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ABSTRACT: Lipid and fatty acid composition of the northern kriil Meganyctiphanes norvegica from the 
Mediterranean Sea were studied with respect to Sex and season. Detailed composition of the lipid 
classes is reported for both males and females during the spring reproductive season and the late surn- 
mer non-reproductive season. Both Sexes showed simiiar lipid structure, with neutral lipids dominated 
by tnacylglycerols. Polar iipids were dominated by phosphatidylcholine. Fatty acid compositions of 
both polar lipids and triacylglycerols showed little change with Sex or season. Polar lipids were dorni- 
nated by HUFA (20511-3 or EPA and 22:6n-3 or DHA) as well as palmitic and oleic acid. Neutral Lipid 
fatty acid profiles were dominated by 22:6(n-3) and palmitic acid, with a significant contribution of 
oleic, myristic, steanc and vaccenic acids as well as 20:5(n-3). Seasonal changes in total iipids showed 
maximum accumulation in early summer and minimum levels in early winter. Changes in fatty acid 
composition appeared related to the succession of populations with varying levels of tnacylglycerols, as 
iilustrated by the contrast between the early winter and spring penods in a correspondence analysis. 
Increased proportions of mynstic. palmitoleic and 18:4(n-3) acids dunng the spring penod are charac- 
teristic of the triglycende fraction while the main descnptor of the winter period is DHA, which is the 
key constituent of the polar lipids. Cornpanson with literature data iilustrated the clear decrease in lipid 
content of northern krill with latitude and the specific nature of the seasonal pattern recorded in the 
Ligurian Sea. The regional vanability in fatty acid composition and the sigmficance of fatty acids as 
potential markers of feeding behaviour are discussed in relation to the omnivorous character of A4. 
norvegica. 
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INTRODUCTION 

The northern krill Meganyc t iphanes  norvegica is 
known to occur in a wide range of habitats from the 
arctic waters to the Mediterranean Sea (Mauchline 
1980). It is known to form a significant part of the arc- 
tic zooplankton biomass (Mauchline & Fisher 1969) 
and to be an essential food source for fish and whales. 
Lipid studies on pelagic euphausiids have concen- 
trated on the antarctic knll Euphausia  superba  (see 
Clarke 1980, Mayzaud 1997) and detailed biochemical 
analyses of M. norvegica have been reported mostly 
from Norwegian waters (Falk-Petersen 1981, Falk- 
Petersen et al. 1981, Sargent & Falk-Petersen 1981, 

Saether et al. 1986). Fatty acid composition has been 
reported on few occasions from krill sampled at spe- 
cific periods: fall (Ackman et al. 1970), early winter 
(Sargent & Falk-Petersen 1981) or mid-winter (Belloni 
et al. 1976). 

Data on the pattern of lipid accumulation and fatty 
acid structure of southern populations are, to a large 
extent, non-existent despite obvious differences in the 
characteristics of the physical and trophic environ- 
ment. From an oceanographic point of view, the 
Mediterranean Sea is divided into a series of deep 
basins characterised by the dorninance of evaporation 
over precipitation and river run-off (Bethoux 1979). 
This results in the formation of a deep water body with 
higher temperature and salinity than surrounding 
oceans. Meganyc t iphanes  norvegica is a northern cold 
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so that each factonal axis associated with the 
cluster of variables corresponds to a factorial 
axis of the cluster of observations. Thus, it was 
possible to represent simultaneously descnp- .9, 
tors and observations on the plane defined by 2 
the factorial axes. Details on the method and 5 
means of interpretation are given in Mayzaud C 
et al. (1988). To facilitate the representation of 
the factor-score structure, an ascending hierar- 5 
chical clustenng method was used (Lebart et 13 

al. 1995) to group those observations which 
displayed maximum similarity and to produce 
a number of classes best represented in a den- 1 .O 
drogram. Computation of multivariate tests 
was et al. made 1995). using the SPAD 3.0 Software (Lebart G:; 0.7 
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Fig. 1. Meganyctiphanes norvegica. Log-log regressions for subadults 
and adults between dry weight and cephalothorax length (CT-length) 

