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1.  INTRODUCTION

Climate change has biological effects on physio-
logical, phenotypical and distributional patterns of
marine species that can affect biological interactions
(Hughes & Grand 2000). The expansion of certain
species outside of their native range may have impor-
tant effects on ecosystems (Sorte et al. 2010, Last et
al. 2011). Although shifts or expansions in the geo-
graphic distribution of non-native or range-expand-
ing species (i.e. species that enter a habitat in which

they do not currently exist) have been well docu-
mented, the potential ecological and socioeconomic
consequences of these expansions are not well
understood, due to the amount of ecological informa-
tion required at different levels of organization (spe-
cies, community and ecosystem; Madin et al. 2012).
The basic knowledge of how these species use
trophic resources is crucial information to evaluate
their impact on the new community (Sunday et al.
2015). Overall, 2 main trophic pathways have been
suggested to explain resource acquisition by non-
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native or range-expanding species: (1) they may ex -
ploit novel niche opportunities that most native spe-
cies are unable to use (opportunism hypothesis), or
(2) they may exploit the resources used by native
species, displacing the native species from their pre-
ferred niches (competition hypothesis) (Tilman 2004,
San Sebastián et al. 2015).

Traditionally, the round sardinella Sardinella aurita
has been widely distributed in the southern part of
the Mediterranean Sea and subtropical waters of the
Atlantic Ocean, due to its preference for spawning in
warm waters (Ben-Tuvia 1960, Sabatés et al. 2006,
2009). The northward expansion of round sardinella
in the Mediterranean Sea has been documented over
the last decade as a consequence of the increase in
sea surface temperatures associated with global
warming (Sabatés et al. 2006, Tsikliras 2008). Simi-
larly, in other areas of the Atlantic Ocean such as the
coast of Mauritania, Morocco and the Canary Archi-
pelago, higher abundances of this species have been
recorded in recent years due to high surface temper-
atures (Zeeberg et al. 2008, Alheit et al. 2014).

As a consequence of the high feeding intensity and
the wide plasticity and adaptability to environmental
fluctuations and food availability of round sardinella
(Cury & Fontana 1988, Tsikliras et al. 2005, Morote et
al. 2008, 2010), this species may have an impact via
trophic competition or direct predation on closely-

related Clupeiformes, such as the European pilchard
Sardina pilchardus (hereafter referred to as sardine)
and the European anchovy Engraulis encrasicolus
(hereafter referred to as anchovy), 2 well-established
small pelagic fish species in the northern Mediter-
ranean Sea. The 3 species have been described as
planktivorous fish that mainly prey on copepods,
cladocerans and diatoms (Table 1). Previous trophic
studies conducted in the eastern Mediterranean Sea
revealed that round sardinella, sardine and anchovy
exploit similar food resources throughout the year
but with differences between seasons (e.g. for round
sardinella, copepods were described as the main
prey in fall, while for sardine, copepods were the
main prey in winter; Karachle & Stergiou 2014). On
the contrary, an isotopic niche analysis of these 3 clu-
peids in the NW Mediterranean Sea found different
trophic niches for adult stages (Albo-Puigserver et al.
2016). Although the trophic habits of sardine and
anchovy in the western Mediterranean Sea have
been well studied (e.g. Costalago et al. 2012, Le
Bourg et al. 2015, Brosset et al. 2016, and see refer-
ences in Table 1), to our knowledge, only 1 study
conducted in this area found high dietary overlap
between round sardinella and anchovy at larval
stages (Morote et al. 2008). No information on the
diet composition of juveniles and adults of round sar-
dinella in the western Mediterranean is available.
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Life Main prey groups Season References
stage 1 2 3 4

Round sardinella
Larva Copepod nauplii and postnauplii, cladocerans x Morote et al. (2008), present study
Juvenile Copepods, cladocerans, appendicularians, salps x x x
Adult Copepods, cladocerans, appendicularians, salps, x x x

diatoms, tintinnids

Anchovy
Larva Copepod eggs, nauplii and postnauplii, x x Costalago et al. (2014), Le Bourg et al. 

cladocerans (2015), Morote et al. (2010), Plounevez & 
Juvenile Copepods, cladocerans, appendicularians x x x Champalbert (2000), Intxausti et al. (2017), 
Adult Copepods, cladocerans, decapods, x x Tudela & Palomera (1997), Brosset et al. 

appendicularians (2016)

Sardine
Larva Tintinnids, copepod nauplii and postnauplii x Costalago et al. (2014), Costalago & 
Juvenile Copepods, cladocerans, appendicularians, x x x x Palomera (2014), Le Bourg et al. (2015), 

mysids, diatoms Morote et al. (2010), Brosset et al. (2016)
Adult Copepods, cladocerans, appendicularians, x x

diatoms

Table 1. Summary of the available published data on diet, including results of the present study (grey shading), based on stom-
ach content analysis and the main prey groups reported for round sardinella Sardinella aurita, anchovy Engraulis encrasicolus
and sardine Sardina pilchardus in the NW Mediterranean Sea. Seasons with available information are indicated with an ‘x’ 

(1: winter; 2: spring; 3: summer; 4: fall)
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This impairs our current capability to assess the eco-
logical consequences that the northward expansion
of this species has on other pelagic species.

