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Abstract – In this study, we investigated the food sources of eastern oysters Crassostrea virginica cultivated

in Atlantic Canada. Stable isotopes (13C and 15N) and fatty acid biomarkers were used to identify these sources
under in situ conditions for suspended (∼0.5 m below surface) and bottom (∼2 m) culture stocks. It was found
that particulate organic matter represented the main food source, with major contributions from live
phytoplankton. Higher lipid contents were detected in the digestive glands of suspended oysters compared
to bottom oysters (p < 0.05). Bottom oysters did not show signiﬁcant preference for detrital or bacterial
organic matter. Near-surface waters contained an elevated picophytoplankton biomass (PPP, 0.2–2 mm,
1.93 ± 0.16 mg l1, mean ± SEM) compared to nanophytoplankton biomass (NPP, >2 mm, 1.05 ± 0.15 mg l1,
mean ± SEM). To determine whether the small size PPP was captured and assimilated by C. virginica, feeding
trials were conducted in the laboratory using three PPP/NPP diets (20%, 50%, and 80% PPP), consisting of
isotopically-labelled (d13C) PPP cells (Nannochloropsis oculata) and non-labelled NPP cells (Tisochrysis
lutea). An isotopically-labelled fatty acids analysis indicated PPP assimilation in various tissues (digestive
gland, gills, mantle, and abductor muscle), including from oysters fed the reduced (20%) PPP diet. Isotopic
enrichment (13C) in the FA 22:2 (non-methylene-interrupted or NMI) showed that precursors of NMIs utilized
PPP carbon in its biosynthesis process. In conclusion, C. virginica assimilated primarily particulate organic
matter (POM), including PPP, which dominated the phytoplankton community in near surface waters.
C. virginica can exploit PPP carbon during fatty acid production and further biosynthesis.
Keywords: Crassostrea virginica / Picophytoplankton / Fatty acids / Stable isotopes / Aquaculture / Shellﬁsh

1 Introduction
The Eastern oyster, Crassostrea virginica, has a broad
latitudinal distribution along the Northwest Atlantic seaboard
(Comeau, 2013). Suspension-feeding bivalves are important
components of many coastal ecosystems; however, feeding
pressure impacts plankton dynamics, biodeposition, and
nutrient cycling (Prins et al., 1991). This said, shellﬁsh
aquaculture also provides important ecological services to the
environment such benthic-pelagic coupling, creation of
refuges for species from higher trophic levels and control
*Corresponding author: Remi.Sonier@dfo-mpo.gc.ca

on suspended particles concentration (Coen et al., 2007).
Recently, it has been demonstrated that bays with large rivers
and high exchange with the open ocean will be more resilient
under climate change when bivalve aquaculture is present
(Filgueira et al., 2016). Bivalves primarily rely on naturally
produced phytoplankton and other particulate organic matter
as food sources (Trottet et al., 2008). Therefore, the ﬁltration
capacity of bivalves could effectively reduce seston concentrations (Guyondet et al., 2013), imposing strong control on
phytoplankton assemblages at the base of the aquatic food
chain (Prins et al., 1998; Cranford et al., 2009; Filgueira et al.,
2014b). In conjunction with particle sorting before ingestion,
the size and nutritional quality of food particles are two
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important factors explaining differences in ﬁltration and
retention capacities by bivalves (Barillé et al., 1997; Cresson
et al., 2016). The retention efﬁciency (RE) of ﬁlter-feeders
usually increases with particle size and may be species-speciﬁc
(Møhlenberg and Riisgård, 1978; Ward and Shumway, 2004).
Large particles can be captured with high efﬁciency, based on
reported absolute efﬁciencies of 86–98% for 8–10 mm
particles for a variety of bivalves (Møhlenberg and Riisgård,
1978). In comparison, the retention of 1 mm diameter particles
is just 50% (Shumway et al., 1985; Riisgård, 1988).
A multi-biomarkers approach, using stable isotopes and
fatty acid (FAs) trophic marker methods, increases the
potential to identify food sources from different origins (Perez
et al., 2013). Stable isotopes analyses are widely used in food
webs studies, food source reliance and trophic position
estimation (Peterson and Fry, 1987; Gaillard et al., 2017) also
as a tool to determine the contribution of various food items to
a given organism diet (Fry, 2007). Since secondary consumers
are enriched in 13C and 15N relative to their food supply or
prey, stable isotopes, such as carbon (d13C) and nitrogen
(d15N), are useful to determine the long-term assimilation of
food (Peterson and Fry, 1987; Post, 2002). Because the
relationships of these two isotopes differ with the origin of
organic matter, measuring the isotopic ratios of the digestive
gland of oysters allows the major contributing nutritional
sources to be identiﬁed (Cresson et al., 2016). Prominent FA
biomarkers of primary producers may be tracked within
consumers, as they remain mostly unchanged through trophic
pathways (Kelly and Scheibling, 2012). Omega-3 (v3) and
omega-6 (v6) poly-unsaturated FAs (PUFA) are synthesized
almost exclusively by phytoplankton, macrophytes and plants
(Dalsgaard et al., 2003) and phytoplankton community
composition is a strong predictor of FAs content in nature
(Lowe et al., 2014). In fact, it has been presented that divisions
such Chlorophyta (green algae eukaryote), Dinophyta (dinoﬂagellate) and diatoms are rich in v3 FAs with 31%, 40% and
17% respectively (Galloway and Winder, 2015). Some FAs are
also attributed as dietary tracers for speciﬁc sources such as
eicosapentanoic acid (EPA 20:5v3 and 16:4v1) for diatoms,
docosahexanoic acid (DHA 22:6v3 and 18:4v3) for dinoﬂagellates as well as numerous tracers for zooplankton
(20:1v11, 20:1v9, 22:1v11, 22:1v9) and bacteria (i-15:0,
15:0, i-17:0, 17:0) (Parrish, 2013; Gaillard et al., 2015). In
bivalves, FAs from the digestive gland contribute to the storage
of metabolic reserves, and may be proﬁled to obtain
information on recent food ingestion (Perez et al., 2013).
The current study used stable isotopes and FAs’ methods
in parallel to provide information on the food sources of
oysters cultured under different conditions: bottom and
suspension. Most research on the trophic dynamics of oysters
focuses on efﬁciently retained (80–100%) autotrophic nanophytoplankton (NPP, 2–20 mm) (Barillé et al., 1993; Ward and
Shumway, 2004; Kach and Ward, 2008; Comeau, 2013), as
higher biomass often leads to greater feeding activity by
shellﬁsh (Prins et al., 1998; Newell, 2004). To our knowledge,
few studies have investigated how oyster culture is jointly
impacted by phytoplankton biomass (quantitative) and diet
composition (qualitative) (Pernet et al., 2012). Furthermore,
most studies focus namely on Mytilus edulis (Trottet et al.,
2008; Strohmeier et al., 2012) and Crassostrea gigas (Barillé
et al., 1993, 1997) with little attention on the implications of

smaller particles, such as picophytoplankton (PPP) cells
which can reach high biomass in nutrient-rich estuaries under
certain conditions (Richardson and Jackson, 2007; Kirkham
et al., 2013). In the Gulf of St. Lawrence (Canada), numerous
PPP species are present such as; Micromonas pusilla,
Bathycoccus prasinos, Ostreococcus lucimarinus, Nannochloropsis sp., Picochlorum sp. and Aureococcus anophagefferens (Péquin et al., 2017). Thus, this present study aimed
to: (1) assess the availability of size-fractioned phytoplankton
(NPP and PPP) in the Foxley River system in Prince Edward
Island (Canada); (2) identify the major food sources of
cultured oysters (bottom vs. suspension); and (3) determine
the potential of retention and assimilation of PPP cells by
C. virginica. We tested two hypotheses, (1) bottom cultured
oysters use more bacterial and microphytobenthos food
compared to suspended cultured oysters and (2) PPP is the
dominant food source in this oyster culture system, and is
signiﬁcantly ingested and assimilated by oysters.

