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Abstract

Varying levels of population structure may arise from interactions between intrinsic behavioral and demographic factors and
extrinsic environmental factors. Social organization, habitat use, resource partitioning, or even individual preferences are
putative drivers of population genetic differentiation over fine spatial scales. Here, genome-wide data from single-nucleotide
polymorphisms (SNPs) and carbon and nitrogen stable isotope data were used to examine population structure and niche
partitioning among three social units of bottlenose dolphins with strong home range overlap in a relatively small geographic
area in southern Brazil. Results from model-based and model-free analyses of population structure supported the delinea-
tion of two populations, one with preferences for estuarine waters and another strictly coastal, consistent with isotopic niche
differentiation. These findings suggest that genetic and ecological structuring is mainly driven by habitat use. At finer scale,
we also detected low but significant genetic differentiation among the three social units. The outcomes of this study provide
new insights into population structure of Lahille’s bottlenose dolphins in the Patos Lagoon estuary and its adjacent coastal
waters, which are exposed to increasing levels of anthropogenic disturbances, such as intensive artisanal fisheries, pollution,
and boat traffic. Although for demographic studies, the estuary and the coastal dolphins should be treated separately, for
conservation purposes, we recommend that the three social units be regarded as different entities.

Introduction

Knowledge of genetic structuring of populations is an
important basis for ecological and behavioral studies, in
Responsible Editor: T. Reusch. addition to informing and facilitating conservation actions
(Bossart and Prowell 1998; Palsbgll 1999). Isolation by dis-
tance, when genetic similarity decays with increasing geo-
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in terrestrial and marine organisms (Teske et al. 2018). How-
ever, both demographic and environmental factors, such as
life-history, dispersal, disturbance and vicariance events,
population size, social organization, habitat connectivity,
and resource distribution, are often drivers of fine-scale
population structure (Surridge et al. 1999; Beheregaray and
Sunnucks 2001; Fraser et al. 2004; Archie et al. 2008; Wor-
thington Wilmer et al. 2008; Grummer et al. 2019).

Cetaceans are highly mobile marine mammals that gener-
ally live in environments with a few or no geographic barri-
ers to dispersal. These characteristics are known to reduce
intra-specific genetic differentiation in several populations
due to the high levels of gene flow (Palumbi 1992; Boho-
nak 1999). However, population genetic studies have shown
strong genetic subdivision among populations of several
continuously distributed dolphin species, even over small
geographic scales where physical barriers to gene flow are
absent (Hoelzel 1998; Vachon et al. 2017). These studies
have helped identifying mechanisms leading to fine-scale
genetic structuring. Habitat preferences, resource partition-
ing, and behavioral specializations, which are strongly cor-
related to habitat heterogeneity, are some of the key drivers
shaping patterns of gene flow and population structure in
dolphins (Hoelzel 1998; Moller et al. 2007; Ansmann et al.
2012b; Van Cise et al. 2017).

Estuaries, where fresh water meets seawater, are among
the most productive and heterogenic ecosystems in the world
and often host populations of bottlenose dolphins (e.g., Tur-
siops truncatus gephyreus: Simdes-Lopes and Fabian 1999;
T. aduncus: Fury and Harrison 2008; T. truncatus: Mazzoil
et al. 2008). The unique environmental features of estuar-
ies, by themselves, are known to drive adaptive divergence
and genetic differentiation (e.g., Beheregaray and Sunnucks
2001; Watts and Johnson 2004). Furthermore, the estuarine
environment differs significantly from its adjacent coastal
environment, both in physicochemical properties and in
abundance and diversity of prey, providing subsidies for
genetic segregation (e.g., Moller et al. 2007). This habitat
heterogeneity can also induce individuals that share the same
preference for an area, resource, environment, feeding strat-
egy, or even social preferences to segregate in social groups
(e.g., Wiszniewski et al. 2009a; Moller et al. 2011; Daura-
Jorge et al. 2012; Ansmann et al. 2014) and, therefore,
reinforce the genetic differentiation. However, identifying
whether social groups are sufficiently segregated to generate
genetic differentiation is challenging. This requires the use
of a large number of genetic markers capable of detecting
fine-scale population structure, such as genome-wide single-
nucleotide polymorphisms (SNPs), that have been proven
powerful for this purpose (Liu et al. 2005; Gaughran et al.
2018).

Bottlenose dolphins, Tursiops spp., inhabit estuaries and
their adjacencies worldwide, usually having small population
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sizes and showing high degrees of site fidelity to these areas
(Wells et al. 1987). These dolphins are top predators mainly
classified as generalists, with individuals within populations
showing plasticity in feeding habits according to spatial and
temporal patterns of prey availability (e.g., Barros and Wells
1998). The Lahille’s bottlenose dolphin (7.t. gephyreus) is
a subspecies of bottlenose dolphins that inhabits estuaries
and coastal waters of the southwestern Atlantic Ocean, from
southern Brazil to Argentina. Lahille’s bottlenose dolphins
were delineated into several Management Units (MUs)
throughout their range with different degrees of gene flow
(Fruet et al. 2014), and negligible gene flow to common bot-
tlenose dolphins (7't. truncatus; Fruet et al. 2017).

Relatively large numbers of Lahille’s bottlenose dolphins
(203 individuals cataloged between 2005 and 2015) inhabit
the Patos Lagoon estuary (PLE) and its adjacent coastal
waters (CZ) in southern Brazil (Fruet et al. 2011, 2015a),
where they present a complex pattern of social structure
and habitat use. A recent study showed that in this region,
the species is socially structured into different social units
mainly driven by spatiotemporal use of the area and social
gregariousness (Genoves et al. 2018). In an association-
based perspective, there is a social unit of approximately
90 individuals (Fruet et al. 2015a) resident in the PLE and
its adjacent marine coast, and two units strongly associated
with the coastal zone, one in the southern coast (SC) and the
other in the northern coast (NC). There are a few movements
recorded between coasts, with some SC dolphins eventu-
ally been sighted in the northern coast and a few NC dol-
phins been sighted in the southern coast, but both have never
been seen in the inner estuary during 15 years of systematic
dolphin monitoring. Furthermore, residents and temporary
dolphins compose the coastal units. The SC unit receives
visitors mainly in the cold period (May—October) and the
NC in the warm period (November—April), the last coin-
ciding with period of mating activities and calving (Fruet
et al. 2015b). This differential use of habitats associated with
preferred companions suggests the potential for some degree
of genetic structuring within the population, especially
because mating activity and offspring births are seasonally
well defined in late spring and summer in the area (Fruet
et al. 2015b). Furthermore, it is likely that the differential
habitat usage patterns reflect variation in resource access and
utilization that reinforces within-population structuring, and
possibly reduces competition among social units.

