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abstract: Many sexually selected traits in male fishes are controlled
by testosterone. Directional selection for male ornaments could the-
oretically increase male testosterone levels over evolutionary time-
scales, and when genetically correlated, female testosterone levels as
well. Because of the negative fitness consequences of high testoster-
one, it is plausible that female choice for sexually selected traits in
males results in decreased female reproductive fitness. I used com-
parative analysis to examine the association between male peak tes-
tosterone expression and sexually selected ornaments. I also tested
for genetic correlation between male and female androgen levels. The
presence of sexually selected traits in males was significantly corre-
lated with increased peak androgen levels in males as well as females,
and female testosterone levels were significantly correlated with male
peak testosterone titers, although the slope was only marginally !1.
This suggests that selection to decouple high male and female tes-
tosterone levels is either weak or otherwise ineffective.

Keywords: testosterone, sexual antagonism, genetic correlation, su-
pertree, comparative analysis.

Numerous sexually dimorphic traits in the ray-finned (ac-
tinopterygiian) fishes are the result of sexual selection
(Reimchen 1989; Basolo 1990; Houde and Endler 1990;
Stott and Poulin 1996; Harrington 1997; Marcus and
McCune 1999; Kuwamura et al. 2000; Amundsen and For-
gren 2001; Curtis and Stoddard 2003; Kortet et al. 2003,
2004). Several of these traits have been linked to testos-
terone and 11-ketotestosterone (11KT) expression or re-
ceptors, including sexual dichromatism (Asahina et al.
1991), elongate fins (Zauner et al. 2003), electric mating
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calls (Bass and Hopkins 1983; Bass and Volman 1987;
Landsman and Moller 1988; Freedman et al. 1989), and
breeding tubercles (Kortet et al. 2003, 2004). A teleost-
specific androgen, 11KT is a secondary derivative of tes-
tosterone and is primarily confined to males (Borg 1994).

Theoretically, if sexually selected traits are linked to tes-
tosterone or 11KT, directional selection for exaggerated
traits would result in increased androgen expression in
males, although this relationship may be ephemeral, as
there is evidence that males evolve alternative mating strat-
egies to avoid costly sexually selected traits (Mank and
Avise 2006a). Because 11KT is converted from testoster-
one, directional selection for increased 11KT would likely
require increased testosterone as well. Directional selection
for increased androgen production in males might be
linked to an initial associated testosterone increase in fe-
males when genetic correlation between female and male
testosterone expression levels is strong (Roff 1997), as has
been documented in some avian taxa (Ketterson et al.
2005; Møller et al. 2005).

Concomitant with its role in regulating male ornaments,
testosterone is a known immunosuppressant in vertebrates
(Duffy et al. 2000; Zysling et al. 2006), including fish (Fol-
stad and Karter 1992; Slater et al. 1995; Skarstein and
Folstad 1996; Kortet et al. 2003; Vainikka et al. 2005),
although the relationship between immunosuppression
and sexual selection in fish is complex and is still the
subject of some debate (Hamilton and Zuk 1982; Wede-
kind 1992; Taskinen and Kortet 2002). The benefits of
increased reproductive fitness in males (through increased
mating success due to territoriality, mating behavior, or
sexually selected ornaments) would be expected to out-
weigh the immunosuppressive effects of the elevated tes-
tosterone. If there were a correlated increase in female
testosterone levels, females would presumably suffer im-
mune suppression without benefits to reproductive fitness.
This would result in a sexually antagonistic hormone ex-
pression profile, and selection would therefore act to de-
couple male and female testosterone levels.

The ray-finned (actinopterygiian) fishes are an excellent
clade for comparative analyses of the evolution of sexually
selected traits, because there are numerous easily observed
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male ornaments that have been shown to be polyphyletic
and highly labile in previous comparative appraisals of the
Actinopterygii (Mank et al. 2005, 2006; Mank and Avise
2006a) when mapped onto the recently developed actinop-
terygiian supertree phylogeny (Mank et al. 2005). The util-
ity of this clade for comparative evolutionary evaluations
of male ornaments (reviewed in Mank and Avise 2006b),
in conjunction with the above-demonstrated links between
sexually selected traits and testosterone, presents an op-
portunity to evaluate the degree of hormonal antagonism
in the evolution of actinopterygiian fishes.

