Anuran communication has been a useful
model for understanding behavioral and
neural aspects of species recognition. By
extending this paradigm to intraspecific
mate choice, and by supplementing it with
studies of phylogenetics, some new ad-
vances have been made in understanding
sexual selection.

.. . to speak of music, when
applied to the discordant and
overwhelming sounds emitted by
male bull-frogs and some other
species, seems, according to our
taste, a singularly inappropriate
expression.

Darwin!, it seems, had little appreci-
ation for frog calls. However, the de-
votion with which male frogs pursue
their incessant, nocturnal serenade
betrays a singularly important mo-
tivation - whether through attracting
females or dominating other males,
in most cases calling frogs are at-
tempting to mate. This communi-
cation system has recently become
a focus of studies investigating Dar-
win's notion that sexual selection
can be an important factor in
evolution even when it opposes
natural selection. Here, | summarize
some recent advances made during
the last few years in studies of
anuran sexual selection and com-
munication.

Mating in frogs
By virtue of their amphibious
nature, most frogs are at least par-
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tially terrestrial but are obliged to
return to the water for reproduction.
At the breeding site, males can
maintain territories or interindivid-
ual distances, which commonly are
mediated by vocalizations. But
above all, males used sound to attract
females. Not any sound will suffice.
Most frogs produce a species-
specific advertisement call, and
females prefer conspecific to het-
erospecific calls. The ability to elicit
female phonotaxis with artificial
stimuli has allowed a detailed
analysis of the acoustic properties
involved in call recognition?, and
studies of advertisement calls as
species-isolating mechanisms, in-
itiated by Blair?, have made import-
ant contributions to concepts of
speciation and reproductive charac-
ter displacement.

There have been intensive inves-
tigations of the receiver as well as
the signal. Capranica* and his col-
leagues initiated a series of studies
demonstrating  how the auditory
system decodes species-specific in-
formation in the male’s advertise-
ment call. Thus, the function of the
anuran communication system in
conspecific mate recognition is
well documented, and has been
addressed at levels of evolution,
behavioral function and neural
mechanisms. By extending studies
of the anuran communication sys-
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tem to intraspecific mate choice?,
new advances are also being made
in understanding sexual selection.

Issues in sexual selection

Although throughout its history
sexual selection has been contro-
versial®8, its basic tenet is clear.
Sexual selection can favor traits that
enhance an individual's ability to
acquire mates even if these traits
decrease survivorship. This hypoth-
esis has given rise to three basic
questions: Why are females at-
tracted to some mates rather than
others? How do males increase their
attractiveness to females? How do
males compete directly with other
males for access to females? These
basic questions have engendered
more complex and subtle issues®;
nevertheless, we can use them as
guideposts for reviewing recent ad-
vances in anuran sexual selection
and communication.

Mechanisms of female mating preferences

Some insights into the mechan-
isms of female preferences involved
in sexual selection have come from
identifying specific acoustic proper-
ties that elicit phonotaxis and
characterizing the neural properties
underlying call preferences.

