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ABSTRACT
The frogLeptodactylus fuscus is found throughout much of South America in open and disturbed habitats.
Previous study of genetic differentiation lin fuscus demonstrated that there was lack of genetic exchange
among population units consistent with multiple species, rather than a single species. We examine adver-
tisement vocalizations @f. fuscusto determine whether call variation coincides with genetic differentiation.
Calls were analyzed for 32 individual frogs from 25 localities throughout the distributional rahgfisfus.
Although there is variation in calls among geographic samples, call variation is not concordant with genetic
variation or geographic distance and the call variation observed is less than that typically found among other
closely related species béptodactylus. This study is an example of the rare pattern of strong genetic differ-
entiation unaccompanied by salient differences in advertisement calls. The relative infrequency of this pattern
as currently understood may only reflect the lack of detailed analyses of genetic and acoustic differentiation
within population systems currently understood as single species with substantial geographic distributions.

Key words: advertisement calld,eptodactylus fuscus, speciation.

INTRODUCTION hiding within the taxon. Most advertisement vocal-

. . . _izations are species-specific (Gerhardt 1988), and it
Many species of frogs once thought to consist of sin- ) .
has been shown that the calls of several species dif-

gle species with broad geographic distributions haV(? _ .
. .__fer by such a magnitude that they serve as premating
been found to be comprised of two or more species.

. . .. Species isolating mechanisms, yet the morphologies
Two sources of information have been most criti-

. . e of the frogs are indistinguishable (e.g., Heyer et al.
cal in reassessing species limits in frogs: molecular, L . . L
. 1996). Within-species advertisement call variation
and advertisement call data. For example, Toda et . . .
- .. correlates with both temperature and size of calling
al. (1998) concluded that genetic divergences within

. . . frog (Duellman and Trueb 1986). Correlation of call
Ranalimnochariswere of such a magnitude that sev- 9( )

eral morphologically indistinguishable species Wereparameters with body size is population or species
P glealy 9 P and parameter specific (e.g., Davies and Halliday

- . o 1978, Ryan 1980, Zweifel 1968).
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40 W. RONALD HEYER and YANA R. REID

sidered to be a single species based on morphologdominant frequency, beginning frequency, ending
cal and limited advertisement call data (Heyer 1978)frequency, frequency sweep, and amplitude features
with a distribution ranging from Panama and Colom- of the waveform (terminology follows Duellman and
bia east of the Andes to Argentina and on the island3rueb 1986 and Heyer et al. 1990).

of Margarita, Trinidad, and Tobago. A more recent Canary 1.2 software (Charif et al. 1995) was
molecular study estimated genetic differentiation inused to capture calls for analysis at a sample rate of
the species from throughout its geographic range2050 Hz, and sample size of 16 bits. When avail-
and demonstrated lack of genetic cohesion to suchble, ten calls perindividual were sampled and saved
a degree thdt. fuscuslikely is composed of several into two files of five calls each due to computer lim-
species (Wynn and Heyer 2001). The purpose oftations of file size analytic capability. Recordings
our study is to evaluate geographic variation in ad-that had significant signal below and above the frog
vertisement calls of L. fuscus to determine whethercalls (determined visually from audiospectrogram
there is correlation of advertisement calls with ge-displays) were filtered around the frog call frequen-
netic differentiation. cies before taking data from the calls.

The wave form display was used to measure call
rate and call duration. Call duration was difficult to
determine precisely in several of the recordings due

Our study relies on analysis of available record-to background noise in the broadcast channel of the
ings rather than advertisement calls along transect&og call. Questionable beginnings and endings of
between population units known to be geneticallycalls were selected and listened to as a way of de-
differentiated from one another. We were able totermining whether the selected portion was a part of
obtain recordings throughout the geographic rangghe call or not. The end of the call was more difficult
of the species (Fig. 1, Appendix I). A number of to ascertain than the beginning in these cases. Ad-
the recordings lack associated voucher specimensglitionally, in several recordings the end of the call
Calling Leptodactylus fuscus are usually difficult to  tailed off in such a way that it was difficult to deter-
capture after they have been recorded. We havenine whether the tailing off portion was an artifact of
only utilized unvouchered recordings that meet atthe software program or a real signal from the frog.
least two of the following requirements: (1) the We are confident that call durations are consistent
recordists were experienced neotropical herpetolowithin calls analyzed from a single frog. We are less
gists who were confident that the species identifi-confident that durations are consistent among frogs,
cation was correct; (2) the recordists collected repespecially when comparing results from clean and
resentative specimens of aéptodactylusfrom the  noisy recordings. For example, a particularly clean
site, thus providing proxy vouchers; and (3) WRH’s recording from Trinidad (Fig. 2a) suggests that the
evaluation that the calls were correctly identified, tail end of the call with reduced intensity has sev-
based on his comparative experience with calls ofral pulses and is part of the call. In this call, the
the Leptodactylus fuscus group. quieter tail end has a duration of 85 ms of the total
Based on the kind of advertisement calls300 ms duration of the entire call. Thus, we may be
produced byLeptodactylus fuscus and what is underestimating call duration by as much as 85 ms
known about signal processing in anurans in genfor data taken from noisy recordings.
eral (Fritzsch et al. 1988, Gerhardt 1988, Gerhardt ~ Spectrum analyses were used to deter-
and Schwartz 2001, Littlejohn 2001, and Walkowiak mine dominant frequency with the following set-
1988), we chose call parameters that would mostings: filter bandwidth 349.70 Hz, frame length 256
likely encode species-specific information. The callpoints, grid resolution 128 points, overlap 50%, fre-
parameters analyzed are: call rate, call durationguency 86.13 Hz, FFT size 256 points; window

