenge
hypothesis is about the hormonal mechanism mediating the
trade-off between competition among males for access to
mates and paternal care of young. In other words, if there is
a trade-off between mating effort and competition among
males on one hand and male contributions to parental
care on the other hand, androgens such as testosterone act

as the physiological mechanism regulating this trade-off.
High levels of testosterone promote mating and competitive
behaviors but suppress paternal care behaviors. Therefore,
early in the breeding season, males should exhibit elevated
testosterone levels that decline once young are in need of
their care. Later in the breeding season, males caring for
dependent offspring should have low levels of androgens to
maintain parental behavior, except when they are challenged
by other males; then, they can briefly elevate plasma testosterone levels (Wingfield et al. 1987, 1990).
The origins of the challenge hypothesis go back to the
observation that androgens in male birds peak during periods of intense competition for mates and territories and
decline once the males engage in parental care of young
(Wingfield and Farner 1978). As the breeding season commences, males’ androgen levels rise from a low nonbreeding
baseline (level A) to an elevated breeding baseline (level
B; figure 1). This breeding baseline supports reproductive
physiology, development of secondary sexual characteristics,
and reproductive behaviors. But the breeding baseline still
remains well below the physiological maximum (level C;
figure 1) and was considered to have little enhancing effects
on male–male aggression or mate guarding. Only testosterone concentrations between levels B and C were considered
to further enhance male–male aggression (Wingfield et al.
1990). When males contribute substantially to parental care,
such as in socially monogamous species with biparental
care or polyandrous species with male-only care, androgens
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should increase from the breeding baseline to the physiological maximum only during short periods of social instability—that is, when they are challenged by rival males. At other
times, androgen levels should remain close to the breeding
baseline to avoid the interference that high androgen levels
have on paternal care (Wingfield et al. 1987, 1990; figure
1). In short, the increase from level A to level B occurs periodically at the onset of each breeding season and—at least in
most temperate and high-latitude species—is typically triggered by photoperiod. The increase from level B to level C is
assumed to be caused mainly by social stimulation from rival
males (Wingfield et al. 1990, Wingfield et al. 2000). In polygynous species without paternal care, androgens should rise to
near the physiological maximum and stay at this level for the
whole breeding season, or at least as long as male competition
for fertile females continues (figure 1). This would facilitate
the expression of behavior appropriate for male–male competition and male–female courtship (Wingfield et al. 1990).
This is a brief summary of the main predictions of the challenge hypothesis 1.0, as we will call it for the remainder of this
article, which were derived largely from seasonal testosterone
profiles of birds (Wingfield et al. 1987, 1990; see also table
1; for more detailed and updated summaries see Oliveira
2004, Goymann et al. 2007, Goymann 2009). Experimental
evidence that accumulated over the last number of years,
however, showed that things may be a bit more complicated
in birds, the original subjects of the challenge hypothesis.
Conflicting data and extensions of the challenge
hypothesis
Experimental studies of birds initially confirmed the conclusions that were mostly based on seasonal patterns of
https://academic.oup.com/bioscience
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Figure 1. Seasonal profile of male testosterone concentrations.
Seasonal change in testosterone of socially monogamous
males providing parental care (blue) and polyandrous
males that do not help with provisioning the young (red).
Breeding season indicates the progression from nonbreeding
to territory establishment, the onset of breeding, parental care
and the end of the breeding season. The dotted lines represent
the increase to maximal levels after a challenge. Source:
modified from Wingfield et al. 1990.

