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ABSTRACT: The distribution of a pelagic species, the North Sea herring Clupea harengus L. ,  derived 
from acoustic surveys during the summer and prior to spawning is shown to have a strong relationship 
to seabed substrate and water depth. Substrate information was derived from a remote acoustic classi- 
fication technique (RoxAnn). Herring were shown to aggregate in areas characterised by a seabed of 
sand and gravel. This type of substrate is sim~lar to that on which they spawn, yet the surveys were car- 
ried out 2 to 3 mo prior to spawning. The herring also showed a preference for zooplankton-rich waters 
with depths between approximately 100 and 150 m. These relationships were examined during 3 years 
(1992, 1994, 1995) using Generalized Additive Models (GAMs) and were found to be stable between 
the years examined. Results lndlcate a robust relationship between spatial distribution patterns and 
these environmental factors, despite substantial changes in the stock level and age structure of the 
population. A multiyear GAM analysis confirmed the stability of this relationship and the stock's reduc- 
tion. Herring preferences for specific substrate types, water depth zones and zooplankton conditions 
are hypothesized to modulate the prespawning spatial aggregation of the species to potentially suitable 
spawning grounds. 
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INTRODUCTION 

Relationships between fish distribution and environ- 
mental variables have attracted growing research at- 
tention in recent years. In general, the environmental 
aspects studied are restricted to physical oceanogra- 
phic parameters such as temperature and salinity. The 
distribution of pelagic fish is, however, a complex phe- 
nomenon controlled by a number of interacting mech- 
anisms and factors. One factor which Mann (1993) 
highlighted was zooplankton abundance and hence 
food availability. Another factor which has received 
little attention, particularly for pelagic fish, is the rela- 
tionship to seabed structure. 

'Present address: National Center for Marine Research, Agios 
Kosmas, 16604 Hellinikon, Athens, Greece. 
E-mail: cmaravel@ncmr.gr 

The North Sea herring Clupea harengus L. is a pel- 
agic schooling species that makes regular seasonal 
migrations as part of its spawning and feeding cycle. 
Herring is the only marine clupeoid which lays demer- 
sal eggs. Eggs are laid on gravel areas on the seabed 
(Blaxter 1990). In the North Sea, herring are consid- 
ered to be conservative with respect to their spawning 
grounds which are usually located in high-energy en- 
vironments (Blaxter & Holliday 1963). 

Herring are believed to contract their feeding and 
spawning range as the population declines (Murphy 
1977). Thus at high stock levels, eggs are spawned in 
highly variable and generally less productive offshore 
areas as well as in the more consistently productive in- 
shore zone (Blaxter & Hunter 1982). North Sea herring 
start feeding in April in areas with high abundance of 
Calanus finmarchicus or euphausiids. C. finmarchicus 
is the principal food of herring. Within the North Sea, 
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pioneer work on herring-plankton relationships was 
done by Hardy (1936), who showed a negative relation 
between herring and dense phytoplankton blooms and 
a positive relation between herring and their food or- 
ganisms, particularly C. finmarchicus. Cushing (1955) 
studled in depth the herring-zooplankton relationship 
by examining the population dynamics of a patch of C. 
finmarchicus, relating it to the primary production cy- 
cle and the aggregation and disengagement of herring 
from the patch. Herring feeding continues until July, 
when the fish stop feeding and start aggregating in 
pre-spawning schools. These schools gradually move 
in the direction of the various spawning grounds near 
the Shetland/Orkney Islands (Fig. 1). 