In recent years, the use of stable isotopes analysis (SIA)
of carbon and nitrogen to investigate the trophic and spa-
tial ecology of top predators has increased worldwide (see
reviews by Hobson 1999; Kelly 2000; Newsome et al. 2010),
including marine mammals in the Southwestern Atlantic
(Seyboth et al. 2018). The 8'°C is informative of the base
of the food chain, and since it does not change markedly
between trophic levels (ca. 1%o), it can reveal spatial patterns
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of resource utilization, such as inshore versus offshore, or
high-versus low-latitude feeding sites (Hobson et al. 1994).
On the other hand, 8'°N vary approximately from 3 to 5%o
between trophic levels and, therefore, it is a useful indicator
of trophic position (DeNiro and Epstein 1981) and feed-
ing habitat (Chouvelon et al. 2012). For this reason, SIA of
both carbon and nitrogen can be excellent tools to investigate
preferential area for feeding (estuary or coastal waters), as
well as trophic position of each social unit of the Lahille’s
bottlenose dolphins inhabiting the Patos Lagoon and adja-
cent marine coast. Based on stomach contents and stable
isotopes (8!°C and 8'°N) from tooth dentine of stranded
individuals, but initially considering these individuals as
a single social unit, clear seasonal and decadal variations
(1977-1980 to 2002-2012) in their feeding ecology were
demonstrated (Secchi et al. 2016). However, it is unknown
whether differences in feeding ecology were due to indi-
vidual variation or the inclusion of dolphins from different
social units in the sample. In addition, the Patos Lagoon
estuary presents a large interannual variation in productivity
due to factors that affect its hydrological regime, which is
mainly related to climatic phenomena (Garcia et al. 2003,
2007; Teixeira-Amaral et al. 2017). Resident dolphins using
the estuary thus provide an excellent opportunity to investi-
gate the isotopic niche of these near-top predators over the
years.

Here, we used genome-wide SNPs and SIA of carbon
and nitrogen from skin samples of photo-identified, free-
ranging, adult Lahille’s bottlenose dolphins to test for fine-
scale genetic structure and habitat segregation of known
social units. Our assessment of population structure in this
system provides an opportunity to understand links between
habitat use, feeding preferences, social organization, and
genetic differentiation in coastal dolphins. Clarifying these
associations is particularly important for resident bottlenose
dolphins inhabiting embayment and estuaries, since these
environments are often under strong and localized anthro-
pogenic pressures.

Materials and methods
Study area

The Patos Lagoon Estuary (PLE), located approximately
between 31°58' S and 32°12' S, is characterized by shallow
bays (<2 m in depth), a narrow navigation channel that can
reach up to 20 m deep, and it is connected to the Atlantic
Ocean by two jetties of 4.6 and 3.8 km in length. The PLE
and its adjacent marine coast is a very productive environ-
ment that hosts abundant assemblages of fish (Garcia et al.
2012; Rodrigues and Vieira 2013). The estuary is also an
important nursery ground for several fish species that sustain

an extensive artisanal and commercial fishery (Haimovici
and Cardoso 2017). The area immediately south of the estu-
ary mouth (South Coast—SC) consists of a dissipative beach
composed mostly of sand and mud transported by the estua-
rine plume. To the north (North Coast—NC), the beach is
more reflective, composed of larger sand grains when com-
pared to the south (Figueiredo and Calliari 2006).

Sample collection

Skin samples were collected from Lahille’s bottlenose dol-
phins during photo-identification surveys carried out from
January 2009 to September 2016 onboard a 5 m-long inflat-
able boat powered with a 90 hp outboard engine. Samples
were taken in the estuary and the adjacent marine coast
(Fig. 1). To minimize risk of double sampling, biopsies were
taken from recognizable individuals (i.e., with evident natu-
ral marks on their dorsal fin) that were photo-identified at
the time of sampling. Dolphins were sampled using modified
darts specifically designed for small cetaceans (F. Larsen,
Ceta-Dart) fired from a 120 1b draw weight crossbow. To
minimize the wound, only individuals older than 3 years of
age (i.e., independent individuals, see Fruet et al. 2015b)
were biopsied as they hold large body mass and thick blub-
ber layer (see Fruet et al. 2016). Darts never reached the
muscle and collected only skin and fat tissues. Sub-samples
for genetic analyses were preserved in 20% dimethylsulfox-
ide saturated with NaCl (Amos and Hoelzel 1991) and stored
at — 20 °C, and those for stable isotopes analysis (SIA) were
frozen.

Assigning dolphins to units

Previous social and spatiotemporal analysis highlighted that
Lahille’s bottlenose dolphins from southern Brazil have dif-
ferent preferences for the three subareas of this study (Geno-
ves et al. 2018). These authors analyzed 102-catalogued
frequently sighted dolphins and identified three social divi-
sions, based on associations with a strong spatial component,
which clustered individuals that preferentially use the same
subarea (PLE, SC, and NC). Thereby, approximately 65 of
these individuals used the PLE and adjacent coastal waters
and 37 of these individuals regularly used the southern (SC,
n=18) and northern coast (NC, n=19) between 2006 and
2015 (see Genoves et al. 2018). The following genomic and
stable isotopes analyses were restricted to samples collected
from these 102 dolphins and used their respective social
characterizations.

