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with that established from in situ larvae. Despite changes in 
bivalve larvae community structure, clearance rates of each 
prey type did not change significantly over the course of 
the experiment, suggesting different bivalve larvae species 
may consume similar prey.

Introduction

Marine bivalves produce transient pelagic larvae which, 
like many marine invertebrates, differ considerably from 
their adult counterpart in terms of morphology, ecology, 
diet and habitat (Thorson 1950; Pechenik 1999). During 
their reproductive season, bivalves may produce large num-
bers of these planktotrophic larvae which can, at certain 
times of the year, contribute significantly to the meroplank-
ton population and hence zooplankton community. These 
larvae grow and develop while in the plankton (Eckman 
1996), allowing potential dispersal over hundreds or thou-
sands of miles (Thorson 1950; Belgrano et al. 1995).

Bivalve larvae acquire initial energy reserves through 
maternal investment, but all other energy requirements 
must be met through feeding. While young, bivalve larvae 
are photopositive and crowd near the surface of the water 
column (Thorson 1950), where they compete with other 
plankton to graze on pico-, nano- and micro-plankton. Pre-
vious studies of bivalve larvae feeding consist mainly of 
those in laboratory environments and focus on commer-
cially exploited bivalve species. From these studies, the 
larval diet of bivalves is commonly thought to be nano-
plankton (<20 µm), including dinoflagellates, Synechococ-
cus spp. (Baldwin 1995) and Isochrysis spp. (Rico-Villa 
et  al. 2009). In addition, several studies have suggested 
bacteria and picoplankton as important sources of carbon 
for bivalve larvae, including detritus particles and smaller 

Abstract  Meroplankton, including bivalve larvae, are 
an important and yet understudied component of coastal 
marine food webs. Understanding the baseline of mero-
plankton ecology is imperative to establish and predict 
their sensitivity to local and global marine stressors. Over 
an annual cycle (October 2009–September 2010), bivalve 
larvae were collected from the Western Channel Observa-
tory time series station L4 (50°15.00′N, 4°13.02′W). The 
morphologically similar larvae were identified by analy-
sis of the 18S nuclear small subunit ribosomal RNA gene, 
and a series of incubation experiments were conducted 
to determine larval ingestion rates on natural plankton 
assemblages. Complementary gut content analysis was 
performed using a PCR-based method for detecting prey 
DNA both from field-collected larvae and those from the 
feeding experiments. Molecular identification of bivalve 
larvae showed the community composition to change over 
the course of the sampling period with domination by 
Phaxas in winter and higher diversity in autumn. The lar-
vae selected for nanoeukaryotes (2–20 µm) including coc-
colithophores (<20 µm) which together comprised >75 % 
of the bivalve larvae diet. Additionally, a small percentage 
of carbon ingested originated from heterotrophic ciliates 
(<30 µm). The molecular analysis of bivalve larvae gut con-
tent provided increased resolution of identification of prey 
consumed and demonstrated that the composition of prey 
consumed established through bottle incubations conferred 
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plankton that escape predation by larger predators such as 
copepods (Sommer et al. 2000). The consumption of much 
larger cells (22–30  µm) has also been observed during a 
dinoflagellate bloom in Chesapeake Bay (Baldwin 1995).

Recruitment of new adult bivalves to the benthos, and 
maintenance of the population, relies on there being a suf-
ficient food supply for the larvae to grow and survive to 
the point of metamorphosis of settled pediveligers (Raby 
et  al. 1994; Laing 1995; Chicharo and Chicharo 2000; 
García-Esquivel et al. 2001; Bos et al. 2006). Bivalve lar-
vae may be released into the plankton to take advantage 
of a phytoplankton bloom (Pulfrich 1997; Highfield et  al. 
2010); however, availability and quality of food may be 
patchy, both spatially and temporally (Haury et  al. 1978), 
thereby possibly creating a mismatch in the distribution of 
the bivalve larvae and their preferred diet. Despite stud-
ies suggesting that bivalve larvae have a high tolerance to 
food deprivation (Moran and Manahan 2004; Ben Kheder 
et al. 2010; Matias et al. 2011), food quality and quantity 
have a notable influence on the duration of larval phases 
(Ben Kheder et  al. 2010) with insufficient food resulting 
in delayed development. This meroplanktonic phase of 
bivalves is a critical period and if extended, the larvae may 
experience greater susceptibility to predation and environ-
mental stresses.

Meroplanktonic larvae have been an object of study at 
the L4 monitoring site, an inshore site in the Western Eng-
lish Channel, where samples have been taken weekly since 
1988 (Smyth et  al. 2010; Fileman et  al. 2014). This sam-
pling program has shown that at brief times of the year, 
meroplankton can account for on average up to 32 % of the 
total zooplankton community (Fig.  1a) following spawn-
ing events linked to phytoplankton blooms (Highfield 
et  al. 2010). Bivalve larvae can contribute up to 50  % of 
total meroplankton (Fig. 1b) with their abundance peaking 
between September and October (Fig. 1c) and contributing 
towards ~3.5 % of the total zooplankton community (Eloire 
et al. 2010).

Routine identification of the bivalve larvae to species 
level is not possible due to the extremely small size of the 
larvae and their lack of diagnostic morphological char-
acters. In such cases, it is possible to use molecular tech-
niques to improve the resolution of identification. Various 
molecular techniques have been developed for the identi-
fication of bivalve larvae based on PCR amplification of 
different target genes (Garland and Zimmer 2002; Livi 
et  al. 2006; Wang et  al. 2006; Zhan et  al. 2008). During 
this study, we undertook to identify the bivalve larvae by 
barcoding a 550-bp region of the 18S nuclear small subunit 
ribosomal RNA gene (18S rRNA gene) which covers the 
hyper-variable V1–V3 regions.

While numerous studies have looked at bivalve larvae 
feeding on cultures in laboratory environments and for 

commercial exploitation, few studies have addressed their 
feeding patterns in the natural environment and none within 
the English Channel. Our main objectives were to iden-
tify the bivalve larvae occurring at L4 through molecular 

0

10

20

30

40

50

60

70

80

90

100

0

10

20

30

40

50

60

70

80

90

100

0

100

200

300

400

500

600

700

Ja
n

Fe
b

M
ar Ap
r

M
ay Ju
n

Ju
l

Au
g

Se
p

O
ct

N
ov

D
ec

a

b

c

M
er

op
la

nk
to

n 
as

 %
of

 
to

ta
l z

oo
pl

an
kt

on
Bi

va
lv

es
 a

s 
%

of
to

ta
l m

er
op

la
nk

to
n

Bi
va

lv
e 

ab
un

da
nc

e 
m

-3

Fig. 1   Abundances (mean ± 1SD) from 1988 to 2010 at Station L4 
in the Western English Channel of a meroplankton as a percentage of 
total zooplankton, b bivalves as a percentage of total meroplankton 
and c absolute bivalve abundance (m−3). Each monthly data point is 
based on the mean of all samples taken in that month over the whole 
22-year time series
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barcoding and to experimentally determine their feed-
ing selectivity in the natural plankton assemblage over 
a seasonal cycle. Due to the methodology problems with 
studying feeding in zooplankton (Bamstedt et  al. 2000; 
Nejstgaard et al. 2001, 2003), we used molecular methods 
alongside traditional bottle incubations to increase the reso-
lution of identification of ingested prey and compare feed-
ing in the field with that under experimental conditions.

