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REINFORCEMENT AND REPRODUCTIVE CHARACTER DISPLACEMENT IN
GASTROPHRYNE CAROLINENSIS AND G, OLIVACEA
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Abstract. - Tape-recorded advertisement calls of Gastrophryne carolinensis and G. olivacea, ob
tained in Texas and southern Louisiana, were analyzed by means ofan analogue audiospectrograph.
Samples were grouped into four areas: allopatric and sympatric for G. carolinensis, and combined
adjacent allopatric/shallow sympatric, and sympatric for G. olivacea. Three attributes of the ad
vertisement call (call duration, pulse rate, and dominant frequency) were investigated, with water
temperature at the calling site as the independent variable. Values for dominant frequency do not
overlap between species, across the full range of recording temperatures, and those of sympatric
G. carolinensisare displaced away from those ofboth groups ofG. olivacea (which are very similar)
thus indicating a pattern of geographic variation consistent with reproductive character displace
ment. There is considerable overlap in the values for duration and for pulse rate of each species
when considered alone, but there is only slight overlap of the scatters of points for the pairs of
values. For both species, no consistent patterns of correlation were detected between the three
attributes of the call and the snout-vent length of the emitter, thus reducing the likelihood that
the divergence in calls is due to pleiotropic effects of body size.

Key words. -Advertisement calls, acoustic communication, geographic variation, pleiotropic ef
fects, speciation, sympatric interactions.
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The two species ofnarrow-mouthed toads,
Gastrophryne carolinensis (Holbrook) and
G. olivacea (Hallowell), are widely distrib
uted in the central and southern United
States, with the mesic-adapted species, G.
carolinensis, occurring in the southeast, and
xeric-adapted species, G. olivacea, in the
southwest (Nelson, 1972a, 1972b, 1972c).
There is a zone of sympatry with a width
(east-west) of about 400 km, and a length
(north-south) of about 1,100 km (based on
maps presented by Nelson, I972b, 1972c)
in eastern Texas and eastern Oklahoma.
However, detailed surveys of geographic
limits to distribution are lacking; and given
the records of possible outliers of G. caro
linensis at two localities in Texas (Kerrville
and Brownsville, Nelson, I972b), these
maps should be treated as only providing a
general picture of the geographic ranges.

Blair (l955a) presented the first quanti
tative study of geographic variation in an

'Deceased, 11 June 1974.

acoustic attribute of an animal species,
namely the comparison of tape-recorded
advertisement calls (referred to as mating
calls) of males of G. carolinensis and G. oli
vacea in allopatric and sympatric popula
tions. This extensive geographical study in
cluded samples ofcalls from localities as far
apart as Arizona (G. olivaceai and northern
Florida (G. carolinensis), a distance ofmore
than 2,500 km. He studied two attributes
ofthe advertisement calls: call duration, and
the midpoint of the emphasized band of
frequencies. A comparison of the grouped
samples (Blair, 1955a; Fig. 4) indicated that
interspecific differences in midpoint fre
quency were greatest in those from sym
patry, particularly in G. olivacea, but ranges
of variation overlapped. Interspecific dif
ferentiation in call duration was less-marked
than in midpoint frequency. As the zone of
geographic overlap is now known to be much
wider than was assumed by Blair (1955a),
all of his samples of G. carolinensis from
"east of overlap" and most of those of G.
olivacea from "west of overlap" are prob-

896



G. CAROLINENSIS AND G. OLIVACEA: A REEXAMINAnON 897

ably from sympatry. (Compare the maps of
Nelson, I972b, 1972c with Fig. 1 of Blair,
1955a.)

Hybridization has been reported between
these two species, based on individuals of
intermediate morphology and call structure
(reviewed by Nelson, 1972a); but the fer
tility of the putative hybrids has not been
determined (Blair, 1955a). Furthermore,
laboratory evidence for viability and fertil
ity of artificially produced hybrids is incon
clusive (Blair, 1955a). Eight apparent hy
brids in a sample of 100 individuals recorded
in his zone of sympatry were identified by
Blair (1955a), on the basis ofvalues for both
attributes of the call falling between those
of the sympatric samples, although some
what closer to those of G. carolinensis. Blair
(1955a; p. 479) commented that: "The ar
gument for reinforcement of isolation
mechanisms through selection against hy
bridization is premised on the hybrids being
at a disadvantage in competition with the
parental types." It is clear from this quo
tation that Blair (1955a) was applying the
term "reinforcement" to a process (as a sub
set of natural selection) that operates to re
duce the likelihood of mistakes in mate
choice that result in lowered reproductive
success. That is to say, reinforcement leads
to the evolution of more efficient systems
of homogamy (Littlejohn, 1981, 1988).