Genomic methods and bioinformatics

Genomic DNA was extracted using a modified salting-out
protocol (Sunnucks and Hales 1996). The DNA quality was
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Fig.1 Biopsy sample locations of photo-identified, adult, Lahille’s
bottlenose dolphins (Tursiops truncatus gephyreus) in the Patos
Lagoon estuary and adjacent coastal waters, southern Brazil, used for:
a genomic analysis (N=49), specifying social unit memberships of

checked using three parameters: (1) purity, using a spectro-
photometer (NanoDrop, Thermo Scientific); (2) integrity,
using 2% agarose gels; and (3) quantity, using a fluorometer
(Qubit, Life Technologies). Double-digest Restriction-site
Associated DNA (ddRAD) sequencing libraries were con-
structed following the protocol of Peterson et al. (2012),
with modifications as described in Brauer et al. (2016) and
Sandoval-Castillo et al. (2018). Briefly, 300 ng of genomic
DNA was digested per sample using the restriction enzymes
Sbfl-HF and Msel (New England Biolabs), and one of
ninety-six unique six base pair barcodes was ligated to each
individual library. Replicates of five samples were included
to estimate sequencing and genotyping errors. Libraries
were pooled into groups of 12 samples, and then, fragments
between 250 and 800 bp were selected using a Pippin Prep
(Sage Science) and amplified using PCR. Libraries were
pooled in equimolar concentrations, and then, 96 samples
per lane of Illumina HiSeq 2000 (100 bp, single end reads)
were sequenced at the South Australian Health and Medical
Research Institute (SAHMRI).

Raw sequences for all available samples were demulti-
plexed using the process rad-tags in STACKS 1.19 (Catchen
et al. 2013), allowing a maximum of two mismatches in the
RAD tags (restriction enzyme recognition sequence) and
barcodes (barcodes are unique up to two mismatches). Then,
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sampled individuals, i.e., Patos Lagoon estuary (PLE—green circles),
Southern coast (SC—blue triangles), and Northern coast (NC—red
stars); and b stable isotopes analysis (N=40), where SC and NC indi-
viduals were grouped as coastal dolphins (orange circles)

the dDocent 2.2.19 pipeline (Puritz et al. 2014) was used to
remove low-quality bases and to construct a de novo assem-
bly of putative RAD reads. This process used a minimum
coverage of 15X and a maximum of 12 mismatches were
allowed to form reference contigs. A Bayesian-based vari-
ant detection approach, FREEBAYES (Garrison and Marth
2012) was used to detect putative single-nucleotide poly-
morphisms (SNPs) from the aligned reads of all individuals.
After that, a series of data filtering steps were performed
to ensure quality and coverage depth, and to control for
Hardy—Weinberg (HW) equilibrium and Linkage disequilib-
rium (LD) of the SNPs in the data set (see Table 1), follow-
ing the procedure detailed and justified in previous studies
(Sandoval-Castillo et al. 2018; Batley et al. 2019). The final
step retained only the samples from individuals of the 102
previously analyzed the social structure study.

Genomic diversity and population structure analysis

Genomic diversity within each unit sample was assessed as
mean nucleotide diversity (z), mean expected heterozygosity
(He), and percentage of polymorphic loci using ARLEQUIN
3.5 (Excoffier and Lischer 2010).
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Table 1 Number of SNPs

it : Step SNP count

retained after each filtering

step for the Lahille’s bottlenose Raw SNP catalogue 88,995

dolphins (Tursiops truncatus .

gephyreus) that use de Patos Genotyped in

Lagoon estuary and adjacent 80% of individuals, base quality > 30, minor allele frequency >0.03 34,495

coastal waters, southern Brazil Sequencing errors, paralogs, multicopy loci and artefacts of library preparation
1. Remove indels SNPs 8067
2. Read depth (<mean depth + (2 * standard deviation)) 6393
3. Read quality (ratio quality/coverage depth>0.2) 5557
4. Allele balance (>20% and < 80%) 5370
5. Hardy—Weinberg equilibrium in at least 2 populations 4056
6. Present in 75% of individuals in 75% of populations 4052
7. Single SNP per locus 3047
8. Linkage disequilibrium (% <0.8) 2942

The potential for fine-scale population genomic structure
based on social division (Genoves et al. 2018) was examined
throughout both model-based and model-free approaches.
First, we used the Bayesian clustering algorithm imple-
mented in fastSTRUCTURE (Raj et al. 2014). This model-
based method assumes that allelic frequencies are in HW
equilibrium and assign individuals to one or more groups
based on the probability of their genotypes belonging to dif-
ferent populations. Using the simple prior model, ten inde-
pendent runs for each K value (K tested from 1 to 10) were
completed to ensure consistency. The most likely number of
clusters (K) was chosen based on the optimal model com-
plexity measure (K*¢) and the number of relevant model
components (K*gc) (Raj et al. 2014). These values should
match to the true K when population structure is strong (Raj
et al. 2014). If a value greater than 1 was detected for K, it
was verified if the genomic division corresponded to the
social division of the population. In case of inconsistency
between these K measures, the value of K based on the low-
est cross-validation error (CV error), from ADMIXTURE
(Alexander et al. 2009), was used. Additionally, principal
component analysis (PCA) was performed using the R pack-
age ADEGENET 2.1 (Jombart and Ahmed 2011). PCA was
used to visualize how much the genomic differentiation
topology resembled the social network. Genomic differen-
tiation between social units was also investigated by com-
puting pairwise Fgp values in ARLEQUIN 3.5, with their
significance assessed with 10,000 permutations.

Cand N stable isotope analysis

For the stable isotope analysis (SIA), only 40 adults from
the 102 dolphins used in the social structure study were
included. Dolphin skin samples were rinsed with distilled
water, dried at 60 °C for 48 h, grounded with a mortar and
pestle to obtain a fine powder, and then stored in tin cap-
sules for analyzing the isotopic ratios of C and N. Lipids are

depleted in '*C compared with other molecules and variabil-
ity in lipid content of samples may result in undesirable vari-
ability in 8'C values (DeNiro and Epstein 1978). However,
Wilson et al. (2014) recommended that in the case of Tursi-
ops skin, C/N ratios up to 4.5 do not require lipid extraction.
The mean C/N mass ratio of all samples (3.6) thus indicated
that no lipid extraction was required for the dolphin samples.
Stable isotopes were analyzed using an elemental analyzer
coupled to a Thermo Scientific Delta V isotope ratio mass
spectrometer at the University of New Mexico Center for
Stable Isotopes (UNM-CSI). The isotopic ratio (R) of each
element ('*C/'2C and N/"N) in each sample, as well as
international standards, were calculated to obtain individual
isotopic composition according to the formula:

Rsample > _ 1’

Rstandard

where the natural isotope ratios of C and N found in the
tissues are related to those found in the standard (VPDB—
Vienna Peedee Belemnite limestone—for carbon, and
atmospheric air for nitrogen). Analytical precision (SD) was

assessed by an analysis of internal reference standards and
was measured to be < 0.2%o for both isotope values.

