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Summary

Current understanding about the drift and behaviour of larval herring is reviewed with particular
emphasis on the Downs herring and the development of a model for larval transport. Downs
herring are the component of North Sea herring that spawn in the southern North Sea and
English Channel. Generally the larvae of the Downs herring drift east towards the German Bight
and Skagerrak, but this is dependent on the meteorological forcing of local hydrography.
Whilst it has been possible to model the broad trajectory of the larvae, modelling the yearly
variability in drift patterns has proved difficult. The drift of the larvae and post-larvae does take
them close to the Dutch coast in some years (as shown by survey results). It is during this
phase of their life cycle (from larvae to metamorphosis) that the strength of the recruiting year
class is determined. The larvae show vertical migration as they grow and also begin to
aggregate after metamorphosis. There is no evidence in the primary literature for triggers for
directional movement (such as salinity or depth of water column). There is no work published
to date, on the impact of anthropogenic disruption of larval drift on the productivity of Downs
herring or on the fishery.

Samenvatting

De huidige kennis over de driftpatronen en het gedrag van larvale haring is onderzocht, waarbij
gekeken is naar kanaalharing (Downs herring) en het ontwikkelen van een model om larvale
driftpatronen te beschrijven. Kanaalharing is het deel van Noordzee haringpopulatie dat in het
zuidelijk deel van de Noordzee en het Kanaal paait. Over het algemeen driften larvale
kanaalharingen oostelijk richting de Duitse Bocht en het Skagerrak, maar dit is afhankelijk van
de zeestromen. Het is mogelijk om het algemene traject te modelleren dat larvale kanaalharing
afleggen, maar jaarlijkse variaties hierin zijn moeilijk te modelleren. In sommige jaren komen de
larven en postlarven dicht bij de Nederlandse kust (gegevens afkomstig van surveys).
Gedurende deze levensfase (metamorfose van larve naar jonge haring) wordt de jaarklassterkte
bepaald. De larven vertonen verticale migratie gedurende de groei en beginnen na de
metamorfose met samenscholen. In de wetenschappelijke literatuur is geen bewijs gevonden
dat gerichte bewegingen van larven worden veroorzaakt door bepaald gedrag ten gevolge van
omgevingsfactoren als zoutgehalte of diepte. Op dit moment is in de literatuur geen werk
beschikbaar over veranderingen in de larvale driftpatronen door menselijk ingrijpen en de
gevolgen hiervan op de productiviteit van kanaalharing en op de visserij.
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Introduction

Unusual for a commercial fish species in the North Sea, herring (Clupea harengus L.) spawn
benthic eggs in large mats and clumps that tend to hatch together (Harden Jones, 1968; Burd,
1978; Blaxter & Hunter 1982). This results in high densities of larvae being dispersed from
specific points over a short period of time (Boeke, 1906; Wallace, 1924). There has been
much debate as to whether herring prefer retention or dispersion as a life history strategy (lles
& Sinclair, 1982; Sinclair & Tremblay, 1984; Cushing, 1986; Heath & Richardson, 1989;
Fortier & Gagné, 1990), but in the North Sea herring larvae are dispersed from their spawning
sites and drift hundreds of kilometres towards their nursery areas (Munk & Christensen, 1990;
Bartsch, 1993; Heath et al., 1997). It is during this drifting period that the year class strength
of herring is determined (Cushing, 1967; Anthony & Fogarty, 1985; Nash & Dickey-Collas
2005) and variability in climatic forcing of the larval drift may actually help explain some of the
variability in the year class strength in North Sea herring (Bartsch et al., 1989; Bartsch 1993).

Herring in the North Sea

The North Sea herring stock is made up of a number of components (sub-populations) fish that
show different physical characteristics, spawning strategies and migration behaviour (Zijlstra,
1958). They were originally called races of herring (Heincke, 1898; Redeke & van Breemen,
1907; Bjerkan, 1917) but are now considered to be parts of the same stock as they are
genetically indistinguishable (EU HERGEN project, in prep) and all mix at certain points of their
life cycle (ICES, 1965; Cushing & Bridger, 1966; Cushing, 1992). Variability in their
environment (particularly temperature) at spawning, hatching and during the first year of life is
thought to create the differences between component parts of the stock by influencing growth
and physical development (Jennings & Beverton, 1991; Hulme, 1995; McQuinn 1997) and
these physical differences are called meristic characteristics (Zijlstra, 1958; Hulme, 1995;
Heath et al., 1997).

