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ABSTRACT: Community structure and functioning is shaped by resource partitioning between co-
occurring species. Niche differentiation among sympatric species can be reached through trophic,
spatial or temporal segregation to avoid competitive exclusion. Intraspecific segregation in the use
of habitats and resources might determine, in turn, a population’'s niche width and interspecific
segregation. The Alboran Sea is the only area in the Mediterranean where common and striped
dolphins coexist abundantly. Therefore, these putative competing species provided the oppor-
tunity to investigate niche partitioning through spatial modelling and trophic analysis. Density sur-
face modelling and nitrogen and carbon stable isotopes (3'°N and §'*C) were used to investigate
spatial and trophic niche partitioning at inter- and intraspecific levels. The 2 species showed high
isotopic overlap. However, we could not rule out the possibility of interspecific trophic segregation,
as isotopic similarity does not necessarily mean true ecological or dietary similarity. Among con-
specifics, variations in §°N and §'*C values with dolphin length pointed to ontogenetic dietary
changes in striped dolphins, while sex played only a minor role in §'3C values. Spatially, these spe-
cies tended to segregate their core areas of distribution, with common dolphins being more coastal
than striped dolphins, which occupied adjacent, deeper waters. Overall, the main enabler for the
coexistence of common and striped dolphins in the Alboran Sea was spatial segregation.
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INTRODUCTION cannot coexist if they have the same ecological niche.

Accordingly, the niche theory predicts that commu-

The competitive exclusion principle (Gause 1934), nity structure and functioning may be shaped by re-
also known as the Gause principle, states that species source partitioning between co-occurring species
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(Hutchinson 1957). Thus, quantifying niche overlap
can be a step towards understanding species co-
existence (Geange et al. 2011). Niche differentiation
among co-occurring species can be reached through
trophic, spatial or temporal segregation to avoid
competitive exclusion (Gause 1934, Hutchinson 1957,
Pianka 1976). Most differentiation tends to occur
along the first 2 dimensions (Schoener 1974). In turn,
inter-individual niche variation might be an impor-
tant driver of population niche widths and, ulti-
mately, of interspecific segregation (Durell 2000, Bol-
nick et al. 2003, Aratjo et al. 2011). Despite this
consideration, previous studies typically consider
conspecifics as ecological equivalents (e.g. Hutchin-
son 1957, Colwell & Futuyma 1971, Abrams 1980),
thus neglecting an important aspect of the communi-
ties’ structure and functioning.

Recent advances in spatial modelling techniques
and stable isotope analysis can provide quantitative
information on niche partitioning. In particular, den-
sity surface modelling allows the production of 2D
density maps for the delimitation of high-density
areas (e.g. Canadas & Vazquez 2014). Therefore, this
technique has the potential to provide an accurate
assessment of the spatial segregation of co-occurring
species by depicting those hotspots where individu-
als occur in higher numbers. In addition, stable iso-
tope approaches, commonly based on determinations
of carbon and nitrogen isotope ratios (denoted as
813C and §'N), may provide quantitative insights
into the trophic ecology of individuals and popula-
tions, and are thus extremely useful for investigating
niche partitioning between co-occurring species and
conspecifics (e.g. Méndez-Fernandez et al. 2013,
Newsome et al. 2015). Both isotopes used in conjunc-
tion reflect what an animal assimilates from its diet
and the habitat in which it feeds (Bearhop et al. 2004,
Newsome et al. 2007).

Further, stable isotope approaches have been used
previously for tracing diet differences among con-
specifics, such as ontogenetic shifts (e.g. Arthur et al.
2008, Knoff et al. 2008, Lukeneder et al. 2010) and
sex differences (e.g. Forero et al. 2005, Bearhop et al.
2006). Stable isotope approaches may provide, there-
fore, the necessary means for quantifying the trophic
niche overlap/segregation between co-occurring spe-
cies and identifying those drivers of trophic segrega-
tion within species.

In the Mediterranean Sea, the striped dolphin Ste-
nella coeruleoalba is currently the most abundant
species, even though its abundance is close to, if not
beyond, the carrying capacity of the basin (Aguilar
2000). In contrast, the Mediterranean subpopulation

of the common dolphin Delphinus delphis appear to
have suffered an abrupt decline over recent decades
(Bearzi et al. 2003), and it is listed as Endangered by
the JTUCN Red List. Nevertheless, the Alboran Sea is
the only area in the Mediterranean where common
and striped dolphins coexist in high numbers (Bearzi
et al. 2003). This provides a unique opportunity to
investigate niche partitioning between putative com-
petitor species through spatial modelling and trophic
analysis. Although extremely similar in size and
shape, differences in the ecological strategies used
by these 2 species are found in the North Atlantic
(Spitz et al. 2012). Specifically, common dolphins
feed on high-quality food with a corresponding high
metabolic cost of living, while striped dolphins are
characterized by a moderate food quality and meta-
bolic cost of living (Spitz et al. 2012). Here, we used
density surface modelling of sighting data and 8'3C
and 8N from skin biopsies to investigate niche par-
titioning (considering both the spatial and the trophic
dimensions) between species and conspecifics of
striped and common dolphins.