Materials and methods

Sampling

Samples were collected weekly at the Western Channel 
Observatory (www.westernchannelobservatory.org.uk/) 
long-term time series station L4 (50°15.00′N, 4°13.02′W) 
between September 2009 and September 2010 (Fig. 2). On 
each sampling date, two replicate vertical WP2 net hauls 
(mesh size = 200 µm, mouth aperture = 57 cm diameter) 
were taken from 50  m to the surface. Water depth at the 
site averages 54  m. The samples were washed immedi-
ately from the cod end into a cool box with fresh surface 
seawater, stored on board at ambient surface water tem-
perature and returned to the laboratory within 2 h of col-
lection. Concurrently, 10  L of fresh surface seawater was 
collected, immediately screened using a 200-µm mesh to 
remove potential mesozooplankton predators, returned to 
the laboratory, where it was screened a second time through 
an 80-µm mesh to remove potential micrometazoan com-
petitive predators, and left overnight in the dark at ambi-
ent sea temperature. Approximately 250 active bivalve lar-
vae were isolated from the live net samples on the day of 

collection using a stereomicroscope (Wild M5). These were 
transferred in aliquots of 50 into 10-mL wells of 0.2-µm-
filtered seawater (FSW) and left overnight at ambient sea 
surface temperature to allow gut clearance. To determine 
bivalve larvae size for each sampling date, approximately 
30 bivalve larvae were photographed with a camera affixed 
to an inverted microscope (Olympus IX71). Images were 
analysed with cellSens (Olympus) software to determine 
shell length (µm).

Experimental procedure

Bivalve larval feeding experiments consisted of bottle incu-
bations of the screened naturally occurring microplankton 
community with and without the addition of bivalve larvae. 
The screened surface water was gently mixed and divided 
between 8 × 500-mL acid-washed clear glass DuranR bot-
tles. Fifty bivalve larvae were added to each of the four 
experimental bottles, and four control bottles were left with 
screened surface water only. All eight bottles were topped 
up with the screened surface water to remove any air bub-
bles and sealed. The bottles were attached to a revolving 
plankton wheel rotating at 1  rpm and left in the dark for 
24  h at ambient sea surface temperature. The remain-
ing bivalves (~50) were left for 24  h at ambient sea sur-
face temperature in 0.2-µm-filtered seawater (FSW) for gut 
evacuation as a negative control for the molecular gut con-
tent analysis.

At Tzero, 100  mL of screened surface water was fil-
tered onto a glass fibre filter (GF/F) and frozen at −20 °C 
prior to chlorophyll-a (chl-a) analysis. Triplicate 250  mL 
sub-samples were also taken from the screened surface 
water and fixed in acid Lugol’s iodine solution (2 % final 

Fig. 2   Abundance of bivalve 
larvae (solid line) and sea sur-
face temperature (dashed line) 
at station L4, Western English 
Channel, over 1 year from 
September 2009 to September 
2010. Dates of feeding selectiv-
ity experiments (grey circles) 
and chlorophyll concentration 
(black circles) are indicated. 
Dotted line represents the 
monthly average chlorophyll 
concentration (µg L−1)
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concentration), and triplicate 2 mL sub-samples were fixed 
in paraformaldehyde (1 % final concentration) for approxi-
mately 1  h before being flash-frozen with liquid nitrogen 
and then stored at −20 °C prior to flow cytometric analysis.

After 24 h, the experiments were stopped and the bivalve 
larvae were prepared for molecular identification and char-
acterisation of gut content. For experiment 1, bivalves 
(n = 200) were pooled following the feeding incubations, 
repeatedly washed in 0.2-µm-filtered seawater (FSW), col-
lected in a 1.5 mL centrifuge tube, spun to remove excess 
water and stored at −20 °C for DNA analysis. Thereafter, 
for experiments 2–7, the larvae were pooled for each exper-
iment (n = 200), repeatedly washed in 0.2-µm-filtered sea-
water and sedated by dipping the mesh (100 µm)-bottomed 
plexiglass chamber in 200  mL 0.37  mg  mL−1 tricane 
methane sulphonate (Sigma) (Simonelli et  al. 2009). The 
sedated larvae were picked into a 1.5-mL centrifuge tube, 
flash-frozen in liquid nitrogen and then stored at −80  °C 
until DNA analysis.

From each experimental bottle, 100 mL of sample was 
filtered onto a GF/F and frozen at −20 °C, triplicate sub-
samples of 250  mL were fixed in Lugol’s solution and 
2  mL sub-samples were fixed in paraformaldehyde as 
described for Tzero.

Taxonomic composition of bivalve larvae

Bivalve larvae are morphologically near-identical, and 
therefore, it is not possible to identify them to species or 
even genus level by microscopy. During this study, we 
undertook to identify the bivalve larvae by barcoding a 
region of the 18S rRNA gene. The 200 pooled bivalve 
larvae from each feeding experiment were prepared as 
described above and the DNA was extracted using the 
DNeasy Blood & Tissue Kit (Qiagen) following the stand-
ard protocol for animal tissue. An RNase step was included; 
4 µL RNase A (100 mg mL−1) was added to the lysis and 
incubated at room temperature for 2  min. Total lysis was 
left for 2.5 h and the DNA was eluted in 2 × 100 µL MilliQ 
water. Efficiency of the DNA extraction was checked by 
running on a 0.8 % electrophoresis gel. This genomic DNA 
was also used for the molecular analysis of gut content (see 
below).

Extracted DNA (2 µL) from each of the feeding experi-
ments 1–7 were used as a DNA template for PCR ampli-
fication of a partial region of the 18S rRNA gene with 
universal eukaryote primers 18S for 5′-GCCAGTAGGA 
TATGCTTGTCTC-3′ and 18S rev 5′-AGACTTGCCTC 
CAATGGATCC-3′ (Holland et  al. 1991). PCR ingredients 
include 10  µL 5× GoTAQ DNA polymerase buffer (Pro-
mega UK Ltd), 4 µL 2 mM dNTPS (Promega UK Ltd), 4 µL  
25 mM MgCl2, 10 µM of each forward and reverse primer 
and 1.25 U GoTAQ DNA polymerase (Promega UK Ltd). 

Cycling was carried out in a G Storm or VWR thermocycler 
with the following parameters: 94 °C (2.5 min) followed by 
35× cycles of 94 °C (45 s), 50 °C (1 min), 72 °C (2 min), a 
final extension phase at 72 °C (10 min) and storage at 10 °C. 
Ten microlitre aliquots of the amplification reaction were 
analysed by gel electrophoresis (1  %) to check amplifica-
tion efficiency. PCR products (25  µL) were cleaned using 
a QIAquick purification kit (Qiagen UK Ltd), and 2 µL of 
each PCR product was ligated and transformed using the 
pGEM®-T Easy Vector System and JM109 competent cells 
(Promega UK Ltd) to construct clone libraries, following 
the standard protocol. White colonies (n ≥ 40 for each PCR 
product) were picked, inoculated into 5 µL MilliQ water and 
following denaturation at 95 °C for 5 min used for colony 
PCR with the addition of 10 µL 5× GoTAQ DNA polymer-
ase buffer (Promega UK Ltd), 4 µL 2 mM dNTPS (Promega 
UK Ltd), 5 µL 25 mM MgCl2, 10 µM of primers M13f and 
M13r (Heidecker et al. 1980) and 1.25 U GoTAQ DNA pol-
ymerase (Promega UK Ltd). Cycling conditions included an 
initial denaturation step at 96 °C (5 min) followed by 30× 
cycles of 94 °C (1 min), 53 °C (1 min), 72 °C (1.5 min), a 
final extension phase at 72 °C (5 min) and storage at 10 °C. 
Following colony PCR, over 40 colonies were sequenced 
(LGC Genomics GmbH, Germany) for each clone library. 
Sequences were trimmed to the forward and reverse prim-
ers using Mega 5 (Heidecker et  al. 1980) and assigned to 
OTUs at the 97 % similarity level using the Qiime pipeline 
(Caporaso et al. 2010). A representative sequence for each 
OTU was generated in the Qiime pipeline. By default, the 
representative sequence for an OTU is chosen as the most 
abundant sequence present in that OTU. This is computed 
by collapsing identical sequences and choosing the one 
that was read the most times as the representative sequence 
(Caporaso et al. 2010). In addition, 10 (or if <10 sequences 
in any OTU, as many as are available) random sequences 
(www.randomizer.org/form.htm) were selected. For each 
OTU, the representative sequence selected by the Qiime 
pipeline and the additional randomly picked sequences were 
manually assigned taxonomy by a BLASTN (Basic Local 
Alignment Tool) search of the GenBank DNA database for 
sequence similarities. The top hits for each BLASTN output 
for the representative and random sequences within an OTU 
were compared and assigned identity based on the lowest 
shared taxonomic level.