MATERIALSAND METHODS
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ADVERTISEMENT CALLS AND GENETIC DIVERGENCE INLEPTODACTYLUS FUSCUS 41

Fig. 1 — Distribution ofLeptodactylus fuscus (shaded area) and sites where recordings were
made. Open symbols with temperature data; closed symbols lack associated temperature data.

function hamming; amplitude logarithmic; clipping level —80 dB. Frequency sweep is defined as the
level —79.79 dB. difference between the ending and beginning fre-
Beginning and ending frequencies were takenquencies.

from audiospectrograms with the following default Analysis of amplitude variation and harmonic

settings: filter bandwidth 349.70 Hz, frame length structure of calls was qualitative; the calls were com-
256 points, grid resolution 5.805 ms, overlap 50%,pared visually using printouts of wave forms and
frequency 86.13 Hz, FFT size 256 points, window audiospectrograms.

function hamming, amplitude logarithmic; clipping Temperature correlations were explored using

An Acad Bras Cienc (2003)75 (1)
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Fig. 2 — Audiospectrogram and wave form of the advertisement céléatbdactylus fuscus from (a) Trinidad, (b) Santa Rosa de la

Roca, Bolivia, (c) Paramaribo, Suriname, recording of frog 3, (d) Boa Vista, Brazil, (e) Estacién Biologica del Beni, Bolivia, S. Reichle
recording of frog 1, (f) Manacapuru, Brazil, (g) Estacién Biologica del Beni, S. Reichle recording of frog 2.

An Acad Bras Cienc (2003)75 (1)



ADVERTISEMENT CALLS AND GENETIC DIVERGENCE INLEPTODACTYLUS FUSCUS 43

TABLE |

Regression formulae of quantitative call parameters of
Leptodactylus fuscus with temperature.

Parameter Regression formula | Significance
(p-value)

Call rate/min =-46.919 + 3.895x 0.021

Duration(s) y =0.426 — 0.009x 0.015

Dominant frequency| y =988.495 + 58.687x 0.013
Beginning frequency y = 1087.907 — 5.464x 0.344
Ending frequency | y = 1403.247 + 46.051) 0.018
Frequency sweep y =320.163 + 51.275x 0.007

