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Summary
Analyses of intraspecific variation in behaviour can provide insights into the process of behavioural diversification. In this study we characterized geographic variation in whistle structure of the estuarine dolphin, Sotalia guianensis, at 10 sites of a ∼4000 km transect along the
coast of Brazil. Whistles were recorded, digitized (N = 527), and six acoustic parameters
measured from spectrograms. ANOVA revealed geographic variation in all six parameters.
Post-hoc analyses indicated that pairs of sites with similar whistle parameters tended to be
adjacent to each other, and discriminant functions analysis (DFA) revealed that the greatest
differences in whistle structure tended to occur between the most distant sites. Whistle parameters did not, however, express simple clinal variation, and DFA was a poor predictor of site
(29.0% accuracy). Mantel tests revealed significant correlations between geographic distance
and variation in three of six whistle parameters. Linear regression analyses for our data set,
pooled with data from Azevedo & Van Sluys (2005, J. Acoust. Soc. Am. 117:1456), revealed
significantly lower starting and minimum frequencies for southern populations relative to
northern populations. A geographic discontinuity in these two features is observed, varying
on either side of the easternmost tip of South America. Possible ecological and evolutionary
explanations for these patterns are discussed.
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Introduction
Dolphins produce a diverse array of acoustic communication signals, including tonal whistles (Popper, 1980). These signals, which are apparently
unique to the Delphinidae (Podos et al., 2002), are used in numerous behavioural contexts including individual recognition (Caldwell et al., 1990),
and maintenance of group cohesion (Richardson et al., 1995; Janik & Slater,
1998). Numerous studies in recent decades have documented variation in the
acoustic structure of whistles. Comparative studies indicate that delphinid
whistles vary across species (Steiner, 1981; Ding et al., 1995a; Rendell et
al., 1999; Bazúa-Durán, 2004).
There is also growing interest in intraspecific variation in whistle structure (Bazúa-Durán & Au, 2004), as illustrated especially in studies of the
bottlenose dolphin Tursiops truncatus. Research on this species has identified acoustic differences among social groups (Janik, 2000), by localilty
(Ding et al., 1995b; Morisaka et al., 2005a), and between males and females
(Sayigh et al., 1995). As with other animal acoustic signals, a wide range
of factors may contribute to the diversification of whistles among dolphin
populations. First and foremost, whistles are learned, which enables dolphins within groups to convergence onto a common whistle structure (Tyack
& Sayigh, 1997; Fripp et al., 2005; Watwood et al., 2004). Local convergence in signal structure through learning could facilitate the evolution of
vocal dialects, as has been argued for other learned signals (Lemon, 1975;
Noad et al., 2000; Podos et al., 2004). Adaptation to different acoustic environments may also cause acoustic signals to diversify as signal transmission properties are optimized, although there are few data to support such
an effect for delphinid whistles (Morisaka et al., 2005b). Drift in body size
or in specific features of the vocal apparatus might also drive populationlevel changes in whistle structure (Cranford et al., 1996). Furthermore, whistles may diverge through population-level variation in receiver preferences
(Ryan, 1990). Tests of these hypotheses require basic information about variation in whistle structure.
In this study we quantified aspects of whistle structure in the estuarine
dolphin, Sotalia guianensis, as it varies along a broad north-south transect
(∼4000 km) of the coast of Brazil. This species occurs nearly continuously
along the Atlantic coast of Central and South America (Borobia et al., 1991),
from Nicarágua (Carr & Bonde, 2000) to Santa Catarina state in Southern
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Brazil (Simões-Lopes, 1988). It is classified by the IUCN as insufficiently
known and vulnerable (Reeves et al., 2003). Numerous recent field studies on
this species have been conducted (e.g., Monteiro-Filho, 1991; Flores, 1999;
Geise et al., 1999; de Oliveira Santos et al., 2000; Monteiro-Filho et al.,
2002; Erber & Simão, 2004), including recent published data on the acoustic
structure of their vocalizations.
Figueiredo (2000) evaluated the possibility that whistles serve a ‘signature’ function for S. guianensis in Sepetiba Bay, Rio de Janeiro State. Visual
inspection of spectrograms and application of a quantitative method based
on contour similarity, provided evidence that some whistle features vary
across individuals. Monteiro-Filho & Monteiro (2001) provided a qualitative description of S. guianensis vocalizations, based on 130 h of recordings
in the Cananéia region. These authors grouped recorded vocalizations into
four categories; whistles, calls, gargles, and clicks. Whistles were the most
common vocalization (about 95% of all vocalizations) recorded while dolphins were traveling, but were less common (30-50% of all vocalizations)
during feeding. It was thus suggested that whistle occurrence corresponds
to social contexts (Monteiro-Filho & Monteiro, 2001). Podos et al. (2002)
analyzed whistles of S. fluviatilis recorded at the Mamirauá Sustainable Development Reserve in central Brazilian Amazonia, and documented variation
in 5 whistle parameters. Erber & Simão (2004), working at Sepetiba Bay, Rio
de Janeiro State, recorded 2:55h of S. guianensis vocalizations and analyzed
3350 whistles by visual inspection of sonograms. They found that ascending
whistles were most common, representing 82% of the total. These authors
also suggested that the different whistles types observed may play a functional role in different behavioural contexts.
In a recent study, Azevedo & Van Sluys (2005) documented aspects of
S. guianensis whistle variation along the Brazilian coastline. They focused
in particular on differences between two clusters of localities; a set of three
northern sites, and a set of five southern coastal sites. Northern and southern localities were separated by about 3000 km. T -tests revealed significant
differences in whistle structure among northern and southern clusters in frequency values, with northern populations having higher whistle frequencies.
No differences were detected for whistle duration. Moreover, a discriminant
functions analysis and an ANOVA with post-hoc (Tukey) tests both revealed
that whistles from adjacent sites, i.e. within geographical clusters, tended
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to express greater structural similarity to each other than to whistles from
non-adjacent sites, i.e. across clusters.
Azevedo & Van Sluys’ (2005) description of differences in whistle structure among northern and southern Brazilian coastal populations raises new
questions about the processes underlying whistle divergence in S. guianensis. Foremost among these is whether whistle variation between northern
and southern localities is disjunct, as suggested by the Azevedo & Van Sluys
(2005) data set, or, alternatively, graded in nature. Geographically disjunct
patterns of vocal signal structure would likely occur as a result of geographical separation and isolation among populations, whereas continuous variation in vocal traits would likely result from regular contact among localities,
or perhaps from stasis in signal structure over time. Patterns of geographic
variation in learned communication signals such as dolphin whistles may be
influenced by patterns of both gene and meme interchange (e.g., Podos et
al., 2004). In the case of S. guianensis, it is currently difficult to distinguish
among these possibilities, given the breadth of the geographical separation
between northern and southern localities sampled by Azevedo & Van Sluys
(2005).
Our goals in this paper were threefold. First, we tested for variation in
whistle features across 10 populations of S. guianensis, using ANOVA and
discriminant functions analysis, as in Azevedo & Van Sluys (2005). Four
of our 10 populations overlap with those analyzed by Azevedo & Van Sluys
(2005), and so our analysis provides a partially independent replicate of their
data set. Second, we conducted three additional analyses on our data set:
post-hoc tests, linear regression analyses, and Mantel matrix comparisons.
These analyses allowed us to formally assess relationships between geographic variation and whistle features. Third, we conducted linear regression
analyses for data pooled across our study and that of Azevedo & Van Sluys
(2005), in order to help distinguish between disjunct and clinal patterns of
whistle variation between northern and southern coastal populations.

