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Abstract

This study examines the feeding habits of anchovy (Engraulis encrasicolus), sardine (Sardina pilchardus) and round sar-
dinella (Sardinella aurita). The results are combined with previously published information on feeding-related morphological fea-
tures (i.e. mouth area, intestine length and tail area) in order to explore morphological affinities between species and the effect of
ecomorphology on their co-existence. These species were mainly zooplanktivorous and no dietary differences were found with sex
and season. Anchovy preyed mainly on Crustacea larvae, whereas sardine and round sardinella on Copepoda. In the majority of
cases (>90%), the individual fractional trophic level of all species ranged between 3.0 and 3.5, classifying them as omnivores with
preference to animals. The feeding-related morphological features differed between anchovy and the two other species, whereas
only intestine length differed between sardine and round sardinella. The fact that the diet and morphology of round sardinella show
a greater resemblance to those of sardine further supports the hypothesis that round sardinella is a particulate feeder, as is sardine.
Hence the three species tend to exploit the same food resources differently throughout the year. Thus, they make best use of the
environment and its resources, in order to avoid competition and achieve optimum feeding conditions throughout their life cycles.

Keywords: Engraulis encrasicolus, Sardina pilchardus, Sardinella aurita, seasonal feeding, diet, ecomorphology.

Introduction

The small pelagics European anchovy [Engraulis en-
crasicolus (L., 1758)], European pilchard or sardine [Sar-
dina pilchardus (Walbaum, 1792)] and round sardinella
(Sardinella aurita Valenciennes, 1847) are distributed
throughout the Mediterranean Sea (Froese & Pauly 2012:
www.fishbase.org), and are highly commercial, both in
terms of landings and economic value (e.g. Dul¢i¢, 1997;
Stergiou et al., 1997; Bellido et al., 2000; Tsikliras et al.,
2005a). The populations of small pelagics are character-
ized as ‘wasp-waist’, being considered as crucial com-
ponents of pelagic ecosystems (Cury et al., 2000). They
exercise both top-down and bottom-up control on food
webs (Cury et al., 2000), since they constitute the inter-
mediate link in the flow of energy from lower to higher
trophic levels (e.g. Tudela & Palomera, 1997; Palomera
et al., 2007; Lomiri et al., 2008; Preciado et al., 2008;
Espinoza et al., 2009; Coll & Libralato, 2012).

With respect to their diet and feeding habits, avail-
able studies refer to adult feeding in the Atlantic (e.g. an-
chovy: Plounevez & Champalbert, 1999; sardine: Varela
et al., 1988; round sardinella: Pham Thuoc & Szyputa,
1973; Nieland, 1982), the Baltic Sea (anchovy: Schaber
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et al., 2010), the western Mediterranean (e.g. anchovy:
Tudela & Palomera, 1997; Plounevez & Champalbert,
2000; Bacha & Amara, 2009), the central Mediterranean
(e.g. anchovy: Borme et al., 2009; round sardinella: Lo-
miri et al., 2008), the eastern Mediterranean (e.g. ancho-
vy: Nikolioudakis et al., 2012; round sardinella: Madk-
our 2012) and the Black Sea (e.g. anchovy: Mikhman &
Tomanovich, 1977; Sirotenko & Danilevskiy, 1977; Bud-
nichenko et al., 1999). Information is also available on
larval feeding (anchovy: Conway et al., 1998; Tudela et
al., 2002; sardine: Dul¢i¢, 1999; Munuera Fernandez &
Gonzalez-Quirds, 2006; Voss et al., 2009; Morote et al.,
2010; Borme et al., 2013; round sardinella: Moreno &
Castro, 1995; Morote et al., 2008). As regards the Greek
seas, the only studies concerning their diet are those of
Petrakis et al. (1993), Sever et al. (2005) and Nikoliou-
dakis et al. (2011, 2012) on sardine, Catalan et al. (2010)
on larval anchovy, and Tsikliras et al. (2005b) on season-
al diet of round sardinella. Yet, the feeding habits of these
three species have never been examined in a comparative
manner and in relation to their ecomorphology.

