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ABSTRACT: Spatial variations in abundance and growth of larval sprat Sprattus sprattus L. were exam- 
ined across a tidal front in the eastern North Sea, off the west coast of Denmark. The aim of the study 
was to evaluate the potential advantage for sprat larvae of residing in the vicinity of a tidal front. The 
hydrographic front in the area followed the 20 to 30 m depth contour and separated a mixed water 
regime to the east and a stratified regime to the west. Primary production and phytoplankton abun- 
dance were lughest in the mixed water (>2000 mg C m-2 d - '  and 150 mg chlorophyll m-2 respectively) 
and declined offshore towards stratified water. Zooplankton biomass peaked in the central parts of the 
investigated area in the vicinity of the front (up to 4 3  mg dry weight m-3). Peak densities of sprat lar- 
vae (>2 m-') were found in the front, in a water column stabhty range from 5 to 30 J m-3. The length 
distributions of larval sprat were dominated by modes of 12 and 16 mm, and growth rates of these 2 size 
classes were estimated from a Laird-Gompertz curve of larval size at age. Size at age of larvae was esti- 
mated by analysis of sagittal otoliths. Growth rate estimates were h~ghes t  in the mixed water (absolute 
growth of 12 mm larva: 0.47 mm d- ' ;  weight-specific growth: 0.16 d - l ) .  At the mixed side of the front, 
where larval abundance peaked, growth was slightly lower, whereas growth rate declined significantly 
further offshore (to a minimum for 16 mm larva of 0.13 mm d-l,  weight-specific growth: 0.03 d- l ) .  
Growth rate of larvae was positively related to chlorophyll content of water (when < 110 mg m-2) and 
to the available prey biomass. In conclusion, both abundance and growth of larvae were connected to 
characteristics of the tidal front. 

INTRODUCTION 

Spawning of North Sea sprat Sprattus sprattus L. 
takes place during the summer period from March to 
August, with a main period between late May and 
July. The major concentrations of sprat larvae are 
found predominantly in the coastal areas. Aurich 
(1941) described spawning areas off the English and 
Danish coasts and in the inner German Bight, but in 
addition to these areas, large numbers of sprat eggs 
have been found off the eastern and northern coasts of 
Scotland (Bailey & Braes 1976). Spawning intensity in 
the areas off Scotland has varied markedly during the 
last decades and,  at present, only Limited spawning is 
observed there (McKay 1984). Munk (1991) proposed 
that the observed changes in relative importance of the 
major spawnlng areas have influenced the size compo- 

sition of recruiting juveniles and thereby the stock 
structure of North Sea sprat. 

Apart from the distribution patterns of eggs and lar- 
vae,  little is known about the early life of the North Sea 
sprat. A recent initiative has intensified research on 
larval sprat in a n  international cooperation, the Sar- 
dine and Anchovy Recruitment Programme (SARP; see 
Bakun et al. 1991). Several field studies since 1989 
have focused on the conditions for sprat larvae in the 
inner German Bight (e.g.  Coombs & HiSkanson 1991, 
Kloppmann 1991, Valenzuela et  al. 1991). 

Concentrations of sprat eggs appear to coincide 
with the distribution of tidal fronts in the North Sea 
(Munk 1991). This indicates that areas near tidal 
fronts may offer favourable conditions for the early 
life of sprat. Consequently, determining the relation- 
ship between tidal fronts and sprat larvae has been a n  
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Fig. 1. Eastern North Sea with isolines of bottom depth (20 and 
40 m). Box encloses study area. Three longitudinal (a, b and c) 
and 1 latitudinal (d) transects are shown by double lines. 
( o , . )  stations; (a )  stations where zooplankton were sampled 

objective of SARP. The aim of the present study was 
to evaluate the potential advantage for sprat larvae of 
residing in the vicinity of a tidal front. An area in the 
eastern part of the North Sea, off the west coast of 
Denmark, was chosen for investigation. Basic hypo- 
theses were: (1) the distribution of sprat larvae in the 
area coincides with the position of a tidal front, and 
(2) the growth rate of sprat larvae peaks in the frontal 
zone due to enhanced primary and secondary produc- 
tion in this region. 