MATERIALS AND METHODS
Study area

The Alboran Sea is located in the western Mediter-
ranean Sea (Fig. S1 in the Supplement at www.int-
res.com/articles/suppl/m567p199_supp.pdf). The Al-
boran basin is characterized by the presence of 2
anticyclonic eddies formed by the surface inflow of
Atlantic waters, causing intermittent upwelling and
enhancing marine productivity (Arin et al. 2002).
These hydrodynamic processes and the complex sea-
floor topography with steep escarpments, canyons
and mountains further serve to concentrate produc-
tivity (Rodriguez 1982, Rubin et al. 1992). All of these
characteristics turn this area into a highly productive
sub-basin compared to the oligotrophic Mediterran-
ean Sea (Rubin et al. 1992, Huertas et al. 2012). Thus,
this area hosts a high level of biodiversity (Rodriguez
1982, Gascard & Richez 1985, Parrilla & Kinder 1987,
Tintoré et al. 1988, Rubin et al. 1992, Templado 1993),
particularly in cetaceans (Canadas 2006).

Stable isotope analysis
Carbon and nitrogen stable isotopes were used as

proxies for habitat use and trophic position, respec-
tively (Post 2002, Bearhop et al. 2004, Newsome et al.
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2007). Typically, 8°C provides information on the
main sources of primary production incorporated into
trophic webs (DeNiro & Epstein 1978) and may also
inform about the inshore versus offshore and benthic
versus pelagic consumption (Rubenstein & Hobson
2004, Fry 2006), while 8'°N is widely considered a re-
liable proxy of the trophic position occupied by the
species (DeNiro & Epstein 1981, Post 2002). The iso-
topic niche is the area occupied by the species in a
bivariate d-space, where isotopic values are repre-
sented as coordinates, and might be considered a suit-
able surrogate of trophic niche (Jackson et al. 2011).
Isotopic determinations were conducted in skin
biopsies from striped (Stenella coeruleoalba, n = 90)
and common (Delphinus delphis, n = 81) dolphins
stranded between 2001 and 2013. Skin is a metaboli-
cally active tissue with a relatively fast isotopic turn-
over (compared with other tissues such as muscle)
and with a half-life of ca. 30 d (Giménez et al. 2016).
Samples were oven-dried at 60°C for 48 h and pow-
dered with a mortar and pestle. Lipids were removed
from the samples before the isotopic determinations
by sequential rinses with a 2:1 chloroform:methanol
solution to avoid the skew in §C values (DeNiro
& Epstein 1978). Subsamples of powdered material
(0.3 mg) were weighed into tin capsules for isotopic
determinations at the Laboratorio de Is6topos Estables
of Estacién Biolégica de Donana (LIE-EBD, Spain;
www.ebd.csic.es/lie/index.html). All samples were com-
busted at 1020°C using a continuous flow isotope ratio
mass spectrometry system by means of a Flash HT
Plus elemental analyser coupled to a Delta-V Advan-
tage isotope ratio mass spectrometer via a CONFLO
IV interface (Thermo Fisher Scientific). The isotopic
compositions are reported in the conventional delta
(0) per mille notation (%.), relative to atmospheric N,
and Vienna Pee Dee Belemnite (Coplen 2011). Repli-
cate assays of standards routinely inserted within the
sampling sequence indicated analytical measurement
errors of +0.2 and 0.1%. for 8'°N and §'C, respec-
tively. The reference materials used were EBD-23
(cow horn), LIE-BB (whale baleen) and LIE-PA (razor-
bill feathers). These reference materials were previ-
ously calibrated with international certified materials
supplied by the International Atomic Energy Agency.

Intraspecific isotopic variation

Previous studies based on stomach content and sta-
ble isotope analysis show evidence of ontogenetic,
seasonal and geographical patterns in the diet of
striped dolphins (Astruc 2005, Meissner et al. 2012).

Thus, we analysed the relationships between §'3C
and 8N, and several explanatory variables such as
body length (as a proxy of age), sex, year and month
through generalized additive models (GAMs; Hastie
& Tibshirani 1990). A Gaussian distribution and logit
link function with gamma = 1.4 was used to prevent
overfitting (Wood 2006). Body length was fitted as a
continuous variable, while sex, year and month were
fitted as factors. Model selection was performed
through a backward selection procedure and the
optimal model was identified by Akaike's informa-
tion criterion (AIC). The best model was chosen as
the one with the lowest AIC value, in which all
remaining explanatory variables have significant
effects. The final model was checked to ensure nor-
mality and any obvious patterns in the residuals. All
analyses were performed with R v. 3.2.1 (R Core
Team 2015) and the mgcv library (Wood 2001).

Interspecific isotopic variation

The 6 different Layman metrics 8'°N range (NR),
313C range (CR), total area (TA), mean distance to
centroid (CD), mean nearest neighbour distance
(MNND) and standard deviation of nearest neigh-
bour distance (SDNND) were used for comparisons
of isotopic niches between the species (Layman et al.
2007). Methodology and ecological explanation for
each metric is provided in the Supplement. Niche
widths and isotopic niche overlap were also explored
using a Bayesian approach based on multivariate
ellipse-based metrics (Jackson et al. 2011). This
approach avoids the influence of extreme values
(outlier individuals), and thus is appropriate to iden-
tify the area within the bivariate 8-space (5'°C and
815N) occupied by the ‘typical’ members of a popula-
tion. This is particularly beneficial when comparing
populations with different sample sizes (Jackson et
al. 2011). The analysis generates standard ellipse
areas (SEA), which are bivariate equivalents to stan-
dard deviations in univariate analysis. A corrected
SEA value (SEA.), which minimizes bias due to sam-
ple sizes, was graphically expressed (Jackson et al.
2011). SEAp (Bayesian SEA) was also calculated
using 10000 posterior draws to statistically compare
niche width between species, calculating the propor-
tion of ellipses smaller or larger than the others. All
metrics were calculated with the R package ‘siar’
(Parnell et al. 2010), excluding calves, due to the
nursing influence in the isotopic signature (e.g.
Meissner et al. 2012). The inflexion point in stable
isotope analyses was used as an indicator of the end
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of the nursing period. All years were pooled as the
sample size precludes performing niche metrics by
year, so these metrics have to be seen as a time-
integrated approach.

