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INTRODUCTION

Scallops, such as Pecten maximus (Linnaeus, 1758),
are sessile, suspension-feeding animals living half-
buried on the sea floor. They rely on the availability of
trophic resources in the nearby water to obtain their
food. In coastal environments, factors such as temper-
ature, light, riverine inputs, salinity, tide and currents
influence seawater primary production. The avail-

ability of food depends on the strong seasonality of
these hydrological and biochemical conditions; there-
fore, suspension-feeding bivalves must have evolved
to develop a plastic trophic niche (Rossi et al. 2004,
Nérot et al. 2012). Scallops may thus feed on pelagic
and benthic microalgae, protozoans, microzooplank-
ton, dissolved organic carbon and detrital organic
matter (Shumway et al. 1987, Lorrain et al. 2002,
Mac Donald et al. 2006, Lavaud et al. 2014, Aya &
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by the polar lipid composition of the DG. Peridinin, characterizing Dinophyceae, occurred in high
proportions in the digestive tract compared to the low ambient concentration, suggesting a selec-
tion of this microalgae group by the scallop. Chlorophyceae and green macroalgae tracers were
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phyceae were also observed at significant levels. Cyanobacteria tracers showed that this micro-
algae class was not ingested by the scallops during monitoring but may be of higher importance
during winter. Switching from one food source to another as well as selectivity in feeding are dis-
cussed relative to the season.
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Kudo 2017). A recent study has confirmed this diver-
sified diet (Nérot et al. 2012), yet only qualitatively.

Studies aiming at tracing the potential trophic
sources of an organism use various chemical, biolog-
ical, biochemical or physiological indicators of the
prey items in the environment and inside the organ-
isms. Among these indicators, stable isotopes are
often used (Rossi et al. 2004, Bode et al. 2006, Marín
Leal et al. 2008). Although they are able to discrimi-
nate between taxa at different trophic levels (benthic
vs. planktonic microalgae for example), their low
turnover is sometimes insufficient to distinguish
short-term changes in the diet of the consumer. Pig-
ments and lipids (fatty acids [FAs] and sterols), on the
other hand, have long been used to characterize the
class, genus and even species of microalgae (Jeffrey
1974, 1997, Pastoureaud et al. 1995, Loret et al. 2000,
Louda et al. 2008, Sanz et al. 2015 for pigments; Par-
rish et al. 1995, Soudant et al. 1996, Bachok et al.
2003, 2009 for FAs; and Volkman 1986, Napolitano et
al. 1993, Soudant et al. 1998a for sterols). These bio-
markers have been extensively used in foraging ecol-
ogy and food web studies. Statistical methods are in
development to assess the contribution of different
food sources in the diet, e.g. CHEMTAX for pigments
(Mackey et al. 1996) and for FA analysis (Dijkman &
Kromkamp 2006) or quantitative fatty acid signature
analysis (QFASA) in FA studies (Iverson et al. 2004).
However, their distribution is complex, with few un -
ambiguous biomarkers. It is therefore important that
other techniques are used to identify the food types
present (Wright & Jeffrey 2006). In this context, com-
bining pigment and lipid compositions of tissues
could prove advantageous to assess seasonal vari-
ability of food sources (Hurtado et al. 2012).

The present study describes the temporal qualita-
tive and quantitative variations in trophic sources
consumed by P. maximus, in an innovative approach
combining 3 well established trophic markers: pig-
ments, FAs and sterols, in the digestive gland and
rectum contents. The coupling of these 3 biomarkers
is expected to provide a full understanding of both
high-frequency and long-term patterns in the feed-
ing ecology of the great scallop and to help trace dif-
ferent food sources from various origins.

MATERIALS AND METHODS

Study area and sampling protocol

The study was conducted in the Bay of Brest (Brit-
tany, France). Pecten maximus were dredged in the

bay in November 2010 and then relocated to Lanvéoc
(48° 17’ N, 4° 27’ W, average depth: 12 m). From 14
March 2011 until 24 October 2011, 3 individuals were
collected by SCUBA divers every 2 wk. During April
and May, corresponding to a period of high phyto-
plankton productivity, scallops were sampled twice a
week. Only animals over 3 yr old (identified by yearly
shell growth rings; Mason 1957), and thus fully
mature, were selected for this study. The digestive
gland (DG) content, hereafter referred to as the stom-
ach content, was collected in 2 ml Eppendorf tubes by
squeezing the DG. In the same way, the content of the
posterior part of the intestine (branch outside the
gonad) was obtained by pressing the rectum. Stomach
fraction was used as a proxy of ingested food, and rec-
tum fraction was considered as the digested part of
food that was not assimilated. A total of 2 aliquots of
DG tissue were encapsulated into aluminium cups.
DG content and tissue samples were frozen in liquid
nitrogen and stored at −80°C until sample treatment.

Seawater was also sampled using a 5 l Niskin bottle
at 2 m below the surface during the entire study
period. Sampling of the water−sediment interface
was carried out by SCUBA divers from early May,
using a 450 ml syringe to collect water at approxi-
mately 3 cm above the sea bottom. Sampling was
performed as far as possible at medium tidal coeffi-
cient and around mid-tide. Phytoplankton species
composition and abundance were determined in
samples both in the water column and at the water−
sediment interface. A volume of 250 ml of each sam-
ple was fixed with acetic Lugol’s solution. Quantita-
tive and qualitative analyses were carried out from
settled cells using an inverted phase microscope.
Vacuum filtration of seawater was conducted on
GF/F filters (0.7 µm) previously heated for 6 h at
450°C. Between 500 ml and 1.5 l of sub-surface sea-
water were filtered at each sampling time. The vol-
ume of filtered bottom water ranged from 50 to
150 ml, depending on filter clogging. Two filtrations
were carried out for water column samples and 2 for
water−sediment interface samples, for pigment and
lipid analysis. Filtrates were stored in sealed alu-
minium folds at −80°C until sample treatment. Simul-
taneous analyses of pigment composition of the ses-
ton from the water column and from the water−
sediment interface were conducted whenever possi-
ble as they were not available for the first 2 mo of the
study. Nevertheless, the occurrence, timing and
intensity of spring phytoplankton at the bottom were
well documented in a study carried out at the same
time and the same location (Chatterjee et al. 2013).
Pigment and lipid composition of all samples (DG
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content, DG tissue of scallops and filtrates) were ana-
lyzed as described below.

Pigment analysis

The procedure used to identify and quantify pig-
ments in the filters and in the DG contents was the
method described by Claustre & Ras (2009). The ex-
traction of pigments was achieved from 200 µl of
stomach contents, 50 µg of rectum contents and sea-
water filtrates from the 2 depths, in 100% methanol
enriched with vitamin E acetate (used as internal
standard; Sigma-Aldrich). To improve extraction
yield, samples were disrupted by sonication using an
S-4000 sonicator (Misonix) and stored at −20°C. Soni-
cation was repeated after 2 and 4 h of extraction. Sam-
ples were centrifuged for 10 min at 3000 rpm (805 × g;
4°C) and passed through 13 mm syringe filters (Pura -
disc, 0.2 µm, PTFE; Fischer). Pigment analyses were
carried out on a complete Agilent Technologies 1200
series HPLC system, equipped with a ZORBAX
Eclipse XDB-C8 silica column (3 × 150 mm, 3.5 mm
particle size) and a diode array detector, which per-
mits automatic pigment identification based on ab -
sorption spectra. The elution was run at a flow rate of
0.55 ml min−1 using solvent A (tetrabutylammonium
acetate and methanol, 30:70 v/v) and solvent B
(metha nol) in the following elution procedure (min,
solv. A, solv. B): (0, 90, 10), (22, 5, 95), (27, 5, 95), (28,
90, 10) and (33, 90, 10). Pigment optical densities were
monitored at 450 nm (chloropigments and caro te -
noids) and at 667 nm (chlorophyll a [chl a] and de rived
pigments), and automatically compared to the reten-
tion times of 15 pigment standards (DHI and Sigma-
Aldrich) previously calibrated. The injection precision
of the method was estimated at 0.4%, and the
effective limits of quantification for most pigments
were rather low: 2.89 10−5 µg ml−1 for chl a and 3.98
10−5 µg ml−1 for carotenoids. Chemstation software
was used for verification and eventual correction of
the peak integrations in each chromatogram.

Lipid analysis

Chemicals

HPLC-grade solvents were purchased from VWR
International. Boron trifluoride (BF3; 14% by weight
in methanol), tricosanoic acid (C23:0), cholestane
and 37-component fatty acid methyl ester (FAME)
mix were obtained from Sigma-Aldrich. Silica gel 60

(63–230 µm mesh) was purchased from Merck. Gas
chroma to graphy (GC) capillary column was a
DBWAX (30 m × 0.25 mm i.d., 0.25 µm thickness) for
FAME analysis and a Rtx65 (15 m × 0.25 mm i.d.,
0.25 µm thickness) for sterol analysis and were ob -
tained from Agilent and Restek, respectively.

Lipid extraction

Lipid extraction was conducted by resuspension of
the filtrates or of 200 mg aliquots of DG previously
grounded by ball milling under liquid nitrogen. Sam-
ples were then put in glass tubes containing 6 ml of
chloroform-methanol (2:1, v/v) and stored at −20°C
before analysis.

Separation

After centrifugation (2 min, 1000 rpm), lipid analy-
ses were carried out on 1 ml of DG lipid extracts and
on 5 ml of filtrate lipid extracts (due to the small
amount of material in the seawater when compared
to the DG). Lipid extracts were then evaporated to
dryness under nitrogen, recovered with 3 chloroform-
methanol (98:2, v/v) washings of 500 µl each and de-
posited at the top of a silica gel microcolumn (Pasteur
pipette of 5 mm i.d., plugged with glass wool and
filled with silica gel 60, both previously heated for 6 h
at 450°C and deactivated with 6% water by weight).
Neutral lipids (NL), including triglycerides, free FAs
and sterols, were eluted with 10 ml of chloro form-
methanol (98:2 v/v) and polar lipids (PL), containing
glycolipids and phospholipids, were eluted with
20 ml of methanol; both were collected in 20 ml vials.

Transesterification

After evaporation to dryness under nitrogen, PL
and NL fractions were recovered and transferred in
8 ml vials with 3 chloroform-methanol (98:2, v/v)
washings of 1 ml each. The NL fraction was then
equally divided into 2 vials. All of the PL fraction and
half of NL fraction were dedicated to FA analysis; the
other part of the NL fraction was dedicated to sterol
analysis. As internal standards, 2.3 µg of C23:0 was
added to the FA vials and 2.5 µg of cholestane to the
sterols vials. After evaporation to dryness under
nitrogen, FAMEs were obtained by adding 800 µl of
methanol-BF3 to FA vials, vortexing and heating for
10 min at 100°C. For sterol analysis, 2 ml of a sodium
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methoxyde solution (NaOH, 27 µg µl−1 in methanol)
was added to the sterol vials, which were maintained
under agitation for 90 min at room temperature. Be -
fore GC analysis, organic phases containing FAME
or sterols were washed 3 times with 1 ml of distilled
water and 800 µl of hexane and centrifuged (1 min at
1000 rpm) before eliminating the aqueous phase
each time. Finally, organic phases were transferred
into tapering vials and stored at −20°C.

GC analysis

FAMEs were analyzed in an Agilent 6890 gas chro-
matograph equipped with an on-column injector and
a flame-ionization detector, with hydrogen as a car-
rier gas. They were identified by their retention times
with reference to those of a standard 37-component
FAME mix and other known standard mixtures from
marine bivalves (Soudant et al. 1995) and designated
following the formula C:X(n-Y) where C is the num-
ber of carbon atoms, X is the number of double bonds
and Y is the position of the first double bond counted
from the CH terminal. The sterols were separated by
GC, in a Chrompack 9002 equipped with an on-
column injector and a flame-ionization detector, with
hydrogen as a carrier gas. Sterols were identified by
comparison of their retention time with standards as
described in Soudant et al. (1998a).

