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Abstract Population structure studies play an

increasingly integral role in conservation and man-

agement of marine mammal species. Genetic markers

are commonly used; however, ecological markers (i.e.

chemical compounds) are a fairly recent and useful

tool to investigate ecological management units. The

objective of this study is to investigate the population

structure of the Atlantic spotted dolphin (Stenella

frontalis) within its distribution in the Atlantic Ocean

using data from stable isotopes of d13C and d15N and

persistent organic pollutants as ecological markers.

Based on previous studies that addressed distribution,

morphometric analyses and molecular and ecological

markers, we hypothesize that there are several eco-

logical management units within the Atlantic Ocean.

Our results confirmed population differentiation pre-

viously detected using genetic markers. Additionally,

dolphins from the south-eastern coast of Brazil do not

show complete ecological segregation from the

Caribbean ones, while molecular analyses suggested

genetic differentiation between the two regions. In the

light of these results, we propose that at least two

ecological management units should be considered,

east and west of the Atlantic Ocean; however, the

presence of one or two management units along the
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Atlantic coast of Central and South America needs

further investigation.

Keywords Ecological management units �
Stable isotopes � Persistent organic pollutants �
Stenella frontalis � Atlantic Ocean

Introduction

Knowledge of population structure is a prerequisite for

any assessment of population abundance and for

understanding the impact of anthropogenic pressures.

The development of management strategies is based

on the definition of intra-specific ecological or evolu-

tionary management units on which surveys and

conservation efforts can be conducted. Two major

types of management units exist, those reflecting an

ecological paradigm and those reflecting an evolu-

tionary paradigm (Andrewartha and Birch 1984;

Crawford 1984). In the ecological paradigm, the

cohesive forces are mainly demographic, and empha-

sis is on co-occurrence in space and time such that

individuals have an opportunity to interact (An-

drewartha and Birch 1984). In the evolutionary

paradigm, the cohesive forces are largely genetic,

and emphasis is on reproductive interactions between

individuals (Crawford 1984). Most scientific studies

use the evolutionary paradigm to define wildlife

populations. To this aim, neutral molecular markers

have been widely applied to identify potential demo-

graphically and evolutionarily independent units

driven by micro-evolutionary forces (Ballard and

Whitlock 2004; Selkoe and Toonen 2006; Xu et al.

2010). Nevertheless, adaptation to environmental and

ecological conditions may also lead to discontinuous

ecological populations, which can represent uniquely

adapted units that may occur even in the absence of

genetic differentiation (Coyle 1998). Those conditions

include oceanographic characteristics, habitat discon-

tinuities, geographic barriers, social organizations or

dietary specializations (e.g. Lyrholm et al. 1999;

Fullard et al. 2000; Fontaine et al. 2007, 2010; Foote

et al. 2009; Wiszniewski et al. 2010).

Ecological markers are natural or synthetic chem-

ical compounds, such as stable isotopes, fatty acids,

trace elements or persistent organic pollutants (POPs).

The compounds or elements are incorporated into

organism tissues mainly through food providing

information of foraging habitat and habits, individual

movements or contamination levels. Therefore, they

can reveal populations or ecotype differentiation in

marine top predators based on the idea that consistent

differences in trophic ecology would be sufficient to

delimit ecological populations, possibly even in the

presence of gene flow (e.g. Born et al. 2003; Caurant

et al. 2009; Giménez et al. 2013; Quérouil et al. 2013).

Moreover, depending on the tissue turnover and the

half-life of the compounds, or elements analysed, the

period of integration represented by the specific

ecological marker signature or concentration differs.

In contrast to genetic data, which reveal information at

the generational scale, marker signatures or concen-

trations may reveal segregations over time scales

spanning from weeks to the lifetime of the individuals

(e.g. Hobson and Clark 1992; Nordstrom et al. 2008).

Thereby, molecular and ecological markers are very

complementary tools allowing to better define eco-

logical management units (EMUs) that includes

ecologically similar individuals, which are especially

proper for short- to medium-term management actions

(Borrell et al. 2006; Murphy et al. 2009; Giménez et al.