two stage least squares regression analyses in tigraphic distance with call differentiation, we used a
statistical program SYSTAT10 (Anonymous, 2000). map distance matrix and the standardized Euclidean
Two stage least squares regression was used as soutistance matrix used in the multidimensional scal-
of the temperatures were based on estimates (thieg analysis. Geographic distances are linear map
recordist lacked a thermometer but gave an estidistances in kilometers. The Mantel test is used
mate for the temperature). All parameters that werdo determine whether the matrices being compared
significantly correlated with temperature were stan-are statistically significant, using NTSY Spc version
dardized to 25C before further analyses. Standard-2.02 (Rohlf 1998) with the raw Mantel statistic op-
ization was achieved by using the y intercept andtion with 1000 permutations.
slope information from the two stage least squares
regression analyses (Table I). RESULTS
There were insufficient recordings with vou- .
. . ._All calls analyzed share the following features: the
cher specimens to adequately explore relationships X ) i
. . call is variously amplitude modulated and is fre-
between male size and call parameters (see discus- - )
sion). guency modulated to produce a rising whistle.
Temperature adjusted call data were analyzed
with multidimensional scaling in SYSTAT10 using HARMONIC STRUCTURE
Kruskal's loss function with the log option (Wilkin- Several of the recordings can not be evaluated for
son 2000). The distance matrix used was standardiarmonic structure due to the quality of the record-
ized Euclidean distances based on mean paramet#rgs. Some calls lack harmonic structure and others
values for each individual. The Euclidean distancehave harmonics. There appears to be variation in
matrix was produced using SYSTAT10 (Wilkinson whether harmonics occur at the beginning of the call
et al. 2000). As we have six quantitative parame-and/or in the body of the call (Figs. 2b, 2c). Vari-
ters in our study, we examined our data using twoation in presence and absence of harmonics occurs
dimensions. Multidimensional scaling was chosenamong individuals from the same locallities at Para-
in part, so that the results of this study could bemaribo, Suriname and Estacion Biologica del Beni,
compared with the genetic results (Wynn and HeyeBolivia. Given the nature of the intralocality vari-
2001). ation and inability to determine whether harmonics
To explore if there is a correlation of geo- are present or absent in several of the recordings,
harmonic structure is not evaluated further herein.
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TEMPORAL ANALYSES OF CALLS in having a series of frequency steps associated with
pulses in the call (Fig. 2f).
With two exceptions, all calls begin at a lower fre-
quency and rise throughout the call, either with a
terminal plateau (Fig. 2a) or not (Fig. 2c). The two WITH TEMPERATURE
exceptions are recordings from Rio Pacora, Panameginning frequency is the only quantitative param-
and Boa Vista, Brazil that have a drop in frequencyeter that is not significantly correlated with temper-
at the end of the call (Fig. 2d). ature (adjusted® = 0.012 p = 0.267). Call du-
With few exceptions, calls begin with a distinc- ration is the only parameter with a statistically sig-
tive low frequency component that rises very slowly nificant negative correlation with temperature (ad-
then shifts noticeably in a step-wise fashion to ajustedr? = 0.313 p = 0.002). The remaining
smoothly rising frequency for the remainder of the parameters have statistically significant positive cor-
call (Figs. 2b-d). Usually there is no temporal breakrelations with temperature: call rate (adjustéd=
between the initial component and the remainder 00.304, p = 0.003); dominant frequency (adjusted
the call. There is a very short break in the follow- 7> = 0.281, p = 0.004); ending frequency (ad-
ing samples, which according to the terminologyjustedr?> = 0.274 p = 0.004); and frequency
utilized would comprise a distinct initial note: La sweep (adjusted® = 0.334, p = 0.001).
Jagua, Panama; Santa Cruz de la Sierra, Bolivia;
Estacién Biologica del Beni, EI Porvenir, Bolivia, INTRASAMPLE VARIATION
frog 1, and Embarcacion, Argentina. RecordingsThere is relatively little variation among calls given
from Paramaribo, Suriname, frog 3 and Fredericoby the same individual. In most of the recordings an-
Westfalen, Brazil, frog 1 vary, having initial notes alyzed, the variation of quantitative parameters for
or not. The recordings from Guaiba, Brazil; Fred- calls made by the same individual is little more than
erico Westfalen, Brazil, frog 2; and the two individ- would be expected due to measurement error (e.g.
uals from El Tirol, Paraguay can not be accuratelyTable Il). The greatest variation observed among
evaluated for this feature. calls given by the same individual is call rate; the
There is considerable amplitude variation in most extreme example is an individual frog from
the rest of the call (excluding the initial pulse/note), Paramaribo, Suriname with call rates/min of 33 and
ranging from essentially unpulsed (Fig. 2d), weakly 70. Call rate comparisons in our data are difficult to
partially pulsed, partially pulsed (Fig. 2b), pulsed evaluate due to several potentially confounding fac-
with some pulses being partially pulsed (Fig. 2a), totors. Specifically, call rates are often slower when a
two unpulsed notes (Fig. 2e). Samples from Frenchrog begins calling than after the frog has been call-
Guiana; 159 km North of Santa Rosa de la Roca, Boing for a while. Call rates also vary depending on
livia; Santa Rosa de la Roca, Bolivia; and Estaciénthe individual physiological conditions or the social
Biologica del Beni, El Porvenir, Bolivia, frog 1 have settings of the males. We have no data to evaluate
two distinct pulses in the body of the call (Fig. 2b). these confounding factors, but we do not think the
The recording of the frog from 169 km North of other parameters we evaluate are as influenced by
Santa Rosa de la Roca, Bolivia, had variable callsthese factors as call rate is. Our reasoning is that
ranging from weakly partially pulsed to two dis- call rate is the only parameter examined that is en-
tinct pulses, each pulse being partially pulsed. Thdirely behaviorally controlled; all other parameters
recordings of the frogs from La Jagua, Panama anttave a morphologically constrained component to
near Manacapuru, Brazil have the most distinctivethem.
pulse structure of the calls analyzed. The recording Data for multiple individuals with associated
from near Manacapuru, Brazil is further distinctive temperature data are available from three localities

QUANTITATIVE PARAMETER CORRELATIONS
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TABLE Il

Summary data for multiple recordings from single localities. All variables except for
beginning frequency standardized to 25°C. Sample I Ds are those used in multidimen-
sional scaling analysis®.

Sample ID Call rate/min Duration(s) Dominant frequency
Min | Max | Mean | Min | Max | Mean| Min | Max | Mean

F1 46 55 50.3 | 0.32 | 0.36 | 0.34 | 2025 | 2085 | 2047

F2 36 39 374 | 0.15| 0.17 | 0.15 | 1859 | 1892 | 1880

L1 42 50 | 455 | 0.17 | 0.19 | 0.18 | 2156 | 2242 | 2326

L2 68 86 77.0 | 0.17 | 0.18 | 0.17 | 1901 | 2247 | 2163

L3 72 74 73.0 | 0.16 | 0.19 | 0.17 | 2158 | 2507 | 2276

L4 85 88 86.7 | 0.16 | 0.17 | 0.16 | 2699 | 2784 | 2712

L5 91 92 91.1 | 0.18 | 0.19 | 0.18 | 2859 | 2866 | 2862

Q1 46 56 50.9 | 0.18 | 0.22 | 0.21 | 2824 | 2914 | 2840
Q2 61 62 61.4 | 0.18 | 0.21 | 0.19 | 2662 | 2918 | 2842
Sample ID| Beginning frequency Ending frequency Frequency sweep

Min | Max | Mean| Min | Max | Mean| Min | Max | Mean
F1 800 | 890 | 849 | 2050 | 2182 | 2129 | 1167 | 1379 | 1278
F2 990 | 1040 | 1021 | 2038 | 2188 | 2112 | 1031 | 1211 | 1084

L1 860 | 920 | 900 | 2229 | 2399 | 2326 | 1289 | 1459 | 1406
L2 800 | 866 | 833 | 2249 | 2389 | 2283 | 1376 | 1509 | 1430
L3 900 | 1000 | 944 | 2449 | 2609 | 2522 | 1469 | 1649 | 1558
L4 950 | 1000 | 965 | 2708 | 2858 | 2779 | 1770 | 1860 | 1816
L5 900 | 1020 | 971 | 2885| 2955 | 2924 | 1884 | 1980 | 1948

