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INTRODUCTION

Eelgrass Zostera marina is a colonial marine flower-
ing plant that occurs in shallow soft sediments. It is
globally distributed in coastal waters and is among
some of the most productive marine habitats, forming
vital nursery areas for both juvenile fish and inverte-
brates (Duarte 1989, Sogard & Able 1991, Mattila et al.
1999). Newfoundland eelgrass meadows, found in
sheltered coastal bays, represent an important nursery
area for many species of juvenile fish, including

Atlantic cod Gadus morhua (Laurel et al. 2003b). Juve-
nile fish choose to settle in eelgrass beds due to a com-
bination of factors, including more refuge, high food
levels, and reduced physical exposure (Orth et al.
1984, Gotceitas et al. 1995, 1997, Parker et al. 2001).

Stocks of Atlantic cod collapsed in the early 1990s,
and despite a commercial fishing moratorium (Myers
et al. 1996), there has been no population recovery
(Lilly et al. 2003). Little is known about the relative
input of different primary producers to the diet of juve-
nile Atlantic cod, or if these contributions change fol-
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lowing cod settlement. Examination of dietary carbon
sources could result in expansion of critical habitat for
juvenile Atlantic cod to include terrestrial buffer zones
draining into eelgrass beds.

A number of constraints on the traditional gut analy-
sis methodology have led investigators to use alterna-
tive methods to resolve nearshore foodweb linkages;
these include lipid biomarkers, bulk stable isotope
analyses, and compound-specific isotope analyses
(Canuel et al. 1997, Kharlamenko et al. 2001, Jaschin-
ski et al. 2008). The small size of consumers and the
vast number of primary producers in eelgrass systems
make use of biomarkers compelling to investigators
(Kharlamenko et al. 2001).

Lipids play a fundamental role in fish as a source of
energy, as important structural components for cell
membranes, and as precursors for biologically active
compounds (Sargent et al. 1989, Arts et al. 2001, Cope-
man et al. 2002). Fatty acids (FAs) provide information
on dietary intake and food constituents leading to se-
questration of lipid reserves over a long period of time
(St John & Lund 1996, Auel et al. 2002). C20 and C22

polyunsaturated FAs (PUFAs) are particularly impor-
tant in coldwater marine systems, allowing animals to
maintain cell membrane fluidity (Cossins et al. 1977,
Cossins & Lee 1985). Marine fish generally cannot syn-
thesise adequate quantities of long-chain PUFAs from
shorter chain precursors to satisfy their metabolic re-
quirements and therefore rely on dietary input for nor-
mal physiological function. PUFAs are formed in pri-
mary production and are transferred and concentrated
in consumers throughout the food web (Sargent 1995,
Arts et al. 2001, Budge et al. 2001, Copeman & Parrish
2003). Other sources of PUFAs in the nearshore marine
environment include shorter chain C18 PUFAs from ter-
restrial sources; however, these are of lower nutritional
value than longer chain PUFAs (Sargent et al. 1989).

Lipid biomarkers have been defined as compounds
that can be used as signatures of a species, groups of or-
ganisms, or environmental processes (Parrish et al.
2000). FA biomarkers are normally synthesized at low
trophic levels and ideally remain unchanged when
transferred through food webs (Reuss & Poulsen 2002,
Dalsgaard et al. 2003). They have been used for deter-
mining sources of terrestrial and anthropogenic carbon
as well as to assess health of ecosystems (Colombo et al.
1997, Budge & Parrish 1998). Specific FAs have been
correlated with various sources of primary production
such as diatoms, bacteria, dinoflagellates, and terres-
trial run-off both in plankton and sediments (Fraser &
Sargent 1989, Mayzaud et al. 1989, Canuel et al. 1995,
Budge & Parrish 1999, Meziane & Tsuchiya 2000, Par-
rish et al. 2000).

Bulk stable carbon isotopes have previously been
widely used in food web studies to determine sources

of dietary primary production at different trophic lev-
els (Fry & Sherr 1984). Here we used compound-
specific isotopes of FAs in select primary producers,
secondary consumers, and juvenile fish to elucidate
food web linkages. Previous analyses of eelgrass for
bulk carbon-isotope composition has shown that eel-
grass has much higher values (–15 to –7‰) than other
sources of primary production in the nearshore (Khar-
lamenko et al. 2001, Cloern et al. 2002, Jaschinski et al.
2008). Further, little change in the 13C/12C ratio occurs
with each successive trophic level, making it possible
to estimate the importance of various sources of
organic carbon to secondary consumers (DeNiro &
Epstein 1978). The use of either FA or bulk 13C/12C
ratios alone can have limited power for deducing link-
ages, but the combination of multiple biomarkers with
multivariate statistics is a powerful approach to clarify-
ing trophic relationships (Grahl-Nielson & Mjaavatten
1991, Canuel et al. 1997, Parrish et al. 2000, Ramos et
al. 2003). Using this approach, we investigated tempo-
ral changes in the dietary composition of juvenile
Atlantic cod during settlement into nearshore eelgrass.
These data will be important in expanding the defini-
tion of critical habitat for juvenile Atlantic cod.

MATERIALS AND METHODS

Study site. All samples were collected in Newman
Sound, Terra Nova National Park, Newfoundland,
Canada, during late summer and fall of 2002. Newman
Sound is a sheltered fjord (45 km2) located on the
northeast coast of Newfoundland (53.93° W, 48.58° N)
and surrounded by Terra Nova National Park (Fig. 1).
Within the shallow littoral zone (3 to 10 m), there is a
mix of sand substrate interspersed with eelgrass Zost-
era marina and brown macroalgae Laminaria spp. Eel-
grass predominates on south- and west-facing shores,
while north-facing shores are characterized by unveg-
itated gravel habitat (Cote et al. 2003, Laurel et al.
2003b).

Horizontal surface net tows (n = 36) were taken over
shallow sites (10 m) in Newman Sound (Table 1). Sam-
pling was concentrated over 2 eelgrass sites (Dockside
and Mistaken Cove), except in late November when
additional eelgrass locations were added. Triplicate
tows were taken at each station using a 10 µm mesh
plankton net over a distance of 640 m. Plankton was
collected in a cod end (meshed collection pouch) and
samples were backwashed into clean plastic vials and
kept on ice until filtration (within 7 h). Prior to filtration,
3 size fractions were separated (>220, 80–220, and
10–80 µm), and samples were collected for lipid and
weight determinations. Sub-samples (100 ml) from
each size class of plankton were preserved for identifi-
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cation by adding 1 ml of Lugol’s iodine and 1 ml of 10%
buffered formaldehyde. Plankton samples used for
weight and lipid determination were collected on pre-
combusted, pre-weighed glass fiber filters (Whatman
GF/C). Filters were washed with 5 ml of 3% ammo-
nium formate to remove salt, dried at 75°C for 24 h,
weighed, and then ashed at 450°C for 24 h and re-
weighed. Lipid samples were placed in clean glass
vials, immersed in chloroform in the lab, and stored
under nitrogen at –20°C until extraction.

During plankton surveys, samples of eelgrass (n = 9)
and macroalgae (n = 4) were also collected below 2 m
depth along the waterline. Samples were placed in
clean bags of seawater and kept on ice until returning
to the lab. Samples of macroalgae were washed with
filtered seawater. Eelgrass samples were scraped clean
with a blunt metal spatula and their epiphytes (n = 9)
filtered onto clean GF/C filters for lipid analysis.
Macroalgae and clean eelgrass blades were blotted
dry, weighed, and stored in chloroform under nitrogen
until extraction.

Epibenthic invertebrates, amphipods Gammarus sp.,
and mysids Mysis stenolepis, were taken at beach
seine sites during fish sampling (Table 1). Amphipods
were collected using dip nets by dragging the nets
along the bottom at a depth of <2 m while mysids were
by-catch from seine hauls. Animals were placed in
clean plastic bags filled with filtered seawater and
stored at 4°C for 24 h to depurate. Animals were then
washed in filtered seawater and placed in lipid clean
tubes under chloroform and nitrogen at –20°C until
extraction. The number of individuals per sample
decreased as the season progressed: fewer individuals

of a larger size were required for lipid analysis.
These numbers ranged from a high of 25
amphipods per sample in August (0.5–1.5 mg
wet wt ind.–1) to a low of 12 in November
(0.8–22.9 mg wet wt ind.–1). Similarly, numbers
of mysids per sample decreased from 20 in
August (5.2–12.3 mg wet wt ind.–1) to 6 in
November (16.5–27.2 mg wet wt ind.–1).

Juvenile Atlantic cod Gadus morhua were
collected in Newman Sound using a 25 m dem-
ersal seine net that was deployed 50 m from
shore using a small boat (Table 1). Hauls were
retrieved by people standing along the shore-
line 16 m apart. Fish were unloaded into plas-
tic tubs filled with seawater and identified,
enumerated, and measured. Juvenile cod were
considered pre-settled at <60 mm and post-
settled at >60 mm (Methven & Bajdik 1994,
Laurel et al. 2003b). Fish were placed on ice
immediately and frozen within 3 h of sampling.
During lipid sampling, standard length, body
depth, and wet weight were recorded. Fish

stomachs were removed, and animals were washed
with filtered seawater, blotted dry, weighed, and
stored in chloroform under nitrogen until extraction.