83C or 8N (%0) = <

Prey contribution

Bayesian stable isotope mixing models are a tool used to
identify proportional contributions of prey sources to the
consumer diet using stable isotopic compositions (Parnell
et al. 2013). Mixing models require a background knowl-
edge of consumer diet to choose appropriate food sources
to fit into the model (Phillips et al. 2005, 2014). The main
consumed prey species by dolphins of this population are:
the southern kingcroaker, Menticirrhus sp. (Msp); the white-
mouth croaker, Micropogonias furnieri (MF); the lebranche
mullet, Mugil liza (ML); the banded croaker, Paralonchurus
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brasiliensis (PB); and the cutlassfish, Trichiurus lepturus
(TL) (Secchi et al. 2016). The isotopic composition of
these main preys was extracted from Secchi et al. (2016),
supplemented with some samples collected between 2011
and 2015 and processed according to Secchi et al. (2016)
(Table 2). There was no specific procedure for prey collec-
tion; however, samples were obtained from the local fishery
that operates within the dolphins’ core area of distribution.
Estimates for trophic discrimination factors (TDFs) for skin
samples of common bottlenose dolphins were described
by Giménez et al. (2016) and were used in the models
(APC=1.01+0.37%0 and AN =1.57 +0.52%0). A total
of 1500 iterations of a Monte Carlo simulation of mixing
polygons (Smith et al. 2013), using the packages sp and
splancs in R, were performed to verify the validity of the
mixing model for describing the consumers’ diet composi-
tion. Model validation is straightforward and accomplished
when all consumers are within the 95% mixing region
(Smith et al. 2013). Finally, mixing models were run to esti-
mate the contribution of prey samples to the dolphins’ diet
using the simmr package (Parnell 2016).

Stable isotope data analysis

Variables affecting 'C and 8'°N values in the skin of adult
Lahille’s bottlenose dolphins were analyzed using general-
ized linear models (GLMs). Separate GLMs were used to
model the §'°C and 8'°N values of the Lahille’s bottlenose
dolphins. The fit of the models to 8!°N values were per-
formed using Gaussian distributions and identity link func-
tions while for 8'3C values models were fit using Gamma
distributions and log link functions. All models were opti-
mized using a forward selection procedure and the model
with the lowest AIC (Akaike Information Criterion) was
chosen (Burnham and Anderson 2002).

GLMs 1 were run considering two explanatory vari-
ables: (1) main environment use: the estuary (PLE dol-
phins) and coastal zone (SC and NC combined into a single
coastal unit) and (2) sex (males and females). Season (cold:
May—October and warm: November—April) could not be

Table 2 Mean 8'3C and 8'>N values (+SD) from main preys col-
lected between 2011 and 2015 of Lahille’s bottlenose dolphins that
use the Patos Lagoon estuary and adjacent coastal waters, southern
Brazil. Source: Secchi et al. (2016)

Prey species n 813C (%0) PN (%o)
Mean +SD Mean +SD
Menticirrhus sp. 26 —-14.7+09 15.7+0.4
Micropogonias furnieri 17 —-155+0.5 15.6+0.6
Mugil liza 18 —-148+1.1 12.4+0.9
Paralonchurus brasiliensis 26 —-163+0.8 15.6+0.6
Trichiurus lepturus 15 —-17.0+0.7 15.5+0.7
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considered as an explanatory variable in this sample set as
most of the coastal dolphin samples were from the warm
season. Therefore, only samples representing the warm sea-
son were used in these models. Considering the estimated
skin half-life of bottlenose dolphins of 24 days (+8) and
47 days (+19) for carbon and nitrogen isotopes, respectively
(Giménez et al. 2016), samples were attributed to seasons
by subtracting 3 months from the day of the biopsy. This
prevents, for example, that a dolphin sampled at the start
of a season would be erroneously classified, since its tissue
corresponds to the isotopic signal of the previous season.

GLMs 2 were run to model the isotopic values of PLE
dolphins as a function of season, sex, and period of sam-
pling (2009-2012 and 2013-2016). This last variable was
added to investigate if any significant change of isotope
niche occurred over 4-year periods. The restriction of this
analysis to only PLE dolphins is due to their high residence
to the area, which should be a good representation of a top
predator isotopic niche of the study area.

Isotopic niche of social units

Stable isotope niches of the dolphins were calculated for
dolphins from the PLE and the coastal units (SC and NC)
combined as “coastal” (see Fig. 1b). Only samples from
the warm season were included due to low samples sizes in
the cold season for the coastal group, as a minimum of five
samples are needed to calculate the ellipse areas (Jackson
et al. 2011). The isotopic niches of the dolphins from the
PLE were generated by seasons, periods, and sexes. Isotopic
niche ellipses were estimated using multivariate, ellipse-
based metrics through the SIBER package (Stable Isotope
Bayesian Ellipses in R; Jackson et al. 2011). The standard
ellipse areas corrected for small sample sizes (SEAc) and
Bayesian standard ellipse areas (SEAg) were calculated
using individual 8'*C and §'°N values from the dolphin
groups. To test whether one group’s SEAj is smaller (or
larger) than another, the probability that its posterior distri-
bution is smaller (or larger) was calculated between pairs.
Furthermore, the magnitude of the isotopic overlap among
the pairs was calculated as percentage of the SEAc over-
lapped. All analyses were carried out in the R 3.4.3 statisti-
cal environment (R Core Team 2017).

Results

A total of 148 biopsy samples were collected concomitantly
with dorsal fin photographs. From the 102-catalogued dol-
phins, which were previously analyzed regarding the social
structure, 62 were biopsied. Due to storage, extraction or
sequencing issues, four of them were not included in the
subsequent analyzes and it was not possible to use all the
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remaining 58 samples for both procedures. Finally, 49 of
these dolphins were used in the genomic analysis and 40 in
the stable isotope analysis (Table 3; Fig. 1), with 34 dolphins
subjected to both genetic and isotopic analyses.