and between dry weight and total lipid content 

Lipid composition and seasonal changes in 
total lipids 

Detailed composition of the lipids are presented in 
Table 1 for samples of males and females of Meganyc- 
tiphanes norvegica collected dunng spring 1996 and 
early fall 1997. Lipid content (% dry weight) fell within 
the range recorded earlier, with values marginally 
higher in spring than in fall for both Sexes. Neutral 
lipids were dominated by triacylglycerols without 
traces of wax esters. Significant percentages of mono- 
and diglycendes were recorded along with cholesterol, 
hydrocarbons, free fatty acids and diacylglyceryl 
ethers. Polar lipids were dominated by phosphatidyl 
choline and to a minor extent phosphatidyl ethano- 
lamine and lysophophatidyl choline. Phosphatidyl ser- 
ine and inositol were also present along with small per- 
centages of phosphoglycerols. Despite the difference 
in Sex and season, mean values in lipid composition 

were not significantly different and suggest a relative 
homogeneity for the 2 months considered. 

The changes in Lipid concentration per unit dry weight 
were recorded from September 1978 to November 1979 
and ranged from 3.5 to 20.5 % (Fig. 2). Maximum accu- 
mulation was observed in early sumrner (June) and min- 
imum values in early winter (December-January). Inter- 
mediate concentrations were recorded dunng the 
reproductive season (late winter to spring) and early fall. 

Fatty acid composition in relation to sex at 
specific periods 

The male and female samples collected during the 2 
LIGEX cruises were also analysed for fatty acid com- 
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Table 1. Meganyctiphanes norvegica. Composition of lipids in relation to sex and season. LIGEX 1: Apnl 1996; LIGEX 2: 
September 1997 

Lipid class Males (n = 10) Females (n = 10) 
LIGEX 1 LIGEX 2 LIGEX 1 LIGEX 2 

Lipid content (% dry weight) 15.42 I 2.92 11.03 + 4 23 13.53 1 4.25 10.64 + 3.95 
Hydrocarbons 6.04 I 0.97 5.13 + 2.01 5.52 1 2.35 4.90 I 2.12 
Triacylglycerols 19.60 r 4.12 22.74 + 9.84 20.75 7.80 19.18 i 11.42 
Free fatty acids 4.72 r 3.11 2.75 + 3.70 1.22 i 1.83 1.07 + 1.80 
Diacylglyceryl ethers 1.09 + 1.51 0.49 + 1.05 0 31 i 0.82 0.51 1 1.62 
Cholesterol 9.02 + 1.28 8.21 + 2.90 7 77 1 1.53 7.49 + 1.76 
Diacylglycerols 9.74 I 1.50 8.68 + 2.73 8.96 I 1.82 7.55 + 2.67 
Monoacylglycerols 4.86 I 1.40 1.53 + 1.85 1.84 + 2.02 2.64 + 2.76 
Phosphoglycerols 0.82 + 0 1 0  0.50 r 0.44 1.10 0.25 2.75 1 2.03 
Phosphatidyl ethanolarnine 7.28 r 0.84 8.93 I 3.18 9.20 + 1.80 10.81 1 3.70 
Phosphatidyl senne + inositol 1.88 + 0.78 3.29 r 1.15 2.06 1 1.13 2.30 * 1.23 
Phosphatidyl choline 29.61 + 5.22 32.85 + 6.19 34.15 1 4.90 33.51 + 5.80 
Lysophosphatidyl choline 5.35 + 0.58 4.89 I 1.81 7.12 I 4.28 7.30 1 2.51 

palmitic acid, with significant contri- 
butions from oleic acid, myristic acid, 
EPA, stearic acid and vaccenic acid. 
The contnbution of 20:l acids, lino- 
leic acid, a-linoleic acid, 18:4n-3, and 
18:5n-3 was small, but larger than in 
the phospholipid fraction. Differences 
between sampling penods can be 
Seen in females in those fatty acids 
associated with nutritional activity: 
18:0, 18:3, 18:4 (better represented in 
the Apnl samples, LIGEX 1) and 185 ,  
20:1, EPA and to a minor extent DHA 
(better represented in the September 
sample, LIGEX 2). 

