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Evidence of convergent character displacement in release
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Anuran release vocalizations prevent prolonged amplexus of males by conspecific and heterospecific
males, whereas advertisement vocalizations potentially act as a premating isolation mechanism. Selection
favouring prompt release during heterospecific amplexus should result in convergent character displace-
ment in release vocalizations. Conversely, selection should produce divergent character displacement in
advertisement vocalizations. I examined call properties important to mate recognition from release and
advertisement vocalizations of allopatric and sympatric populations of Bufo fowleri and B. terrestris to
determine whether the two calls exhibit opposing patterns of character displacement. Results indicated
convergent character displacement in the periodicity of release vocalizations (a measure equal to the
inverse of pulse rate and an estimate of release vibration rate). The periodicity of advertisement
vocalizations was significantly displaced from the allopatric character state resulting in greater divergence
in sympatry. However, this parameter was already largely divergent in allopatry and, therefore, results
were not consistent with the pattern expected for divergent character displacement. The dominant
frequency of sympatric advertisement vocalizations was not significantly displaced from allopatry.
Results for advertisement vocalizations provided evidence that convergence of release vocalizations was
not the result of hybridization. There was no evidence that clinal variation accounted for displacement of
call characteristics. Convergent character displacement in the periodicity of release vocalizations may
facilitate interspecific communication during heterospecific amplexus, whereas divergent advertisement

vocalizations of Bufo fowleri and Bufo terrestris (Anura; Bufonidae)

vocalizations promote species isolation.

Grant (1972) defined character displacement as ‘the
process by which a character state of a species changes
under natural selection arising from the presence, in the
same environment, of one or more species similar to
it ecologically and/or reproductively’. To clarify the
direction and outcome of such selection, the terms ‘diver-
gent character displacement’ and ‘convergent character
displacement’ were proposed (Grant 1972).

Divergent character displacement of male courtship
behaviours that serve as premating isolation mechanisms
has been documented in a wide variety of organisms (see
Grant 1972; Waage 1979; Butlin 1989; Howard 1993;
Hostert 1997), mostly involving advertisement vocaliz-
ations of frogs (Gerhardt 1994a). Accentuated differences
of premating isolation mechanisms in zones of sympatry
ultimately reinforce prezygotic barriers thereby reducing
hybridization (Dobzhansky 1937, 1940; W. F. Blair 1955;
Brown & Wilson 1956). Conversely, depending upon
the social context and function of species signals, the
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character states of sympatric species may be selected to
converge (see reviews by Moynihan 1968; Cody 1969,
1970, 1973; Cody & Brown 1970; Grant 1972; Vadas
1990; Scott & Foster 2000). Convergent character dis-
placement is not as well documented as the former (Grant
1972; Vadas 1990; Scott & Foster 2000), but has been
reported in visual cues and vocalizations used by birds to
defend territories (Cody 1969, 1970, 1973; Cody & Brown
1970; Rice 1978). Greater similarity between territorial
signals among syntopic species presumably facilitates
interspecific communication during heterospecific bouts
(Cody 1969, 1970, 1973; Cody & Brown 1970).
Advertisement and release vocalizations of anurans
(frogs and toads) differ in function and are potentially
subject to opposing patterns of character displacement.
Male advertisement vocalizations serve to attract con-
specific females and often act as a premating isolation
mechanism where two or more ecologically similar
species coexist (Blair 1974; Gerhardt 1994b). Reinforce-
ment (divergent character displacement) of the signal in
zones of sympatry is well documented for several anuran
species (e.g. W. F. Blair 1955, 1974; Littlejohn 1965;
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Fouquette 1975; Loftus-Hills & Littlejohn 1992). Release
vocalizations, on the other hand, are produced by male
anurans in response to male mating attempts (Aronson
1944; Blair 1947; Bogert 1960; Brown & Littlejohn 1972).
Production of release calls by an amplexed male signals
an amplexing conspecific or heterospecific male to dis-
mount (Aronson 1944; Blair 1947; Bogert 1960; Brown &
Littlejohn 1972). Calls that are not effective result in
prolonged amplexus of two males (e.g. Blair 1947;
Sullivan & Wagner 1988). Rapid release of an amplexing
male would be advantageous in conserving energy,
preventing gametic wastage, reducing exposure to pre-
dation, and providing more time available for breeding
opportunities (Blair 1968). Therefore, release vocaliz-
ations should be under selective pressure to converge in
areas of sympatry (Rand 1988).