Data analysis

As chl a is present in all marine algae species and
because the goal of this study was to identify specific
patterns in the dynamics of several algae classes, chl a
was removed from the total amount of
pigments; each pigment quantity was
therefore expressed as its contribution
to the total amount of pigment without
chl a. This was applied to all samples
(seawater and digestive tract contents).

Statistical analyses were carried out
to determine significant temporal vari-
ations in the different food proxies, an-
alyzed using R v.3.3.2 (R Core Team
2013). Potential correlations between
pigment concentrations in the 2 water
compartments and the stomach con-
tents were investigated through simple
linear regressions. A canonical corre-
spondence ana lysis (CCA) integrating
all food proxy variables in the environ-

ment (phytoplankton counts and pigments in the wa-
ter column and at the water−sediment interface) and
the proportion of pigments, FAs and sterols in the
stomach contents over time was performed using the
package ‘vegan’ (Oksanen et al. 2017). Degraded
pig ments (pheophytin and pheophorbide) as well as
pig ments, FAs and sterols whose proportions aver-
aged less than 0.5% were excluded. Be cause no
water samples were available at the water− sediment
interface until May, the CCA was performed for sam-
pling points after 2 May. First trials included all vari-
ables at the same time, and were not successful in
identifying clear relationships, likely due to the ele-
vated number of variables. Therefore 2 separate
analyses were performed, both using phytoplankton
counts as variables and time series of pigment pro-
portions in the water and the stomach contents or
lipid proportions in the DG tissues.

RESULTS

Seston pigment concentration and composition

A general pattern of phytoplankton abundance dur-
ing the study period can be seen in Fig. 1, showing the
dynamics of chl a concentration in the seston from the
water column as well as at the water− sediment inter-
face. The first sign of primary production recovery af-
ter winter in the water column oc curred at the end of
March, but the first significant phytoplankton bloom
was observed at the water− sediment interface in mid-
April. Microalgae grew in the water column in early
May. In June, another bloom occurred in the water
column while pigment concentrations in the bottom
water de creased. During the summer, few blooms

112

Fig. 1. Chl a concentration in the water column (solid line, black squares) and
in the water−sediment interface (dashed line, black dots) in the Bay of Brest,
France,  in 2011. Additional data for chl a concentration (grey area, right axis) 

at the sea floor are from Chatterjee et al. (2013)
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were re corded in the water column, while low pig-
ment amounts were found at the bottom. In autumn,
phytoplankton biomass increased in both water com-
partments. Pigment concentration in the water column
seemed to decline rapidly in August, while bottom
production reached high levels in September, compa-
rable to those observed in spring.

Detailed phytoplankton composition in the water
column and the water−sediment interface are pre-
sented in Table 1. Although identification has been
performed to species level, data are presented by
microalgae classes. The water from the sea bottom
was mainly composed of diatoms (Bacillariophy ceae),
of which the highest abundance was re corded in early
March. In the water column, the first ob served bloom
occurred in late March and was mainly composed of
Dinophyceae and Cryptophyceae, with 276 800 and
2 810 000 cells l−1 respectively (mostly Heterocapsa
tri quetra and Gyrodinium flagellare). A synchronous
elevation of alloxanthin and peridinin was observed
in the water column (Fig. 2b,e). The pigment composi-
tion of seston in late April showed increasing propor-
tions of 19’-hexanoyloxyfucoxanthin (19’HF) and 19’-
butanoyloxy-fucoxanthine (19’BF), up to 15 and 10%
respectively in the water column (Fig. 2d,f). At the
same time, the highest abundances of Prymnesio-
phyceae and Chrysophy ceae were recorded (Table 1).
Diatoms were highly abundant from the beginning
but showed a surge in early May (mostly Chaetoceros
sp., Cerataulina pela gica and Dactiliosolen fragilis-
sima in the water column, and Navicula sp. and Frag-
illaria sp. at the water− sediment interface), accom -
panied by peaks of fucoxanthin in both water
compartments (Fig. 2a), contributing 77% of the total
pigments. Almost all pigment proportions increased
during this bloom, except for peridinin, which only
showed several short peaks (around 10% of the total
pigment) during the study period. The second major
microalgae bloom was mostly due to diatoms, and oc-
curred in early June with up to 2 747 400 cells l−1. A
sharp increase of fucoxanthin concentration was
again observed in the water. From then on, fucoxan-
thin concentrations re mained at lower levels both in
the water column and at the water−sediment inter-
face, whereas the proportion of chl b started to in-
crease from about 10% to more than 20% in the water
column in June (Fig. 2e). During this period, only
trace amounts of green microalgae (Chlorophyceae)
were observed. The same occurred at the bottom from
July, also accompanied by a similar increase of peri-
dinin and zeaxanthin concentrations. Alloxanthin and
19’HF ac counted for about 5% of the total pigments
from mid-summer until the end of the study. High

numbers of Cryptophyceae and Prymnesiophyceae
were ob served during these last months. Finally, in
October, a last bloom of diatoms was recorded at the
water− sediment interface while seston pigment com-
position was dominated by fucoxanthin (up to 40%)
and chl b (50%). Degradation pigments such as
pheophorbide-a and pheophytin-a were detected at
very low amounts in the water during the whole study
period. Other pigments were detected in this study
(probably degraded forms of the main pigments al-
ready described) but were not taken into account as
we did not have the specific standards for their identi-
fication at our disposal.

Pigment composition of the digestive tract contents

Over the duration of the study, the quantity of pig-
ments measured in the stomach content seemed to
match the quantity found in the seston only during
certain periods of the study (Fig. 3). This is reflected
by a weak correlation between the pigment concen-
tration in the stomach content and the pigment con-
centration in the seston from both the water column
and the water−sediment interface (r2 = 0.3074 and
r2 = 0.1322 respectively; p < 0.01) when considering
the whole sampling period. However, these correla-
tions are greatly improved when the time series is
split into 2 periods (spring and summer/fall). A very
strong correlation between the concentration in the
stomach contents and in the water column was found
from June until the end of the study (r2 = 0.9394, p <
0.01). On the other hand, the correlation between the
concentration in the stomach contents and in the
water−sediment interface was stronger before June
(r2 = 0.4943, p < 0.01).

Fucoxanthin was, after chl a, the major pigment
found both in stomach and rectum (up to 55 and 50%
respectively; Table 2). Peridinin had a maximum oc -
cur rence of 43% in the stomach and 28% in the rec -
tum. The dynamics of these 2 predominant pigments
varied in an opposite manner, as shown in Fig. 4. Fu-
coxanthin in the stomach fluctuated strongly during
spring (Fig. 2a), with sharp increases from 10− 20% up
to 50−55% in late April, mid-May, late May and early
June. The minimum was ob served on 30 May (11.4%)
and the maximum on 28 April at 53.6%. As observed
in the water, a significant increase was registered in
autumn. The proportion of fucoxanthin in the rectum
was very similar to what was observed in the stomach,
as shown by a linear regression coefficient of r2 = 0.82
(p < 0.01). Peridinin showed a similar pattern, with a
fluctuating spring period followed by low proportions

113
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in early summer and medium levels until autumn,
when it dropped to its minimum (2.4%) on 3 October.
The maximum was reached on 2 May at 42.3%. Com-
pared to fucoxanthin, the linear regression between
the proportion of peridinin in the rectum and in the
stomach was less significant (r2 = 0.52, p < 0.01). For
instance, at the end of May as well as in July and Au-
gust, the discrepancy between the 2 compartments
was 20% between the entance to and the exit of the
digestive tract (Fig. 2b).

The occurrence of chl b was not observed in the
digestive tract of the scallops before an important
peak of 13.5% during June and July and a shorter
one in mid-August (12%; Fig. 2c). In the rectum, pro-
portions of chl b were found to be lower during the
first increase (10.5%) and higher during the second
peak (16%). Nevertheless, the correlation between
the 2 compartments was rather elevated (r2 = 0.76).

Two smaller 19'HF peaks of 16 and 11% were re -
corded in the stomach on 11 April and 2 May, respec-
tively; another increase was reported during August,
although this only reached 5% (Fig. 2d). During the
first peak and the late summer increase, the propor-
tion of this pigment in the rectum did not change,
whereas it increased up to 8% just after the second
spring peak. A higher proportion of alloxanthin was
present in the rectum than in the stomach until mid-
May (Fig. 2e). The proportion of this pigment then
increased up to 5% in the stomach in late May. From
June to October a regular increase was registered in
the digestive tract of Pecten maximus. Finally, sev-
eral events of in creased proportions of 19’BF up to
5% were ob served in the stomach as well as in the
rectum during April and the first week of May,
whereas only one significant peak occurred in the
seawater at the end of April (Fig. 2f).
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Fig. 2. Proportions of (a) fucoxanthin, (b) peridinin, (c) chl b, (d) 19’HF, (e) alloxanthin and (f) 19’BF in the water column (light
grey area), at the water−sediment interface (dark grey area) and in the stomach (dashed dark line, black dots) and rectum con-
tent (solid dark line, black squares) of Pecten maximus in the Bay of Brest in 2011. Chl a quantity was removed from total pig-
ment amount before calculating the proportion of each pigment. Standard deviations are indicated by vertical grey lines
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Degraded pigments, namely pheophorbide-a and
pheophytin-a, were also observed in both stomach
and rectum (Fig. 5). High proportions (17 to 24%) of
these 2 pigments were already present in the stom-
ach at the beginning of the study and dropped
down to zero on 11 April. A brief increase of pheo-
phytin-a to 24% was noted on 18 April. A peak of
degraded pigment was reached between 26 May
and 6 June and a second event occurred between
27 July and 30 August. In the rectum, the level of
degraded pigments very closely followed the pat-
tern described for the stomach. Pheophytin-a, how-
ever, fluctuated less from June and varied between
6 and 16%. Moreover, when compared to the total
pigment found in the stomach (Fig. 5b), the propor-
tions of degraded pigments seemed rather discon-
nected from the periods of increased ingestion. Dur-
ing the 4 periods of high total pigment concentration
in the digestive tract, proportions of degraded pig-
ments did not show any strong dynamics. Con-
versely, the 3 periods of high levels of degraded
pigments identified in the gut of the scallops
occurred after periods of low feeding activity and
just before the ingestion peaks.

FA and sterol composition of the DG

First of all, the GC analysis of FAs
and sterols in the seawater filters re -
vealed extremely low quantities in the
samples. Only the most prominent FAs
could be detected, showing only small
peaks which could not be accurately
quantified. Several trials to concen-
trate the samples did not solve this de -
tection threshold issue. Nevertheless,
the absence of usable FA and sterol
data for water samples should not be
crippling for the study, as FA markers
of microalgae classes ob served here
are well established in the literature.
Moreover, data on quantitative micro-
algae compositions from optical and/
or pigment analyses should constitute
a sufficiently robust base for decipher-
ing scallop FA profiles (see ‘Discus-
sion’ for details).