Methods
Study sites
Whistles were recorded from dolphin populations at 10 sites along the
Brazilian coast of the Atlantic Ocean (Figure 1), listed here from north to
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Location of our 10 sample sites along the Brazilian coast.

south: (A) Iracema beach, Ceará State, (B) Pipa beach, Rio Grande do Norte
State, (C) Aracaju, Sergipe State, (D) Paraguaçú river mouth, Bahia State,
(E) Ilhéus, Bahia State, (F) Parati bay, Rio de Janeiro State, (G) Cananéia,
Sao Paulo State, (H) Paranaguá bay, Parana State, (I) São Francisco do Sul,
Santa Catarina State, and (J) Florianópolis, Santa Catarina State. Approximate coastal (non-direct) distances between sites are presented in Table 1.
Recordings
Vocalizations were recorded from small boats using a portable Sony TCD5M cassette recorder and High Tech HTI-94-SSQ Series 2 wire marine hydrophones. This recording system has a flat frequency response up to about
17 kHz. Dolphin groups were located, approached, and the motor disengaged
before recordings were made. A minimum of 10 hours of vocalizations were
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Table 1. Site names, coordinates, and approximate coast-line distances between each study site and our northern-most site, Iracema beach, estimated
using ArcView (ERSI software, version 3.2).
Site
Iracema beach
Pipa beach
Aracaju
Paraguaçú river mouth
Ilhéus
Parati bay
Cananéia
Paranaguá bay
São Francisco do Sul
Florianópolis

GPS coordinates

Approximate distance (km)

