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Abstract
Detailed knowledge on habitat use by marine mammals is critical to understand their role in the ecosystem. The stable iso-
tope ratios of carbon (δ13C) and nitrogen (δ15N) have been widely used to study the trophic ecology of marine mammals, 
but the stable isotope ratios of other elements such as sulfur (δ34S) and oxygen (δ18O) can better inform about habitat use 
in areas with strong salinity and redox gradients. The Río de la Plata estuary represents the largest freshwater runoff in the 
south-western Atlantic Ocean and supports a rich community of marine mammals. Here, we analyzed δ34S values in bone 
from seven marine mammal species inhabiting the estuary and the adjacent Atlantic Ocean, in order to complement previ-
ous isotopic data (δ13C, δ15N and δ18O) and compare their resolution as habitat tracers. As expected, δ34S and δ18O offered 
relevant insights into the characterization of the habitat used by marine mammals and allowed a better delineation of habitat 
partitioning between them. Bottlenose dolphins, South American sea lions and South American fur seals seem to be frequent 
users of the less saline areas of the estuary, whereas Burmeister´s porpoises, franciscana dolphins and false killer whales 
seemed to prefer the saltier marine waters close to the bottom. Fraser´s dolphins were the only inhabitants of true offshore 
waters. Our findings demonstrate how the integration of different stable isotope ratios can help disentangle fine habitat par-
titioning between marine mammals living in a complex ecosystem such as Río de la Plata.
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Introduction

Knowledge on the habitat use of the different marine mam-
mal species is key to understand their ecological function 
in an ecosystem, to evaluate direct and indirect interactions 
with anthropogenic activities, and to ensure a proper man-
agement of the marine biodiversity (Barlow 2018; Roman 
and Ester 2018). Río de la Plata is one of the largest estuar-
ies in South America. It not only has a relevant role in the 

regional circulation pattern, but also supports a rich com-
munity of marine mammals of disparate origins (Guerrero 
et al. 1997; Miloslavich et al. 2011). The franciscana dolphin 
(Pontoporia blainvillei) is an endemic species to Río de la 
Plata and adjoining regions in the southwestern Atlantic 
Ocean, whereas the South American sea lion (Otaria flave-
scens), the South American fur seal (Arctocephalus austra-
lis), and the Burmeister’s porpoise (Phocoena spinipinnis) 
are widespread in the temperate and cold regions of South 
America, from southern Brazil to Peru. On the other hand, 
the Fraser’s dolphin (Lagenodelphis hosei), the bottlenose 
dolphin (Tursiops truncatus), and the false killer whale 
(Pseudorca crassidens) have circumtropical distributions, 
although the latter two also occur in temperate regions, and 
the false killer whale may even reach the sub-Antarctic tip 
of South America (Reeves et al. 2002).

Species such as bottlenose dolphins, South American sea 
lions, and fur seals have been intensively studied, and there 
is no doubt that they make an extended use of the Río de 
la Plata estuary, although sea lions and fur seals may also 
forage in adjoining coastal waters (Wells and Scott 2018; 
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Cárdenas-Alayza 2018a; Drago et al. 2021). On the contrary, 
the Fraser’s dolphin is a poorly studied species, although the 
scarce information available suggests an oceanic niche (Dolar 
2018; Drago et al. 2021). Moreover, the habitat preferences 
of false killer whales, franciscana dolphins and Burmeister’s 
porpoises in the region, are not completely understood, 
because contradictory information has been reported in the 
literature about their distribution in the estuary, and no good 
model of habitat partitioning exists to date in the regions 
where they coexist (Baird 2018; Cárdenas-Alayza 2018b; 
Crespo 2018; Reyes 2018; Drago et al. 2020, 2021).

Detailed information on the habitat use of marine mam-
mals is difficult to collect, because direct observations are 
often challenging, and satellite tracking is of limited utility 
for the study of small cetaceans (Balmer et al. 2014). This 
is why the stable isotopes of several chemical elements have 
been used increasingly since the 1970s as intrinsic mark-
ers to study the trophic ecology and habitat use patterns 
of marine mammals (Newsome et al. 2010; Ramos and 
González-Solís 2012).

The stable isotopes of carbon (C) and nitrogen (N) are the 
most widely used elements in studies related to the trophic 
ecology of marine mammals, but the interest on the stable 
isotopes of sulfur (S) and oxygen (O) has increased recently 
(Rubenstein and Hobson 2004; Newsome et al. 2010; Ramos 
and González-Solís 2012; Drago et al. 2020; Borrell et al. 
2021). The C stable isotope ratio (13C/12C; δ13C) is informa-
tive about the primary source of carbon in a specific food 
web, mostly due to a different discrimination against the 
heavier 13C isotope during photosynthesis between primary 
producers (Peterson and Howarth 1987; Michener and Lajtha 
2007). In general, the highest δ13C values are observed in 
species with inshore benthic habits, and the lowest in off-
shore epipelagic consumers (Rubenstein and Hobson 2004;  
Newsome et al. 2010). On the other hand, the N stable iso-
tope ratio (15N/14N; δ15N) increases consistently along the 
food web due to the trophic enrichment caused by the prefer-
ential use and excretion of the light 14N isotope, providing a 
convenient and simple method to assess the trophic position  
of the species (Post 2002).