2017).

The Atlantic spotted dolphin (Stenella frontalis,

ASD) is an endemic species from tropical and warm-

temperate waters of the Atlantic (Perrin et al. 1994;

Perrin 2002). It is widely distributed ranging from the

eastern coasts of South and North America (ca. 35�S–
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Fundación Macuáticos Colombia, Calle 27 N8 79-167,
Medellı́n, Colombia

123

22 Aquat Ecol (2020) 54:21–34



45�N) (including the Caribbean Sea) to the west coast

of Africa from Mauritania to Angola (e.g. Nieri et al.

1999; Moreno et al. 2005; Jefferson et al. 2008; Weir

2010; Paro et al. 2014). The ASD appears to have a

discontinuous distribution along the eastern coast of

South America with no records between 6 and 18�S
(Moreno et al. 2005). Only a single sighting of ca. 80

individuals exists until now, which suggests a possible

northward extension range in 350 km along the coast

of Brazil (Danilewicz et al. 2013). In addition, two

parapatric morphotypes have been identified in the

North Atlantic for ASD. These morphotypes display

variation in terms of body size and degree of spotting

(Perrin 2002): offshore individuals are generally found

beyond the continental shelf break and around oceanic

islands. These animals are smaller and have few or no

spots. Inshore individuals inhabiting continental shelf

waters are bigger and highly spotted (Perrin et al.

1987). The distinct genetic units recently revealed in

north-western Atlantic populations most likely corre-

spond to the two described morphotypes (Viricel and

Rosel 2014).

Recent studies tried to elucidate how many man-

agements units of ASD exist throughout the species

range using distribution, morphometric analyses,

molecular and ecological markers (Moreno et al.

2005; Adams and Rosel 2006; Quérouil et al.

2010, 2013; Caballero et al. 2013; Do Amaral et al.

2015). From molecular markers, the number of

managements units differed from 0 to 4, while studies

using ecological markers mostly found two manage-

ments units. However, none of these studies was

conducted at the species distribution scale.

In that context, this study aims to elucidate the

existence of different EMUs of ASD within the

Atlantic Ocean using ecological markers as approach.

Specifically, stable isotopes of d13C and d15N were

analysed in skin samples and POPs in blubber

samples.

Materials and methods

Samples collection

Skin and blubber of ASDwere collected from stranded

individuals in São Paulo (Southeast Brazil), Canary

Islands (Spain) and Caribbean Sea (Guadeloupe

Island) from 2000 to 2016. Experienced stranding

network personnel from local areas (Table 1) per-

formed complete necropsies, if the condition of the

animal permitted. Only samples collected from fresh

or moderately decomposed animals were used for

stable isotope analyses (SIA) and POP analyses to

prevent sampling biases associated with tissue decom-

position [decomposition state B 3 by Kuiken and

Hartmann (1991) and category 2 using the classifica-

tion proposed by Geraci and Lounsbury (1993)].

Biopsies of skin and blubber from São Paulo (Brazil)

and La Guajira (Colombia) were also collected

(Table 1) using a crossbow bolt (BARNETT Veloci-

Speed�Class, 68-kg draw weight) with Finn Larsen

(Ceta-Dart, Copenhagen, Denmark) and PAXARMS

biopsy darts with tips, especially designed for small

cetaceans (dart: 9 and 25 mm long and 5 mm diam-

eter) (Krützen et al. 2002). When animals were close

Table 1 Area and institution that collected and furnished samples from strandings and/or biopsies. The number of skin and blubber

samples available is also provided

Area Subarea Institution Type of sample Skin Blubber

Azores Azores IMAR Azores Biopsy 27a 54

Caribbean Guadeloupe Island AET Stranding 1 1

Caribbean Colombia LEMVA Biopsy 9 NA

Canary Islands Occidental Canary Islands Tenerife conservación Stranding 9 NA

Canary Islands Oriental Canary Islands SECAC Stranding 11 11

São Paulo São Paulo LABCMA Stranding/Biopsy 49 49

IMAR Azores Institute of Marine Research; AET Association Evasion Tropicale; LEMVA Laboratorio de Ecologı́a Molecular de

Vertebrados Acuáticos; SECAC Sociedad de Estudio de Cetáceos en el Archipiélago Canario; LABCMA Laboratório de Biologia da

Conservação de Mamı́feros Aquáticos
aSamples from Quérouil et al. 2013; NA not available
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to the boat from a distance of approximately 10 m

(Fruet et al. 2016), dolphins were hit below the dorsal

fin and samples stored on ice from 1 to 8 h at sea.

