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Offshore production of seafood is a promising approach to evade numerous specific problems related to aquacul-
ture activities in coastal areas. The aimof this studywas to investigate the biological performance of oysters, typical
near-shore organisms and potent aquaculture candidates, in an offshore environment. Juveniles of two oyster
species, Ostrea edulis and Crassostrea gigas, were transferred to an offshore cultivation site in the German North
Sea and cultivated fromApril toOctober 2007. Sampleswere takenevery six to eightweeks to determine biochem-
ical and elemental compositions: total glycogen(TG), total protein, total lipid (TL) aswell as lipid classes, fatty acids
(FA) and the yields and ratios of carbon, hydrogen and nitrogen. Results show an increase in glycogen from spring
to early summer for both species, which is related to high food abundance during spring phytoplankton bloom.
During summer, glycogen storage revealed clear differences betweenO. edulis and C. gigas attributing to the repro-
ductive activity of C. gigas but notO. edulis. TG contents ranged between6% and 23% drymass (DM) inO. edulis and
between 5% and 16% DM in C. gigas. Total protein contents did not show significant seasonal variations and ranged
between 34% and 41%DM in both species. TL contents increased during summer, although the increasewas clearly
more pronounced in C. gigas, followed by a decrease in both species in autumn. TL levels ranged between 7% and
14% DM in both species. Phospholipids and triacylglycerols were the main lipid classes in both oyster species,
followed by sterols. FA compositions resembled those of near-shore-grown oysters. We conclude that offshore-
cultivated oysters exhibit a natural biological performance, emphasizing their suitability as offshore aquaculture
candidates.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Marine aquaculture activities cumulate along coastal areas. These
activities, however, often cause serious and unresolved problems like
pollution and coastal destruction mainly associated with intensive
culture methods (McElwee, 1998). Environmental stress as well as
stakeholder conflicts in ocean use (Buck et al., 2004; Wirtz et al., 2002)
constrain a further expansion of this important sector for food produc-
tion (FAO, 2009). Accordingly, efforts are required to establish alterna-
tive, sustainable, and environmentally friendly cultivation methods. A
promising but technically ambitious approach is an extensive cultivation
of extractive culture species in the open ocean (Buck, 2002; Buck et al.,
2004, 2008; Delmendo, 1998; Ferreira et al., 2009; Krause et al., 2003;
Pogoda et al., 2011; Troell et al., 2009). Open-ocean or offshore aquacul-
ture transfers aquaculture operations from sheltered near-shore areas to
more exposed environments. Structures are exposed to highwave action
and strong currents (Pogoda et al., 2011; Ryan, 2005). However,
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excellent water quality is a great advantage over coastal areas, which is
crucial for the performance and health of cultured species (BSH, 2006;
Takayanagi, 1998).

Filter-feeding shellfish species such as oysters are suitable candidates
for extensive cultivation, as they do not require supplemental feeding
(Garen et al., 2004; Gibbs, 2004). Moreover, they can even improve
water quality as essential bio-extractive organisms (Ferreira et al., 2009;
Rose et al., 2010). Oysters, furthermore, represent high-value products.
Compared to other shellfish species, they yield high prices on the market
(FAO, 2011; Troell et al., 2009) and are therefore ideal candidates for
cost-intensive offshore aquaculture.

Several studies were carried out on seasonal changes of the biochem-
ical composition of oysters (Abad et al., 1995; Costil et al., 2005; Dridi et
al., 2007; Li et al., 2009; Linehan et al., 1999; Robert et al., 1993; Ruíz et
al., 1992; Soletchnik et al., 2006). However, no information is available
about the biological performance and fitness of oysters grown under
offshore farming conditions. Therefore, the present study aims at
assessing and comparing the performance of two species of oysters, the
European flat oyster (Ostrea edulis) and the Pacific oyster (Crassostrea
gigas), from a biochemical and ecophysiological point of view. Both spe-
cies were simultaneously cultivated in an experimental offshore culture
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system in the North Sea (Pogoda et al., 2011). The oysters were raised
over an entire growing season and analyzed for their carbon, hydrogen,
and nitrogen contents, total lipid (TL) contents, lipid class and fatty
acid (FA) compositions as well as glycogen and protein contents. The
data were evaluated with regard to the biological performance of O.
edulis and C. gigas in the North Sea and their suitability for offshore
aquaculture.

2. Material and methods

2.1. Study site and experimental design

The European oyster (O. edulis) and the Pacific oyster (C. gigas) were
cultivated at the test site Nordergründe (NG) in the German Bight (53°
51,0´ N; 008° 04,0´ E, Fig. 1). This site, located 9 nautical miles off the
coast, was previously established as a test site for offshore aquaculture
activities (Buck, 2007) and fulfills the offshore-criteria in terms of a
high-energy environment according to Ryan (2005). Detailed informa-
tion about the seasonal changes of abiotic and biotic parameters, includ-
ing temperature, salinity, chlorophyll, phaeophytin, particulate organic
carbon (POC), particulate organic nitrogen (PON) and nitrate/nitrite, as
well as comparisons with other inshore and near-shore sites are provid-
ed by Pogoda et al., 2011 and Brenner, 2009.