Although popular as proxies for diet reconstruction, the use of 
δ13C and δ15N as habitat tracers can be hindered by geographic 
shifts in diet and the isotopic baseline (Rubenstein and Hobson 
2004; Michener and Lajtha 2007; Newsome et al. 2010). For 
this reason, the use of the S stable isotope ratio (34S/32S; δ34S) 
as a habitat tracer in marine mammals has increased in the last 
decade, often in combination with δ13C and δ15N (Croisetière 
et al. 2009; Pinzone et al. 2019; Borrell et al. 2021). Differ-
ences in δ34S values are caused by the variability in sources of 
inorganic sulfur available to primary producers, with little to no 
trophic discrimination (Peterson et al. 1985). In estuarine food 
webs, both terrestrial plants and aquatic primary producers using 
anoxic sediments with intense sulfate reduction (i.e., seagrasses 

and marsh plants) have lower δ34S values than marine phyto-
plankton and benthic macroalgae using 34S-enriched sulfates 
from the water-column (Peterson et al. 1985; Peterson 1999; 
Croisetière et al. 2009). As fractionation during uptake and 
assimilation is minimal (Peterson et al. 1985), the δ34S values 
in animal tissues reflect their food sources and allow to position 
them along the redox gradient existing from reduced, anoxic 
sediments found often inshore and in benthic regions, to the 
more oxidizing conditions found within the water column in 
offshore and pelagic regions (Peterson et al. 1985; Rubenstein 
and Hobson 2004; Ramos and González-Solís 2012).

On the contrary, the O stable isotope ratio (18O/16O; δ18O) 
has been rarely used in ecological studies on marine mam-
mals, despite being relatively common in other research areas 
such as paleontology (Seyboth et al. 2018; Newsome et al. 
2010). The δ18O values in the marine environment are posi-
tively and linearly correlated with the salinity of the water 
(Gat 1996; Conroy et al. 2014), and therefore, it can be a 
useful habitat tracer in areas where an abundant freshwater 
input creates marked horizontal and vertical salinity gradients 
(Guerrero et al. 1997; Conroy et al. 2014; Belem et al. 2019). 
The δ18O values in animal tissues often reflect with great pre-
cision those of the body of water where they feed (Yoshida 
and Miyazaki 1991; Ben-David and Flaherty 2012), allowing 
to discriminate between species with estuarine, coastal, and 
marine habits (Clementz and Koch 2001; Rubenstein and 
Hobson 2004; Newsome et al. 2010; Matthews et al. 2016; 
Drago et al. 2020).

The present study combines previously published val-
ues of δ13C, δ15N (Drago et al. 2021), and δ18O (Drago 
et al. 2020), with unpublished δ34S values from the bone 
tissue of seven marine mammal species, in order to pro-
vide a fine resolution model of habitat partition between 
marine mammals in estuarine habitats. In addition, it was 
aimed to assess the usefulness of the less common δ34S 
and δ18O values to obtain reliable information of habitat 
use in these ecosystems.

Methods

Study Area

The Río de la Plata estuary is located at approximately 35° 
S and 55° W, in the south-western Atlantic Ocean (Fig. 1). 
It is 320 km long (Framiñan and Brown 1996) and has an 
average discharge of 2.0–2.5 ×  104  m3  s−1, representing 
the biggest fresh-water inflow and terrestrial run-off to the 
region (Guerrero et al. 1997; Miloslavich et al. 2011). In 
addition, the confluence of two major currents off the estu-
ary–the cold, nutrient-rich Falkland/Malvinas current and 
the warm, nutrient-poor Brazil current–creates a series of 
oceanographic structures (i.e., eddies, marine fronts) that 
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increase the biological production in the area (Miloslavich 
et al. 2011).

Primary production is particularly high at the estuary, 
considered one of the most productive environments in the 
world, and it plays a major role in supporting the rich biodi-
versity found along the Uruguayan coast (Acha et al. 2004; 
Guerrero et al. 1997; Miloslavich et al. 2011; Ortega and 
Martínez 2007). This includes several marine mammal spe-
cies that feed and breed along its large basin (Bastida et al. 
2007; Miloslavich et al. 2011).

The bathymetry of the relatively shallow waters of the 
Río de la Plata estuary creates a unique hydrographic sys-
tem. Since the freshwater input exceeds local evaporation, 
this area can be defined as a “positive estuary,” with a strong 
horizontal gradient as salinity increases steadily towards 
oceanic waters (Pritchard 1952; Guerrero et al. 1997). In 
addition, the estuary is characterized by an almost constant 
vertical stratification, with the saltier marine waters moving 
upstream along the bottom of the estuary, and the freshwater 
layer originating from the river discharge remaining atop the 
water column, thus creating a salinity wedge in between the 
two water masses (Guerrero et al. 1997; Acha et al. 2008). 

A bottom salinity front is defined at the upstream reach of 
the salt wedge by the topography, and a surface salinity front 
results from the convergence of estuarine and marine waters 
combined with the direction and velocity of the winds, 
among other factors (Fig. 1; Framiñan and Brown 1996; 
Guerrero et al. 1997; Acha et al. 2008). Typically, salinity 
increases with the distance from the inner estuary, varying 
from 0 psu at the river mouth to 33 psu at the marine zone, 
and with depth, more evident towards the estuarine zone 
(Fig. 1; Framiñan and Brown 1996; Guerrero et al. 1997; 
Acha et al. 2008; Moreira and Simionato 2019).

A well-developed turbidity front, also known as the maxi-
mum turbidity zone, is formed by the flocculation of sus-
pended matter at the tip of the salinity wedge, and the resus-
pension of sediment due to the tidal stirring over the Barra 
del Indio shoal, between Punta Piedras and Montevideo 
(Fig. 1). Furthermore, the food webs within the estuary seem 
to be supported by at least three sources of organic matter: 
terrestrial detritus, marsh plant detritus, and phytoplank-
ton (Framiñan and Brown 1996; Acha et al. 2008; Botto 
et al. 2011), although their distribution is not equal. At the 
innermost part of the estuary, around the maximum turbidity 

