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Abstract

1. While cetaceans are known to produce large and complex acoustic repertoires, the challenges of
exhaustively sampling sounds at sea and counting relevant signals has precluded an
understanding of their true repertoire diversity.

2. Here we quantify and compare the whistle repertoires of 16 populations in the genus Sotalia,
belonging to two sister species, the Guiana dolphin (Sotalia guianensis) and the tucuxi (Sotalia
fluviatilis), both endemic to Latin America. We used an adaptive resonance theory neural network
combined with dynamic time-warping (ARTwarp) to categorize whistles into types. Applying
recent methods from community ecology, we then determined the size of each population’s
repertoire and estimated B-diversity between sites while accounting for differences in sampling
effort.

3. Our analysis included a total of 1,817 whistles from 16 populations along the Atlantic coast of
Latin America and six in the Amazon Basin, distributed throughout the range of the genus
Sotalia. Contrary to previous studies comparing acoustic parameters alone, this whistle contour
type based analysis reveals significant differences in the composition of each population’s
repertoire, with 21% of types being unique to a single population. We also identified surprisingly
large variation in repertoire size, estimating some populations to have up to 20-times more
whistle types than others.

4. Our findings reveal substantial intraspecific variation in the whistle repertoires of two sister
delphinid species. This suggests that repertoire diversity and size are strongly influenced by

population-specific processes, rather than being constant within species. Further application of



these methods for comparison across unevenly sampled populations will open the door for new
insights into the evolutionary and ecological drivers of odontocete repertoires, and can also be

applied to other animal groups.

Keywords: intraspecific variation, acoustic behaviour, vocal repertoire, cetacean, Guiana dolphin,

tucuxi



1 Introduction

Animals emit a diversity of sounds to communicate across a range of situations. The whole of these
sounds is called acoustic repertoire. Only a tiny portion of vocal repertoires have been characterized,
songbirds (Leighton & Birmingham 2021) and non-human primates among the best studied (McComb &
Semple 2005). Acoustic repertoire size has been linked to mating success (Reid et al., 2004), territory
size (Aweida, 1995), brain size (Sewall et al., 2013), cognition (Creanza et al., 2016), population
dynamics (Hill & Pawley 2019), and urbanization (Deoniziak & Osiejuk 2019). A growing number of
phylogenetic comparative studies show support for an evolutionary increase in vocal repertoire size with
social “complexity” (non-human primates: McComb & Semple 2005, Bouchet et al., 2013; birds:
Leighton & Birmingham 2021). Therefore, understanding the makeup of vocal repertoires can reveal how
animals organize and respond to changes in their environment (Gagne et al., 2022), and the overall
evolutionary basis of their communication (May-Collado et al., 2007a-b). In conservation, acoustic
repertoires can be a useful tool because many species produce species-specific acoustic signals, that can
be used to study temporal and spatial changes in distribution, habitat use and population density (Marques
et al., 2013; Deoniziak & Osiejuk, 2019). In some cases, analysis of vocal repertoires can provide
demographic information, as some signals within the vocal repertoire are individual-specific and can

reveal cues on age, sex and body size (Charlton et al., 2007, 2012).

Compared to their terrestrial relatives, the breadth of the acoustic repertoires of most cetaceans remains
poorly understood. However, because acoustic behaviour is a key part of their lives it can reveal
information on their cognitive and social capacities (Martino et al., 2007). Several studies on odontocetes
have shown that they are cognitively adept and socially complex with highly advanced acoustic
production abilities (Janik, 2009, 2013). However, few studies have quantified the diversity of their
signals in the context of vocal repertoires. This is a particularly true for the toothed whales. Their vocal

learning abilities can result in repertoire variation between groups and populations (Janik & Slater, 2003).



Such patterns have been described for example in killer whales, Orcinus orca (Filatova et al., 2015),
botos, Inia araguaiensis (Melo-Santos et al., 2020), pantropical spotted dolphins, Stenella attenuate
(Rege-Colt et al., 2023), common dolphins Delphinus spp. (Oswald et al., 2021) and bottlenose dolphins

Tursiops truncatus (May-Collado & Wartzok, 2008).

Many odontocetes produce narrowband, and frequency modulated tonal sounds referred as whistles for
communication (Tyack, 2000). In bioacoustics studies, researchers typically extract frequency and
temporal information from whistles often classified based on general patterns of their contours (i.e.,
constant, upsweep, downsweep, concave, concave, sine) (Bazta-Duran & Au, 2004; Azevedo & Van
Sluys, 2005). However, such simplified categorizations do not fully capture the diversity of the signals in
their repertoire, and makes it challenging to compare repertoires across populations and species.
Furthermore, because many toothed whales have broad distributions, studies are limited in their sampling
efforts to a few, often-neighboring populations (Bazta-Duran & Au, 2004; Ansmann et al., 2007). Such
limitations make it very difficult to disentangle group-specific variation from population differences and

to estimate the vocal repertoire representative of the species.

