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ABSTRACT: All organic matter, fatty acids (FA) in particular, is transformed in the pelagic plankton food web before reaching fishes or benthic organisms. Mesozooplankton (0.2 to 2 mm) is the
main conduit for FA transfer, and FA profiles in sedimenting matter should therefore be significantly affected by its activity. To test this hypothesis, we sampled seston, zooplankton and sediment trap material for FA analysis during 5 campaigns spanning 4 seasons at a coastal site on the
west coast of Sweden. Saturated (SAFAs) and monounsaturated (MUFAs) FAs dominated seston
and trap material, while copepods contained 75 to 90% polyunsaturated FAs (PUFAs). Sedimentation of bulk particulate organic carbon did not vary significantly with season (coefficient of variation, CV = 33%), while pigment (CV = 49%) and in particular faecal pellet fluxes (CV = 100%)
were highly variable as a result of copepod feeding activity. Copepod feeding, pellet production
and egg production were all high after the spring bloom and in summer and autumn. Overall, 5 to
25% of the sedimenting FAs were affected by copepod feeding activities, and the supply of PUFAs
to the benthos was significantly enhanced by copepod grazing activity. SAFAs and MUFAs were
enriched by 5 to 10% in sediment traps, while the proportion of the most important PUFA, docosahexaenoic acid, was reduced by up to 15% in summer and autumn. In conclusion, the periods of
significant input of PUFAs to the sediment coincide with the period of highest transformation by
the mesozooplankton, which in the present study was summer and autumn.
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Zooplankton is a major transformer of the carbon
fixed by phytoplankton, and copepods are the most
important group for this task. The grazing and
metabolism of copepods will change the quality of
the organic matter by accumulating essential constituents for growth and reproduction of fish (e.g.
Fenchel 1988). Indeed, zooplankton has a completely
different fatty acid (FA) profile than its food (e.g.
Cotonnec et al. 2001, Persson & Vrede 2006).
The FAs in seston are dominated by C16 and C18
saturated FAs (SAFAs) and lower amounts of mono-

unsaturated (MUFAs) and polyunsaturated (PUFAs)
FAs. However, there are strong seasonal changes
related to phytoplankton biomass and composition,
with the highest amount of PUFA (> 50%) found during blooms (Mayzaud et al. 1989, Skerratt et al. 1995,
Reuss & Poulsen 2002, Parrish et al. 2005, Leu et
al. 2006). The relative amount of PUFA in seston
has been shown to decline with depth (Parrish et
al. 2005), and bacterial breakdown (Kaneda 1991),
autoxidation (Ding & Sun 2005) and zooplankton
grazing are potential reasons for this transformation. Copepods are involved in all of these processes,
since they enhance the vertical transfer through re-
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packaging the organic material into faecal pellets
(Kiørboe 1993) and they also degrade the quality of
sedimenting organic matter by assimilation and
metabolism.
Coastal waters are more productive than open
oceans mainly due to the larger input of nutrients
from land, which enhance the phytoplankton growth.
The transformation impact of zooplankton is expected
to be highly variable in coastal waters because copepod abundance changes by 3 orders of magnitude
across seasons. Coastal waters are also characterised
by relatively short food chains where each trophic
level has a larger impact on the carbon flow than in
areas with relatively longer chains, e.g. open water
systems. Finally, coastal waters are shallow with a
tight benthic−pelagic coupling, and aggregation of
phytoplankton followed by rapid sinking results in a
very efficient transport of high-quality organic matter
to the benthos. Transit time for organic matter to
reach the bottom is short, which reduces the degradation of FAs by factors other than zooplankton feeding.
Since mesozooplankton is the primary converter of
low-energy phytoplankton sugars into high-energy
lipids, we hypothesised that it is also a significant
transformer of the FA profile of seston exported to the
benthos. We expected that the FA content of sedimenting matter will be different depending on the
activity of zooplankton and the seasonal changes in
phytoplankton assemblages, both of which might
affect the transformation. The vital rates of copepods
(grazing, growth) set an upper limit for the impact
they might have as transformers. Hence, by comparing the changes in FA content between seston and
sediment traps, we may quantify the contribution of
copepods to the pelagic processing of photosynthetically fixed carbon. To this end, we investigated the
activity of copepods, their FA composition and the
quantity and quality of sedimenting matter during 5
campaigns covering all 4 seasons at a coastal site on
the west coast of Sweden.