There were two aims to this analysis. I first assessed the
correlation between testosterone expression and sexually
selected male ornaments. I then tested whether there was
a correlated increase in female testosterone expression pro-
files in order to determine the degree of genetic correlation
between male and female androgen expression. In the lat-
ter analysis, I examined the slope of the regression between
male and female peak testosterone levels in order to gain
insight into the degree of selective forces acting against
high female androgen levels.

Material and Methods

I collected 66 accounts from the current literature de-
scribing male and female plasma steroid hormone profiles
for 58 species. I recorded peak natural testosterone levels
for adults of both sexes, as well as the secondary derivative
androgen 11KT (typically confined to males only), stan-
dardizing all reports to nanograms of hormone detected
per milliliter of plasma. “Peak hormone level” refers to
the natural high point of androgen expression, which can
fluctuate over the course of the spawning cycle. This metric
represents an average across individuals during the sea-
sonal apex. When multiple accounts existed for the same
species, I averaged peak hormone levels. In the few studies
where hormone profiles had been reported for different
types of male mating strategies, I used the profile for the
bourgeois male tactic, as this is the strategy most subject
to both female choice and male competition and therefore
most closely linked to sexual selection. Bourgeois males
express sexually selected traits and defend spawning ter-
ritories, as opposed to sneaker and satellite males, which
usually lack these secondary sexual attributes (Taborsky
2001). All data were then log transformed to achieve a
normal distribution. The references used to build this da-
tabase are available in the appendix in the online edition
of the American Naturalist.

I also collected accounts of sexually selected traits from
the literature. I attempted to avoid problems with repro-
ducibility and ascertainment bias in assessing the presence
of sexually selected traits by using only accounts from field
guides, aquarium manuals, and species descriptions. As in

previous comparative appraisals of sexually selected traits
in ray-finned fishes (Mank et al. 2005, 2006; Mank and
Avise 2006a; Mank, forthcoming), I focused on four sex-
ually dimorphic traits that have been shown unambigu-
ously to be the result of sexual selection in fishes: dichro-
matism (Reimchen 1989; Houde and Endler 1990; Stott
and Poulin 1996; Amundsen and Forgren 2001), elongate
fins (Basolo 1990; Harrington 1997; Marcus and McCune
1999; Kuwamura et al. 2000), breeding tubercles (Kortet
et al. 2003, 2004), and electric mating calls (Curtis and
Stoddard 2003); these data are also available in the ap-
pendix. Some of these traits may be present to a lesser
degree in females (such as with nuptial coloration in sal-
monids), although they are always noticeably more pro-
nounced in males. This approach is conservative in that
it avoids traits, such as size and structural dimorphisms,
that may have resulted in some degree from natural se-
lection. I also omitted behavioral data from these analyses
because they are not available for a wide range of taxa and
because the relationship between behavior and sexual se-
lection is not well understood across the actinopterygiian
clade.

I performed both phylogenetically corrected and un-
corrected analyses on the data. I first analyzed the data
without correcting for shared ancestry, where each species
is an independent data point regardless of its evolutionary
relationships. I then regressed log-transformed male and
female plasma testosterone levels and computed a corre-
lation coefficient (r2) and slope of the best-fit line. I also
computed correlation coefficients for male testosterone
and 11KT, female testosterone and male 11KT, and finally
total male androgens (testosterone plus 11KT) and female
testosterone. I then compared the male peak plasma tes-
tosterone and 11KT levels and the female peak plasma
testosterone levels for species with and without sexually
selected traits using a Mann-Whitney U-test. This statistic,
which tests for significantly different distributions in two
samples, reduces the influence of outliers.