In addition to the northward expansion of round
sardinella, in recent decades important declines in
biomass, landings and body condition of sardine
and anchovy have been observed in the NW
Mediterra nean Sea (Van Beveren et al. 2014, Bros-
set et al. 2017). The stocks of both species are
overfished in this area (Coll & Bellido 2019). In
contrast, round sardinella landings have increased,
with large fluctuations due to its low commercial
value (Palo mera et al. 2007, Coll et al. 2019). At
present, the potential factors controlling the popu-
lation of small pelagic fish in the NW Mediterran-
ean are still un clear and there is an urgent need to
understand the mechanisms that are driving these
fluctuations and to assess whether the expansion
of round sardinella affects sardine and anchovy
populations (competition hypothesis) and the whole
pelagic marine food web (Coll et al. 2019). The 3
species mainly occur from the coastal area to the
edge of the continental shelf. Sardine is found in
waters up to 200 m depth, although it is more
common in shallower areas, and anchovy is dis-
tributed in a larger area from the coast to off-shore
waters, to areas where the maximal depth is
around 400 m (Palomera et al. 2007). Round sar-
dinella has a preference for depths of 40−60 m
(Zgozi et al. 2018), and spawning of round sar-
dinella takes place in shallower waters than
anchovy, al though both species spatially overlap at
the larval stages (Sabatés et al. 2008, Schismenou
et al. 2008).

Accordingly, the aim of the present study was to
investigate the diet of round sardinella on a seasonal
basis, and compare it with trophic information on sar-
dine and anchovy from the same area, through com-
plementary methodologies: stomach content analysis
and stable isotope analysis (d15N and d13C values).
Isotopic information provides a long-term, integrated
measure of the assimilated food to explore the
trophic niche relationships between the 3 sympatric
species on a wide temporal scale, while stomach con-
tent analysis provides more detail about the prey
(Boecklen et al. 2011). Although outcomes of stom-
ach content and isotopic analysis need to be inter-
preted with caution (Nielsen et al. 2018), their combi-
nation is very useful to better understand the trophic
ecology of organisms at different time scales and res-
olutions, and has previously been successfully used
in the study of small pelagic fishes (e.g. Costalago et
al. 2014, Le Bourg et al. 2015).

2.  MATERIALS AND METHODS

2.1.  Study area and sampling procedure

The study area was located on the continental
shelf of the Ebro River Delta (NW Mediterranean
Sea; Fig. 1). This area is an important fishing
ground and spawning area for small pelagic fishes
and has been identified as a priority area of con-
servation (Palomera et al. 2007, Coll et al. 2012,
2015, Piante & Ody 2015). In the NW Mediterran-
ean Sea, sea surface temperatures and primary
production follow annual cycles characterized by
strong seasonality. Although the coastal zones of
the area are considered oligo trophic, inputs from
the Ebro outflow and episodes of strong winds
increase the availability of nutrients. During fall
and winter, the water temperature is at its lowest
and water column mixing is induced by strong
winds, leading to higher nutrient availability at the
surface, with a peak of phytoplankton in late win-
ter and spring (Salat et al. 2002). On the other
hand, in late spring and summer, during the
period of water column stratification, there is a
reduction in nutrients in the photic zone. At this
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Fig. 1. (A) Sampling area (dashed line) in the NW Mediter-
ranean Sea where round sardinella Sardinella aurita, sar-
dine Sardina pilchardus and anchovy Engraulis encrasicolus
were collected. The harbours where samples were landed
(Torredembarra, Tarragona and Cambrils) are indicated. (B) 

Location of the study area in the Mediterranean Sea



Mar Ecol Prog Ser 620: 139–154, 2019

time, the inputs of nutrients to the surface are sup-
plied by the Ebro River outflow (Estrada 1996,
Palomera et al. 2007). Zooplankton abundance and
composition show high spatial and temporal vari-
ability in the NW Mediterranean Sea (Calbet et al.
2001). However, some studies have found higher
zooplankton biomass after the late  winter/ early
spring phytoplankton bloom (Andreu & Duarte
1996, Fernández de Puelles et al. 2003). In
general, copepods dominate the zooplankton com-
munity throughout the year, with a dominance of
calanoid copepods during spring and winter (Cal-
bet et al. 2001, Sabatés et al. 2007). In contrast,
other groups present a clear pattern of seasonality.
Cladocera and Appendicularia show high abun-
dance in summer and Chaetognatha have a sum-
mer−autumn peak, whereas Cnidaria and Thali-
acea are abundant in spring (Gili et al. 1988,
Calbet et al. 2001, Pascual 2016).

For stomach content analysis, samples of adults
and juveniles of round sardinella were obtained
from commercial vessels working in the study area
(spring 2012 [April and May], winter 2013 [March])
and from an experimental oceanographic cruise
carried out in the same study area in summer 2013
(July) (ECOTRANS Project, Institut de Ciències del
Mar–CSIC; Fig. 1, Table 2). Samples obtained
from commercial vessels, corresponding to spring
2012 and winter 2013, were also used for stable
isotope analysis (see Section 2.3). Samples from
the experimental oceanographic cruise in summer
2013 were only used for stomach content analysis.