Brown and Wilson (1956; p. 63) defined
character displacement as: " ... the situa
tion in which, when two species of animals
overlap geographically, the differences be
tween them are accentuated in the zone of
sympatry and weakened or lost entirely in
the parts of their ranges outside this zone."
Furthermore, they noted that: "Upon meet
ing, the two populations interact through
genetic reinforcement of species barriers
and/or ecological displacement in such a way
as to diverge further from one another where
they occur together" (Brown and Wilson,
1956; p. 63). Hence, they did not make a
clear distinction between the selective pro
cess, or processes, and the associated spatial
pattern. Furthermore, while identifying
"ecological [character] displacement," they
did not provide a term for what is now gen
erally called "reproductive character dis
placement." Contrary to Butlin (1989), and
to avoid further confusion, we follow Blair

(1955a) and apply "reinforcement" to the
selective processes that cause the accentu
ation of differences, and restrict the term
"reproductive character displacement" to
the pattern ofgeographic variation in which
differences in systems ofmate attraction and
choice are greater in sympatric populations
when compared with those in the allopatric
populations. The latter term is thus used
purely in a descriptive manner, and without
the invoking of any particular evolutionary
mechanism to explain the pattern of geo
graphic variation. It seems that there is no
comparable term, other than interspecific
competition, for the selective processes that
may account for ecological character dis
placement.

Blair (1955b) also found a clinal trend in
snout-vent length of sexually mature males
and females of G. carolinensis and G. oli
vacea, similar to that in call structure, and
suggested that the differences in size pos
sibly could act as an isolation mechanism.
He noted (Blair, 1955b; p. 301) that: "One
of these call characteristics, frequency,
probably is directly related to body size, for
smaller anurans of any given group tend to
have a higher pitched call than larger ones
ofthe same group. The other, length ofcall,
appears unrelated to size." On the basis of
these studies by Blair (1955a, 1955b), the
sympatric divergence in G. carolinensis and
G. olivacea was used as an example ofchar
acter displacement by Brown and Wilson
(1956).

Awbrey (1965) reanalyzed the tape re
cordings used by Blair (1955a) to extract
another attribute, pulse rate. For uncor
rected values within a water-temperature
range of24 to 26°C, he found that, although
there was a slight overlap in ranges ofvari
ation, there were greater interspecific dif
ferences between calls of sympatric (over
lap) populations when compared with those
of the adjacent allopatric populations (east
or west of overlap) (Awbrey, 1965; p. 46
and Fig. 18), thus giving further support to
the hypothesis of reinforcement.

Because ofthe state oftechnology ofmag
netic tape recording and acoustic analysis
at the time of this classical study by Blair
(1955a), these recordings of advertisement
calls of Gastrophryne may have been over
modulated and audiospectrograms over-
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TABLE I. Locations of recording sites and sizes of samples.

Sample Number Number
number recorded collected Species Locality

I 12 8 G.olivacea 12.9 and 16.1 km N of Kerrville, Texas
2 13 8 G. olivacea 4.8 km E of San Diego, Texas
3 17 14 G. olivacea 3.2 km E of Seguin, Texas
4 9 9 G. olivacea 4.8 km E of Liberty Hill, Texas
5 6 4 G. olivacea 12.6 km SE of Gatesville, Texas
6 8 7 G. olivacea 16.1 km NE of Taylor, Texas
7 13' 4 G. olivacea 4.8-20.9 km SE ofYictoria, Texas
8 10 0 G. carolinensis 16.1 km E of Placedo, Texas
9 20 15 G. olivacea 4.8 km N of Trinidad, Texas

10 II 9 G. olivacea 1.6 km S of North Zulch, Texas
II 2 I G. carolinensis 4.8 km S of Mineola, Texas
12 18 0 G. carolinensis 8.0 km NE of Huntsville, Texas
13 12 9 G.olivacea 6.4 km NE of Huntsville, Texas
14 4 0 G. carolinensis 24.1 km W of Rusk, Texas
15 5 I G. carolinensis 16.1 km E of Rusk, Texas
16 8 I G. carolinensis 4.8 and 12.9 km W of Grand Chenier, Louisiana
17 26' 171 G. carolinensis New Orleans (east side), Louisiana

I Sample size reduced by 1 for statistical analyses, because of exclusion of outlier. See text for explanation.

loaded, with resultant frequency distortion.
Blair (l955a) did not determine the corre
lation between body length and midpoint
frequency for individuals. In addition, the
water temperature apparently was not mea
sured at the calling site of each recorded
individual, and one temperature from the
surface of the pond was used for all record
ings obtained during one session at a local
ity.