This study examines the advertisement and release
vocalizations of males in allopatric and sympatric popu-
lations of Bufo fowleri and B. terrestris under the premise
that these two signals should exhibit divergent and con-
vergent character displacement, respectively. Although
numerous studies have demonstrated divergent character
displacement of anuran advertisement vocalizations
(W. F. Blair 1955, 1974; Littlejohn 1965; Fouquette 1975;
Loftus-Hills & Littlejohn 1992), convergent character dis-
placement in anuran release vocalizations has not been
investigated.

Bufo fowleri and B. terrestris belong to an assemblage of
10 closely related bufonids (the ‘Bufo americanus group’:
Blair 1963a, b, 1972a, b; Sullivan et al. 1996; Gergus et al.
1997). Isolating mechanisms among sympatric members
of this group, including structural and temporal prefer-
ences in breeding sites, call discrimination, morphologi-
cal differences and chemoreceptory cues, are apparently
insufficient in preventing genetic exchange between
species (A. P. Blair 1941, 1942, 1955; Volpe 1952,
1959; Cory & Manion 195S5; Blair 1956, 1958, 1972a, b;
Mount 1975). However, experimental crosses between
B. fowleri and B. terrestris indicate that hybrids show
higher levels of embryonic abnormality and mortality
than crosses between other members within the group
(Blair 1963b, 1972b).

Numerous studies have established that female prefer-
ence within the B. americanus group is based upon the
dominant frequency and periodicity of male advertise-
ment vocalizations (Blair 1956, 1958; Sullivan 1982,
1992; Sullivan & Leek 1987; Gerhardt 1988; Howard &
Palmer 1995; Howard & Young 1998). I focus on these
two call parameters to test for divergent character dis-
placement of advertisement vocalizations. Release calls
consist of a release chirp (acoustic component)
accompanied by muscular vibrations of the flanks (mech-
anical component) (Aronson 1944; Blair 1947; Bogert
1960; Brown & Littlejohn 1972). Aronson (1944) and
Blair (1947) determined that the mechanical component
of the release signal is of primary importance for initiat-
ing dismount among males within the B.americanus
group. Release vibrations characteristically accompany
release vocalizations and are directly responsible for the
periodicity (a measure equal to the inverse of the pulse
rate, see Gerhardt & Davis 1988) of the vocalization

(Martin 1971, 1972). I test for convergent character dis-
placement of release vibration rates by measuring the
periodicity from release vocalizations.

METHODS

Distinct allopatric and sympatric populations exist for
B. fowleri and B. terrestris. Bufo terrestris is allopatric
to B. fowleri throughout most of Florida, U.S.A. but is
sympatric with B. fowleri in the northwestern-most pan-
handle and the zone of overlap with B. fowleri extends
throughout southern Alabama, U.S.A. (Mount 1975;
Conant & Collins 1991; Fig. 1). Bufo fowleri is allopatric to
other members of the B. americanus group throughout a
narrow zone in central Alabama extending along the Fall
Line Hills (Mount 1975; Fig. 1).

I recorded 188 release vocalizations and 108 advertise-
ment vocalizations from B.fowleri and B. terrestris in
1994, 1995 and 1996 (Table 1, Fig. 1). To evoke release
calls I grasped male toads behind the forelimbs and held
them within 20 mm of a microphone and recorded one to
five vocalizations (Leary 1999). I obtained recordings of
advertisement vocalizations by placing a microphone
within 30 cm of advertising males. Vocalizations were
recorded in the field using a Uher 4000 Report IC open-
reel recorder (recording speed 19 cm/s), Ampex 631 1.5
MIL polyester 6.35-mm magnetic tape and a Uher (Model
M136) Dynamic Microphone. I recorded substrate tem-
perature where males produced advertisement calls to
the nearest 1.0°C by placing a quick-read thermometer
immediately adjacent to advertising toads. Substrate tem-
peratures were also recorded near individuals prior to
grasping to evoke release calls. Release calls were recorded
immediately upon capture to minimize temperature
effects associated with handling. Temperatures were used
to test for effects on vocal parameters (see Zweifel 1968;
Brown & Littlejohn 1972).