Behavioural responses and physical attempts of biop-

sies were recorded and reported in previous studies

(Oremus 2008; Giménez et al. 2011; Kowarski et al.

2014). Level of short-term responses was low in

spotted dolphins and similar to that reported elsewhere

(e.g. Krützen et al. 2002).

Biopsies complied with all country’s laws and were

carried out under ministries of environment permits.

Figure 1 shows the sample locations and the method-

ology applied to collect them (i.e. biopsy or stranding).

Once in the laboratory, skin and blubber were

separated using a scalpel blade, and then, blubber

samples were wrapped in aluminium foil and both

tissues were preserved frozen (- 20 �C) or in 70%

alcohol until SIA and POP analyses.

Stable isotope analyses (SIA)

Skin samples were freeze-dried and then ground into a

fine powder before isotopic analyses. Because lipids

are highly depleted in 13C relative to other tissue

components (DeNiro and Epstein 1978), they were

extracted from skin tissues using cyclohexane. To this

end, all the skin powder was agitated with 1.5 mL of

cyclohexane for 1 h. Next, the sample was centrifuged

for 5 min at 4000 g, and the supernatant containing the

lipids was discarded. This procedure was repeated 1–3

times depending on sample lipid content. Then, the

sample was dried in an oven at 45 �C for 48 h, and

0.35 ± 0.05 mg subsamples of lipid-free dry powder

were weighed in tin capsules for SIA.

These analyses were performed with an elemental

analyser coupled to an Isoprime (Micromass) contin-

uous-flow isotope ratio mass spectrometer (CF IR-

MS). Results are expressed in d notation relative to

PeeDee Belemnite and atmospheric N2 for d
13C and

d15N, respectively, according to the equation:

dX ¼ Rsample=Rstandard � 1
� �

103

where X is 13C or 15N and R is the isotope ratio 13C/12C

or 15N/14N (Peterson and Fry 1987). Replicate mea-

surements of internal laboratory standards (ac-

etanilide) during each run indicate measurement

errors of ± 0.15 and 0.2% for d13C and d15N,
respectively.

Skin samples from Azores previously analysed by

Quérouil et al. (2013) were included in this study.

These samples followed the same protocol for lipid

removal and for d13C and d15N analyses.

Persistent organic pollutant (POP) analyses

Blubber samples were previously analysed for POPs

and for lipid content by Méndez-Fernandez et al.

(2018). However, blubber from Colombia samples

Fig. 1 Map showing

sample locations of Atlantic

spotted dolphins (Stenella

frontalis) analysed in this

study together with the

methodology used to collect

blubber and skin samples

(i.e. biopsy or stranding).

n = number of skin and

blubber samples available

for analyses
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was not available for POP analyses. Briefly, approx-