In temperate regions both oyster species show an inactive period
during winter but start feeding in spring (Løfstedt, 2010; Matthiessen,
2001). Therefore, this study was conducted over one complete growing
season fromApril to October 2007. Juvenile oysters were obtained from
commercial hatcheries. Bonamia-free oyster spat ofO. eduliswas bought
from Bømlo Skell A. Musling (Norway) and C. gigas spat from Guernsey
Seafarms (UK). 600 individuals of either species were transferred to the
test site in April 2007 and reared in small oyster lanterns, specifically
developed for offshore aquaculture experiments. In the beginning of
the experiment average shell lengths were 38.5 ± 0.5 mm (O. edulis)
and 24.7 ± 0.5 mm (C. gigas) (Pogoda et al., 2011). Lanterns were
permanently submerged and independent from tidal water level
changes. Samples (80 individuals of each species) were collected by
SCUBA-divers in April, June, August andOctober. Details of the sampling
procedure and maintenance are described by Pogoda et al. (2011).
Fig. 1. Map of the German Bight showing the te
2.2. Environmental parameters

Data for temperature, salinity, chlorophyll (a, b, c1,2, phaeophytin)
and carotenoids, nitrate and nitrite (NOX), POC, and PON as well as
phosphate and ammonium concentrations were obtained from the
Marine Environment Reporting System (BSH, 2009) and Brenner
(2009). These data are presented in detail by Pogoda et al. (2011).

2.3. Biochemical analysis

The oysters were opened carefully and the entire soft body was re-
moved from the shell. The soft body was not separated into organs or
body parts to avoid leakage of inter- and intracellular fluids (Whyte et
al., 1990). After freezing at−80 °C and lyophilization (Leybold-Heraeus
Lyovac GT2) for 48 h oyster dry mass (DM) was determined using a
Sartorius micro-balance (R200D).

Lipid extraction and gravimetric determination of TLwere performed
after the method of Folch et al. (1957) modified by Hagen (2000). The
samples were first homogenized in dichloromethane:methanol (2:1/v:
v, Braun Biotech International, Potter S) and then treated with an
ultrasonic cell disruptor (Bandelin electronic, UW 2070). The extracts
were washed with aqueous KCl solution (0.88%) to remove proteinous
compounds.

Lipid classeswere separated and analyzed by high-performance thin-
layer chromatography (HPTLC) flame ionization detection (TLC-FID)
with an Iatroscan Laboratories model Mk-5 TLC/FID analyzer (Fraser et
al., 1985). Samples were run in triplicate. Calibration was affected with
single compound standards.

FA were analyzed after Kattner and Fricke (1986). Subsamples
(500 μg) of the TL extractswere hydrolyzed and FA converted tomethyl
ester derivatives (FAMEs). The conversion was affected in 1 ml metha-
nol containing 3% concentrated sulfuric acid and 250 μl hexane at 80 °C
for 4 h. 2 ml of aqua bidest. was added to the reaction mixture after
cooling and FAMEs were extracted three times with 1 ml hexane.
Separation of FA was carried out with a gas chromatograph (HP
6890A), which was equipped with a DB-FFAP column (30 m length,
0.249 mm diameter, 0.25 μm film thickness). The carrier gas was
helium and the device operated with a temperature program. FAMEs
st site Nordergründe (NG) in the North Sea.



Table 1
Seasonal variation of elemental composition of Ostrea edulis and Crassostrea gigas at the
offshore cultivation site Nordergründe (n = 20 per species and sampling date). C: carbohy-
drates, H: hydrogen, N: nitrogen.

Ostrea edulis %C %N %H C/N

April 29.1 ± 1.6 7.2 ± 0.5 4.9 ± 0.3 4.0
June 37.6 ± 0.5 7.9 ± 0.4 6.1 ± 0.1 4.8
August 39.4 ± 0.7 7.6 ± 0.3 6.1 ± 0.1 5.2
October 31.4 ± 1.2 9.9 ± 0.9 5.1 ± 0.2 3.2

Crassostrea gigas
April 26.9 ± 0.7 7.1 ± 0.2 4.8 ± 0.2 3.8
June 38.8 ± 0.7 8.7 ± 0.2 6.3 ± 0.1 4.4
August 38.0 ± 1.3 9.0 ± 0.3 5.9 ± 0.2 4.2
October 34.9 ± 1.6 13.8 ± 2.4 5.7 ± 0.2 2.5
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and fatty alcohols were detected by flame ionization and identified by
comparing the retention times with those of known standards (Marinol,
Solvay Pharmaceuticals).