There is considerable evidence that herring distribu- 
tion is related to zooplankton distribution. Bainbridge 
& Forsyth (1972) related the 1960s northern displace- 
ment of herring spawning grounds to large scale 
changes in composition and abundance of the zoo- 
plankton in northwestern North Sea. Corten (1988) 
proposed that the observed southerly shift in herring 
spawning grounds from Orkney-Shetland to the Bu- 
chan area in the 1980s was a reversal of the trend that 

was observed in the 1960s. By the late 1980s the her- 
ring again showed a Inore northerly distribution pat- 
tern of spawning. The distribution of herring catches in 
June/July during the late years of the 1980s was con- 
centrated in the region of the Slope Current (Corten & 
van de Kamp 1992). Corten & van de Kamp speculated 
that changes in the Slope Current might have been 
responsible for the changes in the summer distribution 
of adult herring in the 1980s in the northern North Sea. 
Haegele & Schweigert (1985) had proposed that her- 
ring migrate from offshore feeding grounds to near 
shore holding areas close to spawning grounds, one to 
several months in advance of spawning and then dis- 
perse to the ultimate spawning location a few days to a 
few weeks prior to spawning. 

North Sea herring stock had undergone significant 
fluctuations in the early 1990s. During the period that 
the present study examined, 1992 to 1995, the stock 
underwent a number of changes in response to a com- 
bination of variation in recruitment and heavy fishing 
pressure (ICES 1997). Recruitment had failed tp main- 
tain the high levels of the mid to late 1980s although 
there was no recruitment failure. Fishing pressure 

increased dramatically from 1992 for 4 yr, 
with fishina mortalities uw to 0.8. As a 
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result, the stock reached a low point in 
1997 but is now recovering. Under this 
declining stock situation, herring have 
been reported to exhibit changes in their 
prespawning behaviour (Murphy 1977). 
In the present paper, we examined the 
hypothesis that Atlantic herring in the 
northern North Sea, in July (i.e., 2 to 3 mo 
prior to their spawning) are likely to be 
associated with suitable potential spawn- 
ing grounds, despite substantial changes 
in the stock level and age structure of the 
population. The objective was to establish 
quantitative relationships between the 
spatial distribution of prespawning herring 
abundance and biotic and environmental 
factors over a wide geographical area, the 
northern North Sea, using acoustic back- 
scatter data for information about fish 
abundance, seabed substrate and bottom 
depth. Fisheries acoustics datasets allow a 
mesoscale view of the spatial structure of 
the population to be obtained. The simulta- 
neous collection of a wide range of an- 
cillary variables, biotic (e.g., zooplankton) 
and abiotic (e.g., depth, seabed substrate), 
during the acoustic surveys enables an 
understanding of the relationship between 
population distribution and the ocean en- 
vironment. 



Maravelias et  al.: Herring distribution in relation to substrate, depth and zooplankton 251 

MATERIALS AND METHODS 

Data collection. Fish abundance and water depth 
data: Herring data were collected during the ICES co- 
operative acoustic surveys in the northern North Sea 
(Orkney/Shetland area), ICES div. IVa (1992, 1994, 
1995). The procedures for herring acoustic data acqui- 
sition have been described in detail in MacLennan & 

Simmonds (1992) and Anon (1994). Water depth was 
collected routinely as part of the acoustic data during 
these surveys. 

Zooplankton data: Zooplankton samples were taken 
at trawl stations and opportunistically throughout the 
1995 survey. Vertical samples were taken using a stan- 
dard plankton net (250 pm mesh size, 1 m diameter) 
from the upper 60 m of the water column. Samples 
were fixed and preserved in an excess borax-buffered 
4 % formaldehyde solution. Back in the laboratory the 
samples were sorted. Species were identified, counted 
and converted to dry weights. Numerical densities of 
species (including copepods) were converted to dry 
weight using a standard set of stage length and dry 
weight data (Hay 1995). These were then converted to 
dry weight biomass m-3 (mg m-3) for the top 60 m of the 
water column. For purposes of the present study only 
the small crustacean category was used. This category 
was dominated (99%) by calanoid copepods (mainly 
Calanus finmarchicus) at various stages of develop- 
ment. C, finmarchicus is the main prey of herring (Par- 
rish & Saville 1965) and comprises more than 70% of 
the zooplankton in the northern North Sea during 
June-July (Fransz et al. 1991). 