The total amount of FAs and sterols
in the DG of P. maximus showed par-
ticularly high variations during spring
(Fig. 6f). Total FA content of the DG
in creased from 45 to 75 µmol mg−1 be -
tween the start and end of the study,
with the highest value of 172 µmol

mg−1 reached in mid-June (Fig. 6f). The main FAs
found in the polar fraction were 20:5(n-3) (eicosapen-
taenoic acid; EPA), 22:6(n-3) (docosahexaenoic acid;
DHA) and 16:0, each accounting for about 15% of
total FAs (Table 3), 18:4(n-3), 20:4(n-6), around 5%
and to a lesser extent 18:2(n-6), 18:3(n-3), 18:1(n-9),
20:4(n-3) and iso17:0, which accounted for less than
2%. In the neutral fraction, 20:5(n-3) was the main
FA (25%; Table 4), 16:0 accounted for about 15%,
14:0, 16:1(n-7) and 22:6(n-3) ranged be tween 6 and
12%, 20:4(n-6) was found around 3.5% and 18:1(n-9),
18:3(n-3), 18:4(n-3) and 18:5(n-3) each ac counted for
about 2%. Within the polar fraction, the ratio be -
tween EPA and DHA showed 2 periods of increase in
late April/ early May and at the beginning of June
(Fig. 6e). Lower levels were ob served at the begin-
ning of April, at the end of May and in August. An
analogous tendency was observed when comparing
the proportions of 16:1(n-7) and 18:5(n-3) (in the
 neutral fraction). A peak of 18:4(n-3) was observed at
the end of April, its proportion reaching 5% of total
FA and increasing regularly from June to October
(Fig. 6c). Similar patterns were observed for 18:2(n-6)
and 18:3(n-3), which also exhibited an important in -

Fig. 3. (a,b) Total quantity of pigment, including chl a, measured in the stom-
ach content of Pecten maximus (dark line in [a,b]), water column (light grey
area in [a]), and at the water−sediment interface (grey area in [b]) in the Bay of
Brest in 2011. Standard deviations are indicated by vertical grey lines. Data
from the water−sediment interface from the study of Chatterjee et al. (2013)

are also plotted (dark grey area in [b]) to complete the present data set
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crease of twice their initial percentage in late May
(Fig. 6a). The proportion of 20:4(n-3) only varied be -
tween 0.3 and 0.7%, but presented 2 important
peaks in April and in late May and gradually in -

creased throughout the summer until the end of the
study (Fig. 6b). Finally, iso17:0 FA found in the PLs
presented interesting dynamics as it decreased from
March to the end of May before rising again during
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Date (dd/mo)   PHB           PER           BFU           FUC           HFU           ALO           ZEA           LUT           CHB           PHT

Stomach                                                                                                                                                                                       
21/03             18.7 (4.6)   16.9 (1.6)     0.0 (0.0)   14.4 (1.4)     0.9 (0.8)     0.7 (1.2)     2.7 (1.6)     1.5 (0.7)     2.3 (0.3)   27.1 (3.3)
04/04             31.1 (7.2)     9.7 (3.1)     0.0 (0.0)   23.6 (0.8)     0.9 (1.5)     3.1 (1.0)     0.0 (0.0)     0.0 (0.1)     0.5 (0.9)   23.1 (6.3)
11/04               0.0 (0.0)   44.1 (1.2)     2.0 (1.0)   22.7 (8.4)   16.0 (4.5)     0.0 (0.0)     0.0 (0.0)     0.0 (0.0)     0.0 (0.0)     0.0 (0.0)
18/04               7.9 (1.1)   18.8 (1.3)     0.0 (0.0)   34.0 (0.4)     3.8 (0.4)     0.3 (0.5)     0.0 (0.1)     0.1 (0.2)     0.3 (0.5)   28.9 (1.3)
26/04               5.2 (1.1)   28.1 (5.9)     3.2 (0.5)   50.1 (6.0)     1.7 (0.6)     0.0 (0.0)     0.0 (0.0)     0.0 (0.0)     0.0 (0.0)     5.1 (1.6)
28/04               0.0 (0.0)   19.8 (5.4)     0.7 (1.3)   60.4 (5.0)     1.3 (0.3)     0.0 (0.0)     0.0 (0.0)     0.0 (0.0)     0.0 (0.0)     9.1 (0.9)
02/05               0.0 (0.0)   48.0 (0.1)     5.1 (0.3)   19.8 (2.2)   11.5 (1.0)     0.0 (0.0)     0.0 (0.0)     0.0 (0.0)     1.8 (1.8)     0.2 (0.3)
09/05               0.0 (0.5)   25.6 (4.1)     0.0 (0.0)   56.6 (4.5)     3.8 (0.9)     0.0 (0.0)     0.0 (0.0)     0.0 (0.0)     0.0 (0.0)     4.2 (1.2)
12/05               0.0 (0.9)   13.3 (6.9)     0.0 (0.0)   66.0 (5.0)     2.0 (0.7)     0.0 (0.0)     0.1 (0.1)     0.0 (0.0)     0.8 (0.8)     1.8 (1.7)
16/05               0.0 (0.0)   35.0 (4.3)     0.0 (0.0)   45.1 (3.1)     2.3 (0.6)     0.6 (0.1)     0.0 (0.0)     0.0 (0.0)     0.4 (0.7)     3.9 (0.5)
19/05               0.0 (0.0)   40.7 (7.9)     0.0 (0.0)   37.9 (6.2)     4.2 (1.5)     0.0 (0.0)     0.0 (0.0)     0.0 (0.0)     0.0 (0.0)     6.9 (2.2)
23/05               0.8 (1.2)   13.2 (1.2)     0.0 (0.0)   60.3 (3.2)     1.3 (0.4)     0.0 (0.0)     0.0 (0.0)     0.0 (0.0)     0.0 (0.0)     4.7 (0.1)
26/05             22.7 (1.2)   23.4 (0.9)     0.0 (0.0)   30.9 (3.2)     0.9 (0.0)     5.4 (0.9)     0.2 (0.1)     0.4 (0.2)     0.3 (0.3)     3.9 (0.9)
30/05             41.1 (2.0)   17.5 (2.4)     0.0 (0.0)   13.2 (2.0)     1.0 (0.6)     4.6 (2.2)     0.0 (0.0)     0.0 (0.0)     1.2 (1.0)   15.5 (3.6)
06/06               0.0 (0.0)     4.6 (1.3)     0.7 (0.6)   50.9 (3.4)     0.8 (0.8)     0.0 (0.0)     0.0 (0.0)     0.4 (0.4)     2.4 (0.6)   26.0 (6.7)
14/06               2.4 (2.5)     8.5 (0.3)     0.0 (0.0)   59.2 (2.4)     1.2 (1.1)     2.1 (0.5)     0.0 (0.0)     0.1 (0.1)     4.9 (1.2)     5.7 (1.7)
27/06               5.7 (1.9)   15.6 (3.6)     0.0 (0.0)   23.2 (7.0)     4.1 (0.3)     2.0 (0.9)     0.0 (0.0)     2.1 (0.6)   20.6 (1.5)   14.0 (3.6)
11/07               5.9 (0.8)   14.3 (3.7)     0.0 (0.0)   21.6 (5.2)     4.1 (0.7)     2.1 (0.2)     0.0 (0.0)     2.5 (0.2)   19.9 (2.5)   16.0 (3.7)
27/07             22.7 (1.3)   23.4 (0.9)     0.0 (0.0)   30.9 (3.2)     0.9 (0.0)     5.4 (1.0)     0.2 (0.1)     0.4 (0.2)     0.5 (0.1)     3.9 (0.9)
16/08             29.1 (3.0)   19.1 (3.0)     0.0 (0.0)   27.8 (2.5)     5.0 (1.1)     4.6 (0.6)     0.0 (0.0)     3.8 (0.4)     0.0 (2.4)     5.4 (0.9)
30/08               8.2 (1.2)   26.2 (2.5)     0.0 (0.0)   31.0 (0.5)     6.3 (1.5)     5.9 (1.1)     0.0 (0.0)     3.7 (1.5)     0.0 (0.0)   28.3 (1.8)
05/09             10.2 (9.5)   24.4 (9.7)     0.0 (0.0)   30.3 (5.7)     2.3 (1.1)     9.0 (1.4)     0.0 (0.0)     4.3 (0.3)     0.0 (0.0)     5.8 (5.1)
03/10               4.3 (2.6)     3.4 (1.8)     0.0 (0.0)   62.0 (1.1)     1.1 (0.4)     1.8 (0.2)     0.1 (0.0)     0.0 (0.1)     0.3 (0.6)     9.5 (4.4)
24/10             18.7 (1.2)   27.2 (3.2)     0.0 (0.0)   15.1 (4.0)     4.6 (0.6)     8.3 (1.2)     0.0 (0.0)     0.3 (0.0)     0.0 (0.0)     6.0 (0.2)

Rectum                                                                                                                                                                                       
21/03             31.4 (8.8)   13.9 (3.2)     0.0 (0.0)   15.0 (3.7)     1.1 (2.0)     6.0 (0.6)     1.1 (0.4)     1.2 (0.8)     0.0 (0.0)   14.2 (0.8)
04/04             31.1 (8.1)     0.0 (0.0)     0.0 (0.0)   28.7 (3.8)     1.9 (3.4)     8.6 (4.0)     0.4 (0.2)     0.6 (0.3)     0.0 (0.0)   11.0 (1.9)
11/04               6.5 (2.1)   18.4 (4.4)     3.6 (0.6)   33.0 (2.0)     4.0 (2.1)     4.2 (1.2)     0.0 (0.0)     0.0 (0.0)     0.0 (0.0)   10.8 (0.8)
18/04               0.0 (0.0)   36.2 (6.9)     2.9 (2.8)   19.5 (17.5)   2.9 (0.6)     5.1 (2.4)     0.3 (0.3)     1.4 (0.8)     0.0 (0.0)     7.9 (7.7)
26/04             15.5 (1.4)   19.3 (3.8)     3.3 (1.0)   36.8 (3.5)     1.9 (1.3)     0.0 (0.0)     0.2 (0.2)     0.1 (0.2)     0.0 (0.0)     6.4 (0.8)
28/04               0.0 (0.0)   12.1 (1.0)     6.0 (1.2)   48.1 (5.3)     1.4 (0.7)     1.6 (0.8)     0.1 (0.1)     0.1 (0.1)     0.0 (0.0)   17.0 (5.2)
02/05               1.5 (0.4)   41.5 (1.8)     7.7 (1.1)   12.9 (0.9)     5.3 (0.7)     2.4 (0.2)     0.4 (0.1)     0.4 (0.1)     2.8 (0.4)     4.6 (0.7)
09/05             12.4 (5.2)     0.0 (0.0)     1.3 (0.4)   54.1 (0.9)     8.1 (1.6)     1.8 (1.0)     0.0 (0.0)     0.0 (0.0)     0.0 (0.0)   11.5 (1.9)
12/05               7.8 (1.8)     8.1 (1.1)     0.0 (0.0)   57.3 (0.9)     1.8 (1.5)     0.0 (0.0)     0.2 (0.1)     0.1 (0.1)     0.0 (0.0)     6.6 (0.8)
16/05               4.2 (1.9)   18.7 (2.3)     1.5 (0.3)   46.7 (2.4)     4.6 (2.6)     1.1 (0.2)     0.2 (0.1)     0.1 (0.1)     1.4 (1.3)     7.8 (1.4)
19/05               6.5 (4.9)   34.7 (10.2)   3.0 (0.6)   26.9 (9.1)     3.2 (0.1)     1.6 (0.1)     0.2 (0.0)     0.1 (0.0)     1.0 (1.7)     6.6 (0.6)
23/05               3.3 (1.2)     5.1 (1.4)     1.7 (1.4)   52.6 (8.4)     1.0 (0.4)     1.8 (1.1)     0.1 (0.1)     0.1 (0.1)     0.0 (0.0)   20.1 (4.2)
26/05             35.5 (4.4)     0.0 (0.0)     0.0 (0.0)   26.1 (1.8)     0.6 (0.2)     4.4 (0.3)     0.2 (0.2)     0.3 (0.3)     0.0 (0.0)   15.5 (2.6)
30/05             50.5 (8.9)     2.3 (2.1)     0.0 (0.0)   14.9 (6.2)     0.0 (0.0)     3.7 (1.5)     0.1 (0.2)     0.2 (0.4)     0.0 (0.0)   14.8 (1.3)
06/06               0.0 (0.0)     5.2 (1.2)     0.8 (0.7)   52.6 (4.8)     0.0 (0.0)     0.0 (0.0)     0.0 (0.0)     0.0 (0.0)     0.0 (0.0)   26.6 (5.8)
14/06               6.6 (1.6)     7.4 (1.9)     0.0 (0.0)   39.6 (4.2)     1.8 (1.7)     1.3 (0.5)     0.0 (0.0)     0.7 (0.1)     2.4 (0.8)   20.2 (3.4)
27/06               9.8 (0.9)     7.4 (0.6)     0.0 (0.0)   12.6 (0.8)     1.2 (0.1)     0.4 (0.1)     0.0 (0.0)     7.9 (1.3)     9.7 (0.5)   19.7 (2.8)
11/07             11.7 (0.6)     8.8 (0.8)     0.0 (0.0)   14.8 (1.4)     1.5 (0.3)     0.5 (0.1)     0.0 (0.0)     9.2 (1.6)   11.3 (0.5)   21.6 (3.8)
27/07             33.9 (3.8)     0.0 (0.0)     0.0 (0.0)   26.5 (2.1)     0.6 (0.2)     4.5 (0.2)     0.2 (0.2)     0.3 (0.3)     0.7 (0.6)   15.7 (2.2)
16/08               0.0 (0.0)   16.0 (2.1)     0.0 (0.0)   23.5 (3.2)     0.0 (0.0)     0.0 (0.0)     3.0 (1.4)   10.2 (1.7)   16.6 (2.7)     9.3 (0.5)
30/08             22.5 (7.3)   12.7 (5.0)     0.0 (0.0)   22.4 (2.1)     0.5 (0.5)     3.6 (3.2)     2.9 (2.2)     1.1 (0.2)     0.3 (0.4)     9.2 (2.8)
05/09             20.2 (8.5)     9.2 (0.3)     0.0 (0.0)   22.5 (4.0)     0.8 (0.1)     4.9 (0.6)     1.6 (0.1)     1.2 (0.4)     0.0 (0.0)   19.1 (1.5)
03/10             10.4 (4.0)     3.8 (0.6)     0.0 (0.0)   48.0 (3.1)     1.2 (0.0)     2.1 (0.8)     0.2 (0.3)     0.1 (0.2)     0.1 (0.1)   14.7 (3.2)
24/10             10.1 (4.8)     5.3 (3.1)     0.0 (0.0)   40.2 (18.8)   0.2 (0.1)     3.3 (1.5)     0.0 (0.0)     0.0 (0.0)     0.0 (0.0)     5.9 (2.9)