Here we investigate the whistle repertoire of two sister species, the Guiana dolphin (Sotalia guianensis)
and the tucuxi (S. fluviatilis), both endemic to Latin America with relatively small distributions and
contrasting habitats. The Guiana dolphin is found in coastal waters, from Nicaragua to Santa Catarina
State, in Southern Brazil (Simdes-Lopes, 1988; Edwards & Schnell, 2001), while the tucuxi is confined to
the main tributaries of the Amazon Basin (Da Silva & Best, 1994, 1996). Phylogeographic and movement
data suggest that these species are separated into multiple populations across riverine and marine habitats
in South and Central America (Caballero et al., 2018)- Studies indicate that Guiana dolphins produce
whistles with simple contour shapes and a wide frequency range (1.38 to 48.4 kHz) (Azevedo & Van

Sluys, 2005; May-Collado & Wartzok, 2009).



In this study, we present the first description of the acoustic repertoire of Guiana and tucuxi dolphins
covering most of their distribution. First, we extract their whistle contours and second, we use an adaptive
resonance theory neural network approach combined with dynamic time-warping (ARTwarp) (Deecke &
Janik, 2006), to categorize whistle contours into types. We then apply statistical methods from
community ecology to measure the compositional similarity and size of the whistle type repertoires of
both dolphin species populations, accounting for differences in sampling effort. Finally, we explore
whether differences in the composition or size of vocal repertoires are linked to geographical distance,

species, habitat type, and group size.

2 Methods

Fieldwork

Recordings were collected between 1998 to 2017 at 16 sites across the distribution of both Guiana and
tucuxi dolphins (Figure 1). Recordings were made with various recorders and frequency ranges (See
electronic supplement, Table S1). Groups were defined according to (Quick & Janik, 2008), that is each

individual was at least within 10m of another member of the group.
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Figure 1 — Locations of study populations showing all detected, population-specific whistle types. Types
are represented as time-warped reference contours from ARTwarp (varying durations) with frequency
range 0-24 kHz for visualization. Only population-specific types representing 2 or more whistles are

included.

While both Guiana and tucuxi dolphins are sympatric with other toothed whales along their distribution
(Da Silva & Best,1994, 1996; May-Collado, 2010), obtaining single species recording was possible for
most of our sites for this study. In addition, we applied statistical tools to avoid the inclusion of other

species sounds in our study (see below).

Acoustic analysis
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Spectrograms were constructed and examined in Raven Pro 1.5 (Cornell Laboratory of Ornithology, NY,
USA), using a Hamming window, 1024 FFT, and 90% overlap. We selected the whistles with signal-to-
noise ratio > 6dB available from each population for comparison, up to an upper limit of 200 whistles
(Table S2). We considered whistles to be tonal narrow-band signals of at least 100ms in duration.
Whistles less than 200ms apart were considered as one whistle (Bazla-Duran & Au, 2004). Whistles were
selected across as large a range of different recording encounters as possible to reduce oversampling
specific individuals or contexts. We used a Matlab routine, Beluga, to manually extract the frequency

contour of each whistle (Deecke & Janik, 2006).
Automated whistle categorization

We used an adaptive resonance theory neural network combined with dynamic time-warping (ARTwarp)
to group whistles into types, as described by Deecke & Janik (2006). This method categorizes frequency

contours based on the vigilance, a critical similarity value. Because Guiana and tucuxi dolphin’s whistles
have relatively simple contours (Azevedo & Van Sluys, 2005) we used a vigilance of 96% to account for
fine-scale differences in our classifications. While little is known about vocal signal perception in Sotalia
dolphins, the 96% vigilance threshold is proven to optimally identify signature whistles of bottlenose

dolphins (Deecke & Janik, 2006).

Rather than comparing single acoustic parameters like frequency or duration, ARTwarp groups whistles
according to contour shape (i.e., pattern of frequency change over time), allowing for time-warping
contours up to a factor of three, ensuring maximum overlap in the frequency domain (Deecke & Janik,
2006). This increases the chances of categorizing whistles into biologically significant categories. First,
we applied ARTwarp to each population separately to quantify local repertoires, resampling whistle
contours at a 10 ms resolution. For each whistle category identified, ARTwarp generates a reference

contour that represents a typical whistle of that category. We then conducted a continent-wide analysis
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using the reference contours generated from each of the local analyses to identify whistle types

similarities among populations. Contours were not re-sampled for the continent-wide analysis.

Acoustic signals cannot be reliably measured at a frequency greater than half the sampling rate of the
recording (i.e., the Nyquist frequency) (Shannon, 1949). Thus, the ability to detect higher-frequency
whistles from populations recorded at higher sampling rates could bias estimates of similarity and total
repertoire size. To provide unbiased comparisons across populations, we applied our analyses to two data
subsets: (1) using all recordings but excluding any whistles with frequency values greater than 22 kHz
(hereafter “low-frequency dataset”), and (2) using only recordings with a sampling rate of at least 96 kHz,
and excluding any whistles with frequency values greater than 48 kHz (hereafter “high-frequency

dataset”).