Seabed substrate data: Seabed substrate data were 
collected using the RoxAnn system for the surveys in 
1992, 1994 and 1995. RoxAnn provides 2 descriptors of 
the substrate: E l  representing bottom roughness and 
E2 representing bottom hardness. In general, the reso- 
lution of the system in any one situation is restricted to 
around 6 substrate types. During the surveys the Rox- 
Ann system was set to gather data at 15 S intervals. 
Data were displayed and stored on an Apple Mac run- 
ning MacSea G.I.S. software. More specific details of 
the theoretical basis of RoxAnn are given in Chivers et 
al. (1990); a field evaluation of RoxAnn is presented in 
Schlagintweit (1993). 

Exploratory data analysis (EDA). Herring abun- 
dance (integrated echo intensity) and water-depth 
data were available at 15 min intervals (every 2.5 n 
miles) for all the surveys. Zooplankton biomass was 
available only at plankton point stations. The local 
regression model, LOESS, was used first to model 
zooplankton biomass as a function of latitude and lon- 
gitude and then, in a predictive mode, to interpolate 
onto each abundance data location. RoxAnn data were 
screened for invalid data prior to further processing; 

then, to allow direct correspondence to the herring 
acoustic data, mean E l  and E2 values were calculated 
for each 15 inin interval. 

Data analysis. Generalized Additive Models (GAMs; 
Hastie & Tibshirani 1990, Swartzn~an et al. 1992) were 
used to model trends in herring ab.undance distribution 
(for 1992, 1994, 1995) as functions of seabed substrate, 
bottom depth and zooplankton biomass, with the main 
aim being to draw inferences on the mechanisms that 
give rise to the distribution of herring. To begin with, 
we applied GAMs to each year's dataset separately. 
Then, since the coverage of the 3 surveys was the same, 
it was possible to combine the 3 years' data in one 
analysis and test for a temporal (i.e., year) effect on 
herring abundance. In the present study, the available 
covariates that were examined were: RoxAnn El -  
seabed roughness, RoxAnn E2-seabed hardness, 
water depth, zooplankton biomass (1995 only). 

All available variables and their first-order interac- 
tions were initially included in the model. Seabed sub- 
strate roughness and hardness were found to be corre- 
lated; however their relationship changes over space, 
and therefore they cannot be seen as surrogates. 
Because of this and because there was no a prior] infor- 
mation for which of the 2 was more important for her- 
ring, it was decided to include both covariates in the 
model. For both approach.es, an identity link function 
and a gaussian error distribution was found to be ade- 
quate for the data modelled here. The scatterplot 
smoother used here to estimate the functions in GAMs 
was a cubic spline smoother, S (Hamming 1973). A 
detailed description of the GAM methodology, as it 
was applied in the present study, is given in Swartz- 
man et al. (1992) and in Maravelias (1997), and we 
refer the reader to these studies for more information. 

RESULTS 

Contour plots of the seabed roughness, hardness, 
bottom depth and herring density for the years 1992, 
1994 and 1995 are given in Figs. 2 to 4 respectively. 
The effect of each of the explanatory variables in- 
cluded in the GAMs can be best understood by exam- 
ining the fitted contribution of each variable to total 
herring abundance plotted against the value of the 
variable. The 95% confidence intervals are also plot- 
ted around the best fitting smooths for the main effects. 
Interaction effects are shown as perspective plots with- 
out error bounds. The y-axis reflects the relative im- 
portance of each covariate of the model; for the inter- 
action effects this is presented on the z-axis. Finally, 
the x-axis for the single covariate effect plots includes 
a so-called 'rug', which shows the density of points for 
each covariate included in the model. 
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The results of the best fitting GAM smooths for sig- the above figures is the conditional effect, that is, the 
nificant main effects and interactions on herring abun- effect that this variable has, given that the other vari- 
dance are presented in Figs. 5 & 6 for the first analy- ables are included in the model. In Table 1 the signifi- 
tical approach, i .e. ,  all data included. I t  needs to be cance values (p-levels) of GAM covariates for all years 
emphasized that the effect of each variable shown in are given. 