imately 0.2 g of blubber was cut, ground with

anhydrous Na2SO4 and extracted using a Soxhlet

apparatus for 8 h with 80 mL of n-hexane and

methylene chloride (1:1, v:v). The extract was then

concentrated (by rotary evaporation) to 2 mL, of

which 200 lL was used to determine the amount of

lipids by gravimetry. The remaining extract was

cleaned up with sulphuric acid, centrifuged, washed

twice with pre-cleaned water and subsequently con-

centrated to 0.9 mL before transferring to amber glass

gas chromatography (GC) vials and completed to

1 mL with internal standard 2,4,5,6-tetra-

chlorometaxylene (TCMX). Then, the concentrations

of PCBs (IUPAC Nos. 8, 18, 28, 31, 33, 44, 49, 52,

56/60, 66, 70, 74, 77, 81, 87, 95, 97, 99, 101, 105, 110,

114, 118, 123, 126, 128, 132, 138, 141, 149, 151, 153,

156, 157, 158, 167, 169, 170, 174, 177, 180, 183, 187,

189, 194, 195, 201, 203, 206 and 209), DDTs (op’-

DDE, pp’-DDE, op’-DDD, pp’-DDD, op’-DDT, and

pp’-DDT), HCB, CHLs (a- and c-chlordane), Mirex

and PBDEs (IUPACNos. 28, 47, 99, 100, 153, 154 and

183) were determined by gas chromatography using an

electron capture detector (GC-ECD) and gas chro-

matography coupled to a mass spectrometer (GC–MS)

in a selected ion mode.

The methods employed were validated by the

replicate analysis of standards and samples, regular

blank controls and through spiking experiments or

analysis of certified and laboratory reference material

(SRM 1945—standard reference material of organics

in whale blubber).

Concentrations were expressed in lg g-1 lipid

weight (lw) in order to reduce differences on lipid

content between stranding and biopsy samples but also

between individuals.

Data treatment

Values of d13C meet the assumptions of parametric

tests (i.e. normality and homogeneity of variances) but

not d15N values. Therefore, to compare d13C and d15N
values among ASD areas nonparametric tests (i.e.

Kruskal–Wallis followed by Dunn post hoc tests) were

used.

POPs were summed by groups due to the great

number of compounds (i.e.RPCBs,RDDTs,RPBDEs,
HCB and mirex). Statistical tests to compare the mean

concentrations of these groups among areas were

previously performed in Méndez-Fernandez et al.

(2018). In these tests, dolphins from Caribbean and

Occidental Canary Islands were removed because

POP analyses had not been completed or only one

sample was available (Table 1).

To investigate the niche region (NR) and its overlap

among ASD from the four studied areas, the

nicheRover package was used. This free R package

is a recently developed ellipsoid probabilistic method

(Swanson et al. 2015). The NR was defined as a

specific region in which a species or group (in this case

population) has a 95% probability of being found in

bivariate space using stable isotopes or other indica-

tors of niche (i.e. physical or chemical habitat

variables) (Swanson et al. 2015). The niche overlap

is calculated as the probability that an individual from

species A is found in the NR of species B. Uncertainty

is accounted for in a Bayesian framework, and is the

only aspect of the methodology that depends on

sample size. Then, overlap uncertainty was accounted

for by performing 1000 elliptical projections of NR

using Bayesian statistics.

The levels of significance for statistical analyses

were always set at a = 0.05, and all statistical analyses

were performed using R v.3.5.3 (R Core Team 2013).

Results

Stable isotopes

Caribbean dolphins showed the highest d15N- and

d13C-enriched (i.e. high proportion of the heavy 13C

isotope) values followed by individuals from São

Paulo (Table 2). Dolphins from Canary Islands and

Azores showed the lowest and closer d13C and d15N
values (Table 2).

Moreover, comparison tests revealed significantly

higher values in the Caribbean Sea and São Paulo than

in the archipelagos (Azores and Canary Islands)

(Kruskal–Wallis followed by Dunn post hoc test,

p\ 0.05), but no significant differences between São

Paulo and Caribbean dolphins, and also between

archipelago dolphins (Kruskal–Wallis followed by

Dunn post hoc test, p[ 0.05). In addition, Caribbean

dolphins showed high data variability for both

stable isotopes (Fig. 2). In contrast, dolphins from

the archipelagos revealed small data variability for
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d15N values but high for d13C values in samples from

the Canary Islands (Fig. 2).

Persistent organic pollutants

POPs data were previously published by Méndez-

Fernandez et al. (2018) from a contamination per-

spective. Authors revealed that among all POP groups

analysed, PCBs, DDTs and PBDEs were the predom-

inant accounting for 64.0%, 31.2% and 2.0% of the

total of POP compounds. The chlorinated pesticides,

Mirex and HCB, were found in much smaller propor-

tions (1.9% and 0.7%, respectively) (data from

Méndez-Fernandez et al. 2018).