03◦ 42 S; 38◦ 45 W
06◦ 10 S; 35◦ 05 W
11◦ 05 S; 37◦ 13 W
12◦ 55 S; 38◦ 45 W
14◦ 47 S; 39◦ 02 W
23◦ 56 S; 44◦ 19 W
25◦ 03 S; 47◦ 55 W
25◦ 25 S; 48◦ 15 W
26◦ 02 S; 48◦ 28 W
27◦ 30 S; 48◦ 30 W

0
470
1010
1585
1800
3240
3710
3782
3882
4032

recorded at each study site (20.5 ± 6.6 hours, mean ± standard deviation).
All recordings were made between 0700 and 1740 h.
Acoustic sample
Recordings were previewed using Real-time Spectrograph (SIGNAL V 3.1.
software, Beeman, 1999), to identify whistles to be used in statistical analyses. Our choice of whistles was based on two criteria: (i) Signal to noise
ratios needed to be sufficiently high so that timing and frequency parameters
could be discerned from background noise; and (ii) only one or two whistle exemplars from continuous sequences were used, in order to increase the
probable sample size of individual dolphins recorded. Overall we selected
between 24 and 84 whistles from each site for analysis (Table 2).
Whistles were digitized (25 kpts) on an IBM Thinkpad laptop computer
using SIGNAL V 3.1 (Beeman, 1999) and a DART PCMCIA digitizing card.
Spectrograms for each whistle were generated at 256 FFT (frequency resolution = 98 Hz, Hanning windows). Five acoustic parameters were measured
from spectrographs, using an on-screen cursor: (i) starting frequency, (ii)
ending frequency, (iii) minimum frequency, (iv) maximum frequency, and
(v) duration. A sixth acoustic parameter, frequency bandwidth, was calculated as the difference between maximum and minimum frequencies.
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Table 2. Sampling effort.
Site

N survey
days

Recording effort
(h)

N whistles
analyzed

6
4
3
6
4
3
4
4
3
7

10
14.5
14.5
27.5
28
14.5
26
22
22
26

51
50
69
26
24
68
84
55
60
55

Iracema beach
Pipa beach
Aracaju
Paraguaçú river mouth
Ilhéus
Parati bay
Cananéia
Paranaguá bay
São Francisco do Sul
Florianópolis

Analysis of whistle variation
We used four methods to document and test for variation in whistle parameters among our study sites. First, we conducted ANOVA and post-hoc Tukey
tests on the six acoustic parameters, to determine if and how they expressed
overall variation by site. Second, we ran discriminant functions analysis
(DFA) on the six acoustic features, with two goals in mind: to provide a diagrammatic overview of overall whistle variation among sites, and determine
how accurately whistles could be classified reliably to category, based on the
combination of six acoustic parameters (Kachigan, 1991). Third, we plotted each whistle parameter as a function of distance between each site and
the northernmost site, Iracema beach, and then tested for the significance of
these relationships using linear regression analysis. These statistical analyses
were conducted using JMP (version 5.1; SAS Institute Inc., Cary NC 2004).
Fourth, we used Mantel tests to test for correlations between geographical
distances and similarities in whistle parameters among sites.
Mantel correlations were computed using ‘R’ version 4.0 (Casgrain &
Legendre, 2004). In brief, seven 10 × 10 matrixes were calculated, the first
coding distances between each pair of sample sites, and the other six coding
differences in whistle parameter values between each pair of sample sites.
If, for example, mean duration was 1.0 s at site A and 0.8 s at site B, the
pair-wise difference between these sites would be 0.2 s. For each of the six
whistle parameters, we then calculated the correlation between the acoustic
parameter matrix and the geographic distance matrix. Next, for each whistle
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Table 3. Mantel non-parametric correlation scores and p-values for the six
whistle features.
Whistle parameter
Starting frequency
Ending frequency
Minimum frequency
Maximum frequency
Frequency bandwidth
Duration

Correlation

Mantel t

p-value

0.263
0.190
0.203
0.192
0.350
0.304

1.876
1.275
1.462
1.280
2.450
2.086

0.030
NS
NS
NS
0.007
0.019

parameter, actual correlation values were compared to correlations generated from 999 comparisons of randomized matrix pairs. These randomized
iterations allowed calculation of Mantel t statistics and significance values.
Pooled data sets
We also conducted linear regression analyses on our data with those of
Azevedo & Van Sluys (2005, their Table 3), for two features: minimum frequency and starting frequency. It would not have been appropriate to pool our
data for the other features because of inconsistency in our recording methods.
While our hydrophones had similar frequency responses, our analog recording system is only sensitive up to ∼17 kHz, whereas the digital recorder used
by Azevedo & Van Sluys (2005) had a flat frequency response up to ∼24
kHz. Maximum recorded frequencies are thus not comparable between our
studies (Oswald et al., 2004). Because most whistles are ‘ascending’ in contour, ending frequencies are often equivalent or near-equivalent to maximum
frequency. Comparability of duration might also be slightly compromised by
variation in recording equipment, given that some whistles apparently extend
into the above 15 kHz range.