For stable isotope analysis, samples of adults and
juveniles of round sardinella, sardine and anchovy
were obtained from commercial vessels working in
the study area in spring, summer and fall 2012 and
winter 2013. All individuals were immediately frozen
after capture and stored at −20°C until morphological
measurements, tissue and stomach collection were
conducted. Total body length ranges considered to
classify the individuals as adults or juveniles were
based on the size at first maturity (when 50% of indi-
viduals at that size are mature), which was defined as
15 cm for round sardinella (Tsikliras & Antonopoulou
2006), 11 cm for anchovy (Palomera et al. 2003) and
13 cm for sardine (Abad & Giraldez 1983).

Several factors can contribute to variation in iso-
topic signatures and stomach content analysis. It is
important to take into account the limitations of
both 8echniques (Boecklen et al. 2011, Nielsen et
al. 2017). Stomach content analysis provides infor-
mation on diet over a short period of time (e.g. 1 d),
but at a high taxonomic resolution. On the other
hand, stable isotopes of muscle tissue integrate the
diet of a consumer over a long period (from several
weeks to some months in marine fish; Vander Zan-
den et al. 2015). Values of stable isotope are mostly
affected when changes in environmental conditions
are persistent in time (seasonal differences) or
space (spatial differences) (Boecklen et al. 2011).
Therefore, in this study, stable isotope values of
summer 2012 are as sumed to be representative of
summer season for other years (e.g. summer 2013)
in the same sampling area.
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Season Size class Samples No. stomachs V% Sampling date Time fished Fishing gear
range (cm) pooled analysed (d/mo/yr) GMT (h)

Spring 2012
9.6−13.6 No 20 40 13/04/12 00:00−06:00 Purse seine
19.8−25.2 No 10 20 23/04/12 10:00−04:00 Gillnet

19−26 No 20 0 04/05/12 00:00−06:00 Purse seine

Winter 2013
10.8−11.9 Yes 10 0 26/03/13 10:00−04:00 Gillnet
12.0−13.0 Yes 10 0 26/03/13 10:00−04:00 Gillnet
13.2−14.7 Yes 10 0 26/03/13 10:00−04:00 Gillnet
22.2−24.0 Yes 5 0 20/03/13 00:00−06:00 Purse seine

Summer 2013
12−16.2 Yes 13 0 10/07/13 06:00−07:00 Bottom trawling

16.8−23.6 Yes 13 7.7 10/07/13 06:00−07:00 Bottom trawling
21.5−29.5 Yes 7 28.6 07/07/13 06:00−07:00 Bottom trawling
17.5−24.6 Yes 9 0 07/07/13 09:00−10:00 Bottom trawling
16.7−20.1 Yes 10 0 08/07/13 11:00−12:00 Bottom trawling

Table 2. Sampling information of round sardinella Sardinella aurita collected for dietary analysis. Vacuity index (V%) is the 
percentage of empty stomachs. Time fished is the typical fishing time range per vessel according to fishing gear 
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2.2.  Stomach content analysis of round sardinella

In total, 137 stomachs of round sardinella caught
in spring 2012, winter 2013 and summer 2013
were analysed. The stomach contents were ex -
tracted un der a stereomicroscope (Leica M205 C)
and preserved individually in a buffered 5%
formaldehyde− seawater solution. No regurgitation
was de tected in the oesophagus, and the contents
of the intestine were discarded. After disaggrega-
tion of stomach contents, pools of 5 to 13
stomachs were diluted to a known volume of fil-
tered seawater, and homogenized aliquots of
each pool were examined under a stereomicro-
scope at 100× magnification until no new prey
items were found. Pooling of the stomach contents
of fish from the same haul in dietary studies of
small pelagic fish is a common practice, since
individuals from the same haul present similar
prey items in the stomachs (Van Der Lingen 2002,
Nikolioudakis et al. 2012). In this study, to pool
the stomachs, factors such as size, haul and
fishing day were taken into account. Ali quots of
4−7 ml of the total volume of the pools (140 ml)
were analysed. Stomach contents ob tained in
spring 2012 were not pooled since it was not pos-
sible to homogenize the predominant food items;
therefore, all stomach contents were individually
analysed (Table 2). All prey in the aliquots were
identified to the lowest taxonomical level possible
(generally up to species or genus level) and
counted. Only prey items that could be identified
were re corded, and the numbers of identified
prey in the pool were standardized to numbers of
prey per stomach.

Whenever possible, the length of each prey was
measured using an ocular micrometer. Dry weight
of prey was mathematically reconstructed from the
literature using length−weight relationships for
specific species, genera or groups (Borme et al.
2009, Costalago et al. 2012, Brosset et al. 2016;
Table S1 in the Supplement at www. int-res. com/
articles/ suppl/ m620 p139 _ supp. pdf). The contribu-
tion in terms of weight of dinoflagellates, tintinnids
and diatoms was not considered because of their
low weight compared to metazoan prey. Numerical
size-frequency histograms of the prey were con-
structed for each season and each ontogenetic
group.

To describe the contribution of each prey group
to the diet, the numerical percentage (%Ni = con-
tribution by number of food type i in relation to
the number of items in the whole contents) and the

weight percentage (%Wi = dry weight of food
type i in re lation to the weight of the whole stom-
ach contents) were calculated. All of these trophic
metrics were based on the number of non-empty
stomachs.