Q1 910 | 1023 | 958 | 2823 | 2883 | 2858 | 1872 | 1993 | 1940
Q2 960 | 1360 | 1174 | 2773 | 3023 | 2913 | 1643 | 2033 | 1794

1. F1 - Brazil, Frederico Westfalen, recording of frog 2; F2 — Brazil, Frederico Westfalen, recording of
frog 1; L1 — Bolivia, Estacion Biologica del Beni (EBB), El Porvenir, recording of frog 2; L2 — Bolivia,
EBB, El Porvenir, recording of frog 1; L3 — Bolivia, EBB, El Porvenir, recording of frog 3; L4 - Bolivia,
EBB, recording of frog 1, December 1994; L5 — Bolivia, EBB, recording of frog 2, 6 November 1994;
Q1 - Paraguay, El Tirol, recording of frog 2; Q2 - Paraguay, El Tirol, recording of frog 1.

(for this purpose, the two sites within the Estacionand samples L1-L3 versus L4-L5 respectively). Al-
Biologica del Beni are considered to represent a sinthough the variation is considerable among certain
gle locality). The intra-individual variation is about individuals from the same localities, the magnitude
equal to inter-individual variation in the two sam- of differences are within those predicted to still be
ples from El Tirol, Paraguay (Table Il, Q1 and Q2). perceived by single individual frogs (e.g., the data
In contrast, inter-individual variation is noticeably in Zakon and Wilczynski 1988 indicate a minimum
greater than intra-individual variation for the sam- range of around 200-400 Hz beyond which frogs can
ples from Frederico Westfalen, Brazil and Estaciondistinguish frequencies).

Biologica del Beni, Bolivia (Table II, F1 versus F2

An Acad Bras Cienc (2003)75 (1)
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INTERSAMPLE VARIATION Quantitative data for multiple frogs from the
same localities would be expected to appear as near-
Amplitude modulation can be modified by en- estneighborsinamultidimensional scaling analysis,
vironmental parameters (Gerhardt 1994), which isassuming the multiple samples from single sites are
likely one reason that most frogs call frequently —conspecific.
to overcome the signal distortion caused by the bi-  The calls of the two frogs from the same Para-
otic and abiotic environment from the signal senderguay locality (Q1, Q2) are not each other’s closest
to the signal receiver. Ideally, amplitude modulationneighbors (Fig. 3). The call data for one frog from
should be evaluated from recordings made at similathe same locality in Rio Grande do Sul, Brazil (F1)
dB levels, recorded the same distances from the calis nearer to the sample point from a different lo-
ing frog. Our recordings were not made under stan<ality in Rio Grande do Sul (G) than to the second
dardized conditions. Nevertheless, the kind of vari-same-locality data (F2) (Fig. 3). The call data for
ation observed (Fig. 2) suggests to us that there i§ve frogs from the Estacion Biologica del Beni, Bo-
biologically meaningful variation in amplitude mod- livia (L1-L5, shaded symbols) together encompass
ulation in Leptodactylus fuscus calls throughout its  almost one-half the total multidimensional scaling
geographic range. However, none of the calls carspace variation. Samples L1-L2 and L4-L5 are near
be grouped so that the groups differ by the sameneighbors but these sample pairs are quite distant
magnitude as found between other members of thérom each other, with L3 being closer to L1-L2 than
Leptodactylusfuscus species group (e.g., the clearly L4-L5 (Fig. 3).
pulsed versus non-pulsed calls of the sibling species  There is little geographic structure in the mul-
pairLeptodactylusmystaceusandL. didymus, Heyer  tidimensional scaling results. All call data from Rio
etal. 1996). The most striking difference in the callsGrande do Sul (F, G, H, I) form a cohesive cluster,
analyzed is the single versus two note calls from twobut the next closest geographic sample from Iguazd
individuals from the same locality recorded by S. Falls, Argentina (R) is much nearer several other
Reichle from Bolivia (Fig. 2e and g). Other calls samples than the Rio Grande do Sul samples (Fig.
from the same site are variously intermediate in am-3). The non-Estacion Biologica del Beni call data
plitude patterns, however, indicating the differencesfrom Bolivia (M, N, O, P) are each closer to other
reflect individual variation rather than population or samples than to either the Estacion Biologica del
species level differentiation. Beni (Fig. 3, shaded symbols) or other Bolivian
As indicated in the Materials and Methods sec-samples (Fig. 3).
tion, the call rate data may have a larger component ~ The multidimensional scaling results indicate
of variability due to male condition and social set- that the frog call from Boracéia, Brazil (K, Fig. 3)
ting than the other quantitative variables analyzedis the most distinct sample in the analysis and that
Multidimensional scaling analyses were performedthe variation observed in the five frog calls from
including and excluding the call rate data in Table Estacion Biologica del Beni (Fig. 3, shaded sym-
IIl. The results are almost identical, with the only bols) represent either (a) that the advertisement call
difference in relative positions being a switch of datawithin sites are almost as variable as data among
samples A and L3 as shown in Figure 3. Conse-all sites, or (b) that there is more than one species
guently, the analysis including call rate data is usedht the site. We interpret the available data as signi-
to explore variation of the quantitative call variables. fying that there is a single species at the Estacion
For the multidimensional scaling analysis using allBiologica del Beni, but this interpretation requires
variables, there were 29 iterations smoothly reachadditional data to be conclusively accepted.
ing a final configuration of 0.140 and a proportion The frog from Boracéia was recorded in cap-
of variance(r2) of 0.92. tivity on the same evening it was captured. How-
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TABLE 111

Mean values for variables taken from recordings with associated temperature data. All variables
except for beginning frequency standar dized to 25°C. Sample | Dsarethose used in multidimensional
scaling analysest.