MATERIALS AND METHODS
Sampling was carried out at a station near the entrance of the Gullmar Fjord (58° 15’ 2’’ N, 11° 26’ 2’’ E,
depth 43 m) during 5 campaigns: 2 to 9 October 2006
(hereafter referred to as Oct 06); 22 to 29 January
(Jan 07), 27 February to 14 March (Feb-Mar 07) and
6 to 13 July 2007 (Jul 07); and 14 to 21 March 2008
(Mar 08). We repeated the sampling scheme every
second day, 4 to 6 times in total for each campaign.
Basic data on temperature, salinity, in situ fluores-

cence, chlorophyll, nutrients, phytoplankton and protist species composition are presented in a previous
paper (Calliari & Tiselius 2009).
Water was collected at the surface and at 5, 10, 15,
20 and 30 m depth for particulate organic carbon
(POC) and lipid analyses in seston with a Neil Brown
CTD rosette system. In the laboratory, 400 to 1000 ml
for each analysis were filtered through pre-combusted GF/F filters and quickly deep frozen (−80°C)
until analyses. POC retained in filters was determined on a FISON Instruments NA 1500 NC Analyser
(using acetinalide as the standard). For lipid analysis,
filters were extracted in a chloroform:methanol mixture (2:1 vol/vol).
Zooplankton was sampled with a 90 µm WP-2
hauled vertically from 20 m depth to the surface.
Samples were preserved with buffered formaldehyde (4% final concentration), and organisms were
identified and counted under a dissecting microscope. Biomass was estimated from length measurements using length−weight regressions taken from
the literature (Mauchline 1998, Rose et al. 2004).
Herbivorous ingestion rate for mesozooplankton
was estimated from gut fluorescence (Mackas &
Bohrer 1976) as described in detail by Calliari &
Tiselius (2009). Briefly, animals were collected at
night by gentle tows of a 250 µm mesh net, instantly
frozen, and in the laboratory, adults or C5 (copepods)
were picked under dim light, extracted in 96%
ethanol and gut pigment content measured on a
Turner Designs AU-10 fluorometer. Temperaturecorrected gut evacuation rates were used to estimate
ingestion (Dam & Peterson 1988). Egg and pellet production rates were estimated from bottle incubations
at in situ temperature and food conditions as described by Calliari & Tiselius (2009). Subsamples of
eggs and pellets were measured (eggs: diameter,
pellets: length and width), and pellets were converted to carbon by regressions for the Thalassiosira
weissflogii diet in Urban-Rich et al. (1998).
Sedimenting pellets, pigments, POC and lipids
were estimated from duplicate sediment traps at 15
and 30 m depth following Vargas et al. (2002). Traps
were 60 cm long and 8 cm diameter cylinders moored
at the sampling station (43 m depth). Traps were
deployed on the first sampling day of each campaign,
and every second day for 8 d, the content of the traps
(water and sedimented material) was collected in
clean buckets and brought to the laboratory. Deployment time was 48 h with occasional shorter (24 h) and
longer (72 to 96 h) times depending on weather conditions. For POC and lipid analyses, between 50 and
350 ml were filtered through pre-combusted GF/F
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filters, and further processing proceeded as described above. We then filtered 50 to 100 ml of water
on GF/F filters, extracted the pigments (chlorophyll
and phaeopigments) in 96% ethanol in the dark at
4°C, and after 24 h, read the fluorescence as described above for the copepods. Sub-samples (10 to
50 ml) were taken for enumeration of pellets and size
measurement. Pellet volumes were converted to carbon as described above.
For FA analyses in zooplankton, samples were collected by gentle tows of a 250 µm mesh net, the catch
diluted in temperature-insulated 20 l buckets and
transported to the laboratory. Less than 1 h after capture, samples were collected by sieving aliquots of
the diluted sample with live animals onto several
small pieces of plankton gauze, and quickly frozen at
−80°C until extraction. For extraction, samples were
thawed in seawater in Petri dishes and kept at a
temperature close to 0°C while picking individuals of
target species, which were placed in vials containing a chloroform:methanol mixture (2:1 vol/vol). The
number of individuals per replicate varied according
to species size, and was typically between 80 and
100 for smaller copepods and between 10 and 25 for
Calanus helgolandicus.
The FA composition of seston, copepods and trap
material was determined by extraction of the lipids
by a chloroform:methanol mixture (2:1 vol/vol) followed by trans-esterification of the lipids by acetyl
chloride in methanol. The FA methyl esters were
analysed by gas chromatography−mass spectrometry
(GC−MS). Before the extraction started, 1.84 ng
internal standard solution of tricosanoic acid methyl
ester (C23:0) in methanol was added to each vial. The
vials were sonicated at 0°C for 2 h, followed by evaporation of the solvent at 60°C under a flow of nitrogen. Reagent solution (1 ml) composed of a mixture
of toluene, methanol and acetyl chloride (40:50:10)
was added, and the vials were heated for 2 h at 90°C.
Aqueous NaHCO3 (5% by weight, 1 ml) was added
to the vials, and after vigorous shaking, the upper
layer containing the FA methyl esters was removed.
The water phase was extracted twice with heptane
(1 ml), and the combined organic layers were collected and evaporated at 60°C under a gentle stream
of nitrogen. Finally, the methyl esters were resuspended in chloroform (0.5 ml), and an aliquot of
the sample (5 µl) was analysed by GC−MS. The
GC−MS instrument was composed of an Agilent
6890 series gas chromatograph equipped with a programmable temperature vaporisation (PTV) inlet and
an Agilent 5973 mass selective detector. The column
was a 60 m Agilent DB23 with an inner diameter of
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250 µm and a film thickness of 0.3 µm. The carrier
gas was helium at a constant flow rate of 1 ml min−1.
The oven temperature program was initially at 60°C
with a temperature ramp of 24.6°C min−1 until 200°C,
which was maintained for 10 min followed by a
second temperature ramp of 5°C min−1 until 250°C,
which was kept for 3 min. The mass spectrometer
was run in selective ion monitoring mode (SIM) by
application of the masses m/z = 55, 74, 79 and 81. The
PTV inlet was operated in split-less mode and with
the evaporation program going from 60 to 300°C
with a temperature ramp of 720°C min−1 and kept for
2 min. It should be noted that the F.A.M.E. Mix C4C24 (SUPELCO 18919-1AMP) external standard for
the analysis did not include some potentially important PUFAs (e.g. C16, C18:4), but we did detect the
major FAs in seston and zooplankton.