Analysis of prey

To determine overall feeding on the <80  µm phytoplank-
ton assemblage, chl-a was used as a proxy. For analysis of 
chl-a concentration, frozen filters were placed into 10 mL 
90 % acetone and left overnight at 4 °C in the dark. Sam-
ples were analysed using a Turner fluorometer, and chl-a 
concentrations were measured in µg mL−1.

Author's personal copy
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The main analysis of prey was undertaken with flow 
cytometry to make a more detailed characterisation of the 
<20  µm phytoplankton assemblage. Synechococcus (0.8–
1.5 µm) (SYN), picoeukaryotes (0.2–2.0 µm) (PEUK) and 
nanoeukaryotes (2–20  µm) (NEUK) were distinguished 
based on their light scattering and fluorescence proper-
ties using a Becton Dikinson FACSort™ flow cytometer 
equipped with an air-cooled laser providing blue light at 
488 nm following the method of Tarran et al. (2006). Cryp-
tophytes and coccolithophores (<20  µm) were counted in 
addition to the general nanoeukaryote group as crypto-
phytes can be distinguished from other nanoeukaryotes 
by their orange-fluorescing phycoerythrin and coccolitho-
phores by enhanced side light scatter relative to their size. 
PEUK, NEUK and cryptophyte abundances were con-
verted to carbon using a conversion factor of 0.22  pg C 
µm3 (Booth et al. 1988) and for coccolithophores a conver-
sion factor of 0.285 pg C µm−3 (Tarran et al. 2006). These 
conversion factors were applied to cell volumes calculated 
from median cell diameter measurements (Tarran et  al. 
2006).

To determine the community concentrations 
(cells  mL−1) of both high nucleic acid and low nucleic 
acid (LNA) bacteria, 500 µL of sample was stained with 
5  µL SYBR Green (10−4) plus 45  µL potassium nitrate 
(300  mM) and left for 1  h in the dark at room tempera-
ture. The samples were run through the flow cytometer for 
1 min. Bacteria abundance was converted to carbon using 
a conversion factor of 19 fg C cell −1 (Zubkov et al. 1998).

To enumerate ciliates (<30  µm), which cannot be enu-
merated by flow cytometry, sub-samples of between 25 
and 100  mL were taken from Lugol’s fixed samples and 
concentrated by sedimentation onto a counting cham-
ber (Utermöhl 1958); the whole chamber was examined 
at 200× magnification using an Olympus IMT-2 inverted 
microscope, and all ciliates were enumerated. The carbon 
content of each ciliate was determined using the carbon to 
volume conversion equations of Putt and Stoecker (1989). 
Diatoms were not enumerated in this study because they 
were very low in abundance and the few that were present 
were assumed too large to be ingested by the bivalve larvae 
(Hansen et  al. 1994). Dinoflagellates were not counted as 
a separate group, but those <20  µm were included in the 
nanoeukaryote fraction of the flow cytometry analysis.

Clearance rate, ingestion rate and selectivity

Bivalve larval clearance and ingestion rates were calculated 
for total phytoplankton using chl-a concentrations as a 
proxy. Clearance and ingestion rates of bacteria, Synechoc-
occus spp. picoeukaryotes, cryptophytes, coccolithophores, 
nanoeukaryotes (excluding coccolithophores and crypto-
phytes) and ciliates were estimated from the differences in 

the rates of change of prey abundance in experimental bot-
tles with and without the addition of bivalve larvae (Frost 
1972).

Selective feeding by the bivalve larvae was evaluated 
from positive feeding rates using the electivity index (Ei) of 
(Vanderploeg and Scavia 1979). Ei ranges from −1 to +1 
where 0 corresponds to no selectivity; negative values cor-
respond to avoidance, and positive values represent selec-
tion. We used a one-sample Student’s t test to determine 
whether electivity significantly deviated from 0.

Statistical analysis

All data analyses were carried out using Sigmaplot v.12 
unless otherwise specified. A Kruskal–Wallis nonparamet-
ric ANOVA was used to determine whether there was a 
significant difference in bivalve size between experiments. 
Due to unequal sample sizes, further analysis was carried 
out with Dunn’s method pairwise multiple analyses.

Student’s t tests (Excel 2010) were used to determine 
whether there was a significant difference in prey concen-
tration between controls and experimental bottles (df3). The 
tests were performed to the significance level α  =  0.05. 
Only when the Student’s t test demonstrated a significant 
difference were clearance rates calculated.

To test for statistical differences in clearance rates over 
the seven experiments, individual tests were performed for 
each prey type (one-way ANOVA or Kruskal–Wallis).

To ascertain whether bivalve larvae demonstrated prefer-
ences for any prey types, a Kruskal–Wallis test was used. 
As clearance rates did not change significantly between 
experiments for any prey type, clearance rates from all 
experiments were pooled together for each prey type. Fur-
ther analysis was then undertaken by applying Tukey’s 
multiple pairwise comparisons.

Molecular analysis of gut content

There were two sources of bivalve larvae used for molecu-
lar analysis of gut content; those collected straight from the 
bottle incubation experiments and, for 3 of the sampling 
dates (Table 1), those picked straight from the water sam-
ples, immediately preserved and used as “in situ” compara-
tive samples. The small size of the bivalve larvae, ~360 µm, 
makes dissection of their stomachs impractical; therefore, 
DNA was extracted from pooled whole individuals (see 
above). For experiments 3, 6 and 7, further bivalve larvae 
(n = 40–50) were sorted directly from the field sample and, 
with no incubation in FSW for gut evacuation, immediately 
washed and sedated following the method above, flash-
frozen in liquid nitrogen and then stored at −80  °C until 
DNA analysis. For both experimental larvae and in situ 
larvae picked straight from the water sample, process time 
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from removal from natural feeding environment to sedation 
and snap freezing was kept to a minimum (<5 min) to limit 
digestion of gut content or gut evacuation. Starved bivalves, 
which had been incubated overnight in FSW for gut evacu-
ation, were washed and sedated as described above and 
stored at −80 °C for a negative control for molecular anal-
ysis of gut contents.

