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Abstract  Animal communication systems have been a focus of studies in species recognition, sexual selection, and neu-
roethology. We and our colleagues have conducted a varicty of studies of sexual communication in the tangara [rog
( Physalaemus pustulosus), and we review some of these studies here. Our gencral approach has been integrative. We in-
vestigate the functional significance of the communication system, the neural mechanisms underlying the system, and ma-
jor patterns of its evolution. Specifically, we have shown how the males’ simple {(whine-only) and cotplex (whine plus
chucks) calls are used by females to recognize the correct specics for mating, and how they lead females to choose among
conspecific males. We have identified a major counter-selection force on complex calls, predation by the frog-vating bat
( Trachops cirrhosus) . as well as energetic costs of calling. We have shown the specific features of the call thal are critical
to elicit fernale responses, and have made some progress in identifying neural mechanisms underlying call perception. Our
comparative studies have shown that preferences for complex calls existed prior to the evolution of complex calls. This sup-
ports the hypothesis of sensory exploitation, which states that males evolve traits to exploit preexisting female preferences.
Combining comparative studics with artificial neural network simulations, we also argue that the decoding strategies that
fernales use to recognize whines are influenced by the decoding strategies used by their ancestors. Besides reviewing the de-
wails of this communication systerm, we also emphasize the necessity of incorporating dillerent levels of analysis 10 obtain a
deeper understanding of the mechanisms. function, and evolution of complex phenotypes _ Acta Zootogica Sinica 49 (6):
713 - 726, 2003].
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. consequence of mate recognition is species recogmi-
1 Introduction . - o :
tion. Mate recognition usually facilitates matings be-

Malte recognition is a key behavior in sexual re- vween conspecifics rather than heterospecifics. An-
production {Darwin, 1871; Andersson, 1994). One other consequence is sexual selection. Mate recogni-
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tion can result in variation in male mating success il
females find some males more attractive than others.
Both species recognition and preferences among con-
speeifics could be targets of selection or be incidental
conscquenees of it.

A full understanding of mate recognition requires
analyscs at several levels of investigation. Tinbergen
suggested four aims in ethology: the acquisition of be-
havior (. g. genetics, learning, and development),
the mechanisms contralling behavior (e. g, neurobiol-
ogy and physiology), the current [unction of behavior
(adaptive signilicance}, and the evolution of behavior
{phylogenetic patterns) ( Tinbergen, 1963). Some-
limes disagreements about animal behavior have re-
sulted from contrasting interpretations derived from
different levels of analysis {Reeve er af., 1993). Al-
ternatively, it has been argued that it is dillicalt 10
understand the function and evolution of behavior
without integrating data and interpretdtions across
levels of analysis { Ryan et af., 1998; Autumn ez
al., 2002). We have taken this more inlcgrative ap-
proach in our studies of mate recognition in lUngara
{rogs ( Physalaemus pustulosus).

Qur approach has embraced to varving degrees
three of Tinbergen's four questions: function, mech-
armisms, and evolution. Primarily, we have focused on
the behavior aspecis of the sexual communication sys-
tem [rom aspects of sexual selection and species recog-
nition. In collaborations with Dr. Walt Wilczynski we
have tried 10 undersiand some of the underlying neu-
ral mechanisms thal guide lemales to acoustic stimuli.
While in collaborations with Dr. David Cannartella we
have analyzed the phylogenctic relationships of the
timgara frogs and their close relatives 1o provide a his-
torical background that allows explicit westing of evo-
lutionary hypotheses. Desides investigaling this sys-
tem at different levels of analysis, we attempt 1o inte-
grate information across these levels (o gain a syner-
gistic understanding of function and evolution thai
would not be possible with a more restricted analysis.

(ur purpose here is to review these studics of
male recognition in wingara frogs, emphasizing how
the integration of brain, behavior, and evolution can
give us a deep understanding of communication in this
model system. We do not attempt to put these studies
in the context of the very rich literature ol mate
recognition. Recent reviews of much of this literature
can be found in excellent texts by Greenfield for in-
seets ( Greenlield, 2002), and Gerhardt and Huber
for insects and frogs {Gerhardt et af ., 2002) as well
as many inflormative review papers. We have pub-
lished a variety of different types of studies on tungara
frogs ( Physalaemus pustulosus ) and our goal here is
to review many ol these studies and in an attempr to
integrate them into a coherent whole.

2  Sexual selection

The tiingara frog is a small frog, about 30 mm in
snout-vent length, thal is a member of the large fami-
ly Leplodactylidae. Its range cxtends from just north
throughout Middle
America, and inio South America in Colombia,
Venezuela, Guyana and Trinidad (Ryan,1985: Ryan
et al., 1996). The call of the tingara frog, which is
described in detail below, is similar to our ear

of Veracruz, Mexico, south

throughout its range. But detailed analysis of calls
from 30 populations along a 5 000 km transect from
northern Mexico (¢ Venczucela showed statistically
significant call differences among populations. Many
call wvariables exhibit clinal wvariation. CGeographic
proximity is a better predictor than allozymes of simi-
larity of call differences among populations. Interest-
ingly, calls also differ among the two allozymes
groups of tingara frogs. These two groups might
have resulted from multiple invasions of Middle
America that had isolated the two groups lor 4 — 4.5
million vears before the final invasion that coincided
with the closure of the Panamian land bridge 2.4 mil-
lion years ago {Ryan et af ., 1996).