SEP NOV JAN MAR MAY JüL SEP NOV 

1979 
Seasonal changes in the fatty acid 

composition of total lipids 
Fig. 2. Meganyctiphanes norvegica. Seasonal changes in total lipid content 

(% dry weight) in  the 1978-1979 period The relative composition of total 
fatty acids in Meganyctiphanes nor- 
vegica is presented in Table 2. 

position. The distribution of major fatty acids are pre- Regardless of the period considered, the fatty acids 
sented in Fig. 3 and restricted to the major constituents were dominated by high levels of DHA (21-38%), 
(>I%).  As anticipated, the phospholipid fraction palmitic acid (13-22%), oleic acid (8-12%) and EPA 
showed hardly any changes in composition with the (9-21 %).  Myristic acid (14:0), steanc acid (18:0), pal- 
penod of sampling and none with Sex. In all cases mitoleic acid (16:ln-?), 18:ln-7, linoleic acid (18:2n-6) 
22:6n-3 (DHA) dominated in association with 20:5n-3 as well as 18:3n-3, 18:4n-3 and arachidonic acid 
(EPA), palmitic acid (16:O) and oleic acid (18:ln-9). (20:4n-6) were also present at levels higher than 1 %. 
Minor constituents comprised mynstic acid (14:0), Minor fatty acids compnsed 20:l and 22:1, 16:ln-9, 
stearic acid (18:0), vaccenic acid (18:ln-?), linoleic acid 20:2n-6, C16 polyunsaturated acids, 20:4n-3 and 
(18:2n-6) and a-linoleic acid (18:3n-3). Tnacylglycerol 22:5n-3. Branch chain fatty acids comprised iso + 
fatty acids showed a different Pattern, but again few anteiso acids with 15, 16 and 17 carbons and ratios of 
changes were found tvith respect to sex or sampling iso/anteiso ranging from 1 to 8. The seasonal changes 
date. Distributions were dorninated by DHA and affected mostly the DHA content, with maximum val- 
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Fig. 3. Meganyctiphanes norvegica. 
Fatty acid composition (% total fatty 
acids) of polar lipids and triacylglyc- 
erols for males and females coiiected 
during the spring reproducing period 
(LIGEX 1) and the late summer non- 

reproducing season (LIGEX 2)  

Polar lipids 

Triacylglycerols 

ues in early winter (December-January), palmitic acid 
and EPA, with high levels in spring of both years 
(April-May), and monoenoic acids, with maximum val- 
ues in mid-spring (May 1978 and April 1979). The ratio 
iso/anteiso showed minimum levels in winter and 
reached maximum values in May and July. Ratios 
between monoenoic acids showed few seasonal 
changes. Ratios between 20:5 and 22:6 illustrated the 
dominance of DHA over EPA but with important sea- 
sonal changes. The ratio varied from almost 1 in early 
May to a minimum of 0.28 in August. 