2.3.  Stable isotope analysis

Stable isotopes of d15N and d13C have been
broadly used to study trophic ecology of con-
sumers (Layman et al. 2012). Particularly, d13C is
often used as a proxy of the primary source of
dietary carbon and d15N as a proxy of trophic
position (Layman et al. 2012). In the present
study, we analysed d15N and d13C values in mus-
cle samples of round sardinella, anchovy and
sardine caught in spring, summer and fall of
2012 and winter 2013. Specifically, a small por-
tion of the dorsal muscle without skin from each
fish was sampled, freeze-dried and powdered,
and 0.28−0.33 mg of powdered muscle was
packed into tin capsules. Isotopic analyses were
performed at the Laboratory of Stable Isotopes of
the Estación Biológica de Doñana (www.ebd.
csic.es/lie/index.html). Samples were combusted
at 1020°C using a continuous flow isotope-ratio
mass spectrometry system (Thermo Electron) by
means of a Flash HT Plus elemental analyser
interfaced with a Delta V Advantage mass spec-
trometer. Based on laboratory standards, the
measurement error was ±0.1 and ±0.2 for d13C
and d15N, respectively. The standards used were
EBD-23 (cow horn, internal standard), LIE-BB
(whale baleen, internal standard) and LIE-PA
(feathers of razorbill, internal standard). These
laboratory standards were previously calibrated
with international standards supplied by the
International Atomic Energy Agency (Vienna).
Correction for lipids was not conducted, since
the C:N ratio was <3.5 for all samples (Post et al.
2007).

To provide insight into species’ trophic niche
widths, and to estimate the degree of isotopic niche
overlap between species, we calculated Bayesian
isotopic standard ellipse areas corrected for sample
size (SEAc), firstly for each season and then for all
seasons together (Jackson et al. 2011). Higher val-
ues of this metric represent a broader trophic niche
width (Layman et al. 2012). Isotopic SEAs and their
overlap were calculated using the routine Stable
Isotope Bayesian Ellipses in the SIAR library
(SIBER; Jackson et al. 2011).
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2.4.  Statistical analyses

Differences in stomach contents of round sardinella
between seasons and ontogenetic stages (juveniles
and adults) were statistically compared using 2-way
semi-parametric permutational multivariate analyses
of variance (PERMANOVAs) based on a Bray-Curtis
distance matrix (Anderson et al. 2008). Prior to these
analyses, data were square-root transformed to min-
imize the impact of outliers. In the case of significant
results, pairwise tests were performed. To analyse
the average dissimilarity between seasons and to
identify which prey made the greatest contribution to
the observed differences in diet composition of adults
and juveniles of round sardinella, the SIMPER analy-
sis was applied (Clarke & Gorley 2006).

Differences in d15N and d13C values between round
sardinella, anchovy and sardine were tested using a
1-way semi-parametric PERMANOVA based on a
Euclidean distance matrix (Anderson et al. 2008).
Analyses were run using PRIMER-E 6 software
(Clarke & Gorley 2006).

Potential ontogenetic changes in each species were
explored by analysing the relationship between iso-

topic values and body size (total length) using linear
regressions and adopting a significance level of α =
0.05. Linear regression analyses were performed
with R version 3.3.2. (R Core Team, 2018).

3.  RESULTS

3.1.  Stomach contents of round sardinella

Overall, the stomach contents of round sardinella
were composed of a wide variety of planktonic orga -
nisms (58 different prey categories were identified),
composed mainly of zooplanktonic organisms (Fig. 2,
Table S2). We found significant differences in stom-
ach content composition between seasons and be -
tween juvenile and adult stages (Fig. 2; seasons,
pseudo-F2,118 = 70.30, p < 0.0001; ontogenetic,
pseudo-F1,118 = 22.74, p < 0.0001; all pairwise tests,
p < 0.001). In spring 2012, salps dominated the diet of
round sardinella (N% = 25.16 and 85.11%, for
 juveniles and adults, respectively; W% = 70.96 and
99.20% for juveniles and adults, respectively;
Fig. 3A,B). In addition, amphipods of the suborder
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Fig. 2. Percentages of prey categories found in the stomach contents of round sardinella Sardinella aurita juveniles and adults 
by season (spring 2012, winter 2013 and summer 2013) in terms of number of prey items (N) and weight of prey items (W)
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Hyperiidea (Fig. 3C) were present in 68% of the
stomachs of adults, although they were never abun-
dant (N% = 0.92; Fig. 2). In spring, in juveniles of
round sardinella, copepods were numerically the
most important group (N = 53.77%; Table S2), with
Centropages spp. and Euterpina acutifrons repre-
senting 12% of total prey number.

During winter 2013, the diet of juveniles and adults
was also significantly different (pairwise test, p <
0.001). The diet of juveniles in winter was mainly
composed of appendicularians and other unidenti-
fied tunicates that numerically represented 26.65%
of the total contents and 45.91% in dry weight. More-
over, microplankton (diatoms, dinoflagellates and
tintinnids) and copepods also made an important
contribution to the total diet (N% = 31.88 and
21.79%, respectively). On the other hand, adults of
round sardinella preyed mainly on copepods, tintin-
nids and diatoms (N% = 31.08, 4.81 and 34.59%,
respectively), but in terms of weight, copepods dom-

inated the diet by far (W% = 97.13%). Specifically,
Acartia spp. and E. acutifrons were the most impor-
tant copepods.