Throughout its range tungara frogs are common-
ly found in a variety of habitats in the lowland trop-
its, and is quite common in disturbed habitats. In
Panama, where most ol our studies have been con-
ducted, breeding occurs during the rainy season,
which typically extends [from April to December.
Males usually call in choruses whose size can range
from just a [ew males 1o over 100 {Ryan, 1985).
Males also can be found calling in isolation. Females
come to the chorus to choose a maie. Males remain
relatively stationary while calling. Although they do
not defend territories, they do maintain inter-individ-
val distances in the chorus. Females are [ree 1o move
throughout the chorus with livle interferenee {rom
males. Females appear to sample males in (he chorus,
sitting in front of one male for up to several minutes
before moving on to another new male or returning 10
a previously sampled one before she initiates mating.
She does so by making physical contact with the
male. Upon contact, the male clasps the {emale dor-
sally, a state known as amplexus. The pairs remains
in amplexus for a few hours or so belore they begin 1o
construet a foam nest. To construet the nest the male
beats the jelly matrix of the eggs with his hind legs,
the resulting [oam is reminiscent of the meringue that
forms when beating the white of a chicken egg. The
eggs hatch in a fow days into the pool of water and
the tadpoles metamorph to froglets in a lew weeks
{Ryan, 1985).

Male frogs produce a species-specific advertise-
ment call to attract {emales for mating, and females
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usually only approach calls {exhibit phonotaxis) when
searching for a mate {Ryan, 1991; Gerhardt er &/ .,
2002) . The tingara frog has a call of varying com-
plexity., The key to undersianding the tingara [rog
system is the fact that male tingara frogs lacultatively
alter call complexity. The advertisement call of this
species has two components. The whine is a frequen-
cy sweep with substantial energy in up to five har-
monics and is typically [rom 200 — 300 ms in duration
(Fig. 1). The whine can be produced alone (simple
call} or can be followed by one-six chucks {complex
calls). The chuck is much shorter in duration, typi-
cally from 20 - 40 ms, and richer in harmeonic struc-
ture, with substantial energy in as many as 15 har-
monics (Fig. 1). The whine is necessary and suffi-
cient for attracting a f{cmale but males add chucks
when vocally competing with other males ( Rand ez
al., 1981).

Our earliest studies addressed the evolution of
complex vocal signals in the tungara frog, and most of
our studies have been conducted ail the Smithsonian
Tropical Rescarch Institute in Panama. We examined
the significance of signal variation, mate choice, and
sexual selection.

When males are calling alone or in smaller groups
they tend to produce simple calls ( Rand e af.,
1981). In a larger chorus, however, males add
chucks 1o their calls. Playbacks to males in nature
showed that vocal inleractions with other males medi-

it

ate call complexity (Rand er a/., 1981). Although a
simple call is sufficient to elicit phonotaxis from fe-
males, experiments showed that they favor complex
calls when given a choice (Rand ez af ., 1981; Ryan,
1985b}. This raised the question as (o why males do
not alwavs produce complex calls, and suggested a
cost to call complexity. The cost is not cnergy. Al-
though we showed that there is a substantial aerobic
cost to calling, neither the rate of oxygen consurmp-
tion nor accumulation of lactic acid (indicative of a
cost of anacrobic metaholism) increase with ncreasing
call complexity {(Bucher ez «f., 1982; Ryvan et al .,
1983; Ryan, 1983a).

The critical cost of complex calling 1s predation.
The frog-eating bat { Trachaps cirrhosus) eats frogs
and locates them passively, relying on the frog’s call
for locational cues ( Tutide et af., 1981; Ryan ez
al ., 1981). These bats have a suite of behavioral and
morphological specializations that make them acutely
sensitive to the low-frequency sounds that characterize
frog calls (Bruns, 1989; Rvan er al., 1983). Like
female frogs, frog-eating bats approach simple calls,
but experiments both in the laboratory and the field
show that the bats, again like the lemale frogs, pre-
fer complex calls (Rvan et al., 1982). Thus call
complexity in tangara frogs scems 1o have evolved un-
der the conflicting forces of sexual sclection and natu-

ral selection.

0 i . -
0 mice 500 [} magc 500
Fig.1  An example of the call complexity series of the tdngara lrog [ Physalacmus pustulosus |
From the left 1o Aght, 1op 1o botom, we illustrate 2 waveform (top) and spectrogram {bottom} of & whine with no
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11 appears that all male tingara frogs are capable
of producing calls with chucks, although we know lit-
tle about variation in the tendency of males to escalate
call complexity. Female choice of mates can be more
subtle than preference for complex calls, however.
An exhaustive study of male mating success in nature
showed thai females are more likely to cheose larger
males as mates (Ryan, 1980, 1983, 1985b). Larger
malcs also produce chucks with lower frequencies,
probably because the vocal masses are larger and thus
vibrate at a lower frequency. When given a choice be-
tween chucks of different fundamental frequencies,
females preferred the somewhat lower ones over some
higher anes within the natural variation in chuck fre-
quency {Ryan, 1980, 1983, 1985b). These early
studics were conducied with relatively crude synthetic
stimuli that did not preeisely mimic the natural ener-
gy variation among chuck harmonics. We repeated
these experiments with stimuli more faithlul to the
natural chuck, and achieved a similar result. Females
significantly preferred lower to higher frequency
chucks, alihough the strength of preference was
weaker than previously thought (Wilezynski er af. ,
1995; Ryan et af ., 2001).