MATERIALS AND METHODS 

Field studies were carried out from the RV 'Dana' in 
August 1989. Sampling was performed in a 15' lati- 
tude X 30' longitude station grid, supplemented by 
additional stations in key areas (Fig. 1). On station a 
Neil Brown CTD, equipped with a rosette sampler 
(Hydrobios, 10 bottles of 1.7 1) and a fluorometer (Q- 
instruments), was used to profile temperature, salinity 
and fluorescence at 0.5 m intervals to 1 m above the 
sea bed. Water column stabihty (a, a measure of the 
work, in J m-3, required to mix the water column) was 
calculated (Simpson 1981). Water samples from the flu- 

orescence maximum and from 3 m depth were used for 
determination of phytoplankton productivity (particu- 
late) and chlorophyll a concentration as described in 
Richardson (1985). Calculation of daily primary pro- 
duction from 14C incorporation is based on the model 
presented in Richardson & Christoffersen (1991). Zoo- 
plankton was collected by a submersible pump 
equipped with a 30 pm mesh net. Flow rate was 0.5 m 
S-' at the pump opening of 0.1 m2. Samples were inte- 
grated in sections of the water column by lowering the 
pump slowly from the surface to 15 m and afterwards 
from 15 m to the bottom. Zooplankton was preserved 
in 4 % formalin and later identified to genus. 
Cephalothorax lengths of copepods were measured 
and their dry weight estimated using separate length- 
weight keys (from Ki~rrboe & Nielsen 1990). 

Ichthyoplankton was sampled at night using a ring 
net of 3 m2 opening and 1.2 mm mesh size. A version of 
this gear is described in Munk (1988). Investigations 
show that the larger clupeoids, 20 to 40 mm in length, 
are capable of only minor gear avoidance at night 
(unpubl, results). Because of possible extrusion 
through meshes of the net the catchability of the gear 
will decline when larval length becomes < l 0  mm. 
Oblique hauls were made to 5 m above the bottom 
while the ship cruised at 3 knots. Flow-meter record- 
ings at the net opening were used to estimate the fil- 
tered water volume. Samples were preserved in 70 % 
ethanol, and later all sprat larvae were identified. 
Because of preservation in ethanol the larvae were 
wrinkled and nonlinear measurements of larval stan- 
dard length were made using a microscope with a 
drawing tube and a digitising board. 

From larvae at selected stations, the 2 sagittal 
otoliths were removed and mounted in a resin (Eukitt) 
on microscope slides. The otoliths were analyzed using 
a transmitted light microscope and a video viewing 
system (63 X objective, ca 2700x effective magnifica- 
tion to screen). The maximal diameter of the otolith 
was measured and the number of dark rings (disconti- 
nuity zones) counted starting from the prominent dark 
ring near the centre (first feeding ring). Two separate 
counts on each otolith were made and the 4 counts for 
a larva averaged. 

Growth of larvae was estimated using a nonlinear fit 
(least squares) to the Laird-Gompertz growth equation 
(exponential growth which decays exponentially; 
Laird 1969): 

where L, is length (mm) at age t (in days); L. is length 
(mm) at first feeding; and a and P are model para- 
meters. 

Length increase at age could be estimated by the 
derivative of Eq. (1): 



Munk: Differential growth of larval sprat 19 

dL/dt = L,, pa exp{p[l- exp(-at)] - a t )  (2) 

Length increase at a given length is 
found by solving for age t at this length in 
Eq. (1) and then inserting tin Eq.  (2) .  

Specific growth rate in weight (SGR) at a 
given length L is found from: 

where 4.14 is the exponent of the length to 
weight relationship (for herring; Munk et 
al. 1991). 

The interpolation between samples for 
contouring of parameter estimates fol- 
lowed a standard procedure. First, a grid 
finer than the sampling grid was defined 
and the cell values herein found as the 
mean (weighted by inverse distance) of 
the 4 neighbouring sample values (1 from 
each quadrant around the cell). Second, 
each cell value was recalculated as the 
average of the given cell and the 8 cells 
surrounding it. Finally, isolines were 
drawn between these cells according to 
their relative magnitude. 