In summer 2013, the most important prey were
copepods (N% = 53.56%, W% = 53.26%), mainly
calanoids, with a higher numerical presence of Acar-
tia spp. in adults and Centropages spp. in juveniles.
Cladocerans (mainly Penilia avirostris) were abun-
dant in both ontogenetic stages (Fig. 2). Decapods
and chaetognaths were not numerically abundant
but were important in terms of dry weight; decapods
contributed to 15.92% of the total diet of juveniles
and chaetognaths to 28.13% of the total diet of adults
(Table S2).

Round sardinella consumed prey within a wide size
spectrum throughout the year (Fig. 4). In general,
juveniles consumed prey of smaller size than adults.
In spring 2012, due to the consumption of salps, the
range of prey length was very wide, with individuals
from 0.1 mm to 20 mm (Fig. 4A,B). Prey of size classes
0.1−0.2, 0.7−0.8 and 2.6−2.7 mm were the most fre-
quently consumed by juveniles, while adults showed
preferences for larger prey within the 2.7−2.8, 3.3−
3.4 and 6−7 mm size class ranges. In winter 2013, due
to the high presence of phytoplankton and tintinnids
in the stomachs, a high proportion of the prey had a
size range <0.1 mm (46.56% of the total prey meas-
ured) (Fig. 4C), while 20.3% of prey were within
0.4−0.5 mm). In summer 2013, there was a clear dif-
ference in size range between adults and juveniles
(Fig. 4D). Prey items of 0.2−0.4 mm contributed
27.12% to the total measured prey in the diet of
round sardinella juveniles, whereas in adults, prey
items within the 0.6−0.9 mm size class contributed
43.60% to the total measured prey.

Based on numerical composition, SIMPER analysis
revealed that the average dissimilarity was high be -
tween seasons. The group that contributed more than
10% to the dissimilarity of the diet between spring
2012 and winter 2013 were diatoms, followed by
tintinnids and dinoflagellates (9.49 and 8.73%, re-
spectively) and copepods (7.41%; Table S3), which
presented high abundances in winter, while salps
that were the most abundant group in spring 2012
made a small contribution to the dissimilarity of diets
due to their lower abundance in absolute terms. Com-
paring spring 2012 and summer 2013 diets, cope pods
and cladocerans (15.74 and 10.49%, res pectively)
were the prey groups that contributed most to the dis-
similarity between seasons. Clado cerans also highly
contributed to the dissimilarity of diets between win-
ter and summer 2013 (13.10%), followed by diatoms
(9.37%) and tintinnids (7.55%; Table S3).
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Fig. 3. Prey found in stomachs of round sardinella Sardinella
aurita during spring: (A) Petri dish with the contents of 1
stomach, (B) salps isolated from the gut content, (C) speci-
men of salp with an amphipod parasite. Scale bars are 2 mm
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3.2.  Isotopic comparisons among species and sizes

Stable isotopic values of round sardinella differed
significantly from those of anchovy and sardine
(Fig. 5; pseudo-F2,231= 23.19, p < 0.001). Pairwise tests
indicated that, depending on the season, d15N and
d13C values of round sardinella juveniles were similar
to anchovy and sardine juveniles. Specifically, when
comparing only between juvenile stages of round
sardinella and the other 2 species, round sardinella
had similar d15N and d13C with sardine in summer
2012 and anchovy in fall 2012 (Table 3). In winter
2013, round sardinella juveniles had d15N and d13C

values similar to both sardine and anchovy juveniles.
In contrast, comparison between adult stages
revealed that round sardinella adults had signifi-
cantly higher d15N and d13C values than anchovy and
sardine adults during the different seasons (pairwise
comparison p < 0.001; Table 3).

SEAc values (a proxy of trophic niche) of round sar-
dinella overlapped differently with anchovy and sar-
dine depending on the ontogenetic stage and season.
In spring 2012, round sardinella juveniles showed lit-
tle overlap with sardine juveniles (3.47%). Round
sardinella adults also overlapped with sardine juve-
niles (9.84%; Fig. 5). In summer 2012, round sar-
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Fig. 4. Proportion of the prey size classes in the stomach contents of round sardinella by season: (A,B) spring 2012, (C) winter
2013, (D) summer 2013. The shaded range from <0.1 to 4 mm in panel (A) is amplified to a higher resolution in panel (B)
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dinella juveniles overlapped with anchovy adults
(17.02%), while round sardinella adults segregated
completely from the other 2 species. In fall 2012 and
winter 2013, there was greater SEAc overlap be -
tween round sardinella and the other 2 small pelagic
fish. In fall 2012, the overlap of round sardinella juve-
niles with anchovy juveniles was 18.87%, while
round sardinella adults overlapped with sardine
juveniles (14.85%; Fig. 5). In winter 2013, round sar-
dinella juveniles had an overlap of 26.74 and 39.19%
with sardine juveniles and adults, respectively, and
an overlap between round sardinella juveniles and
anchovy adults and juveniles of 41.29 and 2.46%,
respectively. In contrast, round sardinella adults only
overlapped the isotopic niche with anchovy juveniles
in a low proportion (5.77%; Fig. 5).