The different areas of the Atlantic Ocean studied

showed different POP concentrations and profiles. São

Paulo and Canary dolphins revealed the highest

concentrations of PCBs (Median = 10.5 and

8.65 lg g-1 lw, respectively) followed by those from

the Azores (Fig. 3). Concerning chlorinated pesti-

cides, DDTs had the highest concentrations in the

areas studied, with the highest medians found in

dolphins from the Canary Islands (5.13 lg g-1 lw)

followed by those from Azores (3.64 lg g-1 lw)

(Fig. 3). PBDEs also varied by location, with the

highest and significantly different concentrations

(pairwise test with Bonferroni correction, p\ 0.05)

in dolphins from São Paulo (0.41 lg g-1 lw). Among

the other chlorinated pesticides, the concentrations of

HCB were highest in Azores and significantly differ-

ent from São Paulo dolphins (pairwise test with

Bonferroni correction, p\ 0.05); however, Mirex

showed the most similar concentrations among the

areas (pairwise test with Bonferroni correction,

p[ 0.05) (Fig. 3).

Ecological niche region

To determine ecological niche region (NR), only

stable isotope values were used to represent the four

areas studied (Fig. 4). The probability of São Paulo

and Caribbean dolphins occurring within the NR of

Canary Islands was near 10% each, while only 0.35%

and 1% within NR of Azores, respectively. There was

a 91% probability of São Paulo dolphins occurring

within the NR of Caribbean dolphins. Moreover, when

looking at Azores and Canary Islands NR, the

probability of Azores dolphins occurring within the

NR of Canary Islands was almost complete (99.6%)

(Fig. 4).

The niche overlap was also calculated using

stable isotope values and the most concentrated groups

of POPs in ASDs (i.e. PCBs, DDTs and PBDEs). Thus,

only three areas could be represented (i.e. Azores,

Canary Islands and São Paulo) (Fig. 5).

We found a high probability (81%) of Azores

dolphins overlapping onto the ecological niche of

Canary dolphins, similar to what we found using only

stable isotopes values (Fig. 4). However, the proba-

bility of São Paulo dolphins overlapping onto

archipelago niches was very low, 0.01% and 1.6%

for Azores and Canary Islands, respectively. Finally,

the probability of overlapping of Canary dolphins onto

Azores and São Paulo NRs was of 6.2% and 4.7%,

respectively (Fig. 5).

Table 2 Carbon (d13C) and nitrogen (d15N) stable isotope

ratios (mean ± SD, %) in the skin samples of Atlantic spotted

dolphins (Stenella frontalis) by area

Area n d13C d15N

Azores 27 - 18.2 ± 0.3 10.7 ± 0.4

Canary Islands 20 - 19.0 ± 1.2 11.1 ± 0.8

Caribbean 10 - 15.9 ± 1.0 14.5 ± 2.0

São Paulo 49 - 16.8 ± 0.7 13.9 ± 0.9

n = number of skin samples analysed

Fig. 2 Carbon (d13C) and nitrogen (d15N) stable isotope ratios
in skin samples of Atlantic spotted dolphin (Stenella frontalis)

by areas. Data are shown as mean (%) ± SD (standard

deviation) and SE (standard error) in grey. Azores d13C and

d15N values are from Quérouil et al. (2013)
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Fig. 3 Box and whisker plots of POP concentrations (in lg g-1

lipid weight, lw) of Atlantic spotted dolphins (Stenella frontalis)

in the four areas studied. The bottom and top of the box are the

lower and upper quartiles. The band inside the box is the

median, and the black dot the mean of the data. The ends of the

whiskers represent the lowest datum of the lower quartile and

the highest datum of the upper quartile. The open circles

represent the outliers. Different letters indicate that concentra-

tions are significantly different (p\ 0.05). The number of

samples analysed by area is indicated in Table 1. n = number of

blubber samples analysed
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Discussion

Population structure

The importance of defining EMUs has been the subject

of much debate in marine mammals’ ecology (Murphy

et al. 2007; Banguera-Hinestroza et al. 2010; Evans

and Teilmann 2009; ICES 2014). These highly mobile

marine species (with continuous distribution) can

adapt their temporal distribution according to a

number of parameters such as physiography, prey

availability, predators’ pressure or localized anthro-

pogenic threats (Cañadas et al. 2002), exhibiting fine-

scale population structure. Therefore, delineating

EMUs is necessary to achieve site-specific manage-

ment actions in shorter time frames.