Table 2. Pigment proportions expressed as percentage of total pigments in the stomach and rectum of Pecten maximus in the
Bay of Brest in 2011. Chl a was removed from total pigment amount before calculating the proportion of each pigment. PHB:
pheophorbide-a; PER: peridinin; BFU: 19’BF; FUC: fucoxanthin; HFU: 19’HF; ALO: alloxanthin; ZEA: zeaxanthin; LUT: lutein; 

CHB: chl b; PHT: pheophytin-a. Standard deviations are in brackets
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summer and reaching a median value at the end of
monitoring. Interestingly, our results suggest that
most FAs assimilated as reserve compounds (neutral
fraction), except 18:5(n-3), were hardly related to the
short-term seasonal patterns observed through the
analysis of pigments and PLs.

Sterol content in the DG increased from 35.9 to
105.3 µg g−1 with a peak at 183.0 µg g−1 on 19 May

(Table 5). Cholesta-5-e(n-3)β-ol (cho -
lesterol) was, on average, the most
common sterolic compound (24%),
followed by 5β-cholesta(n-3)β-ol (co-
prostanol; 21.6%), 24β-methylene -
cho lesta-5,24(28)-die(n-3) β-ol (24
me thyl en e cholesterol; 15.8%),
24β-me thyl cholesta-5,22-die (n-3)β-
ol (bras sica sterol; 11.8%) and 24β-
ethylenecholesta-5-e(n-3)β-ol (β-si -
toste rol; 5.4%). Cholesterol de creased
slowly from 29.5 to 20.5% during the
study period, without any strong vari-
ation (Fig. 7). The evolution of 24
methylene cholesterol followed the
same dy namics as fucoxanthin in
the stomach content, and EPA or
16:1(n-7) in the DG. A first in crease
was ob served in May, lasting for
2 wk with a maximum at 22%. It was
followed by a second, more in tense
peak in early June, up to 24%, and a
final increase in late September to
about the same level as the first
spring peak. Brassicasterol showed
an in verse dynamic: it de creased to
10% from mid-April to mid-May,
then increased at the end of the
month before reaching a plateau in
summer and finally slightly decreas-
ing again from mid-August until the
end of the study.

Multivariate analysis

The CCA shown in Fig. 8 validates
the observations made through the
analyses of the different biochemical
markers used in this study, even
though the eigenvalues of the CCA
axes are not very high (10 to 40.8%
of variance explained). Only the
most prominent markers identified
previously were selected and used

in this analysis, since the high number of markers,
their variability and the fact that some are less spe-
cific of certain microalgae produced results that were
hardly interpretable in early trials. The best ex -
plained dispersion occurs along the first axis in the
pigment analysis (Fig. 8a), differentiating between
diatom markers on the left-hand side of the axis and
markers of other food sources on the opposite side.
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Fig. 4. Proportions of fucoxanthin (dots, dashed line) and peridinin (squares,
solid line) in the stomach content of Pecten maximus in the Bay of Brest in 2011.
Chl a quantity was removed from total pigment amount before calculating the
proportion of each other pigment. Standard deviations are indicated by 

vertical grey lines

Fig. 5. Total pigment concentration, including chl a, in the stomach content of
Pecten maximus (grey area, right axis) and proportions of (a) pheophorbide-a
and (b) pheophytin-a in the stomach content (solid line, black squares) and the
rectum content (dashed lines, black dots) of P. maximus in the Bay of Brest in 

2011. Standard deviations are indicated by vertical grey lines
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Another distinction arises along the second axis,
showing markers for diatoms and Dinophyceae in the
upper part and other microalgae markers in the
lower part. The same trend emerged from the CCA
conducted on lipid markers (Fig. 8b), with diatom
markers, as well as, to a lesser extent Dinophyceae,
clearly distributed away from others. Another obser-
vation common to both plots is the clear distinction
between microalgae from the water column and
those from the water−sediment interface, again con-
firming the temporal shift reported earlier.

DISCUSSION

Validation of pigments as biomarkers

To our knowledge, the present study is the first to
combine the use of pigments, FAs and sterols as food
source biomarkers in a seasonal trophic study of a
marine suspension-feeding invertebrate. The only
other study presenting similar data is by Hurtado et
al. (2012), who focused on seasonal dynamics of pig-
ments, FAs and sterols in relation to the reproductive
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Fig. 6. Proportions of 10 major fatty acids in the digestive gland of Pecten maximus (expressed as fatty acid molar percentage of
total) in the Bay of Brest in 2011. (a) 18:2(n-6) (dashed line, black dots); 18:3(n-3) (solid line, black squares) in polar lipids; (b)
iso17:0 (dashed line, black dots) and 20:4(n-3) (solid line, black squares) in polar lipids; (c) 18:4(n-3) (solid line, black dots) and
20:4(n-6) (solid line, black squares) in polar lipids; (d) 16:1(n-7) (dashed line, black dots) in polar lipids and 18:5(n-3) (solid line,
black squares) in neutral lipids; (e) 20:5(n-3) (dashed line, black dots) and 22:6(n-3) (solid line, black squares) in polar lipids and
their ratio (grey line, grey dots): 20:5(n-3)(EPA):22:6(n-3)(DHA); (f) total fatty acid concentration (polar plus neutral fractions, 

expressed in µmol mg−1). Standard deviations are indicated by grey vertical lines
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Date (dd/mo)    TMTD        14:0           16:0        iso17:0        18:0        16:1(n-7)     18:1(n-9)   18:1(n-7)     18:2(n-6)     18:3(n-3)                             

21-Mar             8.3 (7.8)    3.0 (0.1)   11.5 (0.7)   0.5 (0.0)    8.6 (1.1)     3.4 (0.7)       1.3 (0.1)     1.0 (1.0)      0.7 (0.1)       1.0 (0.1)                              
04-Apr             5.2 (9.0)    3.2 (0.4)   11.3 (0.7)   0.5 (0.0)    8.7 (1.1)     3.2 (0.7)       1.2 (0.2)     1.4 (1.2)      0.7 (0.1)       1.0 (0.1)                              
11-Apr             1.9 (3.3)    3.2 (0.3)   13.3 (0.9)   0.5 (0.1)    8.9 (0.6)     2.5 (0.1)       1.0 (0.1)     2.0 (0.2)      0.7 (0.0)       1.1 (0.1)                              
18-Apr             7.1 (6.4)    3.9 (0.5)   12.2 (1.0)   0.4 (0.1)    7.8 (1.4)     3.5 (0.5)       1.3 (0.0)     2.1 (0.2)      0.9 (0.1)       1.3 (0.2)                              
26-Apr             8.0 (1.8)    3.9 (0.1)   14.0 (1.0)   0.4 (0.1)    7.9 (0.3)     4.1 (0.3)       1.7 (0.1)     2.5 (0.2)      1.0 (0.1)       1.4 (0.1)                              
28-Apr             6.0 (5.3)    4.0 (0.6)   11.9 (0.8)   0.3 (0.1)    8.2 (0.3)     3.8 (0.4)       1.2 (0.1)     2.6 (0.2)      0.8 (0.0)       1.1 (0.1)                              
02-May            6.6 (2.1)    4.3 (0.3)   13.0 (1.3)   0.3 (0.1)    5.3 (4.6)     4.8 (0.2)       1.2 (0.2)     3.5 (0.2)      0.8 (0.1)       1.1 (0.2)                              
09-May            4.9 (2.1)    4.0 (1.3)   14.9 (1.6)   0.4 (0.1)    9.0 (0.2)     5.4 (0.9)       1.5 (0.1)     4.7 (0.3)      0.9 (0.1)       1.1 (0.1)                              
12-May            5.9 (0.8)    4.0 (0.5)   14.3 (1.2)   0.3 (0.0)    5.4 (4.7)     5.0 (0.5)       1.3 (0.1)     5.3 (0.4)      0.9 (0.1)       1.1 (0.1)                              
16-May           10.1 (0.6)   4.5 (0.3)   14.7 (0.2)   0.3 (0.0)   10.6 (0.5)    5.0 (0.6)       1.4 (0.2)     4.5 (0.3)      0.6 (0.1)       0.9 (0.1)                              
19-May            7.0 (6.1)    4.3 (0.5)   15.2 (0.9)   0.3 (0.0)    9.4 (0.5)     4.3 (0.5)       1.3 (0.1)     4.2 (0.1)      0.6 (0.0)       0.8 (0.1)                              
23-May            8.8 (1.3)    4.6 (0.2)   15.8 (0.5)   0.4 (0.0)    9.8 (0.2)     4.2 (0.4)       1.8 (0.1)     3.5 (0.2)      0.9 (0.0)       1.1 (0.0)                              
26-May            6.9 (1.3)    3.9 (0.8)   15.3 (1.3)   0.3 (0.0)    9.5 (0.6)     3.8 (0.5)       2.0 (0.2)     3.1 (0.6)      1.0 (0.1)       1.4 (0.1)                              
30-May            8.3 (1.4)    4.6 (0.8)   15.1 (0.9)   0.4 (0.1)    8.9 (0.6)     4.1 (0.8)       1.8 (0.3)     2.9 (0.4)      0.9 (0.1)       1.3 (0.1)                              
06-Jun             7.6 (0.0)    5.7 (0.4)   12.4 (0.9)   0.3 (0.1)    8.1 (0.6)     4.2 (0.5)       1.2 (0.1)     2.5 (0.1)      0.6 (0.0)       0.9 (0.0)                              
14-Jun             6.1 (1.5)    5.4 (0.3)   13.6 (1.4)   0.3 (0.0)    8.4 (0.3)     5.1 (0.5)       1.4 (0.1)     2.8 (0.2)      0.7 (0.2)       0.8 (0.2)                              
27-Jun             6.0 (1.4)    4.9 (0.6)   14.1 (1.4)   0.3 (0.0)    5.2 (4.5)     4.8 (0.4)       1.5 (0.1)     2.9 (0.2)      0.9 (0.1)       1.3 (0.1)                              
11-Jul               5.8 (1.7)    4.7 (0.4)   14.8 (0.7)   0.4 (0.0)    8.5 (0.6)     4.6 (0.6)       1.7 (0.3)     2.7 (0.2)      0.9 (0.2)       1.2 (0.2)                              
27-Jul               4.7 (1.3)    4.1 (0.1)   15.5 (0.8)   0.4 (0.0)    7.7 (0.5)     4.4 (0.6)       2.1 (0.4)     2.7 (0.1)      1.1 (0.2)       1.5 (0.2)                              
16-Aug            4.7 (0.3)    3.2 (0.3)   13.8 (0.2)   0.4 (0.1)    7.7 (0.6)     2.8 (0.4)       1.4 (0.1)     2.4 (0.1)      1.0 (0.1)       1.5 (0.0)                              
30-Aug            4.4 (1.2)    3.3 (0.5)   14.2 (1.2)   0.4 (0.1)    7.6 (0.4)     3.0 (0.7)       1.5 (0.2)     2.5 (0.1)      1.0 (0.1)       1.5 (0.1)                              
05-Sep             3.2 (0.3)    3.8 (0.1)   15.2 (1.1)   0.4 (0.0)    7.7 (0.3)     3.8 (0.1)       1.6 (0.2)     2.7 (0.1)      1.1 (0.2)       1.6 (0.2)                              
03-Oct              3.3 (0.4)    2.8 (1.9)   15.6 (0.1)   0.4 (0.1)    7.2 (1.4)     4.4 (1.1)       1.8 (0.2)     2.7 (0.1)      1.1 (0.1)       1.7 (0.0)                              
24-Oct              4.1 (0.5)    2.7 (1.9)   14.6 (1.2)   0.4 (0.1)    7.2 (1.5)     4.2 (1.4)       1.8 (0.2)     2.6 (0.2)      1.0 (0.1)       1.6 (0.1)                              