Female tingara frogs gain a reproductive advan-
tage by choosing larger males. In nature, about 10%
of 4 female’s several hundred eggs arc not fertilized.
As in many species of {rogs, female tingara frogs arc
latger than males. When females choose males closer
to their own size, which usually means larger males,
more eggs are fertibzed (Ryan, 1983, 1985b). This
probably results from a mechanical advantage, as sug-
gested by Davies and Halliday in their seminal study
ol wads {Davies er af., 1977). When male and fe-
male size differences are large their cloacas are not
juxtaposed and {ewer eggs are fertilized. A similar ef-
fect has been found in other frogs as well { Bourne,
1997).

We can summarize some aspects of sexual sclec-
tion in tungara frogs up to this point with a chain of
correlational and causal statements: larger males have
greater maling success because larger males are pre-
ferred as mates by females. Larger males produce
lower-frequency chucks because their larynx is larger,
and females prefer larger males because they prefer
lower [requency chucks. Females gain a reproductive
advantage in exercising this choice.

3 Sexual selection and neurcethology

As mentioned above, the anuran adverlisemeni
call is an important mate recognition character, and
as & premaling isolating mechanism it figures promi-
nently in the process of speciation. The anuran mate
recognition sysiem has also served as an important
model for understanding how the brain decodes bic-

logically relevant acoustic stimuli. Capranica and his
many students championed this attempt to explain
how the female frog’ s neural mechanisms guide it to
the conspecific mating call in preference to other com-
peting sounds { Capranica, 1977). In collaboration
with Dr. Walt Wilczynski, we adopted (his neu-
roethological paradigm of species recognition 1o identi-
fy some of the neural mechanisms that result in fe-
male frogs exhibiting phonotactic preferences among
conspecific calls.

Unlike most other vertebrates, frogs have two
inner car organs that are sensitive to air-born scunds.
The amphibian papilla (AP} is most sensitive to
sounds below ca 1 500 Hz, while the basilar papilla
(BI’) is most sensitive to higher frequency sounds.
Capranica suggested that the processing ol species-
specific sounds begins in the auditory periphery. His
maiched [ilter hypothesis predicts a correspondence
between the (uning of the auditory end organs and the
emphasized frequencies in the calls. This hypothesis
was supported by his data from bullfrogs, their call
has frequencics that stimulate both the AP and BP.
Most frogs, however, produce a more narrow range
of frequencies that tend to fall within the most sensi-
live regions of only one inner ear organ. Gerhardt and
Schwartz summarized data on auditory end organ sen-
sitivity and call frequency that offered strong support
for the matched hlter hypothesis (Gerhardt ef al. ,
2001).

A typical tingara frog whine has a dominant fre-
quency of 700 Hz, which is derived mostly from the
fundamental [requency of the frequency sweep {Fig.
2). A typical chucks’s dominani frequency is 2 500
Hz, which is usually about the 10 — 121h harmonic of
the fundamental (Ryan et af ., 1990). The tuming of
the AP and BP tend to coincide with the emphasized
frequencies of the whine and chuck (Fig.2). The Al
is most sensitive to ca. 700 Hz and the BP to ca.
2 200 Hz (Ryan et af., 1990). The upper harmon-
ics of the whine and the lower harmonics of the chuck
are not attended to by females during phonotaxis and
the effects of the whine and the chuck can be mim-
icked with use of simple tones {two for the whine and
one for the chuck) within the sensitivity region on the
AT and B, respectively ( Rand et af., 1992;
Wilczynski et al., 1995). Thus processing of the
whine seems to be initiated by the A’ and processing
of the chuck seems to be initiated by the BP.

Although the chuck always follows the whine in
nature, this temporal sequence is not critical for the
females 10 perecive the call as complex (Wilczynski ez
af ., 1999). In phonotaxis experiments, the {empo-
ral relationship of the whine and chuck were varied.
Females preferred most of these calls to a simple
whine-only, although there were not necessarily as
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In the top graph we show a waveloem of 4 1ypica] whine with three chucks. In the middle graph we show the power speetrun of the whine and the
there chucks. On the X axis of this graph we estimate the (requeney ranges 1o which the amphilian papilla {APY and the basilar pepillas (B} are
mast sensitive. For most frogs the A1 is most sensitive to frequencies <8 1.5 kHz and the BP to frequencics > 1.5 kHz, In the bottom panel we
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sheirw a sonopram of a typical whine with one chuck. Arrows indieate the frequencies 10 which the AP and BI? are most sensitive lor this species. The

shading in the sonograms represents the salience of different parts of the call. The darkest shading indicates parts that are necessary or sufficient for

females to respond to the whine or the chuek. No shading indicates that these parts of the call have no influcnce on female phonotaxis. Light gray

shading indicates portions that will enhance call attractiveness but by therselves are nol able 1o elicit phonotaxis

attractive as a normal whine-chuck. One position in
which the chuck did not enhance the attractiveness of
the whine was when is 11 was placed 530 ms after the
whine’ s onset. In this position females responded to
the call as if it were a whine-only. This is a segment
of the whine that is eritical for whine recogmtion,
thus in this position the chuck might be interfering
with whine recognition { Wilczynski ef af ., 1995)
{Fig.2). The fact that the temporal sequence of the
whine and chuck is flexible when it comes 1o eliciting
phonotaxis means that there is also flexibility in the
icmporal order in which a complex call stimulates the
AP and BP when eliciting phonotaxis.