Spatial modelling
Density surface modelling

Density surface modelling is an alternative tool to
conventional design-based line transect sampling
used to estimate abundance of animals (e.g. Gomez
de Segura et al. 2007, Notarbartolo di Sciara et al.
2015). Its advantages reside in the combination of line
transect sampling with spatial analysis to predict ani-
mal abundance based on the relationship of animals
observed with environmental factors, as well as tak-
ing into account the probability of detecting animals
(Hedley et al. 1999, Buckland et al. 2004). Addition-
ally, transect lines are not required to achieve equal
coverage probability, being an appropriate method
for analysing data collected from surveys with non-
systematic designs (Buckland et al. 2004). Here, data
collected on the RV ‘Toftevaag' from 1992 to 2009 in
the Alboran Sea were used for these models. Data
were filtered for summer months, when major sam-
pling effort was performed. A total of 1072 sightings
of common dolphins and 1306 of striped dolphins
were available for analysis during 60 616 km of tracks
on-effort (with adequate searching conditions, i.e. sea
state below 3 Douglas). The study area was divided
into grid cells of 2 x 2' latitude-longitude of resolu-
tion, characterized according to several spatial and
environmental variables (latitude, longitude, depth,
standard deviation of depth, slope, distance from
coast and from several isobaths, chl a, sea surface
temperature (SST) and primary productivity, as in
Canadas & Hammond 2006, 2008). We divided all on-
effort transects into small segments (average 2.8 km)
with a homogeneous type of effort along them and
little variability in environmental features within them.
Model-based abundance estimates were performed
following the methodology of Cahadas & Hammond
(2006, 2008). The following 5 steps were performed:

(1) Estimation of the detection function from the
distance data and covariates that could affect detec-
tion probability. The software DISTANCE 6.0 was
used to estimate the detection functions for each spe-
cies, using the multiple covariate distance sampling
(MCDS) method (Marques 2001, Thomas et al. 2002).
Covariates considered for inclusion in the detection
functions were effort-related (ship, observation plat-

form height, position of observer, speed of vessel, sea
state, swell height, sightability conditions) in order to
apply the effective strip width (ESW) to all on-effort
segments.

(2) Estimation of the ESW in each segment from the
detection function equation and the covariates involved.

(3) Modelling the abundance of groups. The re-
sponse variable used to formulate the spatial models
of abundance of groups was the count of groups (N)
in each segment (Hedley et al. 1999) using a gen-
eralized additive model (GAM) with a logarithmic
link function and a Tweedie error distribution, with a
parameter p = 1.1, very close to a Poisson distribution
but with some overdispersion.

(4) Modelling of group size. Group size was also
modelled using a GAM with a logarithmic link
function. The response variable was the number of
individuals counted in each group. Given the large
overdispersion due to the wide range of group sizes
(1 to 1000), a quasi-Poisson error distribution was
used, with the variance proportional to the mean.
See equations and their description in Canadas &
Hammond (2008).

(5) Combination of steps (3) and (4), and extrapola-
tion to the whole study area to obtain the final den-
sity of animals. The estimated abundance of animals
for each grid cell was calculated as the product of its
predicted abundance of groups and its predicted
group size in each cell.

All models were fitted using package 'mgcv’ ver-
sion 1.7 for R (Wood 2001). Model selection was done
manually using 3 diagnostic indicators: (1) the gener-
alized cross validation score (GCV), an approxima-
tion of AIC (Wood 2001); (2) the percentage of
deviance explained; and (3) the probability that each
variable was included in the model by chance.

Identification of high-density areas and spatial overlap

For the identification of high-density areas for each
species, we adapted the methodology of Canadas &
Vazquez (2014), where cells covering the highest
40% of abundance in the whole distribution area
were selected as core areas. To determine where the
overlap between species begins, core areas of distri-
bution were calculated for every 0.01% step of
cumulative abundance. The spatial overlap between
depicted core areas was subsequently assessed by
determining the relative number of grid cells shared
by both species with respect to their whole core spa-
tial distribution, with values ranging from 0 (com-
plete segregation) to 100 (complete overlap).
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RESULTS
Trophic segregation
Intraspecific variation in stable isotope values

The fitted model for '°N values in striped dolphins
retained only body length as a significant variable
explaining 74.4% of the deviance. A continuous
decrease of 8'°N was observed for individuals meas-
uring 760 to 1550 mm, while this increased progres-
sively in individuals from 1550 up to 2390 mm (Fig. 1,
Tables S1 & S2 in the Supplement at www.int-res.
com/articles/suppl/m567p199_supp.pdf). The nitrogen
stable isotope signature decreased by 2.7 %o, between
dolphins of 760 and 1550 mm, and increased by 1.1 %o
between 1550 and 2390 mm. Calves had the highest
predicted value, 1.6%. higher than the value for
adults. Likewise, for common dolphins, the fitted
model for §!°N retained only body length, explaining
44.7% of the deviance. In this case, a general de-
crease was observed between 945 and 2040 mm

without any inflexion point. However, at around
1500 mm the curve seems to stabilize, almost arriving
at an asymptote. The nitrogen stable signature de-
creased by 1.73%. between the smallest and largest
dolphins (Fig. 1).

