10

11

12
13

14

Stable oxygen isotopes reveal habitat use by marine mammals in the Rio de la Plata

estuary and adjoining Atlantic Ocean

Massimiliano Drago®”, Meica Valdivia®, Daniel Bragg?, Enrique M. Gonzélez®, Alex

Aguilar®, Luis Cardona®.

®Department of Evolutionary Biology, Ecology and Environmental Sciences, Biodiversity
Research Institute (IRBio), University of Barcelona, Av. Diagonal 643, 08028 Barcelona,
Spain.

PNational Museum of Natural History (MNHN), 25 de Mayo 582, 11000 Montevideo,

Uruguay.

“Corresponding author: m.drago@ub.edu



15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

Abstract

Detailed knowledge on habitat use by marine mammals is critical for understanding their
ecological role and for adequate management. Here, we assess the habitat use patterns of
thirteen species of marine mammals along the salinity gradient of the Rio de la Plata
estuary and the adjoining western South Atlantic Ocean, for which we use the ratios of
stable oxygen isotopes in bone carbonate (apatite) as a proxy for salinity. Furthermore,
we compare the results with those found from analysing the distance of the stranding site
from the innermost point of the estuary. The overall evidence indicates that stable oxygen
isotopes can be good tracers of habitat use, as they distinguish those species that regularly
use inshore estuarine-coastal ecosystems from those that are restricted to offshore pelagic
oceanic waters. In contrast, sampling location does not sufficiently characterize the
species’ habitat, since other factors can be involved in the animals being transported to
stranding sites far from their typical habitats. In conclusion, the analysis of stable oxygen
isotopes represents a useful and inexpensive approach to studying habitat use among

marine mammals where salinity gradients exist.

Key-words: cetaceans, marine mammals, pinnipeds, stable oxygen isotopes, habitat

preferences, stranding sites.
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1. Introduction

Management decisions and conservation actions should ideally be informed by
accurate ecological information regarding the structure and function of ecosystems
(Franklin, 1993). However, accurate data about habitat use by many marine mammal
species is often scarce or missing (Schipper et al., 2008). This is due to the logistical
difficulties related to the sampling of marine mammals, especially elusive species that
usually occupy off-shore areas and hence are virtually impossible to study in the wild
(Moore et al., 2018). On the other hand, knowledge about habitat use by marine
mammals is critical for understanding their ecological roles (Roman and Estes, 2018).
Furthermore, this information is also important for understanding direct (e.g., bycatch)
and indirect (e.g., competition) interactions with fisheries (Reeves, 2018; Reeves et al.,
2003).

Often, most of the available information is derived from a few stranded individuals
(Moore et al., 2018), which may represent a highly biased sample of the population. The
location of the stranding site might be particularly misleading and may not represent an
accurate characterization of the species’ habitat if individuals become stranded far from
their normal distribution as a result of transport by currents or being discarded by
fishermen close to ports (Moore et al., 2018).

The application of stable isotope analysis has grown tremendously over the past 30
years and has become a key analytical method in ecological studies (Crawford et al.,
2008; Layman et al., 2012; Newsome et al., 2010; Wolf et al., 2009). Stable isotopes are
known from several chemical elements, but those of carbon and nitrogen are the most
widely used biogeochemical markers for studying topics related to the trophic ecology of
wild animals (Crawford et al., 2008; Layman et al., 2012; Newsome et al., 2010; Wolf et

al., 2009). Stable carbon isotopes have been used widely as habitat tracers because
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pelagic and oceanic species are depleted in **C compared to benthic and coastal species
(Michener and Lajtha, 2007). However, caution is advised when using stable isotopes of
carbon to trace habitat preference, because changes in diet may confound the
interpretation.

On the other hand, carbonates become enriched in 20 as temperature declines (Kim
and O’Neil, 1997); hence, stable isotopes of oxygen (**0/*°0; §'%0) in mollusc shells
have been widely employed to reconstruct the paleotemperature of aquatic ecosystems
(Burgess et al., 2010; Schone et al., 2004) and to study the thermal environment of fishes
and molluscs (Soldati et al., 2009; Torniainen et al., 2017). Nevertheless, most of the
current variability in the ratios of stable isotopes of oxygen in the ocean is not linked to
thermal gradients, but caused by the preferential evaporation of the light isotope (Bowen,
2010). Fractionation during evaporation and precipitation of meteoric water results in
freshwater environments that are typically *2O-depleted relative to seawater (Bowen,
2010; Dansgaard, 1964; Gat, 1996; Trueman and Glew, 2019). Furthermore, as salinity
and 5'%0 in seawater are controlled by the same process, the overall variation in marine
§'80 values is positively and linearly correlated to salinity (Belem et al., 2019; Conroy et
al., 2014; Delaygue et al., 2001; Pierre, 1999; Pierre et al., 1994; Pierre et al., 1991). This
suggests that the stable isotopes of oxygen can be useful tracers of habitat use in marine
species inhabiting areas with strong salinity gradients (Clementz et al., 2006; Clementz
and Koch, 2001; Trueman et al., 2012; Wheatley et al., 2012; Zenteno et al., 2013).
Accordingly, the ratio of stable oxygen isotopes can be used as a proxy for salinity in
marine species moving between marine, brackish and freshwater ecosystems, since
species inhabiting brackish or freshwater habitats should have lower 5'%0 values of body
water (Newsome et al., 2010; Roe et al., 1998). Despite this potential, only a few studies

aiming to resolve the habitat preference of extant marine vertebrates have used stable
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oxygen isotopes (e.g., Clementz and Koch, 2001; Vighi et al., 2016; Vighi et al., 2014;
Wheatley et al., 2012; Yoshida and Miyazaki, 1991; Zenteno et al., 2013).

In marine mammals, water is the largest oxygen supply, and its intake is the major
avenue of flux into the body. Ingested water, which may account for as much as 70-80%
of total flux into the marine mammal body, includes preformed water (i.e., water that is
consumed in food or actively drunk) and seawater consumed incidentally when eating
(Costa, 2018; Ortiz, 2001). Metabolic water, on the other hand, is that which results from
the oxidation of organic molecules (Newsome et al., 2010). The proportion of water
obtained from these sources varies widely among marine mammals (Costa, 2018; Ortiz,
2001); however, as these processes do not strongly fractionate stable oxygen isotopes, the
fluxes should all have 20 values close to that of seawater (0%0V-SMOW) (Newsome et
al., 2010; Soto et al., 2013). Therefore, the '20 value of body water is overall similar to
that of environmental water, as its bioapatite phosphate and carbonate form in near
isotopic equilibrium with environmental water (Newsome et al., 2010; Soto et al., 2013;
Vander Zanden et al., 2016).

In addition, the 520 values of marine mammals show little within-population
variability, presumably because the §*%0 values of body water experience little variation
during the time window integrated by bone apatite, as well as because of little variability
between individuals from the same populations (Clementz and Koch, 2001). The turnover
rate of oxygen isotopes in bone apatite is poorly known, but complete bone apatite
turnover in adult mammals is assumed to take several years (Ambrose and Norr, 1993;
Schwarcz and Schoeninger, 1991).

The Rio de la Plata is one of the largest estuarine systems in the world and profoundly
affects the ecology of adjoining marine ecosystems (Acha et al., 2008; Miloslavich et al.,

2011).The region is inhabited by a high diversity of marine mammals, including subpolar,



109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

subtropical and tropical species (Bastida et al., 2007; Miloslavich et al., 2011).
Furthermore, these species occupy a wide variety of ecosystems, from shallow estuarine-
coastal waters to deep pelagic oceanic waters. The skeletal material available in scientific
and museum collections offers the opportunity to study habitat use by means of stable
oxygen isotopes. Although they lack the detailed resolution of other methods such as
satellite tagging, they provide a suitable and inexpensive alternative approach to studying
habitat use.

In this paper, we assess the habitat preferences of marine mammals (pinnipeds and
cetaceans) along the salinity gradient of the Rio de la Plata ecosystem, and we do so
using the ratio of stable oxygen isotopes in bone carbonate (apatite) as a proxy for
salinity. In addition, we compare the results with those obtained from analysing the
distance of the stranding site from the innermost point within the estuary. Based on, first,
the overall positive correlation between marine &'%0 values and salinity reported for the
adjacent Atlantic Ocean (Belem et al., 2019; LeGrande and Schmidt, 2006; Pierre et al.,
1991) and, second, the strong salinity gradient in the Rio de la Plata (Acha et al., 2008),
we hypothesize that species which regularly use estuarine waters will have lower bone
§'80 values than species with distribution ranges that span across marine regions.
Furthermore, we hypothesize that species which regularly use estuarine waters should
become stranded mainly in the innermost part of the estuary if the stranding site is

indicative of habitat use.