North sea herring live up to 17-20 years (38-39 cm length; RIVO database) and they spawn
once a year (Bowers & Holliday, 1961; Blaxter & Hunter, 1982, referred to as group-
synchronous determinate total spawners; Murua & Saborido-Rey 2003) meaning that the ovules
in their ovary develop at approximately the same time with no additional ovules appearing
during the spawning season, and that the population tends to spawn in unison).

In North Sea herring, the term year class refers to the year of spawning and preparation to
spawn. In the southern North Sea, where the herring spawn late in the year from December to
January, the term year class then refers to the year leading to this spawning event e.g. the
2000 year class would be spawned from December 2000 to January 2001.

Spawning sites

The spawning sites of herring in the southern North Sea are part of the Downs component of
the larger North Sea herring stock. Spawning of the North Sea herring stock begins in the
north of the North Sea in September and then progresses southwards with time, ceasing in
January in the eastern English Channel with the Downs component (Boeke, 1906; Cushing &
Burd, 1957, Zijlstra, 1969; Burd & Howlett, 1974; Figure 1). The number of spawning sites in
the North Sea varies with stock size (Burd, 1985; Corten 1999; 2001) with a decline in the
number of spawning sites at lower biomasses of North Sea herring. A time series of surveys of
herring larvae show that the main centres of spawning have not changed since the 1950s
(Figure 1, ICES 2005).

The Downs herring spawn on gravel beds that are generally between 20-40m depth (see
Cushing & Burd, 1957; Parrish et al., 1959). The thicker egg mats can suffer high mortalities
due to oxygen deficiency (Parrish et al., 1959; Aneer, 1985) and the mats attract predators
(spurdog, haddock, mackerel, lemon sole and other herring; Hempel & Schubert, 1969; de
Groot, 1980; Skaret et al., 2002; and personal observations). These gravel beds are spread
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throughout the southern North Sea and eastern English Channel (Cushing & Burd 1957; Figure
2). Due to the variability in drift, temperature and growth, the recruits from one spawning will
not necessarily mature in synchrony (McQuinn, 1997; Brophy & Danilowicz, 2003).

Recruitment from each spawning site in the North Sea varies between years and the relative
importance of sites to the productivity of the whole stock also varies over time (Cushing, 1968;
Corten, 1986; Johannessen & Moksness, 1991). This is due to the complicated multi-
component nature of the North Sea herring stock and the different dynamics shown by each
component. The larvae produced in the southern North Sea supported the largest herring
fishery throughout the 1930s to the early 1950s (Hodgson, 1936; Cushing & Burd, 1957;
Cushing & Bridger, 1966), suggesting that recruitment from these areas was strong. Then,
once overfishing reduced the biomass in the southern areas, the northern spawning sites,
namely off Scotland and Shetland, produced the majority of recruits (Burd, 1985). Larval
production and recruitment from the central North Sea increased in the mid 1980s and then
declined again (Nichols & Brander, 1989) and increased again in the late 1990s (ICES, 2005).
As larval production increased in the southern North Sea (ICES, 2005) the recruitment also
improved in the late 1990s (Figure 3). Recent evidence suggests that the very strong 2000
year class comes almost entirely from larvae spawned in the southern North Sea (ICES, 2005).
Hence, the strongest recorded year classes from the southern component in the last 100 years
were 1921, 1924 and 1929 and now again in 1996, 2000 and 2002 (Cushing & Burd, 1957;
ICES, 2005). The 2000 year class is so large that it is the dominant age group in the catch
and made up over 60% of the Dutch catch of herring in 2004.