Patterns of whistle repertoires across populations

With incomplete sampling, populations with identical vocal repertoires will appear to have some unique
signals by chance alone. We used a permutation test to determine if the measured proportion of
population-specific whistle types was greater than expected by sampling processes alone. For this test, we
limited our analysis to signal categories representing two or more recorded whistles. Over 1,000
permutations, we randomly shuffled whistle types across each population in the original dataset,
calculating a two-tailed p-value as the proportion of permutations with a more extreme proportion of

population-specific whistles than the observed value.
Compositional similarity between populations

Diversity measures in community ecology are typically weighted by the relative abundance of each
species in an assemblage, beyond the simplest measure of species richness (Jost et al., 2011). Following
recent methods in community ecology, we estimate diversity across a continuous parameter g, which

indicates the measurement’s sensitivity to the abundance of each species/type (Chao & Jost, 2015).

12



Considering diversity across non-0 orders of q achieves a similar effect as excluding singleton whistle
types (categories represented by single whistle) and provides two additional benefits for our study. First,
focusing on more common whistle types can be a way to safeguard against under-sampling: these types
should almost always be well-represented, even in small samples. Second, rare types may include some
interrupted whistles or sounds from other species. Beyond the general intuition that abundance matters
when measuring compositional similarity, de-emphasizing the importance of these rare signals should

help to identify the most representative sounds from each Sotalia population.

When applied to whistle repertoires, measures of between-population (beta) diversity, an estimate at g = 0
considers overlap in all whistle types, g = 1 emphasizes overlap in types weighted proportionally by their
relative abundance, and g = 2 emphasizes overlap in very common or dominant types (weighted by

squared relative abundances). For measures of within-population (alpha) diversity, orders of g =0, 1, and

2 estimate the number of any, common, and very common types, respectively.

First, we estimated overall compositional similarity between populations using multiple-community
extensions of the Horn (g = 1, similarity in common whistle types), and Morisita-Horn indices (q = 2,
similarity in very common types) (Chao et al., 2012). These estimators are sensitive to undetected
species/types, meaning that they are robust to under-sampling (Chao et al., 2008). Multiple-community
measures consider the non-independence of pairwise differences, and thus are preferable to simply
averaging pairwise comparisons (Chao et al., 2008; Diserud & @degaard, 2006). Standard errors and 95%
confidence intervals were estimated by bootstrapping with 200 replications (Chao et al., 2008). We
applied non-metric dimensional scaling (NMDS) analysis to distances estimated using the Horn and
Morisita-Horn method to visualize pairwise similarity between populations. In addition, we used a scree
plot of stress vs. number of dimensions to identify the optimal humber of dimensions for each
visualization. Similarities were estimated in SpadeR (Chao et al., 2016), converted into distance matrices,
and passed to the metaMDS function in vegan for fitting (Oksanen et al., 2019). Hull polygons were
overlaid for both species, allowing to qualitatively assess the importance of phylogeny on repertoire

13



similarity. Using the same distance matrices (estimated Horn and Morisita-Horn), we then used Mantel
tests with non-parametric (Spearman) correlation to assess if geographic distance predicts differentiation

in repertoire composition. Geographic distance was calculated with the Haversine method.
Estimating and comparing repertoire sizes using iNEXT

To estimate and compare repertoire size across populations, we followed steps adapted from Chao et al.
(2020) for estimating the diversity of species in assemblages with incomplete data. For each population,
we 1) assessed sample completeness, 2) estimated total repertoire size, and 3) estimated restricted whistle
repertoire size at a matched level of sample coverage. These analyses were carried out using iNEXT
(Hsieh et al., 2016). As before, we focused on whistle repertoire size estimates using orders of g = 1 and

q = 2, de-emphasizing importance of rare sounds.

The asymptotic estimators provided by Chao and Jost (2015) generate accurate measures of diversity, i.e.,
the number of whistle types a population of Guiana and tucuxi dolphins produces, that are robust to
incomplete data with undetected signals. With severe under-sampling though (more often occurring for
low orders of q), the estimate should be interpreted as a lower bound of true whistle type diversity (Chao
& Jost, 2012). Sufficient sampling can be verified empirically by examining whether sample-size based
rarefaction and interpolation curves begin to flatten when extended to twice the sample size (Magurran,
2004). We calculated asymptotic diversity estimates as a function of whistle type diversity order q,
presenting the special cases of richness (g = 0), Shannon diversity (g = 1), and Simpson diversity (q = 2).
When populations differ in whistle repertoire size, equal sample sizes will capture different proportions
of each repertoire. Therefore, it is preferable to standardize by sample coverage (Chao & Jost, 2012).
Sample coverage is defined as the proportion of acoustic signals a population produces that are detected
in a given sample (Chao et al., 2020). Though this method does not provide an estimate of total repertoire
size, it allows for statistically robust comparisons at cmax, the smallest coverage achieved in any single

population when each is extrapolated to twice its original sample size.
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Drivers of repertoire size across populations