For carbohydrate (glycogen and glucose) and protein determination
freeze-dried soft tissue of oysters was ground into a fine powder under
liquid nitrogen. Glycogen and glucose were determined according to
Keppler and Decker (1984) and Kunst et al. (1984) as modified for
use in microplates by Saborowski and Buchholz (1996). Frozen and
lyophilized tissue powder (20–30 mg) was transferred into reaction
cups, placed on ice, and homogenized in 1 ml aqua bidest. by
ultrasonication (Branson Sonifier B15). After homogenization extracts
were heated for 10 min at 95 °C (Eppendorf Thermomixer Comfort)
to destroy glycogen-degrading enzymes. Subsamples were taken for
glycogen and glucose determination. The subsamples for glycogen
determinationwere incubated for 2 h at 40 °C in 500 μl 0.1 acetate buff-
er (pH 4.8) with 20 μl amyloglucosidase to hydrolyze glycogen to
glucose (Boehringer). After centrifugation (10 min, 15000 g, 4 °C),
supernatants of both subsamples were used for the determination of
glucose performed with a commercial glucose UV test kit (Boehringer,
No. 10716251035). 10 μl of sample and 300 μl of buffer solution 1
(test kit) were transferred into microplates. Optical density of samples
was read at 340 nm in a microplate reader (Thermo Scientific,
Multiscan FC, Software Scan it 2.5.1). These values served as back-
ground values in the subsequent calculation of the glucose content.
Hexokinase suspension (dilution 1:5 in aqua bidest.) was added to
each sample and the plate was incubated for 30 min at 25 °C before
the optical density was read again at 340 nm. All samples were run in
triplicate and standards in parallel yielding per well 0, 2.5, 5.0, 7.5 and
10.0 μg of glucose (component of the test kit).

Protein content was analyzed according to Lowry et al. (1951).
Frozen tissue powder (400–500 μg) was homogenized on ice in 1 ml
aqua bidest. by ultrasonication (Branson Sonifier B15). The dye reaction
was performed with the commercial test kit DC Protein Assay Kit II
(BIORAD, 500–0112). Bovine serum albumin served as standard.

Carbon (C), nitrogen (N) and hydrogen (H) were measured in an
elemental analyzer (VarioMicroCube, Elementar), using sulfanilamid
as standard.

2.4. Statistical analysis

Means, standard deviations, standard errors of the mean (mean ±
SE) and confidence intervals (mean ± CI) of biochemical and elemen-
tal compositions were calculated and tested for normal distribution
with MS-Excel software. Differences in TL, glycogen and protein as
well as lipid class and FA compositions between seasons and species
were tested with the Student´s t-test (MS-Excel software) and consid-
ered to be significant when p b 0.05. Additionally, two-way ANOVA
was performed using GraphPad Prism 5.0.4.

3. Results

3.1. Elemental composition

Carbon, the main elemental component of the soft body, increased
in both oyster species during summer and decreased slightly in autumn
(Table 1).Mean carbon values ofO. edulis increased from29.1 ± 1.6% in
April to 37.6 ± 0.5% in June and to 39.4 ± 0.7% in August. In October
they dropped to 31.4 ± 1.2%. Mean carbon values of C. gigas increased
from 26.9 ± 0.7% in April to 38.8 ± 0.7% in June. The values stayed
constant until August (38.0 ± 1.3%) and dropped to 34.9 ± 1.6% in
October. Nitrogen contents of O. edulis remained at a constant level
of 7.5% in spring and summer but slightly rose to 9.9 ± 0.9% in
autumn. C. gigas showed a continuous increase in nitrogen over the
cultivation period. It rose from 7.1 ± 0.2% in April to 8.7 ± 0.2%
in June to 9.0 ± 0.3% in August and to 13.8 ± 2.4% in October
(Table 1). The share of hydrogen remained constant at around 5%
for both oyster species (Table 1).

Resulting C/N ratios of O. edulis and C. gigas are shown in Fig. 2. In O.
edulis it increased from April (4.0) to August (5.2) but significantly
dropped (3.3) in October (p b 0.05). C/N ratios of C. gigas started at
3.8 in April and increased to 4.4 in June followed by a slight decrease
to 4.2 in August. Thereafter, it dropped significantly to 2.5 in October
(p b 0.05).

3.2. Biochemical composition

3.2.1. Total lipids
Lipid levels of the European oyster O. edulis ranged between 6.9 ±

0.5% DM in spring and a maximum of 9.4 ± 1.3% DM in early summer
(Fig. 3A). These values showed no significant differences during the
growing season. Lipid contents of the Pacific oyster C. gigaswere slightly
higher than those of O. edulis. These increased from 8.0 ± 0.8% DM in
spring to 11.3 ± 1.1% DM in early summer and reached a maximum
of 14.4 ± 1.4% DM in late summer (Fig. 3B). The differences over the
season were statistically significant (p b 0.0001) (Table 2).