In this report, we explored whether the feeding hab-
its of these three small pelagic species, combined with
ecomorphology and trophic position, affect their coexist-



ence and potential competition, especially in the light of
climate change that favours the expansion of round sar-
dinella to northern latitudes (e.g. Tsikliras et al., 2005a,
b; Sabates et al., 2006; Lomiri et al., 2008). To this end
we: (a) studied the diet and the feeding habits of anchovy,
sardine and round sardinella in the Northern Aegean Sea,
their main fishing ground in Greek waters (e.g. Stergiou et
al., 1997; 2011), (b) used published information on feed-
ing related morphometrics in order to evaluate the effect
of morphometry on diet, and (c) compiled the available
literature on their feeding habits and used it to calculate
their fractional trophic levels throughout their distribu-
tion range. Such information is of great importance for
understanding the role and position of these species in
the ecosystems, as well as interspecific competition for
the same food resources (e.g. Cunha et al., 2005; Tsik-
liras et al., 2005b; Garrido et al., 2007).

Materials and Methods

Samples were collected from the N Aegean Sea with
purse-seiners, using artificial light, on a seasonal basis
(spring 2001-winter 2006). In the case of round sar-
dinella, additional samples from professional gillnets, set
in the same area and during the same time period, were
used. The fish were preserved in 10% formalin and total
length (TL, 0.1 cm) was measured at the laboratory; sex
was determined by visual examination of the gonads. The
digestive tract was removed and stomachs were isolated.
For each stomach separately, the contents were analyzed,
using a stereomicroscope and the vacuity coefficient
(VC) was estimated as the percentage of empty stom-
achs. Each food item was identified to the lowest possible
taxonomic level. Subsequently, each food category was
weighed (0.001 g) and its weight was expressed as a per-
centage of total stomach content (Hyslop, 1980), since
quantitative approaches in diet analyses (i.e. estimation
of weight and/or volume of food items) are more appro-
priate for estimating fractional trophic level (t) (e.g. Ster-
giou & Karpouzi, 2002). The presence of phytoplankton
was recorded using a microscope but was not weighed
due to the small quantities found. An extended account
on samplings and stomach content analysis is given in
Karachle & Stergiou (2008). Additionally, T per individ-
ual per species (1) was estimated using TrophLab (Pauly
et al., 2000) and the mean values were tested for differ-
ences between species (t-test, Zar, 1999).

The following equation was used for the estimation
of 7, (Pauly et al., 2000):

G
Ti =1+2DCU XT]-,
J=
where DC, is the weight contribution of prey item j in the

diet of stomach i; T, is the trophic level of prey item j and
G is the number of prey species included in stomach i.

10

The matrix of the percentage weight contribution
of each prey category per species/season/sex was con-
structed (11columns x 64 rows). This matrix was then
transformed to a triangular one, using the Bray-Curtis
similarity index, and subjected to clustering (group-aver-
age linking) and multi-dimensional scaling (MDS) multi-
variate techniques (Field et al., 1982). SIMPER analysis
(SIMilarity PERcentages) was used to identify the food
items responsible for the formation of groups (Clarke &
Gorley, 2001).

Finally, in order to explore the effect of morphol-
ogy on dietary preferences between the three species, the
relationships of morphologic characteristics related to
feeding [i.e. mouth area (MA), intestine length (GL) and
tail area (TA)] with TL were compared with analysis of
covariance (ANCOVA, Zar, 1999). The above mentioned
relationships have been presented elsewhere (MA: Kara-
chle & Stergiou, 2011; GL: Karachle & Stergiou, 2010a;
TA: Karachle & Stergiou, 2012).

Finally, three on-line databases (i.e. Web of Science,
Scopus and Google Scholar) were used in order to collect
previously published data on the feeding habits of the
three species. The following information was tabulated:
(a) study area and time period, (b) length measurement
and range, (c¢) number of stomachs examined, (d) method
of stomach content analysis, and (¢) main food items.
Based on the reported diet composition, T was estimated
whenever possible, using the corresponding routine of
TrophLab (Pauly et al., 2000) (i.e. the “Diet composi-
tion” routine, when volumetric or weight data were avail-
able, and the “Food item” routine, when frequency or nu-
merical data were presented by the original authors).