From the Illumina sequencing of all samples with high-
quality DNA extractions (n=108), a total of 231,104,429
forward reads and 88,995 raw SNPs were generated, from
which 34,495 SNPs were obtained with the dDocent pipe-
line (Table 1). The average coverage was 20.71, the final
minimum read depth per locus was 8 X and the average error
rate between replicates was 7.8%. Four samples were later
removed from the data set, because they had more than 15%
missing data. The remaining 104 individuals had an average
of 6.5% missing data. After filtering with stringent criteria,
including for HW and Linkage disequilibrium, 2942 SNPs
were retained (Table 1). Finally, we excluded 55 individuals
that could be mistakenly assigned to the proposed popula-
tions (PLE, SC, or NC) and retained 49 well-known photo-
identified dolphins that were previously analyzed regarding
the social structure and were subsequently used for popula-
tion structure analysis.

Genomic diversity within social units

Estimates of genomic diversity based on the 2942 SNPs in
the Patos Lagoon estuary unit (PLE) differed slightly from
the Southern (SC) and Northern coast (NC) units, which
had similar levels of genomic variation. There were more
than 80% of polymorphic loci and the mean observed

Table 3 Number of biopsy samples of photo identified Lahille’s bot-
tlenose dolphins collected from each social unit (Patos Lagoon estu-
ary—PLE, Southern coast—SC and Northern coast—NC), includ-
ing sex class proportion (females—F and males—M), used for each
analysis

heterozygosity (H) was higher than the mean expected
heterozygosity (Hg) in the three social units (Table 4).

Population structure

The Bayesian clustering analysis inferred between two (K*¢)
and three (K*@C) genetic clusters (Fig. 2) as the most likely
number of populations. Cross-validation error from admix-
ture indicated two populations (CV,,,=0.480): one estua-
rine, consisting of dolphins from the PLE social unit (PLE
population), and other coastal, represented by individuals
from SC and NC social units, which exclusively inhabit the
coastal zone (CZ population). Although the results suggest
two populations, there is some level of admixture between
PLE and CZ clusters (Fig. 2). The PCA analysis also cor-
roborated this delineation (Fig. 3). Pairwise comparisons
of genomic differentiation measured by Fgp showed a mod-
erate (Fgr values <0.1), significant genomic differentiation
(P<0.0001) between the two identified populations in the
fastSTRUCTURE and PCA analysis (Table 5). Fgp values
were also significant between social units, being higher
between PLE and NC, followed by PLE and SC and, finally,
SC and NC (see Table 5). The H, was also higher than the
Hy, in the CZ population (SC and NC together) (Table 4).

Isotopic composition

SIA was carried out for skin samples of 40 adult individuals
used in the social structure study, including 17 females and
23 males. Number of samples collected in each period, for
each unit, and their respective isotopic composition are sum-
marized in the Supplemental Material Table S1. The §!*C
and 8'°N values ranged from — 15.7 to — 13.3%o, and from
15.6 to 18.4%o, respectively (Table 6). The mixing polygon
approach showed that all the PLE dolphins analyzed were

social unit N genomic F:M genomic N isotopes F:Misotopes ~ Within the 95% mixing region (formed by the TDF-cor-
rected isotopic values of the prey) (see Supplemental Mate-
PLE 33 21:12 27 13:14 . . . .
sc 6 s 6 s rial Fig. S1a). For dolphins of the SC and NC units, some
NC 0 4' 6 ; 3' A individuals were in the limit of the 95% mixing region (the
: : outermost contour), thus indicating that the model fitted was
Table 4 Basic property statistics Statistics PLE SC NC CZ (SC+NC)
and estimates of genomic
diversity for Lahille’s bottlenose Num. of individuals 33 6 10 16
dolphins from three social Num. of usable loci 2747 2541 2700 2736
units (Patos Lagoon estuary—
PLE, Southern coast—SC and Num. of polymorphic loci 2642 2100 2400 2611
Northern coast—NC) based on % of polymorphic loci 98.2 82.6 88.8 95.4
2942 SNPs Results for polymorphic loci
H, 0.3461 0.4269 0.3651 0.3530
Hy 0.3044 0.3661 0.3337 0.3243
SD 0.22/0.16 0.22/0.13 0.20/0.14 0.19/0.14

H,, observed heterozygosity, H expected heterozygosity, SD the standard deviation
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Patos Lagoon estuary

K=2

South coast North coast

ESLP034
ESLP037
ESLP046
ESLP056
ESLPO58
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ESLP081
ESLP090
ESLP106
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ESLP129
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ESLP172
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ESLPO75
ESLP084
ESLP086

Fig.2 Bayesian clustering from fastSTRUCTURE for 49 Lahille’s
bottlenose dolphins (Tursiops truncatus gephyreus) from three social
units sampled in the Patos Lagoon estuary and its adjacent coastal
waters, southern Brazil. The most likely number of genetic clusters
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Fig.3 Principal Component Analysis based on 2942 SNPs from 49
Lahille’s bottlenose dolphins (Tursiops truncatus gephyreus). Dots
are colored according to the social unit which the individual belongs
to, i.e., Patos Lagoon estuary (PLE), Southern coast (SC), and North-
ern coast (NC)
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ESLP100
SCLP040
SCLP042
SCLP131
SCLP139
SCLP140
SCLP146
NCLP0O50
NCLP089
NCLP097
NCLP098
NCLP108
NCLP126
NCLP141
NCLP143
NCLP147
NCLP150

in the data set was identified as two. Each individual is represented
by a vertical column partitioned into two colored segments, with the
length proportional to the individual’s estimated membership coeffi-
cient

not as good as for the PLE dolphins (Supplemental Mate-
rial Fig. S1b and c). The fact that no consumers occurred
outside the 95% mixing polygon suggests that adjustments
(e.g., consumer exclusion, parameter correction, and model
rejection) are not necessary, and the model representation
is relatively robust.

The GLMI that best fitted the 5'°N data included only the
environment preferentially used by the dolphins (PLE and
coastal) as a significant explanatory variable, where coastal
dolphins showed higher nitrogen isotope values (Table 7). In
the case of the PLE dolphins, GLMs2 that included period
and sex as explanatory variables were the best fitted in the
case of 8'3C values. In the case of §'°N data, season was
the only explanatory variable that had a significant effect on
these isotopes, where samples representing the warm season
had more "*N-enriched values (Table 7).