RESULTS 

The survey covered the area south of 
53' N and east of 5" E (Fig. 1). A complete 
coverage of the standard grid was carried 
out on 11 to 19 August 1989 and supple- 
mentary sampling took place on 19 to 
24 August 1989. The covered area is 
shallow to the south and east (Fig. 1). At 
approximately 40 n miles offshore the 
water depth approaches 30 m and, further 
offshore, depth increases to about 40 m. 
Between 55" 30' N and 55" 40' N, a shallow 
area with water depths below 10 m ex- 
tends offshore to 7'20' N (the Horns Reef). 

Hydrography 

During the survey both thermally strati- 
fied and well-mixed water columns were 
observed. The water column structure is 
illustrated by cross- and longshore tran- 
sects in Fig. 2a to d. North of 55" 45' N a 

Fig. 2. Vertical temperature profiles. Isolines are 
shown in 0.5"C steps. Transects along (a) 56" 
15' N,  (b) 55" 30' N,  (c) 54' 45' N and (d) 7" E 
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Fig. 3.  Stratification of the water column ~Uustrated by stabd- 
ity parameter d?. Points: measurement positions. Isolines of 

5,  10, 20 J m-3 and then every 10 J m-3 to 160 J 

thermocline was found at a depth of approximately 
30 m (Fig. 2a). Here the variation in temperature is par- 
alleled by variation in salinity and a halocline is found 
at the same depth. South of 55' 45' N (Fig. 2b to c), a 
thermocline between 20 and 25 m depth was observed 
in addition to the thermo/halocline at  30 m depth. In 
the northern part of the study area a change from strat- 
ified to well-mixed water takes place at the 30 m depth 
contour, whereas this change takes place at  about 20 m 
in the south. Thus, the tidal front is located along the 
20 to 30 m depth contours in the study area. In Fig. 3, 
the position of the front is shown by an isopleth of the 
stability parameter @. Stability differences are deter- 
mined predominantly by temperature differences, and 
the distribution of surface to bottom temperature dif- 
ferences (AT) shows basically the same pattern. The 
only exception to this is the relatively low stabihty in 
the southwestern part of the area. Thermal stratifica- 
tion is strong here, but a weakening of the haline strat- 
ification (by intrusion of relatively saline water, see 
below) reduces the overall stability. 

Surface temperature vanes only slightly in the direc- 
tion perpendicular to the Danish coast, whereas tem- 
perature decreases from about 17 to 14.5OC longshore 
from south to north (Fig. 2d). The surface salinity is dis- 
tributed differently (Fig. 4). South of 55" 45' N, salinity 

Fig. 4.  Surface salinity Points: measurement positions. 
Isolines given for 32.2 %O and every 0.2 YW to 34.8 YW 

increases in the offshore direction and relatively high 
surface salinity is found in the western part here. North 
of 55" 45' N the offshore gradient vanishes and a long- 
shore gradient is observed. The observed pattern of 
surface salinity distribution indicates an  interruption of 
the north-flowing coastal current by intrusion of water 
from central parts of the North Sea. 

Chlorophyll distribution and primary production 

Chlorophyll distribution was related to water column 
stability but differed between water masses. The water 
mass north of the intrusion of high salinity water is 
here distinguished from the central/southern water 
mass. Stations at or north of 55" 45' N are 'allocated' to 
the northern water mass. The vertical fluorescence dis- 
tribution of the northern water mass was homogenous 
in mixed water and showed a peak in fluorescence just 
below the thermocline in stratified water. In the south- 
ern water mass the highest fluorescence values were 
found in the upper part of the water column regardless 
of its stability. In Fig. 5 the depth-integrated chloro- 
phyll content is illustrated. From relatively high values 
in mixed water, the chlorophyll content declined off- 
shore. At a given stability of the water column the con- 
tent differed between the northern and the southern 
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water masses. This difference between water masses is 
significant (covanance test on log-transformed data: 
n = 38, p < 0.002). 

Phytoplankton production was directly related to its 
abundance (as estimated by chlorophyll concentra- 

rl 
tion). Production was relatively low (<200 mg C m-2 
d-l) in the area north of 55" 45' N, but production 

' E  

increased towards the central parts of the area south of F 30 . . 

