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ABSTRACT: The early life of cod was studied during a survey programme covering the northeastern
North Sea, the Skagerrak and the Kattegat in May 1992. Our aim was to asses the interrelated effects
of physical and biological factors on distribution, growth and survival of larval cod. In the present paper
we describe the identified nursery areas of larvae/juveniles and analyse the connection between the
distribution of cod and hydrographical (frontal) characteristics of the areas. A total area of 67000 km?
was covered by stations in a 10 x 10 nautical mile grid. Salinity, temperature, NO3;+NO, and chloro-
phyll concentration were profiled through the water column. Zooplankton were sampled by a sub-
mersible pump and abundance of fish larvae/juveniles were estimated by depth-integrating tows of a
2 mring net. The hydrographical measurements indicated a shelf break front positioned along the shelf
slope in the southern part of the investigation area, and within the zone of the front we observed
enhanced primary production and abundance of both phyto- and zooplankton. The distribution of lar-
val and juvenile cod was also related to the hydrography, the abundance of cod peaked within a
restricted zone and the aggregations extended as a continuous band along the front. We suggest that
the observed concurrence between a hydrographic front and cod larvae/juveniles is a general and
recurrent phenomenon based on the spawning habits of cod and aggregation due to flow convergence
at the front.

KEY WORDS: Gadus morhua - Larvae - Small juveniles - Nursery areas - Hydrographic fronts - Aggre-

gation processes - North Sea and Skagerrak

INTRODUCTION

Distinct populations of cod Gadus morhua are found
across the North Atlantic, spawning either in the
neighbourhood of offshore banks (e.g. Browns Bank,
Hurley & Campana 1989; Georges Bank, Lough 1984)
or in specific coastal areas (e.g. Lofoten area, Ellertsen
et al. 1981; and off Iceland, Jonsson 1982). The nursery
areas of the feeding stages are found some distance
from the spawning locations; the displacement is
determined by larval behaviour and the course of pre-
vailing currents (e.g. Werner et al. 1993). Peak concen-
trations of cod larvae and juveniles are often observed
above the shelf slopes (Lough 1984, Campana et al.
1989, Ellertsen et al. 1989), in zones where coastal

*E-mail: pm@dfu.min.dk

© Inter-Research 1995
Resale of full article not permitted

water masses meet water of oceanic origin and where
hydrographic fronts might be established (Moors et al.
1978). Thus, the observations of larval distribution
indicate a linkage between the early life of cod and the
hydrographic fronts at the shelf slope, a linkage com-
parable to the one shown for coastal tidal fronts and
larvae of other fish species (e.g. Kisrboe et al. 1988,
Doyle & Ryan 1989, Munk 1993a).

In the present study we will explore this potential
linkage at cod nursery areas in the northeastern part of
the North Sea including the Skagerrak and Kattegat,
an area where the shelf of the North Sea slopes
towards the deep of the Norwegian Trench. The
hydrography of this area is greatly influenced by a
deep influx of Atlantic and North Sea water as well as
by shallow coastal currents and hydrographic fronts
might be established at the shelf slope (Rohde 1992).
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Fig. 1. The North Sea and adjacent
waters. The area of investigation in the
northeastern North Sea, Skagerrak and
Kattegat is enclosed by full, heavy lines.

Longitude (E)

The spawning sites of cod in the North Sea are well
described (see Daan 1978, Brander 1994), whereas
information on possible drift routes and location of
specific nursery areas of the early stages are limited.
Earlier studies (Graham & Carruthers 1925, Poulsen
1931) indicate that eggs and larvae are advected from
spawning sites in the northern-central areas towards
nursery areas at the Fisher Banks and in the Skager-
rak. In these studies the larger larvae and the juvenile
cod were caught in highest numbers at areas of inter-
mediate depth (between the 40 and 60 m isobaths).