When assessing all seasons together and the
SEAc as a measure of trophic niche width, we
observed that round sardinella juveniles had a
wider trophic niche width than adults (Fig. 6).
Therefore, round sardinella juveniles overlapped in
high proportion with anchovy juveniles (40.9%),
which also present a large trophic niche width, and
with sardine juveniles (25.83%; Fig. 6). In contrast,
the SEAc of round sardinella juveniles overlapped
in low proportion with that of anchovy adults
(9.91%). The low overlap ob served with sardine
adults was not considered as a potential trophic
overlap between these 2 groups (round sardinella
juveniles and sardine adults; 0.03%). Round sar-
dinella at adult stages only overlapped with sardine
juveniles in low proportion (8.21%) and segregated
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Fig. 5. Standard ellipses for adults (solid lines) and juveniles (dashed lines) of round sardinella Sardinella aurita, anchovy En-
graulis encrasicolus and sardine Sardina pilchardus during spring, summer, fall 2012 and winter 2013. Individual d15N and d13C 

values of adults (filled dots) and juveniles (open dots) are also graphed
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the trophic niche from both ontogenetic stages of
anchovy (Fig. 6).

Regarding the isotopic niche width, round sardi -
nella and anchovy both showed larger isotopic niche
width at the juvenile than at the adult stage. Con-
versely, sardine had a slightly larger isotopic niche at
the adult stage (Fig. 6). These trends were also sup-
ported by the relationship between body length and

d15N values (Fig. 7). Body length of anchovy and
round sardinella were positively correlated to d15N
values, suggesting a higher trophic position of larger-
sized individuals even when smaller-sized individu-
als (juveniles) showed high variability in d15N values
(Fig. 7A,B). In contrast, body length and d15N values
of sardine were negatively correlated (Fig. 7C), in -
dicating lower trophic positions of larger-sized

148

Spring 2012 Summer 2012 Fall 2012 Winter 2013
Juvenile Adult Juvenile Adult Juvenile Adult Juvenile Adult

Round sardinella
n 10 10 6 14 10 10 9 10
d15N 9.1 ± 1.0 8.7 ± 0.3 8.9 ± 0.7 9.0 ± 0.4 7.5 ± 0.5 9.2 ± 0.2 7.9 ± 0.7 9.2 ± 0.5
d13C −18.6 ± 0.2 −18.7 ± 0.2 −18.8 ± 0.2 −18.7 ± 0.1 −18.1 ± 0.2 −18.2 ± 0.2 −19.0 ± 0.3 −18.5 ± 0.1
TL 11.0 ± 0.7 23.6 ± 1.5 13.2 ± 0.6 20.7 ± 3.5 10.3 ± 1.4 24.0 ± 1.8 11.8 ± 0.8 23.2 ± 1.1

Anchovy
n 5 14 10 10 10 10 10 11
d15N 7.8 ± 0.3 8.0 ± 0.4 7.2 ± 0.7 8.1 ± 0.3 6.6 ± 1.7 8.1 ± 0.2 8.4 ± 0.8 8.2 ± 0.2
d13C −19.8 ± 0.5 −19.3 ± 0.3 −18.8 ± 0.3 −19.0 ± 0.2 −17.9 ± 0.4 −18.8 ± 0.2 −18.9 ± 0.4 −19.3 ± 0.2
TL 10.3 ± 0.2 13.9 ± 1.9 8.2 ± 0.7 14.5 ± 1.2 8.4 ± 0.9 14.0 ± 1.3 9.6 ± 1.1 14.0 ± 0.8

Sardine
n 10 10 8 11 11 8 6 9
d15N 8.4 ± 0.6 7.8 ± 0.6 8.8 ± 0.4 8.1 ± 0.3 8.8 ± 0.6 8.2 ± 0.3 8.2 ± 0.6 8.1 ± 0.4
d13C −19.2 ± 0.4 −19.6 ± 0.6 −19.2 ± 0.2 −20.0 ± 0.4 −18.8 ± 0.6 −19.4 ± 0.6 −19.3 ± 0.3 −19.2 ± 0.4
TL 11.3 ± 0.2 17.9 ± 0.6 9.5 ± 0.3 15.7 ± 1.2 10.6 ± 0.6 17.7 ± 1.0 11.5 ± 0.2 12.9 ± 0.5

Table 3. Number of analysed individuals (n), mean ± SD of d15N and d13C values (in ‰) and total body length (TL ± SD; in cm)
of juveniles and adults of round sardinella Sardinella aurita, anchovy Engraulis encrasicolus and sardine Sardina pilchardus

during spring, summer, fall and winter

Fig. 6. Isotopic ellipse areas (δ15N and δ13C, in ‰2) of adults and juveniles of round sardinella Sardinella aurita, anchovy En-
graulis encrasicolus and sardine Sardina pilchardus combining isotopic data from all seasons (spring, summer, fall 2012 and
winter 2013). The right side shows density plots of Bayesian ellipse area as a proxy of trophic niche width. Black points corres-

pond to the mean standard ellipse area, while boxes show 50 (black), 75 (grey) and 95% (white) credible intervals
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 sardines. In anchovy and sardine, body length had
a significantly negative relationship with d13C
(Fig. 7E,F), whereas round sardinella body length
and d13C did not show any relationship (Fig. 7D).