2 Material and methods
2.1 Field experiments
2.1.1 Phytoplankton biomass

During the ice-free period (May to November 2014), water
samples were collected (duplicates) twice a week from ﬁve
sampling stations in Foxley River (Prince Edward Island,
Canada), where oyster aquaculture is predominant (Fig. 1).
This area is quite shallow (max depth ∼3 m) and well mixed
(no stratiﬁcation). Water was collected at 1 m below the surface
(5-l Niskin® bottle). Size-fractioned phytoplankton biomass
measurements were obtained by extracting chlorophyll-a
(henceforth chl-a). Sub-samples were ﬁltered on 0.3 mm
(50 ml) pore size glass ﬁbre ﬁlters (GF75) to obtain total
biomass (>0.3 mm), and on 2 mm (150 ml) a pore size
polycarbonate ﬁlter (25 mm, GE Water and Process Technologies, Trevorse, PA®) for the NPP fraction (>2 mm). The
difference between these two size fractions yields PPP biomass
(0.3 > 2 mm). The ﬁlters were frozen directly in the ﬁeld to
40 °C (Stirling Ultracold portable freezer, Athens, OH,
USA), and were kept frozen until analysis. Chl-a extractions
were performed in 20-ml scintillation vials with 10 ml acetone
(90% ﬁnal concentration) for a minimum of 24 h at 40 °C.
Final data were obtained using a bench top ﬂuorometer
(Trilogy®, Turner Designs, Sunnyvale, CA) equipped with a
chl-a (with acidiﬁcation) module.
2.1.2 Stable isotopes

To assess the isotopic signature of organic matter in the water
column (n = 12), three sampling stations were established
(Fig. 1) where the water samples were collected (1 m below
sea-surface) in June, July, and August 2014. The samples (1-l)
were ﬁltered on GF/F ﬁlters (47 mm), dried for a 48-h, and sent to
an accredited laboratory facility to analyze (GG Harch Isotope
Lab, Department of Earth Sciences, University of Ottawa,
Canada) carbon (13C/12C) and nitrogen (15N/14N) stable
isotopes. GF/F ﬁlters were fumigated with 10% HCl for 4 h to
remove inorganic carbon. Samples and standards were weighed
in tin capsules, and loaded into an elemental analyzer (Isotope
Cube, Elementar, Germany) interfaced to an isotope ratio mass
spectrometer. Separated gases were sent to an IRMS (interface
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Fig. 1. Foxley River system in Prince Edward Island (Canada). Shellﬁsh leases allocated for oyster (C. virginica) aquaculture are shown by
polygons (white and black areas), in addition to sampling stations for phytoplankton biomass (red) and stable isotope (food sources and
oysters) (yellow).

Conﬂo III with unit Delta Advantage, Thermo, Germany). The
results are expressed in standard delta notation:
d13 C or d15 N ¼ ½ðRsample =Rstandard Þ  1  1000;
where R = 15N/14N or 13C/12C of the sample or standard
(Peterson and Fry, 1987). All mean values or stable isotopes
are expressed as mean ± standard deviation (SD).
The isotopic signature (13C/12C and 15N/14N) of oyster
tissues was determined at the end of July, from both the bottom
(n = 40) and suspension (n = 40) cultures at the three sampling
stations (Fig. 1). After dissecting half of the digestive gland
from each bottom or suspended cultured oyster, it was frozen
(80 °C) in 4.5 ml cryovial, fumigated with 10% HCl for 4 h to
remove inorganic carbon and sent for stable isotope analysis.
The isotopic ratio (R) values of the dried digestive glands from
the C. virginica samples were determined by the methods
developed at the IsoEnvironmental facility (Department of
Botany, Rhodes University, Grahamstown, South Africa),
using a Europa Scientiﬁc 20-20 IRMS interfaced to an ANCA
SL Europa Analyser. All d13C and d15N values were reported
as ‰ vs. Vienna PeeDeeBelemnite (VPDB) and air,

respectively, and were normalized to internal standards
calibrated to the International Atomic Energy reference
materials (IAEA-CH6 for d13C and IAEA-N2 for d15N). Also
samples of other potential food sources were collected by
SCUBA divers and sent for analysis. Samples included
macroalgae (Ulva sp.), marine plants (Zostera marina), and the
ﬁrst layer (3 mm) of sediment (n = 12) where oysters are
bottom cultured.
2.1.3 Fatty acids and lipid biomarkers

Half of the digestive gland tissue from oysters from both
cultured technique (bottom and suspended) were sampled at
ﬁve time periods (June, beginning of July, end of July, August
and September) for fatty acid (FAs) analysis. Each FAs data
point consist of ﬁve digestive gland samples pooled together to
assure sufﬁcient material for proper extractions. Samples were
freeze dried and ground to a homogeneous powder. Lipids
were extracted using a modiﬁed Folch procedure as described
in Parrish (1999). Fatty acid methyl esters (FAME) were
prepared according to the method described by Lepage and
Roy (1984) using sulfuric acid and methanol (2:98, v/v) at

Page 3 of 13

R. Sonier et al.: Aquat. Living Resour. 2017, 30, 31

Table 1. Common fatty acid (FA) biomarkers that were investigated and discussed in the present study.
Source

FATMs

References

Diatoms

EPA, EPA/DHA >1,
16:1v7/16:0 >1
DHA, DHA/EPA >1
16:4v3 þ 18:3v3
20:1v9, 20:1v11, 22:1v9
18:2v6 þ 18:3v3 >2.5

Dalsgaard et al., 2003; Cabrol et al., 2015;
Gaillard et al., 2015
Søreide et al., 2008; Kelly and Scheibling, 2012
Moynihan et al., 2016
Gaillard et al., 2015
Budge and Parrish, 1998

16:1v7, i15:0, 15:0,
i170, 17:0

Pernet et al., 2012; Parrish, 2013; Cabrol et al., 2015;
Gaillard et al., 2017

Dinoﬂagellates
Picoeukaryotes
Zooplankton
Terrestrial plants
or seagrasses
Detritus and bacteria

EPA: eicosapentanoic acid, 20:5v3; DHA: docohexaenoic acid, 22:6v3.