The fitted model for 8'C in striped dolphins
retained body length, sex and year as significant vari-
ables, explaining 69.1 % of the deviance. Carbon sta-
ble isotope ratios decreased with increasing length for
individuals between 760 and 1485 mm, and from this
length until 2390 mm a continuous increase was ob-
served (Fig. 1, Table S2). On average, the carbon sta-
ble isotope composition decreased by 1.05 %0 between
dolphins of 760 and 1485 mm, and increased by
0.75%0 between 1485 and 2390 mm. The difference
between the highest predicted value for calves and
the highest predicted value for adults was 0.29%o.. In
contrast, for common dolphins, the fitted model for
3!3C values retained only year as a significant
variable, explaining 56.4 % of the deviance. In this
case, a non-significant slight decrease was observed
in individuals between 760 and 1485 mm long (Fig. 1).
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Fig. 1. Intraspecific isotopic variation. (a) Effect of striped dolphin Stenella coeruleoalba length on nitrogen stable isotope sig-
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Interspecific variation in stable isotopes: 307 geag
isotopic niche metrics 25
Common dolphins have higher proba- 2.0
bilities than striped dolphins of having
higher values for most of the isotopic 197
niche metrics considered (i.e. SEAg, CD, 1.0
MNND, SDNND). However, this trend is 6
opposite for those metrics that are strongly 051
influenced by extreme values (8'°C range, 0-

TA  [8"®Crange|6'®Nrange| CD MNND SDNND

® L

- 8le U

815N range and TA; Fig. 2, Table S3 in the
Supplement). Both species show similar
niche spaces with a high overlap in the
SEA. (45.98 and 74.61 %) and convex hull
areas (74.99 and 73.93 %) for common and
striped dolphins, respectively (Fig. 3).

Fig. 2. Density plots showing the isotopic niche metrics: Bayesian stan-
dard ellipse area (SEAg); total area (TA); carbon stable isotope range (3°C
range); nitrogen stable isotope range (8'°N range); mean distance to
centroid (CD); mean nearest neighbour distance (MNND); and standard
deviation of the nearest neighbour distance (SDNND). Striped dolphins
Stenella coeruleoalba are shown in blue and common dolphins Delphinus

delphis in yellow. The boxed areas reflect the 95, 75 and 50 % credible
intervals for SEAg and the confidence intervals for the rest of metrics

Spatial segregation
Spatial distribution

The final model of abundance of groups for com-
mon dolphins retained SST and the logarithm of
depth as an interaction, and the geographic covari-
ates latitude and longitude, all highly significant,
explaining 8% of the deviance. The final model for
group sizes of common dolphins retained SST and
depth, both highly significant and explaining 12.4 %
of the deviance. The smoothed functions for the co-
variates in each model are shown in Figs. S2 & S3 in
the Supplement, respectively. The 2D plots of inter-
action between 2 covariates show how the effect of
one covariate interacts with the effect of the other. In
the interaction plot in Fig. S2, the smallest logarithm
of depth (shallowest waters) has a negative effect on
the density of groups, especially in intermediate SST,
while the most positive effect is in lower SST and
deeper waters.

The final model of abundance of groups for striped
dolphins retained depth and latitude-longitude
interactions, all highly significant, explaining 16.3 %
of the deviance. The final model for group sizes of
striped dolphins retained the same covariates as the
model of abundance of groups, all highly significant
and explaining 8% of the deviance. The smoothed
functions for the covariates in each model are shown
in Figs. S4 & S5 in the Supplement, respectively.

Common dolphin core area is more coastal than
that for striped dolphins, with a higher density of ani-
mals towards the west and around the shelf break.
Otherwise, striped dolphin density is very low close
to the shore, beginning to increase at the shelf break
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towards oceanic waters. The main density area is
located in the western part of the Alboran Sea in the
vicinity of the Strait of Gibraltar (Fig. S6 in the
Supplement).

Spatial overlap

The accumulated abundance threshold of 28 %
determines the minimum value for spatial overlap
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Fig. 3. Standard ellipse area corrected (SEA_; solid lines) and

convex hull area (TA; dotted line). Striped dolphins Stenella

coeruleoalba are shown in blue and common dolphins
Delphinus delphis in yellow



Giménez et al.: Dolphin niche partitioning in the Mediterranean

205

Stenella coeruleoalba - Overlap Delphinus delphis
5°W 4° 3° 2° 5°W 4° 3° 2°
1 1 1 1 1 1 1 1
a)
37°4 F37° 37°4 -37°
N - B — N N N
.’{’/'
36" 36> 361 -36°
35°+ X S [-35° 35°-0 25 50 o0 150200 -35°
T i T T ! T 1 T T
5°W 4° 3° 2° 5°W 4° 3° 2°
— Stenella coerulecalba  — Delphinus delphis
a b c d
80
;\8
2 o /
o}
o 40
>
O /
T /
0 P
T T T
0 20 40 60 80 100
Core area (%)
5°W 4° 3° 2° 5°W 4° 3° 2°
1 1 1 1 1 1 1 1
<) d)
37°4 37° 37°4 f3r7°
- ~~_ | N N N

35°

S Fase 35

36° 36°

I 36°

- os-

Fig. 4. Spatial overlap between striped Stenella coeruleoalba and common
dolphins Delphinus delphis in the Alboran Sea. The middle panel shows how
overlap increases when a different core area is selected, corresponding to (a),

DISCUSSION

Species co-occurrence necessarily in-
volves niche partitioning via trophic, spa-
tial and/or temporal segregation (Gause
1934, Hutchinson 1957, Pianka 1976). In
this study, spatial segregation was found
as the main enabler for the coexistence of
common and striped dolphins in the Alb-
oran Sea. In particular, common dolphins
occupy more coastal waters than striped
dolphins. Our isotopic analyses suggested
that common dolphins are more general-
ist and occupy a wider trophic niche than
striped dolphins. This might be partially
driven by trophic segregation among
conspecifics. Nevertheless, we detected
only ontogenetic dietary changes in
striped dolphins with minimal sex-related
trophic niche segregation. Overall, we
observed a high overlap in the isotopic
niche spaces of both species in the Albo-
ran Sea, as for the northeastern Atlantic
(Das et al. 2000), but in contrast with the
small overlap found previously by Borrell
& Aguilar (2005) in the Alboran Sea. Al-
though the isotopic similarity found in the
present study suggests that the 2 species
are now occupying similar trophic niches,
we cannot completely rule out the possi-
bility that these species also segregate
trophically. In this sense, isotopic similar-
ity does not necessarily mean dietary
similarity, as different food resources
may show similar isotopic composition
(Moreno et al. 2010, Ramirez et al. 2011).