Statistical analysis
Comparisons between campaigns for herbivorous
grazing, pellet production, egg production and total
FA concentration were made by single factor analysis
of variance (ANOVA) followed by Student-NewmanKeuls (SNK) post hoc tests. Sedimentation rates were
analysed separately at 15 and 30 m, since 2-factor
ANOVAs showed consistently higher values at 30 m.
Linear regressions were used to relate copepod egg
production to lipid content and for comparisons
between seston and trap FA composition and PUFA
concentrations. Temporal variability of sedimentation was evaluated by comparing coefficients of variation (CV = SD/mean × 100). Variables were checked
for heteroscedasticity by Levene’s test and log(x + 1)
transformed if necessary. If this transformation did
not result in homogeneous variances, a KruskalWallis test was used. FAs were grouped into SAFAs,
MUFAs and PUFAs following Brett & Müller-Navarra
(1997). Fractions of PUFA, docosahexaenoic acid
(22:6(n-3), DHA) and eicosapentaenoic acid (20:5(n-3),
EPA) were arcsine transformed before analysis. Significance was considered at p < 0.05, and all analyses
were performed in SPSS (v.13) for Macintosh.

RESULTS
The protist biomass ranged from 2 to 54 mg C m−3,
and the autumn showed a dominance of dinoflagellates (mainly Ceratium spp.), while diatoms were important autotrophs during the rest of the year (Fig. 1A).
In Jul 07, the diatoms were dominated by the large
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Fig. 1. (A) Biomass (mg C m−3) of major phytoplankton and protist groups. ‘Others’ include small cryptophytes and raphidophytes. (B) Estimated herbivorous grazing by copepods and cladocerans averaged over 0 to 20 m (mg C m−3 d−1). The grazing
is based on gut fluorescence measured at night in animals collected at 0 and 5 m depth and then multiplied by the biomass
(Table 1), n = 4 to 8. (C) Copepod pellet production (pellets ind.−1 d−1) and (D) copepod egg production (eggs female−1 d−1),
estimated from bottle incubations (n = 1 to 4 d−1, 4 to 8 d per campaign). (b–d) Different letters below bars indicate that samples are significantly different (p < 0.05, SNK post hoc test). If ANOVA results were non-significant, no letters are shown.
Data: mean + SD. ND: no data

Proboscia alata and the small Pseudonitzschia delicatissima, and dinoflagellates were generally <10 µm.
Ciliates dominated after the spring bloom in Mar 08.
The mesozooplankton biomass ranged from 0.5 to
10 mg C m−3, with the lowest values in Jan 07 and the
highest in Jul 07 (Table 1). Copepods dominated, but
cladocerans and appendicularians were important
at times. Oithona spp. were always important, and
calanoids were dominated by Acartia clausi with
Calanus helgolandicus and Centropages typicus
important in Oct 06, Temora longicornis and Pseudo-

calanus sp. in Jan 07, Feb-Mar 07 and Mar 08 and
Paracalanus parvus in Jul 07. The cladoceran Penilia
avirostris was very abundant in Oct 06, and Oikopleura dioica was common in Jul 07.
The zooplankton grazing estimated from gut fluorescence was high in Oct 06, Feb-Mar 07, and Jul 07,
ranging from 0.8 to 1.7 mg C m−3 d−1 (Fig. 1B). Significantly lower values were recorded in Mar 08 and the
lowest in Jan 07. The pellet production reflected the
grazing estimate with the highest values in Oct 06
and Jul 07 (Fig. 1C). Calanus helgolandicus produced
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Table 1. Mean (SD) biomass (µg C m−3) of zooplankton > 90 µm; n = 4, except
Feb-Mar 07 where n = 6. nd: not detected

Pellets x 10

1500

Carbon

Pigment

15 m

Sedimentation (mg C m–2 d–1)