The seasonal changes in the pattern of fatty acid 
was analysed using multivanate correspondence 
analysis on the reduced data matrix. Three axes are 
needed to explain 90% of the total vanance, with 
close to 80% associated with the first two. The pro- 
jection of both fatty acid descriptors and date of 
observation on the plane defined by Axes 1 and 2 
showed (Fig. 4) that the first axis (48% of total iner- 

tia) separated on the one hand the early winter 
penod (end of November to January) and on the 
other hand spring (April-May) (Fig. 4b) with 22:6(n-3), 
20:4(n-6), 18:2(n-6) and 16:l(n-?),  14:0, 18:4(n-3) as 
respective descriptors (Fig. 4a). Axis 2 opposed 20:l 
acids to EPA (20:5n-3), with no clear discrimination of 
specific penods. Axis 1 can be associated with the 
seasonal succession of populations with varying lev- 
els of tnacylglycerols. Increased proportions of myris- 
tic, palrnitoleic and 18:4(n-3) acids are characteristic 
of the triglycende fraction (See Fig. 3) while DHA is 
the main constituent of the polar lipids. This interpre- 
tation agreed with the seasonal pattern of total lipids 
(Fig. 2), with minimum levels found from November 
to January and maximum levels in May and June. 
The second axis better described the trophic relation- 
ship as the fatty acid potential markers for copepods 
(Calanus type) and phytoplankton were the main 
descnptors. 
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Table 2. Meganyctiphanes norvegica. Seasonal changes in the fatty acid composition of total lipids dunng the 1978-1979 
period. Poly: polyunsaturated acids. nd: not detected 

Fatty acld Apr 21 May 29 Jun 14 Ju1 18 Aug 18 Nov 27 Nov 30 Dec 7 Jan 30 Feb 22 Apr 11 Apr 25 

14:O 

Iso 1 5 0  

Anteiso 15:O 
15:O 
Iso 16:O 
Iso 17:O 

Anteiso 17:O 
16:O 
17:O 
18:O 
19:O 
20:o 

Total saturates 
16: ln-9 
16:ln-7 
16:ln-5 
18:ln-9 
18:ln-7 
19:ln-8 
20:ln-9 
20:ln-7 
22:ln-11+13 

Total monoenes 
18:2n-6 
20:2n-6 

Total dienes 
16:3n-4 
18:3n-3 
20:3n-3 

Total tnenes 
18:4n-3 
20:4n-6 
20:4n-3 

Total poly with 4 
20:5n-3 
21:5n-3 
2 2 5 - 6  
22:5n-3 

Total poly with 5 
22:6n-3 

Iso/Anteiso 
16:ln-7/16:0 
18:ln-7/18: 111-9 
20:5n-3/22:6n-3 

DISCUSSION 

In spite of its central position in the pelagic commu- 
nity of the North Atlantic and the Mediterranean Sea, 
studies on the lipid composition and changes of 
Meganyctiphanes norvegica are to a large extent lim- 
ited to its northern distribution. Raymont et al. (1969, 
1971) reported the lipid concentration of krill popula- 
tions from Norwegian and Scottish waters to range 

from 10-12% dry weight in March-April to 29% in 
October-November. This Pattern was confirmed in a 
more comprehensive study by Bamstedt (1976) on knll 
populations from fjords in western Norway, with lipid 
concentrations in the 10 to 27 % range showing winter 
maxima from October to March. These relatively high 
levels were related to ovary ~naturation which take 
place in that period of the year. Subsequent drops in 
lipid content were not solely attnbuted to spa~vning, 
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Fig. 4. Meganyctiphanes norvegica. 
Correspondence analysis of the sea- 
sonal changes in fatty acid composi- 
tion of the total lipids. (a)  Projection of 
fatty acid descnptors and date of 
sampling on the first 2 axes. (b) Den- 
drogram of hierarchical clustering of 
dates based on the Scores of the first 
5 factonal axes. ja: January; Fb: Feb- 
ruary; Ap: April; My: May; Ju: June; 
jl: July; Au: August; no: November; 

Dec: December 

but also to food scarcity at  the end of winter. Later 
studies by Falk-Petersen (1981) and Buchholz & Prado- 
Fiedler (1987) from northern Norway and Kattegat 
populations respectively also recorded a winter maxi- 
mum, but showed different ranges of lipid content (7 to 
48 % for the Kattegat and 20 to 54 O/o for northern Nor- 
way). According to Buchholz & Prado-Fiedler (1987), 
lipid accumulation was closely related to food supply 
(mostly zooplankton) and these lipid reserves were 
used for metabolic needs rather than for gonad matu- 
ration and spawning. 