2. Methods
2.1. Study Area
The Rio de la Plata estuary is located at 35°S, between Uruguay and Argentina (Fig.

1); and the plume of the estuary expands to southern Brazil. It is one of the most
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important South American estuarine environments, and the waters under its influence are
among the most productive in the world (Acha et al., 2008; Miloslavich et al., 2011). Due
to the convergence of two major currents—the cold Falkland/Malvinas current and the
warm Brazil current—combined with the massive freshwater run-off from the Parana
River, a unique system with extremely rich biodiversity is generated (Acha et al., 2004;
Guerrero et al., 1997a; Miloslavich et al., 2011; Ortega and Martinez, 2007).

The Rio de la Plata estuary is characterized by a salinity gradient that spans across
some 300 km (Acha et al., 2008; Guerrero et al., 1997a), with three major zones that can
be distinguished in Uruguayan coastal waters (Defeo et al., 2009; Guerrero et al., 1997a;
Guerrero et al., 1997b): the inner estuarine zone (Zone 1) is characterized by salinity
values of < 24.50; the outer estuarine zone (Zone 2) is characterized by salinity values of
between 24.51 and 31.49; and the marine/oceanic zone (Zone 3) has values of > 31.50.
The inner estuarine zone and the outer estuarine zone are influenced directly by the Rio
de la Plata discharge; whereas the marine/oceanic zone has a remarkable but variable
oceanic influence (Fig. 1). Furthermore, a general increase in 520 values is observed
from inshore (820 = ~ -1 %o) to offshore (520 = ~ +2 %o) marine environments in the
nearby Atlantic Ocean (LeGrande and Schmidt, 2006; McMahon et al., 2013), although
data for the estuary are few.

2.2. Sampling

A total of 362 bone samples were collected from the skulls of thirteen marine
mammal species (Table 1): two otariid species (South American sea lion Otaria
flavescens and South American fur seal Arctocephalus australis) and eleven odontocete
species (the single pontoporiid Franciscana dolphin Pontoporia blainvillei; one ziphiid
Cuvier's beaked whale Ziphius cavirostris; two phocoenids: the spectacled porpoise

Phocoena dioptrica and Burmeister's porpoise Phocoena spinipinnis; and seven
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delphinids: the common dolphin Delphinus delphis, the long-finned pilot whale
Globicephala melas, Risso's dolphin Grampus griseus, Fraser's dolphin Lagenodelphis
hoseli, the killer whale Orcinus orca, the false killer whale Pseudorca crassidens, and the
bottlenose dolphin Tursiops truncatus). It should be noted that two subspecies of
bottlenose dolphins inhabit the western South Atlantic Ocean: the common bottlenose
dolphin T. t. truncatus (offshore ecotype) and Lahille’s bottlenose dolphin T. t. gephyreus
(coastal ecotype) (Costa et al., 2016). Based on their skull characteristics, all the
bottlenose dolphins included in this study belong to the subspecies T. t. gephyreus (Costa
et al., 2016; Wickert et al., 2016).

Every specimen included in the current study was found stranded and dead along the
Uruguayan coastline or was incidentally caught by Uruguayan fishermen between 1940
and 2016 (Table 1 and Fig. 1). All the bone samples were collected from skulls in the
scientific collection of the Museo Nacional de Historia Natural (MNHN) and the Facultad
de Ciencias of the Universidad de la Republica (UdelaR) at Montevideo (Uruguay).

The bone samples of pinnipeds and cetaceans used for the oxygen isotopic analysis
consisted, respectively, of a small fragment of bone from the nasal cavity (turbinate bone)
and the maxilla. All the skulls from the South American sea lion, South American fur seal
and Franciscana dolphin were determined to pertain to specimens that were either adult,
physically mature or in the process of maturation. According to the lines of arrested
growth in canine dentine, the ages of the sampled sea lions ranged from 5 to 16 years,
whereas those of the fur seals ranged from 5 to 14 years (Laws, 1952). The age of the
sampled Franciscana dolphins was unknown, but adulthood was inferred from standard
length (ranging from 121 to 174 cm), according to size at sexual maturity (Botta et al.,
2010; Danilewicz, 2003; Danilewicz et al., 2004). Standard length was recorded in the

field during skull collection. The age and standard length of the specimens of the
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remaining cetacean species were unknown, so the condylobasal length of each skull was
measured in order to consider only specimens of similar body size within each species
and to avoid age-related bias. The condylobasal length ranged: from 45 to 48 cm for
common dolphins; from 68 to 71 cm for long-finned pilot whales; from 39 to 44 cm for
Fraser's dolphins; from 89 to 94 cm for killer whales; from 27 to 29 cm for spectacled
porpoises; from 27 to 29 cm for Burmeister’s porpoises; from 61 to 65 cm for false killer
whales; from 55 to 59 cm for Lahille’s bottlenose dolphins; from 89 to 95 cm for Cuvier's
beaked whales; and 47 cm for the Risso's dolphin.

All bone samples were stored dry at room temperature until analysis.

Additionally, the distance (km) to the inner part of the Rio de la Plata estuary (see
Fig. 1) along the Uruguayan coast was assessed for each individual sampling location in
order to evaluate whether or not it can be used as a proxy for the species’ habitat
preference. Distances were calculated using the measuring tool from QGIS (QGIS
Development Team, 2018).

2.3. Stable Isotope Analysis

Bone samples were cleaned with distilled water, dried in a stove at 60 °C for 36 h, and
ground into a fine powder using a mortar and pestle. As the stable oxygen isotope
analysis could be carried out only on the inorganic matrix, powder bone samples were
treated by soaking them in 30% hydrogen peroxide (H,O;) for 24 h to remove any
organic compounds. Furthermore, samples were then treated by soaking them in 1 M of
calcium acetate—acetic acid buffer for another 24 h to remove any diagenetic carbonate.
Finally, they were rinsed carefully with deionized (Milli-Q) water and dried for 24 h
(Koch et al., 1997).

Approximately 1.0 mg of each processed sample of bone was weighed and analysed

for oxygen isotope ratios using a Kiel 111 Carbonate Device preparation system (Thermo
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Electron-Dual Inlet, Thermo Fisher Scientific, Bremen, Germany) linked to a model
MAT-252 gas source mass spectrometer (Thermo Fisher Scientific, Bremen, Germany).
Samples were dissolved in 100% phosphoric acid at 70° C with concurrent cryogenic
trapping of CO; and H,0O. The CO, was then admitted to the mass spectrometer for
analysis. All analyses were performed at the Centres Cientifics i Tecnologics (CCiT-UB)
of the University of Barcelona, Spain.

Stable isotope abundances are expressed in delta (8) notation, with relative variations
of stable isotope ratios expressed in per mil (%o) deviations from predefined international
standards. They were calculated as:

SX=[OX/X)sarmptel X/ X )stancere] -1
where 'X is the heavier isotope (*20), and 'X is the lighter isotope (:°0) in the analytical
sample and international measurement standard (Bond and Hobson, 2012); the
international standard was the Vienna Pee Dee Belemnite (V-PDB) calcium carbonate.
However, data were normalized using commercially available laboratory reference
materials. Isotopic reference materials of known *30/*°0 ratios, as given by the
International Atomic Energy Agency (IAEA, Vienna, Austria), were the NBS-19 and
NBS-18 calcite standard, with 520 values, respectively, of -2.20%o and -23.2%o relative
to V-PDB. These two isotopic reference materials were employed once every six
analysed samples in order to recalibrate the system and compensate for any measurement
drift over time. The raw data were normalized by the multipoint normalization method
based on linear regression (Skrzypek, 2013). The analytical precision of 820 tested by
replicate analyses was + 0.05%o (standard deviation).

Because 5'°0 values in animal studies are more commonly presented relative to the
Vienna Standard Mean Oceanic Water (V-SMOW) index, 520 values were converted

from PDB to SMOW according to the following equation (Koch et al., 1997):
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580 (SMOW) = [5"%0 (PDB) x 1.03086] + 30.86

2.4. Data Analyses

Prior to statistical analyses, normality was tested by means of Lilliefors test, and
homoscedasticity by means of Levene’s test. Data were log-transformed to ensure
normality. We checked the assumptions of the statistical models by carrying out the
customary residual analysis.

First, we used linear models with year as a continuous explanatory variable and
species as a categorical covariate to assess any temporal trend in the bone §*30gmow Values
of South American sea lions, South American fur seals and Franciscana dolphins. We
selected those species because they covered a broad time window (i.e., from the 1940s to
the 2010s) and sample size was large (Table 1). We started with the most complex model,
which included the interaction between explanatory variables, and subjected it to
sequential, stepwise simplification by deleting one term (whether it was an interaction or
a main effect). Comparisons between successive steps of model simplification were
performed by the Akaike information criterion (AIC) and selecting the model with the
lowest AIC. The selected models were validated by residual analyses (Crawley, 2007).
We refrained from including the sex of the species as a categorical covariate in the model
because a previous exploratory analysis indicated that males and females did not differ
over time in any of the three species. Therefore, we created additional linear models by
pooling male and female data and also incorporating Franciscana dolphin individuals of
unknown sex.