Results

Overall, the stomach content of 759, 752 and 230
individuals of anchovy, sardine and round sardinella,
respectively, was examined. The size of the specimens
ranged between 6.7 and 16.2 cm [mean + standard error
(SE) = 11.4 £ 0.05 cm; median = 11.7 cm] for anchovy,
between 7.6 and 16.7 cm (mean £ SE = 12.7 + 0.05 cm;
median = 12.7 cm) for sardine, and between 8.4 and 23.9
cm (mean £ SE = 17.2 £ 0.21 cm; median = 16.7 cm)
for round sardinella. The number of empty stomachs was
higher for round sardinella (VC = 68.7; Table 1) than that
for anchovy and sardine (VC = 31.5% and 51.1%, re-
spectively; Table 1).

For anchovy, VC displayed the highest and lowest
values in autumn (42.4%) and spring (25.1%), respec-
tively (Table 1). This species included 45 different food
items in its diet, with Crustacean larvae [53.3%; domi-
nant larval groups: Brachyura and Euphasiacea (Table
1, Fig. 1)] being the most important taxon, in terms of
weight contribution.

For sardine, VC displayed the highest value in spring
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(58.6%) and the lowest in autumn (41.1%) (Table 1).
Forty three different food items were identified in the
stomach contents, with Copepoda being the most numer-
ous. Copepoda (42.9%) and Brachyuran larvae (39.9%)
had the highest % weight contribution to the overall diet
of sardine (Table 1, Fig. 1).

Round sardinella displayed high VC values, ranging
from 64.3% in summer to 80.0% in autumn (Table 1).
The analysis of the stomach contents revealed 31 differ-
ent food items, and Copepoda had again the highest con-
tribution. Overall, in the diet of round sardinella, Cope-
poda (50.0%) and Appendicularia (22.1%) displayed the
highest % weight contribution (Table 1, Fig. 1).

The difference of feeding habits between the sexes
was rather small in all species (Table 2).

The range of the estimated t. was 2.0-4.5 [mean +
standard deviation (SD): 3.17 £ 0.30] for anchovy, 2.66-
4.5 (mean = SD: 3.11 £+ 0.29) for sardine and 3.0-4.5
(mean £ SD: 3.27 £ 0.34) for round sardinella (Fig. 2).

% wet weight

For anchovy, the majority (91.7%) of 1, values ranged be-
tween 3.00 and 3.45, with only six values (1.2%) below
3.00 and 37 values (7.1%) above 3.45 (Fig. 2). Accord-
ingly, for sardine 93.8% of t, values ranged between 3.00
and 3.40, with only three values (0.8%) being below and
20 values (5.4%) above this range (Fig. 2). For round
sardinella, the majority of t, values (91.7%) ranged be-
tween 3.00 and 3.53, with only six values (8.3%) exceed-
ing this range (Fig. 2). The mean t, differed significantly
(ANOVA: p <0.01) between the three species.

Cluster analysis revealed the formation of four
groups, at the 25.20% level of similarity (Fig. 3): (a)
Group I consisted of round sardinella in summer, (b)
Group II consisted of sardine and anchovy in summer,
(c) Group III consisted of sardine in winter and round
sardinella in spring and autumn, and (d) Group IV con-
sisted of sardine in autumn and spring and anchovy in
spring, autumn and winter. Food items responsible for
the dissimilarities among the four groups according to

% wet weight

100 -

%o wet weight

[¥]
[—]

0 T T T

A Evphasiacea
Amphipoda
B8 Fish

E3 Fish eggs
B Fish larvas

O Crustacea

W otherz

E Copepoda

B Chastognatha
B Appendicularia

total SP sSU AU

Fig. 1: Main prey items of (a) the European anchovy (Engraulis encrasicolus), (b) sardine (Sardina pilchardus), and (c) round
sardinella (Sardinella aurita), totally, in spring (SP), summer (SU), autumn (AU), winter (WI), males (m) and females (f) from the
N-NW Aegean Sea, Greece, spring 2001- winter 2006.
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Table 2. Food items and their contribution (expressed as % wet weight) per sex for Engraulis encrasicolus, Sardina pilchardus
and Sardinella aurita, N-NW Aegean Sea, Greece, spring 2001- winter 2006. N.i.=not identified/digested; N=number of individu-
als; VC=vacuity coefficient; TL=total body length; t + SE=fractional trophic level + standard error. Asterisk (*) denotes presence

of a food item in the diet with a percentage of <0.1.

Engraulis encrasicolus Sardina pilchardus

TAXA 3 0 3 Q

Sardinella aurita

d

?