Although the Atlantic spotted dolphin is an

endemic species from the Atlantic Ocean, there is a

lack of consistent knowledge regarding its population

structure and potential EMUs. A geographically and

possibly genetically isolated population may occur off

southern Brazil from 6� to 18�S, as was previously

proposed by Moreno et al. (2005) based on observa-

tion and stranding records. Ten years later, Amaral

et al. (2015) updated the distribution patterns of

Stenella dolphins in the south-western Atlantic Ocean

(SWA). Ecological niche modelling using a set of

environmental variables as explanatory variables of

the location records (i.e. sighting and accidental

captures) was used. Stenella frontalis is the only

Stenella species that shows strictly coastal habits,

occurring over the continental shelf and slope up to

1000 m depth, and with an isolated distribution from

18�S to 35�S in the SWA. Molecular and ecological

markers were also used by several authors in order to

infer the population structure and morphotypes pres-

ence of the species at different spatial scales. First,

Adams and Rosel (2006) evidenced significant genetic

differentiation between the western North Atlantic and

Gulf of Mexico ASD. Later on using a larger data set,

Fig. 4 Ten random

elliptical projections of

trophic niche region (NR)

for each area and pair of

isotopes analysed (d13C and

d15N) (b). Density
distributions (a, d) and raw

isotopic data (c) are also
represented. Az Azores,

CAB Caribbean, CI Canary

Islands and SP São Paulo
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Viricel and Rosel (2014) identified a total of four

putative populations in the US waters of these areas:

one in oceanic waters of the western North Atlantic,

one in continental shelf waters of the western North

Atlantic, one in the eastern Gulf of Mexico and one in

the western Gulf of Mexico. This study also showed

that ASD from the Azores and from oceanic waters of

the western North Atlantic belong to the same genetic

unit, coinciding with the offshore morphotype distri-

bution (Perrin et al. 1987). Quérouil et al. (2010)

conducted a molecular study of the population struc-

ture of ASD into the waters of Azores and Madeira

archipelagos, and their results did not identify any

population structure at the scale of the studied areas

indicating a single population. However, based on data

from stable isotopes and fatty acids (thus on shorter

time scales), the same authors revealed differences

between archipelagos suggesting two different eco-

logical stocks for ASD despite the existence of gene

flow (Quérouil et al. 2013). Finally, on a larger spatial

scale and based on molecular markers, Caballero et al.

(2013) and Mesa-Gutiérrez et al. (2015) suggested

historical or present connectivity between the Azores

andMadeira ASDs with the ASDs from Caribbean and

south-eastern Brazil. They also observed population

differentiation between the Caribbean and south-

eastern Brazil dolphins, supporting the notion of two

separate stocks in the waters around the Atlantic coast

of South America as proposed by Moreno et al. (2005)

and Do Amaral et al. (2015). In our study, stable iso-

tope ratios and POP concentrations showed clear

differences among the investigated areas. Dolphins

from São Paulo (i.e. south-eastern Brazil) and the

Caribbean region seem to be highly isolated from

Azores and Canary dolphins. However, differences

between São Paulo and Caribbean groups are less

evident (Figs. 4 and 5) than in previous studies

(Moreno et al. 2005; Caballero et al. 2013; Do Amaral

et al. 2015; Mesa-Gutiérrez et al. 2015). The absence

of significant distinction between the neighbouring

Fig. 5 Probabilistic niche

overlap metric (%) for a

specified NR of 95%

(probability of areas

displayed in rows

overlapping onto those

displayed in columns). The

posterior means and 95%

credibility intervals are

displayed in black. Az

Azores, CI Canary Islands

and SP São Paulo
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archipelagos Azores and Canary Islands (99.6% and

81% overlapping, Figs. 3 and 4) is likely to indicate

dolphins’ movements among them (* 1500 km dis-

tance). In this sense, Canary dolphins showed the

highest variability of d13C ratios (Table 2). Previous

studies indicate that ASDs in the Azores and Madeira

archipelagos are transient and are found around these

islands from April to October (Quérouil et al.