The perceptual flexibility for the temporal rela-
tionship of the whine and chuck is also paralleled,
quite amazingly, by perceptual llexibility for the spa-
tial relationship of the whine and chuck. The ability
of #n animal to assign different sounds, such as words
of & sentence in humans, to the appropriate source is
called auditory grouping (Bregman, 1990). If sounds
originate from the same location in space they are
more likely to be produced from the same source.
This will be true when a male tangara frog produces a
whine and chuck, since he remains stationary while
calling. But the whine and chuck need not originate
from the same source (o be grouped together by fe-
males. Although a {emale will not approach a chuck-
only, she will approach a chuck broadeast with a
whine from another location. The chuck can be spa-
tially separated from the whine by as much as 135°
and still elicit phonotaxis from the female {Farris e¢
al., 2002). Aq this point, we have no idea why fe-
males would group call components from such dis-
parate locations as if they were coming {from the same

malc.

In the previous section we noted that larger male
tungara frogs have greater mating success because
they are preferred by females, and that females prefer
larger males because they prefer lower frequency
chucks. There is a slight mismatch between the tun-
ing of the BP (2 130 Hz) and the chuck’'s dominant
frequency (2 350 Hz). We tested the hypothesis that
this slight mismatch between tuning and dominant
frequency is the neural basis for preference of low-fre-
quency chucks. We constructed a computer model of
the BP’ s tuning and quantified how much energy
from a chuck would pass through ihis filicr. We then
shifted the frequency specirum of the chuck and re-
peated the procedurc and again mcasured the cnergy
that passed through the BP filter. We used chucks
from 50 calls randomly chosen from a breeding popu-
lation. Chucks with lower frequencies than average
passced more energy through the BP Tilter, and we as-
sume would clicit greater neural stimulation from the
auditory periphery { Rvan er af ., 1990). These re-
sults suggest a neural mechanism underlving the fe-
male’s preference for lower-frequency chucks.

These neurophysiological results allow us 1o ex-
pand our interpretation of sexual sclection. Larger
males have greater mating success because larger
males are preferred as mates by females. Larger males
produce lower-frequency chucks because their larynx
is larger, and females prefer larger males because they
preler lower [requency chucks., Females prefer lower
[requency chucks, at least in part, because they bei-
ter match the tuning of the auvditory sysiem. Females
gain a reproductive advantage in cxercising this
choice.
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It is not known why there is a mismatch be-
tweernt BP 1uning and chuck dominant frequency. It
might be an adaptive compromise between signal de-
teclion al 1wo distances. Females rely on the male’ s
call nol only to choose among males at a close distance
but alse 1o locate males and choruses from farther dis-
tances (Marsh et «f., 20000) . The chuck attenuates
more quickly with disianee than does the whine, and
this is due primarily (o excess atienuation of the high-
er frequencies in the chuck compared 1o the lower fre-
quencies in the whine {Ryan, 1986). Thus the fre-
quency spectrum of a chuck close 1o the male will
have more high-frequency energy than the spectrum
of the same chuck farther from the male. This makes
it impossible for females to have BP tuning optimal
for call detection across all distances. Sun et af.
{2000} used computer models of BP tuning combined
with naturally attenuated calls and showed that the
tuning of the BI* strikes such a compromise between
short and long distance signal detection. Whether the
BP cvolved such tuning in response to the chuck, or if
the chuck evolved this frequency spectrum due to the
BP 1uning is addressed below.

4 Sexual selection, neuroethology and
phylogenetics

The studies we just reviewed tell us something
about the current function of the tingara frog’s mate
recognition sysiem and the necural mechanisms con-
trolling i1. Such data can allow onc to interpret how
adaptive evelution proceeded. The chain of logic
about low-frequency chuck preference, for example,
“... Thus
females evolved the tuning of the BP because it guides

could be expanded by onc more statement.

them to larger males and results in a reproductive ad-
vantage . Interpretations about evolution, however,
can sometimes be better informed when made with
some knowledge of a group’ s phylogenetic relation-
ships.

Phylogenetics has long played a role in siudies of
behavior but fell out of favor with the advent of socio-
hiclogy. But phylogenetics went through a revolution
in North America when Hennig's Phylogenetic Sys-
tematics became available in English in 1966. Hennig
offered a new philosophy, as well as new techniques,
to allow a more objective analvsis of character evolu-
tion. These new approaches to phylogenetics proved
critical for testing patterns of behavioral evolution
{Ryan, 1996).

An inttial phylogeny of the Physalaemus pustu-
losus specics group based on examination of some
morphological characiers was proposed by Cannatella
and Duellman {Cannatella et af ., 1984). This phy-
logeny recognized four species in the species group:

1. pustulosus., P. petersi, P. pustulatus and 7.

coloradorum . The main conclusions were that the
species group is monophyletic and that the phyloge-
netic relationships within the group are congruent
with their biogeography. P. pustulosus and P. pe-
tersi, which like most Physalaemius congeners are
found east of the Andes (P, pustulosus alone is also
found in Middle America), are sister taxa, as are P.
pustwlarus and P. coloradorum , which are the only
taxa found on the western side of the Andes,