3.3. Lipid class composition

In both species, triacylglycerols (TAG) served as main storage lipids
throughout the growing season. The relative amount of TAG in O. edulis
ranged between 18.5 ± 6.3% TL in spring and 40.1 ± 3.1% TL in
autumn. In C. gigas lipid contents ranged between 3.3 ± 2.8% TL in
spring and 42.2 ± 6.6% TL in late summer (Fig. 3A, B; Table 2). Due to
the applied analytical method wax esters (WE) and sterol esters (SE)
could not be separated and are combined in one group. Fatty alcohols,
which usually derive fromWE, appeared regularly. These are, however,
no typical compounds in oysters. The relative amounts of the WE/SE
were similar in both species and ranged between 5.4 ± 2.5% TL and
7.9 ± 1.2% TL in O. edulis and 5.9 ± 3.2% TL and 9.5 ± 1.2% TL in C.
gigas. Sterols showed highest values in spring (O. edulis 17.8 ± 2.6%
TL, C. gigas 22.7 ± 1.5% TL) and lower but constant levels of around
10% during the rest of the growing season. Only in C. gigas an increase
to 15.4 ± 2.1% TL was observed in late autumn. Phospholipids (PL)
formed the main polar lipid component in both species and ranged
between 40 and 60% of TL (Table 2). The low share of free FA confirms
the high quality of the samples (no autolysis).

3.4. Fatty acid composition

Seasonal and growth induced changes in the FA compositions
are shown in Table 3. The typical membrane components 16:0,
20:5(n − 3) and 22:6(n − 3) predominated the FA compositions of
both species (>12% each). Fatty alcohols were present as 14:0 and 16:0
alcohols. In the neutral lipid (NL) fraction 15 important FA (maximum
values ≥ 2% of total FA (TFA) were identified. Two C22 dienoic acids



Fig. 2. Seasonal variation of C/N ratio in soft tissue of O. edulis and C. gigas.
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appeared: 22:2i and 22:2j, which were identified by mass spectrometry
as 22:2 Δ7,13 and 22:2 Δ7,15, respectively.

3.5. Total glycogen

Glycogen levels of the European oyster showed a different pattern
than those of the Pacific oyster (Fig. 3C,D). In O. edulis total glycogen
(TG) increased from 6.6 ± 2.3% DM in April to 21.1 ± 1.5% DM in June
to 23.2 ± 1.3% DM in August, followed by a decrease to 9.9 ± 2.3% DM
in October. In C. gigas TG increases from 4.8 ± 1.0% DM in April to
16.5 ± 1.5% DM in June. In August glycogen levels dropped below the
spring value (4.2 ± 1.4% DM) but increased again in October (7.2 ±
2.2% DM).

3.6. Total protein

Protein contents of the European oyster were, after April, slightly
lower than those of the Pacific oyster (Fig. 3C, D). In O. edulis total
protein showed a small increase from April (35.6 ± 1.3% DM) to June
Fig. 3. Biochemical composition: Total lipids (% of dry mass, % DM) and lipid class composition
date). Total glycogen and protein content of (C) O. edulis and (D) C. gigas (n = 15 per specie
triacylglycerols, SE/WE: sterol esters/wax esters, ST: sterols, PL: phospholipids.
(38.9 ± 0.7% DM) and a subsequent slight decrease in August and
October (35.7 ± 1.2% and 35.0 ± 0.7% DM). Pacific oysters showed an
increase of total protein from April (33.4 ± 1.3% DM) to June
(40.5 ± 0.7% DM) and similar to O. edulis a slight decrease in August
and October (36.8 ± 0.6% and 35.5 ± 0.7% DM).

4. Discussion

The biochemical and elemental compositions of O. edulis and C. gigas
during one growing season were analyzed to investigate the nutritional
condition of these species under offshore aquaculture conditions.
Accumulation and depletion of metabolic energy reserves primarily
depend on food quantity and quality, environmental effects on meta-
bolic processes, and reproductive activities (Beninger and Lucas, 1984;
Ruíz et al., 1992;Whyte et al., 1990). A previous study already described
successful growth performances for offshore-cultivated European and
Pacific oysters, as individuals of both species significantly increased in
shell length and DM (Pogoda et al., 2011). The present study focused
on seasonal dynamics of the major energy storage products, namely
carbohydrates, proteins and lipids, on the compositions of lipid classes
and FA as well as on carbon and nitrogen.

Lipids are themost efficient energy sources. They providemuchmore
metabolic energy than the same amount of carbohydrates (glycogen) or
proteins. Besides lipids, glycogen is used as energy store, which due to
hydrolysis results in a ten times higher mass to reach the same energy
yield (Schmidt-Nielsen, 1999). Nevertheless, for some groups of benthic
animals, including oysters, glycogen is a preferred form of energy reserve,
as it has two major advantages: 1) glycogen catabolism is fast providing
instant energy; 2) glycogen catabolism can be performed under hypoxic
or anoxic conditions. This is particularly important, when oysters keep
their shells closed for longer periods (Hummel et al., 1989; Whyte et al.,
1990).