100 °C for 10 min, and were analyzed in the full scan mode
(ionic range: 50–650 m/z) on a Polaris Q ion trap coupled to a
multichannel gas chromatograph “Trace GC ultra” (Thermo
Scientiﬁc) equipped with an autosampler model Triplus, a PTV
injector, and a mass detector model ITQ900 (Thermo
Scientiﬁc®). The separation was performed with an Omegawax 250 (Supelco) capillary column with high purity helium as
the carrier gas. Data were treated using Xcalibur v.2.1 software
(Thermo Scientiﬁc®). Methyl nonadecanoate (19:0) was used
as an internal standard. FAME were identiﬁed by comparing
retention times with known standards (Supelco 37 Component
FAME Mix and menhaden oil; Supelco), and were further
conﬁrmed by mass spectrometry (Xcalibur v.2.1 software). In
all samples, unknown peaks were identiﬁed according to their
mass spectra, with emphasis on the FA trophic markers
described in Table 1.
2.2 Laboratory experiments
2.2.1 Retention efﬁciencies (RE)

Adult oysters (n = 15, dried tissue mass 1.31 ± 0.17 g,
mean ± SD) were collected in February 2013 (water temperature of 2 °C), and were transferred to the marine station of the
Institut des Sciences de la Mer de Rimouski (Pointe-au-Père,
Québec, Canada). Equal numbers of oysters were placed in
three 180-l tanks with ﬂow-through seawater (ﬁltered through
a 1 mm ﬁlter and UV disinfected) and a gradually increasing
temperature (3 °C/day) to reach 21 °C for optimal ﬁltration
rates (based on Loosanoff, 1958). Oysters were acclimatized
for one month and were fed daily with a 1:1:1 mixture (v/v/v)
of Tisochrysis lutea (CCMP 1324), Diacronema lutheri
(CCMP 459), and Chaetoceros neogracile (CCMP 1317)
microalgae at a ratio of 5% oyster tissues dried mass. Algal
strains originated from Bigelow National Center for Marine
Algae and Microbiota (Maine, USA). Trials were conducted to
assess the retention efﬁciency (RE) of each individual for
targeted micro algal species. To assess the RE of C. virginica
towards PPP cells (<2 mm) in relation to different phytoplankton assemblages, three distinct regimes were used in a
controlled environment. These regimes consisted of three
different size fraction ratios: (1) 20:80, (2) 50:50, and (3) 80:20
between PPP and NPP (%). Diets were adjusted at a total cell
concentration equivalent in volume to 40 cells ml1 of T. lutea,
which corresponds to approximately 1.72  106 mm3 ml1.
Cell counts were determined with a coulter counter (Z2

Beckman Coulter, California, USA) equipped with a 70 mm
aperture tube, with 0.1 ml subsample being collected per
reading. Algal species considered were Nannochloropsis
oculata (PPP) (CCMP 525), a spherical unicellular ﬂagellate
of 1–2 mm in diameter and T. lutea (NPP), which is a golden
brown ﬂagellate with a spherical to pear shape of 3–5 mm in
diameter (Bigelow Laboratory for Ocean Sciences, Maine,
USA). The species were batch-cultured in f/2 medium at 20 °C,
under continuous illumination, in 20-l carboys that was
supplied continuously with CO2 to maintain a pH of ∼8. Each
oyster was acclimatized for 1 h in a 1.2-l metabolic chamber
with a circular stream of aeration along the chamber’s wall to
provide good water homogenization without promoting the
resuspension of faeces and pseudo-faeces. After oysters were
fed their respective experimental regime, subsamples were
collected from each chamber every 15 min to assess cell
depletion over time. Five oysters, or chambers, were allocated
per experimental regime (N = 15). The retention efﬁciency
(RE) was computed as presented in Comeau et al. (2015):
RE ¼ ½ðC control  Clive Þ=Ccontrol   100;
where RE is percent retention efﬁciency of phytoplankton
(PPP or NPP), Ccontrol is the phytoplankton counts (cells per
ml) in control chambers, and Clive is the phytoplankton
concentration (cells per ml) in live specimen chambers.
2.2.2 Reﬁltration factor (RF)

Particular attention was given to the possibility that RE is
positively related to the number of times the animal processed
(ﬁltered) the chamber volume during RE trials. Conceivably,
an elevated RE might be attributable to an animal re-ﬁltering
the chamber volume numerous times, and accumulating PPP
and NPP over time (Sonier et al., 2016). This artefact in the
methodology would only amplify RE in trials where reﬁltration occurred. Available data were used to assess RE vs.
the re-ﬁltration factor (termed RF), which was calculated using
the equation below (Comeau et al., 2015; Sonier et al., 2016):
RF ¼ ðIncT  CRind =60Þ=V ch ;
where IncT is the incubation time (min) in relation to
the clearance rate (l h1) of individual oysters (CRind) in
each chamber. Vch is the volume of the chamber (l). CRind
was measured using the indirect method described by
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Riisgård (1988), with water samples (10 ml) being collected at
15-min intervals. RF values are equivalent to the number of
times that the entire volume of the chamber is ﬁltered; RF > 1
conﬁrms that the chamber was processed at least once before
the end of the feeding trial. When RF values >1 were recorded,
the relationship between RF and RE was further examined
through regression analysis to determine whether RF
effectively augmented RE. For CRind values, the ﬁrst and
last particle counts were omitted from the calculations to
eliminate potential artefacts, such as changes in feeding
behaviour due to the addition of food (experimental regimes)
in each chamber or low particle counts at the end of incubation.
2.2.3 Picophytoplankton assimilation

PPP assimilation by oysters was conducted at a larger scale
using bigger tanks (180 l) with ﬂow through natural sea water
(28 ppt salinity, heated to 21 °C). Each feeding regime
(treatment tanks) contained ﬁve oysters, for which the food
supply was adjusted accordingly. For one week before the
experiment, oysters were fed the three respective regimes
(%PPP:%NPP of 20:80, 50:50, and 80:20) at a ratio of 5% of
oyster tissue dry mass daily for acclimatization. The
experimental trials involved three days of feeding, during
which regular PPP cells (N. oculata) were substituted by
isotopically labelled cells (with 13C). PPP was labelled using
the protocol of Arnold et al. (2015), which involves
supplementing the sea water medium with 1 mM sodium
[13C]-bicarbonate (NaH13CO3, 99%) (Cambridge Isotope
Laboratories, MA, USA). The experiment ended after the
oysters were subject to fasting for three complete days, to
allow complete digestion and to purge the digestive system.
Each oyster was dissected, and four tissue types were kept: (1)
gills, (2) digestive gland, (3) mantle, and (4) abductor muscle.
Each tissue was freeze-dried and homogenized using the
classic glass mortar and pestle grinding method (sterilized
between each sample with ethanol). Five grams of material for
each tissue sample was weighed for hydrolysis (100 ml KOH
12.5% to the tissue sample) and subsequent fatty acids (FAs)
extraction. In parallel, extraction from cultured and isotopically marked N. oculata algal stocks were obtained using direct
hydrolyze combined with 50 ml concentrated (centrifuged)
algal suspension and 50 ml KOH 25%. For both oyster tissues
and algae solutions, the hydrolyzed mixture was then placed in
a thermostat controlled dry-bath (60 °C) for 30 min. Following
hydrolysis incubation, 900 ml of extraction solvent (1/3 15 mM
ammonium acetate and 2/3 acetonitrile, pH 4) was incorporated to the hydrolyzed solution and homogenized (vortex) for
fatty acid extraction. Extracted samples were then centrifuged
(10 000 rpm, 3 min) to purify lipid extracts by allowing
residual proteins to sediment on the bottom of the Eppendorf.
After centrifugation, 500 ml of clear supernatant was collected
and transferred to 5 ml amber vials (with PVC septums) for
fatty acid characterization. The analysis was performed using
Continuous-ﬂow Isotope Ratio Mass Spectrometry (CFIRMS) with a Deltaplus XP mass spectrometer (ThermoScientiﬁc) coupled to an elemental analysis (EA) COSTECH
4010 (Costech Analytical). Analytical error (n = 50) of the
measurements was 0.2‰ and 0.4‰ for d15N and d13C,
respectively. System suitability was evaluated before analysis
using a standard deviation of zero reference gas (nitrogen and

carbon dioxide) over 10 measurements. Maximum acceptable
variation was set to 0.06‰. For each analysis sequence, 10
secondary standards were used to calibrate the obtained values.
The certiﬁed sediment standard (MicroElemental analysis) had
reference values of 4.40 and 26.10 for d15N and d13C,
respectively. The two mobile phases consisted of (A) 10 mM
ammonium acetate and (B) 0.01% acetic acid in acetonitrile
(ACN). The ingestion and assimilation of PPP by C. virginica
were estimated using mass spectrometry outputs. More
speciﬁcally, the enrichment in 13C of speciﬁc fatty acids from
different food regimes containing isotopically (d13C) marked
PPP. Four fatty acids were considered: (1) 20:5v3 (EPA),
which is a dominant fatty acid in the composition of N. oculata
(Seychelles et al., 2009), (2) 22:6v3 (DHA), which is a
dominant fatty acid in T. lutea (then Isochrysis galbana)
(Seychelles et al., 2009), (3) 20:1, a precursor for NMI and
usually synthetized by the organism and are absent in algae
used in feeding trials (Zhukova, 1991; Da Costa et al., 2015)
and (4) 22:2 (Zhukova and Svetashev, 1986) typical for most
bivalves.
2.3 Statistical analysis