We explored the phylogeny in more detail using
morphological characters, allozymes, sequences of
subunits of two mitochondrial genes, and measures of
mating calls {Cannatellz er af., 1998). In the inter-
im, our field research identified several new species of
Physaluemus that have yet to be formally defined but
are denoted as species a, and species b (Fig. 3). Fur-
thermore, the taxon P. petersi appears o be two
species, the former in the northern part of its range in
Ecuador, and what we now refer to as P. freibergi
in Peru. The main conclusion of this phylogenctic
analysis supports the previous contention of monophy-
ly of the species group and the two clades within it.
One clade contains P. pustulosus, P. petersi and
P. freibergi, which are all on the eastern side of the
Andes and (P. pustulosus ) in Middle America. The
other clade contains PP, coloradorum , P. pustularus
and one undescribed species and these are all on the
western side of the Andes (Fig.3). Another conclu-
sion of this analysis is that different data sets are not
always congruent. When we analyzed the data lrom
DNA sequences, morphalogy and allozymes there is
some variation in the phylogenetic hypotheses that re-
sults, but they arc all more or less similar to the phy-
logeny that results from the combined data set. Dut
when the call data are analyzed scparately a quite dif-
ferent phylogeny is proposed. This suggests that the
mating calls of these species might have evolved more
rapidly, and thus generated more homoplasy than the
other characters used in the analysis.

We used the best supporied hypothesis of phylo-
genctic relationships to reconstruct the pattern by
which the tangara frog’ s chuck and the female’ s
preference for chuck evolved (Fig. 3). We mapped
onto the phylogeny of the specics group the presence
ol eomplex calls, that is a whine with a facultatively
added, acoustically distinct secondary component. All
poptlations of tdngara frogs swudied to date exhibit
complex calls (Ryan et af ., 1996). Complex calls,
calls with a scecond component, are variably present in
P. petersi-I. freibergi (Ryan et af., 1993b). Pop-
ulations we studied in Ecuador lack complex calls, buot
populations in southern Peru (R, Cocroft unpublished
data} and western Brazil ( A, Cardoso unpublished
data) and componenis that we refer to as squawks.
Recently K. Boul {in press) uncovered populations in
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Amazonian Ecuador within 20 km of one another that
vary in the presence of complex calls. Complex calls
have not been reported in other members of the
Physalaemus pustulosus species group (Ryan et al .,
1993b} or in any of the other ca. 25 species of 1the
genus we have surveved (A, Cardoso er af ., unpub-
lished data). Thus parsimony suggests that the chuck
either evolved once in a common ancestor of P, pus-
tulosus and P petersi-P . freibergi and then was lost
in some populations in the latter clade, or it evolved
scveral limes independently. In either scenario the
chuck is a derived [eature of the . pustulosus-P.
petersi clade . In Fig. 3 we depict a single derivation
ol complex ealls, which implies that it must have
been sceondarily lost in some populations of P pe-
tersi-P . freibergi . This merely represents our bias at
the moment, the multiple evolution of chucks”
squawks in the P. pustulosus-P.  petersi clade is e-
qually parsimonious. Both scenarios are equally sup-
portive of our interpretation of signal-receiver evolu-
tion that we now develop.

Many studies of sexual selection, and indeed of
animal communication in gencral, assume that there
is very tight cocvolution beiween signal and receiver,
trait and preference. TTow can a signal evolve if the
receiver does not respond to 117 Various models have
suggested bow the congruence between signal and re-
ceiver is maintained. One suggests pleiotropic cffects
of a common gene that mediates a central pattern gen-
erator { Hoy et al., 1977; Toherty et af., 1985;
Boake, 1991). Such a gene could control beth signal
production and signal recognition if, for example, it
generates a temporal pattern that serves as a template
by which sound producing organs are pulsed and a-
gainst which the receiver compares incoming signals.
Another possibility is that signals and receivers are
under separate genetic control but that there arc sta-
tistical correlations between genetic variation in signal
and receiver; that is, they are in genetic disequilibri-
um. This genetic mechanism is the basis for Fisher's
theory of runaway sexuval selection { Fisher, 1930;
Kirkpatrick, 1982; Lande, 1980; Kirkpatrick ez
al ., 1991},

An alternative to tight coevolution is sensory cx-
ploitation ( Ryan, 1990}, This hypothesis suggests
that there are sensory biases { Endler et af., 1988)
that form the basis ol preexisting preferences, and
males that cvolve traits that exploit such preferences
are favored by sexual sclection. These two scenarios
can "be distinguished by deducing the phylogenetic
pattern by which signals and receivers evolve. The
eritical predictions of sensory cxploitation are that fe-
males prefer sexually sclected traits present in other
species but absent in their own, that this preference is
shared through a common ancestor, and the trait was

not secondarily lost {Shaw, 1995; Endler et af.,
1008: Rvan, 1998).

We tested this bypothesis by asking if females of
a species in the western Andes clade, P. coloradoe-
rum , would more strongly prefler their own male’ s
call if tingara frog chucks were added. When females
were given a choice hetween their own normal, con-
specific whine and the same call to which chucks were
digitally added, females preferred the laner. The
preflerence for chucks in P. colnradorum  suggests
that the prelerence for chucks existed prior to the di-
vergence ol the P, pustulosus-17. petersi clade [rom
the western Andes clade. So if we are correct in in-
terpreling when complex calls evolved and when the
preference {or complex calls evolved, we conclude
that the preferences for this sexually selected trait ex-
isted prior to the trait itsell (Ryan ef af., 1993a,
1993h).

The preexisting preference for chucks could
characterize the Phywalaemus  pustulosus  species
group or the entire genus Physalaemus., We tested
that hypothesis by dciermining if female P. enese-
fae, one of the species we used {or outgroup analysis,
would prefer their male” s call with tingara frog
chucks added { Tarano et af., 20023, The answer
was no. The P. enesefue call with chucks was not
preferred to the normal chuck-less calls, P. enesefae
and . pustufosus are sympatric, but it scems that
the lack of chuck attractiveness does not result from
female 2. enesefae avoiding a component of the het-
erospecific call since chucks neither made the calls
more or less attraclive. Thus the preference for
chucks seems to have arisen after the evolution of the
genus but prior to the evolution of the species group.