testosterone and behavior. For example, a highly influential
study in song sparrows (Melospiza melodia) demonstrated
that simulated territorial intrusions, during which a male
decoy and playback of song was placed into the territory of
a breeding male, elicited an increase in circulating testosterone levels, as well as those of luteinizing hormone, of the
territory holder (Wingfield and Wada 1989). However, soon
after such initial experimental confirmations, data from
birds started to conflict with the predictions of the challenge
hypothesis 1.0. Specifically, males of many socially monogamous and biparental birds did not show the expected rise
in testosterone during experimental social challenges; that
is, when territorial intrusions of conspecific males were
simulated using decoys and playback of song, testosterone
levels did not rise (e.g., Landys et al. 2007, Moore et al. 2004,
Van Duyse et al. 2004). These studies demonstrated that the
challenge hypothesis 1.0 could not be applied as broadly and
universally as initially expected.
Subsequent studies have proposed environmental and
life-history features that were intended to explain the androgen responsiveness—or lack thereof—to social interactions.
First, Wingfield and Hunt (2002) observed that Arcticbreeding Lapland longspurs (Calcarius lapponicus) did not
increase testosterone during male–male interactions. They
proposed that biparental birds, with breeding seasons that
are too short to renest if a clutch is lost, should not modulate testosterone. This would facilitate a rapid transition to
the parental phase (the short season hypothesis). Second,
Lynn and Wingfield (2008) observed that male chestnutcollared longspurs (Calcarius ornatus), a species for which
they classified paternal care to be essential, did not elevate
testosterone during simulated territorial intrusions. This led
to the idea that, when paternal care is essential, a rise in testosterone may be too harmful for the brood; therefore, males
of species with essential paternal care should avoid elevating
testosterone (the essential paternal care hypothesis). Third,
Landys and colleagues (2007) found that single-brooded
species are less likely to increase testosterone during simulated territorial intrusions than are multiple-brooded species
(the brood number hypothesis). All of these hypotheses were
focused on specific life-history features that may affect the
androgen response and that were not mutually exclusive; in
particular, single-brooded species are typically characterized
by short breeding seasons, so that the brood number hypothesis essentially represents an extension of the short season
hypothesis to more benign habitats. A comparative study
confirmed that multiple-brooded birds were more likely
to elevate testosterone during simulated territorial intrusions than single-brooded birds (Goymann 2009, Goymann
et al. 2007). But most—if not all—of the experimental work
emerging after the publication of this comparative work did
not support this hypothesis: Testosterone did not rise after
simulated territorial intrusions mimicking male–male interactions, neither in single- nor in multiple-brooded species,
suggesting that the number of broods does not determine
the androgen responsiveness (Addis et al. 2010, Landys
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et al. 2010, Scriba and Goymann 2010, Apfelbeck and
Goymann 2011, Apfelbeck et al. 2011, Deviche et al. 2012,
2014, DeVries et al. 2012, Villavicencio et al. 2013, Rosvall
et al. 2014, Adreani et al. 2018). Currently, the majority of
experimental tests of the challenge hypothesis in birds have
not shown evidence for one of the main predictions of the
challenge hypothesis 1.0—namely, that testosterone should
increase during competition between males and particularly
so in males of socially monogamous and biparental species
(see box 1 and figure 2 for a meta-analysis of all tested bird
species). So, for birds at least, is the challenge hypothesis 1.0
wrong?
Taking a fresh look
In his introduction to The Selfish Gene, Richard Dawkins
wrote, “Progress in science is often not achieved by generating new ideas, but by a fresh and new look on old theories
and reinterpretation of data” (Dawkins 1996). The challenge
hypothesis 1.0 emerged more than 30 years ago and has therefore reached a level of maturity such that it may be appropriate
to take a fresh look. In other words, is the challenge hypothesis
434 BioScience • June 2019 / Vol. 69 No. 6

still a useful model to explain individual variation in androgen
concentrations of birds—and other vertebrates?
To investigate this, let’s go back to Wingfield and colleagues’ (1987) original observation of seasonal profiles of
testosterone in birds: The males of species with paternal
care show a short peak in testosterone during the beginning
of the breeding season—that is, when they are establishing
a territory and trying to attract a mate. Beneficial effects
of increased testosterone include persistence of aggression
(Wingfield 1985, McGlothlin et al. 2007) and extrapair
fertilizations (Raouf et al. 1997, Reed et al. 2006). After the
mating period, testosterone decreases, in particular during
the parenting period. This has led to the idea that testosterone bears costs; for example, testosterone may interfere with
parental care behavior. Indeed, experiments demonstrated
this to be true: Implants of testosterone suppressed paternal care in most bird species studied so far (Silverin 1980,
Hegner and Wingfield 1987, Oring et al. 1989, Dittami et al.
1991, Ketterson et al. 1992, Beletsky et al. 1995, Saino and
Møller 1995, Schoech et al. 1998, Hunt et al. 1999, Moreno
et al. 1999, De Ridder et al. 2000, Stoehr and Hill 2000,
https://academic.oup.com/bioscience
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Figure 2. Meta-analysis of simulated territorial intrusion experiments in birds. The effect sizes (and 95% confidence
limits) of the change in testosterone concentrations during simulated territorial intrusions (STI) compared with the control
situations of male birds during (a) the early breeding phase, when males establish territories and pair females are fertile,
and during the (b) parental phase, typically with dependent offspring. The red dotted vertical line indicates no difference
in testosterone concentrations between STI and control males. A negative effect size means that testosterone concentrations
were lower after STIs than in controls, a positive effect size indicates an increase in testosterone after STIs compared with
the controls. If the 95% confidence limits of the effect size clearly cross the red dotted line, the STI treatment did not lead to
a significant change in testosterone concentrations. For further details and a discussion of these data see box 1. Birds are
listed according to their phylogeny (Hackett et al. 2008) and males of the listed polygynous species provide parental care.
For further details on the methodology and references, see the supplemental material.
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Box 1. Simulated territorial intrusion as experimental tests of the challenge hypothesis 1.0.