Larval Behaviour

The Downs herring produce bigger eggs and are less fecund than fish of the more northern
components (Baxter 1959; 1963; Cushing, 1958; Almatar & Bailey, 1989), hence the hatched
larvae are bigger than their northern counterparts (Heath et al., 1997). Upon hatching, herring
larvae rise to the plankton (from the seabed) by increasing their buoyancy by taking on water
(85% water content at hatch to 92% water content after hatch, Craik & Harvey, 1984; 1987,
Ying & Craik, 1993). The larvae hatch between 7.5 and 9.5 mm in length and have faster
escape responses than the smaller northern larvae (Batty et al., 1993). The escape response
in herring larvae is not full operational until they are over 20mm in length (Fuiman, 1993).
Feeding on microplankton and copepod nauplii begins just before yolk sac absorption, usually
within the first week (Checkley, 1982; Munk, 1992) and the larvae feed on a wider range of
sizes of prey items as they grow. Herring larvae are predominantly visual feeders (Batty et al.,
1990).

As the larvae grow they also begin to express other behaviour such as vertical migration and
more active swimming. Small larvae are found in layers near the surface but as they grow they
begin to show diel variation with layering during the day but dispersal throughout the top 60m
during the night (Heath et al., 1988; Johannessen & Mokness, 1991). Temperature effects the
swimming speed of the larvae (Batty et al.,1993) and by 20mm the average swimming speed
of the larvae is 2.9 mm per second (Gallego & Heath, 1994). Swimming and shoaling becomes
more active after metamorphosis (Heath & Richardson, 1989). This happens in late spring and
early summer at about 50mm length (Galllego & Heath, 1994) for herring spawned in the
southern North Sea. The presence of already metamorphosed juveniles increases the
likelihood of early shoaling in pre-metamorphic herring larvae (Gallego et al., 1995).

It is well documented and understood that any modelling of the transport of herring larvae must
account for larval diel behaviour (Bartsch et al., 1989; Lazzari et al., 1993) and also the
development and change in larval behaviour with size (Bartsch, 1993; Bryant et al., 1995;
Heath et al., 1997).

Although alluded to by Miller (1998), an intensive literature search for further information on the
triggers of the behaviour of larvae and post metamorphic juveniles, resulted in no further
evidence being found for triggers of directional movement. Personal communication with Dr
Mike Heath (Fisheries Research Services Aberdeen), Dr Richard Nash (Marine Institute, Bergen),
Dr Peter Munk (Danish Fisheries Institute) and Dr @yvind Fiksen (University of Bergen)
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supported this finding of the paucity of information particularly in relation to directional
movement and salinity triggers.

It has been suggested that apparent tidal transport may be caused by the negative buoyancy of
the larvae. With the larvae sinking at slack tide and being resuspended by turbulence from tidal
flows (Henri et al., 1985) but again the evidence for this is weak. However it is clear that
stavation has an effect on buoyancy and hence vertical distribution of the larvae (Blaxter &
Ehrlich, 1974; @yvind Fiksen pers com.). Starvation increases the water content of the larvae
and they become more neutrally buoyant and hence stop sinking. The sinking rate of a fed and
healthy larvae at 10°C and salinity of 33, are 0.4 cm per second (Blaxter & Ehrlich, 1974; Yin &
Blaxter, 1987). The sinking rates decrease at higher salinities. During the early life stages,
plaice are more neutrally buoyant than herring larvae (Blaxter & Ehrlich, 1974; Ying & Craik,
1993). As herring larvae grow their sinking rate increases to 1.0 cm per sec at 20mm length.
Starving herring larvae also show reduced diel vertical migration (Blaxter & Ehrlich, 1974).

Juvenile nursery areas in the North Sea

The transport and drift of larvae in the southern North Sea is towards the juvenile nursery
grounds from the Wadden Sea to the Skagerrak and Kattegat (Wallace, 1924; Burd, 1978;
Figure 4). In these nursery areas herring from the North Sea herring stock mix with Western
Baltic Spring Spawning herring and local fjord populations from the Norway, Sweden and
Denmark (Mosegaard, 1997; ICES, 2005). It is clear that the drifting larvae from the Downs
component (Figure 5) are dispersed in high numbers along the Dutch coastline as they are
transported towards the German Bight and Skagerrak.