Lipids were extracted in chloroform/methanol ac-
cording to Parrish (1988) using a modified Folch proce-
dure (Folch et al. 1957). Lipid classes were determined
using thin-layer chromatography with flame ionization
detection (TLC-FID) with a Mark V Iatroscan (Iatron
Laboratories) as described by Parrish (1987). Extracts
were spotted on silica gel-coated Chromarods, and a
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Fig. 1. Sample collection sites in Newman Sound, Bonivista Bay,
Newfoundland (DS: Dockside; MI: Mistaken Cove; MS: Mt Stanford;
HC: Heffern’s Cove; MC: Minchin’s Cove; SB: South Broad Cove)

Location Plankton Epibenthic prey Fish
Date tows (n) samples (n) samples (n)

Dockside
28–29 Aug 3 6 7
10–12 Sept 3 4 8
3–4 Oct 3 6 10
27 Oct – 8 Nov 3 8 2

Mistaken Cove
28–29 Aug 3 2 5
10–12 Sept 3 0 6
3–4 Oct 3 6 10
27 Oct – 8 Nov 3 6 13

South Broad Cove
27 Oct – 8 Nov 4 2

Minchin’s Cove
27 Oct – 8 Nov 3 4 4

Heffern’s Cove
27 Oct – 8 Nov 3 3 3

Mt Stanford
27 Oct – 8 Nov 3 3 1

Table 1. Sampling locations and dates within Newman 
Sound, 2002
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3-stage development system was used to separate lipid
classes. After each separation, rods were scanned and
the 3 chromatograms were combined using T-data
scan software (RSS). The signal was quantified using
lipid standards (Sigma).

FA methyl esters (FAMEs) were prepared from total
lipid extracts by transesterification with 10% BF3 in
methanol at 85°C for 1 h (Morrison & Smith 1964,
Budge 1999). FAMEs were injected in a Varian 3400
GC equipped with an 8100 autosampler (Varian) and
an Omegawax 320 column (30 m, 0.32 mm i.d., 0.25 µm
film thickness; Supelco). Hydrogen was the carrier gas,
and the flow rate was 2 ml min–1. The column temper-
ature profile was: 65°C for 0.5 min, hold at 195°C for
15 min after ramping at 40°C min–1, and hold at 220°C
for 0.75 min after ramping at 2°C min–1. The injector
temperature increased from 150 to 250°C at 200°C
min–1. Peaks were detected by flame ionization with
the detector held at 260°C. FA peaks were integrated
using Varian Star Chromatography Software (version
4.02), and identification was made with reference to
standards (PUFA 1 and 37 Component FAME Mix,
Supelco).

The FAME carbon isotope ratios (‰) were deter-
mined relative to the Vienna PDB standard after com-
bustion at 850°C in a continuous flow isotope ratio
mass spectrometer (Finnigan MAT 252; Veefkind
2003). FAMEs were separated on a Supelco SPB-PUFA
column (30 m × 0.25 mm i.d. × 0.2 µm film) in a Varian
3400 GC with the outlet connected to the combustion
chamber. The measured natural carbon isotope com-
position for esters is:

δ13Csample =  1000 × [(13C/12Csample/13C/12CPDB) – 1]

All FA δ13C data were corrected for the contribution
made by the derivatizing agent, BF3/CH3OH, whose
ratio, determined by bulk isotope ratio mass spectrom-
etry (Finnigan Delta Plus XL Thermo Quest) was on
average –38.23‰.

Statistics. Select lipid classes and FAs in zooplank-
ton, epibenthic prey, and fish were compared between
months or (for fish) pelagic versus settled using a 1-
way analysis of variance (ANOVA) with Tukey’s pair-
wise comparisons. Residuals versus fitted values were
examined to check for normality and heteroscedastic-
ity, and certain percentage data were arcsine square-
root transformed in order to meet these assumptions.

Principal component analysis (PCA) was used to sim-
plify multivariate FA and lipid class data by transform-
ing correlated variables into a set of uncorrelated prin-
cipal components (Minitab, version 10.5; Meglen
1992). This technique was employed using 10 to 12
highly discriminatory lipid variables (based on previ-
ously run PCA analysis) from net tows, epibenthic
prey, and fish samples. The first 2 principal compo-

nents (PC1, PC2) accounted for 54 to 72% of the vari-
ance among samples, which allowed a display of the
major trends within the data set without significant loss
of the total original variation. PCA lipid loading co-
efficients are defined as the correlation coefficients
between the original lipid variables and the PCA axis.
PCA scores are defined as the position of the original
variables along the new PCA axes (Meglen 1992).
Lipid variables were chosen based on biological signif-
icance and the degree of variance explained by a given
lipid class or FA. Addition of other lipid classes did not
change the clustering of observations, indicating that
the models were robust.

RESULTS AND DISCUSSION

Net tows

The net tow sampling locations and dates are shown
in Fig. 1 and Table 1. At each sampling, 2 net tows
from each size class were examined microscopically in
order to determine zooplankton availability for settling
juvenile cod. The smallest plankton (10–80 µm) had
over ~80% of the field-of-view covered with an amor-
phous matrix and no recognizable phytoplankton cells.
Fecal pellets and detritus were noted, and microscopi-
cally these samples resembled re-suspended sedimen-
tary ‘fluff.’ Therefore, the smallest fraction is referred
to as seston rather than plankton.

Enumeration of the 2 larger size fractions showed a
variable species abundance, but Acartia spp., Oithona
spp., Temora sp., Microsetella spp., and copepod nau-
plii made up >85% of the zooplankton abundance in
all samples (Fig. 2). Averaged over the whole sampling
period, the largest size fraction (>220 µm) had high
levels of Microsetella spp. (56 ± 22%), copepod nauplii
(25 ± 22%), and Oithona spp. (12 ± 12%). The medium
size fraction (80–220 µm) had increasing numbers of
Temora sp. later in the fall with an average of 36 ± 22%
present over the whole sampling period. Seasonally
averaged levels of Microsetella spp. and Oithona spp.
were 24 ± 21% and 19 ± 18%, respectively (Fig. 2).

This distribution of zooplankton is characteristic of
other studies on zooplankton abundance during the
fall in nearshore Newfoundland (Davis 1982, Grant &
Brown 1998). Grant & Brown (1998) found a shift in
prey abundance in juvenile cod diets from high lipid
Calanus spp. in summer to smaller low lipid prey items
such as Temora sp. in late autumn. Davis (1982) also
observed a reduction in the size of copepods and a shift
in species abundance to higher levels of smaller cope-
pods.

No Calanus spp. was identified in any of the samples
taken from Newman Sound during 2002. Grant &
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Brown (1998) previously found Calanus to be impor-
tant in the diet of juvenile cod. This prey item was only
present in their diet in October (21.5% relative impor-
tance) and November (5.8%) and was not found in
either September or December. Calanus spp. form
large globules of wax ester that are easily digested by
juvenile fish and provide high amounts of energy (Sar-
gent et. al 1999). A decrease in juvenile cod condition
has been noted when larger Calanus spp. disappear
from the diet (Grant & Brown 1999). The absence of
Calanus spp. in our samples may indicate that food
quality was not optimal during 2002.

Evjemo et al. (2003) described the lipid composition
of nearshore marine copepods used for feeding larval
fish. They examined the lipid composition as a percent
of dry mass from April to July and found Calanus spp.
(~10% in April to a high of >20% in June and July) had
higher levels than Eurytemora sp. (~10%), or Temora
sp. (~10%). In Newman Sound, lipid values for the
80–220 µm zooplankton averaged only 2.6% of dry
mass, while large zooplankton contained 3.5%. These
levels are low compared to whole net tows sampled
during the height of the spring bloom in Conception

Bay, Newfoundland (~6%, Parrish et al. 2005) but
equivalent to values of 4.2% for net tows collected in
late summer in Gilbert Bay, Labrador (Copeman & Par-
rish 2003).

Both sizes of zooplankton, discussed above, had sig-
nificantly higher levels of lipid per dry weight than
found in seston (p < 0.001, Table 2). The major lipid
classes in both sizes of zooplankton were triacylgly-
cerols (TAGs, 20–27%) and phospholipids (PLs,
34–42%), while seston had significantly higher levels
(p < 0.001) of hydrocarbons (HCs) and acetone mobile
polar lipids (AMPLs) than zooplankton (~2.5 and 8.5%,
respectively).

Saturated FAs (SFAs), monounsaturated FAs
(MUFAs), and PUFAs comprised 29–31, 19–25, and
44–52%, respectively, of total FAs in both sizes of zoo-
plankton. Seston had lower levels of PUFAs (32%) and
elevated levels of SFAs (39%) and MUFAs (29%). Ter-
restrial FAs (18:3n-3 and 18:2n-6) accounted for ~6%
of total FAs in all size fractions. High levels of 18:4n-3
were found in net tows, with large zooplankton having
the most elevated proportions (5.2 ± 1.4%). Levels of
bacterial FAs in the 2 sizes of zooplankton were ~4.7%,
with seston (10–80 µm) having the highest proportions
(7.9 ± 2.6%, Table 2).