Feeding incubation experiments determined that the 
majority of the bivalve larvae diet was composed of 
nanoeukaryotes and coccolithophores. We therefore used 
primers to target the haptophyta, a group of nanoeukaryotes 
including the orders coccolithales, isochrysidales, phaeo-
cystales and prymnesiales. Partial 18S rDNA solely found 
in haptophytes was selectively amplified using the forward 
primer Prym-429f: 5′-GCG CGT AAA TTG CCC GAA-
3′ (Coolen et  al. 2004) and the reverse primer PRYM02: 
5′-GGA ATA CGA GTG CCC CTG AC-3′ (Simon et  al. 
2000). Two microlitres of extracted genomic DNA from 
experiments 1–7, in situ field animals and starved bivalves 
were used for PCR amplification. PCR ingredients include 
10 µL 5× GoTAQ DNA polymerase buffer (Promega UK 
Ltd), 4 µL 2 mM dNTPS (Promega UK Ltd), 4 µL 25 mM 
MgCl2, 10  µM of each forward and reverse primer and 
1.25  U GoTAQ DNA polymerase (Promega UK Ltd). 
Amplifications were carried out in a G Storm or VWR ther-
mocycler. The cycling parameters included an initial dena-
turation step at 96 °C (4 min) followed by 35× cycles of 
94 °C (30 s), 55 °C (40 s), 72 °C (40 s). A final extension 
phase at 72 °C (10 min) was followed by storage at 10 °C. 
Ten microlitre aliquots of the amplification reaction were 
analysed by gel electrophoresis (1 %) to check amplifica-
tion efficiency. To increase amplification of any haptophyte 
DNA from the bivalve larvae guts, internal nested PCR 
primers were designed specifically from an alignment of 12 
haptophyta sequences. These consisted of sequences from 
within the orders coccolithales, isochrysidales, phaeocyst-
ales and prymnesiales. One microlitre of each PCR prod-
uct was used as a template for a nested PCR with 10 µM 
of the custom-designed forward and reverse primers Nest-
Hapto-F 5′-TGA CAC AGG GAG GTA GTG ACA AG-3′ 
and Nest-Hapto-R 5′-GGT CGA AAC CAA CAA AAT 
AGC ACC-3′. Remaining PCR components included 10 
µL 5× GoTAQ DNA polymerase buffer (Promega UK 
Ltd), 4 µL 2 mM dNTPS (Promega UK Ltd), 4 µL 25 mM 
MgCl2 and 1.25  U GoTAQ DNA polymerase (Promega 
UK Ltd). Amplifications were carried out in a G Storm or 
VWR thermocycler with the following cycling parameters: 
initial denaturation step at 96 °C (4 min) followed by 30× 
cycles of 94 °C (1 min), 60 °C (1 min), 72 °C (1 min). A 
final extension phase at 72  °C (5  min) was followed by 
storage at 10 °C. Five microlitres of PCR product was run 
on a 1 % agarose gel to check for successful amplification. 
For each successful amplification, 25  µL of PCR product Ta
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was cleaned using a QIAquick purification kit (Qiagen UK 
Ltd). To separate individual amplicons from the PCR prod-
ucts for sequencing, 2 µL of each PCR product was ligated 
and transformed using the pGEM®-T Easy Vector System 
and JM109 competent cells (Promega UK Ltd) following 
the standard protocol. White colonies (n = 32 for each PCR 
product) were picked, inoculated into 5  µL MilliQ water 
and following denaturation at 95  °C for 5  min used for 
colony PCR as described above. Twenty microlitres of each 
successful amplification was sent away for sequencing by 
LGC Genomics GmbH, Germany. Sequences were opened 
in Mega 5 (Heidecker et al. 1980) and trimmed to the for-
ward and reverse primers. The Qiime pipeline (Caporaso 
et  al. 2010) was used to assign the sequences to opera-
tional taxonomic units (OTUs) at the 97 % similarity level 
and to generate representative sequences. The representa-
tive sequences were then manually assigned taxonomy by 
searching the GenBank DNA database for sequence simi-
larities using a basic local alignment search tool (BLAST).

Trophic impact

The potential trophic impact of bivalve larval feeding on 
each of the different prey groups was calculated by multi-
plying the bivalve carbon ingestion rate for each prey group 
by the abundance of bivalves. This was then compared to 
the average standing stocks of each prey group present at 
L4 at 10 m depth. Using field abundance data, the potential 
trophic impact in the field of bivalve larvae on each prey 
type was calculated as the percentage of the total standing 
stocks grazed daily (assuming that all prey were evenly dis-
tributed throughout the water column).

Results

During the sampling period September 2009 to Septem-
ber 2010, bivalve abundance was highest during autumn 
2009, winter 2010 and autumn 2010 (Fig.  2). The peaks 
of bivalve abundance in the autumns of 2009 and 2010 
occurred in a period of high sea surface temperature and 
relatively high chl-a concentrations. The peak in abundance 

in winter (January/February) 2010 occurred when sea sur-
face temperature and chl-a concentrations were both lower. 
During the sample period, sufficient numbers of larvae 
were available to conduct seven feeding experiments, 2 in 
October/November 2009, 3 in January/February 2010 and 
2 in September 2010 (Fig. 2).

The mean length of bivalve larvae ranged from 322 µm 
(SD  ±  27) in experiment 4 (February 2010) to 443  µm 
(SD  ±  73) in experiment 6 (September 2010) (Table  1). 
There was a significant difference in bivalve size between 
experiments (Kruskal–Wallis nonparametric ANOVA; 
H =  108.382; df6; p  <  0.001). Bivalves in winter experi-
ments (January and February 2010) were significantly 
smaller than those in autumn experiments (Table 2).

Taxonomic composition of bivalve larvae

The bivalve larvae were successfully identified by barcod-
ing a region of the 18S rRNA gene. From the 18S amplicon 
clone libraries constructed for each bivalve larval feeding 
experiment, a total of 341 sequences were returned, with 
at least 40 sequences originating from each library. These 
sequences clustered to 10 OTUs at the 97  % similarity 
level (Accession numbers KJ542098-KJ542107; Table  3). 
A representative sequence generated in the Qiime pipe-
line, and up to 10 randomly picked sequences from each 
OTU were used in a BLASTN search against the NCBI 
non-redundant nucleotide data set, using the criteria that 
the E value was 0, the BLASTN coverage over 550 bp and 
the BLASTN homology ≥98 % (Table 3). The top hits for 
each BLASTN output for the representative and randomly 
selected sequences within an OTU were compared and 
assigned identity based on the lowest shared taxonomic 
level. The results were checked to ensure the assigned tax-
onomy contained local species. This list of local species 
was derived from adult bivalves collected as part of the 
PML benthic survey time series which includes five sample 
sites around Plymouth (stations L4, Eddystone, Jennycliff 
Bay, Cawsand Bay and Rame Head) and covers an area of 
approximately 150 km2. When both the representative and 
random sequences for an OTU showed the highest homol-
ogy to a single species, the GenBank database was checked 

Table 2   Multiple comparisons 
between bivalve larval size 
for each sampling date using 
Dunn’s procedure

* p < 0.05

Expt. date q statistic

19.10.09 10.11.09 26.01.10 02.02.10 08.02.10 06.09.10

10.11.09 2.743

26.01.10 6.032* 3.064*

02.02.10 7.384* 4.583* 1.837

08.02.10 6.607* 3.788* 0.955 0.842

06.09.10 0.473 2.834 5.581* 6.800* 6.128*

27.09.10 2.045 0.611 3.609* 5.055* 4.288* 2.236

Author's personal copy



	 Mar Biol

1 3

to ascertain whether 18S sequences for other local species 
within the same genus were represented. If such sequences 
were not found on the database, the OTU was annotated to 
the genus level. In addition, when an OTU showed high-
est homology to a single genus, the GenBank database was 
checked to ascertain whether 18S sequences from other 
local genera within the same family were represented. If 
it was found that other local genera from within the same 
family were not on GenBank, then the OTU was assigned 
to the family level. Where an OTU contains a genus or fam-
ily member which falls within the same family or order 
of a different OTU, these OTUs have been combined and 
assigned identity at the lowest common taxonomic level. 
For example, OTU 3 was assigned to the genus Musculus 

which is a member of the Mytilidae family (OTU 6); there-
fore, OTU 3 and 6 have been combined. Similarly, OTU 4 
originally assigned to the family Montacutidae falls within 
the order Veneroida (OTU 9) as does OTU 10 assigned as 
family Mactridae; therefore, OTUs 4, 9 and 10 have been 
combined and assigned to the order Veneroida. Combining 
OTUs that are annotated as members of the same taxonomic 
family or order, as above, and following the criteria that any 
OTU not showing homology greater or equal to 98 % (such 
as OTU 7), the original 10 OTUs (Table 3) were condensed 
to 6 OTUs. Of these 6 combined OTUs, 1 was identified to 
species level, 1 to genus, 3 to family and 1 to order (Fig. 3).