Fig. 1  Study area and sampling 
locations. The black dashed 
lines show the sampling area 
along the Uruguayan coast for 
the skulls of the seven marine 
mammal species included in 
this study; the gray dashed 
lines delineate the boundaries 
between the zones with dif-
ferent salinities: (I) the inner 
estuarine zone, defined by 
the bottom salinity front; (II) 
the estuary/mixohaline zone, 
defined between the surface and 
bottom salinity fronts; and (III) 
the marine zone. Sea surface 
salinity and bottom salinity 
values (Guerrero et al. 1997; 
Moreira and Simionato 2019) 
are reported in practical salinity 
units (psu). The red line repre-
sents the modal position of the 
maximum turbidity zone for the 
estuary (Acha et al. 2008)
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zone, there is a high influence of terrestrial and freshwater 
marsh plant detritus due to light limitations. Immediately 
offshore these turbidity front and within the estuary/mixo-
haline zone, the influence of the salt marsh detritus com-
ing from Samborombón Bay (Fig. 1) increases, as well as 
the phytoplankton concentration as the light becomes more 
available. Finally, the marine zone is dominated mostly by 
phytoplankton (Carreto et al. 2003, 2008; Acha et al. 2008; 
Botto et al. 2011). This distribution of resources will deter-
mine the distinct isotopic values found along the Río de la 
Plata estuary (Botto et al. 2011).

Sampling

A total of 133 bone samples of seven marine mammal spe-
cies were analyzed, including two otariids, the South Ameri-
can sea lion Otaria flavescens (n = 11 ♀, 10 ♂), and the 
South American fur seal Arctocephalus australis (n = 14 
♀, 13 ♂); and five odontocetes, the pontoporiid franciscana 
dolphin Pontoporia blainvillei (n = 11 ♀, 11 ♂), the phoc-
oenid Burmeister’s porpoise Phocoena spinipinnis (n = 1 
♀, 4 ♂, 5 unknown), and the delphinids Fraser’s dolphin 
Lagenodelphis hosei (n = 3 ♀, 2 ♂, 5 unknown), false killer 
whale Pseudorca crassidens (n = 3 ♀, 3 ♂, 4 unknown), and 
bottlenose dolphin Tursiops truncatus (n = 5 ♂, 5 unknown). 
Bone tissue has a relatively slow turnover rate and hence, the 
values reported here integrate information on the habitat use 
of each individual over several years (Hobson et al. 2010; 
Schoeninger 2010; Fahy et al. 2017).

Every specimen included in this study was found dead 
stranded along the Uruguayan coastline or was incidentally 
caught by Uruguayan fishermen between 1958 and 2016. 
All bone samples were collected from skulls in the scien-
tific collection of the Museo Nacional de Historia Natural 
(MNHN) and the Facultad de Ciencias of the Universidad de 
la República (UdelaR) at Montevideo (Uruguay), and con-
sisted of a small fragment of crushed bone from the nasal 
cavity (turbinate bone) for the otariids, and the maxilla for 
the odontocetes.

It should be noted that, based on their skull characteristics, 
all bottlenose dolphins included in this study belong to speci-
mens of the subspecies T. t. gephyreus (Lahille’s bottlenose 
dolphin), the coastal ecotype (Costa et al. 2016; Wickert et al. 
2016). All the skulls from South American sea lions, South 
American fur seals, and franciscana dolphins were considered 
to belong to adult or physically mature specimens (see Drago 
et al. 2017, 2018 for details on age determination). The age 
and standard length of the individuals of the remaining spe-
cies were unknown, but the condylobasal length of each skull 
was measured to ensure that only specimens of similar body 
size were included and thus avoid any age-related bias (Drago 
et al. 2018, 2020). The condylobasal length ranged 55–59 cm 
for bottlenose dolphins, 27–29 cm for Burmeister’s porpoises, 

39–44 cm for Fraser’s dolphins, and 61–65 cm for false killer 
whales (Drago et al. 2020).

Stable Isotope Analysis

Bone samples were cleaned with distilled water, oven dried 
at 60 °C for 36 h, and ground into a fine powder using 
a mortar and pestle. For the δ34S, no pre-treatment was 
applied to the bone prior to the analysis in order to avoid 
eliminating amino acids that contain this element. Approx-
imately 10 mg of each bone sample was weighed into a 
tin capsule, and vanadium pentoxide  (V2O5) was added as 
catalyst to accelerate the combustion and reduce variabil-
ity (Nehlich and Richards 2009). Samples were loaded and 
combusted at 1035 °C and analyzed with an elemental ana-
lyzer (Carlo Erba 1108) coupled to a Delta Plus XP mass 
spectrometer through a ConFlow III interface (both from 
Thermofisher) at Centres Cientifics i Tecnologics (CCiT-
UB) of the University of Barcelona, Spain. International 
isotope secondary standards distributed by the International 
Atomic Energy Agency (IAEA) of known 34S/32S ratios, 
in relation to the Vienna- Canyon Diablo Troilite (VCDT) 
were used. These consisted in barium sulfate (NBS-127: 
δ34S = +21.2‰, IAEA SO-5: δ34S = +0.5‰ and IAEA 
SO-6: δ34S = −34.1‰) and YCEM (δ34S = +12.8), and 
they were employed once every 12 samples. Analytical pre-
cision for repeat measurements of the reference material, 
run in parallel with the bone samples, was 0.1‰.

The δ18O, δ13C, and δ15N values from the same samples 
were compiled from Drago et al. (2020, 2021).

The Suess effect (Keeling 1979) correction was applied 
to all the original values of δ13C to compensate for the incre-
ment of atmospheric  CO2 over time and to allow for com-
parison of δ13C values of specimens from different periods 
(see Drago et al. 2021 for details on Suess effect correction 
factor determination). Furthermore, because δ18O values in 
animal studies are more commonly presented relative to the 
Vienna Standard Mean Oceanic Water (V-SMOW) index, 
δ18O values were converted from PDB to SMOW according 
to the following equation (Koch et al. 1997):

Stable isotope abundances are expressed in delta (δ) 
notation, with the relative variations of stable isotope ratios 
expressed in per mil (‰) deviations from predefined inter-
national standards, and they were calculated as follows:

where jX is the heavier isotope (13C, 15N, 18O, or 34S), and iX 
is the lighter isotope (12C, 14N, 16O or 32S) in the analytical 
sample and international measurement standard (Bond and 
Hobson 2012).