Water Depth 
62.0 I 

Longitude 

Herring 
62.0- 

61.5- 

6 1 .O- 

Longitude Longitude 

Fig. 2. Contour plots of seabed roughness (E l ) ,  seabed hardness (E2), water depth and observed herring data for 1992 
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Full raw data modelling 

First, all the data were examined without any dis- 
tinction. The total herring abundance through the 
water column was regressed against seabed rough- 
ness, seabed hardness, bottom depth and zooplankton 

Seabed roughness (RoxAnn El)  

Longitude 

Water Depth 

biomass. Herring ab.undance for 1995 was also simul- 
taneously regressed against the interaction of zoo- 
plankton with bottom depth. 

Results from the GAMs applied in all years were sim- 
ilar. The explanatory covariates were significant in all 
years (Table 1). The main effects of the common ex- 

Seabed hardness (RoxAnn E2) 

Longitude 

Herring 

Longitude Longilude 

Fig. 3. Contour plots of seabed roughness (E l ) ,  seabed hardness (E2), water depth and observed herring data for 1994 
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planatory variables were more significant for 1992 than effects of seabed roughness, hardness and depth 
1994/95. For 1995 the zooplankton biomass and its in- showed little interannual change. Interactive effects in 
teraction with bottom depth were highly significant. all 3 years were non-significant, The best fitting 

The best fitting smooths of the covariates on herring smooths of the explanatory covariates revealed similar 
abundances can be seen in Figs. 5 & 6. The main patterns for the same ranges of values between years, 

Seabed roughness (RoxAnn E l )  
62.0 

Seabed hardness (RoxAnn E2) 

62'00 

Longitude 

Water Depth 

Longitude 

Zooplankton biomass 

Longitude Longitude 

Fig. 4.  Contour plots of seabed roughness (El),  seabed hardness (E2) and water depth for 1995. The zooplankton biomass is given 
with a proportional representation of the herring data (bottom right). Radius of circles is proportional to herring EAI 
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thus suggesting that the relationship of herring with Table 1. Significance values (p-levels) for all CAM covariates 

these variables was rather constant and characteristic. and their interactions. Level of significance was set to 0.05. 

F~~~ abundances were greatest for seabed rough- Not available covanates for 1992 and 1994 are denoted as na 

ness values around 0.6 Volts (V) in all years. Average 
herring abundance increased with increasing seabed 
hardness values and exhibited its maximum effect for 
hardness values around 0.9 V. Based on the Marine 

Seabed roughness Seabed roughness 

Covariate 1992 1994 1995 

seabed roughness 0.001 0.03 0.003 
Seabed hardness 0.001 0.001 0.001 

Laboratory's grab sampling database and ground 
truthing, hardness values lower than 0.6 V were 
known to represent soft sediment types i.e., mud and 
silt; hardness values fE2) hiaher than 0.6 V and lower 

0.5 1 1.5 2.0 0.6 1 1.4 1.8 

Seabed hardness Seabed hardness 

Bottom depth 0.002 0.003 0.002 
Z o o ~ ~ a ~ ~ t o n b i o m a s s  na na 0.001 
Bottom depth - na na 0.001 
zooplankton biomass interaction 

Water depth Water depth 

Fig. 5. Results of GAM regression for 1992 (left) and 1994 (right) herring abundance as a function of seabed roughness (RoxAnn 
E l ) ,  seabed hardness (RoxAnn E2) and water depth. Dashed lines: 1 SE boundary around the covariate effects 
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than 1.2 V were characteristic of sand and gravel 
seabed grounds; E2 values greater than 1.2 V and 
smaller than 1.5 V represented stone covered seabeds, 
whereas E2 values greater than 1.5 V reflected rocky 
seabed substrate. Average herring abundance was 
high for bottom depths 110-250 m in 1992, 75-140 m 
in 1994 and 90-170 m in 1995. In deeper waters aver- 
age herring abundance was lower. 