(b), (c) and (d)

between species. High-abundance core areas are
clearly segregated in space and never overlap com-
pletely (Fig. 4). The 40 % threshold used in Canadas
& Vazquez (2014) for defining protected areas for
cetaceans is also suitable for our study, as it repre-
sents a threshold in the initial overlap distribution
between species (Fig. 4b). In this scenario, overlap
distribution area reaches only 4.8 and 5.9% of the
total area for the common and striped dolphin,
respectively. Both species overlap at the western side
of their distribution areas, close to the Strait of
Gibraltar, covering 188 km?, with a depth of 496 +
56.06 m (mean + SD; range: 315-798 m), and coincid-
ing with the area of highest density for both species

Indeed, previous studies report differ-
ences in the ecological strategies of these
2 species in the North Atlantic, i.e. com-
mon dolphins feed on high-quality food with a corre-
sponding high metabolic cost of living, while striped
dolphins are characterized by moderate metabolic
cost of living and quality of food (Spitz et al. 2012).

At the intraspecific level, variations in 8N and
313C values in relation to body length point to ontoge-
netic changes in the diet of striped dolphins (Meiss-
ner et al. 2012). The observed decrease in §'°N and
313C values up to a body length of ca. 1500 mm (when
weaning typically occurs; Meissner et al. 2012) is
in accordance with a change from milk to a fish-
or cephalopod-based diet (Steele & Daniel 1978,
Hobson et al. 1997, Das et al. 2003, Knoff et al. 2008,
Fernadndez et al. 2011). The observed continuous rise
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in 8"°N and 8'C values as body length increases in
weaned individuals points to dietary changes among
different age classes, with older individuals consum-
ing larger prey enriched in *C and *N (Meissner et
al. 2012). This suggests that trophic segregation may
also occur at the intraspecific level in weaned ani-
mals and points to the inaccuracy of considering con-
specifics as ecological equivalents. Indeed, stomach
content analysis of Atlantic individuals indicates that
larger individuals feed on larger prey (Ringelstein
et al. 2006). Notwithstanding, in the northwestern
Mediterranean, the diet composition of striped dol-
phins changes with maturity, with a shift in propor-
tion from fish to isotopically enriched cephalopods
(Astruc 2005). In contrast, isotopic changes between
calves and adults of common dolphins are not so
obvious, thus suggesting that weaning may be more
progressive in this species. Nevertheless, 8'°N and
813C values reach an asymptote in individuals larger
than 1500 mm. This suggests that weaning may also
occur at this body size and individuals may maintain
an isotopically stable diet when weaned.

In addition, conspecifics can reduce competition
via resource partitioning by sex (e.g. Schoener 1974,
Hobson et al. 1997, Das et al. 2003, Browning et al.
2014). In this study, sex seems to have only a minor
influence on carbon stable values in striped dolphins.
Thus, it seems that this species does not show sex-
specific differences in its trophic niches in the
Alboran Sea. In contrast, female striped dolphins
from the northwestern Mediterranean Sea are en-
riched in nitrogen stable isotopes, suggesting differ-
ent nutritional and energetic requirements for females
(Gémez-Campos et al. 2011). Finally, it seems that
certain year-to-year variation exists in the carbon sta-
ble isotope in both species, indicating possible
changes in productivity or food availability in the
area, which deserves further research.

At the interspecific level, the isotopic-wide meas-
ures of trophic diversity that are not influenced by
extreme data points (i.e. SEA. and CD) indicate that
common dolphins have a wider isotopic niche with
a higher trophic diversity. Therefore, common dol-
phins seem to be more generalist, consuming a wider
variety of isotopically different species. Furthermore,
NND and SDNND metrics, which reflect the relative
position of individuals to each other within the niche
space and are used as a measure of trophic redun-
dancy, indicate that common dolphins present a
smaller trophic redundancy (individuals with dissim-
ilar trophic ecologies) and a more uneven trophic
niche (uneven individual packing) than striped dol-
phins (sensu Layman et al. 2007).