It might seem odd to have a preexisting prefer-
ence for a chuck. But a number of experiments have
shown that the addition of & variely of sounds can in-
crease call attractiveness as efflectively as a chuck
(Ryan e al., 1990}, This is true for males as well
as [emales, as the addition of the same sounds also
causcs males 1o escalate call complexity as they do in
responsc to calls with chucks (Ryan er af., 1998).
Thus the preexisting preference for chucks iy probably
part of a preexisting preference for a larger set of
sounds, and chucks and squawks are the sounds that
miale Physalaemus just happened to evolve.

W also utilized information on phylogenctic re-
lationships 1o investigate the evolution of neural corre-
lates of female preference. As mentioned above, the
BP is generally tuned to the dominant {requency of
the chuck, and behavioral experiments show that it is
the harmonics in the sensitivity region of this inner
ear organ thal are attended to by females rather than
the lower-{requeney harmonics (which have mueh less

energy) that fall within the most sensitive region of
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the other inner ear organ, the AP. Furthermore, we
had argued that since the tuning of the BP better
matched chucks of lower-than-average dominant {re-
quency, BP wuning plays a role in the female’ s prefer-
ence for lower frequency chucks. Since females gain a
reproductive advantage [rom mating with larger
males, which make lower frequeney chucks, we can
ask if the tuning of the BP cvolved under selection to
garner this fitness effect. The answer is no. We com-
parcd the wning of the AP and BP of P. pustuiosus
and its close relatives (Fig.4) (Wilczynski er af .,
2001}. We must remember that for the specics whose
call is only a whine, thal is, all species but £. pus-
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tulosus and some P. petersi-P. freibergi, the BP is
probably not involved in communication. For the
most part there is no significant difference in tuning
among species. The only exception is that P. pustu-
latus has a BP tuned to higher frequencies than the
other species. These data allow us 1o reject the hy-
pothesis that the tuning of the BI? evalved with refer-
ence 10 the chuck, either to better detect it or to pre-
fer lower frequency chucks. Therefere, both BIP tun-
ing and the preexisting preference for chucks are sen-
sory biases that males cxploiled in the evolution of
complex calls.
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Fig.3

‘The phylogenetic relalionships of the Physalaemus pustulosus species group and three

outgroup taxa (Cannatella et al., 1998)
We note species that lacultatively add a sccond syllable 1o the eall (+, chuck in pustulosus, squawk in petersi-Treibergi) and species we have studied
and that have shown no evidence of adding a second syllable { — ). We also indicate those 1axa in which females are known to be attracted to a com
plex versus a simple call { + ) and those that are not (= 3. Most species have not been tested in phonotaxis experitnents. Using these data, we plat
on the phylogeny our interpretation of when the trait (T}, the call sulfixes, and preferences for the wrait (P} cvolved
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Fig.4 The phylogenctic relationships of members of the Physalomeus pustulosus species group

For cach species we show a power spectrum of the whine-like advertisement call. For species that add secondary call components, we show only the
whine. ‘The power spectra show the relative amount of energy in the call from 0 (bottom) to 3 kHz {(top). The hottam arrow in each panel shows
the frequency to which the AP of that species is most sensitive and the top arrow shows the frequency 1o which the species” BP is most sensitive { re-

drawn after Wilczynski e «f ., 2001)
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5 Estimating ancestral calls and
simulating brain evolution

We have been emphasizing the function and evo-
lution of the chuck because it influences the female’s
choive of males among conspecifics. Females use the
whine for species recognition.  All species in the
group produce
whines, and the whines of all the species differ statis-

Physalaenus  pustulosus  specics
tically from one another. Tungara frogs are not sym-
patric with any other species of Physalaemus excepl
for & small area of uverlap with P. enesefae in the
lanos of Venezuela. So lemale 1ungara frogs do not
need 1o discriminate between the eonspecific call and
that of other Physalaemus throughout most of their
range, and certainly in Panama. Nevertheless, most
species prefer their own signals over those of other
species, regardless of whether they are allopatric or
sympatric. Thus we determined the degree to which
tingara frogs respond to their own call and those of
other close relatives. One main concern was to under-
stand if past history had an influence on species recog-
nition mechanisms.

To explore species recognition in tungara frogs
we performed two kinds of phonotaxis experiments.
First, we asked if females prefer the conspecific call
to other calls, similar to many of the experiments de-
scribed above. We refer to these as discrimination ex-
periments. Second, we presented females with only

the call of another species 10 determine if she woulc
respond to this call as if it signified an appropriate
mate. We refer (0 these as recognition experiments.
In these experiments the null hypothesis of no recog-
nition i1s that females would encounter a speakot
broadcasting a test call with the same probability as if
would she randomly wander through the arena anc
come in contact with a silent speaker. We determinec
this probability as 0.10; 2 of the 20 females tested
encountered a silent speaker.