The composition of bivalve larvae changed over the 
course of the feeding experiments (Fig. 3). Experiments 1 

Table 3   Taxonomic description of bivalve larvae identified by barcoding a region of the 18S rDNA gene

Sequences clustered at the 97 % similarity level to 10 OTUs (operational taxonomic units). Annotation of each OTU was achieved by BLASTN 
searching a representative sequence generated in the Qiime pipeline and 10 (or as many as are available) randomly selected sequences from each 
OTU, against the NCBI non-redundant nucleotide data set. The top hits for each BLASTN output for the representative and randomly selected 
sequences within an OTU were compared and assigned identity based on the lowest shared taxonomic level

OTU Accession number No. of seqs. Assigned ID ≥98 % Score (bits) E value Homology (%)

1 KJ542098 126 Phaxas pellucidus 1,014–1,026 0.0 99

2 KJ542099 48 Genus Barnea 1,026–1,031 0.0 99

3 KJ542100 38 Genus Musculus 950–972 0.0 98

4 KJ542101 6 Family Montacutidae 959–972 0.0 99

5 KJ542102 57 Family Hiatellidae 966–1,009 0.0 99

6 KJ542103 6 Family Mytilidae 924–970 0.0 98

7 KJ542104 1 None

8 KJ542105 1 Family Pectinidae 953–998 0.0 99

9 KJ542106 55 Order Veneroida 924–1,000 0.0 99

10 KJ542107 3 Family Mactridae 989–1,038 0.0 99

Fig. 3   Composition of bivalve 
larvae in each experiment 
derived from the number of 
sequences for each operational 
taxonomic unit as a percentage 
of the total number of sequences 
for each experiment
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and 2 (October/November 2009) showed a mix of Phaxas 
pellucidus, members of the genus Barnea, the families 
Mytilidae and Hiatellidae, and order Veneroida. In winter 
2010 (experiments 3, 4 and 5), the composition of bivalve 
larvae was dominated by larvae of the razor shell, P. pel-
lucidus. By the following autumn, when the larvae again 
increased in abundance, the composition of bivalve larvae 
was mixed, with experiments 6 and 7 showing the greatest 
diversity with P. pellucidus, the families Mytilidae, Hiatel-
lidae and Pectinidae and order Veneroida being represented.

Bivalve larvae clearance and grazing rates

A significant difference in chl-a concentration between 
controls and experimental bottles was seen in all feeding 
experiments, indicating grazing of the <80  µM plankton 
community (Student’s t test; df3; α =  0.05) (Table  4). To 
determine the diets and preferred prey of the bivalve lar-
vae, the potential planktonic prey groups were investi-
gated in further detail by flow cytometry and microscopy 
(ciliates). Significant grazing of nanoeukaryotes (2–20 µM) 
and coccolithophores was determined for all experiments 
and for picoeukaryotes (<2 µM) in all experiments except 
experiment 1 and 3. However, significant grazing was only 
detected for LNA bacteria in experiments 2 and 5; Syne-
chococcus in experiments 2, 3, 4 and 6; and cryptophytes 
(~7–10  µM) in experiment 2. No significant grazing was 
determined on high nucleic acid bacteria. Significant feed-
ing was only detected on ciliates (<30  µm in length) in 
experiments 3 and 5 (Table 4).

Analysis of potential prey at the beginning of each 
bivalve larval feeding experiment is given as both prey 
abundance (cells  mL−1) (Table  1) and carbon biomass 
available (Fig. 4a, b). Over the annual cycle, the composi-
tion of prey available changed considerably, but consisten-
cies were apparent within a particular season. In general, 

as we would expect, there was less carbon available in the 
winter months (experiments 3, 4 and 5) than in late and 
early autumn. In early autumn 2010 (experiments 6 and 7), 
it appears that there were fewer cryptophytes available.

The amount of carbon (ng) ingested per day per individual 
for each prey group (Fig. 4c) shows that the bivalve larvae 
ate a wide size range of foods from Synechococcus to small 
ciliates. However, nanoeukaryotes and coccolithophores pro-
vided the vast majority of carbon available and made up at 
least 75 % of the bivalve larvae diet (Fig. 4d), with Synecho-
coccus spp. and picoeukaryotes contributing little. During 
each season, a small percentage (0.6–2.5 %) of the carbon 
ingested came from small (<30 µm) heterotrophic ciliates.

Although temperature, prey availability and bivalve lar-
val size varied over the course of the experiments, clearance 
rates did not change significantly between experiments for 
any prey type (one-way ANOVA or Kruskal–Wallis non-
parametric tests performed per prey type; Table 5).

Selectivity

The highest clearance rates measured were of coccolitho-
phores and on some occasions nanoeukaryotes (Fig.  5). 
Between food types, there were significant differences in 
clearance rates (H  =  40.8; df5; p  <  0.001), with clearance 
rates of coccolithophores higher than all other prey types 
except nanoeukaryotes, and clearance rates of nanoeukary-
otes significantly higher than those of cryptophytes and Syn-
echococcus (Tukey’s multiple pairwise comparison; Table 6).

This was further confirmed by the electivity index Ei 
(Fig. 6), which showed selection of coccolithophores in all 
experiments except experiment 2 and selection of nanoeu-
karyotes in experiment 2. There was negative selection of 
Synechococcus, picoeukaryotes, cryptophytes and ciliates 
in various experiments according to the electivity index 
(Fig. 6).

Table 4   Student’s t test results to determine whether there is a significant difference (** p ≤ 0.01; * p ≤ 0.05) in the concentration of each prey 
group between the controls and experimental bottles

Clearance rates were calculated when t was significant (p ≤ 0.05). Chlorophyll-a (Chl-a), low nucleic acid bacteria (LNA), high nucleic acid 
bacteria (HNA), Synechococcus (Syn), cryptophytes (Crypto), picoeukaryotes (PEUK), nanoeukaryotes (NEUK), coccolithophores (Coccos) and 
ciliates

Experiments t statistic

Chl-a LNA HNA Syn Crypto PEUK NEUK Cocco Ciliates

1 11.20** 0.00 1.51 0.68 0.76 0.69 10.58** 3.38* 2.33

2 5.74** 2.36* 0.98 2.97* 3.37* 2.84* 4.56** 3.15* 1.81

3 7.86** 1.60 0.65 2.36* 0.79 1.62 4.16* 24.30** 25.95**

4 4.44* 0.60 1.10 3.33* 0.79 8.84** 3.93* 8.12** 1.29

5 14.91** 2.79* 0.74 0.00 1.99 4.53* 3.78* 3.69* 4.64**

6 5.42** 4.42* 2.58* 9.00** 8.39** 1.13

7 45.54** 0.00 3.21* 5.30** 13.21** 1.44
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Molecular analysis of gut content

A total of 282 sequences were returned from 7 feeding 
experiments and the in situ field samples supplementing 
experiments 3, 6 and 7. Analysis using the Qiime pipeline 
assigned these sequences to ten different OTUs, numbered 
0–9 (Accession numbers KF878247-KF878256; Table  7). 
OTU 3 contained only one sequence and was therefore not 
included in any further analysis.

The percentage of the total haptophyte diet made up by 
each of the OTUs for each experiment, as a percentage of the 
total number of sequences assigned to each OTU, is shown in 
Table 7. The detection of sequences from different prey spe-
cies is subject to primer efficiency and copy number biases, 
and therefore, these proportions may only be deemed semi-
quantitative. The table also shows the species or genus likely 
to be represented by that OTU, as determined by the highest 

similarity from comparison with sequences in the GenBank 
database using BLASTN. In some cases, sequences from 
two or more species showed the same similarity to the OTU 
representative sequence. In these cases, the genus or family 
common to both or all species listed is shown in brackets.