The high overlaps between SEA. and convex hull
areas indicate a large isotopic niche overlap between
the species. Stomach content analyses of striped dol-
phins in the Mediterranean Sea show that they are
generalist feeders, generally exploiting a wide
variety of oceanic, pelagic and bathypelagic preys,
which form large and dense shoals in the water col-
umn (Aguilar 2000). The species consumed include
cephalopods from the families Histiotheuthidae,
Ommastrephidae, Enoploteuthidae and Onycho-
teuthidae, and bony fish from the families Gadidae,
Sparidae and Gonostomatidae (Wurtz & Marrale
1991, Pulcini et al. 1992, Blanco et al. 1995, Meotti &
Podesta 1997). For common dolphins, the sparse
information on the trophic ecology in the Mediter-
ranean indicates relatively flexible feeding habits,
with epipelagic and mesopelagic fish as preferred
preys, such as the European anchovy Engraulis en-
crasicolus, the European pilchard Sardina pilchar-
dus, the round sardinella Sardinella aurita and the
garpike Belone belone, but also some eurybathic
cephalopod and crustacean species (Orsi Relini &
Relini 1993, Boutiba & Abdelghani 1995, Canadas &
Sagarminaga 1996, Bearzi et al. 2003, Politi & Bearzi
2004). Overall, it seems that striped and common
dolphins are not competing for food resources in the
Mediterranean Sea, although it must be noted that
their diets slightly overlap (Bearzi et al. 2003). Addi-
tionally, contaminant loads in both species markedly
differ, indicating possible dissimilar diets, different
feeding areas and/or different abilities to handle
pollutants (Borrell & Aguilar 2005). Accordingly, we
cannot unequivocally conclude that isotopic similar-
ity between species is the result of trophic overlap, as
they may be consuming different prey types with
similar isotopic compositions. Further analyses (e.g.
description of stomach contents) are therefore re-
quired to unequivocally point to trophic niche segre-
gation as a potential enabler of species co-occurrence
in the Mediterranean (as reported for the North
Atlantic, Spitz et al. 2012)

In the Alboran Sea, mixed groups of common and
striped dolphins account for 17% of all common
dolphin sightings (Garcia-Tiscar et al. 2000). These
mixed groups are also present in other parts of the
Mediterranean Sea (i.e. southern Tyrrenian Sea and
the Gulf of Corinth) and it is assumed that the ratio
between mixed and single species groups increases
with decreasing abundance. As the number of com-
mon dolphins decreases, small groups begin to de-
pend on striped dolphins and move to mixed groups
(Frantzis & Herzing 2002). Despite these mixed
groups, common and striped dolphins seem to segre-
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gate spatially in the area, presenting different core
spatial areas. Common dolphins tend to aggregate at
areas from 200 to 400 m depth, with higher density of
groups towards the cooler western waters and pro-
gressively lower towards the warmer eastern waters.
However, group sizes are larger in the eastern part of
the Alboran Sea, with medium SSTs, and are smaller
on average towards the cooler western waters. As a
result, the density of animals is higher in both areas;
namely, at the westernmost end of the Alboran Sea,
where there are more but smaller groups, and at the
easternmost end (not including the Gulf of Vera)
where there are fewer, but larger groups. However,
striped dolphin distribution is not related to SST,
but mainly to depth, generally preferring waters
of 600-1800 m. Then, common dolphins are more
coastal than striped dolphins, with only a small over-
lap at the borders of the core areas near the Strait of
Gibraltar, where the density is high for both species.
After presenting this broad compendium of results,
we confirm that these species can partition their spa-
tial niche to avoid competition in the Alboran Sea,
whereas the trophic dimension should be further
investigated.

Common dolphins appear to have been abundant
and widespread all over the Mediterranean basin,
but in the 1970s, their numbers began to decrease
relatively quickly (Bearzi et al. 2003). Several
factors may have contributed to the decline of com-
mon dolphins (i.e. overfishing of their main prey,
habitat degradation, contamination, climate changes,
bycatch) (Bearzi et al. 2003). Nevertheless, there is
some speculation that the striped dolphin began to
occupy the ecological niche of the common dolphin
until its replacement (Viale 1985) in almost all of the
Mediterranean Sea, with the exception of the Albo-
ran Sea and some relict groups in the southeastern
Tyrrhenian and eastern Ionian Seas (reviewed in
Bearzi et al. 2003). Considering the results pre-
sented here, we suggest that the replacement
hypothesis seems plausible, because the isotopic
niches of both species are very similar and their
habitats are contiguous. A possible replacement
could have occurred if conditions had improved for
striped dolphins, while deteriorating for common
dolphins at the same time. Indeed, similar reciprocal
faunal changes have occurred in different pairs of
small cetaceans (e.g. Shane 1994, Jefferson & Schiro
1997, Palka et al. 1997). This begs the question: why
has this replacement not taken place in the Alboran
Sea? Population dynamics of common dolphins in
the Alboran Sea are very different compared to the
rest of the Mediterranean Sea. No general trend in

abundance was observed in the Alboran Sea during
the period between 1992 and 2004. However, on the
other side of the Almeria—Oran front (Gulf of Vera),
the numbers decreased threefold from 1992-1995 to
1996-2004 (Canhadas & Hammond 2008). Further-
more, the Alboran Sea individuals are genetically
more similar to their conspecifics of the Atlantic
Ocean than those of the Mediterranean Sea (Natoli
et al. 2008). The coexistence or the replacement of
these species on both sides of the Almeria—Oran
front may have been provoked by different oceano-
graphic conditions, dissimilar rates of fishing ex-
ploitation, different environmental changes or a
combination of these factors. Further research should
focus on this topic to disentangle the true causes of
these different scenarios.

In conclusion, common and striped dolphins seem
to coexist in the Alboran Sea thanks to the core
area spatial segregation. Nevertheless, whether
niche segregation may also involve temporal (i.e.
foraging at different times) or behavioural (i.e.
using different foraging tactics, foraging at different
depths) dimensions remains untested. Furthermore,
future research should consider the variation in the
isotopic composition of the prey and include stom-
ach content analysis to better understand resource
utilization of these species. Studies should be
extended to the rest of the species of the Alboran
Sea. Notwithstanding, stable isotope analyses in
combination with spatial distribution models have
proved to be useful tools for quantitative assess-
ments on niche partitioning between co-occurring
species.
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SUPPLEMENTARY TEXT
Six different Layman metrics were used as a measure of niche variation between the species (Layman, 2007):