In May 1992 we carried out an intensive survey pro-
gramme in the northeastern North Sea, Skagerrak and
Kattegat. The prime goal of the research was to ascer-
tain the direct and indirect influence of hydrography
on the distribution, growth and mortality of young cod,
and ultimately gain insight into the causes of recruit-
ment variability. A series of hydrographical and bio-
logical measurements were performed across the area
of investigation. In this paper we examine the distinct-
ness and characteristics of identified nursery areas of
cod and evaluate the hypothesis predicting a unique
coincidence between larval/juvenile distribution and a
hydrographic front.

MATERIJALS AND METHODS

Three research vessels were used in consecutive sur-
veys during the period May 10 to 21, 1992. Each vessel
covered a part of the 67000 km? large investigation

Bottom topography is illustrated by the
isobaths of 40 m (----J, 100 m (- --) and
200 m (—)

area (Fig. 1). Sampling was carried out in a 10 min (lat-
itude), 20 min (longitude) grid. At sampling positions
west of 9° 55’ E, salinity, temperature and fluorescence
were profiled (0.5 m depth intervals) using a Neil
Brown Mark III CTD with a mounted fluorometer.
Chlorophyll concentration was estimated in 2 to 5
water samples at each station using procedures
described in Nielsen et al. 1993 {west of 8° 05" E) or
Jeffrey & Humprey 1975 (east of 8° 05" E) and a rela-
tionship between chlorophyll a (chl a) concentration
and fluorescence was established. The relationship
was used to convert fluorescence profiles to a measure
of chl a concentration through the water column. East
of 9° 55" E vertical CTD profiles were carried out at a
restricted number of stations using water bottle sam-
pling at every 5 m above 30 m depth and every 10 m
below. The concentration of NO3;+ NO,; was measured
as in Nielsen et al. (1993) at 10 or 25 m depth intervals
and the primary production was estimated at stations
west of 8°05' E using the methods described in
Nielsen et al. (1993).

Zooplankton were collected with a submersible
pump (1.2 m® min~!) at 20 positions west of 8°05'E.
The pump was equipped with a 30 pm conical net and
when sampling it was raised from seabed to surface at
a speed of 10 m min~!. Zooplankton were preserved in
4 % formalin and later densities and biomass were esti-
mated within size intervals as described in Kigrboe &
Nielsen (1990).

Larval/juvenile fish were sampled using a ring net of
2 m diameter. The basic design of the gear is illustrated
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in Munk (1993b). The gear has a 2-legged, 10 m long
bridle and is equipped with a 13 m long black net of
1.6 mm mesh size. One of 2 types of depressors were
used, either a 2 m long dihedral or a small saddle-
shaped type. At each station the gear was towed in an
oblique haul sampling the water column to 5 m above
the bottom. The gear was deployed and retrieved at
wire speeds of 25 and 15 m min~' respectively while
speed of ship was kept at 1.5 m s~!. The volume of
water filtered was estimated using a calibrated flow-
meter in the centre of the net opening. All fish were
preserved in 96% ethanol and were
later identified to species and measured
within 1 mm length intervals (standard
length, SL). Densities of cod per unit
surface area were estimated using fil-
tered water volume and water depth. |~
Catchability of larval/juvenile cod dif- 4 3

fered between day and night, and in the 1--

present calculations we account for this
by converting the catches at day (Cy,y)
to an estimate of catch at night (Cpgn
by the relationship assessed by Munk
(1993b): Chgnt = Caay/(1.19 - 0.029SL),
where SL = length class in mm, 7 mm < .
SL < 35 mm. 80 1

N

60 4

Depth (m)
st I’/

The interpolation between values, | f

when preparing isopleths of results, fol- 1 /
lowed a standard procedure as the one
described in Munk (1993a).

water column was completely mixed in the southern
part of each section. Salinity of the upper watermasses
declined from the North Sea areas through the Skager-
rak into the Kattegat.