The relationship between size fraction (PPP and NPP)
biomass over time was tested for autocorrelation and
heterogeneity using the “gls” function (library-nlme) in the
R environment (version 3.0.1, R Core Team, 2013). Pearson’s
correlation tests were used to detect correlations between time
series. Linear analysis of covariance (ANCOVA) was
performed using the “lm” function with one covariate in the
R environment. ANCOVA outputs were presented textually
(likelihood ratio test = LRT, df, p values), and as correlation
coefﬁcients (r). For the comparison of FA proﬁles, distancebased permutational multivariate analysis of variance was used
to compare multivariate variables between oysters from the
two culture methods. The assumption of homoscedasticity was
veriﬁed with a PERMDISP test, no data transformations were
needed, and then a PERMANOVA (9999 permutations) was
performed. A posteriori comparisons were completed using a
PERMANOVA pairwise test. To analyze the similarity
between proﬁles, SIMPER (SIMilarity PERcentages) procedures were used to identify variables responsible for
dissimilarities (PRIMER®6 software module and PERMANOVA 1.02). Multivariate analyses were performed with
PRIMER®6 software and univariate tests using R software
(version 3.0.1, R Core Team, 2013). The linear regression
analyses was used to evaluate the effect of RE on RF.
Differences between culture methods (bottom vs. surface) for
stable isotopes data (d13C and d15N) were tested using two
samples t-tests, with single-factor ANOVAs being used to
assess how sampling dates impacted the time series results.

3 Results
3.1 Phytoplankton biomass

Phytoplankton fractioned (NPP and PPP) biomass (chl-a
mg l1) (Fig. 2) showed autocorrelation (r = 0.49) and a
signiﬁcant interaction between phytoplankton size and
sampling date (LRT = 8.01, df = 1, p < 0.001). Both NPP
and PPP biomass signiﬁcantly changed over time (one-way
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Fig. 2. Size-fractioned phytoplankton biomass (average ± SE, averaged from seven sampling stations, in duplicates) including PPP ratio
(average% ± SE) in Foxley River (PEI). Tukey posteriori tests results (p < 0.001) are presented, with different letters representing signiﬁcant
differences, NPP (uppercase) and PPP (lowercase).

Fig. 3. Mean (‰ ± standard deviation) d13C and d15N of the digestive glands from surface (n = 40) and bottom (n = 40) cultured oysters
(C. virginica), in addition to the d13C and d15N from different sources: POM (n = 12), sediment (n = 12), a macroalgae (Ulva sp.) (n = 1), and a
marine plant (Zostera marina) (n = 1).

ANOVA, df = 12, p < 0.0001). Differences between size
classes (Tukey posteriori tests, p < 0.05) were attributed to
the lower biomass of NPP in late-May and peaks in mid-June
and at the end of August. In comparison, PPP biomass had
signiﬁcant peaks in mid-May and late-June, with low
concentrations in mid-June and September to November (fall)
(Fig. 2). Sub-surface water samples showed that PPP
(1.93 ± 0.16 mg l1) biomass was signiﬁcantly higher compared to NPP (1.05 ± 0.15 mg l1) biomass (p < 0.001). The
PPP:NPP biomass ratio (%) ranged between 44 and 89%, and
was signiﬁcantly different between sampling dates (df = 12,
p < 0.0001) (Fig. 2). Signiﬁcantly lower ratios of PPP were
observed in mid-August and September to November (fall)
(Tukey posteriori tests, p < 0.05).

3.2 Stable isotopes

In June, July, and August 2014, surface water POM d13C
and d15N values ranged between 24.75 ± 1.53‰ and
12.96 ± 2.60‰, and 7.23 ± 0.94‰ and 10.44 ± 0.29‰,
respectively (Fig. 3). A signiﬁcant difference (two-sample
t-test, t = 6.38, p < 0.001, n = 40) the between d13C ratios of
suspended cultured oysters (21.32 ± 1.02‰) and bottom
cultured oysters (19.78 ± 1.14‰) was obtained, whilst no
difference was found between d15N ratios (9.90‰ ± 0.56 and
9.55‰ ± 1.08, respectively, n = 40) (Fig. 3). Oysters’ shell
length (mean ± SD) was similar at 74.9 ± 7.2 mm and
70.1 ± 7.7 mm for bottom and suspension cultured oysters
respectively. Regardless of the culture method used
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C. virginica mostly fed on POM where the nitrogen (d15N)
values of oysters sampled in July were closely related to water
POM sampled in June, with a typical enrichment of 2–4‰
(Peterson and Fry, 1987; Post, 2002) between the primary
consumer and its diet (Fig. 3). However, d15N enrichment
results >4‰ also indicated that the sediments, macroalgae
(Ulva sp.), and marine plants (Z. marina) were not detected as
suitable food inputs in cultured oysters from our system.
3.3 Fatty acids and lipid biomarkers

Total FA concentration in the digestive glands of oysters
was signiﬁcantly affected by sampling dates (pseudo-F = 3.73,
df = 4, p < 0.01) and culture methods (pseudo-F = 3.86, df = 1,
p < 0.05) without interaction (pseudo-F = 0.61, df = 4,
p > 0.05) between these two factors (Tab. 2) (PERMANOVA
analyses). Thus, oysters cultured in suspension accumulate
more fatty acids in their digestive glands compared to bottom
cultured oysters. Total FA concentration was signiﬁcantly
lower in July compared to all other months (pair-wise tests on
sampling dates, p < 0.05) (Tab. 2). FA composition (%)
(Tab. 2) differed signiﬁcantly in relation to sampling date
(pseudo-F = 9.14, df = 4, p < 0.001) and culture method
(bottom vs. suspension) (pseudo-F = 2.76, df = 1, p < 0.05),
without any interactions between the two factors (pseudoF = 0.70, df = 4, p = 0.88) (PERMANOVA analyses). Pairwise
test results showed signiﬁcant differences between all
sampling dates (p < 0.05, df = 12) and culture methods
(p < 0.05, df = 30). The 7% depletion (Tab. 2) of EPA
(20:5v3) contributed to most (16%) of the dissimilarity
between sampling dates. In August and September, EPA levels
returned to similar levels as June. Regardless of the culture
method used, speciﬁc FA contribution was similar in June,
August, and September. Statistically discrepancies (SIMPER
analyses with Bray Curtis similarity, pooled data from all
sampling stations) between culture methods were mainly
explained by microalgal biomarkers (Tab. 2) in bottom
cultured oysters, which were represented by slightly superior
values of EPA and inferior values of DHA, explaining 11.4%
and 8.5% of differences, respectively. However, biologically
interpreting EPA and DHA as proxies our results suggest that
oysters fed more on dinoﬂagellates (DHA/EPA > 1), with a
marked input in late July when DHA levels signiﬁcantly
increased. The opposite is apparent in the fall (September)
where diatoms biomarker (EPA/DHA > 1) is predominant.
Even though less important than dinoﬂagellates, diatoms might
represent a minimal food source, especially in early June and
late September, due to increasing EPA values. Detritus and
bacteria biomarkers (16:1v7, 15:0, 15:0iþai, 17:0, 17:0iþai)
did not present differences between bottom vs. suspension
cultured oysters. Food sources derived from terrestrial plants
or seagrasses are shown as contributing to the diet of oysters
(18:2v6 þ 18:3v3 >2.5) independent of the culture method
used.
3.4 Retention efﬁciency (RE) and reﬁltration factor (RF)