55O 45' N where it reached very high values (>2000 mg v 

[I) 

C m-2 d-l) .  [I) 

9 20 

Zooplankton abundance and distribution 

The positions of the 8 zooplankton samples are 
shown in Fig. 1. At all stations, 7 genera of calanoid or 
cyclopoid copepods were represented (see legend for 
Fig. 6). Echinoderm larvae, bivalve veligers and 
gastropod veligers were the most abundant non- 
copepods. Densities of copepods (all stages) ranged 
between 15 and 32 1-' in the central parts of the study 
area, whereas between 6 and 13 copepods 1-' were 
found in the periphery. 

Oithona sp. dominated numerically at all stations 
(i.e. constituted between 40 and 80 % by number). Dif- 
ferent genera were the second most important: at the 3 

La t i t ude  ( n o r t h )  

Centropages sp. 
m Temora sp. 

Acartia sp. 
m Pseudocalanus s p .  

m Paracalanus sp. 
m Oithona sp. 

Calanus sp. 

Fig. 6 .  Biomass density of copepods sampled at positions shown 
in Fig. 1 Bars illustrate contribution (mg dry weight m-3) of 
each of 7 groups of copepods. Values above bars are depth- 

integrated chlorophyll a (mg m-2)  found at same position 

stations between 56' and 56O 30' N, Temora sp. consti- 
tuted from 21 to 66 % of the number of remaining cope- 
pods (minus Oithona sp.), whereas at stations between 
55" and 55" 30' N, Centropages sp. represented from 
58 to 73 % of the remainder. 

In terms of biomass, Oithona sp. was less important 
and the biomass of Temora sp., Centropages sp. and 
Calanus sp. dominated (Fig. 6). Centropages sp. con- 
tributed most in the centre-south, while Calanus sp. 
had a marked influence on total biomass north of 
55" 45' N. The southernmost station which had the 
highest chlorophyll content had the lowest zooplank- 
ton biomass of copepods (Fig. 6). When comparing 
only the remaining stations, the correlation between 
chlorophyll and copepod biomass is weakly positive, 
but not significant (p > 0.07, n = 7). 

Larval abundance and distribution 

Larval sprat were found in samples from all stations. 

6" 7" B0 9" E 
The total number of sprat larvae within the investigated 

5 O  
area (46000 km2) is estimated to have been 2.0 X 10". 

Fig. 5. Depth-integrated chlorophyll a content contoured in Centres of distribution were found in the southern parts 

the study area. Points: measurement positions. Isolines given of the study area where densities reached more than 
for 50 mg m-2 and then every 25 mg m-* up to 250 mg m-2 2 m-2 (Fig. 7). Con~parison of the distribution of larvae 
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Fig. 7. Sprattus sprattus. Density of larvae contoured in the 
study area. Points: sampling positions. Isolines given for 
densities 0.2 m-2 and then every 0.2 m-2 increase to 3.2 m-2. 

Shaded area: stability (0) between 5 and 30 J m-3 

and the distribution of water column stability reveals a 
concurrence between peak densities of larvae and a sta- 
bility range of 5 to 30 J m-3 (shaded area in Fig. 7). For a 
large part the 60 J m-3 contour parallels the 0.6 larvae 
m-' contour, and an overwhelming majority of the lar- 
vae (>g5 %) were found in water masses with stabilities 
below 60 J m-3. 

Larval size and age 

Sprat larvae ranged from 5 to 27 mm in length 
(standard length of preserved specimens). At many 
stations, significant polymodality in length was ob- 
served (2 or 3 modes). Modes of 12 and 16 mm 
lengths dominated. Subgroups of larvae could, in 
some instances, be traced from station to station by 
their mode of length distribution. However, the pre- 
sent data are not sufficiently detailed to allow a sepa- 
ration of the very intermixed groups. In Fig. 8, the 
spatial distribution of larval size categories is illus- 
trated by the mean length only. A number of local 
minima in length of larvae were found. In only 1 case 
did such a minimum coincide with a local maximum 
of larval abundance. Mean larval length increased 

Fig. 8. Sprattus sprattus. Mean length of larvae, contoured 
in study area. Points: sampling positions. Isolines given 
for 8 mm standard length, and then every 2 mm increase to 

22 mm 

gradually in a northerly and westerly direction. In the 
northeastern part of the study area patches of smaller 
larvae were separated by a distribution of large larvae 
(mean length >l8  mm). 