Sample ID| Call rate/min| Duration(s)| Dominant| Beginning| Ending | Frequency
frequency| frequency| frequency| sweep

A 74.1 0.18 2246 993 2594 1596
B 60.6 0.18 2542 973 2611 1642
C 30.3 0.19 2318 984 2496 1498
D 51.5 0.15 2682 1033 2783 1750
E 10.2 0.21 2514 915 2542 1613
F1 50.3 0.34 2047 849 2129 1278
F2 37.4 0.15 1880 1021 2112 1084
G 30.5 0.24 2085 957 2248 1311
H 32.7 0.26 2110 996 2350 1347

I 22.6 0.27 2228 940 2273 1340
J 44.5 0.22 2787 993 2550 1549
K 26.7 0.16 1638 980 1732 775
L1 45.5 0.18 2203 900 2326 1406
L2 77.0 0.17 2163 833 2283 1430
L3 73.0 0.17 2276 944 2522 1558
L4 86.7 0.16 2712 965 2779 1816
L5 91.1 0.18 2862 971 2924 1948
M 73.4 0.16 2622 971 2606 1632
N 55.8 0.20 2956 985 3045 2058
0] 14.3 0.23 2634 1014 2737 1700
P 33.5 0.24 2396 955 2525 1550
Q1 50.9 0.21 2840 958 2858 1940
Q2 61.4 0.19 2842 1174 2913 1794
R 45.6 0.25 2430 901 2626 1740
S 62.7 0.16 2290 735 2510 1793

1. A — Panama, Rio Pacora; B — Colombia, near Puerto Lopez; C — Tobago, Roxborough; D — Suriname, Paramaribo,
recording of frog 3; E — Brazil, near Pontes e Lacerda; F1 — Brazil, Frederico Westfalen, recording of frog 2; F2 — Brazil,
Frederico Westfalen, recording of frog 1; G — Brazil, Guaiba; H — Brazil, Rio Pardinho; | — Brazil, S&o Jer6nimo; J — Brazil,
Boa Vista; K — Brazil, Boracéia; L1 — Bolivia, Estacién Biologica del Beni (EBB), El Porvenir, recording of frog 2; L2 —
Bolivia, EBB, EIl Porvenir, recording of frog 1; L3 — Bolivia, EBB, El Porvenir, recording of frog 3; L4 — Bolivia, EBB,
recording of frog 1, December 1994; L5 — Bolivia, EBB, recording of frog 2, 6 November 1994; M - Bolivia, Santa Cruz de

la Sierra; N — Bolivia, Santa Rosa de la Roca; O — Bolivia, 159 km N Santa Rosa de la Roca; P — Bolivia, 169 km N Santa
Rosa de la Roca; Q1 — Paraguay, El Tirol, recording of frog 2; Q2 — Paraguay, El Tirol, recording of frog 1; R — Argentina,
Iguaz(; S — Argentina, Embarcacion.
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Fig. 3 - Plot of first against second axis of multidimensional scaling data. Shaded symbols represent
data for five individuals from a single locality in Bolivia. A — Panama, Rio Pacora; B — Colombia,
near Puerto Lopez; C — Tobago, Roxborough; D — Suriname, Paramaribo, recording of frog 3; E —
Brazil, near Pontes e Lacerda; F1 — Brazil, Frederico Westfalen, recording of frog 2; F2 — Brazil,
Frederico Westfalen, recording of frog 1; G — Brazil, Guaiba; H — Brazil, Rio Pardinho; | — Brazil,
S&o Jerdnimo; J — Brazil, Boa Vista; K — Brazil, Boracéia; L1 — Bolivia, Estacion Biologica del Beni
(EBB), El Porvenir, recording of frog 2; L2 — Bolivia, EBB, EI Porvenir, recording of frog 1; L3 —
Bolivia, EBB, El Porvenir, recording of frog 3; L4 — Bolivia, EBB, recording of frog 1, December
1994; L5 - Bolivia, EBB, recording of frog 2, 6 November 1994; M — Bolivia, Santa Cruz de la Sierra;

N — Bolivia, Santa Rosa de la Roca; O — Bolivia, 159 km N Santa Rosa de la Roca; P — Bolivia, 169
km N Santa Rosa de la Roca; Q1 — Paraguay, El Tirol, recording of frog 2; Q2 — Paraguay, El Tirol,
recording of frog 1; R — Argentina, Iguazu; S — Argentina, Embarcacion.

ever, the frog called notably sporadically. New field In sharp contrast to the preceding results, the
recordings should be obtained from Boracéia to demultidimensional scaling results for the genetic data
termine whether the available distinctive call is char-showed clear geographic structure and there was a
acteristic of the entire Boracéia population or an arti-significant correlation of geographic distance with
fact of animal stress and/or factors related to artificialgenetic distance for the entire data set (Wynn and
calling conditions. Heyer, 2001).