The role of the Waddenzee as a nursery ground for herring is not that clear (Rauck & Zijistra,
1978), as current surveys of juveniles do not enter Waddenzee thus making comparisons of
relative numbers by area difficult and sampling gear used in the Waddenzee are not the best for
sampling juvenile herring. The number of post-larvae that enter the Waddenzee differ each year
(Corten & Kamp, 1979). There appear to be two waves of larvae: firstly in February and March
at approximatekly 40mm in length (that are assumed to come from the Northern Autumn
spawners) and then in April and May at approximately 30mm in length (from the winter spanners
in the southern North Sea; Blickman 1950; Biickman & Hempel, 1957). Although Corten &
Kamp (1979) suggested that the smaller larvae may arrive at the Waddenzee slightly earlier in
late March to April (using data from 1967 to 1978). Corten and Kamp (1979) also commented
that catches of post-larvae were extremely variable, both between and within sampling stations
suggesting very patching distributions of larvae, and/or the entry of postlarvae into the
Waddenzee in waves. They do not mention any tidal component in the abundance time series.
Juvenile herring in the Waddenzee stay a few months until early autumn when they head to the
main nursery grounds (ICES, 1969). With the use of otolith microchemistry it would be possible
to investigate the importance of the Waddenzee to the whole North Sea herring stock.

The dynamic variability in the nursery grounds can be easily seen in the catches of the
International Bottom Trawl survey (IBTS, Figure 6). This survey was started in the 1960s and
was targeted specifically at herring (Heessen et al., 1997). The distribution of juveniles has not
changed and covers the area from the north of the Netherlands, across the German Bight and
into the Skagerrak (Figure 6 compared to Figure 4). Importantly, apart from a very few unusual
year classes, the abundance of 1 year olds reflects the year class strength of the fish in the
adult fishery (Nash & Dickey-Collas, 2005), i.e. recruitment strength is determined prior to
arrival at the nursery grounds. It has also been reported that a small but proportionate
numbers of juveniles of Downs origin also use the eastern English coast as a nursery area
(Wood, 1983) but this is not apparent in recent years (Figure 6).

Fish leave the nursery grounds between ages 1 and 3, depending on their growth and condition
and join the adults in their migrations from feeding grounds to spawning grounds (McQuinn,
1997; Brophy & Danilowicz, 2003).

Drift and dispersion

Many studies on larval drift and transport of herring have occurred in European waters:
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North Sea

Most of the studies on the drift of herring larvae in the North Sea have been associated with the
ACE (Autumn Circulation Experiment) project in the 1980s. The project's findings are
summarised in Bartsch et al. (1989), Bartsch (1993), Nichols & Brander (1989) and Heath et al.
(1991). They coupled larval drift inferred from field observations with drift determined by a
three dimensional circulation and transport model. The broad characteristics in the transport of
larvae could be reproduced but the between year variability was difficult to model. The studies
did highlight the influence of variability in hydrographic and meteorological conditions in the
variability in drift of herring larvae and the successful delivery of fresh juveniles to the nursery
grounds. However one problem with these studies was that the production of Downs larvae
was very low in the 1980s and the project concentrated on production from the northern and
central North Sea. It also did not consider the possibility of anthropogenic disruption of the
transport mechanisms.

Norwegian spring spawning herring

The best and most current description of the transport of Norwegian spring spawning herring is
given by Holst et al (2004). This stock can be huge in terms of biomass and is characterised
by large variability in spawning behaviour and recruitment strengths. At high population
biomass the spawning sites are fairly consistent, but like in the North Sea, spawning sites
become restricted at low biomasses. The spawning sites are along the Norwegian coast and
generally the larvae drift in a north easterly direction towards the Barents Sea following major
hydrographic features (Satre et al., 2002a). Large between year variability exists in the
success of larvae reaching the nursery grounds, depending on spawning site and local
hydrography (Seetre et al., 2002b). Some herring juveniles do not reach the Barents Sea and
nursery in the Norwegian fiords. Large year classes are associated with years when most of
the juveniles come from the Barents Sea.