We used simple linear regressions to explore relationships between repertoire size and several covariates.
First, we estimated the relationship between whistle repertoire size and the number of encounters
analysed for each population. Although our repertoire size estimates accounted for general differences in
sampling effort, populations with fewer encounters may still be under-sampled if usage of specific whistle
types varies according to behavioural state or group composition. Thus, a positive link between recording
encounters and vocal diversity would be diagnostic of down-biased estimates for populations recorded
fewer times. Next, to explore differences related to phylogenetic history, we fitted regressions of
repertoire size on species. We also tested the relationship between repertoire size and habitat (riverine or
marine), given the division between species across habitats, this was nearly identical to the species model,
but included the Tocantins River population (where dolphin species identity is unknown). Lastly, we
regressed repertoire size on median group size estimated for recordings for each population. For each
predictor of interest, separate models were fitted using Shannon diversity and Simpson diversity as the
response variable respectively, each estimated using the coverage-based rarefaction-extrapolation method
at cmax (for q=1: 64.8% coverage, g=2: 70.0% coverage). We incorporated standard errors for each
diversity estimate as measurement error in each model. This allowed us to propagate uncertainty in
measures of vocal diversity through the analysis. All analyses were conducted in R (version 4.3.1) and
organized into a reproducible pipeline using the targets package. Regressions were fit using the brms

package using flat priors (Landau, 2021).

Results

Overview of recorded signals

15



We analysed 2,467 whistles from 16 populations distributed throughout the range of Sotalia dolphins
(Fig. 1), 10 Guiana dolphin populations, five tucuxi dolphin populations, and one population in the
Tocantins River (Brazil), where dolphin species is unknown. The number of whistles extracted, and
encounters analysed varied by population (Table S2). Excluding whistles with maximum frequencies
above 22 kHz resulted in a low-frequency dataset of 1,817 whistles from the 16 study populations. These
1,817 whistles were grouped into 281 whistle categories by the ARTwarp analysis. When excluding 155
categories represented by only a single whistle, we identified 126 whistle types across all populations,
each type containing between two and 95 individual whistles (median 5 whistles). Of the 126 whistle
types, 26 were exclusively produced by one population, and the remaining types were shared among 2-
11s populations (median three populations). The proportion of whistle types that were unique to a single
population (21%) was much greater than expected by sampling processes alone (meanpermutes= 1.9%, p =

0.001).

We were able to include 1,921 whistles in the high-frequency subset (sampling rate of 96 kHz or above
and whistles up to 48 kHz). However, this required the complete exclusion of recordings from the
Colombian Amazon (CO) and Lake Maracaibo, Venezuela (VZ) populations, which had a sampling rate
of 44kHz and thus were not directly comparable. Given our interest in assessing large-scale geographic
patterns, we focus primarily on the results of the low-frequency subset, with diversity estimates for the

higher-frequency subset available in Table S4.

Compositional similarity of whistle repertoires between species and populations

Across all populations, we estimated Horn (g = 1) and Morisita-Horn (q = 2) similarities to be 0.51 + 0.02
(s.e.) and 0.15 + 0.01, respectively. We detected higher levels of differentiation among tucuxi populations
(Horn: 0.36 £ 0.04, Morisita-Horn: 0.09 + 0.02), while the Guiana populations in our study tended to have

more similar vocal repertoires (Horn: 0.51 + 0.03, Morisita-Horn: 0.17 + 0.01). The finding of lower

16



similarity values at higher orders of g suggests increased differentiation in the more commonly used
whistle types. The NMDS based on common Horn and Morisita-Horn similarities converged with stress
values of 0.20 and 0.18. Polygons overlaid onto each species overlapped substantially, suggesting limited

separation of vocal repertoire composition between Guiana and tucuxi dolphins (Figure 2). Tocantins

River population (TO), whose species membership is disputed, appeared to be most closely grouped with

Guiana dolphin populations.
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Figure 2 — Non-metric dimensional scaling of whistle repertoires recorded from Sotalia dolphin
populations. Pairwise distances estimated with the Horn and Morisita-Horn methods in SpadeR

(53), taking into account the relative abundance of whistle types. Polygons represent species-

specific hulls.
When compositional similarity was weighted by whistle abundance (g = 1), we found a significant

correlation between acoustic and geographic distances (Mantel test; R = 0.21, p = 0.02). A positive, but

non-significant relationship was detected when focusing on abundant whistle types only (g = 2; R = 0.11,

p = 0.11).



Variation in repertoire size between species and populations

As expected, estimates of repertoire diversity were more likely to plateau with higher orders of g (Figure
3). This supports the idea that comparisons of whistle repertoire composition and size would be most
accurate for measures at g = 2 (Figure 3). Both the asymptotic and coverage-based estimates of diversity
revealed significant differences in repertoire size among populations. While we were unable to
completely account for possible individual- or context-specific whistle types having an influence of
estimated vocal diversity, we found no strong relationship between the number of encounters analysed
and repertoire size (Table S4), suggesting that context-specificity was not a major source of bias in these
analyses. More generally, we found stark differences in repertoire size across populations, even when
levels of sampling were similar. For example, the estimated repertoire of common whistle types of the
Guiana dolphin population from Costa Rica (200 analysed whistles across nine encounters) exceeded that
of the population from the Paranagua Estuary (199 analysed whistles across eight encounters) by 40
whistle types (Figure 3). Regarding other potential drivers of estimated repertoire size, we found no clear
relationships between habitat type or species and acoustic diversity (Figure 4B, 4C). Larger group sizes
were associated with larger total repertoire size estimates, though this effect was quite uncertain (Figure
4D) and should only be interpreted as preliminary/weak evidence for a link between group size and vocal

diversity.
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Figure 3 — Sample size-based rarefaction and extrapolation curves showing diversity estimates
for each recording site organized by parameter g. Curves are extrapolated up to twice each
population’s original sample size. The levelling-off of curves for q = 2 (right) suggest that the
estimates of the total number of dominant whistle types is accurate. Estimates for lower orders of
g (left, middle), derived by extending curves to their asymptotes, may be down-biased, and are

best interpreted as lower bounds of true diversity.