(1)δ18O(SMOW) =
[

δ18O(PDB) × 1.03086
]

+ 30.86

(2)δjX =
[

(jX∕iX)sample

]

∕
[

(jX∕iX)standard
]

− 1
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Data Analysis

Normality was tested by means of the Lilliefors test, and 
homoscedasticity by means of the Levene test, with only 
δ34S and δ15N values showing homogeneity of variances. 
Differences between the stable isotope ratios (δ18O, 
δ34S, δ13C, and δ15N) of males and females of the three 
species with the largest sample size (franciscana dol-
phins, South American sea lions, and South American 
fur seals) were assessed through a Permutational Multi-
variate Analysis of Variance (PERMANOVA; Anderson  
2001,  2014), using the vegan package version 2.5–7 
with 999 permutations (Oksanen et al. 2020). Since dif-
ferences were found between sexes for the two otariids 
(see Results for details), nine groups were considered 
for further analysis: the five odontocetes species plus 
females and males of the two otariid species. Boxplots 
of the original values for each stable isotope ratio were 
built to compare the average values and ranges of each 
species using one-way ANOVA followed by a Scheffe 
post-hoc test.

In order to identify differences in the isotopic niches 
of the considered marine mammal groups, the δ18O, 
δ34S, δ13C, and δ15N values were combined using a 
PERMANOVA test followed by a pairwise multilevel 
comparison with the Bonferroni correction for multi-
ple comparisons (Chen et al. 2017), using the package 
pairwiseAdonis with 999 permutations (Martinez Arbizu 
2020). However, since the pairwise comparison seemed 
to account more for the similarities than the differences 
between species (i.e., if two species had similar values 
in at least two stable isotope ratios, they were sometimes 
considered “similar”), two-dimensional plots were built 
using the package “SIBER” (Stable Isotope Bayesian 
Ellipses; Jackson et al. 2011) to estimate the isotopic 
niche width and overlaps between the marine mammal 
groups for the different pairs of stable isotope ratios. 
This was also used to recognize the dimensions in which 
those “similar” species differed, and to estimate the best 
isotopic niche discriminator among the analyzed stable 
isotope ratios. Two complementary approaches were 
used to estimate the isotopic niche width (Jackson et al. 
2011): the standard ellipse areas corrected for small 
sample size (SEAc) were used to plot the isotopic niche 
of each species within the isotopic space (isospace) and 
to calculate the overlap among species, and the Bayes-
ian standard ellipse areas (SEAb) were used to obtain an 
unbiased estimate of the isotopic niche width with 95% 
credibility intervals.

All statistical analyses and plots were carried out using R 
Statistical Software v 4.1.2 (R Core Team 2021). Statistical 
results are reported according to Smith (2020).

Results

Given the small difference between the average values of 
δ34S, δ18O, δ15N, and δ13C of female and male franciscana 
dolphins (0.07‰, 0.09‰, 0.24‰, and 0.23‰, respec-
tively; Table 1), both sexes were pooled in one group for 
later analysis. On the contrary, the average δ34S and δ15N 
values of South American sea lions were higher in males 
than in females (1.68‰ and 1.10‰, respectively) and 
hence, considered biologically different (Table 1). There-
fore, both sexes were considered independently in further 
analysis. Similarly, the average values of δ34S, δ18O, and 
δ15N of male South American fur seals were higher than 
those of females (1.15‰, 0.34‰, and 0.87‰, respectively; 
Table 1), and both sexes were also treated as separate groups 
in further analysis.

The mean values of the nine groups considered here 
(five odontocetes species plus females and males of the 
two otariid species) were scattered along a gradient for the 
four stable isotope ratios analyzed (Fig. 2). In each case, 
either bottlenose dolphins or sea lions were at one extreme 
and Fraser’s dolphins at the other (Fig. 2), with differences 
between the average values at both extremes of 3.78‰ for 
δ34S, 2.32‰ for δ18O, 2.71‰ for δ13C, and 6.06‰ for δ15N. 
According to the δ18O values, South American sea lions 
(both females and males), bottlenose dolphins, and female 
South American fur seals presented the lowest mean δ18O 
values; male South American fur seals, franciscana dolphins, 

Table 1  Comparisons between stable isotope ratios (δ13C, δ15N, δ18O,  
and δ34S) in females and males of franciscana dolphins, South American  
sea lions, and South American fur seals, using PERMANOVA.  First, 
the four stable isotope ratios were considered together, if differences 
between males and females were considered biologically relevant, the 
stable isotope ratios of each element was compared independently for 
the two sexes

Species Stable isotope ratios R2 p value

Franciscana dolphins
(Pontoporia blainvillei)
♀ vs ♂

All
(n = 11 ♀; 11 ♂)

0.011 0.889

South American sea lions
(Otaria flavescens)
♀ vs ♂

All
(n = 11 ♀; 10 ♂)

0.227 0.009

δ34S 0.236 0.037
δ18O 0.137 0.119
δ13C 0.010 0.698
δ15N 0.335 0.014
δ18O 0.142 0.048

South American fur seals
(Arctocephalus australis)
♀ vs ♂

All
(n = 14 ♀; 13 ♂)

0.203 0.009

δ34S 0.189 0.027
δ13C 0.128 0.077
δ15N 0.296 0.004
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and false killer whales had intermediate values, whereas 
Burmeister’s porpoises and Fraser´s dolphins showed the 
highest δ18O (Fig. 2). Similar placements between species 
were found for the δ13C values, although in this case, female 
South American fur seals presented intermediate values 
(Fig. 2). Moreover, bottlenose dolphins, Burmeister´s por-
poises, female sea lions, and Franciscans dolphins had simi-
larly low mean δ34S, whereas the Fraser’s dolphins and male 
fur seals presented the highest δ34S (Fig. 2). In addition, 
the largest differences found between females and males for 
both otariids were in the δ34S values, with males having 
considerably higher mean values than the respective females 
(Fig. 2). Lastly, the Fraser’s dolphins had the lowest δ15N 
values and appear to be different from the remaining species, 
whereas Burmeister’s porpoises, franciscana dolphins, and 
South American sea lions (females and males) showed the 
highest δ15N values (Fig. 2).