Accordingly, it was decided to reinvesti
gate the patterns of geographic variation in
structure of advertisement calls of G. car
olinensis and G. olivacea to (1) minimize
the likelihood ofovermodulation during re
cording and spectrographic analysis; (2)
compare pulse rates as well as durations and
dominant frequencies; (3) measure the sur
face water temperatures at the calling site
of each recorded male so that more precise
regressions of call attributes against tem
perature could be carried out; and (4) collect
as many of the recorded males as possible
so that the correlations between call attri
butes and body size could be determined.

MATERIALS AND METHODS

Recordings were made at 17 localities in
Texas and Louisiana (Table 1, Fig. 1)during
the period 22 April to 1 June 1974. Seven
of the 10 samples of recordings of G. oli
vacea are from sites (Fig. 1, localities 1-7)
that are close to the presumed western
boundary ofthe zone ofsympatry (based on

maps presented by Nelson, 1972b, 1972c).
Because of the lack of detailed information
about the western limits of continuous dis
tribution of G. carolinensis, and the two lo
cality records ofthis species well to the west
of the border as plotted by Nelson (l972b),
it seems conservative to treat these samples
as neither allopatric nor sympatric; rather,
they have been combined into a category of
adjacent allopatry/shallow sympatry. The
remaining three samples of G. olivacea
clearly are from the area ofgeographic over-
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FIG. I. Map of the south-central United States
showing the locations of the recording sites and the
approximate area of the southern part of the zone of
sympatry between Gastrophryne carolinensis and G.
olivacea.
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lap, and have been grouped into the central
sympatric area (Fig. 1, localities 9, 10, and
13). Two allopatric samples of G. caroli
nensis were obtained in southern Louisiana,
about 120 km and 380 km from the eastern
edge of the zone of sympatry (Fig. I, local
ities 16 and 17). The remaining five samples
of this species are from sites well within the
zone of sympatry (Fig. I, localities 8, II,
12,14, and 15). One of the sympatric sam
ples of G. carolinensis (Table I, locality 12)
was obtained at a syntopic site (sensu Rivas,
1964), but the nearest recordings of G. oli
vacea are from 1.0 km away at locality 13
(Table 1).

An open-reel tape recorder (Nagra IIIB;
tape speed 19 em sec:") and a dynamic mi
crophone (American Microphone Compa
ny Type D33) were used to obtain the re
cordings, with low noise 40 #lm polyester
magnetic tape (Scotch Dynarange Type 202
or 211) as the recording medium. The re
cording-level indicator of the Nagra IIIB
tape recorder (modulometer) has an inte
gration time of 10 ms (manufacturer's spec
ification), thus reducing the likelihood of
overmodulation. Males of the two species
of Gastrophryne generally call while float
ing, and are assumed to be at thermal equi
librium with the adjacent water (see Fou
quette, 1980 for a discussion). Accordingly,
surface water temperatures were taken at
the calling sites ofrecorded frogs; and, where
possible, the specimens were collected after
several calls of each individual had been
recorded. Those recorded individuals that
were collected [20 (27.4%) of G. carolinen
sis; 87 (72.5%) of G. olivacea] were pre
served, and the body lengths (snout-vent)
determined to 0.1 mm. Tape recordings, re
corded specimens, and field notes are lodged
with the Museum ofZoology, University of
Michigan.

Descriptions ofthe advertisement calls of
each species, together with audiospectro
grams, are presented by Blair (1955a) and
Nelson (1972b, I972c). The species are very
similar in external morphology, and are
usually identified by the extent of pigmen
tation on the ventral surface (G. carolinen
sis-strongly pigmented and mottled; G.
olivacea-light and unmarked or virtually
so), although confusion may occur where
the ranges of the two species overlap (Co-

nant and Collins, 1991; p. 332). But it is
clear from the discussion by Nelson (197 2a;
p. 116) that difficulties may be experienced
in classifying preserved specimens, and in
recognizing hybrids. In our study, taxonom
ic identification of recorded individuals is
based on the structure of the advertisement
calls, a most reliable criterion for sympatric
species ofanurans (Littlejohn, 1969). As in
dicated by Blair (1955a), there is a large
difference in midpoints ofemphasized bands
of frequencies, with the mean value for G.
olivacea being 1,333 (±58) Hz higher than
that for G. carolinensis.