Crassostrea virginica exhibited signiﬁcantly different RE
values for PPP and NPP (two-sample t-test = 2.26, p < 0.001,
df = 9). RE was signiﬁcantly higher (p < 0.05) in PPP cells

(92.1 ± 2.7%) for oysters in the regime with the lowest
concentration (20%) of N. oculata cells (Tab. 3). Inversely, the
lowest RE (71.8 ± 8.2%) was associated with PPP from the
regime with the highest (80%) concentration of N. oculata. RE
values in NPP were not signiﬁcantly different between
experimental regimes, and averaged between 92.9 ± 6.9%
and 99.1 ± 1.0% (Tab. 3). For all RE trials (1 h incubation time
with experimental food regimes), all RF values were 1,
indicating that individual oysters did not have the opportunity
to reﬁlter the whole chamber’s volume (1.25 l). No further
regression analysis was needed based on conﬁdence that RE
values were not overestimated by reﬁltration.
3.5 Picophytoplankton assimilation

The polyunsaturated fatty acid EPA was naturally present
at high concentrations in N. oculata (22.7 ± 1.58%), whereas
DHA was the dominant FA in T. lutea (Tab. 4). The results of
the enrichment trials (labelled regimes) against the controls
(unlabelled regimes) conﬁrmed that PPP was assimilated in the
tissues of C. virginica, especially for 20:1, EPA, 22:2 (NMI),
and DHA (Tab. 5). The most abundant FA present in oysters
was EPA from the labelled PPP species. This FA showed
isotopic (13C) enrichment in oyster tissues. This FA was
particularly detected in the digestive gland, conﬁrming the
ingestion of PPP cells. Bivalves have no, or very limited,
capacity to biosynthesize EPA and DHA. Therefore, the 13C
enrichment of EPA in certain organs (such as gills, mantle, and
abductor muscle) suggests that PPP was assimilated, with
carbon subsequently being transferred to other tissues. The
lack of DHA isotopic enrichment, which was highly abundant
in the NPP species (T. lutea) (Tab. 4), conﬁrmed that 13C
enrichment in oysters (Tab. 5) originated solely from the
ingestion of labelled PPP cells. Enrichment of 22:2 (NMI) was
also detected using 20:1 as a precursor.

4 Discussion
Using stable isotopes, we demonstrated that the main food
sources of farmed oysters, regardless of culture methods, are
particulate organic matter (POM) with no apparent contribution from sediments (which could include microphytbenthos),
a green macroalgae (Ulva sp.) and a seagrass (Z. marina). This
said, future studies should consider further extensive surveys
of food sources such as the potential implication of microphytobenthos (MPB) to benthic ﬁlter feeders communities.
The MPB is characterized by high spatial variability at
microscale (Spilmont et al., 2011) with fairly stable bioﬁlms at
a large scale in estuaries (Brito et al., 2013). Those general
isotopic results are in agreement with numerous studies on
oyster’s food sources discrimination (Pernet et al., 2012;
Moynihan et al., 2016). Stable isotopes analysis can provide
time-integrated information (long term) on food sources,
averaging the natural environment variability in dietary
components (Pernet et al., 2012). Whereas FAs are incorporated largely unaltered into the lipid reserves of the primary
consumers (like oysters) generally reﬂecting the FA proﬁles of
the food consumed (short term) (Dalsgaard et al., 2003). Our
FA biomarkers results indicated that dinoﬂagellates (DHA or
DHA/EPA > 1) may be considered a main food source, with no
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3.65 ± 0.35
0.15 ± 0.02
4.17 ± 0.51
0.56 ± 0.10
0.23 ± 0.03
0.21 ± 0.04
2.58 ± 0.31
15.99 ± 1.25
26.20 ± 1.79
53.74 ± 1.38

42.39 ± 1.26
0.61 ± 0.09
1.65 ± 0.23
7.82 ± 0.64
1.51 ± 0.07

Polyunsaturated (PUFA)
18:2v6
2.14 ± 0.21
18:4v3
0.18 ± 0.05
18:3v3
2.29 ± 0.27
20:2
0.34 ± 0.05
20:3v6
0.25 ± 0.03
20:4v6
0.13 ± 0.02
20:3v3
3.34 ± 0.28
20:5v3 (EPA)
22.38 ± 1.44
22:6v3 (DHA)
24.60 ± 1.88
Sum%
55.65 ± 2.97

47.11 ± 2.65
0.91 ± 0.08
1.10 ± 0.10
4.43 ± 0.09
1.69 ± 0.21

0.25 ± 0.06

3.93 ± 1.41a

EFA
EPA/DHA
DHA/EPA
18:2v6þ18:3v3
PUFA/SFA

16:1v7/16:0

Total mg mg1

2.60 ± 1.10ab

0.16 ± 0.06

0.12 ± 0.03
3.91 ± 1.48
4.76 ± 0.19
0.94 ± 0.27
9.72 ± 1.29

(MUFA)
0.07 ± 0.01
5.78 ± 1.45
3.72 ± 0.36
0.66 ± 0.22
10.23 ± 1.24

Monounsaturated
14:1
16:1v7
18:1v9
20:1v9
Sum%

3.94 ± 1.00
0.75 ± 0.07
24.35 ± 0.38
1.27 ± 0.15
5.01 ± 0.72
0.15 ± 0.05
0.12 ± 0.05
0.40 ± 0.24
35.99 ± 0.88

3.66 ± 0.93
0.90 ± 0.10
22.88 ± 2.11
1.30 ± 0.11
4.18 ± 0.63
0.12 ± 0.03
0.21 ± 0.06
0.24 ± 0.03
33.51 ± 2.42

July 3rd

Saturated (SFA)
14:0
15:0
16:0
17:0
18:0
20:0
15:0iþai
17:0i-ai
Sum%

June 3rd

2.48 ± 0.72ab

0.12 ± 0.05

44.63 ± 2.22
0.58 ± 0.14
1.79 ± 0.36
6.73 ± 0.80
1.57 ± 0.15

2.23 ± 0.15
0.16 ± 0.04
4.50 ± 0.68
0.31 ± 0.05
0.24 ± 0.05
0.53 ± 0.45
3.36 ± 0.38
16.08 ± 3.14
28.02 ± 1.72
55.44 ± 1.91

0.05 ± 0.01
3.00 ± 1.10
4.55 ± 0.59
0.64 ± 0.18
8.24 ± 0.82

1.72 ± 0.54
0.73 ± 0.07
25.14 ± 1.76
1.45 ± 0.14
5.72 ± 0.34
0.12 ± 0.02
0.18 ± 0.07
0.27 ± 0.03
35.33 ± 1.70