In a recent summary of much of
his own data on mating preferences
in treefrogs, Gerhardt® compared
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Fig. 1. Female preference for call duration (a) and pulse rate (c) and the distribution of each trait (b and
d respectively) in a population (n = 168) of gray treefrogs (Hyla versicolor) in central Missouri. Females
were given a choice between the standard (near the population mean) call versus an alternative call.
Stimuli are represented by a bo:_( and each stimulus pair is connected by a line. Thé proportion of females
preferring each stimulus is shown. The standard call had a pulse rate of 20 pulses per second and a
" duration of 0.84 s. For pulse rate, the triangles represent an expenment in which the standard call was
6.dB less than the alternative. From Ref 9.
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ﬂ’teextentof ihtsﬂsbeédﬁc variation “frequencies, respectively. This
in call properties to the magnitude  congruence occurs between the
“and direction offémale preferences. - two advertisement-call components
In general, properties with éxten- and the two inner-ear organs of the
sive variation among and within in- tangara frog (Physalaemus pus-
dividuals elicited strong directional tulosus). The dominant frequency of
and sometimes open-ended prefer- the whine, which is necessary and
ences. For example, in the graytree-  sufficient for species recognition, is
frog (Hyla versicolor), call duration fairly well matched to the most sen-
was very variable and females pre- sitive frequency of the AP, while the
ferred calls of greater duration,even  dominant frequency of the chuck is
" those that surpassed the range close to the most sensitive fre-
exhibited by the species. Also, quency of the BP!°. However, there
females always preferred the vari- is a slight mismatch between the
ant of greater magnitude. On the average chuck (2500 Hz) and BP
other hand, relatively invariable call (2100 Hz) frequencies; this mis-
properties were correlated with-fe- match could be responsible for
male preferences. for values near - the female preference for lower-
the mean, or if there was directional frequency chucks'! (Fig. 2).
selection its magnitude was much A similar phenomenon is appar-
less than for variable properties entin two other frogs. Gerhardt and
(Fig. 1). These results give some im- Doherty'? have shown that in H. ver-
portant - insights:. first, -directional sicolor the most preferred call is
selection might be more extreme on  slightly below the average call and
varlable call properties, which often:  this preference also coincides with
donot encode species identity; sec- the tuning properties of the audi-
ond, females often prefer traits of tory periphery. In cricket frogs
greater magnitude; and third, de- (Acris crepitans), populations differ
spite strong directional selection, in both the tuning of the BP and the
some -traits maintain considerable. dominant frequency of the adver-
variation. tisement call independent of body
Another approach that has con- size. Within each population stud-
tributed to undérstanding mechan- ied, females are tuned lower than
isms ‘of -female -preference .comes the average call's dominant  fre-
from combining phonotaxis exper- quency. In examining preferences
iments with investigations of audi- between papulations, Ryan et al.!*
tory neurophysiology. Capranica® demonstrated that females some-
showed that spectral properties of times'preferred the local call and
the advertisement call are matched sometimes:the foreign call, but if
to-the tuning properties of one or there was a preference it was always
both of the two peripheral auditory for the lower-frequency call.
end organs, the amphibian (AP) and These studies show that in frogs
basilar papillae -(BP), which are the neuralbasis of preferences can
most sensitive to lower and higher be elucidated, permitting a de-:
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tailed understanding of haw prefer-
ences work. Of course, these studies
by themselves do not explain why
females have certain preferencesor
certain tuning properties. But, as |
next discuss, studies of ftogs have
made worthwhile contributions to
this aspect of sexual selectlon as
well.

Evolution of female mating preferences
Selection should favor mating
preferences that have an immediate
effect on the female’s reproductive
success, as might be the case when
males provide oviposition sites'4 or
paternal care'>. Frog studies have
revealed another form of direct
selection - fertilization success.
in" Bufo bufo', P. pustulosus",
Rana - temporaria'” and Uperoleia
laevigata (= rugosa)'8, the relation-
ship- ‘between the size of mated

" individuals ' influences fertilization

success. Some of these studies are
restricted- to the laboratory: how-
ever, and it cannot be-assumed that
similar  effects -always -occur- in
nature.

The question of why female pref-
erences should evolve when there
is no- direct selection on mating
preferences  has been contro-
versial®3. One class of hypotheses,
good genes, suggests that females
should select traits that are in-
dicative of heritable variation in
viability. Investigations of parasites,
larval survivorship-and kin:relation-
ships suggest that  testing good-
genes hypotheses might be tract-
able in anurans.