The PERMANOVA and pairwise multilevel compari-
son comprising the four stable isotope ratios and the seven 
marine mammal species together, indicated differences 
between most of the considered groups (Table S1). On 
one side, female and male sea lions shared similar isotopic 
niches (R2 = 0.227, adjusted p value = 0.216; n = 11 and 
n = 10, respectively), but only males showed similarities 
with those of false killer whales (R2 = 0.357, adjusted p 
value = 0.072; n = 10 and n = 10, respectively) and Bur-
meister’s porpoises (R2 = 0.337, adjusted p value = 0.072). 
Likewise, female and male fur seals also showed similar iso-
topic niches (R2 = 0.203, adjusted p value = 0.072; n = 14 
and n = 13, respectively), but only that of females was simi-
lar to that of Burmeister’s porpoises (R2 = 0.234, adjusted 
p value = 0.072; n = 14 and n = 10, respectively). Other 
groups with similar isotopic niches, according to this analy-
sis, were female and male fur seals and false killer whales 
(R2 = 0.086, adjusted p value = 1.000; and R2 = 0.128, 
adjusted p value = 1.000, respectively) and Burmeister’s 

porpoises with bottlenose dolphins (R2 = 0.263, adjusted 
p value = 0.072; n = 10 and n = 10, respectively), fran-
ciscana dolphins (R2 = 0.095, adjusted p value = 1.000; 
n = 10 and n = 22, respectively), and false killer whales 
(R2 = 0.220, adjusted p value = 0.072; n = 10 and n = 10, 
respectively). However, when comparing these results with 
the differences found initially with the ANOVA and Scheffe 
test (Fig. 2), some groups considered here as “similar” had 
different mean values for at least one stable isotope ratio. 
One clear example was between Burmeister’s porpoises and 
bottlenose dolphins, considered similar by the pairwise com-
parison (Table S1) despite the differences in δ18O and δ13C 
(Fig. 2) that already showed biologically relevant differences 
in their isotopic niches.

A better view of these differences between isotopic niches 
was obtained through the estimation of the area of the stand-
ard ellipse of each marine mammal group (Fig. 3) and the  
overlapped area between each pair for the different iso-
topic dimensions (Table S2). Most groups did not overlap in 
at least one pair of stable isotope ratios and hence were consid-
ered to exploit different isotopic niches. However, the follow-
ing seven pairs showed constant overlap of isotopic niche areas 
in all the considered dimensions: males and females for both 
otariids; franciscana dolphins and Burmeister´s porpoises; and 
false killer whales with: Fraser’s dolphins, fur seals (females and  
males), and franciscana dolphins (Fig. 3; Table S2).

Discussion

The results reported here revealed fine niche partitioning 
between the seven species of marine mammals studied, and 
demonstrated the utility of combining the stable isotope 
ratios of four elements to characterize the isotopic niche 
of consumers inhabiting estuaries with strong gradients of 
salinity and redox potential.

Assessing the Method

The addition of δ34S and δ18O to the initial δ13C–δ15N 
isospace described by Drago et al. (2021) provided with 
unique and useful information about the habitat use of the 
seven species of marine mammals considered here, allowing 
a better characterization of their individual isotopic niches 
(Franco-Trecu et al. 2017).

Each stable isotope ratio (δ18O, δ34S, δ13C, and δ15N) 
characterized a different dimension of the isotopic niche 
of each group and provided complementary information 
on their habitat preferences and trophic position. The iso-
topic niches revealed by combining four stable isotope 
ratios allowed not only to confirm some of the informa-
tion reported in the literature, but also to gain new knowl-
edge on the habitat use of some species, as well as to infer 

Fig. 2  Boxplots of the isotopic values (δ18O, δ34S, δ13C, and δ15N) of 
the considered marine mammal species from Río de la Plata estuary 
and adjacent areas, organized by the mean values indicated in each 
case by a red “x”. Groups with different superscript (lower case let-
ters) are statistically different in their mean values, according to the 
Scheffe post-hoc test following nested ANOVA. Boxes represent the 
first and third quartile, lines the median, and whiskers 95% confi-
dence interval. A general description of the habitat and trophic hab-
its suggested by both, the values for each stable isotope ratio and the 
origin of resources described by Botto et al. (2011) and Peterson and 
Howarth (1987) is showed underneath the boxes, with POM, particu-
late organic matter; and T.P, trophic position. Sample sizes and spe-
cies/groups: female South American sea lions (Of ♀, n = 11), male 
South American sea lions (Of ♂, n = 10), female South American 
fur seals (Aa ♀, n = 14), male South American fur seals (Aa ♂, n = 
13), bottlenose dolphins (Tt, n = 10), franciscana dolphins (Pb, n = 
22), false killer whales (Pc, n = 10), Burmeister’s porpoises (Ps, n = 
10), and Fraser’s dolphins (Lh, n = 10). δ13C values are corrected for 
Suess effect

◂
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differences between apparently similar groups. It is worth 
noting that species with similar isotopic niches do not nec-
essarily have the same distribution, as isotopic similarity 

only indicates similar preferences for certain environmental 
conditions, which could be found in different areas along the 
estuary (Acha et al. 2008). Furthermore, bone tissue acts as 