July 25th

Suspended culture

4.37 ± 0.93a

0.27 ± 0.08

44.20 ± 1.72
0.88 ± 0.19
1.19 ± 0.31
4.90 ± 0.14
1.48 ± 0.08

2.15 ± 0.17
0.25 ± 0.06
2.75 ± 0.21
0.20 ± 0.03
0.26 ± 0.06
0.14 ± 0.03
2.71 ± 0.47
20.30 ± 1.88
23.76 ± 3.56
52.52 ± 2.21

0.04 ± 0.01
6.94 ± 1.86
3.48 ± 0.17
0.31 ± 0.07
10.77 ± 1.70

3.88 ± 0.80
0.85 ± 0.08
26.10 ± 0.73
1.18 ± 0.09
3.37 ± 0.40
0.06 ± 0.01
0.11 ± 0.08
0.57 ± 0.39
36.09 ± 0.75

Aug 14th

7.40 ± 3.36a

0.45 ± 0.15

47.13 ± 1.13
1.06 ± 0.22
0.97 ± 0.23
3.81 ± 0.63
1.77 ± 0.15

1.81 ± 0.16
0.28 ± 0.06
2.00 ± 0.48
0.18 ± 0.03
0.28 ± 0.05
0.09 ± 0.02
2.93 ± 0.41
24.06 ± 2.66
22.98 ± 2.76
54.61 ± 1.42

0.03 ± 0.01
9.27 ± 2.20
3.21 ± 0.34
0.49 ± 0.43
13.00 ± 2.21

5.07 ± 1.19
0.99 ± 0.05
21.09 ± 3.10
1.18 ± 0.12
2.65 ± 0.19
0.06 ± 0.01
0.19 ± 0.08
0.53 ± 0.42
31.76 ± 2.34

Sept 28th

3.58 ± 1.30c

0.24 ± 0.02

47.85 ± 2.33
0.95 ± 0.08
1.06 ± 0.09
4.53 ± 0.60
1.75 ± 0.20

2.15 ± 0.11
0.17 ± 0.02
2.38 ± 0.54
0.38 ± 0.04
0.26 ± 0.03
0.16 ± 0.07
3.58 ± 0.37
23.20 ± 0.44
24.49 ± 2.16
56.76 ± 2.69

0.09 ± 0.02
5.33 ± 0.73
3.60 ± 0.14
0.66 ± 0.04
9.67 ± 0.60

3.65 ± 0.28
0.84 ± 0.11
21.99 ± 1.70
1.30 ± 0.22
4.60 ± 0.81
0.12 ± 0.05
0.17 ± 0.05
0.29 ± 0.10
32.96 ± 2.21

June 3rd

2.02 ± 1.05cd

0.14 ± 0.05

41.51 ± 3.21
0.64 ± 0.09
1.57 ± 0.19
8.02 ± 1.37
1.52 ± 0.14

4.20 ± 0.56
0.17 ± 0.04
3.82 ± 0.98
0.53 ± 0.09
0.26 ± 0.04
0.26 ± 0.19
3.68 ± 0.37
16.14 ± 2.30
25.11 ± 1.62
54.16 ± 1.88

0.12 ± 0.05
3.36 ± 1.09
4.76 ± 0.97
0.76 ± 0.21
9.00 ± 0.50

3.80 ± 0.53
0.80 ± 0.09
24.22 ± 1.98
1.31 ± 0.12
5.38 ± 0.63
0.17 ± 0.08
0.14 ± 0.03
0.31 ± 0.19
36.14 ± 2.00

July 3rd

1.93 ± 0.85cd

0.13 ± 0.03

44.76 ± 3.24
0.61 ± 0.04
1.65 ± 0.11
6.06 ± 1.56
1.72 ± 0.22

2.36 ± 0.23
0.21 ± 0.03
3.71 ± 1.34
0.31 ± 0.03
0.27 ± 0.05
0.19 ± 0.06
5.51 ± 1.25
16.85 ± 1.40
27.72 ± 2.19
57.13 ± 3.24

0.06 ± 0.01
3.17 ± 0.63
4.60 ± 0.61
0.67 ± 0.13
8.49 ± 0.93

1.46 ± 0.31
0.86 ± 0.08
24.07 ± 2.26
1.47 ± 0.17
5.38 ± 0.75
0.17 ± 0.05
0.16 ± 0.06
0.29 ± 0.08
33.87 ± 2.45

July 25th

Bottom culture

3.71 ± 1.31c

0.29 ± 0.06

44.10 ± 2.23
0.90 ± 0.13
1.12 ± 0.15
4.52 ± 0.99
1.63 ± 0.17

2.12 ± 0.23
0.27 ± 0.02
2.40 ± 0.81
0.24 ± 0.04
0.30 ± 0.02
0.12 ± 0.02
4.67 ± 1.38
20.77 ± 1.35
23.21 ± 2.27
54.10 ± 2.36

0.04 ± 0.01
6.91 ± 1.58
3.74 ± 0.93
0.73 ± 0.75
11.42 ± 0.72

3.48 ± 0.86
0.87 ± 0.06
24.23 ± 1.80
1.17 ± 0.08
3.50 ± 0.47
0.10 ± 0.05
0.15 ± 0.04
0.30 ± 0.14
33.81 ± 2.06

Aug 14th

3.81 ± 2.75c

0.40 ± 0.09

46.38 ± 1.07
1.17 ± 0.11
0.86 ± 0.08
3.28 ± 0.46
1.83 ± 0.12

1.70 ± 0.10
0.29 ± 0.03
1.58 ± 0.38
0.19 ± 0.02
0.32 ± 0.04
0.21 ± 0.16
5.15 ± 1.06
24.86 ± 1.11
21.32 ± 1.33
55.61 ± 1.70

0.04 ± 0.01
8.38 ± 1.61
3.35 ± 0.73
0.80 ± 0.70
12.58 ± 1.62

4.04 ± 0.89
0.86 ± 0.05
21.06 ± 1.38
1.13 ± 0.05
3.37 ± 0.47
0.11 ± 0.04
0.22 ± 0.09
0.37 ± 0.16
31.16 ± 1.52

Sept 28th

Table 2. Relative contribution (%) of fatty acids (FA) in the digestive glands of bottom and suspension-cultured oysters, C. virginica (signiﬁcance of p < 0.05 for superscript letters).
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Table 3. Retention efﬁciencies of C. virginica (mean% ± SD) on PPP
(Nannochloropsis occulata) and NPP (Tisochrysis lutea) in relation to
the three experimental regimes (%PPP: %NPP ratios). Two
signiﬁcantly different values are shown in bold.
Regime ratios

(1) 20:80
(2) 50:50
(3) 80:20
*p

Table 4. Lipid composition (% of total lipid classes, % of speciﬁc
fatty acids) of fresh PPP (Nannochloropsis oculata) and NPP
(Tisochrysis lutea) in relation to total dried weight. Null contribution
is represented by a blank data cell.