4.  DISCUSSION

In this study, we present new information on the
trophic ecology of round sardinella, a range-
expanding pelagic fish in the NW Mediterranean
Sea, by combining stomach content and isotopic
analyses. Overall, stomach contents revealed that
round sardi nella mainly preys on gelatinous zoo-
plankton, copepods, cladocerans, tintinnids and
diatoms, indicating a generalist diet. Likewise, iso-
topic results revealed that round sardinella partially
overlaps in its trophic niche with anchovy and sar-
dine, mostly at the juvenile stages, whereas it
mostly segregates its trophic niche at the adult
stage. The observed seasonal variation in the diet of
round sardinella is in accordance with the oppor-
tunistic feeding behaviour described for round sar-
dinella in other areas (Cury & Fontana 1988, Tsikli-
ras et al. 2005). However, to our knowledge, this is
the first time that gelatinous zooplankton, mainly
salps, have been described as the main prey for

round sardinella and other small pelagic fish in the
Mediterranean Sea (Karachle & Stergiou 2017).

Feeding on salps by small pelagic fish has been
reported in the southwestern Atlantic Ocean, where
the analysis of stomach contents of Argentine ancho -
veta Engraulis anchoita revealed that this species
consumed large quantities of salps when the avail-
ability of other zooplankton groups, such as cope-
pods and cladocerans, was lower in the ecosystem
(Mianzan et al. 2001). However, because we did not
have data on the zooplankton abundance during the
fish-sampling period, we cannot establish if round
sardinella selected salps over other prey or fed on
salps because they were more abundant at the time
than other planktonic groups. Salps generally form
large swarms (blooms), especially during spring
(Pascual 2016), so it is likely that round sardinella
prey on salps due to the high availability of this prey
in certain periods. Although gelatinous zooplankton
has generally been considered a prey of low nutri-
tional quality without relevance for predators (Doyle
et al. 2007), in recent years it has been found that
salps are more nutritional than previously thought,
with a high protein content (Henschke et al. 2016).
The energy demand of marine predators may be
achieved by a high consumption of salps (Dubischar
et al. 2012, Henschke et al. 2016), as has been
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Fig. 7. Relationships between the body length (standard length, in cm), δ15N and δ13C values of (A,D) round sardinella
Sardinella aurita, (B,E) anchovy Engraulis encrasicolus and (C,F) sardine Sardina pilchardus. Solid line: linear regression; 

dashed line: 95% confidence interval
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observed for top predators in the NW Mediterranean
Sea (Cardona et al. 2012) and similar to what we
observed for round sardinella in spring. Moreover,
we also found amphipods of the family Hyperiidae in
many stomachs of round sardinella, which are com-
mon parasites of salps (Laval 1980). The ingestion of
these amphipods may increase the energy gain from
the consumption of salps. Other tunicates (mainly
appendicularians) were an important part of the diet
of juvenile round sardinella during winter. This could
be related to the large aggregations of this prey that
are sometimes found in the western Mediterranean
(Champalbert 1996). This result is in agreement with
a previous study that observed dietary preference of
round sardinella for tunicates during the cold season
in the central Mediterranean Sea (Lomiri et al. 2008).

Recently, qualitative ecosystem food-web models
representing the NW Mediterranean pelagic eco -
system highlighted the key role of gelatinous zoo-
plankton when describing the temporal dynamics of
small pelagic fish (Coll et al. 2019). The ability of
round sardinella to eat gelatinous zooplankton com-
pared to other small pelagic species (see Table 1)
may represent an advantage in future potential sce-
narios of global warming (opportunism hypothesis),
since gelatinous zooplankton is expected to positive -
ly benefit from future environmental changes (Mo li -
nero et al. 2009, Brotz & Pauly 2012, Brotz et al. 2012,
Grémillet et al. 2017). Moreover, if round sardinella
have the capacity to consume salps and other clu-
peiforms do not (see Table 1), round sardinella could
be in an advantageous fitness position compared to
other small pelagic species in future scenarios where
plankton biomass could decrease (Chust et al. 2014).
Future ecological models should consider gelatinous
zooplankton with a higher resolution to better de -
scribe the present and future dynamics of the pelagic
ecosystems (Jaspers et al. 2014).

The diet of round sardinella was composed of other
preferred prey in other seasons. The high proportion
of tintinnids and diatoms observed in winter (higher
for adults than for juveniles) was probably related to
the high abundance of phytoplankton in this season
(Arin et al. 2005). In our study area, the increase in
phytoplankton biomass is a consequence of the water
discharges of the Ebro River and strong northern
winds, which may generate local upwelling proces -
ses triggering nutrient-enrichment events, which in
turn fuel high primary production (Lloret et al. 2004,
Arin et al. 2005, Costalago & Palomera 2014, Bar-
roeta et al. 2017). The presence of phytoplankton in
the stomach contents of round sardinella was previ-
ously described in areas with upwelling conditions or

important inputs of nutrients, such as Senegalese or
Egyptian waters (Nieland 1982, Madkour 2012). In
contrast, in oligotrophic areas without upwelling
events or river discharges, such as the Aegean Sea
and the central Mediterranean, the presence of
phyto plankton was not reported in the diet of this
species (Tsikliras et al. 2005, Lomiri et al. 2008,
Karachle & Stergiou 2014).

Copepods have also been described as the main
prey of round sardinella in many studies from the
Mediterranean Sea (Tsikliras et al. 2005, Lomiri et al.
2008, Madkour 2012, Karachle & Stergiou 2014, Bay-
han & Sever 2015). In our study, they were the princi-
pal prey (both in number and weight) only during
summer, whereas in winter they were the main prey
for adults exclusively in terms of weight since phyto-
plankton was numerically the most abundant prey as
mentioned above.