Second, we used nested-ANOVA with species nested within their presumed habitat
(i.e., the habitat previously reported in the literature for the species; see Table 1) in order
to compare the average §"®Ogmow and distance values among presumed habitats and

species. We used the Scheffé test (because of uneven sample size) for post hoc

11



259  comparisons. Furthermore, we applied the same data set to a linear mixed model using
260  distance as a fixed effect and species as a random effect, which allowed us to assess

261  whether a relationship existed between the bone §'®Ogmow Values and the distance from
262  the inner part of the estuary. The simplification and validation of the model was carried
263  out as mentioned above, whereas the most parsimonious model was selected using the
264 likelihood ratio test of models (Bolker, 2008). Only species with a sample size of > 5
265 individuals were included in the statistical analyses.

266 Data were always reported as mean + standard deviation (SD), unless otherwise

267  stated. All statistical analyses were carried out using the free software R 3.6.1 (R Core
268  Team, 2018).

269

270 3. Results

271 The final model adjusted for §'®Ogmow values over time showed a significant decrease
272  for South American sea lions but not for South American fur seals or Franciscana

273 dolphins (Table 2 and Fig. 2). The slope of the 8**Ogmow vs. time function for South

274 American sea lions was also significantly larger than that of the other two species, which
275  had similar slopes and did not differ in their average values (Table 2 and Fig. 2).

276 We found a statistical difference in the §"®Ogmow values for the nine species of marine
277  mammals included in the nested-ANOVA, both between presumed habitats (F, 351 =

278 55,51, p <0.001) and between species within the same presumed habitat (Fs 351 = 20.95, p
279 < 0.001). Post-hoc tests revealed that presumed oceanic species were more enriched in
280 20 than those in estuarine-coastal and continental shelf waters. Furthermore, the

281  8"0gmow values of presumed continental shelf inhabitants were between those of

282  presumed oceanic and estuarine-coastal species (Fig. 3). Within the group of presumed

283 continental shelf inhabitants, the lowest Slgosmow values were observed in killer whales;
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whereas, among the presumed estuarine-coastal species, Franciscana dolphins showed the
highest 8**Ogmow Values (Fig. 3).

Statistically significant differences were also observed in the distance of the stranding
site from the inner part of the estuary, both among presumed habitats (nested-ANOVA;
F2343 = 134.81, p < 0.001) and among species within the same presumed habitat (nested-
ANOVA; Fg 343 = 6.63, p < 0.001). Post-hoc tests revealed that the distances of the
oceanic species’ stranding sites to the innermost part of the estuary were significantly
smaller than those of any other species, while those of estuarine-coastal species were the
largest (Fig. 4).

Finally, for the nine marine mammal species considered in the analyses, there was no
statistically significant correlation between the bone 8**Ogmow Values and the stranding

site’s distance from the inner part of the estuary (Table 3).

4. Discussion

The data reported here revealed that stable oxygen isotopes serve as powerful habitat
tracers along salinity gradients. Conversely, stranding sites offer inconsistent information
about habitat use because well-known ocean dwellers (Fraser's dolphin, long-finned pilot
whale and Cuvier's beaked whale) become stranded mainly in the innermost part of the
estuary. These inconsistencies may result from carcasses being transported by currents
(Framifian et al., 1999) or because fishermen discard bycatch close to ports. The latter is
particularly obvious for the Franciscana dolphin, because 92% of specimens were
incidentally caught at unknown locations and brought to port by fishermen from the
Rocha Department. Furthermore, the aggregation of pinnipeds at rookeries and haul-outs
may also result in localized stranding: 81% of South American sea lion specimens and

93% of South American fur seal specimens were found around Isla de Lobos and the Islas

13



309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

de Cabo Polonio, the two main rookeries of these species in Uruguay (Ponce de Ledn,
2000) (Fig. 1).

The average 5'%Osmow Values in bone tissue differed among species, with good
agreement between presumed habitat and 5'80¢mow Values. Lahille’s bottlenose dolphin,
the South American sea lion and the South American fur seal are known to use estuarine
habitats in the western South Atlantic Ocean (Botta et al., 2012; Costa et al., 2016; Drago
etal., 2017; Franco-Trecu et al., 2013; Franco-Trecu et al., 2019; Gonzalez Carman et al.,
2016; Lodi et al., 2016; Melo et al., 2010; Riet-Sapriza et al., 2013; Secchi et al., 2016),
and all them had low 8O Values, which are consistent with extended use of the outer
estuarine area.

It has been suggested that South American fur seals might forage mainly at the shelf
break; hence, the distance to the shelf break could be a major determinant of rookery
location (Tunez et al., 2008). However, scat analysis has revealed that South American
fur seals in Uruguay feed primarily on coastal fishes associated with the Rio de la Plata
plume (Naya et al., 2002; Szteren et al., 2004). Furthermore, both the habitat modelling
of tracking data (Gonzélez Carman et al., 2016) and the 5"®Ogmow Values reported here are
consistent with extended use of the outer estuary. South American sea lions also make
intense use of the outer estuary, according to satellite telemetry data and habitat
modelling (Gonzalez Carman et al., 2016; Riet-Sapriza et al., 2013; Rodriguez et al.,
2013); hence, their average 5'®Ogmow Value is close to that of fur seals. Habitat modelling
suggests that the core habitats of both species largely overlap, but the South American fur
seal’s habitat is much larger than that of the South American sea lion, mainly due to
intense use of both shelf habitats and deep penetration in the estuary (Gonzalez Carman

et al., 2016). This results in exposure to a broader salinity range, but the average salinity
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level of the population is similar to that of South American sea lions, while the two
species also have similar §**Ogmow Values.

The Franciscana dolphin is endemic to the western South Atlantic Ocean and is only
one of the basal dolphin species living in the marine environment, from the coast to the
50-m isobath (Crespo, 2018). The §"®Ogmow Values reported here are consistent with
previous studies finding that Franciscana dolphins more frequently roamed in marine
rather than estuarine waters (Artecona et al., 2019; Drago et al., 2018; Franco-Trecu et
al., 2019; Rodriguez et al., 2002).

Within our dataset, the group that maintain intermediate 5®Osmow Values (continental
shelf group) includes the killer whale, the false killer whale, the common dolphin and
Burmeister's porpoise. The killer whale is an apex marine predator preying on a great
diversity of vertebrates and invertebrates, both inshore and offshore (Ford, 2018). In the
Rio de la Plata area and adjacent waters, killer whales roam along the continental shelf
and make regular use of inshore waters (Botta et al., 2012; Iriarte, 2006; Ott and
Danilewicz, 1998; Passadore et al., 2007). This is consistent with their reported 8" 0gmow
values, which occupy an intermediate range between those of coastal and oceanic species
of marine mammals. The false Killer whale is considered to be predominantly an oceanic
predator, but it is also known to forage over the continental shelf and in nearshore areas
around tropical oceanic islands (Baird, 2018). The extended use of the continental shelf is
consistent with our results (intermediate 5'®Ogmow Values, between those of well-known
coastal and oceanic species) and with previous studies conducted in Rio de la Plata and
the western South Atlantic Ocean, which suggest that the species roam frequently over
the continental shelf from the coast to the slope (Bisi et al., 2013; Botta et al., 2012; Koen
Alonso et al., 1999; Pinedo and Rosas, 1989; Riccialdelli et al., 2010). Common dolphins

are typical inhabitants of the lower shelf and the continental slope (Bisi et al., 2013; Botta
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etal., 2012; Melo et al., 2010) and, hence, have 3 Ogmow Values lower than those of the
oceanic species. Similar §"8Ogmow Values were also observed in Burmeister's porpoise.
Again, this is consistent with previous information, as Burmeister's porpoise inhabits
continental shelf waters (Reyes, 2018; Riccialdelli et al., 2010), although a few incidental
captures have been reported from coastal waters off Rio de la Plata (Corcuera et al.,
1994).

The oceanic group includes only Fraser’s dolphin, which is characterized by the
highest 5'®0smow Values. Again, this is consistent with previous information, as Fraser’s
dolphin is a well-known oceanic species inhabiting deep waters beyond the continental
slope (Bisi et al., 2013; Botta et al., 2012; Sekiguchi et al., 1992).

The sample size of the remaining species was too small to conduct any robust
statistical analysis, but most 5*804mow Values were consistent with previous information
about habitat preference. Risso’s dolphin, the long-finned pilot whale, and Cuvier’s
beaked whale are well known oceanic species with a preference for the continental slope
(Baird et al., 2008; Baumgartner, 1997; Bisi et al., 2013; Olson, 2018; Passadore et al.,
2008; Riccialdelli et al., 2010; Santos et al., 2007; Schorr et al., 2014); and they have
high 81803mow values, similar to those of Fraser’s dolphin. Very little is known about the
spectacled porpoises, although they have been reported to inhabit oceanic waters
(Goodall and Brownell Jr., 2018; Riccialdelli et al., 2010). This is consistent with the
high 8*0gmow Values reported here.