Our study was designed to look at the food web of
eelgrass beds in relation to diet of settling juvenile
Atlantic cod. Therefore, net tow data presented here,
from late summer and fall, are probably not represen-
tative of plankton at other times of the year. The typi-
cal seasonal pattern of phytoplankton abundance in
cold North Atlantic nearshore waters shows diatom
lipid markers dominating in spring, followed by terres-
trial plant material, small flagellates, zooplankton, and
bacterial sources becoming more important in late
summer and fall (Mayzaud et al. 1989, Parrish et al.
1995, 2000). Seasonal changes in lipid composition of
particulate matter can be caused by changes in taxo-
nomic source or physiological changes within a taxo-
nomic group (Mayzaud et al. 1989). Algal lipid compo-
sition may be influenced by a number of physical
factors, including irradiance, temperature, and nutri-
ents (Thompson et al. 1990, 1992).

The lack of intact phytoplankton in our net tow sam-
ples indicates that the food web of Newman Sound was
not dominated by large phytoplankton cells during the
autumn of 2002. Rather, smaller flagellates, bacteria,
and terrestrial material likely accounted for most of the
seston. Parrish et al. (1995) looked at seasonal seston
microplankton species composition in South Broad
Cove, Newman Sound. They also noted high levels of
microzooplankton in the water column during summer,
particularly after a storm mixing event. Further,
nanoflagellates (2–20 µm), which are likely ineffi-
ciently caught in our 10 µm mesh net, made up a sig-
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nificant proportion of the late fall plankton community.
However, they noted a distinct fall diatom bloom,
which we did not observe in 2002.

Lipid classes and FAs in seston were more similar to
‘fluff’ material than phytoplankton, in agreement with
microscopic evaluation. High levels of terrestrial FAs
(18:2n-6 and 18:3n-3) were found in all sizes of plank-
ton (5.5 to 6.1%, Table 2). Previously, Budge et al.
(2001) used a level of >2% in marine samples to indi-
cate significant terrestrial input. Our levels are much
higher, indicating that Newman Sound has a high level
of terrestrial carbon in the water column. Copeman &
Parrish (2003) previously reported similarly high levels
of terrestrial markers (~6%) in the fall in a shallow
sheltered bay with significant terrestrial input (Gilbert
Bay, southern Labrador).

Bacterial markers in Newman Sound seston were ele-
vated, averaging 7.9% of identified FAs (Table 2).
These levels were similar to those found in other shal-
low sheltered embayments, such as Gilbert Bay (~5%,
Copeman & Parrish 2003) and Notre Dame Bay (~5.5%,
Budge et al. 2001). Values of bacterial FA markers for
net tows taken at the same latitudes but in deep fjord-
like systems, such as Trinity Bay (2%, Budge & Parrish
1998) and Conception Bay (2–4%, Parrish et al. 2005),
Newfoundland, were much lower. Elevated organic
matter in eelgrass sediments provides a substrate for
bacterial production. Likely sources of sedimentary car-
bon include seagrass detritus (Holmer & Nielsen 1997),
root organic contributions (Moriarty et al. 1986), and
benthic microalgae (Boschker et al. 2000). In Newman
Sound, eelgrass sites were very shallow (<10 m) and
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Large Medium Seston Epiphytes Eelgrass Macroalgae
zooplankton zooplankton (10–80 µm)
(>220 µm) (80–220 µm)

Total lipids (mg g–1 dry wt) 34.5 ± 12.7 25.79 ± 12.95 14.1 ± 12.8
Total lipids (µg g –1 organic wt) 173 ± 116 103 ± 84 29.5 ± 27.4

% of total lipids
Hydrocarbons 1.65 ± 1.68 3.38 ± 2.31 8.40 ± 4.58 1.48 ± 0.84
Steryl/wax esters 8.39 ± 7.97 3.69 ± 4.68 4.98 ± 7.83 0.31 ± 0.55
Triacylgylcerols 19.90 ± 11.59 26.98 ± 16.37 8.85 ± 6.43 8.34 ± 2.36
Free fatty acids 11.54 ± 4.32 11.42 ± 3.40 6.68 ± 3.38 8.44 ± 5.43
Sterols 6.33 ± 2.13 6.27 ± 2.72 7.72 ± 4.72 8.95 ± 2.17
Acetone mobile polar lipids 6.59 ± 2.75 10.44 ± 3.89 21.35 ± 6.96 34.20 ± 3.61
Phospholipids 42.19 ± 11.48 34.19 ± 16.39 33.54 ± 11.56 32.22 ± 4.40

Fatty acids (%)
14:0 4.0 ± 1.5 3.7 ± 0.9 4.5 ± 1.3 4.6 ± 1.3 2.0 ± 0.8 10.3 ± 1.2
16:0 17.4 ± 1.4 19.1 ± 2.1 20.0 ± 3.6 13.9 ± 2.4 21.8 ± 2.8 9.9 ± 1.5
18:0 2.3 ± 0.8 3.1 ± 2.8 5.5 ± 6.4 3.3 ± 1.9 2.1 ± 0.3 0.7 ± 0.2
20:0 0.2 ± 0.2 0.2 ± 0.1 0.4 ± 0.2 0.6 ± 0.4 2.4 ± 0.3 0.3 ± 0.2
22:0 0.3 ± 0.2 0.3 ± 0.3 0.8 ± 0.8 0.6 ± 0.7 4.8 ± 0.7 0.1 ± 0.0
24:0 0.7 ± 3.3 0.1 ± 0.2 0.6 ± 0.6 0.8 ± 1.0 1.9 ± 0.5 0.1 ± 0.0
ΣSFA 29.0 ± 4.0 30.5 ± 2.9 38.6 ± 8.4 30.7 ± 5.1 39.3 ± 2.7 22.2 ± 2.9
16:1n-7 3.1 ± 0.8 4.4 ± 1.8 6.4 ± 2.8 11.6 ± 3.4 1.4 ± 1.3 1.3 ± 0.2
17:1 0.7 ± 0.8 0.5 ± 0.4 0.9 ± 0.8 1.0 ± 0.8 3.4 ± 0.8 0.2 ± 0.1
18:1n-9 6.4 ± 3.3 10.1 ± 4.8 10.8 ± 5.0 13.2 ± 4.2 3.4 ± 0.7 29.5 ± 19.9
18:1n-7 2.7 ± 0.8 4.7 ± 2.5 3.7 ± 1.3 3.9 ± 0.7 1.7 ± 1.0 8.8 ± 17.2
ΣMUFA 18.6 ± 5.1 25.4 ± 9.4 29.4 ± 6.1 39.4 ± 5.2 13.0 ± 2.5 41.7 ± 3.2
16:4n-1 1.2 ± 1.3 1.6 ± 2.3 2.1 ± 3.4 1.3 ± 0.8 1.2 ± 0.1 0.1 ± 0.0
18:2n-6 3.7 ± 1.3 3.3 ± 1.0 3.8 ± 1.0 3.6 ± 1.1 12.6 ± 3.0 9.3 ± 2.0
18:3n-3 2.4 ± 0.8 2.2 ± 0.5 2.1 ± 0.6 2.0 ± 0.6 26.5 ± 5.7 3.2 ± 1.1
18:4n-3 5.2 ± 1.4 3.5 ± 1.1 3.2 ± 1.8 2.0 ± 1.2 0.4 ± 0.2 2.3 ± 0.4
20:4n-6 0.7 ± 0.2 0.6 ± 0.2 0.6 ± 0.4 1.3 ± 0.3 0.3 ± 0.3 11.0 ± 1.8
20:4n-3 1.5 ± 0.5 2.4 ± 0.7 1.7 ± 1.2 0.6 ± 0.6 0.2 ± 0.1 0.3 ± 0.1
20:5n-3 13.6 ± 2.3 11.0 ± 3.4 6.5 ± 2.7 6.1 ± 4.3 4.6 ± 2.9 5.4 ± 0.5
22:6n-3 19.5 ± 6.8 15.2 ± 8.0 6.1 ± 4.1 4.6 ± 4.6 0.7 ± 0.6 1.1 ± 0.3
ΣPUFA 52.4 ± 6.5 44.2 ± 8.9 32.0 ± 8.0 29.9 ± 8.7 47.6 ± 4.9 36.2 ± 3.2
DHA:EPA 1.4 ± 0.4 1.3 ± 0.3 0.9 ± 0.3 0.8 ± 0.4 0.3 ± 0.5 0.2 ± 0.0
Bacterial 4.9 ± 1.6 4.4 ± 1.1 7.9 ± 2.6 8.3 ± 3.0 7.2 ± 1.3 1.0 ± 0.1

Table 2. Major lipid classes (>4% in at least one group) and fatty acids (>1.5%) in net tows and primary producers collected from
August to November 2002 over Zostera marina beds in Newman Sound. n = 25 to 30 for net tows, n = 7 to 12 for primary produc-
ers, mean ± SD. Bacterial fatty acids were: Σ15:0, ai15:0, i15:0, i16:0, ai16:0, 15:1, 17:0, 17:1. SFA: saturated fatty acid (FA); PUFA: 

polyunsaturated FA; MUFA: monounsaturated FA; DHA: EPA: docosahexaenoic acid:eicosapentaenoic acid
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high levels of resuspension of degraded material from
sediments likely contributed to elevated levels of bacte-
ria observed in net tow samples (Table 2).