19



! 0.08 :

0.075

A !
il 1
1 [l 1
2z z ! 2 [N 2z |
B 06 1 B I @ 0.050 {1 B 1
5 | i | 5 [ 5 I
[a} i a] i o [ o, :
03 £ / \
1 0.02 | 0.025 A i
1 1 / o 1
00 1 0.00 1 0.000 — 1 \.__7 0 1
-1 0 1 2 -20 -10 0 10 20 -20 -10 0 10 20 -0.50 -0.25 0.00 0.25 0.50
Effect of number of encounters analyzed Contrast: S Guianensis Contrast: River Effect of group size

Figure 4 — Posterior distributions of effects of various predictors on whistle diversity, including the
number of encounters analyzed (A), species (B), habitat (C), and group size (D). Diversity was calculated
for common whistle types (q=2), and effects were estimated from models 2, 4, 6, and 8, respectively (Full

details in supplement).

Discussion

Our analyses reveal substantial geographic variation in the diversity of tucuxi and Guiana dolphin whistle
repertoires. Interpopulation similarity was partially explained by geographic distance among populations,
along with some evidence of greater similarity within each species. Most striking was the magnitude of
geographic differences in repertoire size, with some populations estimated to have up to 20-times more
whistle types than others. This contrasts with previous studies, which have compared Sotalia whistles
among populations using broad shape categories (e.g., upsweep, convex) or acoustic parameters (e.g.,
maximum frequency, duration) and found few differences. For example, Azevedo & Van Sluys (2005)
were unable to distinguish between adjacent populations of Sotalia because of the way the range of
parameters overlapped (Azevedo & Van Sluys, 2005; Rossi-Santos & Podos, 2006; May-Collado &
Wartzok, 2009; Moron et al., 2019). Building on these efforts, we tested for differences when using a
routine designed for identifying biological signal types in bottlenose dolphins (ARTwarp). The discovery

of previously masked variation suggests that the combined application of ARTwarp and statistical tools
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from community ecology is a powerful approach for further investigation of whistle repertoires in

cetaceans.

We identified substantial intraspecific variation in the composition of Sotalia whistle repertoires, with
geographically closer populations having more similar repertoires. These differences were balanced by
similarities among non-adjacent populations, possibly the result of their shared evolutionary history
(Caballero et al., 2018), or convergence on similar signal types. Nevertheless, for cetacean species
repertoire differences often do not correlate with geographic distance between sampled groups (Camargo
et al., 2006; May-Collado & Wartzok, 2008, Filatova et al., 2012). Despite the overlap in the repertoires
of the tucuxi and Guiana dolphins, non-metric dimensional scaling analyses revealed some clustering of
populations from each species together. The two species diverged recently (Caballero et al., 2018), so that
some similarities in their acoustic signals can be expected. Intra-species variation appeared to be
especially high among the tucuxi populations. Caballero et al. (2018) proposed that there is greater
genetic differentiation between tucuxi from the center of their distribution (parallel to the course of the
Amazon River) to the smaller tributaries. This might explain, in part, the dissimilarity found in repertoires
of riverine populations, as isolation might have driven genetic and acoustic differentiation along different
tributaries. The most central locations in our dataset are CA and CO while others are smaller tributaries.
However, little is known on the movements and site fidelity of S. fluviatilis other than they are more
restricted to main river channels and have their habitats expanded during high water season (Martin et al.,
2004; Faustino & Da Silva, 2004; Da Silva et al., 2010). Still there is no physical barrier among these

rivers, with inter-population isolation being driven by differences in space-use and home ranges.

Compared to the tucuxi, the Guiana dolphins showed greater similarity in their repertoires. This was
partially driven by the fact that five of the ten populations in our study were relatively close
geographically (SE-SC), all located in the southern portion of the Brazilian Coast; these also presented
lower values of acoustic diversity and repertoire size, except for the population from llha Grande Bay

(IG) (Figure 1). According to Caballero et al. (2018), Brazilian Coast populations originated by a historic
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founder event with subsequent population expansion. As these are the populations at the extreme of the
species distribution, they are probably the last to have diverged and thus have a more similar and less
diverse whistle repertoire, this might be an effect of founder population dynamics, similar to the findings
of Hill & Pawley (2019). These southern populations are also the ones under the greatest anthropogenic
pressure (great harbours, traffic of large vessels, large urban centres). Fouda et al. (2018) reported the
reduction in the complexity of bottlenose dolphins (Tursiops truncatus) whistles when noise levels are
higher due to vessel traffic. While these authors did not correlate the decrease of complexity with
reduction of diversity/repertoire size this may be the case of Guiana dolphin populations on the Southern
Brazilian Coast. The relationship between noise levels and acoustic repertoires demands further
investigation, especially for coastal species like the Guiana dolphins that are more vulnerable and closer

to human activities.