Results
Representative spectrograms from our data set are presented in Figure 2,
and values for the six acoustic parameters (means ± SD) are plotted in Figure 3. All parameters showed significant variation across the sample (for all
ANOVA s, p < 0.001). Post-hoc analyses delimited either three or four categories of statistically similar values for each of the six whistle parameters
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Figure 2. Sound spectrograms of representative whistles from six sample sites (left column,
sites Pipa beach, Aracaju, Paraguaçú river mouth, right column, sites Ilhéus, Parati bay,
Cananéia).

(Figure 3). Adjacent sites tended to fall into the same post-hoc categories,
particularly for starting frequency, minimum frequency, and duration, as indicated by clustering among adjacent sites (Figure 3). Moreover, the only
site pairs that overlapped in one or more post-hoc categories for all whistle parameters (Ilhéus – Parati Bay; Parati Bay – Cananéia; and Cananéia –
Paranaguá Bay) were adjacent to each other.
In our DFA, 157 (29.0%) of the 542 whistles were categorized correctly
to site. 25.5% of misclassified whistles were assigned to a site immediately
adjacent to the actual site. The DFA plot (Figure 4) provides a composite
overview of geographical variation in whistle parameters, with circles defining 95% confidence ranges for site means. Sites with circles that do not overlap can be regarded as having statistically distinct whistles (JMP, version
5.1). For the 45 possible pair-wise site comparisons, 19 pairs showed overlap in the DFA plot, and 26 did not. The site that overlapped with the greatest
number of other sites was Ilhéus (site E), located in the middle of our transect, whereas the site with the most distinctive whistles (lowest overlap with
other sites) was Iracema beach (site A), the northernmost site. 6 of 9 (66.7%)
of geographically adjacent site pairs (e.g., A-B, B-C) showed overlap in the
DFA plot, whereas only 12 of 35 (34.3%) spatially disjunct pairs (e.g., A-C,
A-D) overlapped in the DFA plot.
Mantel tests revealed statistically significant correlations between geographic distance and whistle difference matrices for three parameters (Ta-
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Figure 3. Values of six whistle parameters as a function of estimated coastline distance
from our northernmost locality, Iracema beach. Means ± SD shown. In linear regression
analyses, only the regression for duration was statistically significant (y = −0.0221x +
6.28, r = 0.656; F -ratio = 5.94, p = 0.041). F -ratios of ANOVA for each parameter are
shown below each plot in italics; ∗ = p < 0.001. Rows beneath each plot indicate the
three or four categories identified in post-hoc analyses; gray shading indicates statistically
indistinguishable sites for each category. To illustrate, shading in the upper bar for ‘starting
frequency’ indicates that sites A, B, and I constitute a group of sites with indistinguishable
values for this parameter.

ble 3): starting frequency, bandwidth, and duration. In our linear regression
analyses, the only significant regression detected was for duration, which
decreased linearly southwards (Figure 3). When we pooled our data with
those of Azevedo & Van Sluys (2005), we found that starting and minimum
frequency regressed significantly and negatively towards the southernmost
sites (Figure 5; starting frequency, F -ratio = 17.85, p < 0.001; minimum
frequency, F -ratio = 14.65, p = 0.0015). Sites on either side of the easternmost point in Brazil (Figure 1) appeared to cluster with each other for these
two whistle features (Figure 5).
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Figure 4. Plot of the first two Canonical axis of the DFA. Circles represent 95% confidence
limits for the mean of each site (JMP 5.1); sites are designated from north to south, with
A = Iracema beach, B = Pipa beach, etc. Vectors for the input parameters are shown in the
inset.

Figure 5. For data pooled across our data set (filled circles) and that of Azevedo and
Van Sluys (2005, open circles), plots of starting and minimum frequency as a function of
estimated coastline distance from the northernmost locality, Marapanim. Both regressions
were negative and statistically significant (starting frequency, y = −0.000694x + 11.14,
F -ratio = 17.85, p < 0.001; minimum frequency, y = −0.0063x + 10.52; F -ratio = 14.65,
p = 0.0015). The dashed line refers approximately to the eastern tip of Brazil; starting and
minimum frequencies are relatively similar to each other on either side of the dashed line.