Fig. 3  Standard ellipses of the marine mammal groups from Río de la 
Plata estuary, corrected for small sample size (SEAc), in the isospace 
defined by δ18O, δ34S, δ13C, and δ15N. The colored arrows indicate the 
general interpretation of the isotopic values for each element as writ-
ten, where blue corresponds to carbon (δ13C), purple to oxygen (δ18O), 
orange to nitrogen (δ15N), and green to sulfur (δ34S) stable isotope 
ratios. Sample sizes and species/groups: female South American sea 
lions (Of ♀, n = 11), male South American sea lions (Of ♂, n = 10), 

female South American fur seals (Aa ♀, n = 14), male South American 
fur seals (Aa ♂, n = 13), bottlenose dolphins (Tt, n = 10), franciscana 
dolphins (Pb, n = 22), false killer whales (Pc, n = 10), Burmeister’s 
porpoises (Ps, n = 10), and Fraser’s dolphins (Lh, n = 10). δ.13C val-
ues are corrected for Suess effect. The percentage of overlapped area 
between each pair of species/groups is available in Table S2
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a long-term integrator of the stable isotope ratios due to its 
relatively slow turnover rate, which makes it useful to obtain 
information over extended periods of time (Hobson et al. 
2010; Schoeninger 2010; Fahy et al. 2017; Skedros et al. 
2013; Matsubayashi et al. 2017; Tomaszewicz et al. 2018; 
Matsubayashi and Tayasu 2019). Accordingly, the values 
reported here for each individual are averages integrating 
habitat use over a period of several years, but lack resolution 
on shorter time scales (weeks to months).

The pairwise multilevel comparison employed after the 
PERMANOVA has been used in different studies to compare 
three or more stable isotope ratios between different species 
of marine mammals (Borrell et al. 2021). It uses random 
permutations in order to analyze the relationship between 
the stable isotope ratios and the species, and hence, slightly 
different results can be expected every time the test is run 
(Anderson 2001, 2014). Moreover, based on the results 
obtained here, this statistical analysis seems to account more 
for the similarities between groups and not as much for the 
differences, which was the main interest of the present study.  
Therefore, to define the isotopic niche of different species in an  
ecosystem, the Stable Isotope Bayesian Ellipses (Jackson 
et al. 2011) were considered more appropriate.

Origin of Resources According to δ34S, δ18O, δ13C, 
and δ15N

The variation in stable isotope ratios within an ecosystem 
depends mostly on the physical and ecological processes that  
determine the origin of each chemical element (Peterson and  
Howarth 1987; Rubenstein and Hobson 2004). In the Río 
de la Plata estuary, these processes are mainly driven by the 
constant inflow of a fresh-water surface layer with terrestrial 
particulate organic matter (POM) over the salty shelf waters 
that, combined with wind stress and topography, create a 
series of well-characterized inshore and marine fronts and 
a strong stratification with marked vertical and horizontal 
salinity gradients (Fig. 4; Guerrero et al. 1997; Acha et al. 
2004; Botto et al. 2011). Here, the main source of δ18O vari-
ation between the marine mammal groups is the salinity of 
the water where they feed, as demonstrated by the strong 
positive correlation between these two factors (Conroy 
et al. 2014; Belem et al. 2019). Indeed, although data for 
the Río de la Plata estuary are limited, a general increase in 
δ18O values is observed from inshore (δ18O = ~−1‰ PDB; 
~29.8‰ SMOW) to offshore (δ18O = ~+2‰ PDB; ~32.9‰ 
SMOW) marine environments in the nearby Atlantic Ocean 
(LeGrande and Schmidt 2006; McMahon et al. 2013). Addi-
tionally, the almost permanent vertical salinity stratification 
in the mixohaline zone leads to the formation of a salt wedge 
and the occurrence of salty marine waters with higher δ18O 
values just above the bed of the estuary (Fig. 4; Guerrero 
et al. 1997).

On the other hand, δ13C and δ34S values are directly 
affected by the source of the primary producers and plant 
detritus reaching the estuary (Peterson and Howarth 1987; 
Connolly et al. 2004). In the Río de la Plata estuary, there 
are three known sources of organic C: (1) the 13C-depleted 
terrestrial and freshwater marsh plants with a C3 metabolism, 
brought into the estuary by the river; (2) the 13C-enriched 
salt marsh plants with a C4 metabolism, found mainly at 
the southern shore of the estuary along Samborombón Bay 
(Fig. 1), mostly Spartina spp.; and (3) the marine phytoplank-
ton, also 13C-depleted (Peterson and Howarth 1987; Botto 
et al. 2011; Bergamino et al. 2017). The first two sources 
reach the estuary mostly as detritus and the presence of phy-
toplankton is light-dependent; as a result, the relevance of 
each source is spatially variable (Botto et al. 2011).

At the innermost part of the estuary, the maximum turbidity 
zone (Figs. 1 and 4) is characterized by a high concentration 
of suspended particles originated from terrestrial plants and 
freshwater marsh plants, since water turbidity does not allow 
phytoplankton growth (Framiñan and Brown 1996; Acha et al. 
2003; Botto et al. 2011). Here, the base of the food web seems 
to be supported by this allochthonous detritus with low δ13C 
values (Fig. 4; Peterson 1999; Botto et al. 2011). Once in the 
estuary/mixohaline zone, most of the suspended POM seems 
to originate from the salt marshes with high δ13C values, repre-
senting the only known source of 13C-enriched particles for the 
consumers in the area (Fig. 4; Botto et al. 2011). Nonetheless, a 
considerable increase in phytoplankton concentration has been 
found inside the estuary following the maximum turbidity zone 
(Carreto et al. 2008), so it is also possible to find consumers 
with low δ13C values associated to this zone. In the marine 
waters, the food web is supported mostly by phytoplankton and 
hence consumers are characterized by low δ13C values (Fig. 4; 
Peterson 1999; Botto et al. 2011). In contrast, the variation in 
δ34S values depends on the source of inorganic S (Peterson  
et al. 1985). Terrestrial and marsh plants use 34S-depleted 
sulfides originated, respectively, from precipitation and anoxic 
sediments with high sulfate reduction (Peterson et al. 1985; 
Peterson 1999). As a result, the consumers associated to the 
maximum turbidity zone are expected to have low δ34S values, 
as well as those from the estuary/mixohaline zone (Fig. 4). 
On the other hand, planktonic organisms use the 34S-enriched 
seawater sulfates product of the sulfide oxidation within the 
water-column, and are responsible for the high δ34S typical of 
offshore/pelagic species (Fig. 4; Peterson and Howarth 1987; 
Peterson 1999).