1) 6N Range (NR): Distance between the most enriched and most depleted 6"°N values (i.e., maximum 6"°N
- minimum 6"N). NR is a representation of vertical structure. Trophic position of organisms must be
calculated in relation to the 0"°N values of a standardized baseline (Post, 2002) but, generally, a larger range
in 0'°N among consumers suggests more trophic levels and thus a greater degree of trophic diversity;

2) 6"C range (CR): Distance between the most enriched and most depleted 8"°C values (i.e., maximum 6"°C-
minimum 0"C). Increased CR would be expected if there are multiple basal resources with varying 6"°C
values;

3) Total area (TA): Convex hull area encompassed by all samples in 6”°C— 8N bi-plot space. This
represents a measure of the total amount of niche space occupied, and thus a proxy for the total extent of
trophic diversity within this group. TA is influenced by individuals with extreme positions on either the 6'"°C
or 0N axis (or both), and thus typically will be correlated to some degree with these two metrics;

4) Mean distance to centroid (CD): Average euclidean distance of each sample to the 0"°C — 0"°N centroid.
This metric provides a measure of the average degree of trophic diversity. In cases where a few outlier
individuals may differentially affect TA, this measure may better reflect the overall degree of trophic
diversity. However, this measure also is a function of the degree of individual spacing (see following metric);

5) Mean nearest neighbour distance (MNND): Mean of the euclidean distances to each individual’ nearest
neighbour in biplot space, and thus a measure of the overall density of individuals packing. Groups with a
large proportion of individuals characterized by similar trophic ecologies will exhibit a smaller MNND
(increased trophic redundancy) than a group in which individuals are, on average, more divergent in terms of
their trophic niche;

6) Standard deviation of nearest neighbour distance (SDNND): A measure of the evenness of individuals
packing in bi-plot space that is less influenced than MNND by sample size. Low SDNND values suggest more
even distribution of trophic niches. All Layman metrics were bootstrapped with replacement (n=10000) based
on half of the sample size to obtain confidence intervals around each metric (Jackson et al., 2012).
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Figure S1: Study area map showing the Strait of Gibraltar, Alboran Sea, Gulf of Vera and Almeria-Oran

front.

Figure S2: Shapes of the functional forms for the smoothed covariates used in the models for abundance of
groups of common dolphins. Zero on the vertical axes corresponds to no effect of the covariate on the
estimated response (group density). The dashed lines represent twice the standard errors of the estimated
curve (95% confidence band). The locations of the observations are plotted as small tick marks along the
horizontal axes. The interactions between two variables are shown as two-dimensional plots. In these cases,
the locations of the observations are plotted as small dots. The dotted red and green lines represent -1 standard
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error and + 1 standard error respectively (equivalent to the dashed lines of the univariate plots). The number
on the lines indicates whether it has a positive effect (e.g. ‘+1°), a negative effect (e.g. ‘-1’) or is neutral (‘0’).
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Figure S3: Shapes of the functional forms for the smoothed covariates used in the models for group sizes of
common dolphins. Zero on the vertical axes corresponds to no effect of the covariate on the estimated
response (group density). The dashed lines represent twice the standard errors of the estimated curve (95%
confidence band). The locations of the observations are plotted as small tick marks along the horizontal axes.
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Figure S4: Shapes of the functional forms for the smoothed covariates used in the models for abundance of
striped dolphins. Zero on the vertical axes corresponds to no effect of the covariate on the estimated response
(group density). The dashed lines represent twice the standard errors of the estimated curve (95% confidence
band). The locations of the observations are plotted as small tick marks along the horizontal axes. The
interactions between two variables are shown as two-dimensional plots. In these cases, the locations of the
observations are plotted as small dots. The dotted red and green lines represent -1 standard error and + 1
standard error, respectively (equivalent to the dashed lines of the univariate plots). The number on the lines
indicates whether it has a positive effect (e.g. ‘+1°), a negative effect (e.g. *-1”) or is neutral (‘0’).
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Figure S5: Shapes of the functional forms for the smoothed covariates used in the models for group sizes of
striped dolphins. Zero on the vertical axes corresponds to no effect of the covariate on the estimated response
(group density). The dashed lines represent twice the standard errors of the estimated curve (95% confidence
band). The locations of the observations are plotted as small tick marks along the horizontal axes. The
interactions between two variables are shown as two-dimensional plots. In these cases, the locations of the
observations are plotted as small dots. The dotted red and green lines represent -1 standard error and + 1
standard error, respectively (equivalent to the dashed lines of the univariate plots). The number on the lines
indicates whether it has a positive effect (e.g. ‘+1°), a negative effect (e.g. *-1”) or is neutral (‘0’).
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Figure S6: Spatial abundance distribution of common and striped dolphins in the Alboran Sea between 1992
and 2009. The prediction is presented in grid cells of 2 x 2 min latitude—longitude of resolution. High
abundance areas in red versus low abundance areas in blue.



TABLES

Table S1: Summary of samples analyzed for isotopic analysis split by month, year and sex. Mean 8"°N and

&"C values and its standard deviations are shown for each category.