West coast of Scotland

The dispersal of larvae on the Scottish west coast appears to be determined by the Scottish
Coastal Current (Saville & Morrison, 1973; Heath et al., 1987; Heath & Rankine, 1988; Heath,
1989). Hatched larvae from the west coast of Scotland drift north towards the Orkneys and
northern North Sea. The juveniles are thought to either remain near Scotland on the east coast
or drift towards the eastern North Sea and German Bight (Heath & Walker, 1987). Further
evidence from genetic studies (EU projects HERGEN and WESTHER, in prep) suggest that there
is widescale mixing between the west coast of Scotland stock and the northern North Sea, as
larvae and juveniles.

Clyde

The herring larvae spawned in the Clyde show a highly variable dispersal pattern which seems
largely determined by the prevailing winds (Parrish et al., 1959; Saville et al., 1966). Often the
larvae are held within the Clyde and nursery in the upper regions, but in some years they are
carried out from Ballantrae Bank into the North Channel and Irish Sea. Parrish et al. (1959)
describe this as an oscillation between the Clyde and Irish Sea caused by certain
meteorological conditions.

Irish Sea

Historically there have been two main spawning areas in the Irish Sea (Dickey-Collas et al.,
2001); those in the east, the Manx component and those in the west, the Mourne component.
Few dedicated studies of drift have occurred in the Irish Sea and most conclusions have been
inferred from meristic and growth data of the larvae and juveniles. Bowers (1980) concluded
that the larvae from the Manx spawning ground drift towards the English and Scottish coasts,
under the effects of meteorologically determined hydrography. The importance of the
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prevailing south westerlies in determining the drift of Manx larvae was also highlighted by Ozcan
(1974). Wood & Howlett (1976) suggested that the Mourne larvae either drift east or north
dependent on hydrography. The only study on hatching and growth of Mourne larvae,
highlighted the variability in drift along the Irish coast (Anon 1979) and linked it to the prevailing
wind direction. Drift of Irish Sea spawned larvae into the Clyde has been mentioned by some
authors (Marshall et al., 1939; Ozcan, 1974) but no conclusive evidence has been found (Wood
& Howlett, 1976).

Celtic Sea

The dispersal of larval herring from the Celtic Sea is even less clear. Some oceanographers
describe the residual flows moving in a south westerly direction, away from the Irish Sea,
(Monahan, 1977; Grainger, 1980) and others suggest that a flow into the Irish Sea exists
(Edwards, 1968; Ramster & Hill, 1969). Most of these studies are based on very small data
sets from a few fixed point current meters. Some studies on the drift of larvae have indicated a
drift into the southern Irish Sea (Ozcan, 1974). Ozcan (1974) showed a correlation between
wind velocity and the occurrence of Dunmore East larvae and juveniles in the Irish Sea. Recent
work by Brophy & Danilowicz (2002) shows large numbers of Celtic Sea juveniles using the Irish
Sea as a nursery ground, suggesting large numbers of Celtic Sea herring larvae drift into the
Irish Sea.

West coast of Ireland

Data on drift of larvae from the west coast of Ireland are limited. It has been suggested that
Donegal herring larvae drift north towards the Scottish west coast (Ozcan, 1974; Molloy &
Barnwall, 1988) and larvae from Galway disperse south along the Irish coast (Rankine, 1988).
However other evidence does not support this (Grainger, 1976), and whilst hatching larvae
distributions for north west Ireland are well known (Wood, 1972; Molloy & Barnswell, 1988;
Hopkins, 1990), there is little indication of the mechanism controlling larval drift.