2008, 2010; Silva et al. 2014). The offshore morpho-

type also seems to be mostly present around these

oceanic islands (Viricel and Rosel 2014; Perrin et al.

1987). Thereby, our results seem to corroborate the

presence of a single population in these archipelagos,

which individuals probably belonging to the offshore

morphotype as previously reported by Quérouil et al.

(2010) and Viricel and Rosel (2014), respectively.

The absence of d13C and d15N values differences

among Caribbean and São Paulo dolphins together

with the high overlap of their ecological niche regions

(91%, Table 2 and Fig. 4) may suggest that on a

shorter time scale, dolphins from south-eastern Brazil

are not completely isolated from the Caribbean as

assumed (Moreno et al. 2005; Caballero et al. 2013;

Do Amaral et al. 2015; Mesa-Gutiérrez et al. 2015).

However, several factors may explain the absence of

differences found between these two areas and should

be considered.

The first factor is the seasonality, an important issue

because of the seasonal variations in water tempera-

ture, prey availability and composition, dolphin

behaviour (migration/movements) and nutritional

condition. Additionally, the time scale represented

by the ecological markers depends on the integration

time and turnover of the tissues and elements (or

compounds) analysed. Dolphin skin is a metabolically

active tissue with a medium isotopic turnover

[* 30 days of half-life (Giménez et al. 2016)].

Therefore, isotopic information in skin provides

insights into habitat use and diet during the previous

few months. Contaminant tracers, such as POP

concentrations and profiles, provide information over

a longer time scale (from few years to the entire life of

animals) than fewmonths as for stable isotopes. This is

owing to the different bioaccumulation processes of

molecules, the large fat deposits that marine mammals

have and a mean lifetime for some small cetacean

species of about 20 years (Weijs et al. 2010, 2011). In

addition to season, another factor to consider is the

geographic variation in isotope and element

abundances across marine environments (Hobson

1999). The increase in population and community

ecology studies using these ecogeochemistry

approaches allowed researchers to create robust

isoscapes of the Atlantic Ocean using meta-analyses

of d13C and d15N values at the base of the food web

(i.e. organic zooplankton) (McMahon et al. 2013).

Based on these isoscapes, zooplankton d13C baseline

values showed no differences among Azores, Canary

Islands and south-eastern Brazil (- 22.5% to all the

locations). However, there was approximately 2.5%
difference between the Caribbean region and south-

eastern coast of Brazil (- 20 and - 22.5%, respec-

tively) (McMahon et al. 2013). This suggests that if the

Caribbean dolphins d13C values (i.e. 15.9%) are

corrected with the 2.5% baseline difference, values

from both areas are meaningfully different (i.e.- 13.4

and - 16.8 adjusted d13C values for Caribbean and

São Paulo, respectively). For d15N values, differences

at the base of the food webs are higher than for d13C
values and, especially, for the Caribbean region (6, 8, 6

and 2% for Canary Islands, Azores, São Paulo and

Caribbean, respectively). The Caribbean region and

surrounding Sargasso Sea are the most oligotrophic

waters of the Atlantic Ocean; thus, this low value

(2%) is not surprising. However, it suggests that

Caribbean dolphins that showed the highest d15N
ratios (14.5%) of our study may effectively have fed at

a higher trophic position than dolphins from the other

areas. The diet of ASD is mainly based on cephalopods

and fish that prey on pelagic and demersal items (Di

Beneditto et al. 2001; Fernandez et al. 2009; Melo

et al. 2010; Lopes et al. 2012; Herzing and Elliser

2013). The prey species targeted by ASDs differs

between the areas where diet studies have been

performed (south-eastern Brazil, Canary Islands and

Bahama islands); however, these studies listed species

that are generally situated at comparable trophic

levels. Caribbean dolphins also showed the highest

variability on d15N data (Table 2) and 10% ecological

niche region overlap with the Canary Islands (Fig. 4).