The haptophyte species represented in the diet were all 
from class Prymnesiophyceae. Within this class, four orders 
were represented: Coccosphaerales (Braarudosphaera 
bigelowii); Isochrysidales (Isochrysis galbana; Gephyro-
capsa oceanica; Emiliania huxleyi); Phaeocystales (Phae-
ocystis spp.) and Prymnesiales (Chrysochromulina spp. 
and Prymnesium spp.). For three of the experiments, all of 
the sequences were assigned to just one OTU. For two of 
these, 100 % of the diet was from OTU 9, likely to be I. 
galbana, and for the other one, 100 % of the diet was from 
OTU 7, whose representative sequence was equally similar 
to several species of Prymnesium. Three species from two 

Fig. 4   Contribution of the different prey types to the measured car-
bon in the incubation water for each experiment a as the absolute 
carbon available (µg C L−1) b as a percentage of the total carbon 
available. Bivalve larvae ingestion rates of ciliates, nanoeukaryotes, 

coccolithophores, cryptophytes, picoeukaryotes and Synechococcus 
for each experiment 1–7 shown as c carbon (µg) ingested individual−1 
day−1 d carbon ingested individual−1 day−1 as a percentage of total

Synechococcus Cryptophytes Picoeukaryotes Nanoeukaryotes Coccolithophores Ciliates
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different orders showed 100  % similarity with the repre-
sentative sequence from OTU 4 (Chrysochromulina brevi-
filum, Chrysochromulina parkeae and B. bigelowii). Sam-
ples from experiment 7 showed the greatest variety, with 

the sequences assigned to five different OTUs, although 
four of these OTUs were likely to be Phaeocystis.

The representative sequences from four different OTUs 
(0, 1, 2 and 8) were all shown to be most similar to species 
of Phaeocystis. The representative sequence from OTU 0 
was 100 % homologous to a sample of Phaeocystis globosa 
from the English Channel. For the other three OTUs, it was 
more difficult to assign a likely species confidently. This 
is due to the fact that the representative sequence showed 
the highest similarity to an unspecified Phaeocystis spp. 
or to a non-local Phaeocystis spp. sequence whereby no 
18S sequences for that species from sources local to the 
study existed. To simplify our understanding of the diet, 
sequences assigned to OTUs 0, 1, 2 and 8 were compiled in 
one group containing all Phaeocystis spp. (Fig. 7).

There appears to be a good correlation between the 
haptophyte portion of the bivalve larval diet determined 
using molecular techniques from larvae analysed after 
the feeding experiments and those larvae whose gut con-
tents were assessed directly after collection from the field 
(Fig.  7). For experiment 3, both field and experimental 
samples showed the haptophyte portion of the diet of lar-
vae to be approximately 50 % E. huxleyi/G. oceanica and 
I. galbana with the remainder being made up of Phaeo-
cystis spp. for experimental larvae and Chrysochromulina 
spp. for in situ larvae. Comparison of larval diet in experi-
ment 6 with field samples shows the haptophyte portion of 
their diet to be approximately 70 % E. huxleyi/G. oceanica 

Table 5   Summary of one-way ANOVA and Kruskal–Wallis nonpara-
metric tests to compare clearance rates of prey types over the seven 
experiments: ciliates, nanoeukaryotes (NEUK), coccolithophores 
(Coccos), cryptophytes (Crypto), picoeukaryotes (PEUK) and Syn-
echococcus (Syn)

Df6, α = 0.05

Prey type Statistical test F/H statistic p value

Syn ANOVA F = 1.971 0.12

PEUK ANOVA F = 0.834 0.56

Crypto ANOVA F = 2.48 0.09

Coccos ANOVA F = 0.54 0.77

NEUK Kruskal–Wallis H = 11.64 0.07

Ciliates Kruskal–Wallis H = 2.89 0.82
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Fig. 5   Clearance rates (mLs individual−1 day−1) of bivalve larvae 
(mean + 1SD) as a function of prey availability (cells mL−1) for each 
of the prey groups: ciliates, nanoeukaryotes (NEUK), coccolitho-
phores (Coccos), cryptophytes (Crypto), picoeukaryotes (PEUK) and 
Synechococcus (Syn)

Table 6   Multiple pairwise comparisons between bivalve larvae 
clearance rates of each prey type: ciliates, nanoeukaryotes (NEUK), 
coccolithophores (Coccos), cryptophytes (Crypto), picoeukaryotes 
(PEUK) and Synechococcus (Syn) using Tukey’s method

* α = 0.05

Prey type q statistic

Ciliates NEUK Coccos Crypto PEUK

NEUK 3.35

Coccos 4.18* 0.83

Crypto 1.77 5.12* 5.94*

PEUK 0.64 3.99* 4.81* 1.13

Syn 2.92 6.27* 7.10* 1.15 2.28
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with the remaining portion consisting of either OTU 4 (C. 
brevifilum, C. parkeae or B. bigelowii) or OTU 6 (Chrys-
ochromulina spp.) for the experimental and in situ sam-
ples, respectively. The haptophyte portion of the diet for 
larvae from experiment 7 and field 7 both comprises of E. 
huxleyi/G. oceanica and Phaeocystis spp. but in different 
proportions.

Trophic impact

The potential trophic impact of bivalve larval feeding on 
each of the different prey groups in the field was minimal. 
The bivalves grazed up to 0.4  % of the standing stocks 
much of which appears to be made up of nanoeukaryotes 
including coccolithophores. The potential trophic impact in 

Table 7   Percentage of the total haptophyte portion of the bivalve lar-
vae diet made up by each of the OTUs for each experiment, meas-
ured as the percentage of the total number of sequences assigned to 

each OTU, where E = experiment, F = field and N is the number of 
sequences in each category

OTU (N) Accession 
number of 
representative 
sequence

Highest 
similarity from 
blast (common 
denominator)

Experiment or field number (N)

E 1 (21) E 2 (20) E 3 (21) F 3 (20) E 4 (30) E 5 (27) E 6 (19) F 6 (31) E 7 (31) F 7 (31)

0 (19) KF878247 Phaeocystis 
globosa

(Genus Phaeo-
cystis)

0 0 43 0 0 0 0 0 3 29

1 (7) KF878248 Phaeocystis 
spp.

(Genus Phaeo-
cystis)

0 0 14 0 0 0 0 0 10 3

2 (8) KF878249 Phaeocystis 
spp.

(Genus Phaeo-
cystis)

0 0 0 0 0 0 0 0 26 0

4 (6) KF878251 Chrysoch-
romulina 
brevifilum, 
C. parkeae 
or Braaru-
dosphaera 
bigelowii

(Class Prymne-
siophyceae)

0 0 0 0 0 0 32 0 0 0

5 (108) KF878252 Emiliania hux-
leyi or Gephy-
rocapsa 
oceanica

(Family 
Noelaerhab-
daceae)

0 0 24 25 93 0 68 87 29 68

6 (12) KF878253 Chrysoch-
romulina spp.

Family Prym-
nesiaceae

0 0 0 35 3 0 0 13 0 0

7 (59) KF878254 Prymnesium 
spp.

Genus Prymne-
sium

0 0 0 0 3 100 0 0 0 0

8 (10) KF878255 Phaeocystis 
spp.

(Genus Phaeo-
cystis)

0 0 0 0 0 0 0 0 32 0

9 (52) KF878256 Isochrysis 
galbana

100 100 19 40 0 0 0 0 0 0
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the field was low and did not vary greatly over the whole 
season (Fig. 8).

Discussion

During the period of this study, we saw three peaks in 
bivalve abundance over the year from September 2009 to 
September 2010, allowing seven feeding experiments to be 
undertaken over the seasonal cycle. In both autumn 2009 
and autumn 2010, the high abundance of bivalve larvae 
correspond to relatively high sea surface temperature (SST) 
and chl-a concentration; these peaks correlate well with 
the long-term time series characterisation of bivalve larval 
abundance. During the time series analysis of meroplank-
ton at Station L4, bivalves have been routinely enumer-
ated but, due to their morphological similarities, they have 
never been identified beyond the classification of ‘bivalve 
larvae’. During this study, barcoding a region of the 18S 
rRNA gene has enabled us to determine how the composi-
tion of bivalve larvae changes throughout the year. Molecu-
lar analysis was performed on whole genomic DNA pooled 
from all bivalve larvae from a particular experiment/time. 
Therefore, despite the size of the bivalve larvae being rela-
tively similar, it should be taken into consideration that 
the proportion of species detected at any one time may 
be influenced by biases in the amount of genetic material, 
copy number or primer homology between species.