Our recordings were analyzed by means
of an analogue sound spectrograph (Kay
Elemetrics Model 7030A Vibralyzer), with
playback on a Nagra IV-L tape recorder
(specifications similar to those for the Nagra
IIIB tape recorder). Where it was necessary
to increase temporal resolution so that puls
es could be counted or where the duration
of a call exceeded 2.4 sec, the tapes were
replayed at 9.5 or 38.0 em sec:" respective
ly. The last clear (i.e., free of overlap with
calls of neighbors) and complete call in the
recorded sequence of an individual was an
alyzed (300 Hz filter setting) for determi
nation of call duration (to nearest 5 msec)
and pulse rate (based on the number of
pulses over 200 msec near the middle ofthe
call). The frequency of greatest amplitude
was considered to be the dominant fre
quency, and was determined (to the nearest
50 Hz) from an audiospectrographic section
(FL-I shape, 45 Hz filter setting) taken near
the middle of the call. If the energy was
evenly distributed over two or more peaks
(i.e., peaks differed by no more than 3 dB),
then the mean value was used as the dom
inant frequency for that call. These peaks
ofsimilar amplitude are presumed to be the
carrier frequency and adjacent sidebands.
See Watkins (1967) for a discussion of this
process.

Temporal and spectral calibrations of the
Vibralyzer were checked and found to be
within the manufacturer's specifications.
Variations in tape speed (for recording and
playback) are estimated to be less than
±0.5%, and the frequency responses of the
microphone and tape recorders are assumed
to be close to linear within the range of2,500
to 5,000 Hz. Statistical analyses were car-
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FIG. 2. Scattergram ofvalues for call duration plot
ted against water temperatures at the calling sites. Key
to symbols: Gastrophryne carolinensis-solid triangles
= allopatric sites, open triangles = sympatric sites; G.
olivacea-solid squares = allopatric/adjacent sympat
ric sites, open squares ~ sympatric sites.

Temperature (0C)

FIG. 3. Scattergram of values for pulse rate plotted
against water temperatures at the calling sites. Key to
symbols: Gastrophryne carolinensis-solid triangles =
allopatric sites, open triangles = sympatric sites; G.
olivacea-solid squares = allopatric/adjacent sympat
ric sites, open squares = sympatric sites.

(Blair, 1955a; Awbrey, 1965), namely calls
of 72 males of G. carolinensis from 7 lo
calities, and of 120 males ofG. olivacea from
10 localities (Table 1). Water temperatures
ranged from 22.0 to 31.5°C (mean = 27.01)
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FIG. 4. Scattergram of values for dominant fre
quency plotted against water temperatures at the calling
sites. Key to symbols: Gastrophryne carolinensis-sol
id triangles = allopatric sites, open triangles = sym
patric sites; G. olivacea-solid squares = allopatric/
adjacent sympatric sites, open squares = sympatric sites;
* = putative hybrid.
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ried out with SYSTAT, Version 5 (Systat,
Inc.).

RESULTS

As a first step in the analysis, all data for
each of the three call attributes (duration,
pulse rate, and dominant frequency) were
combined into scattergrams for each area
sample by plotting each attribute against
water temperature as the independent vari
able (Figs. 2-4). It was at this stage that two
outliers for dominant frequency became ap
parent. The first (dominant frequency =
4,850 Hz, duration = 738 msec, pulse rate
= 218 p sec"; water temperature = 27.2°C)
is in the sample from locality 17. As this
outlier is from the allopatric zone of G. car
olinensis, it is assumed to be an aberrant
individual rather than a hybrid, and was
excluded from further calculations. The
other call (dominant frequency = 3,600 Hz,
duration = 1,080 msec, pulse rate = 230 p
sec '. water temperature = 27.4°C) is from
an individual recorded at locality 7 within
the zone of sympatry, and may be from a
hybrid. Accordingly, this call is also ex
cluded from the statistical analyses. Thus,
other than these two exceptions, calls of all
recorded males could be assigned to either
taxon on the basis of dominant frequency
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TABLE 2. Results ofnested analyses of covariance for three attributes ofthe advertisement calls of Gastrophryne
carolinensis (N = 71) and G. olivacea (N = 105). For each species, temperature is the covariate, and locality is
nested within area. See the text for an explanation of the analytical procedure.