Despite the strong agreement between presumed habitat and the actual §**Ogmow
values demonstrated here, caution is needed when using stable isotopes of oxygen as
habitat tracers, because their behaviour in organisms is poorly understood. Metabolic
routing, isotopic discrimination and environmental variability over time may influence

the ratios of stable oxygen isotopes and therefore require special attention (\Vander
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Zanden et al., 2016). Here, we use '2Ogmow as a proxy for salinity, but sea surface
temperature (SST) might potentially confound the interpretation of results. However, this
is unlikely for three reasons. First, apex predators act as ecological integrators, averaging
isotopic fluctuations over time and dampening temporal variability in the environmental
signal (Vander Zanden et al., 2016). Second, bone integrates environmental information
over several years (Ambrose and Norr, 1993; Schwarcz and Schoeninger, 1991) and thus
smooths any seasonal variations in water temperature. Third, the 58 04mow Values in
marine mammals have been expected to decrease since the 1940s as a result of global
warming (Kim and O’Neil, 1997), if sea temperature was their main driver. However, a
drop in 5*804mow Values has been observed only in the South American sea lion, without
any temporal trend in the 5'804mow Values of South American fur seals and Franciscana
dolphins. The drop in the §"®Ogmow Values observed in the South American sea lion may
indeed reveal a long-term contraction of this species’ foraging grounds in Rio de la Plata,
and hence be independent of increasing SST.

The commercial harvest of South American sea lions during the first half of the 20"
century resulted in the fragmentation of a formerly continuous distribution range in the
western South Atlantic (Grandi et al., 2015; Rodriguez and Bastida, 1998). The
populations breeding in Argentina has recovered and is currently expanding to new
rookeries thanks to legal protection (Grandi et al., 2015). In contrast, the population
breeding in Uruguay became isolated and experienced a negative demographic trajectory,
which resulted in a small population size (Franco-Trecu et al., 2015). Historically, the
foraging grounds of the South American sea lions breeding in Uruguay spanned from
southern Brazil to northern Argentina (Rodriguez and Bastida, 1998; Rosas et al., 1994),
but currently only a few South American sea lions occur in southern Brazil (Pavanato et

al., 2013) and northern Argentina (Giardino et al., 2016), mainly during the winter
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months. Furthermore, only males are currently observed in southern Brazil (Pavanato et
al., 2013), whereas females were observed there regularly until the mid-1980s (Rosas et
al., 1994). Finally, satellite tracking and habitat modelling (Gonzalez Carman et al., 2016;
Riet-Sapriza et al., 2013; Rodriguez et al., 2013) confirm that the foraging grounds of
South American sea lions in the Rio de la Plata are currently centred in the outer estuary,
close to the Isla de Lobos rookery, while they make only marginal use of other areas.
Hence, the decline in the §*0qmo Values observed in South American sea lions over the
past 70 years might be related to the habitat contraction of this shrinking population,
whose members— in a scenario of decreasing intraspecific competition—currently
concentrate in the highly productive foraging ground around the outer estuary. If so, the
518 0mow Values might have declined as a result of their reducing their use of less
productive and more distant foraging grounds in southern Brazil and northern Argentina.
On these grounds, we feel that §*80gmow Values in the other species of marine
mammals considered here can be interpreted confidently as a proxy for habitat use along
the salinity gradient, despite major knowledge gaps in metabolic routing, isotopic
discrimination, and the integration time of stable oxygen isotopes in animals. The results
reported here provide strong evidence that stable isotopes of oxygen offer a useful and
inexpensive method for inferring habitat use in marine mammals and highlight the

relevance of the bone material deposited in museums and other scientific collections.

18



428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

Author contributions
-M.D., A A. and L.C. conceived the ideas and designed the study.
-M.D., M.V., D.B. and E.M.G. performed the sampling and lab analysis.
- M.D. and L.C. analysed the data.
- M.D. and L.C. led the writing of the manuscript.

-All authors contributed critically to the drafts and gave final approval for publication.

Declarations of interests

None.

Data statement
The authors declare that all data from this study will be made available in a public

repository at the time of publication.

Acknowledgements

We thank the Museo Nacional de Historia Natural (MNHN, Uruguay) and the
Facultad de Ciencias of the Universidad de la Republica (UdelaR, Uruguay) for allowing
us access to their scientific collections. We also thank the Secretaria d'Universitats i
Recerca del Departament d'Empresa i Coneixement de la Generalitat de Catalunya
(Spain) for supporting M. Drago with a Beatriu de Pinds postdoctoral fellowship (2016
BP 00151). The study was funded by the Fundacio Barcelona Zoo (Spain) through the

Research and Conservation Programme — PRIC (309998).

19



451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

References

Acha, E.M., Mianzan, H., Guerrero, R., Carreto, J., Giberto, D., Montoya, N., Carignan,
M., 2008. An overview of physical and ecological processes in the Rio de la Plata
Estuary. Cont. Shelf Res. 28, 1579-1588.

Acha, E.M., Mianzan, H., Guerrero, R., Favero, M., Bava, J., 2004. Marine fronts at the
continental shelves of austral South America. Physical and ecological processes. J. Mar.
Syst. 44, 83-105.

Ambrose, S.H., Norr, L., 1993. Experimental evidence for the relationship of the carbon
isotope ratios of whole diet and dietary protein to those of bone collagen and carbonate,
in: Lambert, J.B., Grupe, G. (Eds.), Prehistoric human bone-archaeology at the molecular
level. Springer-Verlag, Berlin, pp. 1-37.

Artecona, F., De Maria, M., Bergamino, L., Szteren, D., 2019. A historical perspective of
niche differentiation between two top predators in the Uruguayan coastal area. Wildl.
Res. 46, 136-144.

Baird, R., Webster, D.L., Schorr, G.S., McSweeney, D.J., Barlow, J., 2008. Diel variation
in beaked whale diving behavior. Mar. Mamm. Sci. 24, 630-642.

Baird, R.W., 2018. False Killer whale, in: Wrsig, B., Thewissen, J.G.M., Kovacs, K.M.
(Eds.), Encyclopedia of Marine Mammals, Third edition ed. Academic Press, San Diego,
pp. 347-349.

Bastida, R., Rodriguez, D., Secchi, E.R., da Silva, V.M.F., 2007. Mamiferos acuéticos de
Sudamérica y Antartida. Vazquez Mazzini Editores, Buenos Aires.

Baumgartner, M.F., 1997. The distribution of Risso’s dolphin (Grampus griseus) with
respect to the physiography of the northern Gulf of Mexico. Mar. Mamm. Sci. 13, 614-

638.

20



475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

Belem, A.L., Caricchio, C., Albuquergue, A.L.S., Venancio, I.M., Zucchi, M.R., Santos,
T.H.R., Alvarez, Y.G., 2019. Salinity and stable oxygen isotope relationship in the
Southwestern Atlantic: constraints to paleoclimate reconstructions. An. Acad. Bras.
Cienc. 91, e20180226.

Bisi, T.L., Dorneles, P.R., Lailson-Brito, J., Lepoint, G., Azevedo, A.d.F., Flach, L.,
Malm, O., Das, K., 2013. Trophic relationships and habitat preferences of delphinids
from the southeastern Brazilian coast determined by carbon and nitrogen stable isotope
composition. PLoS One 8, €82205.

Bolker, B.M., 2008. Ecological models and data in R. Princeton University Press,
Princeton.

Bond, A.L., Hobson, K.A., 2012. Reporting stable-isotope ratios in ecology:
Recommended terminology, guidelines and best practices. Waterbirds 35, 324-331.
Botta, S., Hohn, A.A., Macko, S.A., Secchi, E.R., 2012. Isotopic variation in delphinids
from the subtropical western South Atlantic. J. Mar. Biol. Assoc. U. K. 92, 1689-1698.
Botta, S., Secchi, E.R., Muelbert, M.M.C., Danilewicz, D., Negri, M.F., Cappozzo, H.L.,
Hohn, A.A., 2010. Age and growth of franciscana dolphins, Pontoporia blainvillei
(Cetacea: Pontoporiidae) incidentally caught off southern Brazil and northern Argentina.
J. Mar. Biol. Assoc. U. K. 90, 1493-1500.

Bowen, G.J., 2010. Isoscapes: spatial pattern in isotopic biogeochemistry. Annu. Rev.
Earth Planet. Sci. 38, 161-187.

Burgess, S.N., Henderson, G.M., Hall, B.L., 2010. Reconstructing holocene conditions
under the McMurdo ice shelf using antarctic barnacle shells. Earth Planet. Sci. Lett. 298,

385-393.

21



498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

Clementz, M.T., Goswami, A., Gingerich, P.D., Koch, P.L., 2006. Isotopic records from
early whales and sea cows: Contrasting patterns of ecological transition. J. Vertebr.
Paleontol. 26, 355-370.

Clementz, M.T., Koch, P.L., 2001. Differentiating aquatic mammal habitat and foraging
ecology with stable isotopes in tooth enamel. Oecologia 129 129, 461-472.

Conroy, J.L., Cobb, K.M., Lynch-Stieglitz, J., Polissar, P.J., 2014. Constraints on the
salinity—oxygen isotope relationship in the central tropical Pacific Ocean. Mar. Chem.
161, 26-33.