The type of energy deposition preferred by European and Pacific oys-
ters is, however, still controversially discussed. Starvation experiments
showed that juvenile O. edulis and C. gigas follow different strategies of
energy storage and utilization (Child and Laing, 1998). The European
oyster was found to preferably rely on lipids, while the Pacific oyster
(% of total lipids, % TL) of (A) O. edulis and (B) C. gigas (n = 30 per species and sampling
s and sampling date). Columns display means ± confidence interval. TL: total lipid, TAG:



Table 2
Seasonal and growth-induced development of dry mass (DM) (n = 60), total protein (n = 15), total glycogen (n = 15), total lipid (n = 30) and lipid class composition (n = 15)
of the European and the Pacific oyster from offshore cultivation in 2007 (n per species and sampling month). Values ± confidence interval. FFA: free fatty acids, TAG:
triacylglycerols, SE/WE: sterol esters/wax esters, ST: sterols, PL: phospholipids, (%TL): % of total lipids.

Ostrea edulis Crassostrea gigas

Apr Jun Aug Oct Apr Jun Aug Oct

Dry mass (mg) 134 ± 16 455 ± 41 619 ± 65 879 ± 107 54 ± 3 374 ± 43 390 ± 43 434 ± 44
Total protein (% DM) 35.6 ± 1.3 38.9 ± 0.7 35.7 ± 1.2 35.0 ± 0.7 33.4 ± 1.3 40.5 ± 0.7 36.8 ± 0.6 35.5 ± 0.7
Total glycogen (% DM) 6.6 ± 2.5 21.1 ± 1.7 23.2 ± 1.5 9.9 ± 2.2 4.6 ± 1.0 16.5 ± 1.7 4.2 ± 1.6 7.2 ± 2.4
Total lipid (% DM) 6.9 ± 0.5 9.4 ± 1.3 8.9 ± 1.3 7.7 ± 0.8 8.0 ± 0.8 11.3 ± 1.1 14.4 ± 1.4 8.3 ± 0.9
FFA (% TL) 2.8 ± 1.6 0.8 ± 1.4 0.9 ± 1.0 0.5 ± 0.5 3.5 ± 2.8 0.2 ± 0.7 0 0.4 ± 1.1
TAG (% TL) 18.5 ± 6.3 34.4 ± 4.1 36.6 ± 3.2 40.1 ± 3.1 3.3 ± 2.8 37.6 ± 7.0 42.2 ± 6.6 26.1 ± 4.9
SE/WEa (% TL) 5.4 ± 2.3 6.2 ± 1.5 7.9 ± 1.2 6.7 ± 1.1 8.7 ± 2.9 7.7 ± 1.1 9.5 ± 1.2 5.9 ± 3.2
ST (% TL) 17.8 ± 2.6 10.8 ± 1.8 10.6 ± 1.2 10.1 ± 1.0 22.7 ± 1.5 9.9 ± 2.7 8.7 ± 2.6 15.4 ± 2.1
PL (% TL) 55.5 ± 6.2 47.8 ± 3.9 44.0 ± 3.7 42.6 ± 2.7 61.8 ± 5.0 44.6 ± 5.7 39.6 ± 4.9 52.2 ± 5.5
PL/NL 3.0 1.4 1.2 1.1 18.7 1.2 0.9 2.0

a Group of sterol esters and wax esters: no separation with applied method.
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was assumed to utilize proteins based on insignificant reductions in lipid
and carbohydrate contents. Other authors identified lipids (Robinson,
1992; Ruíz et al., 1992) or glycogen (e.g. Holland and Hannant, 1974;
Whyte et al., 1990) as the main energy reserve in juvenile and adult Eu-
ropean and Pacific oysters: e.g. in O. edulis glycogen peaked in summer
and decreased again in winter. Our study on offshore-cultivated O. edulis
and C. gigas revealed similar seasonal glycogen dynamicswith a substan-
tial increase from spring to summer and a decrease in autumn. Variations
in the lipid and protein contents were much lower. Accordingly, these
data support the hypothesis that both species utilize primarily glycogen
as an important energy store during the seasonal cycle.

However, more detailed data analyses revealed distinct differences in
lipid and glycogen deposition between both species. C. gigas exhibited a
significantly stronger lipid accumulation until autumn (p b 0.001) as
compared to O. edulis, while glycogen dropped drastically after accumu-
lation during spring and early summer. Overall, the Pacific oyster showed
amore pronounced energy deposition, but in autumn lipid and glycogen
reserves were depleted to similar levels as those of the European oyster.
Energy utilization in C. gigas coincided with reduced shell growth and a
decrease in DM (Pogoda et al., 2011). This may be explained by repro-
ductive effort, as during summer C. gigas>40 mmstarts to invest energy
in gonadmaturation (Costil et al., 2005; Royer et al., 2008). The simulta-
neous glycogen decrease and lipid increase may indicate the conversion
Table 3
Seasonal and growth-induced development of fatty acid compositions of the European oyster a
month). TFA: total fatty acids, TFAlc: total fatty alcohols.