PCA allows the simplification of a large number of
correlated FA variables into a few uncorrelated axes,
which explain most of the original variance among the
samples (Manly 1986). PCA of 11 FA and lipid class
variables allowed us to view the lipid composition of
net tows in terms of seasonal trends and size differ-
ences (Fig. 3). PC1 explained 38% of the variance, and
examination of the lipid loading coefficients indicated
that this axis represents a freshness axis with high lev-
els of PUFAs, organic matter, 22:6n-3, and PLs posi-
tively loaded (Fig. 3a). Lipid classes typical of degrada-
tion (Parrish 1998) and bacterial FAs loaded negatively

(Fig. 3a). Scores for net tows showed that larger zoo-
plankton were associated with fresh material while
seston was negatively loaded (Fig. 3b).

PC2 explained 26% of the variance and represented
a seasonal axis showing that lipid parameters associ-
ated with marine lipids such as 22:6n-3 were positively
loaded while those associated with terrestrial sources
(18:2n-6 and 18:3n-3) were negatively loaded (Fig. 3a).
PLs and TAGs are not diagnostic for marine or terres-
trial sources; however, in this study it is clear that PLs
are associated with marine derived lipids while TAGs
are associated with terrestrially derived lipids. The dis-
tribution of the sample scores along PC2 shows a defi-
nite seasonal trend with samples taken in August and
September positively located and those from the later
in the fall negatively loaded (Fig. 3b).

TAGs and PLs clustered with PUFAs and were ele-
vated in zooplankton compared to seston. TAGs are
important for storage, and during the spring bloom in
Newfoundland, high levels of TAGs sink through the
water column (Parrish et al. 2000). PLs are essential
components of cell membranes, and marine organisms
generally have high levels of PUFAs. This lipid class
has been used to indicate freshly biosynthesized car-
bon (Derieux et al. 1998). HCs and alcohols (ALCs)
occur at elevated levels in sediments compared to
phytoplankton (Parrish 1998, Copeman & Parrish 2003)

Higher proportions of 18:4n-3 were found in large
zooplankton (>200 µm) compared to seston (Table 2).
The origin of this FA has previously been a source of
some debate (Ramos et al. 2003); however, it has been
linked to bacterial (Murphy & Abrajano 1994) and
dinoflagellate sources (Dalsgaard et al. 2003). Further,
this FA is likely an intermediate step in the chain elon-
gation and desaturation pathway that copepods such
as the harpacticoid Tisbe holothuriae use to form
22:6n-3 and 20:5n-3 from 18:3n-3 (Norsker & Stottrup
1994). The position of 18:4n-3 close to terrestrial mark-
ers in PCA analysis and away from other bacterial
markers is evident in Fig. 3a. This indicates that ele-
vated 18:4n-3 in copepods is associated with chain
elongation of terrestrial material within zooplankton
and not due to an increase in bacterial or dinoflagellate
sources. Compound-specific isotope data, presented
below, support the origin of significant amounts of
18:4n-3 as being from a terrestrial carbon source.

Primary producers

The lipid composition of 3 photoautotrophs (eelgrass
blades, macroalgae, and eelgrass epiphytes) is shown
in Table 2. The 2 major lipid classes in eelgrass blades
were PLs (32%) and AMPLs (34%), while the major
FAs were 16:0 (22%), 18:2n-6 (13%), and 18:3n-3
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(27%). Levels of these FAs agree with previous studies
on FA signatures of eelgrass blades and roots (Kharla-
menko et al. 2001). Epiphytic algae had increased pro-
portions of 16:1n-7 (diatom marker) and high levels of
bacterial markers (8.3%), while macroalgae were
characterized by elevated levels of 20:4n-6 relative to
other sources of primary production (Table 2).

High levels of 18:2n-6 and 18:3n-3 in eelgrass makes
the use of these FAs as terrestrial markers in eelgrass
habitats problematic. However, different values of δ13C
in eelgrass and terrestrial plants allow us to rule out
any significant input of eelgrass into the diet of juve-
nile cod (see below in ‘Compound specific isotope
analysis’). Further, other studies have used FAs and
δ13C to validate the terrestrial markers 18:2n-6 and
18:3n-3 in both shallow (Budge et al. 2001) and fjord-
like systems (Ramos et al. 2003). Additionally, seasonal
rainfall data collected by Environment Canada in
Newman Sound showed much higher levels of rainfall
in November (130 mm monthly) than compared to ear-
lier in August (23 mm monthly). Increased rainfall
would contribute to elevated levels of terrestrial car-
bon in run-off to surrounding eelgrass habitat.

Epibenthos

When averaged over the late summer and fall,
mysids Mysis stenolepis and amphipods Gammarus sp.
had similar lipid class and FA profiles (Table 3). TAGs
(~34%) and PLs (~33%) were the major lipid classes;
however, amphipods contained a high level of free FAs
(20%). The major SFA in amphipods and mysids was
16:0 (~17%), while 16:1n-7 (~6%) and 18:1n-9 (~12%)
were the most abundant MUFAs, and 20:5n-3 (~18%)
and 22:6n-3 (14%) were the major PUFAs. The 22:6n-
3/20:5n-3 ratio was lower in mysids and amphipods
(0.8:1) than in zooplankton (1.4:1), while higher pro-
portions of 20:4n-6 (4.2%) were found in both types of
epibenthic prey compared to that in zooplankton (2%).

Fig. 4 shows the seasonal change in a marine (22:6n-3)
and selected terrestrial (18:3n-3 and 18:2n-6) PUFAs for
epibenthic prey and zooplankton. Significantly higher
levels of 22:6n-3 and lower levels of terrestrial markers
occurred in August. Conversely, lower levels of 22:6n-3
and elevated levels of terrestrial markers were observed
in November. The only non-significant trend in these
FAs was the change in 18:2n-6 from August to Novem-
ber in epibenthic prey.

Using 12 lipid class and FA variables, we were able
to explain 54% of the variation in zooplankton and
epibenthic prey collected from August to November in
Newman Sound (Fig. 5) in the first 2 PCA axes. The
lipid coefficient distribution showed that FAs associ-
ated with marine sources were loaded positively on

PC1 (32% of the variance, Fig. 5a), while those associ-
ated with terrestrial material were negatively loaded.
PC2 explained 22% of the variation, and FAs associ-
ated with the benthos, including benthic diatoms
(16:1n-7) and macroalgae (20:4n-6), were negatively
positioned. Conversely, FAs and lipid classes associ-
ated with water column terrestrial (18:2n-6 and
18:3n-3, HCs, and AMPLs) and marine sources
(docosahexaenoic acids, DHAs and PLs) were posi-
tively loaded.

The scores for epibenthic prey and zooplankton
showed both seasonal trends and trophic differences.
Prey items were divided into those collected in August
and September and those collected in October and
November. On PC1, zooplankton and mysids collected
in summer were positively located, indicating a signif-
icant marine input to their diet. Zooplankton collected
later in October and November shifted to the negative
side of PC1, indicating enrichment in terrestrial mater-
ial later in the season. However, zooplankton samples
showed more variation along this axis, indicating a
greater shift in carbon source throughout the season
compared to mysids and amphipods.

Along the pelagic to benthic axis (PC2, Fig. 5b) zoo-
plankton were located positively, indicating they had
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Mysids Amphipods 
(n = 26) (n = 32)

Total lipids (mg ind.–1) 1.2±0.7 0.3±0.3

% of lipid classes
Triacylglycerols 35.3±18.4 33.7±14.5
Free fatty acids 8.3±4.6 19.5±7.0
Sterols 8.1±2.1 7.7±3.0
Diacylglycerols 3.5±1.7 1.9±2.0
Acetone mobile polar lipids 4.3±1.3 5.4±1.9
Phospholipids 38.4±17.6 27.8±12.1

% fatty acids
14:0 3.2±1.07 1.8±0.6
16:0 17.3±1.6 14.9±1.3
ΣSFA 25.5±1.7 21.4±2.0
16:1n-7 8.5±2.8 3.2±1.1
18:1n-9 8.1±0.7 16:8±4.5
18:1n-7 3.0±0.2 2.7±0.4
ΣMUFA 24.2±2.2 28.4±5.4
18:2n-6 1.8±0.5 4.8±1.2
18:3n-3 1.5±0.5 2.0±0.4
18:4n-3 3.1±1.5 2.1±1.0
20:4n-6 4.1±1.4 4.2±2.5
20:5n-3 17.5±1.5 18.2±3.3
22:6n-3 14.4±3.5 13.7±3.1
ΣPUFA 50.3±2.3 50.2±4.9
DHA:EPA 0.8±0.2 0.8±0.1
Bacteria 4.4±0.9 3.8±0.6

Table 3. Major lipid classes (>4% in at least one group) and
fatty acids (>2%) in mysids and amphipods collected from
August to November 2002 over Zostera marina beds in 

Newman Sound (mean ± SD). Abbreviations as in Table 2
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dietary input from pelagic terrestrial and marine
sources and not from macroalgae and benthic diatoms.
In contrast, mysids had a negative position along PC2,
which indicates that benthic diatoms and macroalgae
were major sources of dietary carbon. Amphipods
showed an intermediate position along PC2, and this
may demonstrate consumption of a mixture of organic
material.