1000
500
0

A

A

B

B

B

B

A

A

A

6
5
4
3
2
1
0

A
30 m

1500

6
5
4
3
2
1
0

1000
500
0

A

B
Oct 06

B
Jan 07

Feb-Mar 07

C

A
Jul 07

Pigment sedimentation (mg m–2 d–1)

helgolandicus (39 ± 9). The 2 campaigns in Jan 07 and Feb-Mar
07 were significantly lower in egg
Oct 06
Jan 07 Feb-Mar 07 Jul 07
Mar 08
production than the Mar 08 sampling, similar to the pattern for
Calanus helgolandicus 300 (511) 75 (11)
32 (35)
709 (363)
241 (245)
pellet production.
Acartia clausi
161 (96) 117 (44) 194 (72) 2431 (1831) 270 (45)
Total carbon sedimentation estiCentropages sp.
255 (222) 6.3 (7.4) 39 (32)
711 (240)
73 (61)
Pseudocalanus sp.
16 (17)
67 (13) 164 (147) 310 (290)
397 (204)
mated from POC varied between
Paracalanus parvus
53 (31)
14 (18) 129 (164) 2826 (1569) 149 (65)
220 and 590 mg C m−2 d−1 at 15 m
Temora longicornis
0.6 (0.5)
67 (95) 453 (405)
10 (21)
542 (283)
and significantly more (650 to
Copepod nauplii
198 (208) 29 (16) 205 (58) 1138 (395) 1148 (869)
1500 mg C m−2 d−1) at 30 m (Fig. 2).
Oithona spp.
446 (215) 14 (3)
37 (15) 1417 (437)
125 (57)
Corycaeus sp.
60 (22)
60 (22)
nd
nd
5.1 (3.7)
The difference between depths
Oncaea sp.
nd
1.0 (0.8) 1.1 (1.5)
1.4 (1.6)
3.8 (6.8)
was significant, but there was no
Penilia avirostris
815 (390)
nd
nd
nd
nd
difference in POC flux between
Podon sp.
nd
nd
nd
0.3 (0.4)
3.9 (6.0)
sampling campaigns at either
Evadne nordmanni
nd
nd
nd
2.7 (4.0)
9.4 (5.7)
depth. The pigment sedimentation
Oikopleura dioica
246 (208)
nd
4.9 (6.6)
661 (415)
32 (23)
ranged from 0.8 to 3.5 mg pigment
Total
2551
450
1259
10219
2999
m−2 d−1 at the 15 m trap and significantly more (1.7 to 4.9 mg m−2 d−1)
the highest number of pellets (mean ± SD): 59 ±
at the 30 m trap (Fig. 2). This sedimentation rate cor18 pellets ind.−1 d−1 in Oct 06, 47 ± 17 in Jul 07 and
responds to a relatively low sinking speed of 1 to 3 m
45 ± 9 in Mar 08. Acartia clausi and Centropages typd−1 at 15 m and twice that at 30 m. There was a seasonal difference at 15 m, where Oct 06, Jul 07 and
icus showed the same seasonal pattern, but with
Mar 08 were significantly higher than Jan 07 and Feblower values. Temora longicornis and Centropages
Mar 07. Pellet carbon flux also varied with season
hamatus showed no significant seasonal difference in
(Kruskal-Wallis test, H = 11.4, df = 4, p = 0.023 and H =
pellet production. The copepod egg production was
11.9, df = 4, p = 0.018, for 15 and 30 m, respectively).
highest in Oct 06 (C. typicus, C. helgolandicus, A.
Highest values were recorded in Jul 07, slightly lower
clausi) and Mar 08 (T. longicornis, C. hamatus,
in Oct 06 and Mar 08 and lowest in January and FebFig. 1D). C. typicus was most fecund (99 ± 40 eggs
Mar 07 (Fig. 2). The seasonal difference at 15 m was
female−1 d−1) followed by C. hamatus (54 ± 10) and C.

Mar 08

Fig. 2. Sedimentation rates of copepod faecal pellet carbon (multiplied by 10) and particulate organic carbon (both on left axis)
and pigment sedimentation rate (right axis) measured in sediment traps at 15 and 30 m depth. Faecal pellet carbon estimated
from volume of pellets. Different letters below bars indicate that samples are significantly different (p < 0.05, SNK post hoc
test). If ANOVA results were non-significant, no letters are shown. Data: mean + SD
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C18:2(n-6)
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Total FA (µg ind.−1 or µg l−1)
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2.6
3.6
0.3
0.2
2.5
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2.9
14.2
3.6
0.4
0.3
0.1
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1.6

MUFA
C16:1(n-7)
C18:1(n-9)
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C22:1(n-9)
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Σ other MUFA