Corcuera, J., Monzon, F., Crespo, E.A., Aguilar, A., Raga, J.A., 1994. Interactions
between marine mammals and the coastal fisheries of Necochea and Claromec6 (Buenos
Aires province, Argentina). Rep. Int. Whal. Comm. 15, 283-290.

Costa-Urrutia, P., Abud, C., Secchi, E.R., Lessa, E.P., 2012. Population genetic structure
and social kin associations of Franciscana dolphin, Pontoporia blainvillei. J. Hered. 103,
92-102.

Costa, A.P.B., Rosel, P.E., Daura-Jorge, F.G., Simdes-Lopes, P.C., 2016. Offshore and
coastal common bottlenose dolphins of the western South Atlantic face-to-face: what the
skull and the spine can tell us. Mar. Mamm. Sci. 32, 1433-1457.

Costa, D.P., 2018. Osmoregulation, in: Wirsig, B., Thewissen, J.G.M., Kovacs, K.M.
(Eds.), Encyclopedia of Marine Mammals, Third Edition ed. Academic Press, San Diego,
pp. 659-664.

Crawford, K., McDonald, R.A., Bearshop, S., 2008. Applications of stable isotope
techniques to the ecology of mammals. Mammal. Rev. 38, 87-107.

Crawley, M.J., 2007. The R book. John Wiley & Sons, Ltd., Chichester, UK.

22



521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

Crespo, E.A., 2018. Pontoporia blainvillei, in: Wirsig, B., Thewissen, J.G.M., Kovacs,
K.M. (Eds.), Encyclopedia of Marine Mammals, Third Edition ed. Academic Press, San
Diego, pp. 388-392.

Danilewicz, D., 2003. Reproduction of female Franciscana (Pontoporia blainvillei) in
Rio Grande do Sul, Southern Brazil. Lat. Am. J. Aquat. Mamm. 2, 67-78.

Danilewicz, D., Claver, J.A., Pérez Carrera, A.L., Secchi, E.R., Fontoura, N.F., 2004.
Reproductive biology of male franciscanas (Pontoporia blainvillei) (Mammalia: Cetacea)
from Rio Grande do Sul, southern Brazil. Fish. Bull. 102, 581-592.

Dansgaard, W., 1964. Stable isotopes in precipitation. Tellus Ser. B Chem. Phys.
Meteorol. 16, 436-468.

Defeo, O., Horta, S., Carranza, A., Lercari, D., de Alava, A., Gomez, J., Martinez, G.,
Lozoya, J.P., Celentano, E., 2009. Hacia un manejo ecosistémico de pesquerias: Areas
Marinas Protegidas en Uruguay. Facultad de Ciencias - DINARA, Montevideo, Uruguay.
Delaygue, G., Bard, E., Rollion, C., Jouzel, J., Stiévenard, M., Duplessy, J.-C., Ganssen,
G., 2001. Oxygen isotope/salinity relationship in the northern Indian Ocean. J. Geophys.
Res. 106, 4565-4574.

Drago, M., Cardona, L., Franco-Trecu, V., Crespo, E.A., Vales, D., Borella, F., Zenteno,
L., Gonzalez, E.M., Inchausti, P., 2017. Isotopic niche partitioning between two apex
predators over time. J. Anim. Ecol. 86, 766-780.

Drago, M., Franco-Trecu, V., Segura, A.M., Valdivia, M., Gonzalez, E.M., Aguilar, A.,
Cardona, L., 2018. Mouth gape determines the response of marine top predators to long-
term fishery-induced changes in food web structure. Sci. Rep. 8, 15759.

Ford, J.K.B., 2018. Killer whale Orcinus orca, in: Wiirsig, B., Thewissen, J.G.M.,
Kovacs, K.M. (Eds.), Encyclopedia of Marine Mammals, Third edition ed. Academic

Press, San Diego, pp. 531-537.

23



546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

Framifian, M.B., Etala, M.P., Acha, E.M., Guerrero, R.A., Lasta, C.A., O.B., B., 1999.
Physical characteristics and processes of the Rio de la Plata estuary, in: Perillo, G.M.E.,
Piccolo, M.C., Pino-Quivira, M. (Eds.), Estuaries of South America. Springer, Berlin, pp.
161-194.

Franco-Trecu, V., Drago, M., Baladan, C., Garcia-Olazabal, M.D., Crespo, E.A.,
Cardona, P., Inchausti, P., 2015. Postharvesting population dynamics of the South
American sea lion (Otaria byronia) in the southwestern Atlantic. Mar. Mamm. Sci. 31,
963-978.

Franco-Trecu, V., Drago, M., Riet-Sapriza, F.G., Parnell, A., Frau, R., Inchausti, P.,
2013. Bias in diet determination: Incorporating traditional methods in Bayesian mixing
models. PLoS One 8, e80019.

Franco-Trecu, V., Szephegyi, M.N., Dofio, F., Forselledo, R., Reyes, F., Passadore, C.,
Crespo, E.A., Inchausti, P., 2019. Marine mammal bycatch by the industrial bottom trawl
fishery at the Rio de la Plata Estuary and the adjacent Atlantic Ocean. Lat. Am. J. Aquat.
Res. 47, 89-101.

Franklin, J.F., 1993. Preserving biodiversity: species, ecosystems, or landscapes? Ecol.
Appl. 3, 202-205.

Gat, J.R., 1996. Oxygen and hydrogen isotopes in the hydrologic cycle. Annu. Rev. Earth
Planet. Sci. 24, 225-262.

Giardino, G.V., Mandiola, M.A., Bastida, J., Denuncio, P.E., Bastida, R.O., Rodriguez,
D.H., 2016. Travel for sex: long-range breeding dispersal and winter haulout fidelity in
southern sea lion males. Mamm. Biol. 81, 89-95.

Gonzélez Carman, V., Mandiola, A., Alemany, D., Dassis, M., Seco Pon, J.P.,
Prosdocimi, L., Ponce de Leon, A., Mianzan, H., Acha, E.M., Rodriguez, D., Favero, M.,

Copello, S., 2016. Distribution of megafaunal species in the Southwestern Atlantic: key

24



571

572

573

574

575

576

S77

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

ecological areas and opportunities for marine conservation. ICES J. Mar. Sci. 73, 1579-
1588.

Goodall, R.N.P., Brownell Jr., R.L., 2018. Spectacled porpoise Phocoena dioptrica, in:
Wiirsig, B., Thewissen, J.G.M., Kovacs, K.M. (Eds.), Encyclopedia of Marine Mammals,
Third edition ed. Academic Press, San Diego, pp. 912-916.

Grandi, M.F., Dans, S.L., Crespo, E.A., 2015. The recovery process of a population is not
always the same: the case of Otaria flavescens. Mar. Biol. Res. 11, 225-235.

Guerrero, R.A., Acha, E.M., Framifian, M.B., Lasta, C.A., 1997a. Physical oceanography
of the Rio de la Plata Estuary, Argentina. Cont. Shelf Res. 17, 727-742.

Guerrero, R.A., Lasta, C., Acha, E.M., Mianzan, H., Framifian, M., 1997b. Hydrographic
atlas of the Rio de la Plata. Instituto Nacional de Investigacion y Desarrollo Pesquero,
Buenos Aires - Montevideo.

Iriarte, V., 2006. Killer whale (Orcinus orca) occurrence at Isla de Lobos, Uruguay. Lat.
Am. J. Aquat. Mamm. 5, 73-76.

Kim, S.T., O’Neil, J.R., 1997. Equilibrium and nonequilibrium oxygen isotope effects in
synthetic carbonates. Geochim. Cosmochim. Acta 61, 3461-3475.

Koch, P.L., Tuross, N., Fogel, M.L., 1997. The effects of sample treatment and
diagenesis on the isotopic integrity of carbonate in biogenic hydroxyapatite. J. Archaeol.
Sci. 24, 417-429.

Koen Alonso, M., Pedraza, S.N., Sciavini, A.C.M., Goodall, R.N., Crespo, E.A., 1999.
Stomach contents of false killer whales (Pseudorca crassidens) stranded on the coasts of
the strait of Magellan, Tierra del Fuego. Mar. Mamm. Sci. 15, 712-724.

Laws, R.M., 1952. A new method of age determination for mammals. Nature 169, 972-

973.

25



595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

Layman, C.A., Araujo, M.S., Boucek, R., Hammerschlag-Peyer, C.M., Harrison, E., Jud,
Z.R., Matich, P., Rosenblatt, A.E., Vaudo, J.J., Yeager, L.A., Post, D.M., Bearhop, S.,
2012. Applying stable isotopes to examine food-web structure: an overview of analytical
tools. Biol. Rev. 87, 545-562.

LeGrande, A.N., Schmidt, G.A., 2006. Global gridded data set of the oxygen isotopic
composition in seawater. Geophys. Res. Lett. 33, L12604.

Lodi, L., Domit, C., Laporta, P., Di Tullio, J.C., Martins, C.C.A., Vermeulen, E., 2016.
Report of the working group on the distribution of Tursiops truncatus in the Southwest
Atlantic Ocean. Lat. Am. J. Aquat. Mamm. 11, 29-46.