I measured dominant frequency and periodicity from
spectrograms and waveforms of advertisement vocal-
izations and periodicity from waveforms of release
vocalizations using Canary 1.1.1, Cornell Bioacoustics
Workstation software (settings: frame length 256 points,
time 5.752 ms, 50% overlap, fast Fourier transform size
256 points, Hamming filter and amplitude logarithmic). I
measured dominant frequency of advertisement calls at
the midpoint of the dominant frequency band to the
nearest 0.1 kHz. I calculated periodicity (used here also to
reflect release vibration rate, see Martin 1971, 1972) by
measuring the interval between the onset of rise in
amplitude in successive pulses to the nearest 1.0 ms (a
measure equal to the inverse of the pulse rate, see
Gerhardt & Davis 1988). A single pulse was defined as any
amplitude modulation where the depth of amplitude fell
to 50% or less before the onset of a subsequent pulse.

I measured periodicity of release vocalizations from
the first, middle (one of two middle chirps for even-
numbered chirp vocalizations) and last release chirp. I
then averaged the measures of the three chirps for each
vocalization. I measured periodicity of advertisement
vocalizations in a similar manner but calculated it from a
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Figure 1. Distribution of Bufo fowleri and B. terrestris in Alabama, Georgia and Florida, U.S.A. (Mount 1975; Conant & Collins 1991).
Populations are designated with numbers that correspond to sample localities in Table 1.

middle 192-ms segment of the call (the largest segment
that allowed clear resolution of pulse rate).

Statistical analyses were performed utilizing JMP IN
version 3.0 (SAS Institute, Cary, North Carolina, U.S.A.).

RESULTS

Release Vocalizations

I subjected mean periodicity for the combined popu-
lations of each species to nested analyses of covariance
to determine whether call attributes were significantly
displaced from the allopatric character state. I assigned
temperature as the covariate, location (allopatry and
sympatry) as the grouping factor, and nested population
within location. Recording temperatures ranged from 16
to 24°C for allopatric B. fowleri, 21 to 27°C for allopatric
B. terrestris, 21 to 27°C for sympatric B. fowleri, and 19 to
26°C for sympatric B. terrestris. To test for homogeneity of
slopes between locations for the effects of temperature on
periodicity of release calls, I first ran the models with
locality and temperature as interaction terms. No signifi-
cant differences in slopes were found (NS; Table 2). I then
ran the models without interaction terms (Table 2). There
was no significant effect for population nested within
area (NS; Table 2). The effect of location was significant
for the periodicity of B. terrestris (P=0.04; Table 2).

I then conducted linear regression analyses of the
periodicity for each species in allopatry and sympatry
with temperature as the independent variable (Table 3).
I adjusted periodicity to the grand mean sample
temperature of both species (23°C) (see Appendix).

Temperature-adjusted data for each locality are
presented in box plots to show convergent character
displacement in the periodicity of release calls (Fig. 2).
Quartile distributions for this parameter did not overlap
in allopatry. However, displacement from the allopatric
character state resulted in greater similarity (overlap) of
the calls in sympatry (Fig. 2). Displacement was unilateral
(i.e. only the periodicity of B. terrestris was significantly
displaced from the allopatric character state; see Grant
1972).

To test whether clinal variation accounted for displace-
ment of release vocalizations, I regressed the periodicity
for allopatric populations of B. terrestris against latitude
(see Benedix & Howard 1991). There was no evidence of
a significant latitudinal trend (b=0.224, N=38, P=0.2,
*=0.033).