The relative contribution of prey sources to the diet
of PLE dolphins for each season, 2009-2012/2013-2016
periods, and for the warm season for SC and NC dolphins
is presented in Supplemental Material Fig. S2. The rela-
tive contribution of the analyzed preys is very similar to
the diet of the different social units. For PLE dolphins,
the whitemouth croaker (MF), banded croaker (PB), and
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Table 5 Estimates of genomic differentiation (expressed as Fgp) of Lahille’s bottlenose dolphins (Tursiops truncatus gephyreus) based on 2942
SNPs between the population that use the estuary (PLE) and the population that use the coastal waters (CZ)

Populations comparison

Social units’ comparison

PLE Cz PLE SC NC
PLE - <0.00001 PLE - <0.00001 <0.00001
Cz 0.0538 - SC 0.0368* - <0.00001
NC 0.0628* 0.0184* -

Fgr values between each social unity (Southern coast—SC and Northern coast—NC) are also presented. Fgp values are at the lower matrix and P

values are at the upper matrixs
*p <0.1

Table 6 Skin 5'°C and 5°N

Unit  2009-2016

Cold season Warm season

values (%o) of Lahille’s

bottlenose dolphins from the N 8BC (%o) 5N (%o) N 8C (%) 6N (%0) N 6C (%0) 8N (%o)
three social units that use
the Patos Lagoon estuary PLE 27 —14.6+0.6 169+0.6 9 —14.6+0.7 166+0.6 18 —14.7+0.5 17.1+0.5
(PLE) and adjacent coastal SC 6 —148+03 17.7+03 2 —145+01 174402 4 —15+0.1 17.9+02
waters (Southern coast —SC NC 7 -—147+04 180+03 0 7 —147+04 18.0+03
and Northern coast—NC) in

Total 40 —14.7+05 17.2+0.6 11 —146+06 173+06 29 —147+05 17.4+0.6

southern Brazil

Table 7 Results from Generalized Linear Models (GLMs) with environment (Patos Lagoon Estuary—PLE population vs. Coastal Zone—CZ
population) and sex (females and males) as predictors of the stable isotopes of carbon and nitrogen in skin of Lahille’s bottlenose dolphins

Model Intercept (p value) Environment Season (warm) Period (2013- Sex (male) (p value) df AIC
(PLE) (p value)  (p value) 2016) (p value)
8N ~ Environment 17.84 (0.00) — 0.67(0.00) - - - 28  46.033
PLE dolphins
813C ~ Period + sex 2.66 (0.00) - - 0.06 (0.00) —0.03 (0.02) 26 38.051
51N ~Season 16.58 (0.00) - 0.59 (0.13) - - 26 47.661

GLMs for 8'C and 8"°N values of the PLE dolphins using season (Cold and Warm months), sex and periods (2009-2012 vs. 2013-2016) as
explanatory variables are also presented. Degrees of freedom (df) and Akaike Information Criteria (AIC) are shown. Only the selected models

(lowest AIC) results are presented

cutlassfish (TL) increased their importance in the second
period (2013-2016).

The isotopic niche of the PLE dolphins in the warm
months was larger than that of coastal dolphins with a
probability of 0.96. The overlap between these two groups
represents 14% and 28% of the SEAc of the PLE and
coastal dolphins, respectively (Table 8, Fig. 4a). Among
PLE dolphins, the isotopic niche area was slightly nar-
rower during the warm than in the cold months, with a
probability of 0.74. The overlap between these two ellipses
encompassed 40% and 29% of the warm and cold SEAc
areas, respectively (Table 8, Fig. 4b). Considering the two
periods analyzed for the PLE dolphins, the ellipse area of
the first period (2009-2012) was larger than that of the
second period (2013-2016), with a probability of 0.99, and
niches were completely segregated in the 5-space (Table 8,
Fig. 4c). Males and females from the PLE showed similar
niche areas and a high overlap area, which represents 62%

and 67% of the SEAc area of females and males, respec-
tively (Table 8, Fig. 4d).

Discussion

Different habitat types and niche specializations have been
suggested as important drivers of population structure in
various cetaceans (Hoelzel et al. 1998; Natoli et al. 2005;
Bilgmann et al. 2007; Louis et al. 2014; Pérez-Alvarez et al.
2015), including bottlenose dolphins from the Southwestern
Atlantic (Fruet et al. 2017). Despite the capacity for long-
distance movements and range overlap of cetaceans, small-
scale habitat variation (i.e., an enclosed embayment and its
adjacent coast) can also promote extremely localized genetic
differentiation, particularly in coastal dolphins (Moller et al.
2007; Hollatz et al. 2011; Ansmann et al. 2014). We found
evidence for two genetic populations of Lahille’s bottlenose
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Table 8 Convex hulls (CH), standard ellipse areas for small sample
sizes (SEAc) and Bayesian standard ellipse areas (SEAg) and their
respective 95% credibility intervals (CI) of Lahille’s bottlenose dol-
phins from Patos Lagoon estuary (PLE) and adjacent coastal waters
(coastal: Southern coast—SC and Northern coast—NC) in southern
Brazil

Group CH SEAc SEAg (95% CI)
PLE 2.59 1.03 0.91 (0.57-1.52)
Coastal 0.90 0.53 0.44 (0.24-0.87)
PLE dolphins
Season
Warm 2.59 1.03 0.92 (058-1.54)
Cold 241 1.40 1.14 (0.54-2.38)
Period
2009-2012 2.32 1.28 1.10 (0.55-2.13)
2013-2016 0.97 0.45 0.41 (0.24-0.71)
Sex
Female 2.80 1.27 1.10 (0.60-2.01)
Male 2.16 1.19 1.02 (0.61-1.87)

All metrics are in (%0%)

dolphins in southern Brazil primarily associated with differ-
ences in habitat use and social structure. This genetic struc-
ture occurs over a relatively small geographic area without
geographical barriers to dispersal and includes strong spatial
overlap among populations, allowing exchange of migrants
and gene flow. The differential use of habitat by each popula-
tion also resulted in distinct isotopic niches, with the coastal
dolphins showing higher nitrogen isotopic values than those
inhabiting the estuary.

Fine-scale population structure

About 60% of the individuals used in the social structure
study were sampled: 33 out of 65 samples were collected
from PLE, 6 out of 18 from SC, and 10 out of 19 from
NC. This data set can be considered a good representation
of the population structure analysis given the difficulty of
collecting samples from specific animals (photo-identified),
especially in an area of predominantly turbid waters, where
dolphins can only be observed when out of the water. For
the coastal dolphins, which inhabit an area of difficult effort
sampling (wave incidence and more susceptible to high
winds), are more boat-shy than the PLE dolphins and, most
of them, are only sighted temporarily in the study area, it
is even more difficult to collect samples. This population
structure analysis was extremely conservative, using only
adult individuals which underwent analysis from a robust
social study, but it is noteworthy that we also run explora-
tory analyzes using all available samples and the results fol-
lowed the same pattern. A potential influence could come
from relatedness between some dolphins within populations.