Discussion
Our analyses revealed significant effects of geographical location on the
structure of S. guianensis whistled vocalizations, consistent with data pre-
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sented by Azevedo & Van Sluys (2005). Some features, particularly starting
frequency, minimum frequency, and duration, were found to be more similar
between adjacent sites than between more distant sites, as indicated both in a
comparison of mean values and in post-hoc designations that were clustered
by locality (Figure 3). Some whistle features also tended to be most distinct
at one or both ends of our north – south transect (Figure 3). Starting and minimum frequencies, to illustrate, reached their greatest values for our two most
northern sites, Iracema and Pipa beaches, and formed a statistically distinct
group in post-hoc designations. Frequency bandwidth reached its maximum
at our southernmost sample site. Other whistle features, however, did not
appear to vary geographically, i.e. they were not unusually similar among
adjacent sites, or did not reach extreme values at transect ends (Figure 3).
The preceding interpretation is based on the relative position of sites along
the north-south transect. Mantel tests supplement these analyses by taking
into consideration variation in geographic distances among sites. This is important because our sampling sites were not separated by equivalent distances, and two sites that are near to each other may be expected to have
more similar whistles than pairs of sites that are widely separated. Mantel
tests conducted on three of our whistle features – starting frequency, frequency bandwidth, and duration – were statistically significant, thus further
demonstrating an impact of locality on whistle structure (Table 3).
Discriminant functions analysis (DFA) provided yet another way to evaluate similarity in whistle structure among sites, but based on combined
acoustic features rather than on feature by feature bases. In our DFA, 29%
of whistles were categorized correctly by site. Thus most whistle exemplars
could not be reliably assigned to site. We believe that this result reflects the
broad overlap in acoustic features across sites, and an absence of any features
that varied consistently and gradually across the range of our study sites.
Azevedo and Van Sluys (2005) reported a somewhat higher score of correct
classification (34.9%) for a DFA on their data. Their higher score probably
reflects the wide geographic separation in their study between their northern
and southern sites, and a correspondingly greater difference in whistle features among northern and southern site clusters (see below). For our data set,
the DFA plot identified greater separation of our transect ends (sites A and J
in particular, each of which has little overlap with other sites), as compared
to our transect middle (exemplified by sites E-H, all of which have high degrees of overlap; Figure 4). Our DFA plot also showed a rough progression,
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on Canonical discriminant axis 2, from southern sites (low axis 2 scores) to
northern sites (high axis 2 scores).
Patterns of variation along the north-south transect
Azevedo & Van Sluys (2005) reported clear differences in whistle structure
between northern and southern sites. It is not yet known however whether
this variation is clinal or disjunct. Our sampling regime, by inclusion of sites
in the states of Rio Grande do Norte, Sergipe, and Bahia helps to fill in
the gap between the northern and southern sample clusters of Azevedo &
Van Sluys (2005). We used linear regression analyses to visualize and assess
how relative geographic distances in our data set corresponded to degrees
of between-site variation in acoustic parameters. For our data set alone, we
found significant results for one feature only, whistle duration; whistle duration in northern sites tended to be greater than in more southern sites, in a
manner that varied roughly linearly. As mentioned previously, other features
expressed their extreme values at northernmost or southernmost sampling
sites (Figure 3, starting frequency, minimum frequency, and frequency bandwidth), but variation across other sample sites was sufficiently broad to lead
to non-significant linear regressions.
Greater resolution for starting and minimum frequency is achieved when
we pool our data with those of Azevedo & Van Sluys (2005). For pooled
data we find significant linear regressions between distance and both features
(Figure 5). Moreover, we observe a discontinuity of values on either side of
the easternmost tip of South America, near our Pipa beach locality (Figures
1 & 5). North of this locality, starting frequency values range between 10.40
and 12.60 kHz, with a mean value of 11.49 kHz (N = 4, calculated across
site means). Yet south of this locality, starting frequency values range between 7.02 and 9.58 kHz, with a mean value of 8.05 (N = 13 site means).
Interestingly, our Pipa beach site shows an intermediate value for starting frequency, 9.75 kHz. A similar pattern occurs for minimum frequency values.
Across northern sites, minimum frequency ranges from 9.94 and 12.37 kHz,
with a mean value of 11.02 kHz (N = 4, calculated across site means); yet
south of this locality, minimum frequency values range from 6.85 and 8.87
kHz, with a mean value of 7.71 (N = 13 site means). Again our Pipa beach
site shows a fairly intermediate value for minimum frequency, 8.63 kHz. The
southern cluster of whistle parameters identified by Azevedo & Van Sluys
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(2005) thus appears to extend up through Bahia to the easternmost tip of
the continent. A more complete method for analysis of this apparent discontinuity in starting and minimum frequencies would be to combine the raw
data from the two data sets into one pooled ANOVA and post-hoc analysis, to
determine if post-hoc designations fell out on either side of the Pipa beach
site. It would also be fruitful to resample all studied locations, but using the
same recording equipment and methods, in order to enable comparison and
pooling of the remaining whistle variables.
The observed geographic discontinuity in starting and minimum frequencies (Figure 5) might arise from multiple ecological and evolutionary causes
(e.g., Van Parijs et al., 2000). The discontinuity could, to some extent, reflect a dispersal barrier between Sotalia populations that are on disparate
evolutionary trajectories. One possible cause for a dispersal barrier would be
the eastern flowing South Equatorial Current, which separates at the Eastern
reach of Brazil into the south-flowing ‘Brazil current’ and the ‘North Brazil
Current’. Whistles in isolated populations of Sotalia could diverge through
a wide range of genetic and social mechanisms (as for bird songs, e.g. Podos et al., 2004). Available evidence, however, argues against the relevance
of current-based barriers in the dispersal of oceanic vertebrates (Shulman &
Bermingham, 1995; Rocha et al., 2005), and we have no reason to believe
that Sotalia would have difficulty moving across this geographical locality.
It is possible, however, that habitat preferences do diminish dispersal and
thus lead to some isolation among northern and southern localities. One way
to test this hypothesis would be to assess genetic differences among populations, through analysis of microsatellite DNA variation (e.g., Ciofi et al.,
2002).
Another set of possible explanations for the observed discontinuity concerns non-genetic, recent cultural adaptation within northern and southern
regions. We note that Sotalia in the southern and southeast regions tend to
reside in protected bays and estuary systems, whereas in the northeast they
reside sometimes in estuary systems but more often along open coasts and
beaches. Larger group sizes are observed in southern localities (Wedekin
et al., 2003; Rossi-Santos, unpubl. data). Perhaps there are broad differences among these acoustic or social environments that favor signals at
disparate frequencies (e.g., Morisaka et al., 2005b), although for the former possibility it is difficult to identify specific reasons why signals at 78 kHz would be less effective, e.g. have poorer transmission properties, in
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northern than in southern environments. A more likely explanation concerns random cultural evolution. Dolphins use whistles for group recognition, and divergence in signal properties among different groups may facilitate social interactions and thus be favored by cultural selection. It is
possible that cultural evolution among northern and southern regions has
caused whistles to diverge in random directions, but with enough continuity within regions to maintain similarity among adjacent sites. Playback of
whistles with both sets of features could be applied to test these possibilities.