The Ligurian Sea populations showed a very differ- 
ent and almost reverse pattern of seasonality, showing 
a late spring maximum and a winter minimum in lipid 
levels. The relationship between lipid concentrations 
and food supply was not directly analysed in this study; 
however the phytoplankton seasonality in the Ligurian 
Sea has been monitored in several studies and maxi- 
mum chlorophyll is usually observed in late spring 
(April-May) in relation to the onset of vertical stratifica- 

tion of the water column (de la Bigne 1985, Claustre et 
al. 1988/1989; Goffart et al. 1995) followed by an active 
period of zooplankton reproduction. De la Bigne (1985) 
evaluated the contribution of primary and secondary 
producers in the diet of Meganyctiphanes norvegica in 
the Same study area and recorded the phytoplankton 
maximum as well as the increase in zooplankton bio- 
mass (mostly copepods collected with a WP 2 net: 
Calanus helgolandicus, Centropages typicus, Euchi- 
rella rostrata, etc.) in April. Maximum zooplankton 
biomass was generally recorded in spring and early 
summer (May). Summer and fall months (July to De- 
cember) were characterised by low biomass of phyto- 
plankton and low to intermediate concentrations of 
micro- and mesozooplankton. Thus, the increase in 
lipid content observed in June can be related to the 
April-May abundance of both primary and secondary 
producers. The rapid decrease in lipid content during 
summer and secondary accumulation in fall are indica- 
tive of the close relationship with food supply. The 
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Table 3. Meganyctiphanes norvegica. Cornpanson of total lipid content (% dry weight) from different geoyraphical locations 

I I 
Region Latitude (ON) Time of year Lipid Source 

Ligunan Sea 4 3 Sep 78-Dec 79 
Scottish water 55 Jan-Nov 68 
Kattegat 57 Mar-Sep 82 

Norwegian west coast 60 Nov-May 66-67 
West Nonvay 60 Jul-Ju1 73-74 

9.1 Present study 
17.2 Rayrnont et al. (1971) 

19.4 Buchholz & Prado-Fiedler (1987) 
18.4 Raymont et al. (1969) 
17.5 Bamstedt (1976) 

North Norway 70 Nov-Jul76-77 (srnali anirnals) 37.0 Falk-Petersen (1981) 
Jan-Jui 76-77 (large animals) 37.3 

spnng intermediate peak of total lipids (February to 
April) is directly related to gonad maturation and 
spawning rather than food scarcity (Cuzin-Roudy & 
Buchholz 1999). 

Comparison of mean lipid accumulation with geo- 
graphical location (Table 3) suggested a north-south 
gradient with lower levels for the Ligurian Sea popula- 
tion and maximum values for the Norwegian subarctic 
populations. The larger accumulation of lipids at high 
latitudes has been emphasised by many authors for 
most zooplankters (see Benson & Lee 1975, Conover & 
Huntley 1991), but climatic conditions are only indi- 
rectly associated with such differences, which are 
more likely related to the Pattern of food availability 
(Falk-Petersen 1981). High latitudes are characterised 
by extreme seasonality in light regime and thus in pri- 
mary production, with a single intense phytoplankton 
bloom (>20 pg chlorophyll 1-') and zooplankton in- 
crease in biomass (Parsons & Takahashi 1973, Nemoto 
& Harnson 1981). Northern temperate coastal waters 
showed moderate seasonality in light regime tvith 2 
phytoplankton blooms (>I0 pg chlorophyll 1-') and 
high zooplankton biomass throughout spring and sum- 
mer (Parsons & Takahashi 1973). Ligurian waters are 
nutrient limited and showed relatively constant low 
levels of zooplankton biomass and primary productiv- 
ity, resulting in small blooms (1 to 3 pg chlorophyll 1-I). 
The reversal of the lipid seasonal cycle represented an 
adaptive response to (1) winter reproduction which 
allows the new generation to achieve growth dunng 
higher food abundance and (2)  the need to cope with 
the summer food scarcity associated with the strong 
thermal stratification of the water column. 