During summer, coinciding with the reproductive
season of round sardinella (Palomera et al. 2007),
cladocerans were found in high proportions in the
stomach contents of both adults and juveniles. Clado-
cerans are an abundant prey in summer (Calbet et al.
2001) and are probably easily captured by round sar-
dinella. Moreover, compared to winter, adults clearly
fed on larger prey, which have higher energy content
than smaller prey (Barroeta et al. 2017). This coin-
cides with the higher energy demands for reproduc-
tion that round sardinella have in summer (Albo-
Puigserver et al. 2017). In previous studies, while
size-related variations in diet were correlated with
morphological changes in gill structure, observed
seasonal changes in diet were attributed to prey
availability (Lomiri et al. 2008). Thus, the observed
seasonal changes in the diet of round sardinella in
this study are likely related to food availability. How-
ever, further studies combining stomach content and
plankton composition are needed to confirm this
hypothesis.

In winter, although round sardinella preyed on
phytoplankton, similarly to that described for sar-
dine, we found no overlap with sardine in terms of
isotopic values. In addition, sardine showed a nega-
tive relationship of body length to d15N, which high-
lights that adults of sardine are feeding at a lower
trophic level than juveniles, suggesting an active
 filter- feeding activity as the individuals become
larger (Costalago et al. 2012). In contrast, in round
sardinella, this relationship was positive, showing
that the importance of phytoplankton for round sar-
dinella decreases as individuals grow in size. The
observed feeding differences between juveniles and
adults of round sardinella in this study were also
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found in round sardinella in the Aegean Sea, where
Tsikliras et al. (2005) observed an increasing trophic
level of consumed prey with the increase in fish body
size, and explained it as a consequence of the differ-
ent energy needs at different life stages. Juveniles of
round sardinella preyed on smaller-sized prey cate-
gories than adults in the central Mediterranean Sea
(Lomiri et al. 2008), similar to our results, and were
related to the changes in the number and separation
of gill rakers (Rincon et al. 1988). Although we found
that larger individuals fed on larger prey, smaller
individuals also had the capacity to prey on larger
animals such as salps. The lower mean values of d15N
of round sardinella adults could be a result of pre -
dation on lower trophic level species, such as salps
(Cardona et al. 2012).

Our results show that adult individuals of round
sardinella seem to segregate their niche from other
small pelagic fish. The higher values of d15N ob -
served in almost all seasons may be related to con-
sumption of bigger prey at higher trophic levels than
other small pelagic fish. Anchovy and sardine in the
Gulf of Lions in summer consume prey mainly in the
0.2−0.6 mm size class (Le Bourg et al. 2015), while in
our study, adult round sardinella consumed mainly
0.5−0.9 mm prey. However, during the juvenile
stages, round sardinella partially overlapped with
juvenile sardine and anchovy (supporting the ‘com-
petition hypothesis’ at the juvenile stages), and the
size class of prey consumed in summer was similar to
that described for sardine and anchovy in the Gulf of
Lions (Le Bourg et al. 2015). We can thus hypothesize
that in situations of food limitation, juveniles of round
sardinella, anchovy and sardine could be competi-
tors. However, the wide diversity of prey and the
dominant presence of salps in the diet of round sar-
dinella could be a mechanism to reduce the interspe-
cific trophic competition, thus favouring its coexis-
tence with other sympatric small pelagic species. If
round sardinella abundance and northward distribu-
tion continue to increase with time, its high trophic
plasticity associated with its capacity to consume
prey not exploited by similar pelagic species could
represent an important advantage for this species in
the face of changes in zooplankton composition.

We did not observe changes in d13C values with
sardinella body length, indicating no changes in the
source of carbon between juveniles and adults. This
may be related to the habitat sharing between adults
and juveniles and the preference for shallower
waters of round sardinella (Schismenou et al. 2008).
In contrast, a decline in d13C values with increasing
body lengths, found for both sardine and anchovy,

indicated an increase in carbon sources of pelagic
origin with fish size, which is probably due to an
expansion of adult distribution ranges from coastal
productive areas to the continental shelf as they grow
(Giannoulaki et al. 2011, 2013). However, the poten-
tial spatial overlap or segregation of juveniles and
adults of round sardinella, anchovy and sardine re -
mains to be quantitatively investigated.

In conclusion, this study confirms the capacity of
round sardinella to feed on different prey groups and
potentially adapt its diet to environmental prey avail-
ability, and highlights the importance of the trophic
link between gelatinous plankton and this species.
Future feeding ecology studies of clupeiforms in the
Mediterranean should focus on detecting potential
shifts in diet towards a more gelatinous zooplankton
preference, which could lead to important conse-
quences in energy fluxes, as it has been observed in
small pelagic fish of the Pacific Ocean (Brodeur et al.
2019). Moreover, prey availability and nutritional
quality of prey should be included in future trophic
studies of small pelagic fish in order to better under-
stand the advantages or disadvantages of preying on
gelatinous zooplankton. Due to the differences found
in trophic overlap between adult and juvenile round
sardinella with sardine and anchovy, it is advisable to
integrate different ontogenetic stages in future as -
sessments in order to capture the different trophic
interactions.
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