Table 3. Fatty acid (FA) composition of the polar lipids in the digestive gland of Pecten maximus (expressed as FA molar per-
centage of total) in the Bay of Brest in 2011. Standard deviations are in brackets. TMTD: 4,8,12-trimethyltridecanoic acid;
SAFA: sum of saturated FA; MUFA: sum of monounsaturated FA; PUFA: sum of polyunsaturated FA; DMA: dimethyl acetals; 

(n-3): sum of n-3 polyunsaturated FA; (n-6): sum of n-6 polyunsaturated FA (Table continued on next page)

Date (dd/mo)    TMTD        14:0           16:0      16:1(n-7)   18:1(n-9)    18:1(n-7)     18:2(n-6)   18:3(n-3)     18:4(n-3)     18:5(n-3)                             

21-Mar             1.5 (0.2)    2.1 (0.4)    6.5 (2.5)    8.8 (0.4)    2.8 (0.0)     3.8 (0.1)       2.1 (0.0)     2.2 (0.0)       6.5 (0.0)      0.4 (0.1)                              
04-Apr             2.0 (0.4)    2.1 (0.1)    7.9 (2.3)    8.0 (0.8)    2.5 (0.0)     4.0 (0.1)       2.1 (0.0)     2.5 (0.0)       7.9 (0.0)      0.4 (0.1)                              
11-Apr             1.6 (0.4)    2.3 (0.4)    9.9 (0.9)    7.5 (0.8)    2.1 (0.3)     3.3 (0.0)       2.3 (0.2)     2.8 (0.4)       9.9 (2.3)      0.4 (0.1)                              
18-Apr             1.8 (0.2)    7.5 (0.5)   16.5 (0.2)   8.1 (0.6)    1.8 (1.3)     3.6 (0.1)       1.9 (0.4)     2.1 (0.7)       8.3 (1.2)      0.3 (0.1)                              
26-Apr             1.8 (0.2)    8.1 (0.7)   14.3 (4.2)   8.2 (1.7)    2.8 (0.2)     2.9 (0.1)       2.2 (0.2)     2.8 (0.2)       8.4 (0.8)      0.5 (0.0)                              
28-Apr             1.8 (0.3)    7.6 (0.9)   14.2 (2.2)   9.4 (0.4)    1.7 (1.0)     3.8 (0.2)       2.4 (0.3)     2.3 (1.0)       8.9 (2.9)      0.2 (0.0)                              
02-May            1.6 (1.4)   10.4 (1.6)  11.7 (4.8)   7.2 (3.2)    2.8 (0.2)     3.6 (0.2)       1.6 (0.2)     2.6 (0.4)       7.7 (1.4)      0.0 (0.0)                              
09-May            1.1 (1.0)   10.5 (3.2)  13.4 (3.4)   9.8 (3.5)    2.5 (0.5)     3.3 (0.2)       2.0 (1.0)     2.0 (0.6)       7.5 (1.8)      0.1 (0.0)                              
12-May            1.8 (0.0)    8.3 (0.3)   15.8 (0.6)  11.2 (0.5)   2.1 (0.1)     4.4 (0.0)       1.9 (0.2)     2.4 (0.2)       8.2 (0.4)      0.4 (0.1)                              
16-May            1.8 (0.1)    8.6 (0.3)   17.7 (0.2)  10.5 (0.3)   2.4 (0.1)     4.7 (0.0)       1.8 (0.1)     2.1 (0.0)       6.1 (0.3)      0.1 (0.1)                              
19-May            2.5 (0.2)    9.3 (0.3)   18.1 (0.3)  10.3 (0.2)   2.4 (0.2)     5.0 (0.0)       1.7 (0.2)     1.9 (0.1)       5.5 (0.6)      0.1 (0.0)                              
23-May            2.4 (0.6)    7.0 (3.1)   18.8 (2.8)  12.0 (1.5)   3.0 (1.1)     1.5 (0.1)       2.3 (0.0)     2.4 (0.2)       6.1 (0.2)      0.3 (0.2)                              
26-May            2.2 (0.3)    6.4 (3.2)   16.7 (3.2)  13.2 (3.2)   2.2 (0.8)     4.9 (0.1)       2.3 (0.4)     2.0 (0.6)       5.9 (1.4)      0.4 (0.2)                              
30-May            2.9 (0.8)    9.3 (0.5)   20.2 (3.3)   9.2 (0.4)    3.2 (0.9)     4.0 (0.3)       1.2 (1.3)     1.7 (1.1)       8.4 (3.8)      0.5 (0.2)                              
06-Jun             2.3 (0.6)   10.1 (0.6)  12.4 (4.1)   8.8 (3.3)    1.9 (0.8)     4.0 (0.1)       1.6 (0.1)     1.9 (0.2)       5.3 (1.2)      0.3 (0.0)                              
14-Jun             2.5 (0.5)   10.0 (0.4)  16.3 (1.9)  11.3 (0.3)   2.6 (0.3)     1.5 (0.0)       1.0 (0.3)     2.4 (0.4)       6.2 (0.9)      0.3 (0.0)                              
27-Jun             2.9 (0.3)   10.4 (0.2)  14.0 (0.7)  10.4 (3.0)   2.2 (0.6)     2.2 (0.0)       0.8 (0.5)     2.2 (1.0)       8.7 (0.6)      0.0 (0.0)                              
11-Jul               3.9 (3.3)    9.3 (0.9)   13.5 (2.4)   9.6 (1.4)    1.6 (0.8)     3.2 (0.1)       1.7 (0.4)     2.3 (0.2)       6.5 (0.4)      0.4 (0.0)                              
27-Jul               1.9 (0.4)    5.8 (3.3)   12.6 (3.2)  10.0 (0.9)   3.0 (0.4)     3.9 (0.2)       2.2 (0.3)     2.6 (0.1)       7.2 (0.5)      0.6 (0.1)                              
16-Aug            2.2 (0.5)    8.3 (0.6)   13.8 (0.9)   9.4 (2.2)    1.6 (0.1)     3.0 (0.1)       1.7 (0.9)     2.9 (0.3)       7.4 (0.2)      0.3 (0.2)                              
30-Aug            1.8 (0.1)    8.5 (0.3)   15.2 (2.6)   8.0 (1.0)    1.8 (0.5)     4.0 (0.0)       2.4 (0.4)     2.9 (0.4)       7.3 (0.2)      0.2 (0.0)                              
05-Sep             1.6 (0.3)    7.9 (0.9)   17.0 (4.2)   7.9 (1.3)    2.2 (1.1)     2.7 (0.1)       2.4 (0.5)     2.9 (0.5)       7.8 (1.3)      0.4 (0.3)                              
03-Oct              3.0 (2.5)    7.1 (2.7)   13.0 (1.6)   5.5 (1.3)    1.9 (1.3)     2.6 (0.2)       2.1 (1.1)     2.5 (1.6)       7.4 (3.0)      0.3 (0.3)                              
24-Oct              3.0 (2.2)    6.8 (2.8)   11.1 (3.2)   6.3 (2.7)    2.6 (1.3)     1.9 (0.4)       2.0 (1.1)     2.5 (1.7)       7.5 (3.3)      0.1 (0.1)                              

Table 4. Fatty acid (FA) composition of the neutral lipids in the digestive gland of Pecten maximus (expressed as FA molar per-
centage of total) in the Bay of Brest in 2011. Standard deviations are in brackets. TMTD: 4,8,12-trimethyltridecanoic acid;
SAFA: sum of saturated FA; MUFA: sum of monounsaturated FA; PUFA: sum of polyunsaturated FA; DMA: dimethyl acetals; 

(n-3): sum of n-3 polyunsaturated FA; (n-6): sum of n-6 polyunsaturated FA (Table continued on next page)
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                             18:4(n-3)     20:4(n-6)       20:5(n-3)       22:6(n-3)         SAFA          MUFA           PUFA          DMA           (n-3)             (n-6)

