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discrimination of its two principal signals. 

Most animals produce a relatively 
small number of discrete signals for in- 
traspecific communication (1). The exis- 
tence of repertoires of signals that inter- 
grade (2) thus poses some important 
questions: To what extent, if any, do 
these intergraded signal systems in- 
crease the amount of information com- 
municated? Do the animals using them 
possess some special sensory capabili- 
ties? Or, more generally, do the limited, 
discrete repertoires of most species in- 
dicate the inability of their nervous sys- 
tems to produce and efficiently distin- 
guish among a larger number of more 
similar signals? The answers to these 
questions depend on learning how ani- 
mals deal with intergraded signals. How 
finely does an animal with a graded rep- 
ertoire divide the continuum? How 
does an animal with discrete signals re- 
spond to intermediate signals? 

Human speech is graded in its acoustic 
structure, and humans tend to perceive 
speech sounds that are intermediate 
along certain dimensions (for example, 
voice-onset time) in a nearly categorical 
manner (3). This means that intermediate 
sounds are usually identified ("labeled") 
as one or the other of the two end points 
of a continuum. Intermediates on the 
same side of a so-called phonetic bound- 
ary are very difficult to distinguish; inter- 
mediates on opposite sides of a boundary 
are readily discriminated even though 
the physical differences between them 
may be less than between intermediates 
on the same side the boundary (4, 5). At 
least one nonhuman primate with a grad- 
ed vocal repertoire may treat some of its 
intermediate sounds in a similar fashion 
(6). Kuhl and Miller (7) showed that 
chinchillas, trained to distinguish the 
end points of a synthetic speech contin- 
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uum and then presented with inter- 
mediate tokens, labeled these sounds in 
a manner similar to that of human sub- 
jects. Kuhl and Miller have suggested 
that categorical perception may simply 
reflect general psychophysical properties 
(constraints) of the (mammalian) audi- 
tory system rather than "special pro- 
cessing" mechanisms possessed by a spe- 
cies for the perception of its own signals 
(8). This issue remains unresolved not 
only because of the paucity of compa- 
rative data but also because differ- 
ences in the methods of signal presen- 
tation and response criteria often pre- 
clude direct comparisons of the available 
studies. More specifically, we need to 
distinguish between an animal's ability 
to differentiate signals on the basis of 
some single property under "ideal" con- 
ditions and its performance in natural, 
complex contexts where redundant cues, 
noise, and speed of communication may 
become relevant (9). In any event, sen- 
sory mechanisms may restrict the num- 
ber of discriminable signals (or phonetic 
segments) even in species with highly in- 
tergraded repertoires (10). It is thus 
tempting to speculate that the dif- 
ferences in the discrete signals of most 
animals reflect to some extent the resolv- 
ing powers of their sensory systems. 
This report deals with the margin for er- 
ror provided by the auditory system of a 
simple vertebrate for the discrimination 
of two of its discrete signals. 

The vocal repertoires of most frogs 
and toads consist of unusually small sets 
of stereotyped signals (1, 11). The two 
principal vocal signals in the green tree 
frog (Hyla cinerea) are the mating and 
the pulsed calls, both of which are pro- 
duced by males in breeding aggregations 
(12). Females are attracted to both kinds 
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of calls in playback experiments, but 
they prefer mating calls. Pulsed calls are 
produced almost exclusively during ago- 
nistic interactions among males (13). 
Males occasionally produce transitional, 
acoustically intermediate calls (14). In 
comparison with pulsed calls, which are 
strongly amplitude-modulated (depth of 
modulation - 75 percent) at about 50 
per second for all or most of their dura- 
tion, mating calls have a smooth ampli- 
tude-time envelope (15). Intermediate calls 
are strongly modulated for only part of 
their duration (Fig. 1A). These natural 
calls served as models for the generation 
of the synthetic call continuum (Fig. lB) 
(16, 17). In one series of experiments fe- 
males were given choices between the 
synthetic mating call [unmodulated 
(UM)] and the intermediates, and, in an- 
other series, between the modulated 
(M = +7) call and two of the inter- 
mediates (+4 and +5). Finally, females 
were given choices (four stimulus pairs) 
between intermediates. The sounds were 
recorded and played back with a stereo- 
phonic recorder (Nagra) (one kind of 
sound per channel); they were presented 
alternately (every 0.4 second), each 
from a separate speaker (Nagra DH) lo- 
cated 2 m apart. Gravid females were re- 
leased individually from a small hard- 
ware-cloth cage located midway be- 
tween the speakers where the intensities 
of the two sounds were equalized (75 dB 
with reference to 2 x 10-4 ,bar). Ex- 
periments took place in a quiet (C- 
weighted ambient noise < 50 dB sound 
pressure level), dimly lit auditorium. 
Anechoic wedges (acoustic foam) mini- 
mized sound reflections in the test area. 
The criterion for a response was a female's 
touching a speaker or approaching it (to 
within 10 cm). This behavior reflects the 
natural courtship pattern; females typi- 
cally initiate sexual contact with a calling 
male. Animals (fewer than 10 percent) 
that attempted to escape or failed to re- 
spond within 15 minutes were discarded. 
With two exceptions, the 122 animals that 
responded were tested in a single experi- 
ment in one of the three series described 
above (18). All animals were captured in 
amplexus on Wilmington Island, Georgia 
(20 km east of Savannah), between 1 
June and 8 July 1977; they were tested 
within 24 hours of capture. 