SAFA
C14:0
C16:0
C18:0
C20:0
C22:0
C24:0
Σ C8–C13
Σ odd chain C15–C21

9.3
88.1

30.9
23.7
45.4

2.3
2.5
0.5
15.5
23.5
1.1

8.6
4.9
7.3
0.8
2.2
nd

12.5
14.9
1.7
0.2
0.1
ta
0.1
1.4

0.7
6.1

17.0
5.5
77.5

1.0
0.8
0.4
17.5
57.1
0.8

0.7
1.5
0.3
0.2
2.8
nd

0.9
11.1
3.2
0.1
0.2
0.2
ta
1.3

1.3
13.3

19.9
5.6
74.5

1.4
1.0
0.4
14.9
56.1
0.6

1.0
2.0
0.2
0.1
2.2
nd

1.3
13.6
3.2
0.2
0.1
0.1
ta
1.4

0.3
2.8

20.3
16.5
63.2

3.0
2.1
0.9
28.8
27.7
0.8

3.0
12.2
0.7
0.2
0.3
nd

0.6
14.2
3.8
0.2
0.2
0.2
ta
1.1

0.4
4.2

21.8
9.8
68.4

2.1
1.7
1.1
37.4
25.5
0.5

1.7
7.4
0.2
0.3
0.2
nd

0.8
13.4
4.9
0.1
0.2
0.2
ta
2.2

0.4
3.5

21.2
12.6
66.3

2.2
1.8
0.4
16.4
44.8
0.7

2.2
6.9
0.4
0.2
2.9
nd

1.0
13.6
4.6
0.3
0.3
0.2
ta
1.3

0.7
9.6

19.9
6.6
73.5

1.2
0.9
0.6
21.3
48.7
0.9

1.7
1.9
0.3
0.1
2.6
nd

1.3
13.9
3.0
0.1
0.1
0.2
ta
1.2

1.3
10.8

13.3
32.6
54.1

1.6
1.9
0.3
27.3
22.6
0.4

6.6
24.1
0.1
0.1
1.6
0.1

0.8
10.7
1.3
ta
ta
ta
ta
0.5

16.6
nd

26.3
9.9
63.8

5.8
4.6
0.8
17.5
34.5
0.6

6.0
2.4
0.2
0.7
0.6
0.1

0.9
16.9
5.0
0.5
0.7
0.8
nd
1.4

30.8
nd

35.0
15.3
49.7

3.4
2.4
3.6
17.9
21.0
1.3

6.3
6.3
0.7
1.1
0.9
ta

0.7
17.6
10.9
1.4
1.1
1.4
ta
2.0

Acartia
Calanus
Centropages Centropages Evadne Podon Paracalanus Temora Pseudocalanus Seston Trap
clausi helgolandicus hamatus
typicus
nordmanni sp.
parvus
longicornis
sp.
0 & 5 m 15 m

38.4
nd

35.9
11.9
52.3

3.2
2.0
3.4
19.1
22.3
2.3

5.6
3.5
0.8
0.9
1.0
nd

0.9
15.4
11.4
1.7
1.7
2.4
ta
2.4

Trap
30 m

Table 2. Fatty acid (FA) composition (%) of representative samples of seston (average from 0 and 5 m depth; 6, 9, 11 and 13 July 2007), sediment traps at 15 and 30 m
depth (average of 3 replicates; 9, 11 and 13 July 2007), copepods and cladocerans (average of samples taken on 6 and 13 July 2007). For the complete set of analysed
FAs, see Fig. 5. No Pseudocalanus sp. was found in July 2007, so data for animals collected on 27 February and 14 March 2007 are shown for comparison. ta = trace
amounts; nd = not detected. MUFA: monounsaturated FA; PUFA: polyunsaturated FA; SAFA: saturated FA
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Fig. 3. Fatty acid (FA) concentration (µg l−1, ± SD; white dots and red line, left y-axis) and composition (fraction of total concentration of all FAs detected; stacked columns, right y-axis) in (A) seston (average 0 and 5 m), and in sediment traps at (B) 15 m
and (C) 30 m depth. Estimates from sediment traps are concentration inside the trap, which had a volume of 2.6 l. Traps were
deployed for 24 to 96 h. Different letters below bars indicate that samples are significantly different (p < 0.05, SNK post hoc
test) for total FA concentration (top row) and the fraction of polyunsaturated FAs (PUFAs, bottom row). The PUFA fraction
values (%) are shown next to each column

the same as for the pigment, while at 30 m, the value
for Jul 07 was significantly higher than the rest.
A complete analysis of FAs for Jul 07 is shown in
Table 2, but for presentation of temporal trends and
differences between seston, traps and zooplankton,
the 8 most important FAs are shown in Figs. 3 & 4. FA
concentrations in seston ranged from 2 to 18 µg l−1 and

reflected the total abundance of protists in the water,
with significant differences between all campaigns
except Oct 06 and Mar 08 (Fig. 3A). Lowest values occurred in Jan 07 and Feb-Mar 07, highest in Jul 07,
and intermediate in Mar 08 and Oct 06. C16 and C18
SAFAs and MUFAs dominated the seston with concentrations of 0.5 to 3.8 µg l−1, except in Jul 07 when

138

Mar Ecol Prog Ser 446: 131–144, 2012

Fig. 4. (A) Adult copepod and (B) juvenile and cladoceran fatty acid (FA) concentration (µg ind.−1, ± SD; white dots and red line,
left y-axis) and composition (fraction; stacked columns, right y-axis). FAs shown always contributed > 90% of the total FAs in
the animals. Each value is the average of 2 samples, one at the start and end of each campaign. Cases where n = 1 are
indicated by a black circle inside the symbols
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Fig. 4 (continued)