Watermasses north of the deepest part of the Norwe-
gian Trench were generally less saline and colder than
southern watermasses (Fig. 2b, d). At the shelf slope in
the southern part of the study area (at isobaths of 50 to
80 m) an upwelling of relatively cold water (<7.6°C)
was observed (Fig. 2¢, d). This watermass was of the
same high salinity (> 34.8%o) as the water in the central

-34.8-

01 1 —
1 | | N 1 =\
RESULTS ] \\\/ ' RS- = = = \\\
Sy . ‘ oz B \ |
A total of 196 stations were sampled 0] >~ \f/ ] B il
across the area of investigation. The ) 3 ‘ 1 'w// | ,f |
variation in hydrographical, chemical N B _// i
and biological parameters 1s exempli- £ il e 1 7 ;
fied by the 2 cross-shelf vertical sections S Py N {3 Ny
. . . [=9 | AL ./ i
shown in Figs. 2 & 3. These sections 5 60 1 & 1 ‘
followed 6°40'E from 57°30'N to | / s wl A
56° 10" N (left graphs of Figs. 2 & 3) and J ] T
8°40'E from 58°N to 57° 10’ N (right 1 ; I |
graphs of Figs. 2 & 3). Each section was 80 j 1 \/m_ \ |2
sampled within a period of 5 d. The i
salinity profiles (Fig. 2a, b) illustrate the C) Aol o~ d)
extent of the coastal currents [Jutland 100 o i'
Coastal Current (JCC) and Norwegian 1 I B ../ - -
Coastal Current (NCQC), Fig. 2b] over- 57030 57000 56030 58°00 57°30
laying the more saline water above the Latitude (N) Latitude (N)

Norwegian Trench, and show the dis-
persal of watermasses influenced by the
NCC across the central parts of Skager-
rak. The isohalines were dome-shaped,
raised towards the Danish coast, and the

Fig. 2. Vertical profiles of salinity and temperature. Salinity along (a) 6° 40" E,
isohalines increasing by 0.1%., and (b) 8°40'E, isohalines increasing by
0.1%. The Norwegian Coastal Current (NCC) and the Jutland Coastal
Current (JCC) are indicated. Temperature along (c) 6° 40' E, and (d) 8° 40" E,

isotherms increasing by 0.2°C
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0 Fig. 3. Vertical profiles of water

8 density and chlorophyll @ content.
{a) Section along 6°40"E. Water
density above 1000 kg m™ illus-
trated by isocurves, increasing by
0.1 kg m™3, and concentration of
cod illustrated by solid bars, in no.
m?, values read on axis to the
right. (b) Section along 8°40'E.
Water density and cod concentra-
tion as for (a). (c) Section along 6°
40" E. Concentration of chl a illus-
trated by isocurves and shading,
increasing by 1 mg m™® (outermost
line illustrate the 2 mg m™* isoline);
nutricline: heavy, broken isocurves
of 0.5, 1.0 and 1.5 mg NO,+NO;
m~? (outermost line illustrates the
1.5 mg m~2 isoline); primary pro-
duction in g C m 2 d™%: hatched
bars values read on axis to the
right. (d) Section along 8°40'E.

-
Primary production (g C m’? dh

R W) —
s 18
E ' ‘N‘:_;!f
£ ] e
S 60 4
o |
80 - 4
1
|
100 l
5730 57°00 56730 58900

Latitude (N)

part of the Trench, above the deepest part. Differences
in water density due to temperature, salinity and pres-
sure (depth) are illustrated in Fig. 3a, b. The density
structure was dominated by the salinity field. Isopyc-
nals show a dome-shape across the Trench, and at the
southern shelf slope (at 60 to 80 m isobaths) isopycnals
declined abruptly, indicating a frontal zone. The hori-
zontal extension of the area of elevated isopycnals and
their abrupt decline is illustrated in Fig 4 by the depth
of the isopycnal of 1027.45 kg m~%. In the eastern part
of the Skagerrak the CTD-profiling was limited, con-
straining the delineation of a frontal zone here.