The Mantel test comparing the geographic dis-
tance and standardized Euclidean call distance ma-

, i o T DISCUSSION

trices is not statistically significant. The Mantel

test matrix correlation is = —0.02 and the one- CALL - TEMPERATURE INTERACTION

tail probability is p [random Z> observed Z}= 3|l parameter correlations with temperaturkép-
0.425.

todactylus fuscus are the same as in other studies
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with one exception. Duellman and Trueb (1986) in-2001). Howeverleptodactylus fuscus is a smaller
dicated that call rates, pulse rates, and frequenciespecies tharBufo viridis, with a relatively small
increase with temperature in frogs and that call durarange of adult size (36-48 mm for almost all 344
tion decreases with temperature, although Gerhardnales measured throughout the distributional range,
and Schwartz (2001) stated “...typical changes inFig. 4) and would be expected not to show the same
carrier frequency with temperature in anurans aremagnitude of correlation as occursBuafo viridis.
relatively small...” Our data demonstrate a signifi-

cant negative correlation with call duration and sig- CALLS AND GENETIC DIVERGENCE PATTERNS

nificant positive correlations for call rate, dominant A major function of frog advertisement calls is to
frequency, ending frequency, and frequency sweepattract mates. In general, advertisement calls are
In all of these significant correlations, which would under stabilizing selection, matching signal and re-
be predicted from previous studies, temperature aceeiver capabilities to promote choosing homoga-
counts for about 30% of the variation in each call metic mates that will result in successful offspring.
parameter. The exception is that the beginning freThis point can not be overemphasized.

quencies of the calls ib. fuscusdo not demonstrate The kinds of situations that would lead to evolu-
a statistically significant correlation with tempera- tionary change in calls include: (a) sexual selection,
ture. This suggests that the beginning call frequencyenerally for some trait that females interpret as in-
is morphologically determined and not affected bydicating greater male fitness, such as lower dominant
temperature. A plausible explanation is that whenfrequency, which indicates larger size (Ryan 1985);
the laryngeal muscles are relaxed, the mass of the vab) a population faced with a change of habitat, such
cal cords in the larynx determines the beginning fre-as a forested habitat becoming an open habitat (see
quency of the call. The other call frequency parame-discussion in Gerhardt 1994); (c) predator pressure
ters we evaluated can be assumed to reflect the actiqGerhardt 1994), which is posited as the reason why
of laryngeal muscles increasing the tension on thenany frogs of the genud eutherodactylusemit very
vocal cords resulting in rising frequency throughoutinfrequent calls; and (d) populations that have genet-
all or almost all of the rest of the call. Manz (1975) ically diverged in isolation coming into contact with
demonstrated a positive correlation between temeach other—ifthe hybrids are not as fit as the parental
perature and laryngeal muscle contraction. Thuspopulations, selection will resultin differentiation of
beginning frequency appears to be morphologicallythe calls (Littlejohn 1988).

predetermined in L. fuscus, but the frequency mod- Given what is known about genetic differentia-
ulation of the call is under the frog’s control (firing tion in Leptodactylusfuscus (Wynn and Heyer 2001)
rate of laryngeal muscles), which has a temperatureand call differentiation in frogs in general, we would
dependent component to it. expect the call and genetic differentiation to belong
to one of the following two patterns.

Pattern 1. Genetically differentiated units have
Although we could not address the relationship be-distinct advertisement calls, often differing by an or-
tween male size and call parameters directly, indi-der of magnitude in some feature of the call. This
rect evidence provides an indication that this rela-is the dominant pattern in frogs of the geriep-
tionship is not as strong as the relationship betweemodactylus (and frogs in general) and can be
call parameters and temperature. The moderatelfreated as the null hypothesis in evaluating the in-
large specieBufoviridisdemonstrates a strong rela- teraction of call and genetic differentiation. An ex-
tionship of fundamental frequency regressed againsample of a closely related cluster of frogs that have
body size withr2 values ranging from 0.25 to 0.47 allopatric distributions with distinct advertisement
for different populations (Giacoma and Castellanocalls is thel_eptodactylus mystaceus cluster. Heyer

CALL - S1ZE INTERACTION
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Fig. 4 — Variation in size of adult maleeptodactylus fuscus. Black
bars indicate data from localities throughout the geographic range with
the exception of adult males from a single locality (Porto Velho, Brazil)
indicated by the white bars.