I used independent contrasts (Felsenstein 1985) to correct
for shared ancestry, using the topology of the actinop-
terygiian supertree (Mank et al. 2005). While the indepen-
dent-contrast method can incorporate branch length in-
formation, the amalgamated nature of the supertree
prevents divergence estimates; therefore, all branch lengths
were coded as equal, as recommended by Purvis et al.
(1994). I first used CAIC (comparative analysis by inde-
pendent contrasts; Purvis and Rambaut 1995) to estimate
the phylogenetically corrected correlation between the log-
transformed male and female peak testosterone levels, male
testosterone and 11KT, and female testosterone and male
11KT, forcing the regression through the origin (Purvis and
Rambaut 1995). I then assessed the phylogenetically cor-
rected relationship between increased plasma levels of tes-
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Table 1: Comparison of peak androgen profiles for actinopterygiian species with and without sexually selected traits

Mean (ng/mL) for
species without sexual
selection (mean rank)

Mean (ng/mL) for
species with sexual

selection (mean rank)
Significance

(P)a

Significance
(P)b

Male testosterone 28.34 (26.7) 29.04 (37.7) .02 .006
Male 11-ketotestosterone 24.67 (19.7) 73.12 (30.8) .009 .03
Female testosterone 18.71 (26.2) 106.95 (37.7) .01 .004

a As assessed by the Mann-Whitney U-test. Profile not corrected for shared ancestry.
b As assessed by the Wilcoxon sign test. Profile corrected for shared ancestry.

tosterone and 11KT and the presence of sexually selected
male ornaments. For this latter analysis, the nature of the
data set (dichotomous presence or absence of sexually se-
lected traits and continuously distributed hormone levels)
violates many underlying assumptions of CAIC. I therefore
used sister-taxa comparisons to compare the hormone pro-
files (female peak testosterone, male peak testosterone, and
male peak 11KT) for each species in my data set that ex-
hibited manifestations of sexual selection with the closest
relative that lacked such traits. Sister taxa diverged at the
same point and are therefore by definition equally old (Cra-
craft 1981). This eliminates the need to correct for diver-
gence time and nested phylogeny. The overall trend in these
comparisons was assessed with a Wilcoxon sign test (Sokal
and Rohlf 1995; Vamosi and Vamosi 2005).

Results

I found recorded plasma steroid profiles in the current
literature for 58 species. Average peak testosterone levels
(ng/mL) were 28.5 (range 0.25–340) in males and 36.0
(range 0.01–420) in females. These levels are not signifi-
cantly different from each other (t-test, ; Mann-P p .3
Whitney U-test, ). The derivative androgen 11KTP p .5
averaged 113.3 ng/mL (range 1–320) in males and was
either undetectably low or absent in females.

For all the hormones assessed here (male testosterone,
male 11KT, and female testosterone), the presence of sex-
ually selected traits was correlated with increased steroid
hormone expression, when compared to species that
lacked sexually selected traits, as shown in table 1. This
trend was evident both with and without phylogenetic
correction for shared ancestry.

Correlations between peak androgen expression profiles
are shown in figure 1. For all phylogenetically uncorrected
assessments, correlations between peak androgen titers
(male and female testosterone levels, male testosterone
plus 11KT) were positive and significant ( in allP ! .001
cases). The analyses in which shared ancestry was corrected
via independent contrasts were less straightforward, al-
though there was a general positive relationship between
peak androgen titers. All relationships showed a positive

correlation and slope, although only the relationships be-
tween female and male peak testosterone ( ) andP ! .001
between female testosterone and total male androgens
( ) were significant. For both the phylogeneticallyP ! .04
independent and corrected analyses between female and
male peak testosterone levels, the slope of the regression
line was less than 1, though only slightly less in both cases
(phylogenetically uncorrected , ;slope p 0.91 SE p 0.014
phylogenetically corrected , ).slope p 0.83 SE p 0.0013

Discussion

The correlation between sexually selected traits in ray-finned
fishes and increased testosterone and 11KT in males (table
1) suggests that female choice and/or male-male competi-
tion based on male ornaments results in directional selection
for increased androgen titers in males. Because 11KT is a
derivative of testosterone (Borg 1994), it is likely that in-
creased testosterone is a prerequisite for increased 11KT, as
suggested by the positive relationship between male testos-
terone and 11KT (fig. 1B, 1F). Although the phylogenetically
corrected relationship between testosterone and 11KT was
not significant, this is likely due to the limited number of
possible independent contrasts (27) compared to data points
(58). The interconnection between testosterone and 11KT
makes it difficult to untangle the relationship between sex-
ually selected traits and specific androgens. I therefore can-
not conclude from this data set whether sexually selected
traits are directly correlated with increased testosterone or
testosterone is only an intermediate between sexual selection
and 11KT.