Detritus 1.3 2.5 0.6
Microalgae

Bacillariophyceae *
Pennales
Dinophyceae * *
Prorocentrum spp.
Ageiosperma
Phanerogama
Cymodocea spp. * *
Polychaeta
larvae
n.i. Polychaeta
Mollusca
Heteropoda 0.4 02 *
Bivalvia
Bivalvia larvae * * *
Cephalopoda 0.9
Crustacea
Cladocera

Evadne spp.

Penillia spp.

Podon spp.
Ostracoda
Copepoda

Acartia spp. 12 * * 12

Anomalovera patersoni 0.9

Candacia spp.

Candacia armata 1.6 0.1 0.9 0.1

Candacia simplex

Centropages spp. ® * 1.3

Centropages typicus *

Clausocalanus spp. ®

Corycaeus spp. * * * *

Corycaeus limbatus

Corycella spp. * * * *

Euchaeta hebes

Harpacticoidea * *

Isias spp. *

Microsetella spp. * *

Nanocalanus minor *

Oithona spp.

Oncea spp. * * 0.1

Sapphirina spp. * * *

Sapphirina bicuspidata

Sapphirina migromaculata

Temora stylifera 0.4 * 0.1 0.3

n.i. Copepoda 8.0 35 46.4 38.0
Stomatopoda

Squilla spp. larvae 03 0.1 *
Euphasiacea
Zoa Euphausia brevis *
larvae 18.1 32.7 0.7 3.4
n.i. Euphasiacea 1.8 0.1 03
Decapoda
Brachyura
Zoa
Corystes crassivelanus *
Eriphia spinifrons * * 0.5
Maja squinado * *
Portunus puber 07 0.2 03 1.0
Metazoa
Ethusa mascarone * * *
Macropodia spp. * 0.1 *

Portunus puber 26.7 26.8 26.1 42.5

L

* % Xk *

14

0.1

0.1

0.1

34

46.9

11.6
0.2

0.8

0.2

0.1
7.1

5.0

37.3

0.2

3.7
0.2

0.4
(continued)
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(continued) Table 2

Engraulis encrasicolus Sardina pilchardus Sardinella aurita
TAXA
d ? d ? 3 ?
Other Decapoda larvae 2.3 0.6 35 * * 1.2
Mysidacea 0.1 1.0 * 0.8 0.7
Amphipoda 13.0 5.5 1.2 * 0.6 0.9
Isopoda * * 0.1
Crustacea larvae 1.0 *
n.i. Crustacea 1.1 6.4 9.3 5.6
Chaetognatha 0.1 * * * 12.7 12.9
Chordata —Urochordata
Appendicularia * 0.5 * * 19.4 26.5
Chordata —Vertebrata
Pisces
eggs * * 1.5 1.2 0.1 1.9
larvae 15.6 16.7 6.1 3.9 1.7 1.9
Arnoglossus spp. 0.5
Engraulis encrasicolus 2.3
Sardina pilchardus 3.4
n.i. Pisces 0.8 0.4
Others
eggs * * * * *
various 0.4 0.6 2.3 0.6 * *
N 389 370 391 361 147 83
TL range (cm) 7.2-16.2 6.7-14.8 7.6-16.5 8.0-16.7 8.4-23.7 8.9-23.9
TL mean + SE (cm) 11.5+0.07 11.3+0.08 12.6+0.07 12.7+0.05 17.5+£0.26 16.8+0.36
VC (%) 28.0 35.1 56.3 45.4 68.0 69.9
T+ SE! 3.40+0.43 3.36+0.45 3.16+0.30 3.14+0.29 3.18+0.32 3.23+£0.34

! values from Karachle & Stergiou (2008)

SIMPER analysis are given in Table 3.

For the same TL, the MA for anchovy was larger than
that of sardine and round sardinella, whereas GL and TA
were smaller for anchovy compared to those of sardine,

Anchovy

Sardine

Round sardinella

and in sardine smaller than that of round sardinella (Fig.
4). The GL-TL relationships (Fig. 4) of the three species
differed significantly (ANCOVA: all cases p < 0.01).
In the case of MA-TL and TA-TL relationships (Fig. 4)

T 5
S
4 ’&00
v.
I } 3 Qm" .
..
o) —%
T 5
“ree
| | “ o
| \ ‘io
> .
.
2
T 5
b - -
4 t.
£ %
$
31 it
L L B B L BB 2 " i " - '
2 2.5 3 3.3 4 4.5 0 5 10 15 20 25
T, TL (cm)

