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Some bivalve molluscs are capable of zooplankton ingestion; however that aspect of their
ecology is still relatively poorly studied. The objective of this investigation was to contribute to the
understanding of size structure of zooplankters ingested by four commercially important bivalve
species co-occurring in the same area. The study was performed in Mali Ston Bay — the most
important bivalve aquaculture area in the eastern Adriatic Sea — from May 2009 to April 2010.
We analyzed sizes of zooplankton ingested by cultured blue mussel Mytilus galloprovincialis and
European flat oyster Ostrea edulis, and naturally-occurring bearded mussel Modiolus barbatus and
Noah's Ark shell Arca noae. Ingested zooplankton ranged in maximum linear dimension from 60.1 to
1398.5 um. Zooplankton found in stomach contents of M. galloprovincialis and O. edulis suspended
in the water column showed a wider size range than zooplankton found in stomachs of bottom living
M. barbatus and A. noae. Sizes of ingested zooplankton significantly differed between O. edulis and
the other three species.
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INTRODUCTION

naupliar and post-naupliar stages of copepods,
cladocerans, hydromedusa, gastropod larvae,

During the last few years several studies
have pointed out that zooplankton can be an
important food source for bivalve molluscs
(e.g. DAVENPORT et al., 2000; LEHANE & DAVEN-
PORT, 2002, 2004; ZELDIS et al, 2004; ALFARO,
2006; LEHANE & DAVENPORT, 2006; DAVENPORT
et al,, 2011; PEHARDA et al,, 2012) especially dur-
ing periods of the year when phytoplankton
biomass is low (CRANFORD & GRANT, 1990;
LANGDON & NEWELL, 1990; EZGETA-BALIC et
al, 2012). Bivalves ingest a broad range of zoo-
plankton taxonomic groups including tintinnids,

bivalve larvae, and juvenile stages of decapod
crustaceans (e.g. KRSINIC & MUSIN 1981; LEHANE
& DAVENPORT, 2002; ZELDIS ef al., 2004; TROOST et
al. 2008; PEHARDA et al., 2012). Ingested zooplank-
ton usually reflect the zooplankton composition
of the surrounding water, however some differ-
ences are known to occur in respect to bivalve
species and size (e.g. ALFARO, 2006; DAVENPORT et
al., 2011; PEHARDA et al., 2012).

Numerous studies showed that bivalves are
capable of selective particle feeding, but the
reasons why some particles are ingested and



278

ACTA ADRIATICA, 53(2): 275 - 288, 2012

other rejected is still unknown, though it has
been suggested that selection could be based on
shape, size, nutritive value or presence of chemi-
cal components on the organisms’ surfaces (e.g.
SHUMWAY et al., 1985; PRINS et al., 1991; MACDON-
ALD & WARD, 1994; BOUGRIER ef al., 1997; YAHEL
et al,, 2009). In the case of zooplankton as bivalve
prey, zooplankton size has been suggested as a
major selection factor (LEHANE & DAVENPORT,
2006; MAAR et al., 2008), but few studies have ana-
lyzed zooplankton size structure in the stomach
contents of bivalves.

In a recent study PEHARDA et al (2012)
confirmed ingestion of zooplankton by adult
bivalves in the Mali Ston Bay and gave a
detailed qualitative and quantitative composi-
tion of zooplankton in bivalve stomach contents
but didn’t investigate size of the ingested zoo-
plankton. Present research is a continuation of
that study, with the objective to investigate size
range of zooplankton ingested by commercially
important bivalve species that co-exist in same
area and are therefore potential competitors for
food. Further on, in a present study size range
of zooplankters in the surrounding water col-
umn was investigated to determine whether size
selection was taking place.