PUFAs were higher (10.5 µg l−1). Whenever total FA
content was high (> 5 µg l−1), PUFAs were important,
contributing 41 to 63% of the concentration. EPA and
DHA were the dominant PUFAs, with DHA at twice
the concentration of EPA in Oct 06 and Jul 07, but otherwise similar. The fraction PUFA/total FA (Fig. 3A)
was significantly different between campaigns, with
the highest values in Jul 07 and lowest in Jan 07.
The sediment traps had a modified FA profile compared to the seston. The total amount followed seston
concentrations except in Oct 06, when the sedimentation was proportionally higher (Fig. 3B,C). MUFAs
were particularly increased, and there were taxonspecific signals such as elevated C16:1 indicating
preferential sedimentation of diatoms. The most important difference between traps and seston was the
decrease in PUFAs (Fig. 5). Overall, the sedimented
material was reduced in PUFAs by 11 to 23% compared to seston, and this difference was significant
for Oct 06 and Jul 07 (both p < 0.001) with a tendency
for Feb-Mar 07 (p = 0.077) and Mar 08 (p = 0.063),
and there was no difference in Jan 07 (p = 0.21). The
reason for the reduction was entirely attributed to
reductions in DHA, which was significantly reduced
in traps in Oct 06, Feb-Mar 07 and Jul 07. In contrast
EPA was never significantly reduced.
The FA profile of the copepods and cladocerans
was radically different from their food (Fig. 4). The
total amount of FA in adult females varied between
species from the smallest Acartia clausi and Para-

calanus parvus with 0.1 to 0.5 µg ind.−1 to the largest
Calanus helgolandicus with 2 to 10 µg ind.−1. Centropages hamatus contained about 1 µg ind.−1 and
its larger congener C. typicus contained up to 1.5 µg
ind.−1. Pseudocalanus sp. and Temora longicornis
reached 1.5 to 2.0 µg ind.−1. Total FA content was
lowest in Jan 07 for all species, but lack of replication
(only 2 samples per campaign) prevented statistical
analysis.
The FA composition of the copepods remained
remarkably stable despite changes in total amount.
PUFAs contributed 75 to 90% of the FA in all species,
except Pseudocalanus sp. that showed high amounts
of C18:1 (12 to 24%) and Calanus helgolandicus that
contained C16:1(n-7) (2 to 9%) and C14:0 (2 to 13%).
DHA was the most important PUFA, but EPA reached
similar levels in spring. The FA composition of the
nauplii of C. helgolandicus was dominated by EPA,
but resembled the composition of the parents in also
containing C16:1(n-7) and C14:0 (Fig. 4B). The cladocerans Podon sp. and Evadne nordmanni contained
more EPA than DHA, and PUFAs contributed 60 to
80% of their FA content. The highest total content occurred after the spring bloom in Mar 08 (Fig. 4B).

DISCUSSION
The FA composition in plankton is an important factor for the productivity of the ecosystem. In particular,
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Fig. 5. Difference in fatty acid (FA) composition between seston (0 and 5 m depth) and sediment traps at 15 m. All FAs included in the standard are shown, except the C8–C13
saturated FAs (SAFAs), which were only found in trace concentrations. Horizontal bars indicate the percent difference
between seston and traps estimated as the difference between stacked bars in Fig. 3A,B. A positive number (bars to
the right) indicates a higher fraction in seston than in the trap

C22:6(n-3)
C24:1(n-9)
C24:0
C22:2(n-6)
C22:1(n-9)

the PUFA content has received attention as a limiting
factor for growth and reproduction in cladocerans
(Brett & Müller-Navarra 1997) and copepods (e.g. Anderson & Pond 2000, Jónasdóttir et al. 2002, Dutz &
Peters 2008, Mayor et al. 2011). The plankton of the
Gullmar Fjord was found to contain remarkably high
levels of PUFA, comparable to the western English
Channel (Pond et al. 1996), the Trondheim fjord (Evjemo et al. 2008) and the central Chilean upwelling
(Vargas et al. 2006), but much higher than levels in
the North Sea (Kreibich et al. 2008), the Balsfjorden
(Hamm & Rousseau 2003) and the eastern English
Channel (Cotonnec et al. 2001). Thus, even though our
study did not include major phytoplankton blooms,
the seston was rich in PUFAs, and this composition
was also reflected in the FA content of the copepods.
The FA profile in copepods was different from seston irrespective of total FA levels in their biomass.
This difference was more pronounced in our study
than previously observed by Cotonnec et al. (2001),
Hazzard & Kleppel (2003), Evjemo et al. (2008) and in
freshwater zooplankton by Persson & Vrede (2006).
Compared to seston, copepods accumulated specific
PUFAs like the essential EPA and DHA (between 3
and 17 times, normalised to copepod body carbon).
An obvious reason is that seston in the Gullmar Fjord
contained more PUFA. A further sign of the high
PUFA content in the fjord is the high level of DHA
and EPA in overwintering copepods. Extremely low
seston biomass in Jan 07, but rather constant PUFA
levels in the copepods at that time, implies that they
must have had access to higher levels of PUFA during the period prior to Jan 07.
The high PUFA content of the copepods mostly
reflects the composition of their lipid membranes,
and it can be expected that this composition is relatively stable for each species. All copepods obtain
their PUFAs from the diet, and some of the larger,
arctic copepods can elongate and desaturate FAs
(Dalsgaard et al. 2003). Storage lipids were found in
Pseudocalanus sp. and Calanus helgolandicus, but
not in the other species.
Two groups of copepods could be distinguished
based on their PUFA content, mainly EPA and DHA
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Fig. 6. Relative contribution of saturated, monounsaturated
and polyunsaturated fatty acids (SAFA, MUFA and PUFA, %)
in sediment traps at 15 and 30 m versus the contribution in
seston (0 and 5 m depth). Line indicates a 1:1 relationship, i.e.
that the contribution of a given group of FA is the same in seston and traps. Values above the line indicate that there is a
higher fraction of a given group of FAs in traps than in seston