Juvenile cod

Grant & Brown (1998) compared the diet of age-0
and age-1 cod foraging over eelgrass in Trinity Bay,
Newfoundland. They found that after settlement into
eelgrass, juvenile cod developed a diel feeding strat-
egy. During the day they actively forage on pelagic
prey over eelgrass and at night they reduce feeding
and disperse into bottom cover. Benthic and epibenthic
prey were of minor importance to the diet of age-0 cod.

Conversely, mysids and amphipods were found to be
the major prey item for age-1 juvenile cod foraging at
night over eelgrass. Thus, an ontogenetic shift in diet
and lipid markers is expected after settlement, with
benthic food sources increasing in importance.

Table 4 summarizes lipid class and FA compositions
of juvenile Atlantic cod during the 4 periods. Detailed
analysis of lipid classes in relation to juvenile cod con-
dition and timing of settlement are found in Copeman
et al. (2008). Significant differences between pelagic
and settled juvenile fish during both October and
November were found, with settled fish having lower
relative amounts of lipids (mg g–1 wet weight) in
November and lower proportions of PLs and sterols in
both October and November. The FA composition of
settled fish in both months showed a significantly
greater input of terrestrial FAs in settlers compared to
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Fig. 4. Seasonal changes in polyunsaturated fatty acid (PUFA)
levels in 2 types of epibenthic and 2 sizes of zooplankton dur-
ing the late summer and fall of 2002. DHA: docosahexaenoic
acid; ZP: zooplankton. A: August; S: September; O: October; 
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pelagic juveniles (Table 4). When pelagic juveniles
were compared across 4 mo, fish collected in August
showed significantly lower levels of terrestrial FAs
than pelagic fish collected later in the season (Table 4).

PCA of specific FAs and lipid classes in both settled
and pelagic juvenile cod from August until November
is given in Fig. 6. PC1 explained 51% of the variance,
and examination of the lipid loading coefficients indi-
cates that the marine FAs found in cod phospholipids
are positively loaded on PC1 while terrestrial FAs that
are normally stored in neutral lipids are negatively
loaded. When the scores for fish are examined, the
August pelagic juveniles are located positively on PC1
with pelagic juveniles from later in the season moving
to the negative side of the axis. Most negatively loaded
onto this axis are the settled juveniles from November
that have the highest relative amounts of terrestrial
FAs and the lowest level of lipid as a proportion of wet
weight. This confirms that fish mimic both pelagic and
benthic prey items with increased terrestrial makers in
November compared to August. Higher levels of C18

PUFA in both zooplankton and epibenthic prey likely
also decreased food quality for fish in November.

Lipid classes and FAs from juvenile cod are shown as
a function of month and settlement status (Table 4). To-
tal lipids were 1.3 to 2.1% of wet weight, while previ-
ous reports on Newfoundland adult cod lipid composi-
tion showed that the flesh had 0.6% lipids while the
liver contained 24% (Copeman & Parrish 2003). Settle-
ment has previously been defined as 60 mm in standard
length (SL) based on behavioral and pigmentation
characteristics (Methven & Bajdik 1994, Laurel et al.
2003a) and more recently based on biochemical charac-
teristics (Copeman et al. 2008). Table 4 shows that
pelagic juvenile cod had low levels of total lipids and
high proportions of PLs relative to TAGs, indicating few
lipid reserves were present in the liver during settle-
ment in the nearshore. Further, Copeman et al. (2008)
found a significant break point in the regression of lipid
class parameters with SL that occurred at the time of
settlement. Cod also increased use of PLs and sterols
and decreased relative amounts of lipid in the flesh at
~60 mm SL. Continued growth, with reduced energy
storage, indicates that gape-limited predation pressure
was a significant factor driving lipid utilization during
settlement. This theory is supported by high predation
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August September October November
Pelagic Pelagic Pelagic Settled Pelagic Settled
(n = 12) (n = 13) (n = 13) (n = 7) (n = 14) (n = 23)

Total lipids (mg g–1 wet wt) 21.2 ± 4.2 19.5 ± 4.7 17.1 ± 6.4 16.0 ± 6.2 18.0 ± 3.0a 12.5 ± 5.1b

Total lipids (mg ind.–1) 25.2 ± 9.7 19.0 ± 7.7 19.7 ± 7.8a 36.4 ± 9.9b 19.5 ± 10.0a 40.4 ± 8.8b

% of total lipids
Triacylglycerols 20.9 ± 11.7 21.6 ± 5.0 19.6 ± 8.8 25.1 ± 5.6 18.8 ± 10.6a 35.7 ± 11.0b

Free fatty acids 13.5 ± 3.2 9.9 ± 3.0 8.8 ± 2.0 9.6 ± 3.3 10.6 ± 3.4 10.3 ± 3.9
Sterols 9.6 ± 2.4 10.1 ± 1.3 8.9 ± 1.3 8.3 ± 1.5 10.2 ± 1.7a 7.7 ± 1.6b

Acetone mobile polar lipids 5.2 ± 1.8 5.7 ± 1.6 7.1 ± 2.2 7.2 ± 1.6 6.8 ± 3.2 8.2 ± 3.3
Phospholipids 47.1 ± 7.9 49.8 ± 4.6 50.6 ± 8.7 44.86 ± 7.2 49.8 ± 8.4a 31.5 ± 9.9b

Major fatty acids (% total)
14:0 2.1 ± 0.5 2.4 ± 0.4 1.7 ± 0.3 1.7 ± 0.4 1.8 ± 0.4 1.9 ± 0.6
16:0 16.1 ± 1.6* 17.5 ± 0.8 17.7 ± 2.6 16.5 ± 0.7 18.5 ± 2.6a 14.8 ± 3.4b

18:0 4.8 ± 0.6* 4.3 ± 0.5 4.5 ± 0.5 4.5 ± 0.4 4.4 ± 0.5 4.0 ± 0.6
16:1n-7 1.9 ± 0.4 1.9 ± 0.4 1.6 ± 0.2 1.9 ± 0.5 2.1 ± 0.4a 2.4 ± 0.5b

18:1n-9 9.2 ± 1.0 9.3 ± 0.7 9.2 ± 0.8 9.3 ± 0.5 9.8 ± 1.5 9.8 ± 1.0
18:1n-7 2.1 ± 0.2 2.1 ± 0.4 2.1 ± 0.2a 2.3 ± 0.2b 2.6 ± 0.3 2.7 ± 0.4
20:1n-9 3.0 ± 1.2 2.5 ± 0.9 1.9 ± 0.9 2.1 ± 0.8 2.3 ± 1.0 2.9 ± 1.9
22:1n-11&13 3.1 ± 2.0 1.8 ± 0.8 0.9 ± 0.9 1.1 ± 0.9 1.1 ± 0.8 1.8 ± 1.6
18:2n-6 1.3 ± 0.4* 2.2 ± 0.2 2.7 ± 0.3a 3.1 ± 0.4b 2.7 ± 0.7a 3.9 ± 0.9b

18:3n-3 1.0 ± 0.2* 1.7 ± 0.2 1.9 ± 0.3 2.1 ± 0.1 1.5 ± 0.4a 2.3 ± 0.4b

18:4n-3 2.1 ± 0.7* 3.3 ± 0.5 3.5 ± 0.8 3.9 ± 0.3 3.0 ± 0.9a 4.7 ± 1.2b

20:5n-3 11.5 ± 0.8 11.5 ± 0.7 12.2 ± 1.3 12.8 ± 1.0 12.6 ± 1.6 13.4 ± 1.2
22:6n-3 28.5 ± 4.0 26.9 ± 3.1 27.9 ± 2.9 26.7 ± 2.5 25.3 ± 6.5 23.7 ± 3.7
Bacterial 3.2 ± 0.2* 3.0 ± 0.6 2.6 ± 0.3 2.5 ± 0.3 2.5 ± 1.0 2.2 ± 0.5
Terrestrial 2.3 ± 0.2* 3.9 ± 0.4 4.6 ± 0.6a 5.2 ± 0.4b 4.2 ± 1.1a 6.2 ± 1.2b

*Significant effect of month on lipid composition between pelagic fish only (ANOVA, p < 0.05)
a,bSignificant difference between pelagic and settled fish within a month (ANOVA, p < 0.05)

Table 4. Gadus morhua. Major lipid classes (>4%) and fatty acids (>2%) in settled (<60 mm) and pelagic (>60 mm) fish collected 
from August to November 2002 in Newman Sound Zostera marina beds (mean ± SD)
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rates measured over eelgrass habitat in Newman
Sound (Linehan et al. 2001, Laurel et al. 2003a).