@ Springer

However, our photo-identification control based on a data set
that covers nearly uninterrupted 15 years of sampling did not
detect any close kin relationship among the 49 dolphins ana-
lyzed and only four first-order relationships (3 PLE-PLE and
1 SC-SC) were found by exploratory relatedness analyzes.
The genomic structure analysis indicated two popu-
lations (estuary vs. coastal zone) that show home range
overlap in the Patos Lagoon Estuary and adjacent coastal
waters, and genetic admixture between them. Regarding
the social organization, dolphins that preferentially use the
Patos Lagoon estuary (PLE) and those that are restricted to
the coastal zone (CZ: Southern coast and Northern coast
social units—sensu Genoves et al. 2018) composed these
two different clusters. Moller et al. (2007) found similar
fine-scale structuring among an inshore and two adjacent
populations (Fgp=0.066 and 0.073) of Indo-Pacific bottle-
nose dolphins (7. aduncus) inhabiting Port Stephens and its
adjacent coastal waters, in eastern Australia. In a slightly dif-
ferent environment but over similar spatial scale, Ansmann
et al. (2012b) identified two genetic clusters with significant
genetic differentiation (Fgr=0.05) in T. aduncus inhabiting
Moreton Bay, also in eastern Australia. Our study also found
evidence for exchange of migrants or frequent movements
between units, probably related to individuals that have affin-
ity for more than one social unit. These dolphins, known as
brokers (Lusseau and Newman 2004), are individuals that
belong to a given unit and are often sighted with some indi-
viduals from other units and/or in their areas (see Genoves
et al. 2018). The relationships between dolphins of different
units tend to be generally weak, which makes these dolphins
essential for maintaining a social link between units that
could translate to gene flow and increase genetic diversity.
The home range of dolphins of the CZ population is
unknown and, given the high mobility of these dolphins,
they can overlap with neighboring populations. There are
two known neighboring populations (Fruet et al. 2014),
one in Uruguay (URU) and another along to the coast to
the north (NLP), which can overlap spatially with the CZ
population. Fruet et al. (2014), using microsatellite mark-
ers, compared the PLE population with the URU and NLP
populations. They found that genetic differentiation between
the PLE and the URU population is greater than between the
PLE and CZ populations (Fgp=0.101 versus Fgr=0.054).
On the other hand, the genetic differentiation between PLE
and the NLP populations is almost the same as between the
PLE and CZ populations (Fgp=0.066 versus Fgr=0.054).
The PLE is a birth pulse population, with most births occur-
ring during late spring and summer (Fruet et al. 2015b), the
same period (warm period) in which temporary individuals
appear in the northern coast. On the other hand, temporary
individuals that appear in the southern coast, many of them
belonging to the URU population (Laporta et al. 2016), do
it during the cold period, which is when the PLE dolphins
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Fig.4 8'3C and 8'°N isotopic niches of Lahille’s bottlenose dol-
phins, Tursiops truncatus gephyreus, that use the Patos Lagoon estu-
ary (PLE), southern (SC), and northern (NC) adjacent coastal waters,
southern Brazil: a for dolphins from social units that use the estua-
rine (PLE) and coastal adjacent areas (Coastal, including SC and NC)
during the entire study (2009-2016) period and in the warm season

are in apparent reproductive rest. This greater genetic dif-
ferentiation between the PLE and URU populations may be
due to the mismatch of reproductive periods. Nonetheless,
it is important to highlight the role of the CZ population as
potentially connecting the PLE population and these neigh-
boring populations.

Genomic characterization of social units

Two aspects addressed in this study have been reported in
the literature as potential factors influencing the genetic
diversity of cetacean populations: habitat type and social
structure (reviewed by Vachon et al. 2017). Despite the rela-
tively small geographic area (ca 140 km?) and large-range
overlap, the three previously described association-based
social units (Genoves et al. 2018) also presented low but
significant genetic differentiation. Moreover, the levels of
Fgr values among units are consistent with patterns observed

3"3C %o

(November—April); b PLE dolphins in the cold (May—October) and
warm seasons; ¢ PLE dolphins in the warm period of 2009-2012 and
2013-2016; and d PLE females and males. The colored lines enclose
the standard ellipse area (SEAc) for each group estimated by SIBER
(Stable Isotope Bayesian Ellipses in R, Jackson et al. 2011)

in the social structure analyses; that is, the NC unit is rela-
tively more segregated from the other two populations, while
the PLE unit has more associations with the SC unit. This
sociogenetic pattern is highlighted in the PCA (Fig. 3) and
fastSTRUCTURE graphs (Fig. 2), where SC dolphins pre-
sent a closer genetic affinity to the PLE dolphins.

Resource partitioning

Different from the genetic analyses, the feeding ecology
analysis can be strongly influenced by seasonal and interan-
nual variation, requiring a larger sample size for each period.
In this context, our database was possibly insufficient to
evaluate some aspects of dolphins’ feeding ecology, espe-
cially for the cold period. However, despite sampling biases
towards the PLE social unit and towards warm months,
with little sampling of coastal dolphins in the cold season,
the stable isotope analysis allowed us to identify resource
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partitioning in the social units that use the Patos Lagoon
estuary and its adjacent coastal waters. It is noteworthy
that this isotopic difference exists even with a large spatial
overlap between PLE and coastal dolphins in the adjacent
marine coast. The isotopic signs of the SC and NC social
units are similar, possibly explained by the homogeneity in
the adjacent southern and northern coasts regarding the rich-
ness and abundance of prey throughout the year (Rodrigues
and Vieira 2013). Dolphins from the PLE social unit, on the
other hand, showed wider variability in both §!°C and §'°N
stable isotopes, with significant lower values of 8'°N than
dolphins from the coastal units (SC and NC). Probably, this
greater isotopic range is due to the use of the entire study
area by PLE dolphins, while coastal dolphins are restricted
to the marine environment. Furthermore, it seems that some
prey with higher 8'°N is likely missing from the model pro-
posed (Supplemental Material Fig. S1b and c).