We found some evidence that Sotalia dolphin populations which form larger groups also produce more
whistle types. However, this must be interpreted with caution as the posterior distribution of the effect of
group size contained non-trivial density below 0 (Figure D). The presence of substantial variation in
repertoire size not explained by group size suggests that other factors may be more important drivers of
acoustic diversity. For example, the population from Ilha Grande, Brazil, had a smaller repertoire size
than the Costa Rica population, despite Ilha Grande having the largest group sizes in our study (Da Silva
et al., 2010; Lodi & Hetzel, 1998). One such factor is the effect of interspecies interactions on a given
vocal repertoire. Members of the Costa Rican population regularly interact with bottlenose dolphins
(Tursiops truncatus), and May-Collado (2010) reported that Costa Rican Guiana dolphins produce
whistles with intermediate characteristics when they are in mixed groups. Some of the population-specific
types from Costa Rican Guiana dolphins show some qualities present in bottlenose dolphin whistles.
Since cetaceans are known to be capable of vocal learning (Janik 2009, 2013), the Costa Rican population
of Guiana dolphins could be incorporating bottlenose dolphin features in their repertoire through vocal

learning. However, we are unaware of any tests of vocal learning in Sotalia dolphins. Similarly, to the
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Costa Rican coast, Ilha Grande Bay is used by other whistling species including the Atlantic Spotted
dolphin (Stenella frontalis) (Azevedo et al., 2010), rough-toothed dolphin (Steno bredanensis) (Lodi &
Hetzel, 1999), and bottlenose dolphin (Lodi et al., 2008). However, these species are often observed in the
outer waters of Ilha Grande Bay, away from the Guiana dolphins core area (Tardin et al., 2020), the only
exception being the franciscana dolphin (Pontoporia blainvillei) (Neves et al., 2023). Thus, while mixed
groups between Guiana dolphins and these other species have not been observed, acoustic contact may

occur and, therefore, may contribute to the diversity of Ilha Grande Bay’s population repertoire.

Multivariate analyses placed the Tocantins River population (TO) among the Guiana dolphins, showing
that despite living in a riverine environment, their whistle repertoires were more like those of their marine
relatives. This region of the Tocantins River is part of the Amazon Estuary, an area of possible sympatry
between the two Sotalia species (Caballero et al., 2007). Guiana dolphins have tolerance to living in
freshwater environments, given they are present in the Orinoco River (Caballero et al., 2017). Because the
Tocantins River is part of the possible sympatry area between Sotalia species and given that Sotalia
guianensis tolerates freshwater environments, the genetic identity of Tocantins dolphins is still unknown.
Hybrid populations are also a possibility. Dos Santos et al. (2018) did not find any hybrids between the
two species, but only analyzed samples from outer waters of the Amazonian Coast. Furthermore, the
Amazon Estuary is a known hybrid zone for Amazonian and West Indian manatees (Trichechus inunguis
and Trichechus manatus, respectively) (Lima et al., 2019). To the extent that variation in signal types can
reveal population structure in other cetaceans, such as blue whales (Balaenoptera musculus) (Balcazar et
al., 2015), we hypothesize that the Tocantins River population likely has more recent ties (genetic or
otherwise) to coastal S. guianensis. Nonetheless, further investigation of the taxonomic identity of the

Tocantins dolphins is necessary.

An important qualification in our findings is that tucuxi and Guiana share their habitat with other dolphin
species that also produce whistles. Tucuxi overlap with botos (Inia spp.) throughout much of their range.

Botos (Inia spp.) also produce whistles (May-Collado & Wartzok, 2007; Melo-Santos et al., 2019)
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although not frequently. Melo-Santos et al. (2020) also reported that Inia araguaiaensis produces bouts of
downsweep whistles, but these too are uncommon. Guiana dolphins interact with marine species that tend
to produce tonal signals (e.g., bottlenose dolphins). However, compared to botos which can be quite
cryptic, it was possible to be more certain that Guiana dolphin recordings were collected from single-
species groups. Nevertheless, given the extent of Sotalia’s overlap and interaction with sometimes
difficult-to-spot dolphin species, we cannot exclude the possibility that some tonal sounds from other
species were included in our analysis. However, excluding whistle categories represented by a single
whistle and weighing measures of compositional similarity and repertoire size by the relative abundance
of each signal type, the influence of any (presumably rare) whistles from other species should be minimal.

Thus, we do not expect that this represents a significant source of bias in our findings.

Another factor that can lead to differences in dolphin whistle repertoires is the presence of signature
whistles in many delphinid species (Janik & Sayigh, 2013; van Parjis & Corkeron, 2001; Gridley et al.,
2014; Sayigh et al., 2013; Fearey et al., 2019). Signature whistles are individually distinctive whistle
types that are mostly used by the signature owner or its close associates. Since it has been suggested that
Sotalia dolphins have signature whistles (Figueiredo & Siméo, 2009; Lima & Pendu, 2014), some of the
patterns found could be caused by differences in signature whistles. Particularly, the significant
relationship between group size and repertoire diversity is to be expected if signature whistles are used.
However, only 26 of 126 whistle types were found in only one population. These could have been
signature whistles but the remaining 79% of whistle types were found in more than one population which
make them less likely to signal individual identities. Future studies are needed to investigate the

occurrence of signature whistles in Sotalia dolphins.