Area Locality Temperature

df= 1,5 df> 5, 63 df= 1,63
F= 0.707 F= 2.377 F= 5.596
P = 0.439 p= 0.049 p= 0.021

Species

G. carolinensis

G.olivacea

Attribute

Duration

Pulse rate

Dominant freq,

Duration

Pulse rate

Dominant freq.

df= 1,5
F= 20.536
P> 0.006

df= 1,8
F= 0.238
P> 0.639
df> 1,8
F= 1.619
p= 0.239
df= 1,8
F= 0.016
P> 0.903

df= 5, 63
F= 0.657
P = 0.657

df= 8, 94
F= 3.823
P = 0.001
df= 8, 94
F= 6.039
P= 0.000
df= 8, 94
F= 2,804
P= 0.008

df= 1,63
F= 2.518
P= 0.118

df= 1,94
F= 3.563
P= 0.062
df= 1,94
F= 189.146
P= 0.000
df= 1,94
F= 0.550
P = 0.460

Homogeneity of
slopes

df= 5, 58
F= 1.192
P= 0.325
df= 5, 58
F=4.215
P= 0.002
df= 5, 58
F = 1.047
P= 0.399

df= 7,87
F= 1.081
P= 0.382
df= 7, 87
F= 1.791
P= 0.099
df= 7, 87
F= 0.341
P= 0.933

for G. carolinensis, and from 19.8 to 31.8°C
(mean = 24.62) for G. olivacea.

For each species, the combined samples
were then subjected to nested analyses of
covariance, with temperature as the covari
ate, area as the grouping factor, and locality
nested within area. For the two area samples
ofeach species, only the data obtained over
similar ranges of water temperature (keep
ing to extreme values that differed by no
more than 1.0°C) were considered in the
analyses (an assumption of the analysis of
covariance). These temperature ranges were
reduced to 23.3 to 3lSC (mean = 27.08)
for G. carolinensis, and 20.3 to 28.0°C (mean
= 24.01) for G. olivacea. As a consequence,
sample sizes for areas were reduced by 15
for G. olivacea (locality 2 -6, locality 6 -1,
locality 7 -8) but only by one (locality 14)
for G. carolinensis (Table 1). To test for ho
mogeneity of slopes, the models were first
run with the interaction terms. They were
then run without the interaction terms for
all but the one that was significant (pulse
rate for G. carolinensis) (Table 2). There are
significant effects for localities nested within
areas for all attributes of the calls except
dominant frequency for G. carolinensis (P
= 0.657, Table 2). In this case, the effect of
area is highly significant (P = 0.006, Table
2).

Linear regression analyses ofeach call at
tribute for each complete area sample were
then carried out, with temperature as the
independent variable (Table 3). Where the
slopes were significant, the data for domi
nant frequency, the only attribute for which
the effect of area is significant (Table 2),
were adjusted to 25.0°C, a temperature that
is close to the grand mean for both species
(25.52°C), and the same as that used by Blair
(1955a). The temperature-adjusted data are
presented as box plots (McGill et al., 1978)
in Figure 5. To display the detailed pattern
of geographic variation in dominant fre
quency for G. carolinensis, box plots are
presented for each locality (Fig. 6).

To assess the utility of the temporal at
tributes, duration and pulse rate, as an al
ternative means oftaxonomic diagnosis, the
paired uncorrected values for each individ
ual recorded within similar ranges of water
temperature for both species (keeping to ex
treme values that differed by no more than
1.0°C) of 21.0 to 31.8°C were plotted (Fig.
7). The slight overlap between species in the
distributions of these coordinates is ac
counted for by three points: one from the
allopatric sample ofG. carolinensis, and one
from each of the allopatric/shallow sym
patric and deep sympatric samples of G.
olivacea (Fig. 7).
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TABLE 3. Results of linear regression analyses of three attributes of the advertisement calls of Gastrophryne
carolinensis and G. olivacea against water temperature at the recording site as the independent variable. For
each species, the data have been separated into two geographic areas: allopatry and sympatry for G. carolinensis,
and allopatry/adjacent sympatry and sympatry for G. olivacea. Explanation ofabbreviations: N = size ofsample;
b = regression coefficient; P = significance of slope; r2 = coefficient of determination; dom. freq. = dominant
frequency.