Fig. 2: left: Box-whisker plots for fractional trophic level (1)), as they were estimated for each individual separately, for anchovy
(Engraulis encrasicolus), sardine (Sardina pilchardus) and round sardinella (Sardinella aurita) from the N-NW Aegean Sea,
Greece, spring 2001- winter 2006. The central box indicates the range of values representing the 50% of cases around the median
(vertical lines); the whiskers (horizontal lines) show the range of the values and the cross (+) indicates the mean value. Right: rela-
tion of estimated 1, and individual total length (TL).
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Fig. 3: Cluster analysis for anchovy (Engraulis encrasicolus: A), sardine (Sardina pilchardus: S) and round sardinella (Sardinella
aurita: R), based on their seasonal feeding habits (data from Table 1), from the N-NW Aegean Sea, Greece, spring 2001- winter
2006. AU=autumn, WI=winter, SP=spring, SU=summer.
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Tail area (cm?)

(a)
49 Anchovy: MA = 0.0176 TL1 7722, N=744, R2=0.62, SE4=0.051

Sardine: MA = 0.0025 TL19902, N=738, R2=0.66, SE;=0.052
Round sardinella: MA = 0.0023 TL20078 N=217, R2=0.78, SE;=0.072

- et

Anchovy: GL =0.1499 TL!623% N=517 R?=0.83, SE;=0.032

30 5 Sardine: GL = 0.4497 TL12323 N=593, R2=0.72, SE;=0.031

204

10 4

Round sardinella: GL = 0.9222 TL1%! N=149, R2=0 82, SE;=0.040

()
Anchovy: TA = 0.0574 TL1380%, N=83, R2=0.90, SE;,=0.057
Sardine: TA = 0.0299 TL174%4 N=65, R2=0.85, SE;=0.094

109 Round sardinella- TA = 0.0575 TL1 718, N=76. R2=0.92, SE;=0.055
54
ATty e P -
0 T T 1
0 10 20 30

Total length (cm)

Fig. 4: Relationships of total length (TL) and (a) mouth area (MA; from Karachle & Stergiou 2011), (b) intestine length (GL; from
Karachle & Stergiou 2010a) and (c) tail area (TA; Karachle & Stergiou 2012) for anchovy (Engraulis encrasicolus: dashed line),
sardine (Sardina pilchardus: solid line) and round sardinella (Sardinella aurita: dotted line). N=number of individuals, R>=coefficient
of determination, SE =standard error of slope b.
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%
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Fig. 5: Mean values of trophic level (t) for anchovy (Engraulis
encrasicolus: M), sardine (Sardina pilchardus: B) and round
sardinella (Sardinella aurita: @), as estimated according to
the relevant literature (for details see Table 4), in its various
distribution areas. Vertical lines indicate t range. WMED=West
Mediterranean, CMED=Central Mediterranean, EMS=East
Mediterranean South, EMN=East Mediterranean North,
BS=Black Sea.

there was a significant difference between anchovy
and the two other species (ANCOVA: all cases p <
0.01), whereas no significant difference was found
between sardine and round sardinella (ANCOVA: p
=0.8309 and 0.0911, for MA-TL and TA-TL relation-
ships respectively).

Information on the diet of the three species was
found for 139 data sets, the majority of which con-
cerned anchovy (68 data sets; Table 4) mainly in the
Black and Azov Seas (26 data sets; Table 4), followed
by round sardinella (43 data sets; Table 4). In half of the
cases (70 data sets) sample size was not reported (Table
4). The estimated t values ranged from 2.18 + 0.16 to
4.28 + 0.74 (mean = SD= 3.135 + 0.30) for anchovy,
from 2.00 £ 0.00 to 3.56 + 0.52 (mean + SD=3.058 +
0.28) for sardine and 2.05 + 0.03 to 3.71 + 0.57 (mean
+ SD=2.935 + 0.39) for round sardinella (Table 4, Fig.
5). Finally, no variations were recorded between larval
and adult 7, in all three species (Table 4).