Larval age was estimated from increments on the 
sagittal otolith. Shields (1989) validated the correspon- 
dence between number of increments and age in days 
of sprat larvae. He found a one-to-one relationship 
when increment widths were >1.5 pm. In the present 
study increments were >1.5 pm, thus their number is 
assumed to reflect age in days. In total 1345 pairs of 
sagitta were analyzed. Estimated ages ranged from 
2 to 75 d. Of the age distribution of a!l analyzed larvae, 
modes of ages 15 and 25 d were dominant, corre- 
sponding to the modes of 12 and 16 mm from the 
length distribution. 

Growth of larvae 

Larval growth was estimated by a regression of 
length against age, thus assuming that the growth his- 
tories of larvae in a given sample were the same (see 
examples in Fig. 9a). The measured length of individ- 
ual larvae was, however, affected by a variation in 
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Fig. 9. Sprattus sprattus. Growth curves. (a) Measured stan- 
dard length of larvae versus otolith increments for 2 data sub- 
sets. (*) Relationship for fast-growing specimens; (0) slow- 
growing ones. Fit of Laird-Gompertz growth curves reveals in 
both cases r2 of 0.86 (n = 164 and n = 87 respectively). (b). Es- 
timated standard length of larvae (based on otolith sizes) ver- 
sus otolith increments. Same data sets as for (a). Lines show fit 
of Lalrd-Gompertz curves, rZ for the fast growers is 0.94 

(n = 164) and for the slow growers 0.91 (n = 87) 

their shape allows for linear measurements. But, an 
unambiguous relationship between otolith sizes (max- 
imal diameter) and larval lengths is a prerequisite. The 
relationship was estimated as: larval standard length 
(mm) = 1.45 [max. diameter (pm)]0.49, in a linear regres- 
sion of log-transformed data (r2 = 0.87, n = 1307). No 
systematic trend in residuals of length estimates was 
observed. 

A decoupling of the relationship between larval and 
otolith size is, however, possible (Mosegaard et al. 
1988, Secor & Dean 1989). This decoupling has been 
related to growth rate differences; a slowly growing 
larva may have relatively larger otoliths than a faster 
growing larva. This potential effect was tested in the 
present material by comparing larvae from 2 stations 
where lengths at age were largest with 2 stations 
where lengths at age were shortest (Fig. 9a). Regres- 
sions of log(1ength) against log(oto1ith diameter) were 
not significantly different between subsets of data 
(covariance test; n = 250, p > 0.11), and the effect is 
assumed to be negligible. 

Thus, lengths estimated from otolith sizes were used 
when fitting data to the Laird-Gompertz equation 
(Eq. 1). Size at first feeding was set to the mean size of 
larvae where only the prominent (first feeding) ring on 

shrinkage and by an imprecision of the length mea- 
surement due to the wrinkled bodies. Hence, an 
attempt was made to improve regressions by use of 
otolith sizes as estimators of individual body lengths. 
Sagittal otoliths are unlikely to shrink (Leak 1986), and 

Fig. 10. Sprattus sprattus. Growth estimates of 12 mm larvae 
(mm d.') in the study area. Points: sampling positions for 
otolith analysis. Isolines given for length increase of 0.32 mm 

d- ' and  every 0.2 mm d-l to 0.46 mm d-'  
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otoliths was visible (5.3 mm). In all regressions the 
0.50 - /+- 

coefficients of determination (r2) improved when using 
estimated lengths instead of measured lengths (com- 
pare the examples given in Fig. 9a, b). Growth rates of 
12 and 16 mm larvae were subsequently found using 
the parameter estimates and Eq. (2). Illustration of E 

E 0 
growth rates for these 2 length groups were chosen 

o 0.40 - 0 
because of their prevalence in the material. 