141

(Fig. 4). The most pronounced PUFA accumulation
was found in Centropages typicus, C. hamatus, Acartia clausi and Temora longicornis. The FA composition
was highly stable despite changes of an order of magnitude in total FA content. The coefficient of variation
was only 2 to 6% for the fraction of PUFA over all seasons and also displayed the smallest fraction of MUFAs (5 to 7%). The high PUFA content suggests predation on ciliates (Mar 08) or dinoflagellates (Jul 07)
with high PUFA content (Klein Breteler et al. 1999) or
other animal prey. While the fraction of PUFA remained constant in this group, the total amount of FA
in an animal varied by a factor of 2 to 10. This extreme
variation in PUFA is not coupled to storage lipids or
changes in lipid contents of cell membranes, but it
could be related to gonad growth. In fact, there was a
linear relationship between total FA content of the
copepods and their specific egg production (p = 0.021,
R2 = 0.14, n = 39; data not shown), but the regression
only explained 14% of the variation. Hence, several
other factors (e.g. food quality other than FA composition, total ingestion) will also affect egg production.
The second group consisted of Calanus helgolandicus, Pseudocalanus sp. and Paracalanus parvus, for
which the contribution of PUFAs was lower and more
variable. The diatom marker C16:1(n-7) and the
SAFA C:14 (4−13%) were found in C. helgolandicus,
which has a greater ability to store lipids than the
previously mentioned copepods. The presence of
diatom markers also supports a herbivorous diet
(Kattner & Krause 1989). C. helgolandicus showed
the largest variation in PUFA content and a closer resemblance to the seston FA, which indicates less
selective feeding. Pseudocalanus sp. had elevated
amounts of 18:1(n-9), and it was the only species in
the study containing significant amounts of this
MUFA. Seston contained 18:1(n-9) mainly during the
spring, and small amounts in Jan 07. 18:1(n-9) is
characteristic of prymnesiophytes and cryptophytes
(Dalsgaard et al. 2003), which were found on all
occasions. It is likely that Pseudocalanus sp. had accumulated 18:1(n-9) from small flagellates that were
not ingested by other species. Cotonnec et al. (2001)
also found elevated amounts of 18:1(n-9) in P. elongates and attributed this composition to selective feeding on Phaeocystis sp.
Storage lipids rich in SAFA and MUFA were found
in the second group, but even during periods of high
food supply and high FA content (Fig. 4), PUFA was
still the dominant group of FA. This composition
contrasts strongly with large arctic species where
the storage lipids dominate the FA profile (Sargent
& Falk-Petersen 1988).
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The main differences in FA composition between
seston (0 and 5 m depth) and traps at 15 and 30 m
depth were that SAFAs and MUFAs always (with 1
exception) contributed more to total FA content in
sediment traps than in seston; i.e. the PUFA fraction
of FA was significantly reduced in the traps (Fig. 6).
Symbols above the 1:1 line in the figure indicate a
higher proportion in traps than in seston. On average
(± SD), this reduction was 17 ± 6% and 11 ± 7% at 15
and 30 m, respectively, excluding the Jan 07 value
when grazer biomass was very low. There was no
significant difference between trap depths (t-test, p =
0.24). Similar results were reported by Claustre et al.
(1992) by comparing the unsaturation index in seston
and faecal pellets. The reduction is the result of biological activity in the water column and could partly
be accounted for by the grazing and pellet production of the copepods and the cladocerans. Even
though the demand for PUFAs in the zooplankton is
difficult to estimate, it is clear from Fig. 4 that they
selectively retain a high proportion of PUFAs, in particular EPA and DHA. Results discussed so far are
consistent with a high recycling efficiency of essential PUFAs in the water column mediated by selectively feeding copepods.
POC flux was significantly higher at 30 m than at
15 m, but there were no seasonal differences at either
depth. The POC flux varied only by a factor of 2 and
was lower than previous estimates from the Gullmar
Fjord (Waite et al. 2005). Highest pigment flux at
both depths was similar to estimates from the spring
bloom in the fjord (Vargas et al. 2002), but the phytoplankton were far from bloom conditions in the fjord
(Waite et al. 2005). Estimated sinking velocities were
always higher at 30 m than at 15 m, which is consistent with a gradual increase in particle or aggregate
size with depth (e.g. Tiselius & Kuylenstierna 1996).
The relatively constant POC flux suggests that the
sedimentation and the pelagic processes are decoupled even at this shallow coastal site. POC is to a
large extent refractory, consisting of detritus, humic
substances and other particles that are only partly
incorporated into the pelagic food web. The slow
and constant sedimentation observed in this study
is therefore to be expected. The sedimenting POC
(evaluated from the Jan 07 sampling) contained few
PUFAs and mainly consisted of C16:0, C18:0 and
C18:1. This FA composition is not optimal for benthic
animals, which will likely get valuable PUFAs mainly
during short events of increased algal sedimentation.
The PUFA content in the seston is higher during
blooms (e.g. Mayzaud et al. 1989) and also during
summer in this study when phytoplankton domi-