Advertisement Vocalizations

Recording temperatures for advertisement vocaliz-
ations ranged from 22 to 24°C for sympatric B. fowleri, 20
to 22°C for sympatric B. terrestris, and 16 to 24°C for
allopatric B. fowleri. Allopatric males of B. terrestris were
all recorded at 21°C. Only the periodicity for calls of
allopatric B. fowleri was adjusted for the effects of tem-
perature (b=—0.263, N=38, P<0.0001, r*=0.471). The
dominant frequency of allopatric B. fowleri was not sig-
nificantly affected by temperature (b=0.008, N=38,
P=0.1, *=0.049) and was not adjusted. Recording tem-
peratures for other localities deviated no more than 2°C
from the grand mean recording temperature of 23°C and,
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Table 1. Locations of recording sites and sample sizes (number of individuals recorded) for release vocalizations (R) and advertisement
vocalizations (A) of B. terrestris and B. fowleri in allopatry and in sympatry

Sample size
Population  Species R A Condition Locality (~latitude and longitude)
1 B. terrestris 8 Allopatric  Miami, Dade Co., FL (25°37°23”N, 080°2417"W)
2 B. terrestris 10 11 Allopatric Tampa, Hillsborough Co., FL (28°0119”N, 082°25'26"W)
3 B. terrestris 9 Allopatric  Ocala National Forest, Marion Co., FL (29°10°00”N, 081°47'30”"W)
4 B. terrestris 11 Allopatric  Tallahassee, Leon Co., FL (30°27°00”N, 084°2130"W)
5 B. fowleri 9 9  Allopatric 0.4 km E of Co. Rd 054 on Co. Rd 433, Auburn, Lee Co., AL (32°32'55"N,
085°25'50"W)
6 B. fowleri 5 8  Allopatric 1.2 km E of Co. Rds 137 and 152 junction, Auburn, Lee Co., AL (32°34'45"N,
085°3150"W)
7 B. fowleri 11 7  Allopatric 0.8 km N of Co. Rd 137 on Co. Rd 053, Auburn, Lee Co., AL (32°35’30”N,
085°30’50"W)
8 B. fowleri 7 12 Allopatric 3.2 km E of State Highway 147 on Glenn Ave, Auburn, Lee Co., AL
(32°36’15”N, 085°2645"W)
9 B. fowleri 9 2 Allopatric 4.8 km NW of State Highway 147 on U.S. 280, Auburn, Lee Co., AL
(32°41745”N, 085°31'10"W)
10 B. terrestris 10 Sympatric  Conecuh National Forest, Covington Co., AL (31°07’35”N, 086°45’10”"W)
11 B. terrestris 7 Sympatric  Eufaula National Wildlife Refuge, Barbour Co., AL (31°59°03”N, 085°04'55”W)
12 B. terrestris 4 Sympatric  Junction U.S. Highway 431 and State Highway 169, Russell Co., AL
(32°17’50”N, 085°10°00"W)
13 B. terrestris 11 Sympatric  Tuskegee Lake, Macon Co., AL (32°25’36”N, 085°40'48"W)
14 B. terrestris 21 14  Sympatric Tuskegee National Forest, Macon Co., AL (32°26’30”N, 085°38"10"W)
15 B. fowleri 7 Sympatric  Junction U.S. Highway 431 and State Highway 169, Russell Co., AL
(32°17’50”N, 085°10°00"W)
16 B. fowleri 17 19  Sympatric Tuskegee Lake, Macon Co., AL (32°25’36”N, 085°40°48"W)
17 B. fowleri 17 6  Sympatric Tuskegee National Forest, Macon Co., AL (32°25’50”N, 085°39'30"W)
18 B. fowleri 6 11 Sympatric Uphapee Creek, Macon Co., AL (32°26’30”N, 085°38"10"W)
19 B. fowleri 9 9  Sympatric U.S. Highway 29 at Lee and Macon Co. border, AL (32°30°45”N,
085°31'35"W)

Populations are arranged from the southern-most to the northern-most allopatric/sympatric population and correspond with designated

numbered localities in Fig. 1.

Table 2. Results of nested analyses of covariance for the periodicity of release calls for Bufo fowleri (N=97) and

B. terrestris (N=91)

Homogeneity
Species Location Population Temperature of slopes
B. fowleri F1,6=0.830 Fg,86=1.055 Fi,86=0.172 F1,§5=0.003
P=0.3 P=0.4 P=0.6 P=0.9
B. terrestris Fy 7=4.669 F;81=1.505 Fi81=1.871 Fi 80=0.497
P=0.04 P=0.1 P=0.1 P=0.4

Temperature is the covariate and population is nested within location. See text for analytical procedure.

therefore, were not adjusted for temperature effects (see
Appendix).