Initially, we conducted these experiments with
heterospecific calls of the species group and the threc
species we had used for outgroup analysis: P.
fae, P. ephippifer, and species a. In the discrimi-
nation experiments females always showed a prefer-
ence for the conspeciflic over the heterospecific signal.
In the recognition experiments, however, there were
some heterospeeific calls that resulted in significant
phonotaxis from females (Fig. 5). We surmised thai
this false recognition results from two [actors. First,
there is no selection against responding to these calls
since they are not sympatric. Second, female tingars
frogs share certain characteristics of the auditory sys-
tem and brain (some of which we have shown above)
through common ancestors { Ryan er «f., 199Ya,
1999b)}, thus they are susceptible w respond to sig-

ENENE-

nals of close relatives.
We [urther explored this possible influence of
history by producing ancestral advertisement calls
o
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Fig.5

The number of tangara frog females (n = 20) atiracted to the heternspecific and ancestral calls (black bars}

versus those that showed no response to the same call (gray bars)
The calls illustrated in VFig. 6 correspand to the test results in (his Fgure. 1M a fermale did not exhibit phonotaxis a *no response” was only recorded

il the Jemeale then rerip[mded L3 (:(JIIHPE.‘{‘.iﬁ[‘. eall, Thus “no respmme” should include 0I11y females who found the call nat meaningful and should not

include females not physiologically motivated for phonotaxis {redrawn after Ryan of af., 1995)
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(Ryan et af., 1995, 1999a, 1999b). We measured
a number of call variables for all of the species’ calls
tested (Fig. 6}. These are the same call variables
which in tangara frogs lorm the paramelers of a syn-
thetic call that the females do not diseriminate from
conspecific calls. For each of these call parameters we
estimated their values at all of the ancestral nodes on
the phylogenetic tree. We used a variety of models
and assumptions to do this, but they were all based
on the assumpiion of parsimony; specifically, all of
these estimates were an attempt to minimize the total
amount of evolutionary change that took place. When
these models vielded somewhat different calls for the
same ancestor we repeated the phonotaxis experi-
ments. Once all the call variables were estimated at
all the nodes we synthesized the calls (Fig. 6). A
caveat is necessary herc. We are not suggesting any
certainty about what individual ancestors might have
sounded like. But we think these estimates are a use-
ful method for estimating the kinds of sounds that rel-
atives of wingara [rogs heard.

We repeated the discrimination and recognition
experiments described above with the ancestral ealls
{Fig.5). The results were similar to what was found
with the heterospecific calls. In all but one case, fe-
males preferred the conspecific call to the ancestral
calls. The exception was the call at the node of P.
pustulosus-P . petersi . Although this call was statis-

tically significantly different from the P. pustulosus
call, the females did not recognize it as such. Also,
despite the prevalence of preference for the conspecific
call, we see that the strengih of this preflerence varics
among the ancestral calls. In the recognition experi-
ments, there were a variety of calls that elicited
recognition {Fig.5).

Tuangara frogs are allopatric with the species (in-
cluding ancestors) we tested, thus we would not ex-
pect processes such as reproductive character displace-
ment to influence how female tingara frogs respond
to foreign calls. We thought two variables should be
important in predicting the strength of recognition for
foreign calls: how similar the foreign call is to the
conspecific call (acousiic similarity}, and the evolu-
lionary relationship beiween the foreign taxon and the
tiingara frog (history). Females should be responsive
to foreign calls that are more similar to the tingara
frog call. We also predicted that that the strength of
response should be stronger when a taxon is phyloge-
netically closer to the tingara frog. Acoustic similari-
ty and history arc not confounding variables since, as
noted above, calls are not good predictors of phyloge-
netic relationships.

We analyzed the degree to which both phylogeny
and call similarity predict female Tesponse with a step-
wise mulliple regression analysis in which female re-
sponse {the numbers of females that responded to the
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Fig.6 The phylogeny of the Physalaemus pustulosas species group and ontgroups

Each box in the trec contains a sonogram of the synthetic call for each species and ancestral node. The insert (botlom, lelt} shows the spectral

{ sonapram, top) and temporal (waveform, bottom) call parameters that are messured for all species, and are then estimated lor ancestral calls and

used it call synthesis { redrawn after Ryan and Rand, 1995}
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foreign call of a sample size of 20) was the dependent
variable, and the phylogenetic distance from the test-
ed taxon to the tiingara frogs {estimated by the num-
ber of sequence base changes) and the overall similari-
ty (euclidean distances computed from all call vari-
ables) of the tested call to the tingara frogs calls were
the independent variakbles., When we conduct these
analyses we see that history has an effect independent
of call similarity in both diserimination and recogni-
tion experiments. In the discrimination experiments,
call similarity explained 18% of the variation in fe-
male responses to calls, while phylogeny explained
39% . In the recognition experiments each indepen-
dent variable explained a similar amount of the varia-
tion in responscs to calls: call similarity 31% and
phylogeny 38% .

The above study suggests that the response of fe-
males to foreign calls is influenced by past history.
This should be expeeted. There are innumerable ways
to recognize a sound, and it is not surprising that the
way females recognize their calls is influenced by the
way their ancestors recognized calls. The aliernative
is that with cach spcciation eveni females evolve new-
ly derived computational stralegies lor signal decoding
instead of merely adjusting the strategy already in
place.

We further tested the role of history by simulat-
ing brain evolution through different call histories
{Phelps et af ., 1998, 2000; Phelps et af., 2001).
To do this, we used artificial neural networks. A
neural net is an array of computational units arranged
in layers. One layer, the input laver, interacts with
the {digitized) stimulus under investigation. Typical-
ly, these input units are connected to all units in a
middle layer and all the units converge on a single
output unit. These connections all have weights, typi-
cally varying between — 1 and + 1. The neural nets
will give different outputs for different signals if these
signals stimulate the units in the input layer different-
ly. In addition, the same net will give different out-
puts to the same stimuli if the weighting of the con-
nections change. Nets can be trained Lo recognize sig-
nals by varving the weights between the connections
until some optimal response is achieved.