Molecular characterisation of the bivalve larvae from 
these feeding experiments showed the composition of the 
larvae to change quite considerably between the peaks of 
abundance. The bivalve larvae in October/November 2009 

(experiments 1 and 2) consisted of a total of five OTUs: 
comprising of P. pellucidus, the genus Barnea, the families 
Mytilidae and Hiatellidae, and order Veneroida. In winter 
2010 (experiments 3, 4 and 5), the composition of bivalve 
larvae was dominated by larvae of the razor shell, P. pel-
lucidus. In September 2010 (experiments 6 and 7), the peak 
of bivalve abundance showed the greatest diversity with 5 
OTUs being represented in experiment 6 alone; these were 
annotated to be P. pellucidus, the families Mytilidae, Hia-
tellidae and Pectinidae, and the order Veneroida. Consid-
ering that bivalve larvae are often spawned in response to 
elevated SST (Highfield et  al. 2010) or to take advantage 
of increased prey during a phytoplankton bloom (Pulfrich 
1997; Highfield et al. 2010), it was unusual to see a peak 
of bivalve larvae in winter 2010 (experiments 3, 4 and 5). 
Indeed, peaks in bivalve larvae abundance in winter are 
only seen on occasional years (our unpublished L4 data). 
This winter peak of abundance occurred when SST and 
chl-a concentration were half of that seen in the autumn. 
These bivalve larvae (experiments 3, 4 and 5) were estab-
lished by molecular identification to be predominantly 
(≥94 %) P. pellucidus. All 11 sequences (1 representative 
sequence and 10 randomly selected sequences) which were 
used to classify OTU 1 showed 99 % homology to P. pel-
lucidus. Considering that this is the sole local species of the 
Phaxas genus and that homology with any other members 
of the Pharidae family was below our homology threshold 
for assigning taxonomy, we are confident to classify this 
OTU to species level. P. pellucidus is a razor shell, <4 cm 
in length, which is found buried in fine mixed sands in 
coastal waters of north-western Europe including the coasts 
of the British Isles (Neish 2008) and is known to spawn in 

Fig. 7   Percentage of the total 
haptophyte diet made up by 
each of the OTUs for each sam-
pling date, as a percentage of 
the total number of sequences 
assigned to each OTU; 
e = bottle incubation experi-
ment, f = field. The species or 
genus likely to be represented 
by that OTU, as determined 
by the highest similarity from 
comparison with sequences in 
the GenBank database using 
BLAST (Basic Local Alignment 
Tool) is shown
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both late-summer and winter months (MBA 1957). The 
taxonomy of bivalve larvae, assigned by molecular char-
acterisation, was compared to adult bivalves collected and 
identified from the same station (L4) as part of the benthic 
survey of the Western Channel Observatory (www.wester
nchannelobservatory.org.uk/). Nineteen species of bivalves 
were collected and identified over a 2-year period. These 
species belonged to 8 orders of which 5 orders were also 
represented in the bivalve larvae results presented here. Of 
the three orders that were not represented by the bivalve 
larvae, the 18S sequences of the local species within 2 of 
the orders (Lucinoida and Anomalodesmata) are present in 
the GenBank database; for the third order Nuculida, not all 
local species are represented in GenBank. This comparison 
with adult bivalves from Station L4 has served to confirm 
that our molecular characterisation of the bivalve larvae is 
likely to be a good representation of the bivalves present 
at station L4 on our sampling dates; however, it cannot be 
overlooked that bivalve larvae can be advected to the sam-
pling site and therefore may have originated from adult 
bivalves some distance away.

This study is novel in that it looks at naturally occurring 
bivalve larvae in the field and assesses the feeding rate and 
selectivity of these larvae on a naturally occurring plank-
ton assemblage. The results of this study show that bivalve 
larvae feed on a wide range of prey from picoeukaryotes 
to ciliates within the <30  µm plankton assemblage. In 
particular, the larvae appear to select for nanoeukary-
otes, especially coccolithophores, with these prey groups 
contributing >75  % of the carbon ingested. The focus of 
many previous studies on larval bivalve feeding has been 

based around commercially important species in labora-
tory environments (Baldwin and Newell 1995; Rico-Villa 
et  al. 2009; Ben Kheder et  al. 2010). From these studies, 
it is thought that the diet of bivalve larvae consists mostly 
of nanoplankton (<20 µm), including dinoflagellates, Isoch-
rysis spp. (Rico-Villa et al. 2009) and Synechococcus spp. 
(Baldwin 1995). Despite these studies being based solely 
on oyster larvae, our study largely concurs with the results, 
demonstrating that the diet of naturally occurring bivalve 
larvae is also based heavily on cells <20 µm.

The selection of nanoplankton including coccolitho-
phores by bivalve larvae may be passive selection or active 
selection; choice exercised by the predator in accepting or 
rejecting a prey type (Almeda et  al. 2011). Passive selec-
tion is partly based on prey size, and as such, our results 
would suggest nanoeukaryotes are of optimum size to be 
captured and ingested by the bivalve larvae. However, 
observations on meroplankton larvae with double cilia 
bands, such as bivalve larvae, suggest that these mero-
plankton have a predator/prey size ratio ranging between 
30:1 and 125:1 (Hansen et al. 1994). For the bivalve larvae, 
in our study, this would equate to a preferred prey size of 
2.8–12 µm. The positive selection seen for nanoeukaryotes 
and coccolithophores in this study could therefore be active 
selection and potentially based on food quality. Coccolitho-
phores, such as E. huxleyi, have in fact been shown to be 
of exceptionally high nutritional quality (Pond and Harris 
1996). The fact that cryptophytes are not selected for, and 
yet are of a similar size to the species of coccolithophores 
eaten during this study, as determined by the molecular 
assessment of gut content, suggests that the bivalve larvae 

Fig. 8   Potential trophic impact 
in the field of bivalve larvae 
on each prey group: ciliates, 
nanoeukaryotes (NEUK), coc-
colithophores (Coccos), crypto-
phytes (Crypto), picoeukaryotes 
(PEUK) and Synechococcus 
(Syn), calculated as the percent-
age of the total standing stocks 
grazed daily (assuming that all 
prey were evenly distributed 
throughout the water column)
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are indeed actively selecting for coccolithophores. This is 
also evident from the clearance rates and electivity index 
which clearly demonstrate a significant and positive selec-
tion for coccolithophores and an avoidance of picoeukary-
otes, cryptophytes, Synechococcus and ciliates.

Previous studies have suggested the importance of pico-
plankton in the diet of bivalve larvae as well as bacteria 
and detritus (Baldwin and Newell 1991; Raby et al. 1997; 
Sommer et al. 2000). However, for this study, the contribu-
tion of picoplankton to the carbon ingested by the larvae is 
extremely small. In addition, during this study, the clear-
ance rate of picoplankton was significantly lower than that 
for coccolithophores, and no positive selection was seen. It 
is worth considering, however, that our low grazing rates 
on picoplankton could be attributable to masking by a more 
significant cascade of trophic effects caused by the removal 
of other predatory groups. For example, as suggested by 
(Almeda et  al. 2011), if the bivalve larvae remove other 
grazers of picoplankton such as ciliates and heterotrophic 
nanoflagellates, this may result in a relaxation of graz-
ing pressure on small-sized prey which in turn may over-
shadow the effects of bivalve larvae grazing on these food 
items and lead to underestimation of grazing. However, in 
our study, grazing on ciliates was minimal; therefore, it is 
unlikely that the low grazing on picoplankton is attributable 
to masking by a cascade of trophic effects.