                              2.7 (0.1)       3.9 (0.4)       16.2 (0.1)       14.9 (1.2)      24.9 (0.6)      8.6 (1.0)        47.3 (2.5)     10.3 (3.8)     38.5 (2.6)       6.4 (1.0)
                              2.7 (0.1)       3.7 (0.6)       16.0 (0.4)       15.7 (1.8)      25.0 (0.6)      8.8 (1.0)        48.1 (2.7)     12.1 (4.5)     39.7 (3.2)       6.1 (1.5)
                              3.0 (0.4)       3.6 (0.5)       14.1 (1.0)       16.9 (0.7)      27.6 (2.0)      8.8 (0.3)        49.5 (1.4)     11.7 (1.3)     40.2 (1.8)       6.5 (0.8)
                              3.8 (0.7)       3.3 (0.8)       16.0 (1.4)       13.2 (1.6)      25.7 (1.7)      9.7 (1.0)        47.3 (2.8)      9.9 (1.7)      38.8 (2.4)       5.9 (1.4)
                              5.0 (0.3)       3.0 (0.2)       17.9 (0.7)       11.4 (0.3)      26.7 (0.7)     11.1 (0.8)       47.5 (1.7)      6.4 (0.3)      39.9 (0.8)       5.4 (0.9)
                              3.8 (0.8)       3.8 (0.7)       17.5 (1.1)       12.4 (1.3)      25.6 (1.5)     10.7 (0.5)       47.7 (3.3)      9.6 (0.2)      39.1 (3.3)       6.1 (0.9)
                              3.4 (0.2)       5.0 (0.5)       18.7 (1.5)       10.8 (1.5)      23.7 (3.6)     12.7 (0.8)       48.2 (4.4)      8.4 (0.7)      38.4 (3.8)       7.6 (0.8)
                              2.6 (0.3)       4.5 (0.5)       16.0 (2.0)       10.2 (0.7)      29.1 (2.4)     14.9 (0.9)       42.9 (3.6)      7.9 (1.2)      33.5 (2.5)       7.1 (1.2)
                              3.1 (0.4)       4.1 (0.3)       18.1 (1.3)       11.5 (0.6)      25.3 (3.0)     14.5 (1.2)       46.6 (2.2)      7.4 (0.2)      37.7 (2.3)       6.7 (0.8)
                              2.0 (0.1)       3.6 (0.2)       13.0 (0.3)        9.0 (0.5)       31.7 (0.3)     14.6 (0.8)       36.2 (0.5)      7.1 (0.8)      27.9 (0.3)       5.7 (0.4)
                              2.2 (0.1)       3.6 (0.8)       13.6 (1.4)       11.9 (1.1)      31.2 (1.7)     13.3 (0.5)       40.8 (3.9)      7.5 (1.6)      31.8 (2.9)       5.8 (1.2)
                              2.8 (0.2)       3.3 (0.4)       11.6 (0.6)       11.1 (0.6)      32.3 (0.6)     13.3 (0.7)       38.4 (0.8)      7.0 (0.3)      29.9 (0.4)       5.6 (0.6)
                              3.6 (0.8)       3.0 (0.3)       13.5 (2.5)       12.3 (2.0)      30.6 (2.8)     12.4 (1.9)       41.9 (5.9)      7.8 (0.2)      34.2 (5.7)       5.4 (0.6)
                              3.2 (0.2)       3.3 (0.3)       13.1 (1.5)       11.6 (1.9)      30.6 (1.3)     12.1 (1.8)       40.9 (4.5)      7.6 (0.6)      32.8 (3.6)       5.6 (0.7)
                              1.9 (0.4)       6.7 (0.6)       15.3 (1.4)       10.6 (0.8)      27.5 (0.9)     11.0 (0.6)       47.5 (1.7)      6.1 (0.6)      32.1 (2.6)       9.4 (1.2)
                              2.1 (0.5)       6.2 (0.5)       16.7 (1.3)        9.8 (1.1)       29.2 (1.3)     12.3 (0.9)       44.1 (0.5)      7.9 (1.1)      32.9 (0.8)       8.7 (0.8)
                              3.6 (0.3)       4.8 (0.1)       16.6 (0.8)       10.7 (0.7)      26.0 (2.3)     12.7 (1.1)       47.1 (2.6)      7.7 (0.5)      36.2 (1.7)       7.6 (0.4)
                              2.9 (0.6)       4.9 (0.6)       17.0 (0.7)       11.7 (0.2)      29.3 (0.7)     11.9 (0.9)       46.3 (1.1)      6.3 (0.9)      36.1 (1.7)       7.7 (1.8)
                              4.0 (1.0)       4.3 (0.3)       17.5 (1.6)       12.7 (0.5)      28.7 (0.3)     11.0 (0.8)       49.4 (2.2)      5.8 (1.2)      40.0 (2.9)       7.0 (1.2)
                              3.8 (0.4)       3.8 (0.1)       15.4 (1.5)       16.0 (0.5)      25.9 (1.0)      9.2 (0.9)        53.0 (1.4)      6.9 (0.2)      40.3 (2.0)       6.3 (0.4)
                              3.9 (0.5)       3.9 (0.4)       15.4 (1.0)       15.1 (0.9)      26.3 (2.5)      9.6 (0.9)        52.6 (1.8)      6.8 (0.4)      39.7 (1.1)       6.5 (0.4)
                              4.2 (0.3)       4.4 (0.5)       16.5 (0.2)       13.8 (0.4)      28.5 (1.3)     10.8 (0.3)       50.1 (0.5)      7.1 (0.9)      40.3 (0.6)       7.1 (0.4)
                              4.7 (0.4)       4.8 (0.9)       17.5 (1.6)       13.8 (0.5)      27.4 (3.1)     11.6 (1.8)       51.7 (2.1)      5.6 (1.4)      41.2 (0.5)       7.6 (1.0)
                              4.4 (0.7)       5.3 (0.5)       17.1 (1.9)       14.1 (0.9)      26.3 (2.3)     11.3 (2.2)       51.8 (2.1)      6.1 (1.8)      40.7 (1.0)       8.2 (0.5)

Table 3 (continued)

                             20:4(n-6)     20:4(n-3)      20:5(n-3)        22:6(n-3)         SAFA          MUFA           PUFA          DMA           (n-3)             (n-6)

                              3.3 (0.0)       1.0 (0.5)       23.0 (0.0)        6.8 (0.0)       26.5 (0.0)     18.4 (0.6)       51.1 (0.0)      1.5 (0.0)      41.7 (0.2)       6.8 (0.1)
                              2.4 (0.0)       1.1 (1.3)       21.5 (0.0)        6.6 (0.0)       27.1 (0.0)     18.1 (0.3)       50.4 (0.1)      1.4 (0.0)      41.9 (0.3)       6.0 (0.2)
                              1.5 (1.1)       1.2 (0.2)       21.6 (0.8)        6.6 (0.2)       27.0 (1.5)     15.7 (1.0)       53.1 (2.1)      2.2 (0.4)      44.9 (2.3)       5.2 (0.8)
                              2.5 (0.3)       1.3 (0.2)       21.8 (1.3)        6.6 (0.4)       28.1 (0.9)     17.2 (1.2)       51.5 (0.9)      0.7 (0.8)      42.9 (1.3)       5.9 (0.7)
                              2.8 (0.4)       1.0 (0.4)       23.6 (3.2)        6.2 (0.6)       26.3 (4.0)     17.5 (2.7)       53.4 (6.2)      0.2 (0.1)      44.7 (5.1)       6.4 (0.6)
                              2.6 (1.1)       1.3 (0.4)       24.6 (0.7)        6.6 (0.9)       25.0 (2.6)     18.2 (1.5)       54.4 (4.0)      0.1 (0.1)      46.2 (5.0)       6.4 (0.6)
                              3.2 (0.4)       0.7 (0.2)       25.8 (5.5)        6.4 (1.6)       26.5 (3.8)     16.8 (4.3)       54.2 (7.6)      0.5 (0.8)      45.3 (8.2)       6.2 (0.5)
                              2.4 (0.7)       1.0 (0.4)       19.9 (3.2)        6.7 (2.2)       29.5 (4.3)     19.7 (5.7)       48.3 (1.8)      0.7 (0.8)      39.5 (1.5)       5.9 (1.0)
                              2.2 (0.2)       1.2 (0.0)       22.5 (1.3)        4.9 (0.5)       28.0 (0.9)     20.7 (0.7)       48.0 (1.6)      0.2 (0.0)      41.4 (1.5)       5.4 (0.1)
                              2.8 (0.1)       1.0 (0.1)       20.1 (0.1)        5.0 (0.5)       31.3 (0.1)     21.3 (0.5)       44.6 (0.5)      0.2 (0.0)      36.2 (0.5)       5.9 (0.0)
                              2.6 (0.6)       0.9 (0.1)       17.8 (0.4)        5.7 (0.3)       32.7 (0.2)     21.7 (0.6)       42.3 (0.8)      0.2 (0.1)      34.0 (0.5)       5.7 (0.9)
                              2.8 (1.0)       0.9 (0.3)       18.5 (4.3)        5.9 (1.1)       31.1 (5.5)     21.7 (1.9)       44.0 (6.4)      0.1 (0.1)      35.8 (5.0)       6.7 (1.1)
                              2.4 (0.8)       1.1 (0.2)       19.1 (7.0)        7.2 (2.5)       27.1 (7.1)     23.5 (3.0)      46.1 (10.0)     0.1 (0.1)      37.8 (9.6)       6.3 (1.6)
                              2.5 (1.0)       0.7 (0.2)       13.4 (0.4)        6.6 (2.2)       35.2 (4.2)     21.2 (2.3)       39.5 (5.0)      0.4 (0.3)      32.5 (5.0)       4.8 (0.0)
                              4.9 (0.9)       0.7 (0.2)       25.6 (2.7)        5.6 (1.7)       26.8 (4.0)     18.1 (5.3)       52.0 (4.5)      0.1 (0.0)      41.6 (4.9)       8.2 (1.0)
                              3.8 (0.5)       0.9 (0.1)       22.7 (1.2)        5.4 (0.6)       30.3 (2.1)     17.7 (0.7)       48.5 (1.1)      0.2 (0.0)      39.7 (2.1)       6.0 (0.8)
                              3.4 (0.4)       0.7 (0.1)       23.0 (0.5)        6.8 (0.7)       27.3 (0.8)     18.0 (1.7)       50.8 (2.3)      0.2 (0.1)      43.4 (1.6)       5.5 (0.5)
                              3.7 (0.6)       1.0 (0.1)       24.3 (2.1)        6.8 (0.6)       25.7 (3.0)     17.4 (2.2)       51.6 (2.6)      0.5 (0.5)      42.6 (1.9)       6.9 (0.3)
                              3.5 (0.6)       0.9 (0.1)       22.3 (2.2)        7.7 (0.3)       22.9 (6.3)     20.8 (2.0)       52.8 (4.1)      0.3 (0.1)      43.3 (2.7)       7.4 (1.1)
                              2.8 (1.0)       1.2 (0.1)       24.0 (1.2)        7.4 (2.3)       25.9 (0.7)     18.0 (1.6)       53.5 (2.6)      0.1 (0.1)      44.9 (0.6)       6.0 (1.6)
                              3.1 (0.2)       1.0 (0.0)       21.9 (1.2)        7.3 (1.3)       27.9 (3.2)     17.3 (0.3)       52.3 (3.7)      0.2 (0.0)      42.4 (2.8)       6.7 (0.6)
                              3.0 (0.3)       1.1 (0.2)       21.9 (3.0)        7.5 (1.8)       28.6 (4.6)     15.9 (2.2)       53.2 (7.2)      0.2 (0.0)      43.7 (6.6)       6.7 (0.7)
                              4.4 (1.7)       0.8 (0.5)       22.9 (3.5)       11.0 (3.8)      26.1 (3.5)     12.3 (3.2)       58.0 (3.6)      0.3 (0.2)      47.3 (4.5)       7.9 (0.7)
                              4.4 (1.3)       0.7 (0.5)       22.3 (4.0)       10.5 (3.4)      23.6 (5.2)     14.3 (6.0)       56.0 (4.6)      2.8 (3.7)      46.0 (5.5)       7.9 (0.3)

Table 4 (continued)
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activity of female Crassostrea corte -
ziensis. They concluded that these
indicators were relevant when trying
to infer energy reserve dynamics,
because they are essential membrane
components provided by diet and
food availability.