The Patos Lagoon estuary exhibits extreme temporal and
spatial variability in physical and chemical processes, salin-
ity in particular (Moller et al. 2001), which may influence
the isotopic composition of dolphin prey. Among dolphins’
preferred prey, there are estuarine dependent marine species,
such as the whitemouth croaker and lebranche mullet, and
opportunistic or facultative estuarine marine species, such
as the southern kingcroaker, the banded croaker, and the
cutlassfish (Vieira et al. 1998). Therefore, the isotopic niche
differentiation detected may be related to the prey’s life stage
and habitat use, which would probably reflect on prey’s food
items and, consequently, on their isotopic composition. In
addition, the study area comprehends a fraction of the home
range of the coastal dolphins, so they may be feeding in
areas distant from the influence of the estuary. Therefore,
the feeding ecology of the PLE population has been well
explored, but the coastal population feeding ecology needs
further investigation, increasing the number of samples and
comparing the isotopic signatures of fish collected inside
with fish collected outside the study area.

Ecology and population structure

Resource specialization may be one important mechanism
whereby cetacean populations differentiate in sympatry and
parapatry (Hoelzel 1998). Delphinids (family Delphinidae)
are capable of long-range movements (tens to thousands of
kilometers) in short periods of time (days—months) (i.e.,
Irvine et al. 1981; Mate et al. 1995). Bottlenose dolphins
are widespread across the globe and occupy a wide variety
of environments, showing a high degree of behavioral and
ecological plasticity (Connor et al. 2000). There are several
reported studies revealing highly specialized foraging tech-
niques, both for capturing specific prey or in cooperation
with human activities, resulting in social structure (Chil-
vers and Corkeron 2001; Kriitzen et al. 2005; Ansmann et al.
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2012a; Daura-Jorge et al. 2012). Despite the absence of visu-
ally distinct feeding techniques and strong spatial overlap,
the stable isotope analysis allowed to identify fine-scale
resource partitioning for the social units that use the Patos
Lagoon estuary and its adjacent coastal waters. Ansmann
et al. (2014) also detected habitat and resource partitioning
without apparent feeding specialization among the 7. adun-
cus population units of Moreton Bay.

Niche partitioning allows species, or even groups of
individuals within a population, to reduce competition and
promote co-existence (Pimm and Rosenzweig 1981). More
than that, niche partitioning is considered important for the
maintenance of species diversity (Chesson 2000; Levine
and HilleRisLambers 2009), and is an important driver of
genetic differentiation (Moller et al. 2007; Wiszniewski et al.
2009b), including in populations from the Patos Lagoon and
its adjacent coastal zone (Beheregaray and Sunnucks 2001).
In a larger geographic scale, several studies have shown seg-
regation in spatial and/or habitat-type use promoting signifi-
cant genetic differentiation in dolphin populations (Natoli
et al. 2005; Bilgmann et al. 2007; Wiszniewski et al. 2009b;
Louis et al. 2018). However, in only a few populations (i.e.,
Moller et al. 2007; Ansmann et al. 2012b, 2014), this pat-
tern was described for small spatial scales as observed in our
study. The study area is characterized by high productivity
and this niche partitioning between populations potentially
contributes for the higher known concentrations of Lahille’s
bottlenose dolphins, including the capacity to receive tem-
porary individuals into the region in both warm and cold
periods.

Ecology of the PLE during the study period

Estuaries are very dynamic environments, with large fluctua-
tions in their primary production and trophic chains in each
season and over the years (Day et al. 2012). Regarding sex,
there is evidence that female dolphins prioritize the inner
estuary use with approximately two PLE females to one PLE
male (Fruet et al. 2015b), while the proportion of PLE males
(mainly juveniles) is significantly higher among stranded
dolphins along the adjacent marine coast (Fruet et al. 2010).
Although non-significant, the small difference between PLE
females and males may be related to females feeding more
frequently in the inner estuary (increasing their carbon sign
variance due to freshwater influence), while males might
spend more time feeding in the open coast, increasing its
8N values. Furthermore, it was observed a difference in
the isotopic niche of the PLE dolphins between 2009-2012
and 2013-2016 periods, which may be related to important
changes in the composition of the producers due to the influ-
ence of meteorological events. Teixeira-Amaral et al. (2017)
observed that the mean secondary production at the mouth
of the Patos Lagoon estuary was drastically reduced (from
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700 mg to 284 C m~> day™") in La Nifia years compared to
neutral and El Nino years between 2009 and 2013. The first
period of study was marked by a strong event of La Nifia
in 2010-2011, and the second by a very strong event of El
Nifio in 2015-2016. In addition, besides the warm and cold
seasons driving the isotopic signal of dolphins, these mete-
orological events may also have a significant influence on
the isotopic niche variation of the PLE dolphin social unit.
Within the unit, it is expected that dolphins that are strongly
associated will exhibit similar patterns of habitat use and
feeding behavior, and hence show more ecological similari-
ties (lower variance in 8'°C and 8'°N values) if compared
to dolphins with weak associations. Testing this hypothesis
may help explain factors determining patterns of social
sub-structure within the units. Therefore, for such study, it
is recommended that dolphins be sampled in a short time
frame to minimize the effects of confounding factors, such
as variation in oceanographic conditions and prey dynamics
(e.g., relative abundance and assemblage composition) that
may influence stable isotopes values. As the present study
found niche partitioning on a finer scale than the previous
study (Secchi et al. 2016), it may be that these populations’
feeding ecology is more complex than described to date.

Conclusion

The Lahille’s bottlenose dolphins inhabiting the Patos
Lagoon estuary and adjacent coastal waters exhibit genetic
structure and isotopic niche differences possibly driven by
habitat-use patterns. It is not possible to determine what
factor(s) has initially shaped this structure, but the presence
of two populations suggests that genetic differentiation
among social units may influence the dolphin social struc-
ture analysis performed previously in this region. Despite the
large spatial overlap between populations in the coastal area,
variation in the isotopic composition related to this differen-
tial use of the habitat and, probably, prey preferences were
observed. The genetic differentiation observed among social
units is consistent with the social structure, emphasizing the
importance of social relationships in the composition of the
population. Despite the significant range overlap, the genetic
differentiation among the dolphin social units has arisen
over a very fine spatial scale, demonstrating that sociality
is important in shaping the population structure and should
be considered in conservation and management strategies.
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