Together, our results point to a striking amount of unexplained variation in repertoire sizes for this genus,
which seems unrelated to simple covariates such as species or habitat. Beyond the weak association with
group size, we expect that finer-grain variation in environmental heterogeneity, life history, social

structure, demography, foraging strategies, and interspecies interactions are factors that have been
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reported to drive intraspecific variation in other traits of animal ecology and may underlie these
intraspecific differences in Sotalia vocal repertoires (Isvaran, 2007; Herczeg & Valiméki, 2011; Schradin
, 2013; Schradin et al., 2018; Jaeggi et al., 2021). While molecular data points to differences in home-
ranges (movements) between Sotalia species (Caballero et al., 2018) and that Guiana dolphins present
different foraging strategies along their distribution (Santos, 2010; Tardin et al., 2011; Tannure et al.
2020), much of these factors are poorly studied for most Sotalia populations. These findings reinforce the
need to consider intraspecific diversity when using comparative approaches to understand variation in
behaviour across species, as well as between and within populations (Herczeg & Valiméaki, 2011; Jaeggi
et al., 2021). Unravelling the causes of this impressive vocal diversity will require fundamental inquiries

into the biology of these understudied species.
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Figure S1 — Reference contours resulted from the continent-wide analysis of Sotalia dolphins whistle repertoire.
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Table S1 — Summary of recording locations across 16 sites and data sets analysed in this study, regarding Guiana (Sotalia guianensis) and tucuxi

(S. fluviatilis) dolphins.

Recording Locality

Recording system

Sampling rate (kHz)

autonomous recorder

Gandoca-Manzanillo, Costa Rica RESON hydrophone + AVISOFT Recorder + Ultra Sound Gate 116 400-500
French Guiana Cetacean Research Technology C75 + TASCAM DR 680 Recorder 192
Lake Maracaibo, Venezuela Cetacean Research Technology CR1 + M-Audio Micro Tack Il Recorder 44.1
Para Coast, Brazil Cetacean Research Technology CR1 + Tascam DR-44WL Recorder 96
Tocantins River, Brazil Cetacean Research Technology CR1 + Tascam DR-44WL Recorder, Sound Trap ST300 HF 96, 576
autonomous recorder
Central Amazon, Brazil Cetacean Research Technology SQ26-H1 + Zoom Recorder 96
Jurud River, Brazil Cetacean Research Technology CR1 + Tascam DR-44WL Recorder 96
Colombian Amazon, Colombia Offshore Acoustics + Maranrz CP430 Recorder 44.1
Peruvian Amazon, Peru Cetacean Research Technology CR3 + I/O Tech A-to-D converter 500
Napo River, Ecuador RESON hydrophone + AVISOFT Recorder + Ultra Sound Gate 116 400-500
Curral Bay/Pipa, Rio Grande do Norte, | Cetacean Research Technology C55 + M-Audio Microtrack Il Recorder 96
Brazil
Sepetiba Bay, Rio de Janeiro, Brazil Celesco LC-10 + Sony WM-D3, Cetacean Research Technology C54 hydrophone + M-Audio 44.1, 96
Microtrack Il
Ilha Grande Bay, Rio de Janeiro, Brazil Cetacean Research Technology + Marantz PMD 671 Recorcer, Sound Trap ST300 HF 576




Cananéia Estuary, S3o Paulo, Brazil DSG-ST HF Loggerhead Instruments + Sony Linear PCM Recorder PCM-M10, Reason -208 + 288
Sony Linear PCM Recorder PCM-M10
Paranagua Estuarine Complex, Parand, | Cetacean Research Technology C55S + Fostex FR2 Recorder 192
Brazil
Babitonga Bay, Santa Catarina Reson TC 4032 + Fostex FR2 Recorder 192
Table S2. Summary of tucuxi and Guiana dolphin populations analyzed, organized by species. NR indicates “not recorded”.
Population Abbreviation Species Encounters Median Whistles Min. Nyquist Min. Nyquist Sampling
analysed group size | extracted | 22 kHz 48 kHz rates (kHz)

Central Amazon, Brazil CA S. fluviatilis 9 4 112 107 112 96
Colombian Amazon co S. fluviatilis NR NR 200 200 0 44
Napo River, Ecuador EC S. fluviatilis 2 5 30 27 30 500
Jurua River, Brazil JU S. fluviatilis 2 8 83 71 83 96
Peruvian Amazon PE S. fluviatilis NR NR 90 77 90 96




Costa Rica

French Guiana

Ilha Grande Bay, Rio de

Janeiro, Brazil

Para Coast, Brazil

Paranagua Estuary, Paran3,

Brazil

Rio Grande do Norte Coast,

Brazil

Babitonga Bay, Santa Catarina,

Brazil

Sepetiba Bay, Rio de Janeiro,

Brazil

CR

FG

PA

PR

RN

SC

SE

. guianensis

. guianensis

. guianensis

. guianensis

. guianensis

. guianensis

. guianensis

. guianensis

23

10

80

30

20

200

114

200

199

198

185

200

199

169

87

50

125

119

146

108

184

200

114

174

199

198

185

198

22

300, 384,

375

96, 192

96, 576

96

192

96

176, 192

44,96




Cananéia Estuary, Sao Paulo,

Brazil

Lake Maracaibo, Venezuela

Tocantins River, Brazil

SP

\'74

TO

S. guianensis

S. guianensis

Sotalia sp.