McMahon, K.W., Hamady, L.L., Thorrold, S.R., 2013. A review of ecogeochemistry
approaches to estimating movements of marine animals. Limnol. Oceanogr. 58, 697-714.
Melo, C.L.C., Santos, R.A., Bassoi, M., Araljo, A.C., Lailson-Brito, J., Dorneles, P.R.,
Azevedo, A.F., 2010. Feeding habits of delphinids (Mammalia: Cetacea) from Rio de
Janeiro State, Brazil. J. Mar. Biol. Assoc. U. K. 90, 1509-1515.

Michener, R.H., Lajtha, K., 2007. Stable isotopes in ecology and environmental science,
Second Edition ed. Blackwell publishing, Oxford.

Miloslavich, P., Klein, E., Diaz, J.M., Hernandez, C.E., Bigatti, G., Campos, L., Artigas,
F., Castillo, J., Penchaszadeh, P.E., Neill, P.E., Carranza, A., Retana, M.V., Diaz de
Astarloa, J.M., Lewis, M., Yorio, Y., Piriz, M.L., Rodriguez, D., Yoneshigue-Valentin,
Y., Gamboa, L., Martin, A., 2011. Marine biodiversity in the Atlantic and Pacific coasts
of South America: knowledge and gaps. PLoS One 6, e14631.

Moore, K.M., Simeone, C.A., Brownell Jr., R.L., 2018. Strandings, in: Wirsig, B.,
Thewissen, J.G.M., Kovacs, K.M. (Eds.), Encyclopedia of Marine Mammals, Third

Edition ed. Academic Press, San Diego, pp. 945-951.

26



619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

Naya, D.E., Arim, M., Vargas, R., 2002. Diet of South American fur seals (Arctocephalus
australis) in Isla de Lobos, Uruguay. Mar. Mamm. Sci. 18, 734-745.

Newsome, S.D., Clementz, M.T., Koch, P.L., 2010. Using stable isotope biogeochemistry
to study marine mammal ecology. Mar. Mamm. Sci. 26, 509-572.

Oliveira, L.R., Fraga, L.D., Ott, P.H., Siciliano, S., Lopes, F., Almeida, R., Wickert, J.C.,
Milmann, L., Danilewicz, D., Emin-Lima, N.R., Meirelles, A.C., Luz, V., Franca Do
Nascimento, L., De Thoisy, B., Tavares, M., Zerbini, A.N., Baumgarten, M., Valiati,
V.H., Bonatto, S.L., 2019. Population structure, phylogeography, and genetic diversity of
the common bottlenose dolphin in the tropical and subtropical southwestern Atlantic
Ocean. J. Mammal. 100, 564-577.

Olson, P.A., 2018. Pilot whale Globicephala melas and G. macrorhynchus, in: Wirsig,
B., Thewissen, J.G.M., Kovacs, K.M. (Eds.), Encyclopedia of Marine Mammals, Third
edition ed. Academic Press, San Diego, pp. 701-705.

Ortega, L., Martinez, A., 2007. Multiannual and seasonal variability of water masses and
fronts over the Uruguayan shelf. J. Coast. Res. 23, 625-629.

Ortiz, R.M., 2001. Osmoregulation in marine mammals. J. Exp. Biol. 204, 1831-1844.
Ott, P.H., Danilewicz, D., 1998. Presence of franciscana dolphins (Pontoporia blainvillei)
in the stomach of a killer whale (Orcinus orca) stranded in southern Brazil. Mammalia
62, 605-609.

Passadore, C., Szephegyi, M.N., Domingo, A., 2008. Presencia de mamiferos marinos y
captura incidental en la flota uruguaya de palangre pelagico (1998-2007). Col. Vol. Sci.
Pap. ICCAT 62, 1851-1857.

Passadore, C., Szephegyi, M.N., Domingo, A., Mora, O., 2007. La flota de palangre
como fuente de informacion sobre la distribucion de la orca (Orcinus orca) en el océano

Atlantico sudoccidental (2002-2006). Col. Vol. Sci. Pap. ICCAT 60, 2112-2129.

27



644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

Pavanato, H., Silva, K.G., Estima, S.C., Monteiro, D.S., Kinas, P.G., 2013. Occupancy
dynamics of South American Sea-Lions in Brazilian Haul-outs. Braz. J. Biol. 73, 855-
862.

Pierre, C., 1999. The oxygen and carbon isotope distribution in the Mediterranean water
masses. Mar. Geol. 153, 41-55.

Pierre, C., Vangriesheim, A., Laube-Lenfant, E., 1994. Variability of water masses and of
organic production-regeneration systems as related to eutrophic, mesotrophic and
oligotrophic conditions in the northeast Atlantic ocean. J. Mar. Syst. 5, 159-170.

Pierre, C., Vergnaud-Grazzini, C., Faugeres, J.C., 1991. Oxygen and carbon stable
isotope tracers of the water masses in the Central Brazil Basin. Mar. Geol. 38, 597-606.
Pinedo, M.C., Rosas, F.C.W., 1989. Novas ocorréncias de Pseudorca crassidens
(Cetacea, Delphinidae) para o Atlantico Sul Ocidental, com observacdes sobre medidas
cranianas e alimentacdo. Atlantica 11, 73-83.

Ponce de Ledn, A., 2000. Taxonomia, sistematica y sinopsis de la biologia y ecologia de
los pinipedios de Uruguay, in: Rey, M., Amestoy, F. (Eds.), Sinopsis de la biologia y
ecologia de las poblaciones de lobos finos y leones marinos de Uruguay. Pautas para su
manejo y Administracién. Biologia de las especies. Instituto Nacional de Pesca-Programa
de las Naciones Unidas para el Desarrollo, Montevideo, pp. 6-35.

QGIS Development Team, 2018. QGIS geographic information system. Open Source
Geospatial Foundation Project.

R Core Team, 2018. R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna.

Reeves, R.R., 2018. Conservation, in: Wirsig, B., Thewissen, J.G.M., Kovacs, K.M.
(Eds.), Encyclopedia of Marine Mammals, Third Edition ed. Academic Press, San Diego,

pp. 215-229.

28



669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

Reeves, R.R., Smith, B.D., Crespo, E.A., Notarbartolo di Sciara, G., 2003. Dolphins,
whales, and porpoises: 2002-2010 conservation action plan for the world's cetaceans.
IUCN/SSC Cetacean Specialist Group, IUCN, Cambridge.

Reyes, J.C., 2018. Burmeister’s porpoise Phocoena spinipinnis Burmeister, 1865, in:
Wiirsig, B., Thewissen, J.G.M., Kovacs, K.M. (Eds.), Encyclopedia of Marine Mammals,
Third editions ed. Academic Press, San Diego, pp. 146-148.

Riccialdelli, L., Newsome, S.D., Fogel, M.L., Goodall, R.N., 2010. Isotopic assessment
of prey and habitat preferences of a cetacean community in the southwestern South
Atlantic Ocean. Mar. Ecol. Prog. Ser. 418, 235-248.

Riet-Sapriza, F.G., Costa, D.P., Franco-Trecu, V., Marin, Y., Chocca, J., Gonzalez, B.,
Beathyate, G., Chilvers, B.L., Huckstadt, L.A., 2013. Foraging behavior of lactating
South American sea lions, Otaria flavescens and spatial-resource overlap with the
Uruguayan fisheries. Deep Sea Res. |1 88-89, 106-1109.

Rodriguez, D., Bastida, R., 1998. Four hundred years in the history of pinniped colonies
around Mar del Plata, Argentina. Aquatic Conserv.: Mar. Freshw. Ecosyst. 8, 721-735.
Rodriguez, D., Rivero, L., Bastida, R., 2002. Feeding ecology of the franciscana
(Pontoporia blainvillei) in marine and estuarine waters of Argentina. Lat. Am. J. Aquat.
Mamm. 1, 77-94.

Rodriguez, D.H., Dassis, M., de Leon, A.P., Barreiro, C., Farenga, M., Bastida, R.O.,
Davis, R.W., 2013. Foraging strategies of Southern sea lion females in the La Plata River
Estuary (Argentina-Uruguay). Deep Sea Res. 11 88-89, 120-130.

Roe, L.J., Thewissen, J.G.M., Quade, J., O’Neil, J.R., Bajpai, S., Sahni, A., Hussain,
S.T., 1998. Isotopic approaches to understanding the terrestrial-to-marine transition of the
earliest cetaceans, in: Thewissen, J.G.M. (Ed.), The Emergence of Whales. Plenum Press,

New York, pp. 399-422.

29



694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

Roman, J., Estes, J.A., 2018. Ecology, in: Wiirsig, B., Thewissen, J.G.M., Kovacs, K.M.
(Eds.), Encyclopedia of Marine Mammals, Third Edition ed. Academic Press, San Diego,
pp. 299-303.

Rosas, F.C.W., Pinedo, M.C., Marmontel, M., Haimovici, M., 1994. Seasonal movements
of the South American sea lion (Otaria flavescens, Shaw) off the Rio Grande do Sul
coast, Brazil. Mammalia 58, 51-59.