Fig. 3c, d shows the dynamics related to primary pro-
duction. The nutricline is demarcated by the isolines of
0.5, 1.0 and 1.5 mg m~% NO,+NO; , the algal produc-
tion (g C m~%d™!) is given by bars (Fig. 3c only) and the

5730
Latitude (N)

Chl a and NO,+ NO; concentration
as for {c)

chl a concentration (mg m™) is illustrated by shading.
The findings indicate a peak in both production and
abundance of algae just off the nutricline within the
watermasses of low nutrients and in the areas where
isopycnals decline at the southern shelf slope (compare
to Fig. 3a, b). A comparison between the extent of the
frontal zone, illustrated by Fig. 4 [steep decline of the
isopycnal(s)], and the horizontal distribution of algal
biomass and production, shown in Figs. 5 & 6a respec-
tively, gives further evidence of a connection between
the frontal processes and the enhancement of primary
production.

The distribution of mesozooplankton was only sur-
veyed west of 8°05' E. The calanoid copepods domi-
nated the mesozooplankton, densities of all sizes
ranged from 4 to 26 1"!. The larger specimens of cope-
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tion. Isocurves and shading 56
are shown for intervals of | ' . , :
25 mg m™? as given by the o o
inserted scale. (s) Sampling 4 5
positions

pods were found at somewhat lower densities, e.g.
copepods longer than 400 um (cephalothorax length)
were found at densities ranging from 1 to 7 1"'. The
larger copepods, which accounted for most of the bio-
mass, were the preferred prey of the cod larvae/juve-
niles sampled during the present investigation (P.
Munk unpubl. results). Fig. 6b shows the variation in
copepod biomass across the area whereas Fig. 6¢c—f
illustrates the distribution pattern of the species of
major importance: Calanus finmarchicus, Temora
longicornis, Pseudocalanus elongatus and Acartia sp.
The areas of high biomass differed somewhat between

Longitude (E)

these copepod species, however, the biomass of C.
finmarchicus was dominant. The general pattern ob-
served was enlarged copepod biomass in the zone
between the 50 and 60 m isobaths which coincides
with the location of the hydrographic front.

The variation in the concentration of cod along tran-
sects is illustrated in Fig. 3a, b by the inserted bars.
The concentration of cod peaked in the area of inclin-
ing pycnolines, reaching 1.2 m~? along these 2 tran-
sects. Fig. 7 illustrates the distribution of cod across the
entire sampling area. Cod were sampled at almost all
stations, but the high concentrations were found in a
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band extending from the North Sea along the southern
shelf slope into Skagerrak. This band followed the 55
to 75 m isobaths in the northwestern areas, whereas
peak stations in the inner Skagerrak followed the 80 to
140 m isobaths. Larval peak abundance apparently
coincide with the zone of the inclining pycnolines
(compare Figs. 4 & 7). The coincidence is analysed
statistically by a test of the null hypothesis that the
abundance estimates within the frontal zone are not
different from the estimates outside the zone. Only dis-
tributions south and east of the Trench are investigated
and the zone of a marked inclination of pycnolines
is arbitrary set to the zone where the pycnoline of
1027.45 kg m~ inclines from 48 to 34 m. The means of
larval abundance estimates within and outside this
zone are compared by an analysis of variance. The
means are significantly different at p < 0.001 and the
hypothesis is rejected.

The cod covered a wide range of sizes and stages of
development. The development of adult characters is
gradual and there is no sharp boundary between the
larval and juvenile stages (Schmidt 1905). At a length
of 20 to 25 mm cod has attained most of the permanent
characters, the unpaired fins have obtained their full
number of rays and the dorsal and anal fins are fully
separated. According to Schmidt (1905) these fish
would be juveniles. Most of the cod (78%) were of
lengths ranging from 10 to 25 mm, but specimens as
small as 5 mm and as long as 41 mm were caught. In a
single sample the range was on the order of 15 mm.
Lengths are given as standard length of preserved
specimen, shrinkage by preservation was measured
for 18 individuals and a mean shrinkage of 86% was
estimated. Mean lengths at stations were calculated
and in Fig 8 the size variation across the investigation
area is illustrated. The Kattegat larvae were all rela-

tively short and showed no obvious trend in
mean length variation, whereas the mean