Acknowledgements
We thank the following for critical support with logistics: Vera Flesh (Florianópolis); Marta
Cremer, Fernando Hardt (Univille, São Francisco do Sul); Fernando Oliveira, Emygdio
Monteiro-Filho, Cebola (Instituto de Pesquisas Cananéia, Guaraqueçaba and Cananéia); Liliane Lodi (Projeto Golfinhos, Paraty); Maria Socorro Reis, Luciano Dórea-Reis, Adolfo Hubner (Projeto Mama, Ilhéus, Salvador and Aracaju); Sydnei and Néia (Pousada Refúgio do
Capitão, Pipa); Manuel Furtado-Neto, Douglas Araújo (Universidade Federal do Ceará, Fortaleza). We also thank Vera da Silva for early encouragement on the Sotalia vocalization
studies, and Cláudio Sampaio for discussion. JP is supported by a grant from the National
Science Foundation (IBN 0347291).

References
Azevedo, A.F. & Van Sluys, M. (2005). Whistles of the tucuxi dolphin (Sotalia fluviatilis) in
Brazil: comparisons among populations. — J. Acoust. Soc. Am. 117: 1456-1464.
Bazúa-Durán, C. (2004). Differences in the whistles characteristics and repertoire of the
bottlenose and spinner dolphins. — An. Braz. Acad. Sci. 76: 386-392.
Bazúa-Durán, C. & Au, W.W.L. (2004). Geographic variations in the whistles of spinner
dolphins (Stenella longirostris) of the main Hawai’ian islands. — J. Acoust. Soc. Am.
116: 3757-3769.
Beeman, K. (1999). SIGNAL 3.1 Sound analysis software. — Engineering Design, Belmont,
MA.
Borobia, M., Siciliano, S., Lodi, L. & Woek, W. (1991). Distribution of the South American
dolphin Sotalia fluviatilis. — Can. J. Zool. 69: 1025-1039.
Caldwell, M.C., Caldwell, D.K. & Tyack, P.L. (1990). Review of the signature whistle hypothesis for the Atlantic bottlenose dolphin. — In: The bottlenose dolphin (Leatherwood, S. & Reeves, R.R., eds). Academic Press, New York, p. 199-234.
Carr, T. & Bonde, R.K. (2000). Tucuxi (Sotalia fluviatilis) occurs in Nicaragua, 800 Km north
of its previously known range. — Mar. Mamm. Sci. 16: 447-452.