MATERIAL AND METHODS

Research took place from May 2009 to
April 2010 in Mali Ston Bay, south Adriatic
(Fig. 1). Specimens of Mytilus galloprovincia-
lis Lamarck, 1819 and Ostrea edulis Linnae-
us, 1758 were collected from an aquaculture
farm (CP - Cultured Population - 42°51°45
N, 17°40°59 E) at depths of 2 m and 5 m,
respectively, while Modiolus barbatus (Lin-
naeus, 1758) and Arca noae Linnaeus, 1758
were collected using SCUBA from the seabed
(NP - Natural Population 42°51°49 N, 17°40°59
E) at depths ranging from 2 to 4 m. Each month,
20 specimens had their tissue processes stopped
by injecting 70% ethanol into the mantle cavity.
Stomach contents were later collected through
a slit in the digestive gland by Pasteur pipette
and fixed with a few drops of 36% formalin
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Fig. 1. Study sites in Mali Ston Bay (CP-cultured popula-
tions; NP-natural populations)

(for detailed procedure see PEHARDA et al., 2012).
For size analysis of zooplankton we used all
bivalve specimens that had zooplankton in their
stomach content. This made a total of 236 indi-
viduals of M. galloprovincialis, 186 individuals
of O. edulis, 149 individuals of M. barbatus and
110 individuals of 4. noae. Mean lengths (with
SD) of analyzed specimens were: M. gallopro-
vincialis 65.1£4.3 mm, Ostrea edulis 59.9+6.5
mm, Modiolus barbatus 51.3£3.2 mm and A.
noae 56.1£3.9 mm. Water column zooplankton
was contemporaneously sampled at CP station
using a fine plankton net (diameter: 35 cm;
mesh size: 53 pum) hauled vertically from near-
bottom (depth of 7 m) to the surface. Samples
were preserved in 2.5% formaldehyde—seawa-
ter solution, previously buffered with CaCOs.
Zooplankton organisms from stomach content
and from subsamples of water column (1/16
of the sample) were observed under a binocu-
lar photomicroscope (Olympus SZX 12) with
an integrated camera. A digital image of each
recorded zooplanktonic organism was taken.
Measurement was performed using AxioVision
software for image processing and the maximum
linear size of each organism was established.
Descriptive statistics for the size of each group
of zooplankters were obtained. In comparisons
amongst species and seasons, statistical tests
were only performed on zooplankton groups for
which it was measured more than 30 specimens
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Fig. 2. Images of zooplankton from bivalve stomach contents (a) tintinnid, (b) gastropod larvae, (c) bivalve larvae, (d) egg,
(e) nauplius, (f) calanoid copepod, (g) harpacticoid copepod, (h) anisopod
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Table 1. Sizes (maximum linear dimensions) of zooplank-
ters present in the stomach content of four bivalve
species collected at Mali Ston Bay, Croatia

during the research period. Exception was made
only for comparison of copepods size among M.
barbatus and 4. noae where test was performed
on data set with less than 30 measured zooplank-
ters. Seasonal differences in size of ingested
zooplankton within species were tested using
the Kruskal-Wallis test, while Mann-Whitney U
tests were performed to test differences between
species. Selection ratio was calculated as ratio of
zooplankton size in stomach content and size of
zooplankton from water column.

RESULTS

A variety of zooplankton taxa were present
in the stomach contents of the four studied
bivalve species (Fig. 2). Zooplankton ingested
by Mytilus galloprovincialis and Ostrea edulis
suspended in the water column showed a wider
size range than those ingested by bottom liv-
ing Modiolus barbatus and Arca noae (Table
1). Sizes of contemporaneous water column
zooplankton are given in Table 2 while Table
3 presents calculated selection ratio. Although
there were differences in zooplankton size in
the stomach content of the four bivalve species
studied (Fig. 3), they were not all statistically
significant. Size of all ingested zooplankton
significantly differed between O. edulis and

1600
H=266.28; p<0.001
1400 ——
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800
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200