There was a clear relationship be -
tween pigment concentration and
com position in the water and the
phytoplankton cell microscopic ob -
servations (Fig. 8). The variation of
the fucoxanthin proportion corre-
sponded well to each diatom bloom in
early May, early June and late Sep-
tember (Fig. 2). Indeed, this pigment
has often been reported to highlight
the presence of diatoms (Jeffrey 1974,
1997, Mackey et al. 1996, Lampert
2001, Wright & Jeffrey 2006, Sanz et
al. 2015), which contain the most im -
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Date       NOR         CHO          BRA           DES          CAM          24M           STI           BSI           FUC         OTH            TOT
(dd/mo)
                  

21/03     4.0 (0.4)   29.6 (2.1)   15.8 (1.1)    4.6 (0.3)    2.5 (0.2)   12.4 (1.0)     3.3 (0.6)    6.9 (0.4)    1.7 (0.2)   19.2 (1.3)   46.77 (3.74)
04/04     4.3 (0.2)   29.8 (1.9)   13.6 (3.3)    4.0 (1.3)    2.3 (0.5)   11.6 (0.4)     3.0 (1.0)    5.9 (1.4)    1.5 (0.4)   23.9 (0.8)   50.85 (10.28)
11/04     4.1 (0.5)   28.1 (3.8)   14.7 (2.3)    3.7 (0.3)    2.5 (0.3)   13.3 (1.5)     2.9 (0.3)    5.9 (0.8)    1.7 (0.3)   23.5 (1.3)   35.92 (10.31)
18/04     4.3 (0.2)   29.1 (2.2)   15.4 (1.0)    2.9 (0.2)    2.1 (0.1)   14.4 (0.8)     2.9 (0.4)    6.1 (0.6)    1.6 (0.2)   21.8 (0.6)   55.65 (5.89)
26/04     3.6 (0.5)   25.4 (0.4)   12.1 (0.7)    2.2 (0.8)    1.9 (0.1)   15.7 (0.7)     2.1 (0.3)    5.3 (0.8)    1.9 (0.2)   29.8 (0.4)   58.81 (1.80)
28/04     2.7 (0.1)   24.3 (1.8)   10.7 (0.4)    2.8 (0.6)    1.7 (0.1)   18.5 (2.2)     2.5 (0.3)    5.6 (1.1)    1.6 (0.2)   30.1 (0.7)   53.73 (6.10)
02/05     3.3 (0.4)   23.9 (2.8)     9.9 (0.9)    2.2 (0.2)    1.9 (0.1)   21.7 (3.8)     2.5 (0.4)    5.0 (0.9)    1.3 (0.0)   28.5 (0.4)   50.75 (9.01)
09/05     3.6 (0.3)   24.5 (0.4)   10.0 (0.9)    1.8 (0.2)    1.7 (0.2)   21.6 (3.7)     2.5 (0.5)    5.0 (0.2)    1.3 (0.1)   27.9 (0.6)   49.75 (3.02)
12/05     3.2 (0.1)   23.6 (1.4)   10.4 (0.6)    2.9 (0.3)    1.8 (0.3)   21.9 (1.1)     3.0 (0.5)    6.4 (0.3)    1.3 (0.5)   25.4 (0.3)   47.28 (3.71)
16/05     3.4 (0.3)   24.4 (1.4)   10.2 (0.1)    2.9 (0.7)    1.7 (0.5)   16.5 (1.2)     3.1 (0.3)    6.2 (0.6)    1.4 (0.1)   30.1 (0.4)   44.42 (3.44)
19/05     0.0 (0.0)   26.4 (0.6)   12.6 (1.1)    3.9 (0.5)    2.3 (0.1)   20.4 (1.0)     4.1 (0.7)    7.3 (0.8)    2.0 (0.4)   20.9 (1.2)   41.18 (6.64)
23/05     3.7 (0.2)   24.4 (1.9)   12.6 (1.1)    2.9 (0.4)    2.2 (0.1)   15.4 (0.9)     3.3 (0.2)    6.2 (0.6)    1.7 (0.3)   27.6 (1.6)   48.88 (7.28)
26/05     3.6 (0.1)   22.6 (1.7)   13.5 (2.3)    2.7 (0.5)    2.3 (0.2)   12.9 (2.0)     3.4 (0.7)    6.3 (1.0)    2.0 (0.3)   30.7 (0.7)   52.73 (8.72)
30/05     3.0 (0.4)   21.7 (2.4)   12.1 (1.7)    3.2 (0.6)    2.0 (0.2)   12.6 (0.9)     3.0 (1.0)    5.7 (1.4)    1.7 (0.4)   34.9 (1.1)   73.73 (9.28)
06/06     3.4 (0.2)   23.8 (1.9)   10.5 (0.7)    2.2 (0.1)    2.4 (0.4)   24.0 (2.9)     2.5 (0.3)    4.8 (0.6)    1.1 (0.0)   26.5 (0.5) 183.08 (4.59)
14/06     2.6 (0.1)   21.4 (0.6)   12.9 (1.2)    2.8 (0.4)    3.2 (0.4)   17.9 (1.4)     2.0 (0.4)    4.9 (0.8)    1.2 (0.2)   31.1 (0.4)   66.02 (5.00)
27/06     3.3 (0.1)   23.4 (1.3)   12.4 (0.9)    2.4 (0.1)    2.2 (0.2)   13.9 (0.9)     2.7 (0.2)    4.7 (0.1)    1.4 (0.1)   33.6 (0.8)   62.34 (4.91)
11/07     2.5 (0.3)   22.4 (1.3)   11.1 (0.3)    3.5 (0.7)    1.9 (0.2)   16.0 (0.6)     2.4 (0.3)    4.9 (0.3)    0.9 (0.5)   34.3 (1.2)   63.79 (2.78)
27/07     2.4 (0.1)   22.4 (2.6)   11.3 (0.8)    2.8 (1.2)    2.3 (0.2)   12.9 (1.3)     2.6 (0.4)    4.9 (0.5)    1.8 (0.5)   37.4 (1.7)   54.35 (9.16)
16/08     2.8 (0.6)   22.7 (4.7)   11.4 (2.4)    2.3 (1.1)    2.3 (0.1)     9.8 (0.5)     2.7 (0.2)    6.4 (2.2)    2.0 (0.1)   42.4 (1.5)   42.89 (4.49)
30/08     2.4 (0.3)   19.7 (0.6)     9.6 (0.0)    2.7 (0.3)    2.1 (0.1)     9.3 (0.1)     2.6 (0.3)    4.5 (0.3)    1.6 (0.4)   45.2 (0.5)   91.12 (0.88)
05/09     2.9 (0.2)   21.1 (2.7)   10.3 (1.7)    1.5 (0.9)    2.2 (0.4)   10.2 (1.4)     2.5 (0.7)    3.2 (1.5)    1.5 (0.4)   44.7 (0.8)   98.50 (6.42)
03/10     1.9 (0.3)   22.0 (0.4)     8.7 (2.1)    1.3 (0.9)    1.8 (0.3)   22.0 (5.6)     2.3 (0.5)    2.6 (1.7)    1.3 (0.2)   36.2 (1.4)   65.43 (3.47)
24/10     3.0 (0.4)   20.5 (0.8)   10.6 (1.8)    2.0 (0.6)    2.2 (0.3)   14.8 (5.2)     2.1 (0.1)    4.4 (0.6)    1.6 (0.2)   39.5 (0.5) 105.31 (8.02)

Table 5. Sterol composition of the digestive gland of Pecten maximus (expressed as sterol percentage of total) in the Bay of Brest in
2011. NOR: norcholesterol; CHO: cholesterol; BRA: brassicasterol; DES: desmosterol; CAM: campesterol; 24M: 24 methylene; STI:
stigmasterol; BSI: β-sitosterol; FUS: fucosterol; OTH: other sterols; TOT: total sterol concentration (in µmol g−1). Standard deviations 

are in brackets

Fig. 7. Proportion of cholesterol (dotted line, black dots), 24 methylene cho-
lesterol (dashed line, black squares) and brassicasterol (solid line, black trian-
gles) in the digestive gland of Pecten maximus (expressed as sterol percent-
age of total) in the Bay of Brest in 2011. Standard deviations are indicated by 

vertical grey lines
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portant proportions of this pigment (Lampert 2001).
Likewise, the highly variable dynamics of Dino-
phyceae blooms were very well reproduced by the
proportion of peridinin in the water. Alloxanthin pro-
portions recorded in both water compartments pre-
cisely matched the identification of Cryptophyceae,
which is also in ac cordance with previous observa-
tions (Jeffrey 1974, 1997, Mackey et al. 1996, Lam-
pert 2001, Wright & Jeffrey 2006, Sanz et al. 2015).
The Prymnesiophyceae algae class has been re -
ported to especially contain 19’HF (Jeffrey 1974,
1997, Mackey et al. 1996, Lampert 2001, Wright &
Jeffrey 2006, Sanz et al. 2015), which in the present
study seemed to be well correlated with the develop-
ment of these microalgae. However, cell identifica-
tion did not fit well with measurements of chl b, a
pigment usually linked to Chlorophyceae (Jeffrey
1974, 1997, Mackey et al. 1996, Lampert 2001,
Wright & Jeffrey 2006, Sanz et al. 2015). While the
proportion of chl b in the filtered water was rather
high during the study (up to 15% in the water column
and 25% at the bottom, especially during summer),
only one bloom of Chlorophyceae was registered in
late May. This pigment also constitutes a major com-
ponent of green macroalgae, which are often ob -
served in the Bay of Brest (Ménesguen et al. 2006).
The high concentrations of this pigment in our fil-
trates could be attributed to discarded pieces of
macroalgae in the water (Lampert 2001). The micro-

algae Lepidodinium chlorophorum, which bloomed
between mid-July and mid-August, is also the only
known Dinophyceae to contain chl b (Zapata et al.
2012), which is likely to explain the presence of this
pigment in the water at this time.

Lipid proportions in the DG fluctuated less than pig-
ment concentrations in the digestive tract content.
The incorporation of lipids in the tissues of the organ-
ism is a regulated process, smoothed by homeostatic
processes and selective incorporation mechanisms
(Soudant et al. 1996). On the other hand, pigments are
not edible compounds to be assimilated by the
scallops (Shuman & Lorenzen 1975). Most of them are
egested within faeces in a more or less degraded
form. Considering the properties of these 2 biochemi-
cal compounds, the strong changes observed in both
FAs from the PLs and sterols were important and in di -
cated critical modifications of the cell membrane of
DG tissue, notwithstanding the rather strong homeo -
stasis that would be expected for these structural com-
pounds. Our results indicated stronger variations of
FAs from the polar fraction compared to those of the
neutral fraction in the DG. In this organ, reserve lipids
(i.e. NLs) remain relatively unmodified by the diet
(Nérot et al. 2015). Measurement of FA composition in
other tissues such as the muscle usually focuses on re-
serve lipids, as dietary FAs are more selectively incor-
porated into the muscle due to its longer turnover rate
(Nérot et al. 2015). Finally, the difference in turnover
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Fig. 8. Triplots from the canonical correspondence analysis performed on pigment and lipid data. Plots include phytoplankton
counts in the water column (wc; blue vectors) and the water−sediment interface (wsi; red vectors) and (a) proportions of pig-
ments in the water column (blue dots), the water−sediment interface (red dots) and the stomach contents of Pecten maximus (s;
black dots) and (b) proportions of fatty acids from the polar fraction (black dots), the neutral fraction (white dot) and sterols 

(grey dots) in the digestive gland of P. maximus
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rate between pigments and lipids in organisms is an
advantage which helps overcome the change in sam-
pling frequency (twice a week in April and May, once
every 2 wk for the rest of the study), which might im-
pact the temporal variability of data.

Feeding ecology

Importance of Dinophyceae in the diet of  
Pecten  maximus

This study highlights the complexity of the diet of P.
maximus, both temporally and in terms of composi-
tion. During monitoring, the proportion of DHA, rep-
resentative of Dinophyceae (Parrish et al. 1995, Dals-
gaard et al. 2003, Parrish 2013), in the PLs of the DG
showed rather important variations. Another FA usu-
ally found in some Dinophyceae species is 18:5(n-3)
(Dijkman & Kromkamp 2006), which displayed varia-
tions that were very similar to the dynamics of peri-
dinin and DHA. The level of peridinin, a specific pig-
ment of the Dinophyceae (Jeffrey, 1974, 1997, Mackey
et al. 1996, Lampert 2001, Wright & Jeffrey 2006, Sanz
et al. 2015), in the digestive tract of P. maximus aver-
aged 18% in the stomach, indicating a significant in-
gestion of this microalgae class. This is rather surpris-
ing as the proportion of peridinin in the water did not
exceed 13%. Loret et al. (2000) observed similar re-
sults with the oyster Pinctada margaritifera, which ac-
tively selected Crypto phyceae despite their relatively
low presence in the water. Dinophyceae did not domi-
nate phytoplankton composition in the water, yet bio-
markers of this phylum were high in the scallop and
showed clear covariation between scallop tissues and
the environment (Fig. 8). This suggests that P. max-
imus could be actively selecting Dinophyceae out of
the available microalgae mix. DHA and EPA are 2 es-
sential FAs for bivalves (Soudant et al. 1996, 1998b),
and DHA is largely present in Dinophyceae and also
found in some Prymnesiophyceae (Parrish et al. 1995,
Volkman et al. 1998, Dalsgaard et al. 2003, Mansour
et al. 2005, Parrish 2013). Foraging on Dinophyceae,
even when they are not dominant in the water, could
be a way for scallops to get this essential component
into their diet. However, these findings conflict with
the fact that many Dinophyceae species (not ob served
during this study) are known for their toxicity. Several
studies have reported the negative im pacts of bloom-
ing events of such microalgae on the physiology of P.
maximus (Erard-LeDenn et al. 1990, Lorrain et al.
2000, Chauvaud et al. 2001). Not all species of Dino-
phyceae produce toxins, but they have long been con-

sidered as more of a threat than an essential food
source for the great scallop (Smolowitz & Shum way
1997, Lorrain et al. 2000, Chauvaud et al. 2001,
Bougrier et al. 2003). P. maximus might be able to se-
lect and sort ingested food on a qualitative basis. Sug-
gestions have been made in this way to explain the
active selection of food particles in suspension-
feeding bivalves, involving ctenidia retention, labial
palps sorting and physico-chemical interactions with
algal cell surface (Shumway et al. 1985, Ward &
Shum way 2004, Espinosa et al. 2010, Rosa et al. 2013).