Ostrea edulis

Apr Jun Aug

Fatty acids (%TFA ± SD)
14:0 2.0 ± 0.4 4.1 ± 0.6 3.7 ± 0.3
16:0 18.9 ± 2.2 22.5 ± 3.1 21.7 ± 1.4
16:1(n − 7) 1.5 ± 0.2 2.6 ± 0.4 2.4 ± 0.3
17:0 2.3 ± 0.3 1.8 ± 0.4 1.6 ± 0.2
17:1 2.5 ± 2.0 1.0 ± 0.9 1.3 ± 1.4
18:0 5.6 ± 0.6 5.4 ± 1.1 3.9 ± 2.1
18:1(n − 7) 1.7 ± 0.3 2.9 ± 0.6 2.1 ± 0.3
18:1(n − 9) 3.0 ± 0.2 2.0 ± 0.4 2.3 ± 0.2
18:4(n − 3) 1.6 ± 0.3 1.7 ± 1.1 1.5 ± 0.8
20:1(n − 11) 1.4 ± 0.2 0.5 ± 0.2 0.6 ± 0.1
20:1(n − 9) 1.4 ± 0.2 1.4 ± 0.1 1.0 ± 0.1
20:1(n-7) 3.9 ± 0.2 3.8 ± 1.7 3.4 ± 1.5
20:4(n − 6) 3.9 ± 0.5 2.4 ± 0.3 2.2 ± 0.3
20:5(n − 3) 12.5 ± 0.9 18.0 ± 2.6 19.5 ± 1.1
22:2(n-x)i 22:2Δ7,13 1.3 ± 0.3 0.5 ± 0.2 0.7 ± 0.1
22:2(n-x)j 22:2Δ7,15 4.9 ± 0.9 4.0 ± 0.6 3.9 ± 0.5
22:5(n − 3) 1.6 ± 0.1 1.2 ± 0.1 1.2 ± 0.1
22:6(n − 3) 23.7 ± 1.3 18.8 ± 2.0 21.7 ± 1.7

Fatty alcohols (%TFAlc ± SD)
14:0 18.1 ± 17.6 17.1 ± 15.5 6.7 ± 9.9
16:0 81.9 ± 17.6 82.9 ± 15.8 83.3 ± 29.4
of carbohydrates into lipids during ontogenesis (De la Parra et al., 2005;
Robinson, 1992; Whyte et al., 1990), as lipid contents of oyster eggs are
directly related to survival rates of the lecithotrophic embryonic stages
and veliger larvae (Gallager and Mann, 1986). In contrast, O. edulis
does not reproduce in its first year after settlement (Walne, 1974;
Wilson and Simons, 1985; Newkirk et al., 1995). Accordingly, data on
growth performance (Pogoda et al., 2011) and biochemical composition
did not indicate any reproductive activities.O. edulis of the same size and
age as C. gigas continued to accumulate glycogen until late summer and
lipid levels remained relatively constant.

Thus, for both species glycogen seems to be an important energy
store during periods of high food availability, as it was mainly accumu-
lated during the phytoplankton bloom in spring. However, glycogen
accumulation continued in O. edulis, while in C. gigas carbohydrates
were eventually converted to lipids and fuelled reproductive processes.

The elemental composition (C, N) of an organism basically reflects
growth and nutritional status (Postel et al., 2000). It gives some hints
on physiological condition and indicates shifts in the occurrence of the
main organic components, expressed as the ratio between proteins
and lipids + carbohydrates in animal tissue (Bayne, 2009). The domi-
nance of lipids and carbohydrates is indicated by a C:N ratio beyond
2.9 (Postel et al., 2000). Increasing C/N values from 4.0 to 5.2 confirm
the observed accumulation of carbohydrates in O. edulis. Interestingly,
nd the Pacific oyster from offshore cultivation in 2007 (n = 15 per species and sampling

Crassostrea gigas

Oct Apr Jun Aug Oct

3.7 ± 0.2 1.3 ± 0.4 5.0 ± 1.1 6.2 ± 2.7 2.1 ± 0.8
21.0 ± 0.5 19.1 ± 1.2 20.5 ± 2.0 24.6 ± 3.9 23.5 ± 1.7
2.4 ± 0.2 1.9 ± 0.5 3.3 ± 1.4 5.2 ± 1.2 1.6 ± 0.6
1.4 ± 0.1 1.9 ± 0.3 1.0 ± 0.1 1.3 ± 0.3 1.9 ± 0.5
1.2 ± 1.6 4.1 ± 1.2 0.5 ± 0.8 0.5 ± 0.6 3.0 ± 2.8
4.8 ± 0.3 0 3.8 ± 0.4 2.2 ± 1.9 1.9 ± 2.5
2.2 ± 0.3 3.9 ± 0.4 5.4 ± 0.5 4.7 ± 0.5 4.4 ± 0.5
2.3 ± 0.2 2.1 ± 0.3 2.0 ± 0.2 1.9 ± 0.4 1.1 ± 0.3
1.9 ± 0.1 0 2.3 ± 0.3 1.3 ± 1.0 0.7 ± 1.0
0.5 ± 0.1 2.9 ± 0.3 0.8 ± 0.3 0.7 ± 0.4 1.8 ± 0.5
1.0 ± 0.1 2.1 ± 0.4 1.4 ± 0.2 1.3 ± 0.2 1.9 ± 0.1
3.9 ± 0.3 2.1 ± 0.4 3.6 ± 0.6 1.9 ± 1.3 1.9 ± 1.6
2.0 ± 0.2 4.3 ± 0.6 2.3 ± 0.3 2.0 ± 0.8 3.6 ± 0.9