A comparison of lipid class composition between set-
tled and pelagic fish in November showed unexpect-
edly that settled fish had significantly lower relative
proportions of total lipids and lower proportions of PLs
per wet weight than pelagic fish (Table 4). Most stud-
ies on juvenile fish have been based in freshwater or
estuarine systems and have shown a significant
increase in lipids prior to the onset of winter (Griffiths
& Kirkwood 1995, Hurst & Conover 2003). Lipid class
utilization at settlement in juvenile cod is driven in
large part by utilization of PLs (Copeman et al. 2008).
This pattern is also unexpected given the classic adult
cod scenario of using TAGs in the liver first followed by
protein in the muscle (Black & Love 1986, Hemre et al.

1993). However, PL utilization does occur in lipid-
limiting situations such as during egg or early larval
development (Tocher et al. 1985), indicating that juve-
nile fish may be more similar to larval stages in terms
of lipid metabolism.

The main SFAs, MUFAs, and PUFAs in the whole
bodies of cod were 16:0, 18:1n-9, and 20:5n-3 + 22:6n-3,
respectively (Table 4). Levels of these FAs are in agree-
ment with amounts previously found in whole-animal
analysis of cod (Kirsch et al. 1998). Like most organ-
isms, fish can carry out de novo biosynthesis of SFAs
and MUFAs with chain lengths up to C18; however, syn-
thesis of longer chain C20 + C22 PUFAs is inadequate to
meet physiological demand (Henderson & Sargent
1985, Sargent et al. 1989). Therefore, high levels of pre-
formed long-chain PUFAs are required in the diet.

Increased proportions of 22:6n-3 are found in neural
PLs of marine fish (Mourente & Tocher 1992, Sargent
et al. 1999). Earlier work in fish nutrition has shown
that inclusion of high levels of C18 PUFAs negatively
affects growth and survival. The mechanism of this ef-
fect is via competition between 18:3n-3 with longer
chain 22:6n-3 and 20:5n-3 for transacylases and acy-
lases that esterify FAs onto PL backbones. Given the
specificity of cod membranes for 22:6n-3, a dietary
22:6n-3/20:5n-3 ratio of 2:1 has been recommended for
marine fish (Sargent 1995, Sargent et al.1999). This ra-
tio was higher in zooplankton than epibenthic prey but
decreased in all potential prey from August to Novem-
ber, further indicating a decrease in food quality.

Compound-specific isotope analysis

Fig. 7a shows the stable carbon isotope values for
specific FAs found in various primary producers in eel-
grass habitat. Unfortunately, samples of epibenthic
algae from eelgrass were too weak to be analyzed
using this method. For other primary producers, an
early August sample and a November sample were
analyzed. Early values were more enriched in 13C com-
pared to later values. When the δ13C weighted mean
was calculated for all identified FAs, the following
ranges were found: eelgrass (early: –13.50‰, late:
–14.6‰), macroalgae (early: –20.7‰, late: –22.9‰),
and seston (early: –23.1‰, late: –24.7‰). Values for
δ13C in the smallest net tow fraction were in agreement
with literature values for plankton sampled in late
October in Notre Dame Bay, Newfoundland (Budge et
al. 2001). 18:3n-3 and 18:2n-6 had lower δ13C values in
seston and zooplankton (Fig. 7).

The stable carbon isotope values for specific FAs
found in fish (n = 6), zooplankton (n = 2), epibenthic
prey (n = 4), and literature values for Newfoundland
marine plankton and a terrestrial plant are given in
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Fig. 7b (Budge et al. 2001). Mysids and
amphipods had more 13C enriched val-
ues than zooplankton and fish, while
Equisetum, a terrestrial plant, showed
the most depleted values for the ter-
restrial markers (18:2n-2 and 18:3n-3).
Similar values for δ13C in 18:4n-3 and
18:3n-3 found in copepods (Fig. 7b)
further support the assertion that they
have similar origins.

August samples of zooplankton and
fish were more enriched in 13C com-
pared to later values. When the isotopic
weighted average was calculated for
consumers, the following ranges were
found: mysids (early: –22.8‰, late:
–21.9‰), amphipods (early: –22.9‰,
late: –22.2‰), zooplankton (early:
–26.4‰, late: –26.8‰), and fish (early:
–25.9‰, late: –27.4‰).

Much higher values of δ13C in both
18:2n-6 and 18:3n-3 from eelgrass
(–14‰, Fig. 7a) compared to plankton,
epibenthic prey, and fish (–22 to
–29‰, Fig. 7b) indicate that there is
very little contribution from eelgrass to
these 2 FAs, which are elevated
throughout the food web during the
fall. The most likely sources of large
amounts of depleted 18:2n-6 and
18:3n-3 are from C3 terrestrial plants
(–28‰, bulk carbon) or certain fresh-
water algae. Levels of δ13C in fresh-
water algae vary considerably from
–20‰ to –45‰ in bulk carbon depend-
ing on their source of dissolved CO2

(Fry 2006).
Recently, Boschker et al. (2005) ex-

amined the phospholipid-derived FAs
in the plankton community along a
salinity gradient in a North Sea estu-
ary. Their results varied with salinity
(1 to 32), but at salinities similar to ours
(31) they found levels of δ13C in their
green algae marker (18:3n-3) to be
–26‰. We report values of 18:3n-3 in
the fall as depleted as –29‰. Further,
Boschker et al. (2005) reported very
low concentrations of freshwater
algae-derived FAs (18:3n-3, 18:2n-6,
18:4n-3) at salinities >5 compared to
samples collected at <5. Also, our
identification of net tow samples
showed no fresh phytoplankton cells,
with our smallest size fraction domi-
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Fig. 7. Compound-specific fatty acid isotope data for (a) primary producers and
(b) secondary consumers in August (A) and November (N) during 2002. POM:
particulate organic matter. Lines represent the weighted averages for all fatty
acids in a given sample. *Literature data for net tow and terrestrial plants 

(Equisetum) are from Budge et al. (2001)
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nated by fecal pellets and detritus. Therefore, freshwa-
ter algae are not a likely source of the depleted FAs
(18:3n-3, 18:2n-6, 18:4n-3) that we observed in increas-
ing proportions during fall.

In our study, the most likely sources of elevated levels
of depleted 18:3n-3 and 18:2n-6 are terrestrial C3

plants. Budge & Parrish (1998) analyzed a number of
terrestrial sources of carbon surrounding Trinity Bay,
Newfoundland, for the sum of the proportions of
18:2n-6 and 18:3n-3. They found high levels in Equi-
setum (~50%), Carex (~30%), and pine pollen (~16%).
Further, parallel samples taken in Newman Sound dur-
ing 2002 give bulk carbon isotope levels of –30.4‰ in
spruce Picea mariana needles and –28.6‰ in alder
Alnus incana leaves (Jameison et al. unpubl. data).
When we adjust these values with the consideration
that lipid synthesis imparts an additional fractionation
of approximately 3 to 5‰ relative to total biomass, this
puts the lipid composition of these 2 terrestrial plants
between –31.5 and –35.5‰. Contributions of terrestrial
run-off containing high proportions of terrestrial FAs
that are depleted in carbon would explain the lighter
values of these FAs seen throughout the food web.

Isotope evidence indicates a more 13C-enriched food
source for amphipods and mysids than for zooplankton
and fish. Other possible sources of primary production
for mysids and amphipods are macroalgae and benthic
diatoms (high levels of 20:4n-6 and 16:1n-7). The iso-
topic signature agrees with trends from PCA of
epibenthic prey and zooplankton, where epibenthic
prey were closer to a benthic food source (Fig. 5). Iso-
topically, fish do not resemble epibenthic prey, but
rather are very similar to zooplankton.

CONCLUSIONS

The examination of lipid biomarkers and compound-
specific isotopes in eelgrass beds during 2002 provided
complementary data indicating increased terrestrial
carbon input into the diet of juvenile cod during the
fall. The use of these 2 techniques clarified the utility of
18:3n-3 and 18:2n-2 as an indicator of terrestrial car-
bon, and isotopic data distinguished terrestrial sources
from eelgrass carbon. We found no evidence that eel-
grass was used either by juvenile cod or their prey as a
source of carbon. Decreased food quality and a reduc-
tion in PUFA content and total lipids in cod flesh dur-
ing the fall indicate that the functional significance of
eelgrass is not to provide increased nutrition but rather
refuge. Given the indicated input of terrestrial carbon
into the diet of juvenile cod at settlement, terrestrial
buffer zones surrounding eelgrass habitat should also
be considered in the evaluation of essential fish habitat
for this species.