Alonso-Alvarez 2001, McDonald et al. 2001, Peters 2002,
Van Roo 2004, Lynn et al. 2005, 2009, Lynn 2016, but see
Van Duyse et al. 2000, 2002 and Lynn et al. 2002 for a few
exceptions). Therefore, in most cases, long-term elevations
of testosterone can have dramatic negative consequences
for paternal care. In the first—and so far only—test of rapid
effects of testosterone on parental care, Goymann and Flores
Dávila (2017) recently demonstrated in male black redstarts
(Phoenicurus ochruros) that even short-term elevations of
testosterone—lasting for less than 1 hour and within the
physiological reaction norm of an individual—can suppress
nestling-provisioning behavior for 2 hours and longer. In
other words, short peaks of testosterone had a surprisingly
rapid negative effect on the parenting behavior of male black
redstarts. At the same time, these strong negative effects of
testosterone on paternal care shed a new light on previous
results regarding the complete lack of a testosterone response
of male black redstarts (and most other biparental bird species; see figure 2) to simulated or real territorial intruders
(Apfelbeck and Goymann 2011, Villavicencio et al. 2013,
2014); if even short-term peaks of testosterone have such
strong effects on paternal care, how could it be adaptive for
redstarts to respond to territorial challenges with an increase
in testosterone, specifically during the period of parental
care? From an evolutionary point of view, it clearly makes
sense then that black redstarts do not elevate testosterone
when challenged by rival males. If this is phenomenon can
be generalized to other species, the same logic may apply
for males of most other biparental birds that do not elevate
testosterone during male–male challenges.
Let’s take Richard Dawkins’ quote at the beginning of
this section more seriously: What does the demonstration
https://academic.oup.com/bioscience