nated the suspended particulate material (July and
October, Fig. 1A). Entry of PUFA into the food web in
this situation is through the feeding copepods, and
we suggest that the variation in pellet and pigment
fluxes will affect the quality of food for the benthos.
Variation in vertical flux is coupled to the grazing
activity of the copepods and to the direct sedimentation of phytoplankton blooms. Pellet flux is the
strongest proxy for actively feeding zooplankton, and
also showed the highest variability with a CV of
100% for the 5 campaigns analysed. This high variability means that the copepods respond fast to
changes in food supply, which is reflected in variable
pellet production. An important fraction of the sedimentation is not coupled to grazing, but comes from
direct algal sinking. The variation for pigment sedimentation (CV = 49%) was approximately half of that
for pellets, which indicates that pigments from direct
sedimentation and pellets are less variable than the
grazing activity. The least variable flux estimate (CV
= 33%) was observed for POC, in line with a more
constant sedimentation uncoupled to pelagic grazing
activity or phytoplankton dynamics.
The sedimented material consists of carbon from
different sources, and only part of the vertical flux is
affected by zooplankton. Pellets contributed 5%
(range 1 to 10) and pigments contributed 15% (range
5 to 26) of POC flux assuming a conservative carbon:
pigment ratio of 40 (data from Fig. 3B,C). The POC
flux to the sediment was quantitatively dominated by
refractory material, but a significant fraction was dependent on biological activity, either through direct
phytoplankton sedimentation, or grazing by zooplankton. Since no phytoplankton blooms occurred
in our study, direct phytoplankton sedimentation is
potentially underestimated.
A potential source of error in the estimation of
sedimentation is the breakdown of FAs inside the
traps. Bacterial breakdown of pellets and organic
matter will occur during sinking and inside the traps,
and may be detected as increases in odd-numbered
FAs (Kaneda 1991). However, we observed only
negligible amounts of odd-numbered FAs in the
sediment traps (< 4% of total FA). The low fraction of
odd-numbered FAs in our study is in accordance with
other studies (Claustre et al. 1992, Budge et al. 2001),
and bacterial breakdown in the traps can therefore
be assumed to be low. PUFAs are labile molecules
sensitive to autoxidation (Ding & Sun 2005), but
Ahlgren et al. (1997) concluded that autoxidation
was not a problem even in long trap deployments
(7 to 21 d). The combination of low temperature and
short trap deployment in our study should have fur-
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ther limited autoxidation. We thus conclude that differences between seston and trap FAs were caused
by sedimentation of different fractions of the seston
and by the grazing activity of zooplankton.
The addition of FA analysis to traditional measures
of pigment or POC in vertical flux studies reveals
important aspects of the functioning of this coastal
ecosystem. First, it indicates the food quality of the
sinking material. During summer (July), PUFAs comprise over 50% of the sedimenting FAs, while total
FA sedimentation is 6 times higher than in January.
In Jan 07, no PUFAs sank to the bottom, and the
quality of the material as food for benthos was low.
The FA information therefore suggests that benthos
would benefit much more from the sedimenting matter in summer, despite a high vertical carbon flux in
both seasons. Second, the activity of the copepods
was reflected in an altered FA profile in the sedimented material. Even though copepod pellets
accounted for a small fraction of the carbon sedimentation, their importance for the FA dynamics was
higher.
In conclusion, the major part of the POC vertical
flux has little nutritious value for the benthos. The
flux is relatively constant and contains limited
amounts of PUFA, indicating a refractory character
and a low food quality for the benthos. The fraction of
primary production that is channelled through the
copepods apparently undergoes substantial transformation; PUFAs are retained by the zooplankton and
therefore reduced in the sedimenting material. However, PUFAs will also reach the benthos through
export of material originating from the microbial loop
by copepod feeding directly on ciliates and heterotrophic dinoflagellates. Another pathway of FAs is
through direct sedimentation of phytoplankton, which
was observed as pigment sedimentation. The PUFA
content of this material was high in spring and summer when dinoflagellates and diatoms were common. For the FA dynamics, it is important to note that
the periods of significant input of PUFAs to the sediment coincides with the period of highest transformation capability by the zooplankton, which in the
present study was summer and autumn.
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