0. edulis M. barbatus A, noae

0
M. gailoprovincialis

Fig. 3. Sizes of all zooplankters found in the stomachs of the
four investigated bivalve species. The square points
represent mean values, boxes are standard deviations,
while whiskers represent the range between minimum
and maximum sizes
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Table 2. Sizes of the zooplankton present in water column
Zooplankton group N mean = st. dev. (Lm) r(iﬁﬁf
Zooplankton groups found also in bivalve stomach contents
Foraminifera 18 137.2+108.4 64.1-460.6
Tintinnids 318 174.6+£99.9 49.2-623.6
Copepod nauplii 1065 143.9+44.3 55.3-441.5
Copepodites and adult copepods 791 421.6+168.3 148.4-2324.4
Gastropod larvae 32 181.4+105.5 60.1-634.2
Bivalve larvae 533 134.9+£38.8 59.3-327.4
Crustacean larvae 8 1837.5+1014.3 677.8-4089.6
Zooplankton groups found only in the water column
Actinula larvae 7 237.1£58.9 167.4-319.3
Polychaete larvae 29 245.5+240.9 86.3-1226.9
Cnidaria larvae 1 735.8 -
Pilidium larvae 1 705.1 -
Echinodermata larvae 7 593.3+433.5 232.8-1515.1
Cladocera 12 420.9+163.8 290.6-817.8
Hydrozoa 7 1654.9+1611.8 619.9-4956.7
Tunicata 20 1019.3+427.3 354.7-1964.0
Total zooplankton 242.5+231.3 49.2-4956.7

N, number of measured zooplankters

Table 3. Selection ratio for investigated bivalve species calculated as ratio of mean size of zooplankton found in stomach

content and mean size of zooplankton in water column

Zooplankton erou Mytilus Ostrea Modiolus Arca
P group galloprovincialis edulis barbatus noae
Foraminifera 1.12 - 1.07 1.13
Tintinnids 0.68 0.71 0.65 0.43
Copepod nauplii 1.19 1.47 - 1.22
Copepodits and adult 0.95 102 0.94 0.87
copepods
Gastropod larvae 0.79 1.13 1.17 0.78
Bivalve larvae 1.07 1.08 1.09 1.11
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Table 4. Results of Mann-Whitney U test of difference amongst sizes of zooplankters ingested by bivalves (4 species) and

zooplankters of the water column

vl loprlzt)/{;inria Iis O. edulis M. barbatus A. noae
O. edulis
All zooplankton HAK
Tintinnids n.s.
Copepod nauplii *k
Copepodites and adult copepods HAHE
Gastropod larvae -
Bivalve larvae *
Unidentified eggs n.s.
M. barbatus
All zooplankton n.s. ok
Tintinnids n.s. n.s
Copepod nauplii - -
Copepodites and adult copepods - -
Gastropod larvae - -
Bivalve larvae * n.s.
Unidentified eggs n.s. n.s.
A. noae
All zooplankton n.s. wA* n.s.
Tintinnids - - -
Copepod nauplii - - -
Copepodites and adult copepods - - n.s
Gastropod larvae - - -
Bivalve larvae - - n.s
Unidentified eggs oAk ok *
Water column
Tintinnids Rk xRk xRk -
Copepod nauplii HAE o - -
Copepodites and adult copepods n.s. HAE - -
Gastropod larvae n.s. - - -
BiValVe larVae skkk skokok skokok sk

Unidentified eggs -

* p<0.05;** p<0.01; ***p<0.001; n.s., non significant; -, test was not performed

the other three species (Table 4). The largest
zooplanktonic organisms ingested by all species
except O. edulis were calanoid and harpacticoid
copepods whose maximal length was 922.9
um in stomach content of M. galloprovincialis,
1108.8 pm in O.edulis, 556.2 in M. barbatus and
519.4 in A. noae. In the stomach contents of O.
edulis the biggest zooplankter was an anisopod
crustacean (Anisopoda) that was 1398.5 um

in length. In the water column, besides zoo-
plankton groups that were also found in bivalve
stomachs, other larger zooplanktonic taxa (e.g.
tunicata, echinodermata larvae and hydrozoa)
were present (Table 2). Sizes of bivalve larvae
in the water column and in the stomach contents
of suspended bivalve species differed signifi-
cantly with respect to season, while such differ-
ences were not observed for stomach contents of
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bivalves (M. barbatus, A. noae) sampled from
the seabed (Fig. 4). Furthermore, Kruskal — Wal-
lis tests revealed significant seasonal differences
between size of copepods in the water column
and in the stomach contents of M. galloprovi-
nicialis, while size of copepods ingested by O.
edulis did not show similar significant seasonal