Discussion

In this study, we examined the feeding habits by
season and sex, for anchovy, sardine and round sar-
dinella in the N Aegean Sea. Sardine in the study area
included both phytoplankton and zooplankton in its
diet, with Copepoda being the dominant food item in
terms of weight. These results are in accordance with
previous studies on sardines (e.g. Varela et al., 1988;
Petrakis et al., 1993; Cunha et al., 2005; Sever et al.,
2005; Espinoza et al., 2009). Anchovy, on the other
hand, fed almost exclusively on zooplankton. With the
exception of the Black Sea populations of anchovy
that, in most cases examined, included phytoplankton
in their diets (e.g. Mikhman & Tomanovich, 1978;
Bulgakova, 1993; Budnichenko et al., 1999); ancho-
vy in the Mediterranean (Tudela & Palomera, 1997,
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Plounevez & Champalbert, 2000; Borme et al., 2009)
and the Atlantic (Plounevez & Champalbert, 1999) prob-
ably feeds exclusively on zooplankton. Such a contrast-
ing difference may be attributed to the high eutrophica-
tion of the Black Sea and therefore the high abundance of
phytoplankton (e.g. Yunev et al., 2005). Thus, the feed-
ing preference of anchovy in the Black Sea is similar to
anchovies thriving in upwelling areas (see van der Lin-
gen et al., 2009 and references therein). In addition, the
feeding habits and t values of anchovy and sardine did
not show great variations along the different parts of the
Atlantic and the Mediterranean (Fig. 5). The diet of round
sardinella in the study area included zooplankton only,
as reported for this species in other areas of its northern
distribution (Ananiades, 1952; Tsikliras et al., 2005b;
Lomiri et al., 2008). However, in more southern areas,
like Senegal and Egypt, considerable quantities of detri-
tus and phytoplankton are also part of its diet (Nieland,
1982; Madkour, 2012), leading to lower t values (Fig.
5), a fact probably related to the existence of upwelling
in both Senegalese waters (e.g. Mittelstaedt, 1983) and
air-driven upwelling in Egyptian waters (e.g. Elsayed et
al., 1985).

All three species are planktivores and according to
their 90% range of t, values (Fig. 2) they are classified as
omnivores with preference to animal material (see Ster-
giou & Karpouzi, 2002) and this agrees with the classi-
fication derived from the overall t value (anchovy: 3.38
+0.44, sardine: 3.14 £+ 0.29, and round sardinella: 3.20 +
0.32; Tables 1 and 4; Karachle & Stergiou, 2008). Nev-
ertheless, for all three species there were individuals that
had much higher and lower t, values. This is attributed
to the fact that, at the time of capture, these individuals
included large quantities of low (i.e. phytoplankton and
detritus) or high (i.e. fish eggs and larvae) 1 food items in
their diet. Stomach content analysis offers ‘snapshots’ of
diet (Stergiou & Karpouzi, 2002; Karachle & Stergiou,
2008), and this is reflected in the t, values. Yet, the analy-
sis of large samples from all seasons and length ranges
is a good indicator of the feeding habits and estimation
of 1 (Stergiou & Karpouzi, 2002; Karachle & Stergiou,
2008).

The mixed diet of sardine (i.e. phyto- and zooplank-
ton) and the zoo-planktivorous diet of anchovy are also
reflected in their intestine lengths. Species that include
plants in their diet display lengthier guts than carnivo-
rous species (e.g. Kapoor et al., 1975; Kramer & Bry-
ant, 1995a, b; Karachle & Stergiou, 2010a, b), in order
to achieve optimum nutrient and energy gain from the
food consumed. In the study area, sardine had a lengthier
intestine than anchovy (Fig. 4), a fact allowing sardine
to consume and process both zooplankton and phyto-
plankton, the latter being a food source that is not used
by anchovy, which possess a relatively shorter intestine
compared to that of sardine, in the Northern Aegean Sea.

The gut of round sardinella was longer than that of
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the other two species despite the fact that it feeds on zoo-
plankton and thus its gut length should have been similar
to that of anchovy. Round sardinella is an opportunistic
species (Tsikliras et al., 2005b), and in the southern ar-
eas of its distribution, such as the Senegalese (Nieland,
1982) and Egyptian Mediterranean waters (Madkour,
2012), round sardinella feeds mainly on detritus and phy-
toplankton. In the study area, and in the northern parts of
the Mediterranean, it is a recent colonizer (e.g. Tsikliras
et al., 2005a, b; Lomiri et al., 2008). Perhaps, a lengthier
gut is more advantageous for the opportunistic feeding
nature of round sardinella, in order to use the available
food resources, especially in the light of competition with
anchovy and sardine. Additionally, apart from the envi-
ronmental conditions that have favoured its northward
expansion (e.g. Sabatés et al., 2006; Tsikliras, 2008) such
a morphological feature might also enhance its success-
ful establishment in its new environment.