The lipid class composition of Meganyctiphanes 
norvegica has been described for subarctic popula- 
tions only. Samples collected from the stomachs of 
whales caught in the North Atlantic Ocean contained 
polar lipids and triacylglycerols (Ackman et al. 1970) 
whereas sterols, triacylglycerols and wax esters were 
found by Falk-Petersen et al. (1981) in northern 
Norway samples. In the present study, neutral lipids 
contained cholesterol and tnacylglyceroIs as well as 

diacylglyceryl ethers, mono- and diglycendes not 
reported previously. Free fatty acids comprised be- 
tween 1 and 5 % of the total lipids in the present study 
whereas high values (20 to 40%) were recorded by 
Falk-Petersen et al. (1981), probably in relation to lipid 
hydrolysis. This is the first time that detailed polar lipid 
composition has been reported and it appeared rela- 
tively similar to that of Euphausia superba (Mayzaud 
1997), with phosphatidyl choline as the dominant com- 
pound associated with smaller proportions of phos- 
phatidyl ethanolamine as well as lysophosphatidyl 
choline. Small amounts of phosphoglycerols, phos- 
phatidyl senne and phophatidyl inositol were also 
found. Falk-Petersen et al. (1981) reported that sea- 
sonal changes in total lipids were mostly accounted for 
by the variation in levels of triacylglycerols. A similar 
conclusion was reached by Virtue et al. (1999) for the 
Ligurian, Scottish and Kattegat knll populations. The 
lack of wax esters observed in the present study may 
be a direct reflection of a more omnivorous feeding 
behaviour of kriil in the Ligunan Sea and/or the domi- 
nance of copepod prey poor in wax esters. 

The comparison made in this study of the fatty acid 
composition of Meganyctiphanes norvegica from dif- 
ferent locations is limited to the data from the North 
Atlantic (Ackman & Eaton 1967, Ackman et al. 1970, 
Morris 1972), Northern Norway (Sargent & Falk- 
Petersen 1981, Saether et al. 1986), the Clyde Sea and 
the Kattegat (Virtue et al. 1999) and the Ligurian Sea 
(Belloni et al. 1976, this study using mean values over 
seasons). This comparison was made using correspon- 
dence analysis performed on a data matnx limited to 
those fatty acids listed in Table 2 of Sargent & Falk- 
Petersen (1981). Total fatty acid profiles were used 
whenever available. Triacylglycerols and polar lipid 
fatty acid profiles were also used on 4 occasions to 
define the boundaries which could be associated with 
the contnbution of these 2 lipid classes. Axis 1 clearly 
discriminated between polar lipids and tnacylglycerols 
from northern latitudes while Axis 2 separated the dif- 
ferent samples in accordance with their abundance in 
20:5 and 22:6 fatty acids, i.e. polar lipids versus tnacyl- 
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Fig. 5. Meganyctiphanes norvegica. Correspondence analysis of the fatty acid composition of polar lipids. tnacylglycerols and 
total lipids published for different oceanic or coastal regions from the subarctic to the Mediterranean Sea. P1: polar lipids; Tg: tn- 
acylglycerols; Mayz: mean fatty acid from total lipids in present study; Bello: total lipids, Beiioni et al. (1976); Morr: total lipids, 
Morris (1972); Ackl: total lipids, Ackman & Eaton (1967); Ack2: total lipids, Ackman et al. (1970); Saeth. polar Lipids and triacyl- 
glycerols, Saether et al. (1986); Sarg: polar iipids and triacylglycerols, Sargent & Falk-Petersen (1967), Lig 1 and Lig 2: tnacyl- 
glycerols from LIGEX 1 and LIGEX 2 present study; VirtuK: polar lipids from the Kattegat, Virtue et al. (1999); VirtuS: polar 

lipids from the Clyde Sea, Virtue et al. (1999) 