There is evidence of a correlated increase in females due
to directional selection for male androgens, although the
data suggest that female testosterone is more correlated with
male testosterone than with male 11KT. First, on average,
the peak female testosterone titer is significantly higher for
species in which males exhibit sexually selected ornaments
than for sexually monomorphic species (table 1). Addi-
tionally, female testosterone is significantly correlated with
male testosterone in both the uncorrected and corrected
analyses (fig. 1A, 1E). Both these lines of evidence offer
indirect support for directional selection on increased tes-



Figure 1: Correlations between peak androgen expression levels. A, E, Peak male and female testosterone. B, F, Peak male 11-ketotestosterone and
testosterone. C, G, Peak male 11-ketotestosterone and female testosterone. D, H, Total peak male androgen ( ) andtestosterone � 11-ketotesterone
female testosterone. All data are in nanograms per milliliter and are log transformed. A–D are not corrected for phylogeny; E–G have been corrected
for shared ancestry via independent contrasts.
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tosterone levels in males producing correlated increased tes-
tosterone in females. The evidence for correlated evolution
between male 11KT and female testosterone is not as clear
(fig. 1C, 1G). While the phylogenetically uncorrected anal-
ysis shows a clear and significant positive correlation, the
phylogenetically corrected analysis is positive, though non-
significant. The lack of significance in the analysis via in-
dependent contrasts is also likely due to the reduced number
of possible independent contrasts (27) compared to species
data points (58). Not surprisingly, there is further evidence
for a positive coevolution between total female testosterone
and total male androgens (fig. 1D, 1H).

The slope of the best-fit regression between female and
male testosterone is significantly, though only marginally
less than 1 in both the phylogenetically controlled and un-
controlled analyses. These slopes are far greater than those
found in birds (Møller et al. 2005), where it is thought that
females suffer costs with no increased reproductive fitness
due to increased testosterone levels (Clotfelter et al. 2004;
Zysling et al. 2006). This suggests that although there has
been some force acting to decouple male and female tes-
tosterone expression levels in fish, the force is either weak
or ineffective. This is somewhat surprising, given the doc-
umented immunosuppressive effects of testosterone in
fishes (Folstad and Karter 1992; Slater et al. 1995; Skarstein
and Folstad 1996; Kortet et al. 2003; Vainikka et al. 2005),
which would, in theory, negatively affect females in species
experiencing correlated responses to directional selection.

There are several possibilities that could explain this
result. Because sexually selected traits can evolve quickly
in fishes (Endler 1980; Basolo 1990; Meyer 1997; Mank et
al. 2006), it is entirely possible that there has not been
sufficient time for selection to decouple male and female
testosterone titers. However, numerous studies have shown
that fishes are remarkably sensitive to evolutionary pres-
sures and can quickly respond to selection by evolving
complex physiological, behavioral, and genomic adapta-
tions (Reznick et al. 2002; Mank et al. 2005, 2006; Volff
2005; Mank and Avise 2006c). Additionally, many fish spe-
cies exhibit multiple male mating strategies (Taborsky
2001). Males that exhibit cheating mating strategies often
lack sexually selected traits and express lower androgen
titers than dominant males (Brantley et al. 1993; Carneiro
et al. 2003). If males with alternative mating strategies
exhibit reduced androgen levels, why do females not do
so as well? Therefore, it seems unlikely that selection
against high female testosterone levels would not produce
stronger results relatively quickly.

An alternative hypothesis is that females gain some sort
of benefit from increased testosterone titers. In some spe-
cies, testosterone induces expression of sexually selected
male ornaments in females, though to a lesser degree than
in males. Red coloration exhibited by salmonids is a good

example, in which females exhibit bright coloration,
though much less than males (Froese and Pauly 2004).
Possible benefits could come from reverse sexual selection,
where males would select females based on some sexually
selected trait, such as dichromatism. This type of scenario
has been documented in fishes (Amundsen and Forgren
2001), although it seems likely only in situations of sex
role reversal (Jones and Avise 1997; Jones et al. 2001),
which are relatively rare and therefore cannot account for
the overarching trend seen here.