Acknowledgements. This research was supported by a Nat-
ural Sciences and Engineering Research Council (NSERC)
Canadian Graduate Fellowship awarded to L.A.C., funding
from Fisheries and Oceans Canada through its Environmental
Sciences Strategic Research Fund (R.S.G. and R.E.J.), and
NSERC grants (C.C.P.). We are also grateful to numerous
research assistants from Memorial University and Fisheries
and Oceans Canada employees who worked with us in Terra
Nova National Park. Three anonymous reviewers provided
useful comments on a previous draft of this manuscript.

LITERATURE CITED

Arts MT, Ackman RG, Holub BJ (2001) ‘Essential fatty acids’ in
aquatic ecosystems: a crucial link between diet and human
health and evolution. Can J Fish Aquat Sci 58:122–137

Auel H, Harjes M, da Rocha R, Stubing D, Hagen W (2002)
Lipid biomarkers indicate different ecological niches and
trophic relationships of the Arctic hyperiid amphipods
Themisto abyssorum and T. libellula. Polar Biol 25:
374–383

Black D, Love RM (1986) The sequential mobilization and
restoration of energy reserves in tissues of Atlantic cod
during starvation and refeeding. J Comp Physiol B
Biochem Syst Environ Physiol 156:469–479

Boschker HTS, Wielemaker A, Schaub BEM, Holmer M
(2000) Limited coupling of macrophyte production and
bacterial carbon cycling in the sediments of Zostera spp.
meadows. Mar Ecol Prog Ser 203:181–189

Boschker HTS, Kromkamp JC, Middelburg JJ (2005) Bio-
marker and carbon isotopic constraints on bacterial and
algal community structure and functioning in a turbid,
tidal estuary. Limnol Oceanogr 50:70–80

Budge SM (1999) Fatty acid biomarkers in a cold water
marine environment. PhD dissertation, Memorial Univer-
sity of Newfoundland, St. John’s 

Budge SM, Parrish CC (1998) Lipid biogeochemistry of plank-
ton, settling matter and sediments in Trinity Bay, New-
foundland. II. Fatty acids. Org Geochem 29:1547–1559

Budge SM, Parrish CC (1999) Lipid class and fatty acid com-
position of Pseudo-nitzschia multiseries and Pseudo-
nitzschia pungens and effects of lipolytic enzyme deacti-
vation. Phytochemistry 52:561–566

Budge SM, Parrish CC, McKenzie CH (2001) Fatty acid com-
position of phytoplankton, settling particulate matter and
sediments at a sheltered bivalve aquaculture site. Mar
Chem 76:285–303

Canuel EA, Cloern JE, Ringelberg DB, Guckert JB, Rau GH
(1995) Molecular and isotopic tracers used to examine
sources of organic matter and its incorporation into the
food webs of San Francisco Bay. Limnol Oceanogr 40:
67–81

Canuel EA, Freeman KH, Wakeham SG (1997) Isotopic com-
positions of lipid biomarker compounds in estuarine plants
and surface sediments. Limnol Oceanogr 42:1570–1583

Cloern JE, Canuel EA, Harris D (2002) Stable carbon and
nitrogen isotope composition of aquatic and terrestrial
plants of the San Francisco Bay estuarine system. Limnol
Oceanogr 47:713–729

Colombo JC, Silverberg N, Gearing JN (1997) Lipid biogeo-
chemistry in the Laurentian Trough-II. Changes in compo-
sition of fatty acids, sterols and aliphatic hydrocarbons
during early diagenesis. Org Geochem 26:257–274

Copeman LA, Parrish CC (2003) Marine lipids in a cold
coastal ecosystem: Gilbert Bay, Labrador. Mar Biol 143:
1213–1227

249



Mar Ecol Prog Ser 386: 237–251, 2009

Copeman LA, Parrish CC, Brown JA, Harel M (2002) Effects of
docosahexaenoic, eicosapentaenoic, and arachidonic acids
on the early growth, survival, lipid composition and pig-
mentation of yellowtail flounder (Limanda ferruginea): a
live food enrichment experiment. Aquaculture 210:285–304

Copeman LA, Parrish CC, Gregory R, Wells J (2008)
Decreased lipid storage in juvenile Atlantic cod (Gadus
morhua) during settlement in cold-water eelgrass habitat.
Mar Biol 154:823–832

Cossins AR, Lee JA (1985) The adaptation of membrane struc-
ture and lipid composition in cod. In: Gilles R (ed) Circula-
tion, respiration, and metabolism. Springer, Berlin, Hei-
delberg, New York

Cossins AR, Friedlander MJ, Prosser CL (1977) Correlations
between behavioural temperature adaptations of goldfish
and the viscosity and fatty acid composition of their synap-
tic membranes. J Comp Physiol A Sens Neural Behav
Physiol 120:109–121

Cote D, Ollerhead LMN, Scruton DA, McKinley RS (2003)
Microhabitat use of juvenile Atlantic cod in a coastal area
of Newfoundland determined by 2D telemetry. Mar Ecol
Prog Ser 265:227–234

Dalsgaard J, St. John M, Kattner G, Muller-Navarra D, Hagen
W (2003) Fatty acid trophic markers in the pelagic marine
environment. Adv Mar Biol 46:225–340

Davis CC (1982) A preliminary quantitative study of the zoo-
plankton from Conception Bay, insular Newfoundland,
Canada. Int Rev Gesamten Hydrobiol 67:713–747

DeNiro MJ, Epstein S (1978) Influence of diet on the distribu-
tion of carbon isotopes in animals. Geochim Cosmochim
Acta 42:495–506

Derieux S, Fillaux J, Saliot A (1998) Lipid class and fatty acid
distributions in particulate and dissolved fractions in the
north Adriatic sea. Org Geochem 29:1609–1621

Duarte CM (1989) Temporal biomass variability and produc-
tion/biomass relationships of seagrass communities. Mar
Ecol Prog Ser 51:269–276

Evjemo JO, Reitan KI, Olsen Y (2003) Copepods as live food
organisms in the larval rearing of halibut larvae (Hip-
poglossus hippoglossus L.) with special emphasis on the
nutritional value. Aquaculture 227:191–210

Folch J, Lees N, Sloane-Stanley GH (1957) A simple method
for the isolation and purification of total lipids from animal
tissues. J Biol Chem 226:497–509

Fraser AJ, Sargent JR (1989) Formation and transfer of fatty
acids in an enclosed marine food chain comprising phyto-
plankton, zooplankton and herring (Clupea harengus L.)
larvae. Mar Chem 27:1–18

Fry B (2006) Stable isotope ecology. Springer, New York
Fry B, Sherr EB (1984) Delta super (13)C measurements as

indicators of carbon flow in marine and freshwater ecosys-
tems. Contrib Mar Sci 27:13–47

Gotceitas V, Fraser S, Grown JA (1995) Habitat use by juve-
nile Atlantic cod (Gadus morhua) in the presence of an
actively foraging and non-foraging predator. Mar Biol 123:
421–430

Gotceitas V, Fraser S, Brown JA (1997) Use of eelgrass beds
(Zostera marina) by juvenile Atlantic cod (Gadus morhua).
Can J Fish Aquat Sci 54:1306–1319

Grahl-Nielsen O, Mjaavatten O (1991) Dietary influence of
fatty acid composition of blubber fat of seals as deter-
mined by biopsy: a multivariate approach. Mar Biol 110:
59–64

Grant SM, Brown JA (1998) Diel foraging cycles and interac-
tions among juvenile Atlantic cod (Gadus morhua) at a
nearshore site in Newfoundland. Can J Fish Aquat Sci 55:
1307–1316

Grant SM, Brown JA (1999) Variation in condition of coastal
Newfoundland 0-group Atlantic cod (Gadus morhua): field
and laboratory studies using simple condition indices. Mar
Biol 133:611–620

Griffiths D, Kirkwood RC (1995) Seasonal variation in growth,
mortality, and fat stores of roach and perch in Lough
Neagh, Northern Ireland. J Fish Biol 47:537–554

Hemre G, Karlsen O, Lehmann G, Holm JC, Lie O (1993) The
utilization of protein, fat and glycogen in cod (Gadus
morhua) during starvation. Fiskeridir Skr Ser Ernaering 6:
1–9

Henderson RJ, Sargent JR (1985) Fatty acid metabolism in
fish. In: Cowey CB, Mackie AM, Bell JG (eds) Nutrition
and feeding in fish. Academic Press, New York, p 349–364

Holmer M, Nielsen SL (1997) Sediment sulfur dynamics
related to biomass-density patterns in Zostera marina (eel-
grass) beds. Mar Ecol Prog Ser 146:163–171

Hurst TP, Conover DO (2003) Seasonal and interannual varia-
tion in the allometry of energy allocation in juvenile
striped bass. Ecology 84:3360–3369

Jaschinski S, Brepohl DC, Sommer U (2008) Carbon sources
and trophic structure in an eelgrass Zostera marina bed,
based on stable isotope and fatty acid analyses. Mar Ecol
Prog Ser 358:103–114

Kharlamenko VI, Kiyashko SI, Imbs AB, Vyshkvartzev DI
(2001) Identification of food sources of invertebrates from
the seagrass Zostera marina community using carbon and
sulfur stable isotope ratio and fatty acid analyses. Mar Ecol
Prog Ser 220:103–117