0.2 

0 

4.2 

glycerols from the Ligurian Sea individuals (Fig. 5). 
The first axis was strongly associated with the fatty 
acid profiles of tnacylglycerols from northern Norway 
(Saether et al. 1986) which were richer in 20:l and 22:l 
acids than any triacylglycerols or total lipids from other 
locations. Axis 2 was associated with the total lipid 
fatty acid mean profile from the present study, the 
polar lipid fatty acid profiles from the Clyde Sea and 
the Kattegat (Virtue et al. 1999) and northern Norway 
(Saether et al. 1986) which displayed a higher degree 
of unsaturation than total lipids or polar lipids from 
other locations. Such differences in total lipid unsatu- 
ration could be related either to a different contnbu- 
tion of the triacylglycerol fraction or to the sampling or 
analytical protocols used or to variability related to 
geographical location. The large difference in tnacyl- 
glycerol fatty acid profiles between northern and 
Mediterranean sites suggests that the mean total fatty 
acid profile observed in this study presented little 
influence from any triacylglycerol component. In con- 
trast, the fatty acid composition recorded by Belloni et 
al. (1976) for a different sector of the Ligurian Sea and 
Morris (1972) showed a large imprint from a triacyl- 
glycerol component with Ligurian charactenstics (i.e. 
low percentage of monoenes having 20 and 22 car- 
bons), indicative of regional differences associated with 
the structure of the food web. The position of the Sar- 

gent & Falk-Petersen (1981) polar lipid fraction on the 
low unsaturation side of Axis 2 suggests that the large 
pool of free fatty acid recorded may well originate from 
the hydrolysis of the phospholipid fraction. 

Could the fatty acid structure of Meganyctiphanes 
norvegica lipids provide some insight into the feeding 
behaviour of the Ligurian populations? Fatty acids, to 
some degree, can be used as potential trophic markers. 
Classically, diatom-dominated phytoplankton are rich 
in 16:ln-7 associated with 18:ln-7 fatty acids (Sargent 
& Falk-Petersen 1981), a dominance of EPA over DHA 
and C16 polyunsaturated acids (Ackman et al. 1964). 
Dinophyceae (dinoflagellates), Haptophyceae (coccol- 
ithophorids), Prymnosiophyceae (Phaeocystis spp.), 
Chlorophyceae and Prasinophyceae (green microal- 
gae) are rich in C18 polyunsaturated acid (Joseph 
1975, Volkman et al. 1981, Claustre et al. 1989, Dun- 
stan et al. 1992). Myristic acid (14:O) is a prominent 
fatty acid in diatoms and coccolithophorids (Ackman et 
al. 1964, 1968, Volkman et al. 1981) and is usually 
absent from the polar lipids of pelagic consumers (Sar- 
gent & Whittle 1981). Calanoid copepods containing 
wax esters are usually characterised by significant 
quantities of monoenoic acids in 20 and 22 carbons 
(Pascal & Ackman 1976), and animals feeding on large 
calanoids showed unusually high levels of these acids 
in their neutral lipids. Diet-induced changes in fatty 
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acids have been tested expenmentally. Graeve et al. 
(1994), using phytoplankton cultures, confirmed the 
nature of 16:ln-7, 18:ln-7, and 1 6 3  as an index of a 
diatom diet and 18:4n-3 as an index of dinoflagellate 
food source. Using large-scale mesocosms, Fraser et al. 
(1989) showed that the fatty acid transfer from phyto- 
plankton (diatoms, Dinophyceae and other nanoplank- 
ton) to copepods was better traced by changes in 
18:4n-3. If the interpretation of these indices is rela- 
tively simple for phytoplankton consumers, one should 
exercise caution when considering omnivorous species 
since fatty acid markers may be mixed (simultaneous 
ingestion of phytoplankton and zooplankton prey) 
and/or affected by the stomach content of the prey 
ingested. Few studies have considered fatty acid trans- 
fer in a multilevel food web; Mayzaud et al. (1976) 
showed that from dinoflagellate to carnivorous chaeto- 
gnaths feeding on copepods the content in 18:5 in the 
neutral lipid fraction dropped from 10% in phyto- 
plankton to 2% in the neutral lipids of herbivorous 
copepods, to 0.2 % in the neutral lipids of the carnivo- 
rous consumer. Some degree of catabolism at each 
trophic level is likely to explain this decrease, which 
could be expected in a natural food-limiting situation. 
Fraser et al. (1989), using an experimental food web 
which comprised phytoplankton, copepods and fish 
larvae, concluded that the use of fatty acids as an indi- 
cator of herring larvae feeding was difficult because of 
the necessity of an accurate definition of the fatty acid 
content of the food organisms. To be of practical use 
under natural conditions, fatty acid tracers in omnivo- 
rous species should at least be present at  concentra- 
tions higher than 1 % of the total fatty acids (below that 
the tracer is likely to be a contaminant from ingested 
grazers) and display over time a pattern coherent with 
that of the food supply. 