Another possible benefit to females may lie in the in-
determinate growth pattern of most fishes, in which body
size increases throughout the life of a fish, though at dif-
ferent rates depending on various factors (Helfman et al.
1997). Testosterone is one of these factors, through its
derivative of estradiol, and has been positively correlated
with increased growth rates in fishes (Fagerlund et al. 1979;
Ufodike and Oki 1991; Onuma et al. 2004). Increased body
size in females could be advantageous in some circum-
stances and could therefore represent a beneficial effect of
increased testosterone.

In many species, females are larger than conspecific
males (Breder and Rosen 1966), probably because of the
requisite energetic burdens in producing massive amounts
of roe. In general, larger females produce more eggs
(Kjesbu et al. 1998; Trippel and Neil 2004; Melo and Le
Clus 2005). This suggests that there may be an indirect
reproductive payoff to females for elevated testosterone
(and therefore estradiol) expression: elevated testosterone
increases body size, which in turn increases fecundity via
roe production. There is also evidence that female body
size may be a sexually selected trait, because males of some
species select larger females for spawning partners when
given a choice (Beeching and Hopp 1999; Dosen and
Montgomerie 2004). The benefits of increased body size
to roe production and mate selection may, at least in some
cases, counter the immunosuppressive effects of elevated
testosterone in females.

This line of reasoning can be extended further. Because
this type of comparative analysis cannot determine direc-
tionality, it is entirely possible that selection for increased
female body size and roe production is the cause of cor-
related increased male testosterone. However, this direc-
tionality of the coevolution of male and female testoster-
one is not supported by the finding that the presence of
sexually selected traits in males is correlated with increased
testosterone. Selection acting on females to increase body
size cannot explain the evolution, exaggeration, and per-
sistence of sexually selected traits in males, because these
are energetically costly ornaments that often lead to in-
creased predation (Endler 1980).

Finally, it is feasible that testosterone is not sexually
antagonistic in fishes. If females lack androgen receptors,
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then they would not be as sensitive to genetically correlated
increased androgens resulting from directional selection
on males. While it is unlikely that females lack androgen
receptors entirely, it is possible that they lack receptors in
some tissues and therefore have a partially insulated phe-
notype. If females possess such insulted phenotypes, there
would be fewer negative consequences of increased tes-
tosterone levels for females, and therefore selection to de-
couple male and female testosterone levels would be re-
duced. This scenario is doubtful, however, since in many
dimorphic species, females exhibit reduced expression of
male sexually selected traits. Again, the most common
example of this is in the salmonids, where females often
show reduced levels of male nuptial coloration (Froese and
Pauly 2004). If females had insulated phenotypes because
of an absence of androgen receptors, it seems illogical that
they would exhibit androgen-mediated coloration. Given
the fact that females therefore likely possess androgen re-
ceptors and the documented negative effects of high an-
drogens in male fishes (Slater et al. 1995; Skarstein and
Folstad 1996; Kortet et al. 2003; Vainikka et al. 2005), it
seems unlikely that there are no negative consequences in
females of correlated increases in androgen expression.

It is important to point out that comparative phylo-
genetic analyses, though powerful for detecting general
trends across deep evolutionary time, suffer from the in-
herent flaw of their strictly correlative nature. Without
further manipulative experiments, it is not possible to con-
clusively identify causal relationships with comparative
methods. This is the case in this analysis, because all the
results presented here are purely correlative.

The clear positive association between sexual selection
and androgen expression in this analysis is surprising,
given the complexity of reproduction in ray-finned fishes.
There are a multitude of mating strategies (Taborsky 2001),
parental care strategies (Blumer 1979), and social systems
(Oliver 1997) in this clade, and all these factors have been
shown to intertwine with sexual selection (Leonard 1993;
Mank et al. 2005; Mank and Avise 2006a). This suggests
that the association between sexually selected traits and
increased androgens in males, as well as a correlated in-
crease in conspecific females demonstrated in this analysis,
is a strong general evolutionary trend in this clade, al-
though further empirical evidence will be needed to sup-
port this notion.
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