The synthetic mating call was pre- 
ferred to +2, +3, +4, and +5 but not to 
+1 (Table 1). Females responded exclu- 
sively to +4 and +5 when the M (+7) 
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stimuli were also intermediate in their 
relative attractiveness. In a third series 
of experiments (Table 1) females given 
choices between intermediate calls pref- 
erentially responded on the basis of a dif- 
ference of one cycle of modulation (at 50 
per second). Furthermore, they did so 
across the entire synthetic call continuum. 
These animals appear to be processing 
these sounds in a continuous fashion, in 
the same way that humans process most 
nonspeech and some speech sounds (3, 
19). 

In one respect the interpretation of 
these results is straightforward. The re- 
solving power of the tree frog's auditory 
system is more than adequate to distin- 
guish between its two principal vocal sig- 
nals; indeed, it is capable of distinguish- 
ing among graded intermediates to which 
the animal is rarely exposed. Never- 
theless, the large margin for error may be 
very important for effective discrimina- 
tion under noisier, more natural condi- 
tions (20). Preliminary experiments with 
a synthetic call continuum similar to the 
one used in the experiments reported 
here indicated that as many as five cycles 
of 50-per-second modulation are necessary 
for discrimination (in favor of an un- 
modulated call) when the depth of modu- 
lation is reduced to 50 percent (21). Fur- 
thermore, a call that was entirely pulsed 
at a depth of 50 percent was less attract- 
ive than one that was pulsed at a depth of 
10 percent when both sounds were played 

A 

Table 1. Responses of 122 female H. cinerea 
in discrimination experiments with a synthetic 
call continuum. Stimulus designations are as 
shown in Fig. 1B (18). Data were analyzed 
with two-tailed binomial tests. Abbreviation: 
N.S., not significant. 

Alternatives Responses to 
P 

A B A B 

Synthetic mating call versus intermediates 
UM +1 5 5 N.S. 
UM +2 20 5 .005 
UM +3 8 0 .008 
UM +4 8 0 .008 
UM +5 8 0 .008 

Synthetic pulsed call versus intermediates 
M +4 0 8 .008 
M +5 0 9 .004 

Choices between intermediates 
+1 +2 12 1 .003 
+2 +3 14 2 .004 
+3 +4 8 0 .008 
+4 +5 10 1 .011 

back at 75 or 85 dB but not when they 
were played back at 65 dB (17). Lower- 
ing the playback level and decreasing the 
depth of modulation are equivalent in 
some ways to lowering the signal-to- 
noise ratio. 