that short-term elevations of testosterone can interfere
with paternal care imply for the challenge hypothesis in
terms of male–male interactions? Do we have to drop the
hypothesis? Or can we see it in a new light and generate a
challenge hypothesis 2.0 that is concordant with current
data and offers testable predictions for the future? As we
have seen above, most available evidence supports one
of the central tenets of the challenge hypothesis 1.0; that
is, testosterone mediates a trade-off between mating and
parenting efforts in male birds. From this tenet, Wingfield
and colleagues (1990) proposed that males of biparental
species should maintain testosterone at the breeding baseline but increase it if they are challenged by other males
(also termed high androgen responsiveness). In light of the
absence of such a testosterone response to experimental
intrusions by males of most bird species (figure 2) and in
light of the observation that even short-term peaks in testosterone can suppress paternal care, this prediction can no
longer be upheld. Instead, we propose that, if testosterone
mediates the trade-off between mating and paternal care
and even short peaks in testosterone suppress paternal
behavior, then biparental species should not elevate testosterone when challenged by a conspecific male. Rather,
they should maintain testosterone levels low enough so
that testosterone does not interfere with paternal care.
Alternatively, one could argue that males could still elevate
testosterone during competitive interactions with other
males prior to egg hatching to promote competitive behavior. But this would require additional mechanisms to avoid
this increase in testosterone once the males become parental. If baseline breeding levels of testosterone are sufficient
to maintain adequate responses to territorial challengers, a
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A basic prediction of the challenge hypothesis 1.0 is that males of socially monogamous bird species with biparental care should
maintain baseline levels of testosterone unless they are socially challenged by other males. Such a challenge should provoke a rise in
testosterone (see the main text for details). These predictions have been experimentally tested by simulating territorial intrusions of
conspecific males with live or stuffed decoys and playback of song. Testosterone concentrations of males exposed to such a simulated
territorial intruder (STI) paradigm were then compared with those of control males. Only a minority of all bird species tested in
their natural environment followed these predictions (figure 2). During the early breeding phase (typically, the territorial establishment phase) only socially monogamous spotted antbirds, eastern song sparrows, Puget Sound white-crowned sparrows, dark-eyed
juncos (after nest removal), and polygynous and biparental pied flycatchers increased testosterone, thus following the predictions of
the challenge hypothesis 1.0 (figure 2a). In spotted antbirds, however, the increase in testosterone was only detectable after 2 hours
of STI. During the territory establishment phase, dark-eyed juncos did not elevate testosterone concentrations, but in a different
setup—namely, 2–4 days after their nests had been experimentally removed—they showed elevated levels of testosterone. The respective controls, however, were sampled before removing the nest. Therefore, for this species, it is unclear whether the rise in testosterone
was due to the territorial challenge or due to enhanced mating activity for a replacement clutch after nest removal. The other 26 tested
species or populations did not increase testosterone during STIs (figure 2a) and do not support predictions of the challenge hypothesis.
During the parental phase, only one out of 16 tested species or populations followed the predictions of the challenge hypothesis, the
buff-breasted wrens (figure 2b). The STIs in this species did not distinguish between incubation (done only by females) and feeding
young (done by both parents), so the exact stage of the males is somehow ambiguous in this case. In summary, current experimental evidence provides little support for the basic predictions of the challenge hypothesis 1.0, that males of biparental species should
increase testosterone when challenged by other males. In contrast, most data are consistent with the prediction of challenge hypothesis
2.0, that males of biparental species should not increase testosterone when challenged by other males.
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Table 1a. Predictions of challenge hypothesis 1.0 and 2.0 regarding androgen responsiveness to social interactions
when there is a trade-off between mating and paternal care.
Challenge hypothesis 1.0

Challenge hypothesis 2.0

Specific predictions

Assumption

Specific predictions

The variation in
androgens is mainly a
function of interactions
with other males.

To avoid interference
with paternal care,
males of biparental
species (or species with
male-only care) should
maintain low breeding
baseline androgen
levels and only elevate
androgens above the
breeding baseline during
male–male challenges
(large androgen
responsiveness to
male–male interactions).
Males of biparental
species should elevate
androgens in response
to reproductively active
females (large androgen
responsiveness to male–
female interactions).

The variation in
androgens is mainly a
function of interactions
with reproductively active
females.

To avoid interference with paternal care, males of biparental
species (or species with male-only care) should maintain
androgen levels below the individual threshold that would
induce a reduction in male contributions to care. When
challenged by other males, males should not increase
androgens, in particular not during the period when they
provide care for their offspring (low androgen responsiveness
to male–male interactions). Males of biparental species
should elevate androgens in response to reproductively active
females, in particular, if this helps them to gain (additional)
fertilizations. As a consequence, individual androgen peaks
should be related to the fertility status of the female; that is,
they should coincide with the period of mating and egg laying
(large androgen responsiveness to male–female interactions).
Androgen peaks should be more synchronized among
males of biparental species with high breeding synchrony
than among males of species with low breeding synchrony.
The variation in androgens among males should be low in
males of biparental species with high breeding synchrony
and high in males of biparental species with low breeding
synchrony. In socially monogamous species with high rates
of extrapair paternity males’ androgens should be particularly
responsive to the availability of extrapair mates. This should
be especially so in cases when a high degree of extrapair
paternity is combined with low synchrony of egg laying.

Table 1b. Predictions of challenge hypothesis 1.0 and 2.0 regarding androgen responsiveness to social interactions in
lekking and polygynous species without paternal care.
Challenge hypothesis 1.0

Challenge hypothesis 2.0

Assumption

Specific predictions

Assumption

Specific predictions

The variation in
androgens is mainly a
function of interactions
with other males.