On the basis of the above considerations, different 
periods characterised by one or several trophic markers 
could be considered in the present study. In spring 
(April-May) maximum levels of 16:ln-7 and 18:ln-7 
were recorded in agreement with the increase in phyto- 
plankton usually observed at the same period and 
followed by a summer increase in 20:ln-9 from May to 
August. Seasonal changes in myristic acid (14:O) were 
also strongly correlated with those of 16:ln-7 (r = 0.802, 
n = 13) confirming the above conclusion. For the rest of 
the year, other species of copepods or zooplankton 
without wax esters provided the bulk of the food items, 
but were not readily traceable from the fatty acid 
pattern. In the sampling area, which encompasses the 
geostrophic frontal System, the major food items were 
copepods such as Calanus helgolandicus, Euchirella 
rostrata, Centropages typicus (Boucher 1984) as well as 
several smaller cyclopoid species (Oithona sp., Oncaea 
sp., etc.). The low levels of polyunsaturated C16 fatty 

acids and 18:4n-3 suggested that, although phyto- 
plankton was part of the diet in spring and Part of sum- 
mer, the contribution of diatoms was associated with 
that of copepods. The dominance of 22:6n-3 over 20:5n-3 
in the neutral lipids reinforces this conclusion as a dom- 
inant diatom food source would have resulted in a re- 
Verse proportion. Nevertheless, the changes in the ratio 
20:5/22:6 were positively correlated (r = 0.814, n = 13) 
with the changes in 16:ln-7, suggesting that an in- 
crease in the 16111-7 marker of phytoplankton was as- 
sociated with an increase in the proportion of 20:5n-3. 
More direct evidence of phytoplankton feeding has 
been obtained from chlorophyll gut content analyses 
and digestive enzyme activity such as laminarinase. 
which covaried with the period of maximum biomass of 
phytoplankton (de la Bigne 1985, Mayzaud & Bedo 
unpubl. data). We conclude that in its southern limit of 
distribution Meganyctiphanes norvegica is largely 
omnivorous, feeding opportunistically on the dominant 
available items. At the other extreme, the subarctic 
populations were shown to be mostly carnivorous 
(Sargent & Falk-Petersen 1981) and used the copepod 
Calanus finmarchicus as the major prey item. The fatty- 
acid-derived trophic status of Atlantic temperate re- 
gions is more complex, with either carnivorous traits 
(Ackman et al. 1970; Virtue et al. 1999 in the Kattegat) 
or omnivorous features (Virtue et al. 1999 for the Clyde 
Sea). This complexity confirms the high degree of 
adaptability of this species to extremely diverse envi- 
ronmental conditions. 
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