The significance of the female tree 
frog's apparent processing of inter- 
mediate calls in a continuous rather than 
in a categorical fashion is more difficult 
to assess. One relevant observation is 
that both ends of the synthetic contin- 
uum elicit the same qualitative response, 
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Fig. 1. (A) Oscillograms of the natural calls of a male H. cinerea from Georgia: (i) a mating call, 
(ii) an intermediate call, and (iii) a pulsed call. (B) Oscillograms of the synthetic call continuum 
used in the experiments described in the text. Each call consisted of three phase-locked sinu- 
soids (0.9 + 2.7 + 3.0 kHz) of equal relative amplitude (16). The bars indicate time periods of 
50 msec. 
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that is, attraction to the sound source. 
More nearly categorical response pat- 
terns might have been observed if one 
call attracted and the other repelled the 
animals (22). But could the categoriza- 
tion then be considered a sole func- 
tion of the sensory system? I suggest 
that categorical response patterns may 
reflect the activity of a higher integrative 
center, where other contingencies influ- 
ence the fineness of the sensory analysis 
or its utilization in a decision-making 
process (4). In any event, the fact that 
both ends of the continuum attract fe- 
males does not preclude response pat- 
terns that could be labeled "categorical" 
(23). Furthermore, it would have been 
possible to present synthetic signals one 
at a time to female tree frogs. I would ex- 
pect a smaller proportion to have re- 
sponded to the more pulsed signals and 
that their responses would have been 
slower in comparison with those to the 
unmodulated call (24). By arbitrarily 
choosing a cutoff time for the definition 
of a response, I could have obtained data 
that would have indicated that some 
sounds attracted and other sounds failed 
to attract. But the point along the contin- 
uum where this "categorization" oc- 
curred and its sharpness would be 
largely dependent on the cutoff time and 
level of statistical significance chosen be- 
forehand. The resolving power of the 
tree frog's auditory system would almost 
certainly be underestimated. The two- 
choice experiment is not only a more rig- 
orous experimental procedure (4, 25), 
but also it is more realistic in terms of the 
animal's natural history. A female enters 
a breeding aggregation very few times 
during her reproductive life-span. She is 
then faced with a wide choice of vocal 
signals. It is unlikely that she merely re- 
sponds to the calls of the first male she 
encounters (26). Indeed, my field obser- 
vations indicate that some females spend 
hours in the vicinity of calling males be- 
fore responding to one of them. 

In conclusion, the differences in the 
discrete vocal signals of the green tree 
frog do not reflect the resolution limits of 
its auditory system, at least in a quiet en- 
vironment where the different sounds 
can be readily compared. The margin for 
error provided by its auditory system 
may be reduced, however, in more natu- 
ral situations. In animal studies, cate- 
gorical response patterns may well be a 
function of the methods and contexts of 
signal presentation and response criteria 
rather than stimulus categorization by 
the animal's sensory system. 

H. CARL GERHARDT 
Division of Biological Science, 
University of Missouri, Columbia 65201 
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15. After the initial pulsatile beginning [the rate of 
pulsing is much higher than in pulsed calls (Fig. 
1A)], the rate of modulation in mating calls is 
typically around 300 per second. Thus, the 
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comparison with pulsed calls when the same 
time base is used for oscillographic analysis. 
The -50-per-second modulation of pulsed calls 
appears to be superimposed on the -300-per- 
second quasi periodicity of the mating call (12). 

16. A synthetic call similar to the one illustrated in 
Fig 1B (UM) attracted female green tree frogs as 
effectively as a typical, natural mating call [H. 
C. Gerhardt, J. Exp. Biol. 61, 229 (1974)]. An- 
other study with synthetic calls established that 
amplitude-modulation of such a synthetic call at 
rates of about 50 per second and depths of at 
least 50 percent significantly reduced its relative 
attractiveness (17). 

17. H. C. Gerhardt, J. Exp. Biol., in press. 
18. One female was first tested with UM versus +5; 

she later chose +4 over M. Another female 
chose +2 over +3; she later chose +3 over +4. 

19. In a strict methodological sense, these data fail 
to demonstrate continuous processing because 
the smallest difference that females discriminate 
was not determined. Thus, it is possible that if 
intermediates differed by less than a complete 
cycle of modulation, then discrimination might 
differ at different points along the continuum. 
Nevertheless, in terms of the kinds of gradations 
that occur in natural signals, it seems reasonable 
to interpret these results as reflecting more near- 
ly continuous rather than categorical process- 
ing. The results of these experiments should be 
generalized to lower and higher playback levels. 

20. A male typically produces pulsed calls (and oc- 
casional intermediates) in short bouts of 3 to 25 
calls (mean = 10). Other frogs in the immediate 
vicinity may also be producing mating and 
pulsed calls at the same time. In the experimen- 
tal situation, the female was exposed to two 
kinds of calls without interruption until she re- 
sponded. The response patterns of the females 
in the experiment were similar to those of fe- 
males captured in the field (in amplexus) and re- 
leased near calling males. Some responded with- 
in a few seconds and others took many minutes. 
The choices made in the discrimination experi- 
ments were seemingly independent of the re- 
sponse latency. 

21. H. C. Gerhardt, unpublished data. 
22. It should be possible to test this hypothesis. S. 

Perrill, H. Gerhardt, and R. Daniel (in prepara- 
tion) found that about 16 percent of the calling 
males in a breeding site had noncalling satellite 
males associated with them. Preliminary obser- 
vations indicate that satellite males are attracted 
(up to a point) by mating calls and repelled by 
pulsed calls. 