12

198

63

195

156

63

127

120

195

48, 96

44

576




Table S4 — Estimates of key diversity measures for Sotalia whistle repertoires, organized by increasing sensitivity to rare signal types with

parameter q. Only whistles below the standardized Nyquist frequency of 22 kHz are included here.

Population

(asymptotic estimate)

Repertoire size

Repertoire size at 64.8% coverage

q=0 q=1 q=2 qg=0 qg=1 q=2

Tucuxi

Central Amazon, Brazil 56 34 24 19 16 14
Colombian Amazon 92 55 39 32 27 23
Napo River, Ecuador 16 10 6 5 5 4
Jurud River, Brazil 17 6 3 3 2 P
Peruvian Amazon 73 37 25 20 17 14
Guiana dolphin

Costa Rica 419 145 41 132 76 36
French Guiana 18 5 3 2 2 2
Ilha Grande Bay, Rio de Janeiro, Brazil 128 64 38 41 33 26
Para Coast, Brazil 52 28 14 18 14 10
Paranagua Estuary, Parana, Brazil 34 19 12 11 9 8
Rio Grande do Norte Coast, Brazil 110 60 33 37 30 22
Babitonga Bay, Santa Catarina, Brazil 69 21 14 11 9 8
Sepetiba Bay, Rio de Janeiro, Brazil 76 28 17 15 13 10




Cananéia Estuary, Sdo Paulo, Brazil 40 23 18 14 12 10
Lake Maracaibo, Venezuela 199 56 15 57 29 14
Unknown sp.

Tocantins River, Brazil 70 35 23 20 17 14

Table S5 — Higher-frequency dataset: Estimates of key diversity measures for Sotalia whistle repertoires, organized by increasing sensitivity to

rare signal types with parameter g. Only whistles below the standardized Nyquist frequency of 48 kHz are included here.

Population

(asymptotic estimate)

Repertoire size

Repertoire size at 70.0 % coverage

q=0 q=1 q=2 q=0 q=1 q=2

Tucuxi

Central Amazon, Brazil 72 38 25 24 20 16
Napo River, Ecuador 20 10 6 7 6 4
Jurud River, Brazil 24 7 3 5 4 3
Peruvian Amazon 98 45 27 29 23 18
Guiana dolphin

Costa Rica 410 159 49 176 98 43
French Guiana 35 11 4 10 6 4
Ilha Grande Bay, Rio de Janeiro, Brazil 242 115 54 96 65 43
Para Coast, Brazil 107 51 28 35 27 20
Paranagua Estuary, Parana, Brazil 69 35 21 23 18 15




Rio Grande do Norte Coast, Brazil 165 83 44 59 45 32
Babitonga Bay, Santa Catarina, Brazil 193 45 28 25 21 18
Sepetiba Bay, Rio de Janeiro, Brazil 20 16 11 12 10 8
Cananéia Estuary, Sdo Paulo, Brazil 57 40 30 27 23 19
Unknown sp.

Tocantins River, Brazil 106 52 33 34 27 22




Model 1 results

Term Estimate SE Cl-Lower Cl-Upper
Intercept 9.02 3.07 3.41 15.59
number.encounters.analyzed 0.28 0.34 -0.41 0.93

Model 2 results

Term Estimate SE Cl-Lower Cl-Upper
Intercept 8.93 3.57 2.04 16.34
number.encounters.analyzed 0.25 040 -0.55 1.03

Model 3 results

Term Estimate SE Cl-Lower Cl-Upper

Intercept 1333 490 3.34 23.11

SpeciesSotaliaguianensis 2.07 6.38 -10.08 15.54
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Model 4 results

Term Estimate SE Cl-Lower Cl-Upper

Intercept 1098 3.92 3.07 18.57

SpeciesSotaliaguianensis 2.10 5.03 -7.38 12.57

Model 5 results

Term Estimate SE Cl-Lower Cl-Upper

Intercept 15.41 3.62 8.76 23.04

HabitatRiverine -1.45 5.68 -13.09 9.15

Model 6 results

Term Estimate SE Cl-Lower Cl-Upper

Intercept 13.22  2.70 8.16 18.73

HabitatRiverine -1.42 451 -10.44 7.22

Model 7 results

Term Estimate SE Cl-Lower Cl-Upper

Intercept 11.30 3.26 5.06 18.01

as.numericmedian_group 0.16 0.18 -0.19 0.51




Model 8 results

Term Estimate SE Cl-Lower Cl-Upper
Intercept 9.76 2.55 4.82 14.95
as.numericmedian_group 0.14 0.12 -0.11 0.38
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