To our knowledge, there are no diet studies conducted

in ASDs of this region. Therefore, different feeding

habits in the Caribbean dolphins cannot be ignored.

Finally, blubber samples for POP analyses were not

available in the Caribbean region apart for one

individual (from Guadeloupe Island), restricting the

comparison of ecological niche regions to three rather

than four areas using POPs besides stable isotopes
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(Fig. 5). Atlantic spotted dolphins are subjected to

different forms of contamination as reflected by the

significant differences found for most of the POP

groups analysed in the geographical areas studied

(Fig. 3). This was also confirmed by the DDT-PCB

ratio calculated by Méndez-Fernandez et al. (2018).

This ratio is considered a proxy of agricultural and/or

public health origins vs. industrial origins (Aguilar

et al. 1999; Borrell and Aguilar 2005). São Paulo

dolphins had low and significantly different DDT-

PCB ratios (0.23) in comparison with those from the

Azores, Canary Islands and the Caribbean (0.76, 0.65

and 0.42, respectively). This quotient reflects the

important industrialization of the south-eastern coast

of Brazil, compared to the effects of intensive

agricultural activities and control programs for dis-

eases (e.g. malaria, yellow fever and dengue fever) in

the other areas.

Identifying the limitations of the study is necessary

to delineate its range of validity. Sampling from

wildlife fauna and stranded individuals does not often

allow examination of interannual or seasonal variation

since it is very unlikely that sufficient individuals were

available. Moreover, the different integration time of

elements and compounds in organisms and the differ-

ent tissues turnover makes this task very complex.

However, and despite the potential biases of the

sampling regime, this study provides a unique possi-

bility to compare potential populations of ASD at its

distribution scale and at a time-frame that properly

allows identifying ecologically different units.

Contribution to Atlantic spotted dolphin

conservation

This study contributes to the understanding of ASD

population structure and helps define EMUs at a

shorter time scale (months to years) and larger spatial

scale that what has been done so far. In the light of the

above findings, there is a population differentiation for

ASD that should be structured in at least two different

EMUs: the Northeast Atlantic Ocean including Azores

and Canary dolphins, which moreover may belong to

the offshore morphotype, and the South/Central West

Atlantic Ocean including Caribbean and São Paulo

dolphins. This structuration may reflect a morphotype

division; however, further investigations using mor-

phometric data should be done in order to validate this

hypothesis. The potential isolation of south-eastern

Brazil dolphins that was previously proposed by

several authors is less evident in our study. However,

POP concentrations (a longer time-scale marker) show

a quite clear different pattern of São Paulo dolphins

(Fig. 3). Thereby, considering the lack of blubber

samples from Caribbean dolphins this isolation cannot

be discarded.

The Atlantic spotted dolphin faces different threats

over its distribution range. Incidental catches in

fisheries are known for several areas of the range

(Brazil, the Caribbean, off the east coast of the USA,

and in Mauritania). Some are probably also taken

incidentally in tuna purse seines off the West African

coast and Azores (Van Waerebeek et al. 2000; Cruz

et al. 2018). The ASD carcasses are also used for shark

bait and human consumption in Caribbean Islands (St.

Vincent and the Grenadines) and Venezuela (Perrin

et al. 1994), and potential impact of the gas and oil

exploration and exploitation in the Gulf of Mexico

should not be overlooked (Viricel and Rosel 2014).

Added to all this, the POP concentrations obtained by

Méndez-Fernandez et al. (2018) demonstrate that

dolphins from Canary Islands and São Paulo have the

highest concentrations of PCBs, DDTs and PBDEs.

This implies that, regardless of whether São Paulo

dolphins are an isolated population, their vulnerability

to POP concentrations is greater and should be

considered in future local management actions.

Finally, and in the light of the results presented,

authors emphasize the need for an integrated approach

coupling ecological and molecular markers together

with a high-density sampling, including animals that

are north of 18�S. This multi-approach study could

clarify the presence of one or two management units

along the coasts of Central and South America and on

an evolutionary and ecological time scale.
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