19.9 ± 0.8 19.5 ± 1.6 22.5 ± 1.2 19.1 ± 1.8 16.4 ± 1.8
0.6 ± 0.1 2.1 ± 0.4 0.6 ± 0.2 0.5 ± 0.1 0.9 ± 0.3
3.4 ± 0.3 5.6 ± 0.5 3.3 ± 0.4 3.8 ± 0.6 5.8 ± 1.4
1.1 ± 0.1 2.1 ± 0.2 1.3 ± 0.1 1.3 ± 0.3 1.5 ± 0.3

21.9 ± 1.2 19.3 ± 1.2 15.9 ± 2.2 15.6 ± 5.6 21.3 ± 2.2

5.5 ± 12.6 23.4 ± 11.9 0 18.1 ± 15.0 13. 9 ± 11.4
94.5 ± 12.6 76.6 ± 12.6 40.0 ± 49.0 81.9 ± 15.9 86.1 ± 12.0
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C/N values of C. gigas stay quite constant around 4 even in August,
when glycogen contents dropped drastically. This supports the
above-mentioned accumulation of lipids and the suggested conver-
sion of carbohydrates to lipids during gametogenesis. In both species
a clear decrease of the C:N ratios was observed after August, when
lower values of 3.2 (O. edulis) and 2.5 (C. gigas) indicate the
build-up of muscular mass (proteins). These low C/N values reflect
decreasing lipid and glycogen levels in the bivalves, due to the
utilization of these reserves in autumn, when food supply is limited.

Seasonal variations in lipid class compositions of offshore-cultivated
oysters are basically similar to those of near-shore-grown individuals
(e.g. Abad et al., 1995; De la Parra et al., 2005; Linehan et al., 1999).
Within the lipid classes, TAG and WE are the principal energy reserves
of most marine invertebrates (Lee et al., 2006). Energy reserves of O.
edulis and C. gigas are primarily made up of the NL TAG, as WE are not
common in oysters (Ackman, 1989). Since gas chromatographic analy-
ses combined with mass spectrometry revealed two fatty alcohols we
assume that these wax ester moieties originate from small zooplank-
ton specimens ingested by the oysters. WE and SE are not separated
by the applied analytical method (Iatroscan). SE have no energy stor-
age functions but provide important components of membrane
lipids (Fraser et al., 1985). We assume that the WE/SE fraction is
SE-dominated (e.g. Abad et al., 1995; Ackman, 1989) hence, this frac-
tion will not be of major importance for energy storage processes in
the oysters. Still, a certain increase of WE/SE in O. edulis and C. gigas
during summer and a subsequent decrease in autumn may point to
limited seasonal wax ester storage.

TAGs serve as short-term energy reserves and they are the main
lipid stores in oysters. Together with glycogen, they accumulate during
periods of high food availability and are depleted in periods of food
paucity. Accordingly, the amount of TAGs is a sensitive indicator of the
nutritional condition of an animal (Fraser et al., 1985). It can be
expressed as the ratio of PL to TAG (PL:TAG) or as the ratio of PL to NL
(PL:NL) (Abad et al., 1995; Caers et al., 2000; Watanabe and Ackman,
1974). Values ≤1 indicate a good nutritional state and have been
observed e.g. in well-fed adults of O. edulis and Crassostrea virginica
from the wild (Abad et al., 1995; Watanabe and Ackman, 1974).
According to this scale, the European and Pacific oysters of the present
study showed poor nutritional conditions at the beginning of the exper-
iment in spring (PL:TAG ratios of 3 (O. edulis) and 18 (C. gigas) respec-
tively). During summer O. edulis fed continuously (Pogoda et al., 2011)
and PL and TAG levels reached equal proportions of 1 in summer and
in autumn, which indicates a good nutritive state. C. gigas also clearly
improved its condition during summer (PL:TAG ratios of about 1). In
contrast to O. edulis the condition of C. gigas significantly deteriorated
in autumn reaching a PL:TAG ratio of about 2. These differences in the
seasonal TAG accumulation may again be explained by the onset of
reproductive activities in C. gigas, which was not the case in O. edulis
(e.g. Newkirk et al., 1995; Royer et al., 2008).