Retention efﬁciency (%)
PPP (N. oculata)

NPP (T. lutea)

92.1 ± 2.7*
74.2 ± 12.8
71.8 ± 8.2*

99.1 ± 1.0
92.9 ± 6.9
93.6 ± 6.1

value <0.05.

signiﬁcant discrepancies between bottom and suspension
cultured oysters while diatoms (EPA or EPA/DHA > 1) may
contribute minimally to cultured oysters diet. Also, high
DHA/EPA ratio in July seems to also correspond to an increase
in PPP biomass as well, which may translate to important
dinoﬂagellates numbers in the PPP communities. This said,
other diatoms biomarker may be used such as (16:1v7/16:0)
>1, and from our results indicating no evident contribution
from diatoms in the oysters diets with low ratios ranging from
0.12 ± 0.05 to 0.45 ± 0.15. Although not statistically signiﬁcant, superior EPA contribution can be observed in bottom
cultured oysters compared to their suspension-cultured
counterparts. This small discrepancy might arise from microphytobenthos found normally in the ﬁrst millimetres of
sediment and includes numerous unicellular phototrophic
microorganisms dominated by marine diatoms (up to 95%)
(Cognie et al., 2001). In estuaries, such as the Foxley system,
microphytobenthos could easily be resuspended by tidal
currents which reach up to 20cm/s; thus, contribute to the food
supply of ﬁlter-feeders (Underwood and Kromkamp, 1999).
However, it is noteworthy to mention that only our FAs proﬁles
suggest a potential microphytobenthos/diatoms interaction
whereas bulk isotopic results showed no contribution of
sediment-derived material in the oyster’s diet. Similar
discrepancies between analytical methods were observed
where FAs proﬁles suggested that terrestrial plants may
contribute to the oyster’s diet due to the presence of
18:2v6 þ 18:3v3 >2.5 in their tissues (Budge and Parrish,
1998) since terrestrial plants (as well as their respective pollen)
contain large amounts of those two FAs (Ackman, 1986;
Parrish et al., 1995). This relation could not be captured using
solely our stable isotopes analyses with the seagrass, Z. marina
which is a marine plant. Using FAs and stable isotopes
analyses to assess the nutritional value of vascular plants for
bivalves has been explored extensively and recent studies
presented macroalgae as a marginal contributor to diet of the
bivalve Astarte elliptica (Gaillard et al., 2017) and Venus
verrucosa (Perez et al., 2013). However, not exclusive to
plants and seagrass species, 18:3v3 is also present in some
picoeukaryotic prasinophytes (Chlorophyta) (Dalsgaard et al.,
2003; Moynihan et al., 2016) and is sometimes signiﬁcantly
correlated with dinoﬂagellates abundance (Lowe et al., 2014).
Overall, techniques that assess both long term (stable isotopes)
and recent (FAs proﬁles of the digestive glands) food
assimilation by bivalves should be used together because
detection thresholds might differ for the same food source.

Saturated (SFA)
14:0
15:0
16:0
17:0
18:0
20:0
21:0
22:0
24:0
Sum%

Nannochloropsis oculata

Tisochrysis lutea

0.24 ± 0.12
0.57 ± 0.03
34.76 ± 1.50

18.75 ± 3.13
0.62 ± 0.03
20.5 ± 0.81
0.61 ± 0.07
3.00 ± 0.39
0.81 ± 0.29
0.15 ± 0.30
1.46 ± 0.62
1.13 ± 0.48
47.03 ± 2.79

0.15 ± 0.17
0.22 ± 0.02
0.10 ± 0.01

36.04 ± 1.54

Monounsaturated (MUFA)
14:1
0.18 ± 0.09
15:1
16:1v7
30.72 ± 1.39
17:1
18:1v9
3.12 ± 1.04
20:1
0.09 ± 0.02
Sum%
34.11 ± 1.85
Polyunsaturated (PUFA)
18:3v3
0.18 ± 0.02
18:3v6
0.22 ± 0.01
18:4v3
18:2v6
3.07 ± 0.19
20:4v6
3.10 ± 0.92
20:5v3 (EPA)
22.71 ± 1.58
20:3v6
0.50 ± 0.04
20:3v3
22:6v3 (DHA)
22:2
0.06 ± 0.09
22:5v3
1.90 ± 0.07
Sum%
29.84 ± 2.25

0.55 ± 0.11
9.12 ± 2.48
0.81 ± 0.11
10.43 ± 6.98
0.81 ± 0.18
21.74 ± 4.99

4.49 ± 1.73
1.22 ± 0.82
2.38 ± 2.79
0.93 ± 0.16
5.38 ± 1.09
0.76 ± 0.24
14.17 ± 1.71

31.23 ± 2.48

Phytoplankton biomass in the Foxley River system is very
variable, with PPP being a major contributor to total
phytoplankton biomass of this oyster culture area. Based on
Comeau (2013), even though calculations do not take into
account natural oyster reefs, this system does not exert a
dominant top-down control on phytoplankton abundance in
relation to the abundance of cultured bivalves. The present
study showed that oysters cultured in suspension had higher fat
content compared to those cultured on the bottom. This
outcome may be attributed to different parameters such as
enhanced food ﬂuxes at the surface layer, important primary
production in the photic layer, and high surface temperatures.
However, Comeau (2013) showed that the grazing ability
(clearance rates) of oysters, assessed by the surface of gills per
unit of dry tissue, is lower for suspended cultured oysters. Such
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Table 5. Results (%13C) for speciﬁc fatty acids of C. virginica tissues (gills, digestive gland = DG, mantle, and abductor muscle = AM) from
regimes with different PPP/NPP ratios. Bold numbers represent enrichment in 13C compared to the unlabelled regime (control).
Food regime

Tissue

20:1

20:5n3 (EPA)

22:2 (NMI)

22:6n3 (DHA)

Unlabelled
(Control)

Gills (n = 3)
DG (n = 2)
Mantle (n = 3)
AM (n = 5)

1.03
1.03
1.04
1.03

1.05
1.05
1.07
1.05

1.13
1.13
1.14
1.12

1.03
1.03
1.03
1.05

Regime 1
20% PPP
80% NPP

Gills (n = 6)
DG (n = 6)
Mantle (n = 5)
AM (n = 6)

1.17
2.03
1.08
1.05

1.54
3.31
1.26
1.18

1.14
1.27
1.13
1.13

1.03
1.05
1.04
1.03

Regime 2
50% PPP
50% NPP

Gills (n = 5)
DG (n = 6)
Mantle (n = 6)
AM (n = 6)

1.05
1.34
1.03
1.04

1.16
2.23
1.13
1.14

1.14
1.16
1.13
1.13

1.04
1.04
1.03
1.04

Regime 3
80% PPP
20% NPP

Gills (n = 5)
DG (n = 6)
Mantle (n = 5)
AM (n = 7)

1.04
1.18
1.03
1.03

1.07
2.02
1.06
1.07

1.13
1.17
1.13
1.13

1.03
1.04
1.03
1.03

relation reinforces our inference that food availability in the
surface layers of water is not a limiting factor for suspended
cultured oysters. Such direct link between food availability and
bivalve’s growth has been demonstrated by Grangeré et al.
(2010) in France. During our surveys, we noticed that total FAs
in the digestive glands signiﬁcantly declined in July, which we
attributed to the reproductive cycle involving spawning events
during the summer. Indeed, the Atlantic Canada region is the
most northerly distribution area where C. virginica are able to
reproduce, with spawning events generally occurring when the
water temperature exceeds 20 °C, which is a threshold value
that is commonly surpassed in July (Filgueira et al., 2014a). It
has been demonstrated that a decrease in EPA (20:5v3) is
namely associated with stressful or energetically expensive
situations in bivalves such as gametogenesis and spawning
(Stanley and Howard, 1998).
Nano- and pico-sized phytoplankton assemblages are
signiﬁcant global primary producers (Moynihan et al., 2016).
Bivalves exhibit high degrees of trophic plasticity, retaining a
large amount of food from other sources of different sizes
(Cresson et al., 2016). Our study showed that C. virginica
retains PPP cells and further assimilates its carbon in its
tissues. To our knowledge, this study was the ﬁrst to use
isotopically (13C) labelled PPP to conﬁrm its assimilation by
Eastern oysters. Results suggest that PPP’s carbon constitutes a
food source assimilated sometimes through biosynthesis
processes such as the production of NMI (22:2), which is
intrinsic to mollusks. Noticeable amounts of NMI have been
reported in Mytilidae (M. edulis, 4.6%) (Paradis and Ackman,
1977) and Ostreidae (C. virginica, 5.8%) (Paradis and
Ackman, 1975). Using M. edulis Zhukova (1991) showed
that NMI is one of the only polyunsaturated acids synthesized
by marine mollusks. Monoenoic acids, such as 20:1, are