Information on the feeding mode exists only for an-
chovy and sardine. Both species display two major types
of feeding strategies (Bulgakova, 1996; Tudela & Pal-
omera, 1997; Garrido et al., 2007; Borme et al. 2009;
Espinoza et al. 2009; van der Lingen et al., 2009): fil-
ter feeding and particulate feeding. Although prey size
is used by both species as a criterion for the selection
of the feeding mode, anchovy switches from particulate
feeding to filtering as the concentration of prey increases
(Bulgakova, 1996), whereas prey density does not affect
the selection of feeding mode by sardine (Garrido et al.,
2007). This shift in the feeding mode in anchovy could be
favoured by the morphology of its mouth. In this study,
for the same TL, mouth area of anchovy was found to be
larger than that of sardine (Fig. 4), and a larger mouth
gape allows the filtration of a greater volume of water,
making filter feeding more profitable. On the other hand,
sardine displays a more protractile mouth that might be
more advantageous in the case of particulate feeding. For
round sardinella, given the resemblance of mouth shape,
area and position with those of sardine, one could specu-
late that round sardinella is also a particulate feeder, as
suggested by Madkour (2012), a hypothesis that requires
further investigation.

Tail area in fishes has been related to food consump-
tion and is used for the estimation of annual food con-
sumption per unit biomass, i.e. Q/B (Palomares & Pauly,
1989), whereas tail shape shows greater affinities between
species occupying the same ecological niche (Karachle
& Stergiou, 2012). Despite the fact that the tail of the
three species studied here was fork-shaped, the tail area
differed between anchovy and sardine, but not between
round sardinella and the other two species. In the first
case, for the same TL, tail area in anchovy was smaller
than that of sardine (Fig. 4). This difference could be at-
tributed to the response of anchovy to prey concentration
and change of feeding mode, which is not observed in
sardine (Bulgakova, 1996; Garrido et al., 2007). Addi-
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tionally, smaller tail areas, such as that of anchovy, result
in higher tail aspect ratios (the latter being negatively
related to tail area: aspect ratio=squared tail height/tail
area), and in turn higher aspect ratios led to higher Q/B
[since aspect ratio is a factor in the numerator of the Q/B
equation (Palomares & Pauly, 1989)]. Furthermore, it
has been shown that particulate feeding requires higher
velocities (Videler, 1993), which can be achieved with
forked shape tails (Keast & Webb, 1966), such as those
of the three species studied here. On the other hand, filter
feeding is more costly, in terms of energy (Videler, 1993),
and thus requires tails with comparatively smaller tail ar-
eas, as in the case of anchovy. Therefore, the fact that the
tail area of round sardinella was similar to that of sardine
further supports the hypothesis of round sardinella be-
ing a particulate feeder. Feeding intensity, as revealed in
this study, differs considerably in the three species and,
along with the quality of food consumed, appears to be
strongly affected by the reproductive cycle and its en-
ergy demands. Anchovy in the study area reproduces
from April to September (i.e. during spring and summer;
Tsianis, 2003), sardine from October to April (i.e. during
autumn and winter; Ganias et al., 2007), whereas round
sardinella from May to July (i.e. during late spring and
summer; Tsikliras & Antonopoulou, 2006). Additionally,
anchovy (Ganias, 2003) and round sardinella (Tsikliras et
al., 2005b) use high energy food and increase their feed-
ing intensity during the reproductive period. Converse-
ly, sardine tends to feed on food with a higher energy
content (such as fish larvae) before its reproduction and
stores this energy, as mesenteric fat, to be used later at the
time of reproduction (Ganias, 2003). In accordance with
our results, such differences are found because: (a) when
anchovy and round sardinella display the highest VC val-
ues, sardine showed the lowest ones and vice versa; and
(b) all species exhibited their highest T values in summer
(i.e. during spawning season for anchovy and round sar-
dinella, and just before spawning for sardine), when their
diet included large quantities of fish eggs (in the case of
round sardinella) and fish larvae (in the case of anchovy
and sardine).
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