Habitat Use According to δ34S, δ18O, δ13C, and δ15N

From the section above, results that the isotopic niche of 
each marine mammal species inhabiting the Río de la Plata 
estuary and adjoining waters can be used to characterize 
their habitat use pattern (Fig. 4).
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The differences between females and males for both 
otariid species (South American sea lions and fur seals) 
were consistent with their sexual dimorphism and distinct 
behavior (Cárdenas-Alayza 2018a, b). In both cases, females 
usually stay closer to the coast and near to their breeding 
grounds (Rodríguez et al. 2013; González Carman et al. 
2016), whereas males often perform long-distance foraging 
trips further from their rookeries and reach more marine 
waters with less terrestrial influence (Giardino et al. 2016; 
de Lima et al. 2022), as evidenced here by the higher δ34S 
values found in males (Connolly et al. 2004). Nonetheless, 
the low δ18O values (Fig. 2) reported for these four groups 
indicated a preference for low salinity foraging grounds, sug-
gesting that even though males use more marine habits than 
females, the estuarine zone above the salt wedge is still an 
important feeding ground for both sexes in both species. 
Moreover, the higher δ13C values of sea lions of both sexes 
compared to fur seals indicated a higher reliance of the for-
mer on the food web supported by salt marsh detritus, while 
the combination of low δ13C and high δ34S values typical of 
fur seals, particularly males, better fits with a phytoplankton-
based food web (Fig. 4; Saporiti et al. 2016; Drago et al. 

2017). This is consistent with the prevalence of pelagic and 
demersal-pelagic fishes and squids in the diet of fur seals 
(Naya et al. 2002; Franco-Trecu et al. 2014; de Lima et al. 
2022), compared to the prevalence of benthic prey in the diet 
of sea lions throughout the year, although they increase the 
consumption of more pelagic prey during the pre-breeding 
season (Franco-Trecu et al. 2014; Drago et al. 2015). The 
different trophic positions of the two otariid species is fur-
ther supported by the higher δ15N values of sea lions (Drago 
et al. 2021).

Bottlenose dolphins shared similarities with female sea 
lions on three out of the four stable isotope ratios analyzed 
(Fig. 2), suggesting similar preferences of habitat but dif-
ferences in their trophic positions. The low δ18O and δ34S 
values indicated the use of low salinity areas with high ter-
restrial influence, and the high δ13C confirmed an affinity 
for the mixohaline zone in areas with high influence of salt 
marsh detritus (Fig. 4; Connolly et al. 2004; Botto et al. 
2011). These results are consistent with the demerso-pelagic 
diet described for bottlenose dolphins in the Río de la Plata 
estuary (Botta et al. 2012; Wells and Scott 2018), although 
some individuals might be using the marine waters at the 
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Fig. 4  Graphical representation of the estimated habitat preferences 
of the considered marine mammal groups from the Río de la Plata 
estuary, based on the combination of δ18O, δ34S, δ13C, and δ.15N 
values reported here, the physical and ecological processes of the 
estuary explained by Acha et al. (2008), and the origin of resources 
affecting the different zones of the estuary and their respective iso-
topic values reported by Botto et al. (2011) and Peterson and Howarth 
(1987). The short arrows show the general tendency of the respec-

tive stable isotope ratio in a given zone, where upward arrows indi-
cate high values (enriched) and downward arrows indicate low values 
(depleted); POM, particulate organic matter. Species/groups: bottle-
nose dolphins (Tt), female South American sea lions (Of ♀), male 
South American sea lions (Of ♂), female South American fur seals 
(Aa ♀), male South American fur seals (Aa ♂), false killer whales 
(Pc), Burmeister’s porpoises (Ps), franciscana dolphins (Pb), and 
Fraser’s dolphins (Lh)
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bottom of the estuary as they presented high δ18O values, 
similar to those found in marine species (Fig. 2; Acha et al. 
2008; Secchi et al. 2017).

False killer whales had a broad isotopic niche, overlap-
ping with marine species such as the Fraser´s dolphins, as 
well as with species associated with the estuary/mixoha-
line zone such as fur seals and franciscana dolphins (Fig. 3, 
Table S2). This was likely due to the wide range of values 
presented by the species for most stable isotope ratios, espe-
cially δ18O, δ13C, and δ15N. In Southern Brazil, Botta et al. 
(2012) also reported intraspecific variation for the false killer 
whales and divided them into two groups, one similar to 
the local inshore predators (bottlenose dolphins and killer 
whales) and another one with lower δ13C and δ15N values 
that suggested offshore/oceanic habits. Likewise, based on 
the different δ18O values found for Río de la Plata, there 
might be at least two groups of false killer whales with dif-
ferent feeding habits, one using the upper layers of the estu-
ary/mixohaline zone above the salinity wedge, and another 
group using the waters below the salinity wedge, although a 
larger sample size is needed to test this hypothesis (Fig. 4). 
It is worth noting that bottlenose dolphins and false killer 
whales have similar isotopic niches within the δ13C–δ15N 
isospace (Bisi et al. 2013; Drago et al. 2021) but differed 
largely when δ34S and δ18O are considered (Figs. 3 and 4).