Polygynous males that
provide little or no
parental care, should
maintain high androgen
levels throughout the
breeding season to
guard females against
other males. Androgen
responsiveness to male–
male interactions is low
because males have
already high levels of
baseline testosterone.

The variation in
androgens is mainly a
function of interactions
with reproductively active
females.

Males of bird species without paternal care should maintain
high androgen levels as long as reproductively active females
remain available. Unless their androgen concentrations are
not already maximal they could also mount an additional
androgen response in response to challenges from other
males, because there are little costs associated with such an
increase in testosterone. Similar predictions apply for males
of other vertebrates in which males play no or only a minor
role in parental care, i.e., most mammals and reptiles, and
fish species without parental care.

Table 1c. Predictions of challenge hypothesis 1.0 and 2.0 regarding androgen responsiveness to social interactions when
there is no trade-off between mating and paternal care.
Challenge hypothesis 1.0

Challenge hypothesis 2.0

Assumption

Specific predictions

Assumption

Specific predictions

The variation in
androgens is mainly a
function of interactions
with other males.

no predictions

The variation in
androgens is mainly a
function of interactions
with reproductively active
females.

Androgens should play no role in diverting behaviors
toward either mating or parenting. Instead, as reproductive
hormones, androgens could promote both mating and
parenting and males should show a rise in androgens both
during competition with male rivals and interaction with
reproductively active females. This should be the case,
for example, in many ratite birds or fish species with male
parental care.

parsimonious assumption would be that testosterone regulation should be unresponsive to male–male challenges for
the whole breeding season, so that brief interactions with
other males cannot hamper paternal care. (In box 2, we
present some preliminary ideas on extended regulatory
pathways including the receptor level.)
436 BioScience • June 2019 / Vol. 69 No. 6

In contrast, males of polygynous species with little male
contributions to care could mount a testosterone response
to an intruder, because there are no costs for paternal
care associated with such an increase in testosterone. To
our knowledge, there are no experimental studies on freeranging polygynous birds without paternal care, but studies
https://academic.oup.com/bioscience
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Box 2. Beyond circulating levels of androgens: Extending the challenge hypothesis to androgen receptors.

In this respect, the relative plasticity hypothesis (Moore 1991, Moore et al. 1998), which uses the organizational-activational theory
of how hormones affect phenotypes, may provide a useful framework to extend the predictions of the challenge hypothesis to the
sensitivity of target tissues. According to the relative plasticity hypothesis, plastic phenotypes (i.e., those that require rapid changes
in their expression) must depend on activational effects of hormones, which rely mainly on acute changes in circulating levels of the
ligand. In contrast, stable phenotypes should be set by organizational effects, which mainly rely on differential expression of receptors
in relevant target tissues. The relative plasticity hypothesis was originally developed to explain the hormonal mechanisms underlying the expression of fixed versus sequential alternative male reproductive tactics, but the same rationale can be extended to generate
predictions about the mechanisms that should regulate the trade-off between mating and parenting in seasonal breeders. Therefore,
for males of species living in stable social environments with well separated mating and parenting phases, such as monogamous species with stable pair bonds and female-only care, the regulation of male aggression can be mainly set by organizational mechanisms
with receptor expression playing a major role. At the other end of the spectrum, males of polygamous species with male-only care face
high intrasexual competition for mates overlapped with parental care, which requires fast changes in behavior; these males are better
modulated by changes in circulating levels of the hormone (or ligand) than at the receptor level. Between these two extremes, one can
predict a gradient of a major influence of organizational effects on the basis of differential expression of receptors to a major influence
of activational effects based on changes in circulating levels of the ligand, depending on the mating system and parental care type
(figure 3). Therefore, a shift in selection from acting on receptors to acting on circulating levels can be predicted from the stability of
the social environment provided by different mating systems and parental care types, and this may explain some of the negative findings regarding the challenge hypothesis 1.0 that only considers variation in the ligand. A comprehensive discussion of tissue sensitivity
is beyond the scope of this contribution and may also need to include regulation of local steroid production in the brain (e.g., Pradhan
et al. 2010) and regulation of cofactors (e.g., Ball and Balthazart 2017). Similar discussions have been advanced in terms of evolutionary
potential versus evolutionary constraint (Hau 2007) and phenotypic integration versus independence (Ketterson et al. 2009).