Species

G. carolinensis

G.olivacea

Area N Attribute of call b P ,.2

Allopatry 33 Duration -91.165 0.001 0.306
Pulse rate 5.888 <0.001 0.747
Dom. freq. 14.485 0.451 0.QI8

Sympatry 39 Duration -35.517 0.054 0.097
Pulse rate 4.201 <0.001 0.526
Dom. freq. 18.116 0.189 0.046

Allopatry/ 77 Duration -140.379 <0.001 0.516
adjacent Pulse rate 10.97 <0.001 0.953
sympatry Dom. freq. 19.050 0.001 0.130

Sympatry 43 Duration -123.996 0.005 0.175
Pulse rate 10.488 <0.001 0.814
Dom. freq. -5.499 0.592 0.007

Locality

FIG. 6. Box plots ofvalues for dominant frequency
ofadvertisement calls of Gastrophryne carolinensis for
all locality samples. See Figure 5 for an explanation of
the box plots. Sizes of samples are indicated above
each box.

snout-vent lengths were obtained (Table 4).
Samples sizes were large enough to allow
separate treatments ofthe two area samples
of G. olivacea. There were, however, only
sufficient data (N = 17) to allow analysis of
the allopatric populations of G. carolinensis
(only two of the recorded sympatric indi
viduals were collected) (Table I). As the
means for the two area samples of G. oli
vacea do not differ significantly (t = 0.771,

n=25
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Twenty males of G. carolinensis (one of
which was subsequently discarded because
ofthe exceptional dominant frequency-see
above) and 87 of G. olivacea were collected
after their calls had been recorded, and their

FIG. 5. Box plots ofvalues for dominant frequency
ofadvertisement calls of Gastrophryne carolinensis and
G. olivacea, adjusted where appropriate (Table 3) to a
water temperature of25.0·C, for the four area samples.
Five values are presented: the upper and lower ex
tremes (whiskers-vertical lines), the upper and lower
quartiles (hinges-the ends of each box), and the me
dian (horizontal line inside the box); outliers are in
dicated by asterisks. See McGill et al. (1978) for more
information.
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o

Pulse Rate (pulses S·1)

FIG. 7. Scattergram of points for paired values for
duration and pulse rate. Key to symbols: Gastrophryne
carolinensis (N = 72)- solid triangles = allopatric sites,
open triangles = sympatric sites; G. o/ivacea (N = 115)
solid squares = allopatric/adjacent sympatric sites, open
squares = sympatric sites.

DISCUSSION

With the exception ofthe two individuals
considered in the Results, the ranges ofvari
ation in the values for dominant frequency
of each species do not overlap; rather, they
are separated by a considerable gap (Fig. 4).
This separation, which holds at all recording
temperatures and for both allopatric and
sympatric samples, is in contrast to the
overlapping distributions of the samples
from overlap, and east and west of overlap,
depicted by Blair (195 5a; Fig. 3 - about 200
Hz; Fig. 4-about 900 Hz). Although the
ranges of variation of each of the two tem
poral attributes, duration and pulse rate,
when separately plotted against water tem
perature, overlap extensively between spe
cies (Figs. 2 and 3), there is very little over
lap ofthe scatters ofpoints for the combined
values (Fig. 7). This separation may thus
provide an additional acoustic character for
the identification of parental and hybrid
males. For each species, however, the scat
ter of points for each area sample are very
similar, and, in contrast to the findings of
Awbrey (1965), do not provide further ev
idence of reproductive character displace
ment.

The results of the nested analysis of co
variance (Table 2) indicate that there is di
vergent character displacement in domi
nant frequency in G. carolinensis. The
displacement in dominant frequency is most
striking, and is unexpected, given that there
is no overlap between species of values in
either sympatric or allopatric samples ofthe
two species (Figs. 4 and 5). In contrast, Blair
(195 5a) found displacement of dominant
frequency only in G. olivacea. But this ear-

r2 = 0.096; dominant frequency: r2 = 0.102)
in the combined allopatric/adjacent sym
patric sample of G. olivacea (Table 5).
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P = 0.443, df= 85), the samples were pooled
(mean = 26.20 mm, standard deviation =
1.72). The combined mean for G. olivacea
was then compared with the mean for the
allopatric sample of G. carolinensis (mean
= 28.55, Table 4), and found to be highly
significantly different (t = 4.993, P < 0.001,
df = 102). Multiple linear regression anal
yses were carried out, with temperature and
body length as the independent variables,
and the three attributes of the call as the
dependent variables. To determine the
strength of the associations, partial corre
lation coefficients, with the effects of tem
perature held constant, were then calculat
ed. Significant associations between body
length and a call attribute were found for
pulse rate (r2 = 0.588) in the allopatric pop
ulation of G. carolinensis, and for all three
attributes (duration: r2 = 0.276; pulse rate:

TABLE 4. Sample sizes (N), means, standard deviations (SD), and ranges of snout-vent lengths (mm) of males
of Gastrophryne carolinensis and G. olivacea, collected after their advertisement calls had been recorded.

Species Area N Mean SD Range

G. caro/inensis Allopatry 17 28.55 2.08 24.9-32.0
Sympatry 2 33.00 32.6-33.4

G. olivacea Allopatry/adjacent 54 26.31 1.88 23.0-30.8
sympatry

Sympatry 33 26.02 1.41 23.4-29.7
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lier comparison was based on the assump
tion of a much narrower zone of sympatry.
Given that the area ofoverlap ofgeographic
ranges is much greater than that considered
by Blair (1955a) (Fig. 1), his samples from
east and west of overlap are probably sym
patrie, and his results may not be inconsis
tent with the present findings. The box plots
for dominant frequency in the separate lo
cality samples ofcalls of G. carolinensis (Fig.
6) suggest that there is a stepped, rather than
smooth, cline between allopatry and sym
patry. Such an indication is consistent with
the explanation based on reinforcement in
the calls of G. carolinensis as a consequence
of an acoustic interaction with the adver
tisement calls ofG. olivacea. Gerhardt (1988)
has reviewed the significance of spectral
components of advertisement calls in mate
choice in anurans.

Awbrey (1965) carried out a series ofdis
crimination tests in the laboratory, using
repeated tape-recorded natural advertise
ment calls from sympatric localities, and
replayed through loudspeakers, as the stim
uli. He used one call from each of three
individuals of G. olivacea (our designation,
A: duration = 3.2 sec, pulse rate = 156 p
sec:", dominant frequency = 3,800 Hz; B:
2.2 sec, 188 p sec:", 4,000 Hz; C: 2.9 sec,
235 p sec:", 4,400 Hz), one individual ofG.
carolinensis (1.8 sec, 150 p sec', 2,800 Hz),
and one putative hybrid (1.8 sec, 196 p sec:",
3,500 Hz). Reproductively ripe females of
G. olivacea, from several localities within
the broader zone of sympatry as now rec
ognized, were the subjects. His experiments
were complicated by the repeated testing of
females, and by use of the calls of three
males of G. olivacea that differed in dura
tion, pulse rate and dominant frequency, so
that the significance of the latter attribute
in interspecific discrimination cannot be de
termined. Even so, his results indicate ef
fective call discrimination and positive
phonotaxis to the conspecific call by sym
patrie females of G. olivacea. The phono
tactic responses by females when the hybrid
call and each of the three conspecific calls
were used as the stimuli (in separate exper
iments) suggest that discrimination may be
possible only when there is sufficient differ
ence in dominant frequency (i.e., 900 Hz,
rather than 300 to 500 Hz). The temporal

differentiation (resulting from the combi
nation of duration and pulse rate) (Fig. 7)
may complement the spectral differences in
dominant frequency in enabling selective
phonotaxis by breeding females. Clearly,
further research into phonotaxis and dis
crimination should be carried out, given the
results ofthese interesting preliminary stud
ies,

Our failure to detect any significant hy
bridization [only one possible case in a min
imum of83 definitely sympatric individuals
(1.2%), whereas Blair (1955a) reported eight
assumed hybrids (8.0%) in a sample of 100
individuals recorded in sympatry] is of in
terest. No explanation for the difference in
results can be given at present. Even where
genetic compatibility is present, and fertile
hybrids survive to maturity under labora
tory conditions, the intermediacy of eco
logical adaptation could lead to the pre
mature elimination ofthe hybrids in natural
systems through competitive interactions
with parental individuals (Littlejohn, 1981).
Divergence in dominant frequencies could
also result solely from the enhancement of
efficiency of acoustic communication (Lit
tlejohn, 1977, 1988), especially where the
auditory pathways of the receivers are
broadly tuned (Narins and Zelick, 1988).