On the other hand, the high δ18O values reported for the 
Burmeister’s porpoise combined with relatively low δ13C 
values, previously led to report offshore habits for this 
species in Río de la Plata (Drago et al. 2020, 2021). How-
ever, the Burmeister’s porpoise is generally described as a 
coastal species based on sightings and incidental catches 
(Reyes 2018), and diet often includes inshore prey, either 
demersal or pelagic (Reyes and Van Waerebeek 1995; 
Molina-Schiller et al. 2005; Riccialdelli et al. 2010; Reyes 
2018). Considering the low mean δ34S values reported 
here (Fig. 2), the combination of high δ18O and low δ13C 
values can be explained by the use of benthic areas close 
to the bottom salinity front and below the salt wedge in the 
mixohaline zone (Fig. 4). Here, there is a high influence of 
18O- and 34S-enriched marine waters entering the estuary 
from the bottom, the formation of the maximum turbidity 
zone with high influence of 13C- and 34S-depleted terres-
trial POM, and the presence of 13C-enriched detritus from 
salt marshes associated with the estuary/mixohaline zone 
(Peterson and Howarth 1987; Guerrero et al. 1997; Acha 
et al. 2008; Botto et al. 2011). Although the preference for 
areas with high salinity is clear, the merging of all these 
different isotopic sources in a relatively small area is likely 
the reason for the wide intraspecific variation of δ13C and 
δ34S found for the Burmeister’s porpoise.

In the case of the franciscana dolphin, both females 
and males seem to have similar foraging habits (Crespo 
2018), consistent with the similarities found here between 

their isotopic values. Moreover, the high δ18O combined 
with relatively high δ13C and low δ34S indicated the use of 
the mixohaline zone below the salinity wedge, likely with 
the influence of salt marsh detritus as C and S sources, 
although some individuals might be using areas with 
higher influence of terrestrial POM (Fig. 4; Peterson and 
Howarth 1987; Acha et al. 2008; Botto et al. 2011). These 
descriptions of habitat use also appear to be consistent 
with the demersal and benthopelagic diet described for 
the southern populations of this species through stomach 
content analysis (Franco-Trecu et al. 2017; Tellechea et al. 
2017; Botta et al. 2022).

Opposite to the other groups, the isotopic niche of the 
Fraser’s dolphin is consistent with an offshore, pelagic 
feeding, most likely supported by a food chain relying on 
phytoplankton using water-column sulfates (Fig. 4; Drago 
et al. 2021). This species is often found in deep waters, 
from 250 to up to 3500 m deep, probably following the dis-
tribution of their preys (Dolar 2018), and stomach content 
analysis of stranded and incidentally caught individuals 
has confirmed a preference for mesopelagic and deep-water 
fishes and squids (Dolar et al. 2003; Wang et al. 2011; 
Dolar 2018). Previous studies have also reported constantly 
low δ13C values for Fraser’s dolphins in different regions 
(Bisi et al. 2013; Botta et al. 2012; Costa et al. 2020), and 
their offshore/marine habits are further confirmed here with 
the high δ34S and δ18O values (Peterson and Howarth 1987; 
Carreto et al. 2008; Belem et al. 2019).

Finally, δ15N values are used as a proxy of the trophic 
position through the estimation of a trophic discrimination 
factor, which vary between 1.57 and 2.7‰ for different 
species of marine mammals (Borrell et al. 2012; Aurioles-
Gamboa et al. 2013; Beltran et al. 2016; Giménez et al. 
2016). If so, the range reported here, from 12.62‰ in one 
of Fraser’s dolphins to 22.73‰ in one of franciscana dol-
phins, would suggest that the assemblage is foraging along 
more than three trophic levels. This is highly unlikely and 
certainly an artifact caused by the high input of sewage 
reaching Río de la Plata estuary from Montevideo and 
Buenos Aires, and the resulting shift in the δ15N baseline 
between estuarine and oceanic waters (McClelland and 
Valiela 1998; Botto et al. 2011; McMahon et al. 2013; 
Troina et al. 2020, 2021).

Conclusions

Our isotopic data suggest the extended use of the estuarine/
mixohaline zone as a foraging ground by several marine mam-
mal species inhabiting the Río de la Plata estuary and adja-
cent south-western Atlantic waters. On one side, bottlenose 
dolphins, South American sea lions, and fur seals showed a 
higher affinity to the low salinity layers above the salt wedge, 
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characterized also by distinct C and S sources: POM from 
salt marshes and phytoplankton (Fig. 4). A second group of 
species, including the Burmeister´s porpoises, franciscana 
dolphins, and false killer whales, seemed to prefer the saltier 
marine waters close to the bottom of the estuary. However, 
the porpoises showed affinity for the maximum turbidity zone 
with high terrestrial influence, whereas the other two species 
showed a higher influence from salt marsh detritus (Fig. 4). 
Finally, the Fraser’s dolphin was the only species that showed 
an affinity for the marine zone, an area with high salinity and 
phytoplankton and water-column sulfates as C and S sources, 
respectively (Fig. 4). Considering the disparate distribution 
ranges of the seven species studied here (Reeves et al. 2002), 
the pattern of habitat partitioning reported is unlikely to have 
resulted from coevolution, but emerges probably because of 
differences in their fundamental niches and the possible role 
of competition. The actual relevance of competitive exclu-
sion has yet to be assessed, but the restriction of bottlenose 
dolphins to the less saline areas of the estuary is striking, as 
the species inhabits mostly coastal waters elsewhere in the 
south-western Atlantic Ocean (Lodi et al. 2016).

In conclusion, the use of δ18O and δ34S provided additional 
and important insights into the habitat use of the considered 
marine mammal species in an estuarine setting, allowing to 
differentiate between species using different salinity ranges and 
food webs with different contributions of terrestrial detritus. 
Both stable isotope ratios worked as complementary habitat 
tracers, without discarding the useful information on trophic 
relationships provided by δ13C and δ15N. Furthermore, the 
combination of at least three habitat tracers allowed a bet-
ter visualization of the different dimensions that make up the 
whole ecosystem, thus improving the understanding of habitat 
partitioning between marine mammal species.
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