-J m 
In Fig. 10 the variation in growth of 12 mm larvae is L 

0 
0-7- 

5 0 
given for the entire area and in Fig. 11 growth rate esti- 
mates of (a) 12 and (b) 16 mm larvae are plotted for g 0.35 - 

L 
0 each of the 3 transects shown in Fig. 2a to c as a func- 
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Fig. 11. Sprattus sprattus. Growth est~mates of larvae (mm 
d-') along longitudinal transects (east and west indicated). 
Distance across front is measured with reference to inshore 
side of front (@ = 5 J m-3). (a) Growth of 12 mm larvae along 
56' 15' N ( D ) ,  55" 30' N (U) and 54" 45' N ( A  ). (b) Growth of 

16 mm larvae along same transects as for (a) 

Chlorophyll  (mg m-2) 

Fig. 12. Sprattus sprattus. Growth rates of 12 mm larvae (mm 
d-') in relation to integrated chlorophyll a content (mg m-') at 
sampling position. ( D )  S a m p h g  north of 55" 45' N; (0) sam- 
pling south of 55" 45' N. Fitted curves are shown for sampling 

either north or south of 55" 45' N 

tion of the distance to the front (here set to the @ = 5 J 
m-3 isoline). Growth rates tend to decline in the off- 
shore (westward) direction. They were high on the 
mixed side of the front, about 0.47 mm d-l for the 
12 mm larvae, corresponding to a specific growth rate 
in weight (SGR, Eq. 3) of 0.16 d-l ,  and about 0.43 mm 
d-' (SGR 0.11 d-l) at 16 mm length. At the western- 
most sampling sites, these rates were reduced to 
between 0.13 and 0.35 mm d-' (SGR between 0.03 and 
0.12 d-l). South of 55" 45' N the offshore decline in 
growth rate was more pronounced in the case of the 16 
mm than of the 12 mm larvae. Accordingly, the para- 
meter a in Eq. (1) which describes the decay in growth 
rate with larval length increased significantly in the 
offshore direction south of 55" 45' (n = 24, p < 0.008). 

Larval growth in relation to environmental 
parameters 

Growth rate and stability were inversely related in 
the area east of 6" E. However, in the westernmost 
parts of the study area low values of both stability and 
growth rate were observed. Thus growth rate showed 
no unambiguous relation to stability. The relationship 
between growth estimates of 12  mm larvae and the 
chlorophyll content of the water column is shown in 
Fig. 12. Growth rates were apparently linearly related 
to chlorophyll content up to 90 mg m-' and south 
of 5.5'45' N they diminished at contents exceeding 
110 mg m-*. There is an apparent difference in the first 
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part of this relationship between areas north and south 
of 55" 45' N. A covariance test analyzing the combined 
effect of site, chlorophyll and temperature (at surface 
or at thern~ocline) was applied to growth of 12 mm lar- 
vae. The effect of temperature, both at the surface and 
the thermocline, was insignificant. In a test with site 
and chlorophyll only, both factors were significant at 
p i 0.05 and p i 0.001 respectively (n = 29). 

The influence of primary production on larval 
growth rate is mediated through its effect on sec- 
ondary production and zooplankton abundance. In this 
context it is not so much the total zooplankton biomass, 
but the size fraction that larvae are capable of eating 
that is important. The available biomass of copepods, 
the predominant prey item of sprat larvae (Conway et 
al. 1991), is estimated using the information gained for 
another clupeoid, the herring (Munk 1992). Based on 
the relative preferences for copepods in logarithmic 
length intervals of herring larvae 12 mm in length 
(Munk 1992), indices of prey availability were calcu- 
lated (the higher the preference the higher the avail- 
ability). Indices for 12 mm larvae were calculated for 
each station of concurrent sampling of larvae and zoo- 
plankton. Comparison revealed a significant positive 
correlation (p < 0.03, n = 8, r2 = 0.59). 

DISCUSSION 

The results of this study support the hypothesis that 
the distribution of sprat larvae coincides with the zone 
of a tidal front. A minor part of the larvae were found 
in the strongly stratified and completely mixed water 
masses, whereas centres of distributions (both of 
younger and older larvae) were found at the irnmedi- 
ate mixed side of the frontal zone - at water column 
stabilities of 5 to 30 J m-3. Because of the proximity of 
the Dogger Bank, the isolines of water column stability 
diverge into a zone associated with the southern part 
of the Bank and one extending towards the German 
Bight. Likewise the distribution of larvae diverges into 
a minor part extending to the southern areas of the 
Dogger Bank and a major part that extends towards 
the German Bight. 