362

Rossi-Santos & Podos

Casgrain, P. & Legendre, P. (2004). The R package for mulitivariate and spatial analysis, version 4.0 d6 – User’s manual. — Département de sciences biologiques,
Université de Montréal. Available on the internet site http://www.bio.umontreal.ca/
Casgrain/en/index.html
Ciofi, C., Milinkovitch, M.C., Gibbs, J.P., Caccone, A. & Powell, J.R. (2002). Microsatellite
analysis of genetic divergence among populations of giant Galapagos tortoises. — Mol.
Ecol. 11: 2265-2283.
Cranford, T.W., Amundin, M. & Norris, K.S. (1996). Functional morphology and homology
in the odontocete nasal complex: implications for sound generation. — J. Morphol. 228:
223-285.
Ding, W., Würsig, B. & Evans, W. (1995a). Comparisons of whistles among seven odontocete
species. — In: Sensory systems of aquatic mammals (Kastelein, R.A., Thomas, J.A. &
Nachtigall, P.E., eds). De Spil Publishers, Woerden, The Netherlands, p. 299-323.
Ding, W., Würsig, B. & Evans, W. (1995b). Whistles of bottlenose dolphins: comparisons
among populations. — Aqu. Mamm. 21: 65-77.
Erber, C. & Simão, S.M. (2004). Analysis of whistles produced by the Tucuxi dolphin Sotalia
fluviatilis from Sepetiba Bay, Brazil. — An. Braz. Acad. Sci. 76: 381-385.
Figueiredo, L.D. (2000). Hipótese do assobio-assinatura: estudo da ocorrência de tal fenômeno junto à população de Sotalia fluviatilis (Cetácea, Delphinidae) da baia de
Sepetiba, RJ. — Dissertação de mestrado. Universidade Federal Rural do Rio de
Janeiro, UFRRJ/DCA/LBC.
Flores, P.A.C. (1999). Preliminary results of a photoidentification study of the marine tucuxi,
Sotalia fluviatilis, in Southern Brazil. — Mar. Mamm. Sci. 15: 840-847.
Fripp, D., Owen, C., Quintana-Rizzo, E., Shapiro, A., Buckstaff, K., Jankowski, K., Wells,
R. & Tyack, P. (2005). Bottlenose dolphins (Tursiops truncatus) calves appear to model
their signature whistles on the signature whistles of community members. — Anim.
Cogn. 8: 17-26.
Geise, L., Gomes, N. & Cerqueira, R. (1999). Behaviour, habitat use and population size
of Sotalia fluviatilis (Gervais, 1853) (Cetacea: Delphinidae) in the Cananéia estuary
region, São Paulo, Brazil. — Rev. Brasil. Biol. 59: 183-194.
Janik, V.M. (2000). Whistle matching in wild bottlenose dolphin (Tursiops truncatus). —
Science 289: 1355-1357.
Janik, V.M. & Slater, P.J.B. (1998). Context- specific use suggests that bottlenose dolphin
signature are cohesion calls. — Anim. Behav. 56: 829-838.
Kachigan, S.K. (1991). Multivariate statistical analysis: A conceptual introduction, 2nd edition. — Radius Press, New York.
Lemon, R.E. (1975). How birds develop song dialects. — Condor 77: 385-406.
Monteiro-Filho, E.L.A. (1991). Comportamento de caça e repertório sonoro do golfinho
Sotalia brasiliensis (Cetácea: Delphinidae) na região de Cananéia, Estado de São Paulo.
— PhD Thesis, Universidade Estadual de Campinas, Campinas, Brasil.
Monteiro-Filho, E.L.A. & Monteiro, K.D.K.A. (2001). Low-frequency sounds emitted by Sotalia fluviatilis guianensis (Cetacea: Delphinidae) in an estuarine region in southeastern
Brazil. — Can. J. Zool. 79: 59-66.
Monteiro-filho, E.L.A., Monteiro, L.R. & Reis, S.F. (2002). Skull shape and size divergence
in dolphins of the genus Sotalia: A tridimensional morphometric analysis. — J. Mamm.
83: 125-134.