of captive quail (Coturnix coturnix japonica; Ramenofsky
1984, 1985, Hirschenhauser et al. 2013) and jungle fowl
(Gallus gallus; Johnsen and Zuk 1995) support the notion
that androgens increase during male–male challenges in
polygynous males that do not provide paternal care. Further
studies of polygynous or lekking species without paternal
care are urgently needed.
Females as drivers of males’ testosterone variation
But what about the peak of testosterone at the beginning of
the breeding season that occurs in males of most biparental
species? If competition between males does not drive this
seasonal peak in testosterone and the variation among males,
what else is responsible for this rise in testosterone? For mammals, it has long been known that access to females can elevate
testosterone of males (Rose et al. 1972), but several studies of
birds also suggest that reproductively active females stimulate
the testosterone production of males (Feder et al. 1977, Pröve
1978, Stokkan and Sharp 1980, Wingfield and Farner 1980,
O’Connell et al. 1981, Moore 1982, 1983, Delville et al. 1984,
Runfeldt and Wingfield 1985, Dufty and Wingfield 1986,
Wingfield and Monk 1994, Gwinner et al. 2002, Pinxten
et al. 2003, Hirschenhauser and Oliveira 2006). The challenge
hypothesis 1.0 has largely focused on the role of male–male
https://academic.oup.com/bioscience

interactions and mate guarding, but Wingfield and colleagues
(1990) also pointed out the role of receptive females, both
indirectly because competition among males is strongest when
fertile females are available but also directly via male–female
interactions. Subsequent reviews have stressed the potential
importance of females having a direct effect (e.g., Goymann
2009, Oliveira 2004), but most experimental tests have still
been focused on males. Indeed, a meta-analysis across vertebrates confirmed a strong effect of reproductively active
females on male androgen concentrations (Hirschenhauser
and Oliveira 2006). In particular, for birds, the effects of females
on male testosterone was reported to be strong, whereas the
effect of agonistic interactions among males was low or absent
(Hirschenhauser and Oliveira 2006). Therefore, for birds, the
challenge hypothesis 1.0 may have overestimated the effect of
antagonistic interactions among males and underestimated
the vivifying role of females for increasing testosterone concentrations of males during the mating period. The challenge
hypothesis 2.0 predicts the peak of testosterone at the onset of
the breeding season in birds to be due to male–female interactions rather than male–male competition. And if (additional)
mating opportunities should become available later in the season, the potential costs of elevating testosterone may be offset
by gaining extrapair paternity (see also box 3). In other words,
June 2019 / Vol. 69 No. 6 • BioScience 437
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The challenge hypothesis 1.0 has been focused on the role of temporal changes in circulating androgen levels as a mechanism to
regulate the physiological and behavioral trade-off between mating and parental care stages in seasonal breeders. Therefore, this
hypothesis was about temporal variation in ligand concentrations. At the time, little was known regarding target tissue sensitivity
and variation. In the meantime, we know that the effectiveness of variation in ligand concentrations depends on the sensitivity of
the target tissues of interest (Ball and Balthazart 2017). Therefore, temporal or regional changes in the density of receptors in target
tissues have been a missing component of the original challenge hypothesis, which should be included in an updated version of this
hypothesis.
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this period; that is, they did not measure
the testosterone concentrations of males
whose nests had been removed and who
were caught in a neutral situation without simulating an intrusion. Therefore,
junco males could have had high levels of
testosterone either because they hormonally responded to the simulated intruder
(unlike any other stage of their breeding
cycle) or because of an increased mating
effort with their female partner to produce