One good-genes model, the para-
site model of Hamilton and Zuk'®,
suggests that male traits will be fa-
vored by females if they are indica-
tive of heritable parasite resistance. *
Recent tests of some predictions of
the parasite model with H. ver-
sicolor® and Scaphiopus couchii?
showed no consistent relationship
between male mating success:and
parasite ‘load. Other tests of good
genes focus on larval performance:
In Bufo:- woodhousii, -offspring of
large males exhibited a larger size
at metamorphosis; studies in the
same population over five years
show that larger malés mate more
often but it is not known if female
mate choice operates??. Also in
Scaphiopus multiplicatus®, S. cou-
chii** and ‘Hyla crucifer®, sire size

can be related to larval character-
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istics that might indicate viability
ddvantages. As these authors indi-
cate, however, the support these
data lend the good-genes hypoth-
esis is tempered by uncertainty
about whether these larval traits re-
flect greater viability over the life-
time, especially since some traits
favoured by viability selection, such
as shorter developmental time and
larger size, are probably negatively
correlated.

A less-discussed good-genes hy-
pothesis is preference for genetic
compatibility. Preference for con-
specifics over heterospecifics re-
sults in adaptive assortative mating
by genotype, but some researchers
have suggested that intraspecific
mate choice might also be me-
diated by genetic relatedness.
Waldman? has documented ‘incest
avoidance’' in mating pattemns of
Bufo americanus, when relatedness
is estimated by the overall
. similarity of mitochondrial DNA
haplotypes. Intriguingly, using DNA
fingerprints he also reported that
variation in several call properties is
significantly correlated with genetic
relatedness, as estimated by the
number of shared fingerprint bands.
This suggests the hypothesis that
female mate choice might be me-
diated by call properties that indi-
cate genealogy.

Good-genes models, as well as
models of fisherian runaway sexual
selection, require that male traits
and female preferences coevolve$3.
An alternative is that males evolve
traits that exploit pre-existing
female preferences. This hypoth-
esis, sensory exploitation, can be
discriminated from those requiring
coevolution because it predicts a
specific phylogenetic sequence of
preference/trait evolution. Some
data supporting this model come
from studies of frogs.

As mentioned above, P. pus-
tulosus can add chucks to the end of
its whine-like call. This is also true of
its sister species, P. petersi, but not
so of the other two species in the P.
pustulosus species group or in the
other 40 or so species in the genus
(Fig. 3). It appears that the chuck
evolved once in the common ances-
tor of P. pustulosus and P. petersi
after this species pair diverged from
the other species pair in the group,
which consists of P. coloradorum
and P. pustulatus (Fig. 3). We deter-

mined whether female P. color-
adorum would prefer chucks if they
were to evolve by adding chucks
from the call of P. pustulosus to the
normal call of P. coloradorum. They
did. Since P. coloradorum and P.
pustulosus share the preference for
chucks, it seems that this trait
evolved before these species di-
verged from one another (Ryan and
Rand, unpublished data). If so,
this suggests that the preference
evolved before the chucks, and that
chucks evolved in males to exploit
this pre-existing bias. Also, because
the tuning of the BP in P. pustulosus
is the same in P. coloradorum, it
seems that this trait also existed
prior to the evolution of chucks!®.

- Therefore, these female character-

istics did not coevolve with the
chuck; this rejects the role of good-
genes and fisherian runaway selec-
tion as explanations for the joint
expression of preference and trait in
P. pustulosus.

It is somewhat odd that females
would evolve a preference for an
acoustic structure as specific as a
chuck before that structure has
evolved. It only appears odd, how-
ever, because we often tend to de-
fine a female preference by the
extant stimulus that will elicit it.
Rand and [¥72® manipulated the
chuck and showed that as long as
the total energy remained the same,
females were equally attracted to
several, but not all, variants; in fact,
when the chuck was replaced by a
burst of white noise this stimulus
was equally attractive. So the pre-
existing preference for chucks is a
more widely defined preference,
and the males happened upon one
stimulus that could elicit it.

Sensory exploitation does not
eliminate other forces, such as good
genes and fisherian runaway, from
influencing the evolution of pref-
erence. Certain scenarios might
still implicate these or other forces
in the establishment of the pre-
existing bias or in the later mainten-
ance and elaboration of the prefer-
ences. However, these studies have
provided some insights into the
complicated processes by which
female preferences might evolve.