Initially, we trained artificial neural networks to
recognize tlingara frog calls (Phelps et af., 1998).
We constructed 100 neural neiworks with weights of
all the connections assigned randomly. A net was
stimulated with a wingara (rog call and noise (a
scrambled version of the call). A fitness value was as-
signed to cach net based on how well it discriminated
between the call and noise. A high fitness value was
assigned if the response to call and noise was very dif-
ferent and a low fitness value Wwas assigned if there
was little difference. Nets were then subiect to selec-

tion. The probability of a net being selected (o pass
on to the next generation was based on its fitness,
One hundred nets were selected with replacement in
this way to constitute the next generation. Once se-
lected the nets underwent mutation. Weighis were
selected randomly with some “mutation” probability .
If a weight was selected its value was randomly
changed. This process was continued until an arbi-
trary fitness criterion was achieved; specifically,
when the fittest individual in the population had a fit-
ness of at least .90 and the average fitness was
0.75.

We used this approach further to study the effect
of history on recognition strategies { Phelps et af.,
2000; Phelps et al., 2001l). We had three treat-
ments that varied in call history. In the first, the
“mimetic” history, nets were selected to recognize
the ancestral call at the base of the phylogeny. Once
recognition was achieved, the nets were then trained
to recognize the call that was the immediate descen-
dent on the evolutionary path to the tingara frog
{(Fig.7). This was continued until the nets were se-
lected to recognize the tdngara frog call. The second
treatment is the “random”™ history treatment. Like
the first treatment, the nets are selected to recognize
three calls belore being sclected to recognize the
tingara frog call. These three calls, however, are
chosen randomly (rom the calls in the phylogeny
(Fig. 7). We had 20 different random historics to
which nets were trained. The third treatment is re-
ferred to as the “mirror” histories. These calls were
constructed by flipping the coordinates of the mimetic
history in acoustic space Lo create something analo-
gous to a multidimensional mirror image of the
mimetic history. This contrels for the path length of
the historical trajectory, unlike the random histories.
But like the random histories, nets receive a hislory
that is different than the ‘mimetic’ history. Onece the
fitness criteria were reached we asked if the nets in
the different treatments differed in their ability 1o
predict the responses of real females. Previously, we
had tested females with a variety of stimuli besides
the conspecific call. We plotted the strength of re-
sponse of females to those calls {the proportion of {e-
males that exhibited phonotaxis to those stimuli in a
phonotaxis test) versus the strength of average re-
sponsc of the neural networks to the same stimuli.

In all treatments the nets were able to evolve to
recagnize the tingara frog cail. Thus the history of
the neural networks does not constrain their evolving
clfeetive signal recognition. But there were differ-
ences in how well the networks in each treatment pre-
dicted the response of females to other stimuli. The
correlation between the response of the nets and the
response of 1the {emales varied among trearments { his-
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tories) : mimetic, » =0,56: random, r =0.32; mir-
ror, r =0.20 (Fig.7). Paired ¢ tests of the residual
error in each correlation showed that the mimetic his-

tory predicted female response significantly belter
than did the random (P < 0.035) or the mirrored
history (P < 0.01).
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Fig.7 The three treatments to which populations of artificial neural networks were subjected during training and the
correlation in the relative strength of response of female tilngara frogs and neural networks (o the same stimuli {A,
mimetic history; B, random history; C, mirror history}

A. The numbers indicate the order of the ealls o which networks were trained, neote calls 1 = 3 are on the direct pathway of descent from the call
at the buse of the phylogeny (1, root) to the tingara call (4}, . An cxample of onc of the 20 random histories used. The first three calls 10 which
the nets were trained were chosen at randomn from the phylogeny. The fourth and linal call to which the net were trained was the tungara frog call
{4}, asin A, C. In the mirrored history the first three calls to which the networks are trained are essetuially the mirror images of calls | - 3 in A.
These were construcied by rotating the calls variable 180 degrees in multivariate space. The black circles are calls 1 — 3 from A ( [rom top (o bottom }
and the gray circies arc their analogous mirror images. As in the mimetic and randotn histories the final call 16 which the networks were trained is the

tingara (rog eall

These simulations with artificial neural net-
works strongly suggest that pasi ¢volutionary history
leaves a footprint on the brain, and that tasks that
needed to be solved by ancestors influence how a
species solves similar tasks today. They also empha-
size the general point we have made throughout, that
current behaviors need Lo be interpreted in the con-
text of their past evolutionary history.

6 Summary

We have reviewed many of our studies of the
sexual communication system of gungara frogs. Our
approach has been integrative. We feel that our un-

derstanding of this system is richer due to the integra-
tion of various levels of analysis, in this case sensory
mechanisms, adaptive significance, and patterns of
evolution. We also feel that in some cases our inter-
pretations would have been incorrect if we had fo-
cused on only one level of analysis. For example, our
current view of the role of sensory exploitation in the
cvolution of complex calls in these frogs is derived
from our knowledge of 1the behavioral significance of
complex calls in this species, the imporiance of vari-
ous auditory end-organs in processing whines and
chucks, and information on the behavioral response
and neural tuning of other closely rclated species. We
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suggest such integration is valuable to obtain a deeper
understanding of the mechanisms, function, and evo-
lution of complex phenotypes.
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