- Pramageoctilion ®) Al copepocs length of larvae in the other areas showed a
_ e minimum along a line from the northwestern
% = . e - part to the northeastern part of the investiga-
E ° ° ; tion area (Fig. 8). The minima were generally
'E?) . found offshore from peak concentrations of
larvae. This is illustrated by Fig. 9a, b where
56" * mean lengths of cod are related to bathymetry
Tr— adle | for a northwestern area (between 57° 10' N
— _ and 57° 30" N, west of 8° E) and a northeastern
Temora longicornis area (between 58°N and 58°30' N, east of
_ 10° E) respectively.
c o o
3 57 :
’% DISCUSSION
o] ’ Our findings showed evidence of a relation-
A | | I ship between hydrography, i.e. the frontal
- aa— == —j = — | zone and distributional characteristics at 3
) Preudocalarus elongaiis ! £ Acartia sp. trophic levels: the production and abundance
: . A | 1 of unicellular algae, the abundance of cope-
z i ) . Q® + I ° pods and finally the abundance of larval/juve-
§< o . . @/ F 1 o 6 nile cod. Apparently, in the present area of
'5; . . o 1 ° investigation, the nursery grounds of cod have
outstanding characteristics and are highly pro-
] @ g o ductive in relation to the surrounding areas.
s e e 2 r & 1 s
Longitude (E Longitude (E) The shelf break front

Fig. 6. Primary production and copepod biomass across the investi-

gated area west of 8° 05’ E. (a) Pnmary production in g C m~2d"!, light-
est shading illustrates 0.8 to 1.2 g C m~2 d~! and isocurves increase by
0.4gCm~2d"!. (b) Total biomass of copepods, diameter of filled circles
increases linearly from 0 to maximal size in the range of 0 to 6.8 g dry
weight m™2 (c to f) Biomass of different species of copepods. Diameter
of filled circles increases linearly, maximal sizes are reached at (c) 6.0,

(d) 1.6,(e) 0.4 and (f) 0.5 g dry weight m™?

The hydrographic front at the southern
slope had characteristics of a shelf break front
of the retrograde type, i.e. frontal isopleths
were opposite to cross-shelf topography. The
‘shelf break fronts' comprise the hydro-
graphic fronts found at the zone of abrupt
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Fig. 7. Gadus morhua. Contours
of larval/juvenile concentration.
Isocurves and shading are
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shown for intervals of 0.3 m™
as given by the inserted scale.
(s} Sampling positions

Latitude (N)

)
57 -

Fig. 8. Gadus morhua. Contours o
of mean length of sampled lar- 56 -
vae/juveniles. Isocurves and
shading are shown for intervals

of 25 mm as given by the 4
inserted scale. (s) Sampling
positions

increase in bottom slope marking a transition from the
shelf to upper continental slope (Moors et al. 1978). In
cases of a shallow position of the fronts these have
been named shelf/slope water fronts (Moors et al.
1978, Herman et al. 1981) or middle fronts (Coachman
1982). Our observations in the Skagerrak showed a
frontal position at the steep part of the slope (at about
120 m isobath) whereas in the North Sea the position
of the front was somewhat shallower and its route
more complex. A demarcation of a clear frontal zone

NORWAY

DENMARK

Longitude (E)

was especially difficult around the shallow banks of
the North Sea area.

Moors et al. (1978) and Marra et al. (1990) describe
how the sharp winter density fronts can be modified in
the spring by the increasing temperature and the
decreasing salinity of the upper watermasses. The
front identified in the present study was probably in a
transition phase as the temperature of surface water
was increasing significantly during the period of inves-
tigation. This is supported by observations made later