Common dolphins Striped dolphins
Sex n 0N (sd) OC (sd) n 0N (sd) OC (sd) TOTAL
Female 28 11.34 (0.83) -17.52 (048) 32 11.74 (1.02) -17.45 (0.44) 60
Male 21 11.75 (0.80) -17.62 (0.53) 55 11.58 (0.89) -16.62 (0.41) 76
na 32 11.37 (0.95) -17.18 (0.58) 3 12.09 (1.59) -17.57 (0.63) 35
81 90 171
Common dolphins Striped dolphins
Month n "N (sd) OC (sd) n 0N (sd) OC (sd) TOTAL
1 6 1094 (0.53) -17.59 (029) 6 11.34 (0.35) -17.46 (0.42) 12
2 4 1100 (024) -1743 (0.50) 11 11.57 (0.64) -17.67 (0.27) 15
3 3 10.75 (0.31) -17.51 (0.68) 4 11.67 (0.66) -17.51 (0.24) 7
4 8 11.16 (048) -17.75 (0.27) 8
5 2 1169 (1.52) -1742 (131) 5 1098 (043) -17.79 (0.15) 7
6 4 12.11 (1.25) -1723 (039) 5 11.01 (0.27) -17.80 (0.48) 9
7 10 11.72 (0.87) -17.71 (049) 12 11.76 (1.23) -17.59 (0.53) 22
8 12 11.69 (097) -17.61 (0.67) 15 1233 (1.24) -17.28 (0.50) 27
9 5 1148 (0.88) -17.58 (0.48) 8 12.04 (1.12) -17.45 (0.35) 13
10 2 1211 (1.15) -17.59 (021) 6 11.54 (1.15) -17.72 (0.53) 8
11 5 11.16 (0.35) -17.76 (0.19) 3 11.88 (047) -17.53 (0.08) 8
12 2 11.14 (0.72) -1743 (0.70) 7 11.51 (0.81) -17.48 (0.55) 9
na 26 1144 (0.94) -17.07 (0.51) 26
81 90 171
Common dolphins Striped dolphins
Year n  O0"N (sd) OC (sd) n 0N (sd) OC (sd) TOTAL
2001 3 11.70 (040) -16.70 (0.01) O 3
2002 3 1148 (0.74) -17.05 (0.59) 1 10.80 -17.73 4
2003 14 11.07 (0.69) -17.37 (0.61) 5 11.82 (1.19) -17.69 (0.34) 19
2004 16 11.92 (1.30) -17.30 (0.61) 3 12.04 (1.43) -1749 (0.74) 19
2005 3 11.86 (0.02) -17.00 (0.30) 3 12.79 (1.04) -17.11 (0.27) 6
2006 4 11.64 (0.72) -1695 (0.16) 2 1190 (0.18) -16.82 (0.08) 6
2007 3 1147 (091) -1735 (041) 16 11.63 (0.92) -17.50 (0.41) 19
2008 4 1195 (0.89) -17.59 (0.24) 23 11.64 (0.76) -17.64 (0.36) 27
2009 4 10.83 (0.34) -17.37 (0.56) 10 11.77 (1.15) -17.43 (042) 14
2010 10 11.51 (1.02) -17.46 (0.54) 15 11.28 (0.80) -17.66 (0.42) 25
2011 12 11.24 (0.52) -18.02 (0.32) 5 1147 (1.35) -17.77 (0.59) 17
2012 2 10.80 (0.29) -17.63 (0.16) 4 12.11 (1.55) -17.58 (0.66) 6
2013 O 3 1145 (048) -17.53 (0.28) 3
na 3 1127 (0.37) -17.51 (0.14) O 3
81 90 171



Table S2: Results of the GAM models for explaining striped and common dolphins stable isotope values.
Explanatory variables, R?, deviance explained and Akaike Information Criterion (AIC) value for each model
are given. Significant variables in each model are highlighted in bold and final models chosen (smallest AIC
value with all significant variables in the model) are highlighted in grey.

R? Deviance AIC
O0"N ~ s(LENGTH) + MONTH + YEAR + SEX 0.750 83.10% 135.22

S
*é 0N ~ s(LENGTH) + MONTH + SEX 0.750 8020%  129.18
S 0N ~s(LENGTH) + SEX 0732 7540%  126.64
£ "N ~s(LENGTH) 0.724 7440%  128.17
§ 0°C ~ s(LENGTH) + MONTH + YEAR + SEX 0573 70.80%  46.73
S 0"C~s(LENGTH) + YEAR + SEX 0611 69.10% 32.82
§ 0"C~s(LENGTH) + YEAR 0593 67.40% 3622
A §1C ~ s(LENGTH) 0459 4940%  51.05
0PN ~ s(LENGTH) + MONTH + YEAR + SEX 0382 67.70% 10644
€ 6N ~s(LENGTH) + YEAR + SEX 0.558 68.90%  88.84
S 95N ~ S(LENGTH) + SEX 044 4770%  92.00
T 0N ~s(LENGTH) 0422 4470% 9239
£ 6°C ~ s(LENGTH) + MONTH + YEAR + SEX 0299 63.40%  62.39
& 6"°C ~ s(LENGTH) + YEAR + SEX 0408 5620%  51.29
& 6"C ~ s(LENGTH) + YEAR 0428 5640%  49.17
03C ~ s(LENGTH) 0004 2.67%  67.02

Table S3: Isotopic niche metrics for striped and common dolphins. The subscript boot signifies that the value
(mean) has been obtained through bootstrapping. Dde = Delphinus delphis; Sco = Stenella coeruleoalba.

Striped dolphin Common dolphin Probability

SEA. 048 0.78
SEA, 0.61 1.05 98.41% Dde > Sco
&"N range 2.30 2.08
"N range,.., 1.99 147 80.50% Sco > Dde
8"°C range 1.65 1.59
d°C rangey,, 1.42 132 62.88% Sco > Dde
TA 242 2.39
TAg 1.54 1.07 79.36% Sco > Dde
CD 0.52 0.58
CDy.,, 051 0.55 61.30% Dde > Sco
MNND 0.11 0.26
MNND,,, 0.1 0.24 91.52% Dde > Sco
SDNND 0.10 0.29
SDNND 0.14 0.28 91.19% Dde > Sco

boot