Moreover, the great scallop seemed to be able to
switch from one source to another depending on the
season. Indeed, despite the predominant proportion
of diatoms as a food source for scallops, there is an
 alternation in the stomach content of fucoxanthin,
found mainly in diatoms, and peridinin, found exclu-
sively in Dinophyceae (Fig. 4). These shifts are also
ob served in the FA dynamics (Fig. 6), the proportion
of 16:1(n-7) and EPA, found in high amounts in dia -
toms, alternating with the proportion of DHA and
18:5(n-3), representative of Dinophyceae (Dalsgaard
et al. 2003). The ratio between EPA and DHA is a
common indicator of a diatom- or flagellate-based
diet (St. John & Lund 1996, Auel et al. 2002). The
variations of this index are in complete accordance
with the evolution of the other biomarkers. Further
evidence of this alternation is shown in the evolution
of 24 methylene cholesterol and brassicasterol in the
DG tissues (Fig. 7), which have also been reported to
be major sterols of diatoms and Dinophyceae respec-
tively (Volkman 1986).

While Dinophyceae in the water did not seem to
negatively impact ingestion, diatom concentration on
the other hand might have stopped feeding activity
altogether at some point. During the most important
bloom in the water column in early May, proportions
of fucoxanthin rapidly increased in the scallops’
digestive glands before dropping on 2 May and
increasing back to the previous high level 4 d after.
During this bloom, the dominant species were the
dia toms Chaetoceros sp., Dactiliosolen fragilissimus,
Chaetoceros debilis and Cerataulina pelagica. A
temporary stop in diatom ingestion while cell con-
centrations are at their maximum in the water could
result from an overload of sedimenting microalgae.
This hypothesis was suggested by Lorrain et al.
(2000), who claimed that overly elevated food parti-
cles of high quality surrounding the scallop may have
a negative effect on filtration and growth. Floccula-
tion is well established as a dominant process in the
transport of nutrients to the benthos (Alldredge &
Gotschalk 1989, Cranford et al. 2005), and is particu-
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larly significant in supplying food to species such as
P. maximus that can reside on the continental shelf at
depths of up to approximately 220 m (Nérot et al.
2012). However, the aggregation of blooming micro-
algae may have caused the scallop to close its valves
to prevent/respond to gill clogging. Moreover, these
blooming events might lead to oxygen depletion at
the bottom, to which the scallop reacts by closing its
valves (Taylor et al. 1985, Lorrain et al. 2000).

Diet switches

Suspension-feeding bivalves are known to feed
mainly on microalgae, filtrated from the surrounding
seawater (Le Pennec et al. 2003, MacDonald et al.
2006). The ‘bottom-up’ relationship between the
great scallop and its food implies a feeding plasticity
in response to environmental availability. First of all,
feeding activity seemed to correlate with phyto-
plankton dynamics at the water−sediment interface
at the beginning of spring, which goes along with the
hypothesized ability of P. maximus to resuspend
microphytobenthos and sedimented microalgae by
clapping its valves (Lorrain et al. 2000, Chauvaud et
al. 2001, MacDonald et al. 2006). For the rest of the
study period, however, the diet of the scallop more
closely followed the seston dynamics of the water
column, which is also in compliance with a well
described benthic−pelagic coupling (Chauvaud et al.
2000, Cranford et al. 2005). More specifically, scal-
lops seemed to feed on Dinophyceae, Prymnesiophy -
ceae, Cryptophyceae and Chrysophyceae, given the
proportions of peridinin, 19’HF, alloxanthin and
19’BF in their stomachs until the first large bloom in
the water column in early May. This is also supported
by the evolution of DHA, found in high proportion in
the Dinophyceae (Fig. 8), 18:4(n-3), a common FA in
Prymnesiophyceae and 20:4(n-3), rarely found in
other microalgae classes than the Cryptophyceae
(Volkman et al. 1998, Dalsgaard et al. 2003), even
though the latter can result from the elongation of
18:4(n-3). Then, during spring and the renewal of pri-
mary production in the water, P. maximus seemed to
feed mainly on diatoms and Dinophyceae, whose
specific pigments respectively account for more than
90% of the total pigments found in the stomach con-
tents. At the end of May, the proportion of Prymne-
siophyceae in the scallops’ diet briefly increased, as
shown by the ingestion of 19’HF-rich microalgae
(Fig. 2) and the accumulation of 18:4(n-3) (Fig. 6).
Later, the level of chl b in the gut of the scallop,
which remained under 2% before the last spring

bloom in early June, increased up to 15% during the
first part of summer, indicating an ingestion of green
microalgae or green macroalgae debris (Lampert
2001). The FA 18:2(n-6) and 18:3(n-3) in PLs, usually
used as trophic signatures of green macroalgae or
Chlorophyceae (Jamieson & Reid 1972, Parrish et al.
1995, Zhukova & Aizdaicher 1995, Volkman et al.
1998, Dalsgaard et al. 2003, Parrish 2013), showed a
fairly smooth increase from June until October. How-
ever, this could also reflect an ingestion of Crypto -
phyceae or Prymnesiophyceae (observed in the sea-
water at this period), which can also present
significant amounts of these FAs (Viso & Marty 1993,
Soudant et al. 1996, Renaud et al. 2002). Finally, at
the end of the monitoring period (late September/
early October), sharp increases of 24 methylene cho -
le sterol, fucoxanthin and EPA evidenced a diatom-
based diet.

Zeaxanthin was measured at levels varying be -
tween 5 and 10% in the water, while its contribution
to digestive tract contents remained close to zero, ex -
cept in the first stomach sample and 2 rectum sam-
ples in August (Table 2). High levels of zeaxanthin
have been re ported in cyanobacteria (Jeffrey 1974,
1997, Mackey et al. 1996, Lampert 2001, Wright &
Jeffrey 2006, Sanz et al. 2015), the size of which is
under 2 µm, and in other microorganisms (Grossman
et al. 1995). The gill retention capacity of most bi -
valves is not fine enough to capture such tiny parti-
cles (Møhlenberg & Riisgård 1978, MacDonald et al.
2006, Strohmeier et al. 2012). Nevertheless, several
studies have shown evidence that free bacterio-
plankton, typically ranging in size from 0.3 to 1 µm,
can be ingested and assimilated by Pectinidae and
other bivalves when bound in aggregates (Mc -
Henery & Birkbeck 1985, Prieur et al. 1990, Alber &
Valiela 1995, MacDonald et al. 2006, Ward & Kach
2009). This could explain the occurrence of zeaxan-
thin in relatively high amounts (3%) in a few sam-
ples. Similarly, the dynamics of iso17:0 FA, a specific
marker of marine bacteria (Vestal & White 1989,
Kharlamenko et al. 2001, 2008), in PLs of scallop tis-
sues indicates that bacteria might be part of the diet
of P. maximus. At certain times of the year, a large
proportion (>70%) of natural particulates of varying
size and quality can form aggregates mixed with
high molecular weight substances (flocs, marine
snow; Alldredge et al. 1993, Crocker & Passow 1995).
More investigations are required to determine if the
ingestion of microorganisms could be a way for the
scallops to meet energetic requirements when no
other trophic sources are available, especially during
the bleak season (Quéguiner & Tréguer 1984).
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Ingestion, digestion and assimilation

Some pigments detected in the water did not ap -
pear in the same proportions in the scallops’ diges-
tive tract. Several experimental studies have pointed
out the capacity of P. maximus to select different
algal species on the basis of their size, nutritional
value, physiological state or lipid content (Shumway
et al. 1985, Soudant et al. 1998b, Ward & Shumway
2004). Recently, interactions between some proteins
(lectins) of the mucus that covers oysters’ gills and
carbohydrate present on the surface of microalgae
cells have been evidenced (Espinosa et al. 2010) and
may contribute to microalgal species selection. Rosa
et al. (2013) also highlighted non-specific interac-
tions involving surface-charge and wettability of par-
ticles in the particle discrimination process.

Beyond the matter of ingestion stands the question
of the digestion and assimilation of the ingested
products. Some pigments found in the stomach were
found in the rectum in similar proportions, possibly
meaning that the algae they belong to were not
digested (Hawkins et al. 1986, Louda et al. 2008).
This is the case for fucoxanthin during the month of
May and at the end of July or for peridinin in late
May and in mid-July to mid-August. Chl b also
seemed to go through the digestive tract rather unal-
tered, as elevated amounts were found in the rectum,
which could reflect a weak affinity to this trophic
source. The microalgal cell wall, varying in size,
structure and composition among species, might
affect the digestibility of phytoplankton.

Pheophorbide-a and pheophytin-a are 2 pigments
re sulting from the degradation of chl a (Hawkins et
al. 1986). Significant amounts (up to 36% of pheo -
phorbide-a and 25% of pheophytin-a) were found in
the stomach contents, suggesting that one of the first
steps of food processing occurs in this compartment
(Fig. 5). In P. maximus, digestion is both extra- and
intracellular and occurs at several sites in the diges-
tive tract (Beninger & Le Pennec 2006). The first step
of degradation occurs in the stomach with both a
mechanical and chemical action of the crystalline
style that breaks and releases enzymes attacking the
external layer of the microalgae (sometimes a hard
cell wall like the frustule of diatoms). Pigments con-
tained in microalgae undergo different levels of
degradation through the enzymatic activity of diges-
tion (Bayne et al. 1987, Pastoureaud et al. 1995).
Degradation peaks observed after periods of low
ingestion could result from the degradation of the food
remains in the stomach and the DG. Indeed, scallops
have to cope with periods of low food availability over

the winter or between phytoplankton blooms. The
degradation of the last food particles in the stomach
could provide them with nutrients while awaiting a
renewal of food supply. Another possible explanation
could be the passive deterioration (not due to active
digestion) of the remaining products of digestion
inside the stomach.

CONCLUSIONS

This in-depth investigation of the seasonal feeding
ecology of P. maximus shows the species’ ability to
switch from one trophic source to another. Some food
sources seem to be neglected by the great scallop
(green algae), in favor of diatoms and dinoflagellates,
supporting the hypothesis of food preference (Møh-
lenberg & Riisgård 1978, Shumway et al. 1985, Ward
& Shumway 2004, MacDonald et al. 2006, Ward &
Kach 2009, Espinosa et al. 2010, Rosa et al. 2013).

Relating in situ physiological performance to food
quantity and quality is not an easy task (Chauvaud et
al. 1998, 2001, Lorrain et al. 2000, Strohmeier et al.
2009). Variations in growth performance and sur-
vival of scallops rely on numerous environmental fac-
tors. An improved description of the dynamics and
complexity of energy intake helps with the interpre-
tation of these mechanisms and could be useful in
understanding the consequences of ever-changing
environments.
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