Santos, M.B., Martin, V., Fernandez, A., Pierce, G.J., 2007. Insights into the diet of
beaked whales from the atypical mass stranding in the Canary Islands in september 2002.
J. Mar. Biol. Assoc. U. K. 87, 243-251.

Schipper, J., Chanson, J.S., Chiozza, F., Cox, N.A., Hoffmann, M., Katariya, V.,
Lamoreux, J., Rodrigues, A.s.L., Stuart, S.N., Temple, H.J., Baillie, J., Boitani, L., T.E.,
L., Mittermeier, R.A., Smith, A.T., Absolon, D., Aguiar, J.M., Amori, G., Bakkour, N.,
Baldi, R., Berridge, R.J., Bielby, J., Black, P.A., Blanc, J.J., Brooks, T.M., Burton, J.A.,
Butynski, T., M., Catullo, G., Chapman, R., Cokeliss, Z., Collen, B., Conroy, J., Cooke,
J.G., da Fonseca, G.A.B., Derocher, A.E., Dublin, H.T., Duckworth, J.W., Emmons,
Emslie, R.H., Festa-Bianchet, M., Foster, M., Foster, S., Garshelis, D.L., Gates, C.,
Gimenez-Dixon, M., Gonzalez, S., Gonzalez-Maya, J.F., Good, T.C., Hammerson, G.,
Hammond, P.S., Happold, D., Happold, M., Hare, J., Harris, R.B., Hawkins, C.E.,
Haywood, M., Heaney, L.R., Hedges, S., Helgen, K.M., Hilton-Taylor, C., Hussain, S.A.,
Ishii, N., Jefferson, T.A., Jenkins, R.K.B., Johnston, C.H., Keith, M., Kingdon, J., Knox,
D.H., Kovacs, K.M., Langhammer, P., Leus, C., Lewison, R., Lichtenstein, G., Lowry,
L.F., Macavoy, Z., Mace, G.M., Mallon, D.P., Masi, M., McKnight, M.W., Medellin,
R.A., Medici, P., Mills, G., Moehlman, P.D., Molur, S., Mora, M., Nowell, K., Oates,
J.F., Olech, W., Oliver, W.R.L., Oprea, M., Patterson, B.D., Perrin, W.P., Polidoro, B.A.,

Pollock, C., Powel, A., Protas, Y., Racey, P., Ragle, J., Ramani, P., Rathbun, G., Reeves,

30



719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

R.R., Reilly, S.P., Reynolds Ill, J.E., Rondinini, C., Rosell-Ambal, R.G., Rulli, M.,
Rylands, A.B., Savini, S., Schank, C.J., Sechrest, W., Self-Sullivan, C., Shoemaker, A.,
Sillero-Zubiri, C., De Silva, N., Smith, D.E., Srinivasulu, C., Stephenson, P.J., van Strien,
N., Talukdar, B.K., Taylor, B.L., Timmins, R., Tirira, D.G., Tognelli, M.F., Tsytsulina,
K., Veiga, L.M., Vié, J.-C., Williamson, E.A., Wyatt, S.A., Xie, Y., Young, B.E., 2008.
The status of the world’s land and marine mammals: diversity, threat, and knowledge.
Science 322, 225-230.

Schéne, B.R., Freyre Castro, A.D., Fiebig, J., Houk, S.D., Oschmann, W., Kroncke, 1.,
2004. Sea surface water temperatures over the period 1884-1983 reconstructed from
oxygen isotope ratios of a bivalve mollusk shell (Arctica islandica, southern North Sea).
Palaeogeogr. Palaeoclimatol. Palaeoecol. 212, 215-232.

Schorr, G.S., Falcone, E.A., Moretti, D.J., Andrews, R.D., 2014. First long-term
behavioral records from Cuvier’s beaked whales (Ziphius cavirostris) reveal record-
breaking dives. PL0oS One 9, €92633.

Schwarcz, H.P., Schoeninger, M.J., 1991. Stable isotope analyses in human nutritional
ecology. Am. J. Phys. Anthropol. 34, 283-321.

Secchi, E.R., Botta, S., Wiegand, M.M., Lopez, L.A., Fruet, P.F., Genoves, R.C., Di
Tullio, J.C., 2016. Long-term and gender-related variation in the feeding ecology of
common bottlenose dolphins inhabiting a subtropical estuary and the adjacent marine
coast in the western South Atlantic. Mar. Biol. Res. 16, 121-134.

Sekiguchi, K., Klages, N.T.W., Best, P.B., 1992. Comparative analysis of the diets of
smaller odontocete cetaceans along the coast of southern Africa. S. Afr. J. Mar. Sci. 12,
843-861.

Skrzypek, G., 2013. Normalization procedures and reference material selection in stable

HCNOS isotope analyses: an overview. Anal. Bioanal. Chem. 405, 2815-2823.

31



744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

Soldati, A.L., Jacob, D.E., Schone, B.R., Bianchi, M.M., Hajduk, A., 2009. Seasonal
periodicity of growth and composition in valves of Diplodon chilensis patagonicus
(D’Orbigny, 1835). J. Molluscan Stud. 75, 75-85.

Soto, D.X., Wassenaar, L.I., Hobson, K.A., 2013. Stable hydrogen and oxygen isotopes
in aquatic food webs are tracers of diet and provenance. Funct. Ecol. 27, 535-543.
Szteren, D., Naya, D.E., Arim, M., 2004. Overlap between pinniped summer diet and
artisanal fishery catches in Uruguay. Lat. Am. J. Aquat. Mamm. 3, 119-125.

Torniainen, J., Lensu, A., Vuorinen, P.J., Sonninen, E., Keinénen, M., Jones, R.1.,
Patterson, W.P., Kiljunen, M., 2017. Oxygen and carbon isoscapes for the Baltic Sea:
testing their applicability in fish migration studies. Ecol. Evol. 7, 2255-2267.

Trueman, C.N., Glew, K.S.J., 2019. Isotopic tracking of marine animal movement, in:
Hobson, K.A., Wassenaar, L.I. (Eds.), Tracking animal migration with stable isotopes, 2"
ed. Academic Press, London, pp. 137-172.

Trueman, C.N., MacKenzie, K.M., Palmer, M.R., 2012. Identifying migrations in marine
fishes through stable-isotope analysis. J. Fish Biol. 81, 826-847.

Tunez, J.1., Capozzo, H.L., Cassini, M.H., 2008. Regional factors associated with the
distribution of South American fur seals along the Atlantic coast of South America. ICES
J. Mar. Sci. 65, 1733-1738.

Vander Zanden, H.B., Soto, D.X., Bowen, G.J., Hobson, K.A., 2016. Expanding the
isotopic toolbox: applications of hydrogen and oxygen stable isotope ratios to food web
studies. Front. Ecol. Evol. 4, 20.

Vighi, M., Borrell, A., Aguilar, A., 2016. Stable isotope analysis and fin whale
subpopulation structure in the eastern North Atlantic. Mar. Mamm. Sci. 32, 535-551.
Vighi, M., Borrell, A., Crespo, E.A., Oliveira, L.R., Simdes-Lopes, P.C., Flores, P.A.C.,

Garcia, N.A., Aguilar, A., 2014. Stable isotopes indicate population structuring in the

32



769

770

771

772

773

774

775

776

77

778

779

780

781

782

783

784

southwest atlantic population of right whales (Eubalaena australis). PLoS One 9,
€90489.

Wheatley, P.V., Peckham, H., Newsome, S.D., Koch, P.L., 2012. Estimating marine
resource use by the American crocodile Crocodylus acutus in southern Florida, USA.
Mar. Ecol. Prog. Ser. 447, 211-229.

Wickert, J.C., von Eye, S.M., Oliveira, L.R., Moreno, 1.B., 2016. Revalidation of
Tursiops gephyreus Lahille, 1908 (Cetartiodactyla: Delphinidae) from the southwestern
Atlantic Ocean. J. Mammal. 97, 1728-1737.

Wolf, N., Carleto, S.A., Martinez del Rio, C., 2009. Ten years of experimental animal
isotopic ecology. Funct. Ecol. 23, 17-26.

Yoshida, N., Miyazaki, N., 1991. Oxygen isotope correlation of cetacean bone phosphate
with environmental water. J. Geophys. Res. 96, 815-820.

Zenteno, L., Crespo, E., Goodall, N., Aguilar, A., de Oliveira, L., Drago, M., Secchi,
E.R., Garcia, N., Cardona, L., 2013. Stable isotopes of oxygen reveal dispersal patterns of

the South American sea lion in the southwestern Atlantic Ocean. J. Zool. 291, 119-126.