23. Suppose, for example, that the UM call were fa- 
vored only when an intermediate call had at 
least four cycles of modulation and that the +3 
but not the +4 call were more attractive than the 
M call. If females discriminated between +3 and 
+4 or even between +2 and +5, these results 
could be interpreted as demonstrating cate- 
gorical processing. 

24. A greater proportion of nonresponding females 
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were among those tested with the highly pulsed 
intermediates (+4 and +5) and the M call in this 
study and other pulsed signals in another study 
(17). The animals usually took longer to respond 
than females tested with calls from the UM end 
of the continuum. However, the animals dis- 
criminated between + 5 and the M call, but failed 
to discriminate between UM and + 1 (20). 

25. In a two-stimulus test, a nonresponding animal 
merely fails to provide any information about 
the relative attractiveness of the two sounds. In 
a single-stimulus test, a nonresponding animal 
provides equivocal information about stimulus 
quality. The failure of an animal to respond in a 
playback experiment does not necessarily in- 
dicate that the stimulus is unattractive. 

26. This statement would probably not hold for 
many other American tree frogs or for other anu- 
rans that tend to be opportunistic or explosive 
breeders. The breeding season of H. cinerea 
lasts from April to mid-August in the southern 
United States. Males call almost every night 
during this period, and I have found females 
night after night, even under drought conditions. 
The animals usually breed in permanent ponds 
and lakes. The preference of the female for the 
mating call over the pulsed call may support the 
hypothesis that the female assesses call quali- 
ties. If she responds to a mating call, there is a 
much higher probability that she will achieve 
amplexus with the male producing it than if she 
responds to a pulsed call which indicates the 
presence of at least two males. Alternatively, 
the female may be avoiding aggressive male be- 
havior associated with the production of pulsed 
calls. Once a female has ovulated, however, she 
must oviposit on the same night. This probably 
explains the attractiveness of pulsed calls in the 
absence of mating calls. Indeed, some female H. 
cinerea respond to the calls of another species, 
Hyla gratiosa, when conspecific calls are una- 
vailable (12). The "motivation" of females 
taken from amplexus may be abnormally high 
(relative to when they first become responsive to 
mating calls) and, thus, responses to pulsed calls 
may be an artifact of the experimental proce- 
dure. Nevertheless, the results of discrimination 
(two-choice) experiments (this study) indicate 
that these same females make consistent choices 
between signals with very subtle differences. 
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Daniel, S. Perrill, S. Hopkins, D. Yaeger, and J. 
Rheinleander for field assistance and W. Oliver 
for technical help. I thank R. Dooling, R. Kies- 
ter, P. Kuhl, P. Marler, J. Miller, and C. Snow- 
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An Ultrastructural Correlate of the Membrane Mutant 

"Paranoiac" in Paramecium 

Abstract. The highly organized array of intramembranous particles, the ciliary 
plaque, varies from the wild type in size and organization in two stocks of the Para- 
mecium behavioral mutant, paranoiac. In one of these stocks, the alteration is dra- 
matic. 
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The behavior of paramecia is governed 
by the membrane potential. When the 
membrane is at rest, the cilia beat poste- 
riorly and the paramecia swim forward. 
When the membrane becomes depolar- 
ized, the cilia beat in a reversed direction 
(ciliary reversal) and the cell backs up 
(1). Recent experiments suggest that the 
ciliary membranes are the specific com- 
ponents which control the direction of 
ciliary beat because these membranes 
contain ion channels important in active 
depolarizations (2). A specific structure 

The behavior of paramecia is governed 
by the membrane potential. When the 
membrane is at rest, the cilia beat poste- 
riorly and the paramecia swim forward. 
When the membrane becomes depolar- 
ized, the cilia beat in a reversed direction 
(ciliary reversal) and the cell backs up 
(1). Recent experiments suggest that the 
ciliary membranes are the specific com- 
ponents which control the direction of 
ciliary beat because these membranes 
contain ion channels important in active 
depolarizations (2). A specific structure 

of the ciliary membrane, the intra- 
membranous plaque consisting of an or- 
dered matrix of membrane particles, is 
regularly found at the base of the cilia 
and may contain important sites for ion 
transport (3). One class of behavioral 
mutants in Paramecium, the paranoiacs, 
is characterized by long periods of con- 
tinuous ciliary reversal, hence greatly 
prolonged backward swimming, as an 
overreaction to sodium. Mutations at 
any of five loci can result in the para- 
noiac behavior (4). This behavior is cor- 
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