a replacement clutch (albeit, the males did
not elevate testosterone in response to the
presentation of a female dummy; Rosvall
et al. 2014). In multiple-brooded species,
in which females lay a second clutch while
the males are still feeding fledged young
from the first clutch, there may be again
a conflict between mating and parenting. Puget Sound white-crowned sparrows
(Zonotrichia leucophrys pugetensis) are an
example for this. In this species, males did
not elevate testosterone during the second
fertile period of their female, presumably
because such an elevation might have
Figure 3. Ligand and receptor regulation of androgen responsiveness of males in
interfered with parenting (Wingfield and
relation to the breeding system under the assumption that ligand regulation is
Farner 1977). Fertile females may also be
faster than receptor regulation. For males of species living in social environments the reason why polygynous or lekking
with well separated mating and parenting phases, such as monogamous
male birds maintain high levels of testosspecies with stable pair bonds and female-only care (upper end of the graph),
terone throughout the breeding season.
the regulation of male aggression and mating behavior can be mainly set by
As long as reproductively active females
organizational mechanisms with receptor expression playing a major role. At the linger around, a male’s testosterone conother end of the spectrum, males of polygamous species with male-only care face
centrations remain high. Furthermore,
high intrasexual competition for mates overlapped with paternal care, which
because most polygynous males do not
requires fast changes in behavior when fertile females become available. Such
play a large role in the care of young,
fast changes are better modulated by changes in circulating levels of the hormone they should also respond with a rise in
(ligand) than by slower changes in the receptor expression (please note that the
testosterone to challenges by other males,
list is not exhaustive of all possible mating systems).
if this rise mediates aggressive behavior
that helps them to drive these other males
away. Possibly, the minuscule role of males for parental care in
the potential fitness gains of responding to extrapair reproducmost mammals is part of the reason why the classical challenge
tive opportunities are greater than the potential fitness gains
hypothesis 1.0 receives support from studies on free-ranging
of responding to male challenges. Therefore, the availability
mammals (Archer 2006, Girard-Buttoz et al. 2015, Goymann
of fertile females in particular at the beginning of the breedet al. 2003, Ostner et al. 2011); that is, male mammals usually
ing season and not so much the presence of rival males may
do not provide parental care or—if they do—are not as crucial
trigger peaks of testosterone. In line with this expectation, sinfor parenting as the males of most birds are. In other words,
gle-brooded Gambel’s white-crowned sparrows (Zonotrichia
because they do not provide paternal care, there is little or
leucophrys gambeli) decrease testosterone while feeding young
no cost of elevating testosterone above the breeding baseline
but show a rise in testosterone after having lost a clutch and
for most male mammals. The same is true for most reptiles,
when the female is renesting (Wingfield and Farner 1979).
amphibians, and fish without parental care.
Recent experimental data from multiple-brooded dark-eyed
juncos are also consistent with the view that fertile female
What if there is no conflict between mating and
availability influences androgen levels. Rosval and colleagues
parenting?
(2014) investigated whether male juncos increase testosterone
In many teleost fish (and possibly also in some ratite birds),
during simulated territorial intrusions, but the males did not
nest-tending males are the most attractive mating partners
do so except in days after their nests had been removed (box 1,
for females (Kokko and Jennions 2008, Kvarnemo 2010).
figure 2). Unfortunately, that study did not include a control for
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Box 3. The challenge hypothesis and mating systems.