Latitudinal variation in whistle structure

363

Morisaka, T., Shinohara, M., Nakahara, F. & Akamatsu, T. (2005a). Geographic variations in
the whistles among three Indo-Pacific bottlenose dolphin Tursiops aduncus populations
in Japan. — Fisheries Sci. 71: 568-576.
Morisaka, T., Shinohara, M., Nakahara, F. & Akamatsu, T. (2005b). Effects of ambient noise
on the whistles of indo-pacific bottlenose dolphin populations. — J. Mamm. 86: 541546.
Noad, M.J., Cato, D.H., Bryden, M.M., Jenner, M.N. & Jenner, K.C.S. (2000). Cultural
revolution in whale songs. — Nature 408: 537.
de Oliveira Santos, M.C., Rosso, S., Siciliano, S., Zerbini, A.N., Zampirolli, E., Vicente, A.
& Alvarenga, F. (2000). Behavioral observations of the marine tucuxi dolphin (Sotalia
fluviatilis) in São Paulo estuarine waters. — Aqu. Mamm. 26: 260-270.
Oswald, J.N., Rankin, S. & Barlow, J. (2004). The effect of the recording and analysis
bandwidth on acoustic identification of delphinid whistles. — J. Acoust. Soc. Am. 116:
3178-3185.
Podos, J., Da Silva, V.M.F. & Rossi-Santos, M.R. (2002). Vocalizations of Amazon River
Dolphins, Inia geoffrensis: Insights into evolutionary origins of Delphinidae whistles.
— Ethology 108: 1-12.
Podos, J., Huber, S.K. & Taft, B. (2004). Bird song: the interface of evolution and mechanism.
— An. Rev. Ecol. Evol. Syst. 35: 55-87.
Popper, A.N. (1980). Sound emission and detection by delphinids. — In: Cetacean behaviour:
Mechanisms and functions (Herman, L.M., ed.). Wiley, New York, p. 1-52.
Reeves, R.R., Smith, B.D., Crespo, E.A. & Notarbartolo di Sciara, G. (2003). Dolphins,
whales and porpoises 2002-2010 Conservation Action Plan For the World’s Cetaceans.
— IUCN/SSC, Cambridge, UK.
Rendell, L.E., Matthews, J.N., Gill, A., Gordon, J.C.D. & MacDonald, D.W. (1999). Quantitative analysis of tonal calls from five odontocete species, examining interespecific
variation. — J. Zool. Lond. 249: 403-410.
Richardson, W.J., Greene, C.R., Malme, C.I. & Thomson, D.H. (1995). Marine mammals and
noise. — Academic Press, San Diego.
Rocha, L.A., Robertson, D.R., Roman, J. & Bowen, B.W. (2005). Ecological speciation in
tropical reef fishes. — Proc. Roy. Soc. Lond. B 272: 573-579.
Ryan, M.J. (1990). Sexual selection, sensory systems, and sensory exploitation. — Oxford
Surv. Evol. Biol. 7: 156-195.
Sayigh, L.S., Tyack, P.L., Wells, R.S., Scott, M.D. & Irvine, A.B. (1995). Sex differences in
signature whistle production of free-ranging bottlenose dolphins, Tursiops truncates. —
Behav. Ecol. Sociobiol. 36: 171-177.
Shulman, M.J. & Bermingham, E. (1995). Early life histories, ocean currents and the population genetics of Caribbean reef fishes. — Evolution 49: 1041-1061.
Simões-Lopes, P.C. (1988). Ocorrência de uma população de Sotalia fluviatilis Gervais, 1853
(Cetacea, Delphinidae) no limite sul de sua distribuição, Santa Catarina, Brasil. —
Biotemas 1: 57-62.
Steiner, W.W. (1981). Species-specific differences in pure tonal whistle vocalizations of five
western North Atlantic dolphin species. — Behav. Ecol. Sociobiol. 9: 241-246.
Tyack, P.L. & Sayigh, L.S. (1997). Vocal learning in cetaceans. — In: Social influences
on vocal development (Snowden, C.T. & Hausberger, M., eds). Cambridge University
Press, Cambridge.

364

Rossi-Santos & Podos

Van Parijs, S.M., Parra, G.J. & Corkeron, P.J. (2000). Sounds produced by Australian Irrawady dolphins, Orcaella brevirostris. — J. Acoust. Soc. Am. 108: 1938-1940.
Watwood, S.L., Tyack, P.L. & Wells, R.S. (2004). Whistle sharing in paired male bottlenose
dolphins Tursiops truncates. — Behav. Ecol. Sociobiol. 55: 531-543.
Wedekin, L.W., Rossi-Santos, M.R., Bonin, C.A., Cremer, M., Lodi, L., Oliveira, F., DauraJorge, F., Simões-Lopes, P.C., Monterio-Filho, E.L.A. & Pires, J.S.R. (2003). Análise
comparativa do tamanho de grupo entre diferentes populações do boto-cinza, Sotalia
guianensis (Cetacea: Delphinidae), na costa do Brasil. — In: II Congresso Brasileiro de
Mastozoologia, Belo Horizonte.