Nested analyses of variance, using the temperature-
adjusted data where appropriate, indicated that there
were significant effects for populations nested within
location (allopatry and sympatry) for the dominant
frequency and periodicity of B.fowleri advertisement
calls (P<0.02; Table 4). However, the effect of location was
not significant (NS; Table 4). Analysis of variance indi-
cated that the dominant frequency was not significantly
displaced from the allopatric character state for calls of
B. terrestris (F, ,3=0.763, N=25, P=0.4) while the period-
icity for calls of sympatric B. terrestris was significantly
displaced from those of conspecific males in allopatry
(F,23=6.61, N=25, P=0.02). Box plots revealed that

displacement resulted in greater divergence in the period-
icity of the calls in sympatry (Fig. 3). However, calls
were already divergent in allopatry (Fig. 3). Therefore,
results were not consistent with the pattern expected for
divergent character displacement (see Grant 1972).

DISCUSSION

Blair (1962) provided evidence that the periodicity of
advertisement vocalizations for B. fowleri and B. terrestris
is subject to divergent character displacement. However,
he did not examine allopatric and sympatric populations
of B.fowleri and vocalizations were not adjusted for
temperature effects. Although my results indicate that
sympatric B. terrestris and B. fowleri show a greater degree



Table 3. Results of linear regression analyses for the periodicity of
release calls of Bufo fowleri and B. terrestris with temperature as the
independent variable

Species Locality N b P r

B. fowleri Allopatry 41 -0.472 0.03 0.104
Sympatry 56 -0.556 0.4 0.014

B. terrestris ~ Allopatry 38 -0.652 0.0001 0.357
Sympatry 53  -0.639 0.01 0.11

Species are divided into allopatric and sympatric populations with
sample size (N), regression coefficient (b), significance of slope (P)
and the coefficient of determination ().
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Figure 2. Box plots of the periodicity of release vocalizations
adjusted for temperature for B. fowleri and B. terrestris in allopatry
and sympatry showing convergent character displacement. See
McGill et al. (1978) for information on box plots.

Table 4. Results of nested analyses of variance for the dominant
frequency and periodicity of advertisement vocalizations for Bufo
fowleri (N=83)

Call parameter Location Population

Dominantfrequency F,7=0.019 F; 74=2.500
P=0.8 P=0.02

Periodicity F, ,=0.0003 F; 74=3.329

P=0.9 P=0.004

Population is nested within location (allopatry and sympatry) and
temperature-adjusted data are used for the periodicity of allopatric
B. fowleri (see text).

of divergence in the periodicity of advertisement vocaliz-
ations than allopatric populations, displacement should
not be considered biologically significant for species iso-
lation. This is because a greater than two-fold difference
in the mean periodicity of advertisement vocalizations
already exists in allopatry (7.3 ms for B. fowleri versus
16.8 ms for B. terrestris), and an average 1.5-ms increase
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Figure 3. Box plots of the periodicity of advertisement vocalizations
adjusted for temperature where appropriate (see text) for B. fowleri
and B. terrestris in allopatry and sympatry. Plots show displacement
in allopatry and sympatry for B. terrestris. Displacement results in
greater divergence of the calls in sympatry. See McGill et al. (1978)
for information on box plots.

(divergence) of the periodicity in sympatry (7.2 ms for
B. fowleri versus 18.3 ms for B. terrestris) is not likely
to contribute significantly to the effectiveness of
advertisement vocalizations as an isolating mechanism.

Box plots revealed that the quartile distributions for
the periodicity of release vocalizations of B. fowleri and
B. terrestris do not overlap in allopatry but do overlap in
sympatry. Therefore, results are consistent with conver-
gent character displacement. Investigations by Blair
(1947) provide strong evidence that differences in the
vibratory rates (periodicity) have a significant effect on
the speed at which amplexing males dismount. Blair
recorded the duration of amplexus among heterospecific
and conspecific amplexed toads and determined that
those species with the greatest divergence in release
vibration rates spent the greatest time in amplexus. Field
observations corroborate these results (Sullivan & Wagner
1988). Because of the nondiscriminating amplectic
behaviour of male B. fowleri and B. terrestris (Volpe 1959;
personal observation) and other sympatric bufonids
(Aronson 1944; Blair 1947; Sullivan & Wagner 1988;
Marco et al. 1998), similar signals are probably necessary
to facilitate interspecific communication during hetero-
specific amplexus. Rapid release of an amplexing male
through similar calls would conserve energy, prevent
gametic wastage, and reduce exposure to predation
(Blair 1968). Further investigations should compare the
effectiveness of sympatric and allopatric release signals
in initiating heterospecific dismount among these
species.