Similarly, the grazing rates on bacteria may also be 
masked by growth which could occur as a result of food 
chain effects or as a result of excretion by the bivalve lar-
vae in the experimental bottles. In only 3 experiments was 
the ingestion of LNA bacteria significant and no significant 
ingestion of HNA bacteria was seen in any experiments. 
LNA bacteria may be representative of senescent bacte-
ria and therefore are not in growth phase. HNA bacteria 
are indicative that the population of bacteria is growing 
and therefore significant ingestion on these bacteria could 
potentially be masked by growth of the HNA bacteria in 
the control bottles (Gasol et al. 1999). We may also specu-
late that there is a proportion of the bivalve larvae diet that 
we were not able to analyse, such as detritus or dissolved 
organic matter (Manahan and Crisp 1982).

The diet of the bivalve larvae does not appear to change 
dramatically over the seasonal cycle. This is despite the 
composition of prey available changing, the size of the 
bivalves being significantly different and indeed the diver-
sity of bivalves changing between seasons. In all experi-
ments, over 80  % of the diet consists of nanoeukaryotes 
including coccolithophores. For experiments 3, 4 and 5, 
where the bivalves are of a smaller size and comprised pre-
dominantly of P. pellucidus, it is interesting to note that 
the clearance rate of smaller prey such as picoeukaryotes 
and Synechococcus did not significantly increase. Dur-
ing winter when chl-a concentrations and prey abundance 

are lower than that at other times of the year, it might be 
predicted that bivalve larvae eat a greater range of prey; 
however, from these studies, this does not appear to be the 
case with the larvae in winter still feeding predominantly 
(>90 %) on nanoeukaryotes and coccolithophores. To con-
clude, despite the changes in bivalve larvae community 
structure, clearance rates of each prey type did not change 
significantly over the course of the experiments, therefore 
suggesting that different bivalve species may in fact con-
sume similar prey.

The potential trophic impact in the field was low and did 
not vary greatly over the whole season. It is possible that 
the trophic impact is underestimated as our bivalve num-
bers are relatively low. We know from our time series data 
that bivalve larvae can reach double the abundance we saw 
during our study period and that the relatively low numbers 
of bivalve larvae seen in our study may in part be attribut-
able to the size of mesh used for sampling (Riccardi 2010). 
However, even considering abundance of bivalve larvae 
may reach twice that used in our trophic impact calcula-
tions; the impact is unlikely to exceed 1  % of standing 
stock grazed per day. These findings are in concurrence 
with those described by (Almeda et  al. 2011) who also 
found that the trophic impact of bivalve larvae was <1 % 
of the biomass of the standing stock grazed daily. From the 
observations of this study and that of Almeda, it may be 
implied that bivalve larvae are unlikely to be food-limited 
at any time and in turn therefore, one may advocate that 
mortality is potentially controlled by predation as opposed 
to limitation of prey.

Performing bottle incubation experiments can provide 
a good insight into what naturally occurring bivalve larvae 
may prey upon in a natural plankton assemblage. However, 
given that availability and quality of food may be patchy, 
both spatially and temporally, running a laboratory-based 
experiment on natural assemblages of bivalve larvae and 
prey may still not give a true representation of feeding in 
the field. Many studies suggest that bivalve larvae may have 
a high tolerance to food deprivation (Moran and Manahan 
2004; Ben Kheder et  al. 2010; Matias et  al. 2011). How-
ever, food quality and quantity have a notable influence on 
the duration of larval phases (Ben Kheder et al. 2010), and 
delayed development leaves larvae open to predation and 
therefore reduced recruitment. The only alternative way to 
gain information on the diet of pelagic larvae is by identify-
ing the food actually found in the stomachs of the larvae 
in situ. However, dissection and identification of gut con-
tent is unrealistic due to the small size of the bivalve larvae. 
In such circumstances, molecular analysis of gut content 
of individuals taken directly from the field may provide 
valuable information on predator–prey relationships. As 
part of this study, we performed molecular analysis of gut 
content of bivalve larvae following the bottle incubations, 
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and where there were sufficient larvae, on the gut content 
of larvae taken directly from the field. Recent studies have 
used DNA-based techniques for dietary analysis includ-
ing PCR amplification of 18S genes from the gut content 
of zooplankton (Nejstgaard et  al. 2003; Troedsson et  al. 
2007; Nejstgaard et al. 2008; Troedsson et al. 2009; Durbin 
et al. 2012), including meroplanktonic larvae (Maloy et al. 
2009; Riemann et al. 2010; Fileman et al. 2014). If the gut 
content of the predator can first be removed to reduce co-
amplification of host DNA, then general or universal prim-
ers designed to conserved regions (Holland et  al. 1991) 
targeting the 18S gene can be used. However, for small 
organisms such as bivalve larvae where gut content can-
not be extracted, universal primers would result in a high 
concentration of predator DNA which would likely mask 
amplification of the small amount of prey DNA. As such, 
this study utilised 18S primers designed to target the hap-
tophyte group of nanoeukaryotes, known to be positively 
selected for, which by nature of their specificity would not 
amplify the predator DNA. This was possible during this 
study as the bottle incubations gave a good idea of the main 
portion of the larval diet and allowed a comparison between 
the results seen for the feeding experiments and the larvae 
taken directly from the field. It must, however, always be 
taken into consideration that this method of DNA ampli-
fication is not quantitative. Biases in primer efficiency and 
DNA copy number between species, as well as DNA deg-
radation of prey during gut passage, may all lead to a skew 
in the proportion of the diet detected. This study has, how-
ever, clearly shown that using a DNA-based technique for 
analysing the gut content of bivalve larvae provides a bet-
ter resolution of identification of the prey consumed, com-
pared with flow cytometric or routine microscope analysis 
of prey, and also that the composition of prey established 
through traditional bottle experiments confers quite well 
with that established from in situ larvae.

The application of DNA-based techniques to establish 
the predator–prey interactions of meroplanktonic larvae 
and microplankton is likely to gain more interest with the 
development of new techniques. Next generation sequenc-
ing (NGS) allows sequencing of several thousands of 
sequences simultaneously, increasing the efficiency and 
decreasing the cost and time associated with more tradi-
tional amplification, cloning and sequencing techniques. 
DNA metabarcoding using NGS has the potential to reveal 
many consumed species simultaneously (O’Rorke et  al. 
2012; Pompanon et  al. 2012; Lindeque et  al. 2013). In 
addition, the most recent studies have developed a method 
whereby the dietary analysis of consumers can be made 
with universal primers using predator-specific endonucle-
ase restriction enzymes or blocking primers, including the 
analysis of small planktonic consumers such as bivalve lar-
vae (Maloy et al. 2013).

Conclusion

Despite the ecological and commercial importance of 
adult populations of many invertebrate species, little is 
known regarding specific trophic interactions of their 
larval stages, including feeding selectivity, ontogenetic 
shifts in prey preference or levels of feeding competi-
tion between various species (Maloy et al. 2013). While 
physical transport processes play major roles in deliv-
ering larvae to the shore, first, larvae must survive the 
perils of life in the plankton, where they usually suffer 
great mortality (Vargas et al. 2006). This study has dem-
onstrated that bivalve larval size and species composition 
can change over a seasonal cycle. Despite these changes, 
larval food preferences and clearance rates remain con-
stant, even though their prey’s composition and availabil-
ity also vary. A more informed understanding of the role 
of meroplanktonic larvae in pelagic marine food webs, 
such as we have undertaken to provide in this study, will 
allow a better prediction of how shifting plankton com-
munity structure may affect larval survival and recruit-
ment to the benthos.
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