Drifting larvae in general

It is clear that the interaction of choice of spawning site and local hydrographic conditions plays
an important role in the determination of larval drift or transport. Virtually all stocks in western
Europe drift in an easterly direction. In most areas, particularly on the shelf, the local
hydrography is highly influence by meteorological forcing through wind, with additional far field
effects. Nearer the shelf edge, e.g. west of Ireland and perhaps west of Scotland, the
hydrography may well be influenced by more large scale basin effects and oceanographic
currents. As most of the studies of herring larval drift occurred prior to the use of geostrophic
(density-driven), realtime models with far field forcing it is not surprising that investigators
found it difficult to replicate between year variability. Few oceanographic circulation models of
the type used in these studies account for, or describe well, the influence of fresh water runoff
on the transport of larvae. This may well have important implications particularly in the
southern North Sea and Irish Sea.

Anthropogenic impact

There is little work published on anthropogenic effects on larval production, drift and transport.
Groot (1980) suggests that gravel extraction in the English Channel would have a detrimental
effect on the production of Downs herring, but produced little analysis. In 2003 the ICES
herring working group considered the impact of gravel extraction and recommended:

All decisions about the granting of licenses for gravel extraction in the deeper waters of the
eastern English Channel should be carried out within the precautionary principle (UNCED,
1992).  This principle (no.15) states that “where there are threats of serious or irreversible
damage, lack of full scientific certainty shall not be used as a reason ... to prevent
environmental degradation”. The working group recommends that no gravel extraction occurs
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in rectangle 29F0 for the four month period of November to February, as this coincides with
herring spawning in the area. Licenses should not be granted for the remainder of the year
unless it can be proven unequivocally that gravel extraction does not have a deleterious impact
on herring spawning and larval production in 29F0 and Vild. (ICES 2003).

The impact of the closing of the Afsluitdijk in 1932 was catastrophic on the spring spawning
Zuiderzee herring which became extinct and the fishery closed by 1939 (Groot, 1980).

However no studies to date have investigated the role of large-scale changes to coast lines on
the productivity of herring, or the potential impact of changes to drift on the production of
Downs herring.

Glossary and acronyms

ACE Autumn Circulation Experiment, a large project on North Sea circulation
and herring larvae.

Component Part of a stock, that may express different behavioural or physical
characteristics

Downs herring The component of North Sea herring that spawns in the southern North Sea
and English Channel.

EU European Union (europa.eu.int)

Geostrophic density driven flow (used in hydrography and oceanography)

HERGEN An EU funded project into herring genetics in the North Sea
(www.hull.ac.uk/hergen)

IBTS International Bottom Trawl Survey (www.ices.dk/datacentre/ibts.asp)

ICES International Council for the Exploration of the Sea (www.ices.dk)

Recruitment The new year classes of young fish that join the adult population each year

Stock A population of fish that are thought to act independently of others around
them, hence are managed separately.

UN United Nations (www.un.org)

UNCED Declaration of the UN conference on Environment and Development

WESTHER An EU funded project into the determination of herring stock identities in

western waters (www.clupea.net/westher)
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Figure 1. Generalised major spawning grounds of North Sea herring.

a) inferred from the presence of newly hatched larvae in the ICES herring larval survey
(1996 to 2003) and labelled by stock components

b) from Burd & Howlett (1974).
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Sea herring stock (from Cushing & Burd, 1957).
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Figure 3. Time series of the abundance of juvenile (age 1) herring assumed to be from the

Downs component in the IBTS survey, by year class (from ICES 2005). This series acts as a

proxy for recruitment. Downs fish are smaller (<13cm) than the other components at age 1
(see Burd & Hulme, 1984).
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Figure 5. DRIFTING LARVAE AND POST LARVAE. North Sea herring. Distribution of age O
herring, year classes 2002-2004. Abundance estimates of O-ringers within each statistical
rectangle are based on MIK catches during IBTS in February 2003-2005. Areas of filled circles
illustrate densities in no m2, the area of a circle extending to the border of a rectangle

represents 1 m2. (ICES, 2005). Empty rectangles= no sample taken.
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Figure 6. The distribution of juveniles of north Sea herring as determined by survey at age 1 in
February 2003-2005. Areas of filled circles illustrate numbers per hour, the area of a circle
extending to the border of a rectangle represents 45000 h-1. Empty rectangles= no sample

taken.
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