differences (Fig. 5). Due to the low number of
copepods in the stomach contents of M. barba-
tus and A. noae, seasonal comparisons were not
possible. Detailed results of zooplankton size
comparisons among the stomach contents of all
species and of the water column are presented
in Table 4.
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Table 5. Review of available data on size of ingested zooplankters by different bivalve species

. . Mean size  Maximal size
Bivalve . . Mean size . .
. Location Position . of ingested  of ingested Source
species of bivalves
zooplankters zooplankters
M. edulis Great Cumbrae Island, Suspended 2.03 cm ~ 440 pm - LEHANE &
Scotland DAVENPORT, 2002
M. edulis Great Cumbrae Island, Suspended  3.54 cm ~ 540 pm - LEHANE &
Scotland DAVENPORT, 2002
M. edulis Great Cumbrae Island, Suspended 5.32 cm ~580 um  upto3 mm LEHANE &
Scotland DAVENPORT, 2002
M. edulis Great Cumbrae Island,  Benthic 3.18 cm ~ 480 pm - LEHANE &
Scotland DAVENPORT, 2002
M. edulis Great Cumbrae Island,  Benthic 5.31 cm ~ 500 pm - LEHANE &
Scotland DAVENPORT, 2002
M. edulis Bantry Bay, Ireland ~ Suspended  5.89 cm - up to 6 mm LEHANE &
DAVENPORT, 2006
A. opercularis  Great Cumbrae Island,  Benthic 6.34 cm ~ 320 pm - LEHANE &
Scotland DAVENPORT, 2002
A. opercularis  Great Cumbrae Island, Suspended  6.38 cm ~ 450 um - LEHANE &
Scotland DAVENPORT, 2002
C. edule Great Cumbrae Island, Suspended 1.82 cm ~ 220 pm - LEHANE &
Scotland DAVENPORT, 2002
2400 A 2400 B 2409; c
20001 H=16.07; p=0.0011 2000 He7.34; pe0.0618 2000 H=21.83; pe0.001
g 1200 E 1200 E 1200 .
* o= ] I I 7, T
- ; === - L E Sl I G R KRR
s Summer Fal Wirter - Surmer Fan Wintor & Sping ‘Summer Fat Wirter

Fig. 5. Size of calanoid and harpacticoid copepods found in the stomachs of (a) M. galloprovincialis, (b) O. edulis and (c)
water column at different seasons. Results of Kruskal — Wallis tests are given on each graph. Points represent mean
values, boxes are standard deviations, while whiskers represent the range between minimum and maximum

DISCUSSION

Bivalves as filter feeding organisms have a
direct impact on the phytoplankton communities
(e.g. NOREN et al., 1999; OGILVIE et al., 2003) and for
a long time it was assumed that their impact on
the zooplankton is only indirect through com-
petition for the phytoplankton as a food source.
During the last decade studies on the zooplank-
ton as addition food source reviled that bivalves
are capable of removing different fraction of
zooplankton and thus also have a direct impact
on their abundance (e.g. MAAR et al., 2008; DAV-