Energy costs of male calling

Calling is of paramount import-
ance in acquiring mates, so we
would expect sexual selection to in-
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Fig. 2. (a) The mean audiogram of the basilar papilla of
Physalaemus pustulosus derived from five individuals.
Audiograms show the threshold of perception of each
frequency. The truncation of the audiogram below 1.5
kHz is to eliminate influences of the amphibian papilla
neurons. (b) Representative spectrum of a chuck. From
Ref. 10.

fluence the evolution not only of the
call itself but also of any underlying
physiological properties that influ-
ence the male’s ability to call.
Studies of frogs are beginning to
provide some tantalizing insights
into .how sexual selection might
influence or be constrained by
physiology.

Calling uses a surprising amount
of energy, and it also shunts energy
from other important biological
functions such as growth. This effect
has been demonstrated quite
clearly in the carpenter frog (Rana
virgatipes), in which there is a trade-
off between growth rate and calling
effort for small frogs?®. This would
also suggest that the amount of
energy available constrains the
amount of calling by males. In an
Australian frog, Uperoleia laevigata,
Robertson3® showed that calling
males lost mass during the breeding
season, while noncalling satellite
males gained mass. However, the
cause and effect relationship be-
tween cost of calling and male
behavior is not clear.

In P. pustulosus, male mating suc-
cess is strongly influenced by the
number of nights calling'!. Green’!
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Fig. 3. Male advertisement calls and female prefer-
ences in frogs of the Physalaemus pustulosus species
group. Only the sister species P. pustulosus and P.
petersi add chucks to their calls (square brackets), and
so this trait is assumed to have evolved in their immedi-
ate common ancestor. Females of both P. pustulosus
and P. coloradorum prefer calls with chucks, from which
it is inferred that the common ancestor of all four
species had the preference (bottom). The preference
for the chuck thus appears to have evolved before the
chuck. (T™, no chuck; T*, chuck; P*, female preference
for chuck. The oscillogram at the bottom is represen-
tative of other species in the genus thought to be
closely related to this species group.) From Ref. 8.
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showed no effect of feeding regime
on the amount of calling. But re-
cently in a more detailed study,
Marler (unpublished data) showed
that males of this species did re-
duce calling when food availability
was reduced. Calling males had
higher lipid levels than noncall-
ing males. Using implants, Marler
showed that corticosterone inhibits
calling and reduces testosterone
levels independent of feeding
regime. Thus, it is possible that the
decreasing food levels induced a
stress response, i.e. an increase in
corticosterone, which either directly
or through its mitigating effects on
testosterone levels reduced calling.

In several taxa, sexual selection
favors males that call more, and this
might have resulted in adaptations
at the biochemical and cellular
level. Citrate synthase (CS) activity
is correlated with the tissue's ca-
pacity for aerobic respiration. Trunk
muscles are responsible for expel-
ling air in the lungs, and thus gener-
ating power for calling. In Rana
virgatipes, mass-specific CS levels
are higher in trunk muscles of males
than in hind-limb muscles, and
higher than in trunk muscles of
females. There is no difference in CS
levels between the trunk and hind-
limb muscles of females, and be-
tween hind-limb muscles in males
and females. Also, the calling effort
of R. virgatipes is lower than that of

two hylid species that have been
studied (H. crucifer and H. ver-
sicolor) and so is the CS level®.
These studies support the in-
terpretation of biochemical adap-
tations as being a response to
sexual selection.

Costs of male calling behavior can
be accessed easily through studies
of behavioral performance, endo-
crine control mechanisms and cellu-
larand biochemical physiology. Two
approaches would be promising:
first, more detailed investigations
of intraspecific differences in the
ability of males to support calling
energetically and the behavioral
consequences of such differences;
and second, rigorous cross-species
comparisons documenting inde-
pendent evolution of physiological
adaptations that are correlated with
changes in calling behavior.

Male interactions

Vocalizations are also important
in mediating male interactions at
the breeding site. Recent studies
have shown that calls used in male
encounters are much less stereo-
typed than expected, and vary ac-
cording to social situation.