present in signiﬁcant quantities in mollusks (Ackman et al.,
1971) and are precursors of NMI (Zhukova and Svetashev,
1986). The complex biosynthesis of NMI (22:2) FAs is de novo
(Pogoda et al., 2013) and resumed by the desaturation of 16:0
and 18:0 to produce 16:1v7 and 18:1v9. Followed by
subsequent elongation to 18:1v7 and 20:1v9 (or aforementioned 20:1), further desaturation to 18:2 and 20:2, and a ﬁnal
elongation for the production of 20:2 and 22:2 (NMI)
(Monroig et al., 2013). Therefore, complex use of PPP carbon
was clearly demonstrated through the production of isotopically (13C) labelled NMI. No statistical analysis was performed
for the enrichment results of the experimental regimes because
feeding (3 days) and fasting (3 days) periods during the feeding
trials might act as an artefact. Enrichment rates may vary
between experimental regimes and longer digestion times
could be appropriate in the future. This study PPP assimilation
trials focused on four major fatty acids; one NMI precursor
(20:1), the 22:2 NMI, EPA, and DHA. EPA is a typical marine
PUFA. Both EPA and DHA are important and conservative
elements of bio-membranes (Pogoda et al., 2013). DHA is
resistant to pressure changes, allowing it to function
independently of a ﬂuctuating environment (Rabinovich and
Ripatti, 1991). However, Pernet et al. (2007) demonstrated that
DHA is sensitive to temperature notably during early stages of
warming where bivalves, such as M. edulis and C. virginica,
experience a remodelling of membrane phospholipids.
Picophytoplankton abundance increases from spring to
summer in temperate areas, when nutrient concentrations
decrease and the system switches from “new” to “regenerated”
production and when water temperature reaches its annual
maximum (Caroppo, 2000). Major classes of PPP have been
presented as Prasinophyceae (division Chlorophyta), Pelagophyceae (division Heterokontophyta) and Prymnesiophyceae
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in numerous marine systems (Thomsen and Buck, 1998;
Moon-van der Staay et al., 2000). Smaller phytoplankton like
PPP, tends to have a preference for dissolved ammonium,
while their nitrate uptake is positively related to cell size
(Stolte et al., 1994). In relation to bivalve aquaculture, Mugg
Pietros and Rice (2003) hypothesized that ammonia generated
by oysters is utilized by rapidly regenerating phytoplankton in
the water column, such as PPP. Potential picoeukaryote
biomarkers have been demonstrated recently by Moynihan
et al. (2016), in which FAs ratio 16:4v3 þ 18:3v3/Sv3 had a
strong correlation with cells abundance. Our study did not
assess 16:4v3, as we could not use this recently developed
PPP biomarker. However, before the current study, knowledge was limited on PPP species assimilation by mature or
commercially sized oysters. The PPP:NPP biomass ratios
(20%, 50% and 80%) used in the retention efﬁciency trials are
representative of the Foxley system as shown from ﬁeld data
in Figure 2. Similar ratios were also reported by Sonier et al.
(2016) in a mussel culture bay in PEI. A number of natural
processes might contribute to the capacity of bivalves to
capture and ingest PPP cells. In fact, Kach and Ward (2008)
showed that aggregation signiﬁcantly enhances C. virginica
ingestion of pico-sized particles such as 0.5 and 1 mm
ﬂuorescent beads, as well as bacteria (greatest cell dimension
of 0.6 mm). If bivalves could ingest all particles in an
aggregate, they would be able to access a highly concentrated,
rapidly sinking source of picoplankton that could represent an
important food source (Waite et al., 2000). Flocculation or
aggregation might partly explain differential RE values on
PPP in our study, showing higher retention in the regime with
the lowest PPP cell availability. In the natural environment,
particle agglomeration is enhanced by the presence of
transparent exopolymeric particles (TEP) that are formed
from mucopolysaccharides, which are released in abundance
by bacteria, phytoplankton, and benthic suspension-feeders
(Li et al., 2008). Other confounding factors also exist, such as
surface charge and wettability of particles in suspension
(Rosa et al., 2013) and chemical interactions between lectins
in the mucus of the pallial organs and carbohydrates present
on the surface of microalgal cells (Pales Espinosa et al.,
2009). The exact mechanisms used by suspension-feeding
bivalves to determine which particles are ingested and which
are rejected as pseudo-faeces, however, have yet to be
elucidated (Rosa et al., 2013). In the context of shellﬁsh
aquaculture, especially in modelling exercises and sustainable aquaculture research, it is important to have reliable data
on feeding capabilities and rates of cultured bivalves on
available food sources including PPP (Sonier et al., 2016).

5 Conclusions
Our study provided important information on the preferred
food sources of oysters cultured on the bottom and in
suspension. Stable isotope analyses conﬁrmed that all oysters
mainly feed on pelagic resources, such as particulate organic
matter (POM). FA biomarker methods conﬁrmed that lipid
reserves were mostly associated with microalgal sources, but
also showed that oysters cultured in suspension have more total
FAs in their digestive glands compared to those cultured on the
bottom. Further analysis using speciﬁc FAs allowed us to infer

that, regardless of the culture method used, oysters may feed
mainly on dinoﬂagellates, with minimal contribution from
diatoms. While not dominant, biomarkers associated to
terrestrial (vascular) plants (which include marine plants)
were also detected, and might minimally contribute to the diet
of oysters. Discrepancies between analytical methods (stable
isotopes and fatty acids proﬁles) were observed and should be
addressed and veriﬁed when used in parallel in food web
research. Over the course of this study, PPP and NPP biomass
differed signiﬁcantly along the ice-free period when the PPP
fraction usually dominates the autotrophic biomass of the
Foxley River system (PEI). Through controlled experiments,
independent of the micro algal tested treatments, C. virginica
showed high RE on PPP (N. oculata) and NPP (T. lutea)
species, with ranges of 71.8–92.1% and 92.9–99.1%,
respectively. Unexpectedly, the RE of PPP in oysters increased
when the availability of PPP was low when compared to a
regime with 80% PPP biomass. We suggest that ﬂocculation or
aggregation processes between N. oculata and T. lutea explain
these results. Through labelling experiments on pico-sized
algae, we demonstrated that mature C. virginica assimilate PPP
as a food source by incorporating carbon into all the sampled
tissues (digestive gland, gills, mantle, and abductor muscle).
Our work also conﬁrms that carbon from ingested PPP cells is
used in an internal biosynthesis process, possibly by the
elongation and desaturation of the precursor 20:1 into the ﬁnal
NMI (22:2) (Da Costa et al., 2015), based on the isotopic
enrichment of 22:2 (NMI) FA in the digestive glands after the
PPP assimilation trials. While further experiments are needed,
especially in the ﬁeld context, our study advanced our
knowledge on the feeding physiology of the Eastern oyster
(C. virginica). This information is important in the context of
aquaculture production, particularly to establish the carrying
capacity in coastal ecosystems.
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