Volpe (1957) questioned the interpreta
tions of Blair (1955a, 1955b) of reinforce
ment as the selective mechanism on two
bases: (1) "Critical evidence is lacking that
the hybrids are less viable, less fertile, or
less well adapted than the parental types.
Moreover, the frequency of hybridization
may be so low as to preclude the operation
of selection" (p. 366); and (2) "A simpler
and more plausible interpretation is that the
clines demonstrated by W. F. Blair are due
to local differences in selection in the range
ofeach species, possibly correlated with en
vironmental gradients.... The two species,
differing in their habitat requirements, most
likely compete with each other for suitable
ecological niches. Ifdifferences in body size
and mating call, by themselves or associated
with other characters, tend to reduce com
petition between the two species, then se
lection acting on the total population may
augment the differences" (p. 367). Hence,
the clines could have resulted from selective
processes other than direct interspecific in-



G. CAROLINENSIS AND G. OLIVACEA: A REEXAMINATION 905

TABLE 5. Values for probability (P) ofthe significance ofslopes resulting from multiple linear regression analyses
of three attributes of the advertisement calls of Gastrophryne carolinensis and G. olivacea against the variables,
water temperature at the calling site and the snout-vent length of the emitter. Partial correlation coefficients (r)
for the association of call attribute and snout-vent (s-v) length when the effect of temperature is held constant
are also presented. N = size of sample; dom. freq. = dominant frequency.

Temperature Length (s-v) Partial carrel.
Species Area N Attribute of call (P) (P) coeff (r)

G. carolinensis Allopatry 17 Duration 0.026 0.056 0.486
Pulse rate <0.001 0.001 -0.767
Dom. freq. 0.293 0.194 -0.343

G.olivacea Allopatry/adjacent 54 Duration <0.001 <0.001 0.525
sympatry Pulse rate <0.001 0.024 -0.310

Dom. freq. 0.014 0.019 -0.320
Syrnpatry 33 Duration 0.013 0.384 0.159

Pulse rate <0.001 0.107 -0.291
Dom. freq. 0.386 0.395 0.156

teractions involving choice of mates, and
were perhaps incidental, pleiotropic effects.

We found no consistent pattern of cor
relation between body size, as reflected in
snout-vent length, and the three attributes
of the advertisement call (Table 5). Thus,
our results do not support the suggestion of
Volpe (1957) that indirect (pleiotropic) ef
fects of changes in body size and propor
tions in response to environmental gradi
ents, rather than reinforcement, may provide
an adequate explanation for the geographic
variation in dominant frequency. More in
formation is required, however, on other
morphological measurements, such as head
width and volume of the vocal sac, before
any firm conclusions can be reached. While
differences in terrestrial vegetation could be
of importance as an environmental factor
affecting the evolution oflong-range acous
tic signals (Nevo and Capranica, 1985; Ryan,
1988), the significance of differences in the
adjacent emergent aquatic vegetation in the
close-range acoustic environments of spe
cies that call and mate while floating has yet
to be determined.

This interaction between G. carolinensis
and G. olivacea remains one of great sig
nificance, both historically and in the pres
ent context of dispute over the significance
of reproductive character displacement and
reinforcement in speciation (Budin, 1987,
1989; Paterson, 1985). The situation clearly
warrants further precise, detailed and geo
graphically extensive studies, particularly
(1) detailed and accurate mapping of the
geographic distributions of the two species,

together with an assessment ofthe extent of
synchronous syntopy, to determine the ex
tent and limits of sympatry; (2) procure
ment of samples of recordings of advertise
ment calls from remote and contiguous
allopatric populations of each species; (3)
comprehensive analyses of correlations be
tween structure of the calls and morpholog
ical attributes of the emitters; (4) determi
nation of the characteristics of the auditory
pathway of females, particularly frequency
resolution; (5) description of vegetation at
calling sites and other aspects ofthe acoustic
environment, and assessment ofpossible ef
fects ofthese environmental components on
the evolution of acoustic signals; (6) com
parative studies of reproductive behavior,
including chorus structure and territorial in
teractions in syntopy, allotopy, and allop
atry, and the phonotactic behavior ofbreed
ing females; and (7) determination of the
occurrence, viability and fertility ofhybrids.
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