et al. (1996) described distinct advertisement calls ~ Pattern 2b. Allopatric or sympatric systems.
for L. didymus, elenae, mystaceus, andnotoaktites ~ Small differences in calls are adequate for female
(the call of the other member of the clusterspixi,  discrimination. This is the rarest reported pattern.
hasyettobe analyzed). Given thanystaceusclus-  Blair and Littlejohn (1960) demonstrated that the
ter example, we anticipated thatfuscuswould fit ~ calls of the chorus frog#seudacris ornata and
this pattern. streckeri differ by only a few hundred hertz in car-
Pattern 2. Genetically differentiated units haverier frequency, yet females discriminate between the
little call differentiation. Within this, there are two calls of the two species. Based on what is known
subpatterns. about hearing discrimination in frogs in general, the
Pattern 2a. Allopatric systems. Genetically difference in carrier frequency in the two chorus frog
differentiated populations are geographically iso-species would not have been predicted to be suffi-
lated from each other. The genetically isolated pop-cient for females to consistently discriminate them.
ulations retain the ancestral advertisement call  The data in Wynn and Heyer (2001) were not
(through stabilizing selection). This is the most adequate to delineate genetically isolated sets of
common reported Pattern 2 type, but has been dogopulations with geographic precision. However, in
umented in relatively few cases to date (e.g., theorder to determine to which of the above two major
Geocriniaroseacomplex in southwestern Australia, patternsLeptodactylus fuscus belongs, the follow-
Driscoll 1998 for genetic data and Roberts anding characterization is sufficient. The allozyme data
Wardell-Johnson 1995 for call data and the cladesndicate that there is no genetic exchange among
of Hyla arenicolor isolated on different sky islands populations with high levels of genetic differentia-
in southwestern USA, Barber 1999a, b). tion from Trinidad, southeast Brazil, and Salta, Ar-
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gentina. The genetic data are consistent with treatin analyses for each individual frog are based on the
ing L. fuscus from these three areas as three distincinumber of calls indicated. The localities are orga-
species. The calls &f fuscusfrom these three areas nized by countries in a general north to south order.
show relatively little differentiation. The callsdonot Institutional abbreviations are as listed in Leviton et
approach the degree of differentiation found in theal. (1985).
members of the allopatrically distributed members Panama: Panama; La Jagugg'sl, 79°20'W.
of theL. mystaceus complex (Heyer et al. 1996). A.S. Rand recording, 1 May 1969, time not indi-
The Leptodactylus fuscus data unambiguously cated, temperature not indicated, unvouchered,
do not fit the first pattern and do fit the second. Therecorded by A. Stanley Rand, 10 calls.
current data fok.. fuscusare inadequate to determine Panama: Panama; Rio Pacora where it crosses
whether they represent an example of Pattern 2a dhe Pan American Highway°9'N, 79°17'W. A.S.
Pattern 2b. In order to determine to which Pattern 2Rand recording, 6 July 1994, 18:57h,°25 un-
typeL. fuscus conforms, the following types of data vouchered, recorded by A. Stanley Rand, 10 calls.
need to be gathered. Colombia: Meta; near Puerto LopeZ5N,

1) Finer geographic sampling of advertisement?2°58'W. USNM recording 119, cut 1, 9 April 1971,
calls and genetic data. The advertisement calléime not indicated, 242, unvouchered, recorded
must be associated with temperature data any William F. Pyburn, 10 calls.
voucher specimens in order to factor out the ~ Trinidad: Nariva; Nariva Swamp, £@5'N,

interactions of calls with temperature and size61°4'W. Commercial CD recording, “Frogs of
of calling males if they are statistically signifi- Trinidad, Tobago and the Lesser Antilles, a Guide to

cantly correlated. Their Calls Recorded by Morley Read.” No collec-

i _ tion or recording data available, recorded by Morley
2) Gravid females need to be tested to determln(-head 10 calls

whether they can discriminate between and
among the kinds of relatively small differences
observed in the advertisement calld ofuscus
demonstrated in this paper.

Tobago: St. Paul; Roxborough, AB'N,
60°35'W. USNM recording 220, cut 1, 2 July 1989,
20:00-21:30 h, 27%&, unvouchered, recorded by
Addison Wynn, 10 calls.

At present, Pattern 2 has been uncommonlyre-  Suriname: Paramaribo; Paramarib85&N,
ported in frogs. That may be due to the rarity of 55°10'W. Frog 1 — M.S. Hoogmoed recording,
analyses of both genetic and acoustic differentiatior. 968, time not indicated, temperature not indicated,
within frogs considered to be a single species thatinvouchered, recorded by Marinus S. Hoogmoed,
have substantial geographic distributions. As moret calls. Frog 2 — M.S. Hoogmoed recording, 13
such species are evaluated genetically and acoustlanuary 1970, 19:00h, temperature not indicated,
cally, we may find that Pattern 2 is more commonunvouchered, recorded by Marinus S. Hoogmoed,
than currently understood. Forexample, workonthelQ calls. Frog 3 — M.S. Hoogmoed recording, 6
neotropical frogPhysalaemus pustulosus by Ryan  January 1975, 19:15h, 25, unvouchered, recorded
et al. (1996) demonstrated that it also fits Patterrby Marinus S. Hoogmoed, 10 calls.

2. Current work with female choice experiments French Guiana. Commercial CD recording,
should soon demonstrate whetlfepustulosus fits ~ “Guide Sonore des Amphibiens Anoures de

Pattern 2a or 2b (A.S. Rand, pers. comm.). Guyane”, by Christian Marty and Philippe Gaucher.
No collection or recording data indicated, 5 calls.
APPENDIX Brazil: Amazonas; near Manacapuri18'’s,

Recordings of advertisement callsladptodactylus ~ 60°36'W. M.S. Hoogmoed recording, 25 November
fuscus. Temperatures are for air. Mean values usedl985, 23:00h, no temperature indicated, un-
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vouchered, recorded by Marinus S. Hoogmoed, 1Gecording 280, cut 17, 30 November 1990, 20:23h,

calls.