The FA compositions of European and Pacific oysters were dominat-
ed by 16:0, 20:5(n − 3) and 22:6(n − 3). These aremajor components
of PL and typical of marine organisms (e.g. Lee et al., 2006). The polyun-
saturated FA 20:5(n − 3) and 22:6(n − 3) are important and conser-
vative elements of bio-membranes. Their concentrations remain
rather constant and, thus, they are not suitable as direct indicators for
the nutritional condition. However, the proportion of PL (n − 6) FA,
principally 20:4(n − 6), can indirectly show the depletion or accumu-
lation of lipid reserves through an increase or decrease, respectively
(Child and Laing, 1998). Both species of offshore-cultivated oysters
showed a significant decrease (p b 0.001) in 20:4(n − 6) during high
food availability from spring to early summer and therefore indicate
the accumulation of lipids as energy reserves.

The amount of essential FA can greatly affect growth and condition
of oysters (Pazos et al., 1996) and may serve as an indicator for the
preferred diet (Dalsgaard et al., 2003; Soudant et al., 1999). Diatoms,
for example, are characterized by high concentrations of 16:1(n − 7),
18:1(n − 7) and 20:5(n − 3) FA (Sargent et al., 1987). Dinoflagellates
show high amounts of 18:4(n − 3), 22:6(n − 3) (Sargent et al., 1987;
Virtue et al., 1993) and 18:5(n − 3) (Mayzaud et al., 1976). In the
present study, levels of 22:6(n − 3) stayed quite constant in O. edulis,
but showed a slight decrease in C. gigas. Furthermore, 18:4(n − 3)
and 18:5(n − 3) were not present or showed very low concentrations,
indicating that dinoflagellates were not an important food organism.
However, diatom markers increased during spring and early summer
in both oyster species and indicated a diet rich in diatoms. During the
cultivation experiment, O. edulis and C. gigas maintained high ratios of
(n − 3)/(n − 6). These increased from 10 to >18 in late summer,
which furthermore indicates the excellent physiological condition of
both oyster species at the offshore site (Pazos et al., 1996; Sargent et
al., 1990; Soudant et al., 1999).

Dienoic FA, also known as non-methylene-interrupted FA (NMI
FA), in whichmore than twomethylene residues separate the double
bonds, are found in a wide range of marine invertebrates, but especially
in molluscs. The most common of these FA are 22:2 Δ7,13 and 22:2
Δ7,15 and their precursors 22:2 Δ5,11 and 22:2 Δ5,13. They are
synthesized de novo in bivalves by chain elongation, followed by Δ5
desaturation of 18:1(n − 9) and 16:1(n − 7), respectively (Barnathan,
2009). Offshore-cultivated oysters of this study showed two newly
synthesized NMI FA (22:2 Δ7,13 and 22:2 Δ7,15) in similar concentra-
tions as near-shore-grown oysters (Abad et al., 1995; Pazos et al., 1996;
Soudant et al., 1999). Apparently, the nutritional situation at the offshore
site and especially levels of 16:1(n − 7) were high enough to allow
biosynthesis of these FA (Soudant et al., 1999; Thompson and Harrison,
1992; Zhukova, 1991).

5. Summary and conclusions

(1) Offshore-cultivated oysters generally exhibited excellent physio-
logical conditions during the growing season, as indicated by
their proximate biochemical compositions (protein, glycogen
and lipid contents) as well as TAG and FA profiles.

(2) Both species accumulated glycogen in periods of high food avail-
ability.

(3) We postulate that C. gigas started to invest energy inmaturation in
summer, which resulted in low glycogen values and TAG accumu-
lation until autumn. In contrast, O. edulis of the same age and size
showed no reproductive activities and continued accumulation of
glycogen until autumn and showed a constant TAG increase, also
in autumn.

(4) O. edulis and C. gigas are suitable candidates for offshore aquacul-
ture operations, even if they would only be transferred during the
summer season for grow-out.
6. Outlook

Modern concepts for offshore aquaculture rely on sustainable and
environmentally friendly cultivation techniques combined with eco-
nomic viability. Integrated multi-trophic aquaculture (IMTA) reduces
eutrophication problems (Troell et al., 2009) and strives for a balanced
budget of nutrient input and uptake. Filter-feeding oysters are therefore
an ideal bio-extractive component for the realization of IMTA in off-
shore areas. The rapid development of wind farming projects in many
offshore areas of the world (Breton and Moe, 2009; OWE, 2012) offers
the opportunity of parallel utilization for offshore aquaculture opera-
tions and financial benefits of such a “multi-use”. Today, sharing of
e.g. windmill groundings to attach culture cages, as well as combined
maintenance vessels are being discussed and established (Buck et al.,
2008). Correspondingly, this study clearly qualified both, the European
oyster and the Pacific oyster, as suitable candidates for such offshore
aquaculture operations.
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