ENPORT et al., 2011; PEHARDA et al., 2012). In the
aquaculture areas, like the Mali Ston Bay, where
bivalve are present in the high densities, knowl-
edge about impact of bivalves on the plankton
communities is crucial for understanding of eco-
system functioning and sustainable aquaculture.
Our data confirmed that all four investigated
species are capable to ingest zooplankton of
different sizes and thus can have impact on zoo-
plankton community structure. All four bivalve
species were also able to ingest larval stages of
benthic organisms, including gastropods and
bivalves, what can have negative impact on their
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recruitment. Further on, study showed that sus-
pended species, Mytilus galloprovincialis and O.
edulis consumed larger sized zooplankton than
bottom living species. Size of bivalves, position
in the water column, turbidity of water, filtration
rate, and different selection process are some of
the factors that might affect the size structure of
zooplankton ingested (e.g. HAWKINS et al,, 1999;
JAMES et al,, 2001; LEHANE & DAVENPORT, 2002;
OGILVIE et al., 2003; ALFARO, 2006; TROOST et al.,
2009; JONSSON et al., 2009). Comparing our data
(Table 1) with data available for other bivalve
species (Table 5) it is clear that all four spe-
cies investigated in this study consumed much
smaller size zooplankton. Furthermore, the larg-
est organism recorded in stomach content in our
study was four times smaller than the largest
zooplankters so far reported from M. edulis
stomach contents. In a recent study DAVENPORT
et al. (2011) found that diet composition of noble
fan shell Pinna nobilis Linnaeus, 1758 differed
significantly with respect to shell size, while in
the case of Mytilus edulis (LEHANE & DAVEN-
PORT, 2002) there were no significant differences
in prey lengths observed among different size
classes of mussels. Differences in prey length
were noticed in two groups of similarly-sized
Aequipecten opercularis - suspended scallops
consumed prey of greater length in compari-
son with those living on the seabed (LEHANE &
DAVENPORT, 2002). Taken together, these obser-
vations suggest that there is no simple linkage
between bivalve and prey sizes.

Furthermore, as it was expected, in our study
the mean size of all zooplankters from the water
column was higher than the mean sizes ingested
by bivalves. However, when we observed selec-
tion ratio of different components of the zoo-
plankton community, we found that ratio was
>1 for some groups, particularly bivalve larvae
and copepod nauplii, what indicate larger size
of those gorups in the stomach contents than
in the water column, suggesting selection for
greater prey size. Results of our study showed
that the mean size of ingested bivalve larvae
was in fact greater than that found in the water
column for all investigated species. Ingestion
of bivalve larvae is particularly interesting as

it can be associated with cannibalism and pos-
sible population limitation (PEHARDA et al., 2012).
LEHANE & DAVENPORT (2004) found that bivalve
larvae collected by plankton net near mussel cul-
ture lines in Bantry Bay, Ireland were larger on
average than those found in stomach samples.
Furthermore, differences in respect to bivalve
larvae size were noticed for Perna canalicula
Gmelin, 1791 by ALFARO (2006) who found that
mussels consumed greater amounts of smaller
than larger bivalve larvae. Our data (Table 1),
together with other available data (Table 6), sug-
gest that there are variations in size of ingested
bivalve larvae and that there are no consistent
findings and differences among species or envi-
ronmental conditions. However, it can be con-
cluded that the sizes of ingested bivalve larvae
indicate that adult bivalves are able to feed on
different larval stages and thus may have nega-
tive impacts on recruitment. Consequently this
can affect bivalve aquaculture production in an
area where production still exclusively depends
on spat collected from the nature, as the case in
Mali Ston Bay.