Brazil: Parda; Rio Nhamunda, Ceu Estrelado,

2°4's, 5643'W. M.S. Hoogmoed recording, 30

29°C, voucher USNM 498292, recorded by George
Middendorf, 10 calls. Frog 2 — USNM record-
ing 280, cut 18, 30 November 1990, 20:37h°Q9

November 1988, 20:16 h, no temperature indicatedyoucher USNM 498290, recorded by George Mid-

specific caller not associated with the recording
probably either M. Hoogmoed field number MSH

5010 (2 males) or field number TCAP 1057 (1 male,
.10 calls.

2 females, now at MPEG), recorded by Marinus S
Hoogmoed, 10 calls.

,dendorf, 10 callsFrog 3 — USNM recording 280,

cut 19, 30 November 1990, 21:06h,°29 voucher
USNM 498291, recorded by George Middendorf,

Bolivia: Beni; Estacion Biologica del Beni,

Brazil: Mato Grosso, near Pontes e Lacerda,14°30'S, 660'W. Frog 1 — S. Reichle recording,

15°12'S, 5922'W. USNM recording 58, cut 1, 9
December 1985, 27°C, unvouchered, recorded by
Ronald I. Crombie, 10 calls.

Brazil: Rio Grande do Sul; Frederico West-
falen, 2722'S, 5324'W. Frog 1 — A. Kwet record-
ing, 11 December 1996, 22:30h, 2% un-
vouchered, recorded by Axel Kwet, 10 callsrog

2 — A. Kwet recording, 27 January 2001, 22:00h,

25.8°C, unvouchered, recorded by Axel Kwet, 10
calls.

Brazil: Rio Grande do Sul; Guaiba, qIB'S,
51°19'W. A. Kwet recording, 8 December 1997,
03:50h, 22C, unvouchered, recorded by Axel Kwet,
3 calls.

Brazil: Rio Grande do Sul; Rio Pardinho,
29°36'S, 5230'W. A. Kwet recording, 30 January
2001, 24:00h, 23, unvouchered, recorded by Axel
Kwet, 10 calls.

Brazil: Rio Grande do Sul; S&o Jerdnimo,
29°58'S, 5143'W. A. Kwet recording, 13 Decem-
ber 1998, 22:00h, 23°&, unvouchered, recorded by
A. Kwet, 2 calls.

Brazil: Roraima; Boa Vista,29'N, 6(°40'W.
USNM recording 184, cut 2, 21:20h, 26@,
voucher USNM 302098, recorded by Ronald I.
Crombie, 10 calls.

Brazil: Sao Paulo; Boracéia, 2&'S,
45°50'W. USNM recording 24, cut 15, 22:30h,
20-21°C, voucher USNM 243685, recorded by A.

December 1994, time of recording not indicated,
24.8°C, unvouchered, recorded by Steffen Reichle,
10 calls.Frog 2 — S. Reichle recording, 6 Novem-
ber 1994, time of recording not indicated °25 un-
vouchered, recorded by Steffen Reichle, 10 calls.

Bolivia: Santa Cruz; Santa Cruz de la Sierra,
17°48'S, 6210'W. J. Kohler recording, 31 January
1998, 20:30h, 25°C, unvouchered, recorded by
Jorn Kéhler, 10 calls.

Bolivia: Santa Cruz; Santa Rosa de la Roca,
16°4’Ss, 61°32'W. J. Kohler recording, 18 October
1994, 19:00h, 25%, unvouchered, recorded by
Jorn Kéhler, 10 calls.

Bolivia: Santa Cruz; 159 km north of Santa
Rosa de la Roca, inselberg locality, °B4’S,
61°30'W. J. Kohler recording, 20 October 1994,
20:00h, 29.8C, unvouchered, recorded by Jorn
Koéhler, 10 calls.

Bolivia: Santa Cruz; 169 km north of Santa
Rosa de la Roca, 229'S, 6P31'W. J. Kbéh-
ler recording, 17 October 1994, time of recording
not indicated, 29C, unvouchered, recorded by Jorn
Kohler, 10 calls.

Paraguay: Itapua; El Tirol, near Encarnacion,
2711'S, 5%43'W. Frog 1 — USNM recording 178,
cut 6, 30 October 1980, 20:15h,%7, unvouchered,
recorded by Mercedes S. Foster, 10 cdiisog 2 —
USNM recording 178, cut 7, 30 October 1980, time
of recording not indicated, 2T, voucher USNM

Stanley Rand in captivity the same night of capture 253413, recorded by Mercedes S. Foster, 10 calls.

3 calls.
Bolivia: Beni; Estacion Biologica del Beni,
El Porvenir, 1438'S, 6618'W. Frog 1 — USNM

An Acad Bras Cienc (2003)75 (1)

Argentina: Misiones; Parque Nacional Iguazu,
25°41'S, 5£26'W. Commercial recording, “Voces
de Anfibios Argentinos 1", by Roberto Straneck,
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9 November 1988, 20:15h, 22, voucher MACN  genética ndo é acompanhada por diferencas marcantes
33461, recorded by Miguel Castelino, 10 calls. nas vocalizagdes especificas. A freqliéncia relativamente
Argentina: Salta; Embarcacion, Z3'S, baixa deste padrdo, como usualmente entendido, pode re-
64°6'W. USNM recording 19, cut 4, 23 December fletir apenas falta de andlises detalhadas de diferenciagéo
1971, 22:15h, 21%&, unvouchered, recorded by W. acustica e genética dentro de sistemas populacionais cor-
Ronald Heyer, 10 calls. rentemente considerados como espécies Unicas de ampla
distribuicdo geografica.
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