Grant (1972) contended that convergence of character
states in sympatric species often results from hybridiz-
ation but is frequently misinterpreted as convergent
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character displacement. In this study, I used advertise-
ment vocalizations as indicators of hybridization (see
Zweifel 1968). If convergent release calls resulted from
hybridization, then advertisement vocalizations of
B. fowleri and B. terrestris would be expected to be more
similar in sympatry (see Zweifel 1968). However, the
periodicities of advertisement calls have diverged in
sympatry while dominant frequencies were not signifi-
cantly displaced from the values for allopatric popu-
lations. Although advertisement vocalizations were not
obtained from all populations where release vocaliz-
ations were recorded, Weatherby (1982) reported
B. fowleri x B. terrestris hybrids to be rare in Alabama.
Thus, evidence suggests that convergent character dis-
placement of release vocalizations is not the result of
hybridization.

Clinal variation may also account for displacement of
characters in allopatry and sympatry (reviewed by Grant
1972). However, results revealed that there was no sig-
nificant latitudinal cline for call attributes that were
significantly displaced from the allopatric character state.

The results presented here, accompanied by analysis of
release and advertisement vocalizations of B. americanus
and B. fowleri (unpublished data), indicate that con-
vergent character displacement of release vocalizations
and divergent character displacement of advertisement
vocalizations are wunlikely to co-occur. Convergent
character displacement requires that the allopatric
character states (presumed to be the precontact state) of
the species are significantly different from each other,
and the sympatric character states (presumed to be the
postcontact state) are not significantly different (Grant
1972). The antithesis is true for divergent character dis-
placement. Given the relatively conservative nature of
release calls (Brown & Littlejohn 1972), it would be
unlikely for release vocalizations to diverge while adver-
tisement vocalizations remained unchanged during an
allopatric speciation event. However, this scenario would
be necessary for release calls and advertisement calls to be
subject to convergent and divergent character displace-
ment, respectively. Further investigations of other anuran
species are likely to reveal that convergent character
displacement of release vocalizations is not accompanied
by divergent character displacement of advertisement
vocalizations because advertisement vocalizations are
already divergent in the precontact state (as reported
here). It follows that divergent character displacement
of advertisement vocalizations is not likely to be
accompanied by convergent character displacement of
release vocalizations because release calls are already simi-
lar in the precontact state. Further studies are necessary to
investigate patterns of character displacement in anuran
vocalizations with disparate functions.
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Table A1. Mean (X), standard error (SE) and range for the periodicity of release vocalizations and dominant
frequency and periodicity of advertisement vocalizations prior to and after adjustment for the effects of

Appendix

temperature (Where appropriate, see text) for B. fowleri and B. terrestris in allopatry and sympatry

Allopatric B. fowleri Sympatric B. fowleri Allopatric B. terrestris Sympatric B. terrestris
Unadjusted  Adjusted  Unadjusted  Adjusted  Unadjusted Adjusted Unadjusted Adjusted
Release call
Periodicity (ms)
X 13.9 12.9 15.3 16.6 16.1 16.9 5.2 14.5
SE 0.84 0.78 1.01 0.99 0.44 0.34 0.40 0.39
Range 7.5-28.2 7.0-28.0 6.9-37.9 8.0-38.0 12.1-22.7 12.0-22.0 10.2-24.6 10.0-24.0
Advertisement call
Periodicity (ms)
X 8.2 7.3 7.2 16.8 18.3
SE 0.22 0.16 0.11 0.51 0.29
Range 5.6-12.2 5.6-10.6 5.6-8.5 12.1-18.5 16.4-20.8
Dominant frequency (kHz)
X 1.9 1.9 2.0 2.0
SE 0.02 0.12 0.04 0.04
Range 1.6-2.2 1.6-2.1 1.6-2.2 1.8-2.3
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