Copepod nauplii made up one of the most
abundant components of zooplankton in the
water column, but they were not abundant in the
stomachs (PEHARDA et al., 2012). Previous studies
described that, with increasing naupliar age and
size, their escape speed increases (TITELMAN &
KIGRBOE, 2003). Lower clearance rates on later
and larger copepod naupliar stages were report-
ed in the case of M. edulis (GREEN et al., 2003),
perhaps suggesting that they were more difficult
to catch. In contrast, in our study, a higher mean
size of nauplii was recorded in stomach contents
than in the water column, which can be due to
easier decomposition of smaller nauplii (CARO-
TENUTO et al., 2006), but equally could reflect
selection for larger prey. The recent study of
JONSSON et al. (2009) did not find significant dif-
ferences in escape coefficient between early and
late naupliar stages; they also found that larger
adult copepods (which are caught by bivalves)
showed significantly higher escape coefficient
than nauplii, suggesting that it is unlikely that
naupliar escape capability has much influence
on catchability/selection by bivalve molluscs.
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JONSSON et al. (2009) also showed that
increased turbulence of water decreased cope-
pods’ ability to detect and escape an actively
filtering mussel and that adult copepods were
the only stages that managed to escape at the
highest turbulence levels. Beside escape reac-
tions, effect of copepods on siphon closure
could be the reason why larger copepods were
rarely present in the stomach contents. DAVEN-
PORT et al. (2000) recorded different reactions of
the inhalant siphon when M. edulis were fed
upon Artemia sp. nauplii (300 um) and upon
harpacticoid copepods Tigriopus brevicornis
(1-1.2 mm). When nauplii touched the siphon
margins there was little or no sign of reaction.
In contrast, when larger harpacticoid copepod
touched the siphonal tentacles there was imme-
diate siphon closure followed by a degree of
shell-valve adduction. This response meant that
only 7. brevicornis that didn’t touch the margins
of the siphon were ingested. In our study, cope-
pods were the largest zooplankton found in the
stomach contents of the bivalve species (except
in O. edulis), but their size range was lower than
that recorded for copepods sampled from the
water column. Such size selection in an aqua-
culture area where bivalves are present at high
abundance could cause changes in water column
zooplankton composition. This has previously
been recorded in the Ria de Vigo, NW Spain
by MAAR et al. (2008), who identified changes in
zooplankton composition around mussel farms,
and reported that depletion was most severe
for copepod nauplii and copepodites and that
relative depletion decreased with increasing
zooplankter size.

Above mentioned studies on size of ingested
zooplankton pointed out that size selection in
favour of smaller organisms occurred; in general
this was also confirmed with our results. Like in
the other studies, in our study larger organisms
were only found sporadically. Furthermore, this
study showed inter-species differences in the
size of ingested zooplankton, and revealed that
O. edulis have the ability to feed on larger com-
ponents of the zooplankton community. In Mali
Ston Bay, O. edulis and M. galloprovicnialis are
cultured in suspension in the same area and at
the similar depths; they thus share the same food
sources and compete for food. Although the
sizes of ingested zooplankters by these two spe-
cies overlapped, the ability of O. edulis to feed
upon larger zooplankters may perhaps decrease
competition between the two cultured species,
with consequent positive effects on production.
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Veli¢inska struktura zooplanktonskog plijena kod cCetiri
gospodarski znacajne vrste Skoljkasa
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SAZETAK

lako neki $koljkasi imaju sposobnost hranjenja zooplanktonom, taj aspekt ekologije $koljkasa jos
uvijek je relativno slabo istrazen. Svrha ovog istrazivanja bila je pridonijeti poznavanju veli¢inske
strukture zooplanktonskog plijena kod Cetiri gospodarski znacajne vrste Skoljkasa koje zive na istom
podrucju. Istrazivanje je provedeno od svibnja 2009. do travnja 2010. u Malostonskom zaljevu —
najvaznijem podrucju za uzgoj Skoljkasa u istocnom dijelu Jadranskog mora. Analizirana je veli¢ina
zooplanktona konzumiranog od strane uzgajanih vrsta dagnje Mytilus galloprovincialis i kamenice
Ostrea edulis te vrsta koje na tom podrucju zive u prirodnim populacijama dlakave dagnje Modiolus
barbatus 1 kunjke Arca noae. Veli¢ina konzumiranog zooplanktona kretala se u rasponu od 60,1 do
1398,5 pum. Veli¢inski raspon zooplanktona pronadenih u zelucima vrsta M. galloprovincialis 1 O.
edulis suspendiranim u vodenom stupcu bio je veci od zooplanktona pronadenog u Zelucima vrsta
M. barbatus i A. noae. Statisticki znacajna razlika u veli¢ini konzumiranog zooplanktona pronadena
je izmedu vrste O. edulis 1 tri ostale vrste.

Kljucne rije¢i: skoljkasi, Jadransko more, uzgoj skoljkasa, ishrana Skoljkasa, zooplankton