Kirsch PE, Iverson SJ, Bowen WE, Kerr SR, Ackman RG
(1998) Dietary effects on the fatty acid signature of whole
Atlantic cod (Gadus morhua). Can J Fish Aquat Sci 55:
1378–1386

Laurel BJ, Gregory RS, Brown JA (2003a) Predator distribu-
tion and habitat patch area determine predation rates on
Age-0 juvenile cod Gadus spp. Mar Ecol Prog Ser 251:
245–254

Laurel BJ, Gregory RS, Brown JA (2003b) Settlement and dis-
tribution of Age-0 juvenile cod, Gadus morhua and G.
ogac, following a large-scale habitat manipulation. Mar
Ecol Prog Ser 262:241–252

Lilly GR, Shelton PA, Brattey J, Cadigan NG and others (2003)
An assessment of the cod stock in NAFO Divisions 2J+3KL
in February 2003.  CSAS Res. Doc. – 2003/023. Newfound-
land and Labrador Region Science, Oceans and Environ-
mental Branch Fisheries  and Oceans Canada, St John’s

Linehan JE, Gregory RS, Schneider DC (2001) Predation risk
of age 0 cod (Gadus morhua) relative to depth and sub-
strate in coastal waters. J Exp Mar Biol Ecol 263:25–44

Manly BFJ (1986) Multivariate statistical methods: a primer.
Chapman & Hall, London

Mattila J, Chaplin G, Eilers MR, Heck KL Jr, O’Neil JP, Valen-
tine JF (1999) Spatial and diurnal distribution of inverte-
brate and fish fauna of a Zostera marina bed and nearby
unvegetated sediments in Damariscotta River, Maine
(USA). J Sea Res 41:321–332

Mayzaud P, Chanut JP, Ackman RG (1989) Seasonal changes
of the biochemical composition of marine particulate mat-
ter with special reference to fatty acids and sterols. Mar
Ecol Prog Ser 56:189–204

Meziane T, Tsuchiya M (2000) Fatty acids as tracers of organic
matter in the sediment and food web of a mangrove/inter-
tidal flat ecosystem, Okinawa, Japan. Mar Ecol Prog Ser
200:49–57

Meglen RR (1992) Examining large databases: a chemometric
approach using principal component analysis. Mar Chem
39:217–237

250



Copeman et al.: Fatty acid biomarkers in eelgrass

Methven DA, Bajdik C (1994) Temporal variation in size and
abundance of juvenile Atlantic cod (Gadus morhua) at an
inshore site off eastern Newfoundland. Can J Fish Aquat
Sci 51:78–90

Moriarty DJW, Iverson RL, Pollard PC (1986) Exudation of
organic carbon by the seagrass Halodule wrightii Aschers.
and its effect on bacterial growth in the sediment. J Exp
Mar Biol Ecol 96:115–126

Morrison WR, Smith LM (1964) Preparation of fatty acid
methyl esters and dimethylacetals from lipids with boron
fluoride methanol. J Lipid Res 5:600–608

Mourente G, Tocher DR (1992) Lipid class and fatty acid com-
position of brain lipids from Atlantic herring (Clupea
harengus) at different stages of development. Mar Biol
112:553–558

Murphy DE, Abrajano TA Jr (1994) Carbon isotope composi-
tion of fatty acids in mussels from Newfoundland estuar-
ies. Estuar Coast Shelf Sci 39:261–272

Myers RA, Hutchings JA, Barrowman NJ (1996) Hypotheses
for the decline of cod in the North Atlantic. Mar Ecol Prog
Ser 138:293–308

Norsker NG, Stottrup JG (1994) The importance of dietary
HUFAs for fecundity and HUFA content in the harpac-
ticoid, Tisbe holothuriae Humes. Aquaculture 125:
155–166

Orth RJ, Heck KL Jr, van Montfrans J (1984) Faunal commu-
nities in seagrass beds: a review of the influence of plant
structure and prey characteristics on predator-prey rela-
tionships. Estuaries 7:339–350

Parker JD, Duffy JE, Orth RJ (2001) Plant species diversity
and composition: experimental effects on marine epifau-
nal assemblages. Mar Ecol Prog Ser 224:55–67

Parrish CC (1987) Separation of aquatic lipid classes by Chro-
marod thin-layer chromatography with measurement by
Iatroscan flame ionization detection. Can J Fish Aquat Sci
44:722–731

Parrish CC (1988) Dissolved and particulate marine lipid
classes: a review. Mar Chem 23:17–40

Parrish CC (1998) Lipid biogeochemistry of plankton, settling
matter and sediments in Trinity Bay, Newfoundland. I.
Lipid classes. Org Geochem 29:1531–1545

Parrish CC, McKenzie CH, MacDonald BA, Hatfield EA (1995)
Seasonal studies of seston lipids in relation to micro-
plankton species composition and scallop growth in South
Broad Cove, Newfoundland. Mar Ecol Prog Ser 129:
151–164

Parrish CC, Abrajano TA, Budge SM, Helleur RJ, Hudson ED,
Pulchan K, Ramos C (2000) Lipid and phenolic biomarkers
in marine ecosystems: analysis and applications. In:

Wangersky PJ (ed) Marine chemistry. Springer, New York,
Heidelberg, Berlin, p 193–224

Parrish CC, Thompson RJ, Deibel D (2005) Lipid classes and
fatty acids in plankton and settling matter during the
spring bloom in a cold ocean coastal environment. Mar
Ecol Prog Ser 286:57–68

Ramos CS, Parrish CC, Quibuyen TAO, Abrajano TA (2003)
Molecular and carbon isotopic variation in lipids in rapidly
settling particles during a spring phytoplankton bloom.
Org Geochem 34:195–207

Reuss N, Poulsen LK (2002) Evaluation of fatty acids as bio-
markers for a natural plankton community. A field study of
a spring bloom and a post-bloom period off West Green-
land. Mar Biol 141:423–434

Sargent JR (1995) Origins and functions of egg lipids: nutri-
tional implications. In: Bromage NR, Roberts JR (eds)
Broodstock management and egg and larval quality.
Blackwell, Oxford, p 353–372

Sargent JR, Parkes RJ, Mueller-Harvey I, Henderson RJ
(1987) Lipid biomarkers in marine ecology. In: Sleigh MA
(ed) Microbes in the sea. Horwood, Chichester, p 119–138

Sargent JR, Bell MV, Henderson RJ, Tocher DR (1989) The
lipids. In: Halver J (ed) Fish nutrition. Academic Press,
New York, p 153–218

Sargent J, McEvoy L, Estevez A, Bell G, Bell M, Henderson J,
Tocher D (1999) Lipid nutrition of marine fish during early
development: current status and future directions. Aqua-
culture 179:217–229

Sogard SM, Able KW (1991) A comparison of eelgrass, sea
lettuce macroalgae, and marsh creeks as habitats for
epibenthic fishes and decapods. Estuar Coast Shelf Sci 33:
501–519

St John MA, Lund T (1996) Lipid biomarkers: linking the uti-
lization of frontal plankton biomass to enhance condition
of juvenile North Sea cod. Mar Ecol Prog Ser 131:75–85

Thompson PA, Harrison PJ, Whyte JNC (1990) Influence of
irradiance on the fatty acid composition of phytoplankton.
J Phycol 26:278–288

Thompson PA, Guo MX, Harrison PJ, Whyte JNC (1992)
Effects of variation in temperature. II. On the fatty acid
composition of eight species of marine phytoplankton. J
Phycol 28:488–497

Tocher DR, Fraser AJ, Sargent JR, Gamble JC (1985) Lipid
class composition during embryonic and early larval
development in Atlantic herring (Clupea harengus, L.).
Lipids 20:84–89

Veefkind RJ (2003) Carbon isotope ratios and composition of
fatty acids: tags and trophic markers of pelagic organisms.
PhD thesis. University of Victoria

251

Editorial responsibility: Yves Cherel,
Villers-en-Bois, France

Submitted: September 26, 2008; Accepted: April 15, 2009
Proofs received from author(s): June 25, 2009


	cite1: 
	cite2: 
	cite3: 
	cite4: 
	cite5: 
	cite6: 
	cite7: 
	cite8: 
	cite9: 
	cite10: 
	cite11: 
	cite12: 
	cite13: 
	cite14: 
	cite15: 
	cite16: 
	cite17: 
	cite18: 
	cite19: 
	cite20: 
	cite21: 
	cite22: 
	cite23: 
	cite24: 
	cite25: 
	cite26: 
	cite27: 
	cite29: 
	cite30: 
	cite31: 
	cite32: 
	cite33: 
	cite34: 
	cite35: 
	cite36: 
	cite37: 
	cite38: 
	cite39: 
	cite40: 
	cite41: 
	cite42: 
	cite43: 
	cite44: 
	cite45: 
	cite46: 
	cite47: 
	cite48: 
	cite49: 
	cite50: 
	cite51: 
	cite52: 
	cite53: 
	cite54: 
	cite55: 
	cite56: 
	cite57: 
	cite58: 
	cite59: 
	cite60: 
	cite61: 