For 1995, there was an increase in average herring 
abundance with increasing zooplankton biomass. 

More precisely, high herrlng abundances were asso- 
ciated with zooplankton biomass values greater than 
40 mg m-3. The higher the zooplankton biomass, the 
higher the herring abundance, up to a zooplankton 
biomass value of 110 mg m-3, beyond which herring 
abundance decreased. 

In 1995 there was a highly significant interaction of 
bottom depth with zooplankton. Areas with low zoo- 
plankton biomass regardless of bottom depth were 
associated with low herring abundances. Average her- 

Seabed roughness Zooplankton biomass 

0.8 1.2 1.6 

Seabed hardness 

Water depth 

Fig. 6 .  Results of GAM regression for 1995 herring abundance 
as a function of seabed roughness (RoxAnn El), seabed hard- 
ness (RoxAnn E2), water depth, zooplankton biomass and the 
interaction of zooplankton biornass with water depth. Dashed 

lines: 1 SE boundary around the covariate effects 
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ring abundance was the highest at areas with zoo- 
plankton rich waters of 140 m depth. At bottom depths 
greater than 150 m herring abundance increased with 
increasing zooplankton biomass up to 120 mg m-3 
(approximately). Furthermore, the effect of the zoo- 
plankton biomass on herring abundance was greater 
in shallower waters (<l40 m). 

Temporal effects 

In Fig. 7 results of the GAM with a year-effect are 
given. By including a year-effect we were able to com- 
bine all years into the same analysis and hence to com- 
pare the GAM results of individual years with this 
combined analysis. All covanates included in the 
model were found to be highly significant. For the 
entire 3 yr period examined, the herring abundance 
was, on average, greatest in shallow (70 to 150 m) 
areas with seabed substrate gravel and/or sand. A 
direct comparison of the yearly GAM smooths with the 
multiyear GAM smooths revealed that the spatial dis- 
tribution of herring is subject to the same environmen- 
tal influences each year. Moreover, the multiyear GAM 
analysis also indicated a significant year-effect on her- 
ring abundance. Although 1993 data were lacking, an 
apparent decrease on hernng abundance was ob- 
served. Herring abundance was high in 1992 but grad- 
ually decreased through 1994 and 1995. 

0.2 0.4 0.8 0.8 1 1 2 1.4 

Seabed roughness 

Seabed hardness 

DISCUSSION 

Pre-spawning hernng in the northern North Sea ex- 
hibited a consistent multiyear relationship with seabed 
substrate and bathyrnetry. The sediment type, bottom 
depth and the prey abundance appeared to be key 
determinants of distribution during 1992, 1994 and 
1995. Explanatory factors with the strongest associa- 
tions were: seabed hardness (E2), bottom depth and 
zooplankton biomass. Seabed roughness (El)  and the 
interaction of bottom depth with zooplankton biomass 
(1995 only) were also found to be significant. Based on 
the results of the current analysis, and on the E l  and 
E2 preferenda found, it can be concluded that herring 
showed a distinct preference for a gravelhand type of 
seabed. 

The present findings confirm the conclusions of 
Blaxter (1990), Haegele & Schweigert (1985) and Par- 
rish & Saville (1965), showing herring preference for 
spawning on high energy gravel substrates (i.e., gravel 
seabeds in areas of high water movement, e.g. ,  tidal 
currents). Additionally, Haegele & Schweigert (1985) 
suggested that the fish would aggregate near their 
spawning grounds for some time prior to spawning. 