The dominant frequency of a
male’s call is determined primarily
by the mass of its vocal cords (and
tension, in frogs that modulate the
carrier frequency); thus, this call
parameter was thought to be rela-
tively stable within a male over
short periods, and resistant to social
influences. It was therefore some-
what unexpected when Lopez et
al*® showed that the white-lipped
frog (Leptodactylus albilabris)
changes its dominant frequency to
better match the call frequency of
nearby males. A similar phenom-
enon has been demonstrated in A.
crepitans. Wagner?*3> showed that
dominant frequency is negatively
correlated with male size and that
larger males win fights. Males use
the opponent'’s call frequency to as-
sess size and adjust their behavior
accordingly. The real surprise is that
when confronted with the lower fre-
quency call of a larger opponent,
males sometimes lower the domi-
nant frequency of their own call.

Studies of male interactions
suggest that frogs might also serve
as valuable model systems for other
questions besides those relating to

sexual selection. For example: Does
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a graded signal suggest a graded
rather than a categorical system of
perception? Is variation in the signal
indicative of a male’s resource-
holding potential, fighting ability,
motivation or hormonal state?
When males vary their signals are
they bluffing or giving an honest
account of themselves and their
intentions?

Prospectus

Studies of sexual selection in
anurans continue to contribute to
our understanding of how sexual
selection influences the evolution
of communication systems. The
more interesting advances come
from addressing this phenomenon
at multiple levels of investigation,
especially by combining physiology
and phylogenetics with studies of
behavioral ecology. It is this inte-
gration that offers advantages to
using frogs as mode] systems, while
other aspects of sexual selection,
such as heritability of and genetic
correlations between traits and
preferences, might be best pursued
in other systems such as insects.
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contradicted by the resource-
competition theory of Tilman?.

Coevolution occurs when a trait in
one species evolves in response to
a trait in another species; it en-
compasses both specificity and
reciprocity. If only one species di-
verges, coevolution has not oc-
curred. The process cannot be
viewed solely as an ecological
effect, but must be seen as the
result of genetic feedback between
interacting species*®. Connell” dis-
cussed the existing evidence for the
coevolution of competitors and
judged it to be weak, adding that, in
his opinion, coevolution is more
likely to occur between populations
on different trophic levels (pred-
ators, parasites), which depend on
each other and thus require coexist-
ence. He also argued that competi-
tors, instead of diverging during
co-occurrence, may have evolved in-
dependently. As a result, when they
later interact each species becomes
established in that part of the site to
which it is preadapted. Connell’
proposed a field experiment to test
whether competition, rather than
some other mechanism, caused the
niche divergence of competitors
and whether this divergence has a
genetic basis. Connell’'s publication
marked the beginning of an acri-
monious debate on the applica-
bility of certain experimental
designs and whether or not compe-
tition is an ecological and evolution-
ary force®10,
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Coevolution between Interspecific

Plant Competitors?
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Experimental procedures

Plants are known to have a much
more plastic phenotype than ani-
mals''; so if any character change is
measured in the presence of a com-
petitor this could merely be a
phenotypic response to present
competition without any genetic
change having been induced by
past competition. Consequently,
character divergence cannot be
measured in situ in plant popu-
lations and the evolutionary impact
of competition (in the past) must be
estimated from competition exper-
iments (in the present), which
should give evidence that, after
selection, competition between the
two species is less severe than it
was before. All existing experimen-
tal procedures are based on the as-
sumption that when two species are
collected where they occur separ-
ately (allopatry) and where they
occur together (sympatry) they rep-
resent respectively pre- and post-
contact populations (i.e. current
separation in space also represents
separation in time).

Competition experiments to test
the importance of interspecific com-
petition as a selecting force have
been carried out with populations of
white clover (Trifolium repens) in
two different ways.

First, there have been transplant
experiments in the field'>-'* where
ramets of T. repens are sampled
from sites dominated by one of
several different grass competitors.
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