How could the modern definitions of mating systems affect the challenge hypothesis? As originally formulated, the seasonal patterns
of testosterone are defined by social mating systems, the degree of male–male interactions, and levels of paternal care of offspring. As
such, a socially and genetically monogamous male bird would exhibit a peak of testosterone early in the breeding season when territories are being established and its mate is fertile. If that male exhibits paternal care of young then testosterone levels would decline. In
contrast, a socially monogamous but genetically polygynous male bird would maintain elevated testosterone levels as long as there are
sexually receptive females in the population. These elevated testosterone levels would presumably conflict with paternal care of young
and males might pursue different tactics, extrapair mating or care of young (see table 1 for specific predictions). Indeed, a more recent
study has shown a positive relationship between extrapair paternity and peak testosterone on the species level (Garamszegi et al. 2005),
further suggesting a potential role of the genetic mating system in the social modulation of testosterone.

Therefore, for such species, there is no conflict between mating
and parenting, because males can attract female mating partners and be caring fathers at the same time. In these cases, the
basic assumption of the challenge hypothesis 1.0 of a trade-off
between mating and parenting fails. What are the implications
for the challenge hypothesis 2.0 if there is no trade-off between
mating and parenting? Originating from bird studies, the challenge hypothesis 1.0 assumes a trade-off between mating and
parenting as a given. And indeed, in most biparental birds
males can either invest in looking for further mating opportunities or help their mates incubating the eggs or feeding the
offspring (but see Safari et al. 2019). Therefore, testosterone can
be part of the physiological system directing behavior to the one
or the other direction. Robert Sapolsky recently highlighted the
flexible role of testosterone, stating that rather than promoting aggression, testosterone promotes whatever is needed to
maintain status when challenged (Sapolsky 2017, page 106).
For example, the so-called bipotential regulation hypothesis
suggests that testosterone promotes growth in male lizards in
which large size is a competitive advantage, but inhibits growth
when large size is not advantageous (Cox et al. 2009). When
mating and parenting are behaviors that are not in temporal or
energetic conflict such as in many paternal fish species, testosterone could simultaneously promote mating and parenting.
Therefore, life-history subtleties as to whether there is a tradeoff between mating and parenting or not have large implications for predictions within a challenge hypothesis framework.
In table 1, we compare the major predictions of challenge
hypothesis 1.0 with those of the challenge hypothesis 2.0.
Why should males respond to females and not to
other males?
The primary revision for the challenge hypothesis 2.0 is to
emphasize that males should exhibit an androgen response
https://academic.oup.com/bioscience

to female solicitations and not to male challenges, especially
during periods when the males are caring for young. From
an evolutionary perspective, this makes sense. Exhibiting a
surge in androgens in response to a male challenge would
negatively affect paternal behavior and, therefore, compromise their investment. Furthermore, the fitness benefits of
exhibiting an androgen response to a male challenge are
indirect at best. In contrast, exhibiting an androgen increase
in response to the solicitation from a fertile female has the
potential for direct fitness gains that could counteract any
negative effects on paternal care. In other words, the direct
benefits of potential extrapair fertilizations outweigh or at
least match the costs to paternal care.
Conclusions
The challenge hypothesis 1.0 explained the seasonal variation in male androgen patterns mainly as a function of
competition among males leading to peaks in androgen
production. The hypothesis was originally intended for
birds and received large support from other taxonomic
groups. But most experimental evidence from socially
monogamous, biparental birds largely rejected the idea that
male–male interactions trigger a temporal rise in testosterone. We have outlined a challenge hypothesis 2.0, which
takes male–female interactions as its focus, thus altering
some of the main predictions—in particular, for species
with substantial male contributions to care. According to
challenge hypothesis 2.0 testosterone still mediates the
trade-off between mating effort and parental effort in males.
But mating effort is primarily a response to available female
mating opportunities rather than to competition among
males. Future experimental studies of birds should aim at
investigating the effect that reproductively active females
have on males’ testosterone concentration—for example,
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The challenge hypothesis was developed at a time when modern molecular techniques were just beginning to be broadly applied. For
behavioral ecology these techniques allowed the assignment of parentage, in particular assigning paternity (e.g., Gowaty and Karlin
1984). Prior to this revolution, most definitions of mating systems were based on observations and, therefore, on social interactions.
Because for the vast majority of bird species, pairs appeared to spend time together and raise young together, they were defined as
monogamous. Modern molecular techniques allowed investigators to definitively assign parentage and as a result, we have found that
the majority of those species that were classified as monogamous have offspring fathered outside of the social pair bond. That is, the
social father is not necessarily the genetic father. These extrapair young that result from fertilizations outside of the pair bond have
changed the way we define mating systems: We now use the terms social and genetic when we describe mating systems.
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by presenting males with females that have been implanted
with estrogens and show a copulation solicitation display.
So far, 14 of 15 studies of birds support a role of females in
elevating males’ testosterone (see the citations in the section “Females as drivers of males’ testosterone variation”).
Furthermore, most simulated territorial intrusion studies of
birds have been focused on males of socially monogamous
and biparental species and neglected males of polygynous
or lekking species without paternal care. To test the new
challenge hypothesis 2.0 framework, more studies of such
species are needed, as well as studies from other vertebrate
taxa, including those in which there is no conflict between
mating and paternal care. Also, it may be necessary to aim
for more standardized procedures for simulations of territorial intrusions and similar experiments, because it may be of
limited value to, for example, compare a 10- or 30-minute
challenge of a rufous-collared sparrow (Moore et al. 2004)
with a 2-hour challenge in spotted antbirds (Wikelski et al.
1999). We look forward to the results of such studies that will
likely result in a challenge hypothesis 3.0, as our understanding of hormone–behavior relationship continues to develop.
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