100 200 300 400 500 600 
Water depth 

1992 1993 1994 1995 
Year 

Fig. 7. Multiyear GAM regression plots of the best fitting 
smooths for the entire sampling period 1992-95 as  a function 
of seabed roughness (RoxAnn E l ) ,  seabed hardness (RoxAnn 
E2) and water depth Dashed lines: 1 SE boundary around the 

covariate effects 
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Acoustic surveys in this part of the North Sea show rel- 
atively consistent distributions in recent years (Bailey 
et al. 1998). In general, the distributions show the fish 
to be in the area where spawning is expected to take 
place (Corten 1988, 1990). This would suggest that, 
while these herring are a migratory stock, they are 
probably not actively migrating at this time. This sta- 
bllity is also confirmed by commercial catch data 
(Corten & van de Kamp 1992). From the present obser- 
vations of preference for gravel substrates it seems 
llkely that by July the herring have largely completed 
their pre-spawning migration and are beginning to 
aggregate close to potential spawning grounds. While 
not yet spawning at this time, the herring still show a 
preference for suitable spawning substrates. 

Bottom depth was found to have both a direct main 
effect and an interactive effect (with zooplankton bio- 
mass) on herring abundance. Waters with seabed 
deeper than 250 m were always associated with low 
herring densities or no herring at all. In all 3 years the 
highest average herring abundances were found in 
waters with seabed depth less than 170 m. These find- 
ings are consistent with previous observations, both for 
these surveys (Simmonds et al. 1993, 1995, 1996, Reid 
et  al. 1993, Maravelias 1997) and also for other areas 
(Blaxter & Holliday 1963, Blaxter & Hunter 1982). Since 
herring prefer to spawn in high energy gravel areas, 
this constraint is likely to restrict acceptable spawning 
areas to relatively shallow waters as tidal flow is likely 
to be reduced in the deeper waters. Herring spawn in 
very shallow waters in some areas, e.g., in the Baltic 
(Korolev et al. 1993) and in the Clyde area of Scotland 
(Rankine 1986). In these cases the areas are relatively 
sheltered from storms etc., although losses due to 
storms in the Clyde have been recorded (J. Morrison, 
FRS Marine Laboratory, Aberdeen, pers. comm.). In 
the much more exposed waters of the North Sea it is 
likely that the autumn spawning herring would lay 
their eggs in deeper waters to avoid such losses. 

Herring tended to be found in greatest abundance at 
the edges of higher zooplankton density areas in the 
present study. In 1995 the zooplankton biomass had a 
significant effect on pre-spawning herring distribu- 
tional abundance both directly, as a main effect, and 
indirectly, through its interactive effect with water 
column depth. Studies on Atlanto-Scandian herring 
(Jakobsson 1978) showed a very similar pattern. Two 
possible explanations can be advanced for this. One is 
that the herring are effectively grazing down the 
patches of zooplankton, and so tend to be found on the 
edges rather than the centres of patches. Alternatively, 
zooplankton production is probably greatest in or close 
to frontal zones (Laevastu 1993, Lali & Parsons 1993), 
and herring have been shown to prefer areas adjacent 
to such areas (Maravelias & Reid 1995, 1997, Mara- 

velias et al. 2000). The combined effect would be to 
place herring close to, but slightly displaced from, the 
maximum zooplankton abundance. 

One significant finding of this analysis is the tempo- 
ral stability of the relationships between herring abun- 
dance and the seabed substrate and bathymetry. It is of 
particular note that this stability occurred over a period 
of substantial stock reduction (Anon 1996, ICES 1997). 
Results from the multiyear GAM analysis confirmed 
this reduction further, and evidently serve as an ad- 
ditional validation of the findings of the present 
study. The observed year-to-year differences in herring 
abundance in the northern North Sea, during 1992-95, 
were not environmentally driven (Maravelias 1997). 

It is more than likely that, in the northern North Sea, 
the bathymetry and substrate will be important in the 
future pattern of the stock distribution. Two to three 
months (July) prior to their spawning period, adult her- 
ring exhibited strong attachment to the particular 
grounds on which they later spawned (i.e., September- 
October). The study has demonstrated the utility of 
acoustic surveys and seabed classification systems 
such as RoxAnn to examine the underlying factors 
which control herring distribution in more detail than 
has previously been possible. The link between zoo- 
plankton (small crustacean) distribution, bathymetry 
and herring distribution is also important, and it is 
hoped that the collection of such data along with 
acoustic survey data in the future will clarify these re- 
lationships further. 
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