33



785  Table 1. Mean and standard deviation of the stable isotope values (8*Ogmow) in the bone of the thirteen marine mammal species considered in
786  this study. ny: sample size for species; n,: sample size for sex; Unknown: individuals of unknown sex; Habitat: habitat preference for each
787  species from the Rio de la Plata and adjacent Atlantic Ocean waters (*), northwestern Atlantic Ocean (), southwestern Atlantic Ocean (§),
788  northeastern Atlantic Ocean (I), southeastern Atlantic Ocean (-), northeastern Pacific Ocean (); Evidence: methodology used in the
789  corresponding sources to establish habitat preference for the species.
L Sampling 18 18 ; ;
Scientific name Common name range (yr) Ny 6 °"Ospmow(%o) Sex n, 8 °Osmow(%o) Habitat Evidence Source
Pinnipeds
Female 27 276+0.8 (Drago et al., 2017; Franco-
Isotopic data (8130), Trecu et al., 2019; Gonzélez
Otaria flavescens South American sea lion  1944-2012 47 27.6x0.9 Mal 20 276+ 1.0 Estuarine-Coastal (*) Tracking data, Bycatch Carman et al, 2016; Riet-
ale i data Sapriza et al., 2013; Rodriguez
etal., 2013)
Female 37 27905 Isotopic data (3'°C), ~ (Drago et al., 2017; Franco-
Arctocephalus australis South American fur seal ~ 1946-2012 86 28.0+0.5 | 28.0 + Estuarine-Coastal (*) Tracking data, Bycatch Trecu et al., 2019; Gonzélez
Male 49 8.0£05 data Carman et al., 2016)
Cetaceans
Male 5 275+ 0.7 Sightin% data, Isotopic  (Botta et al., 2012; Costa et al.,
Tursiops truncatus Lahille’s bottlenose _~ - data (8*°C), Stomach 2016; Lodi et al., 2016; Melo et
gephyreus dolphins 1947-2016 18  27.5£10 Unknown 13 275+1.1 Estuarine-Coastal (*) data, Genetic data, al., 2010; Oliveira et al., 2019;
Morphological data Secchi et al., 2016)
Female 45 28.4+ 0.6 Stomach data, Isotopic (L]Ar:Let?;)nzt e;lal.,zgf;.Q;F(r:al?ls(:tg:
Pontoporia blainvillei  Franciscana dolphin 1953-2015 129 28.6+0.8 Male 57 28.7£08 Estuarine-Coastal (*) data (3"3C), Genetic A ot
Trecu et al., 2019; Rodriguez et
Unknown 27 289+0.9 data, Bycatch data
al., 2002)
Female 2 28.3+0.2 Isotopic data (8°C),  (Botta et al., 2012; Iriarte,
Orcinus orca Killer whale 1968-1988 5 279+1.2 Male 2 28.5+0.3  Continental shelf (*) Stomach data, Sighting 2006; Ott and Danilewicz,
Unknown 1 25.8 data 1998; Passadore et al., 2007)
. . Female 3 28.5+ 0.4 . - Stomach data, Isotopic  (Bisi et al., 2013; Botta et al.,
Pseudorca crassidens  False killer whale 1960-2016 17 28.6+04 Male 7 286+ 0.6 Continental shelf (*) (8) data (5°C) 2012: Koen Alonso et al., 1999;
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Delphinus delphis

Phocoena spinipinnis

Grampus griseus

Phocoena dioptrica

Lagenodelphis hosei

Globicephala melas

Ziphius cavirostris

Common dolphin

Burmeister’s porpoise

Risso's dolphin

Spectacled porpoise

Fraser's dolphin

Long-finned pilot whale

Cuvier's beaked whale

1994-2012

1968-2008

1985

1945-2016

1991-2001

1940-1978

1960-1969

12

31

29.1+£05

29.1+04

29.2

29.1+0.8

29.5+05

29.9+0.6

30.4+0.6

Unknown

Female
Unknown
Female
Male
Unknown

Unknown

Male
Unknown
Female
Male
Unknown
Male
Unknown
Female
Male
Unknown

= o gk AN N

)
NbvoNe

N N

28.6+0.3

292+05
29.0+05
291
28904
29.2+0.2

29.2

28.3
296+0.4
296+0.4
299+04
29.4+05

30.5
296+2.4

31.0

30.6

29.7

Continental shelf (*)

Continental shelf (8)

Continental shelf (*) (1) (§)

Oceanic (8)

Oceanic (*) (-)

Oceanic (*)

Oceanic (1) (1)

Isotopic data (8'°C),
Stomach data

Bycatch data, Isotopic
data (8°C)

Isotopic data (8'°C),
Sighting data

Isotopic data (51°C)

Stomach data, Isotopic
data (3"°C)

Sighting data

Stomach data,
Tracking data, Dive
data

Pinedo and Rosas, 1989;
Riccialdelli et al., 2010)

(Bisi et al., 2013; Botta et al.,
2012; Melo et al., 2010)

(Corcuera et al., 1994; Reyes,
2018; Riccialdelli et al., 2010)

(Baumgartner, 1997; Bisi et al.,
2013; Passadore et al., 2008;
Riccialdelli et al., 2010)

(Riccialdelli et al., 2010)

(Bisi et al., 2013; Botta et al.,
2012; Sekiguchi et al., 1992)

(Passadore et al., 2008)

(Baird et al., 2008; Santos et
al., 2007; Schorr et al., 2014)
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792  Table 2. Linear model for the bone §"®Ogmow Values of South American sea lions (Of), South American fur seals (Aa) and Franciscana dolphin

793  (Pb) over time. Estimates and p-values (in brackets) are shown for each variable. In bold, we show the model selected according to the Akaike

794  Information Criterion (AIC).

Model Intercept Species (Of) Species (Pb) Year Species (Of)*Year Species (Pb)*Year AIC

8"®Osmow ~ species * year  14.329 (0.06) 44.016 (<0.001) 11.307 (0.32)  0.006 (0.07)  -0.022 (<0.001) -0.005 (0.35) 567.16
3'%0 ~ species + year 29.897 (<0.001) -0.361(<0.001) 0.673(<0.001) -0.001 (0.69) 577.24
380 ~ species 27.959 (<0.001) -0.365(<0.01)  0.675 (<0.001) 575.39
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Table 3. Linear mixed model relating the §"®Ogmow Values of South American sea lions,
South American fur seals, Lahille’s bottlenose dolphins, Franciscana dolphins, killer
whales, false killer whales, common dolphins, Burmeister's porpoises and Fraser's
dolphins to distance from the inner part of the estuary (fixed effect) and species (random
effect). Estimates and p-values (in brackets) are shown for each variable, as well as the

standard deviation (SD) of the random effect.

Model Intercept Distance SD random effect

8™ Osmow ~
distance+(1jspecies) 28.12 (<0.001) 0.12 (0.61) 0.65
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Figure 1. Study area and sampling locations. The dashed lines show the sampling
locations of the skulls corresponding to thirteen marine mammal species along the
Uruguayan coast; the black symbol * denotes the most internal and external stranding
sites in the Rio de la Plata estuary for the marine mammals included in this study; the
black solid circles show the breeding sites of South American sea lions and South
American fur seals; the grey dashed lines delineate the boundaries between the zones
with different salinity: inner estuarine zone (Zone 1), outer estuarine zone (Zone 2) and
Marine/Oceanic zone (Zone 3). Sea surface salinity values are reported in practical

salinity units (psu).
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814  Figure 2. Trends in bone 8*30gmow Values for South American sea lions (Of), South
815  American fur seals (Aa) and Franciscana dolphins (Pb) over time, showing the best
816 fitted lines for each species (see Table 2).
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Figure 3. Boxplots of the §"®Ogmow Values in the bones of the thirteen marine mammal
species considered in this study. The species denoted by white boxes were not included
in the statistical analyses due to sample sizes of < 5 individuals. Habitats with different
roman numerals and species within each habitat, indicated by different lowercase
letters, are statistically different in their mean values according to the Scheffé post-hoc
test using nested ANOVA. Boxes represent the first and third quartiles, lines the
median, and vertical bars indicate the 95% confidence interval. Species: Lahille’s
bottlenose dolphins (Tt), South American sea lions (Of), South American fur seals (Aa),
killer whales (O0), Franciscana dolphins (Pb), false killer whales ( Pc), common
dolphins (Dd), Burmeister's porpoises (Ps), Risso’s dolphins (Gg), spectacled porpoises
(Pd), Fraser's dolphins (Lh), long-finned pilot whales (Gm), and Cuvier’s beaked

whales (Zc).
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Figure 4. Boxplots of the distance from the inner part of the estuary for the thirteen
marine mammal species considered in this study. The species denoted by white boxes
were not included in the statistical analyses due to sample sizes of < 5 individuals.
Habitats with different roman numerals and species within each habitat, indicated by
different lower case letters, are statistically different in their mean values according to
the Scheffé post-hoc test using nested ANOVA. Boxes represent the first and third
quartiles, lines the median, and vertical bars indicate the 95% confidence interval.
Species: Lahille’s bottlenose dolphins (Tt), South American sea lions (Of), South
American fur seals (Aa), killer whales (Oo), Franciscana dolphins (Pb), false killer
whales (Pc), common dolphins (Dd), Burmeister's porpoises (Ps), Risso’s dolphins
(Gg), spectacled porpoises (Pd), Fraser's dolphins (Lh), long-finned pilot whales (Gm),

and Cuvier’s beaked whales (Zc).
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