The distribution of sprat larvae on the Dogger Bank 
was investigated in August 1991 (Munk unpubl.). 
Large numbers of larvae were found associated with a 
tidal front there. The larvae in the southwestern region 
of the present study area are probably an extension of 
larval patches at the Bank. Valenzuela et al. (1991) 
studied the distribution and ecology of sprat larvae in 
the German Bight in June 1989. In their area of study, 
south of 54" 06' N and east of 7" 53' E, 2 frontal systems 
were observed, a tidal mixing front and a river plume 
front. At a transect cutting through the tidal mixing 

front the authors found maximal densities of sprat lar- 
vae at the stations closest to the coast. From their pre- 
sentation of the hydrography along the transect, these 
stations appear positioned at the innermost side of the 
tidal front, still with a weak stratification of the water 
column. Hence, their findings are in accordance with 
the present observations. 

The possible drift routes of sprat larvae in 1989 have 
been studied by Bartsch (1991). Hydrographic model- 
ling based on meteorological fields indicated that the 
current circulation pattern in the North Sea was anom- 
alous in the summer period of 1989. During this year 
larvae were less apt to drift northwards than in a 'nor- 
mal' year. Modelled drift of passive tracers at 5 m 
depth, released at  a presumed spawning ground in the 
western part of the German Bight, showed Little dis- 
persion of larvae away from the area of release 
(Bartsch 1991). The present observations of distribu- 
tions are not in accordance with the predictions of the 
model, since significant numbers of larvae were found 
as far north as 56" N. The discrepancy could stem from 
an erroneous restricted area of release in the model 
while observations of egg dispersal during April-June 
1989 show significant spawning up to 56" N (van der 
Land 1990). 

The hypothesis that growth of larvae is especially 
promoted in the frontal zone was not unconditionally 
supported in the present study because growth rates 
peaked in the mixed water masses. However, there 
was only a slight decline in growth rate estimates from 
mixed to frontal water, where larval abundances were 
highest. Towards the more stratified water columns, 
growth rate declined significantly. Growth rates were 
positively correlated to primary production (chloro- 
phyll content), except at very high levels of chlorophyll 
where the growth rate may be depressed. The stations 
with very high levels of chlorophyll, concurrent with a 
low abundance of zooplankton, are situated in mixed 
water. Thus, examples of suboptimal conditions in 
mixed water were found. 

The present findings show that both the spatial dis- 
tribution and growth of sprat larvae are closely con- 
nected to hydrography. Dispersal of sprat larvae is to a 
large extent bounded by a tidal front, and the restric- 
tion of their spatial distribution centres to the inshore 
side of the frontal zone is apparently profitable with 
respect to growth. The retention of larvae in areas of 
tidal fronts has been described in a number of studies 
(e.g. herring: Kierboe et  al. 1988, Chenoweth et  al. 
1989, Fortier & Gagne 1990; cod: Suthers et  al. 1989), 
and the profitability of retention areas to larval growth 
and survival has been much debated. Based on the 
findings of herring larval distributions, a hypothesis of 
'larval retention' was proposed by Iles & Sinclair 
(1982). Originally the hypothesis dealt with the dis- 
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tinctness of herring stocks, the stocks being deter- 
mined by the extent of distinct, geographically stable 
retention areas. Later Sinclair & Iles (1985) argued 
that, since these areas are often suboptimal as nursery 
areas, larvae are distributed in these regions in spite of 
and not because of the food resources there. Frank 
(1988) rejected this statement on the basis of a re- 
evaluation of food resource estimates from a number of 
studies, including the one used by Sinclair & Iles 
(1985). 

Actually, many cases of CO-occurrence of larvae and 
their prey have been described (e.g. Townsend et al. 
1986, Kisrboe et al. 1988, Chenoweth et al. 1989), and 
as in the present study, Suthers et al. (1989) showed an 
improved growth ability of cod larvae within the area 
of retention. The present findings point to the irnpor- 
tance of a match between distribution of larvae and 
areadperiods that offers superior conditions for larval 
life, thus supporting the match/mismatch theory (Hjort 
1926, Cushing 1972). 
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