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The collapse and  recovery o f N orth  Sea herring in th e  latter half o f th e  20th cen tury  had bo th  ecological and  econom ic consequences. 
W e review th e  effect o f th e  collapse and  investigate w h e th er th e  increased understand ing  ab o u t th e  biology, ecology, and  stock 
dynam ics gained in th e  past th ree  decades can aid m an ag em en t to  p reven t fu rth er collapses and  im prove projections o f recovery. 
R ecruitm ent adds th e  m o st uncertain ty  to  estim ates o f fu tu re  yield and  th e  po ten tial to  reach biom ass reference po in ts w ithin a 
specified tim e-fram e. S to c k -re c ru itm e n t relationships m u st be viewed as being fluid and  d e p en d e n t on ecosystem  change. 
Likewise, p redation  m ortality  changes over tim e. M anagem en t aim ed a t m axim um  sustainable yield (MSY) fishing m orta lity  targets 
implies in terannual variation in TACs, and  variability in supply is therefore  unavoidable. Harvest contro l rules, w hen adhered  to, 
aid m an ag em en t greatly. W e advocate th a t  w ell-founded science can substantially  co n trib u te  to  m anagem en t th rough  im proved co n ­
fidence and  increased transparency. A t present, we c an n o t pred ic t th e  effects o f  collapse o r recovery o f a single stock on th e  ecosystem  
as a whole. M oreover, as m anagers try  to  reconcile co m m itm en ts  to  single-species MSY targe ts w ith th e  ecosystem -based approach, 
they  m u st consider th e  ap p ropria te  m anagem en t objectives for th e  N orth  Sea ecosystem  as a whole.
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Introduction
The developm ent o f  the N o rth  Sea herring  (Clupea harengus) 
stock in  the  20th cen tury  presents a clear exam ple o f  recru itm ent 
overfishing resulting in  stock collapse (Saville and Bailey, 1980; 
Cushing, 1992). Periods o f  collapse and recovery have been 
reviewed thoroughly  in  the light o f  m anagem ent and  o ther 
aspects (Burd, 1991; Corten, 1991; Bailey and  Steele, 1992). 
From  > 2  x  IO6 1 in  the  1960s, the  spaw ning-stock biom ass 
(SSB) declined to  < 5 0  x  IO3 t by  the  m id-1970s (ICES, 1998a, 
2008a; Figure la ) , whereas the  m axim um  age o f  fish in  the 
catches decreased from  14 to  5 years old. The stock has since 
recovered and  SSB has been  estim ated to have fluctuated 
aro u n d  1 x  IO6 t du ring  the  past 20 years. The spatial d istri­
b u tio n  is sim ilar to  th a t observed before the  collapse (B urd and 
How lett, 1974; Schm idt et al., 2009). The stock has experienced

fluctuations in  p roductiv ity  since the  recovery, w hich requires 
constan t m anagem ent a tten tion  to prevent a recurrence o f 
recru itm en t overfishing (Sim m onds, 2007). By considering the 
collapse and  recovery o f  the N o rth  Sea herring, we provide in fo r­
m ation  that m igh t be useful for m anaging o th er fisheries o r 
rebuilding o th er resources. W e specifically consider: (i) the d istri­
b u tio n  and  dem ographic changes in  the  light o f  substock stru c ­
ture; (ii) po ten tial changes in  genetic diversity and associated 
changes in  life-history traits; (iii) the p roductiv ity  o f  the stock 
and  its com ponents; (iv) w hether m ultispecies interactions 
changed o r influenced recovery; (v) consequences o f  collapse 
for the  fishery; and  (vi) the  perform ance o f  the  stock assessment 
and  projections. The effects are considered in  the  context o f  the 
ecosystem as a whole, o f  the  fisheries and suppliers, and o f  lessons 
for fisheries m anagem ent in  general.

© 2010 In terna tional Council for the  Exploration  o f  the Sea. Published by O xford Journals. All rights reserved. 
For Perm issions, please email: journals.perm issions@ oxfordjournals.org

D
ow

nloaded 
from 

http://icesjm
s.oxfordjournals.org/ by 

guest on 
April 18, 2014

mailto:mark.dickeycollas@wur.nl
mailto:journals.permissions@oxfordjournals.org
http://icesjms.oxfordjournals.org/


1876 M . Dickey-Collas et al.

Adults
Juveniles

1950 I 960 1970 1980 1990 2000 2010

Figure 1. ICES (1998a, 2008a) assessment of stock dynamics of 
North Sea herring, 1947-2009: (a) SSB, (b) recruitm ent-at-age 0, 109 
(R), (c) fishing m ortality rate (F) on adults and juveniles, and (d) 
recruits per spawner (RPS). Two series are concatenated to  create 
com plete time-series, because series agree during the  period of 
overlap.

Distribution and demography
The stock is usually considered to  com prise four spaw ning com ­
ponents (Shetland/O rkney, Buchan, Banks, and  Downs; 
Figure 2) characterized by  different grow th rates, m igration  
routes, and  recru itm en t patterns (Bjerkan, 1917; C ushing and 
Bridger, 1966; H arden  Jones, 1968). W ith in  these groups, different 
spaw ning grounds m igh t be used. A lthough the  different com ­
ponents m ix  du ring  p a rt o f  the year, they experience different

fishing pressures, because they  are separate at o th er times. 
Surveys o f  larvae provide in fo rm ation  o n  com ponen t dynam ics 
(Payne, 2010). The collapse du ring  the  1970s was spatially h e tero ­
geneous, the  different com ponents having been depleted consecu­
tively from  sou th  to  n o rth  (Cushing, 1992), in  com bination  w ith a 
reduction  in  the  d istribu tion  and nu m b er o f  spaw ning sites 
(Saville and  Bailey, 1980). In  add ition , the  com ponents exhibited 
different recovery trajectories (Burd, 1985; C orten, 1999) and 
revealed different patterns in  relative abundance (Figure 3). 
Schm idt et al. (2009) em phasized th a t “full recovery” is no t well- 
defined by m erely reaching a biom ass threshold: restoring and 
m ain tain ing  spatial diversity m ight be equally im portan t, 
because the  latter provides resilience to  local changes in  exploita­
tion , environm ent, and  fish behaviour (M cPherson et al., 2001).

T he processes involved in  recolonization  o f  spawning grounds 
during  the recovery phase have rem ained unclear, b u t m ight have 
involved subsets o f  large year classes rediscovering m igration  
routes o r jo in ing  still-existing rem nants o f  these com ponents 
(M cQ uinn, 1997; C orten, 2001). The tim e required  for the 
rebuilding o f  the D ow ns com ponen t (~ 2 5  years) suggests that 
the  conservation m easures taken in  term s o f  specific TACs for 
this group have n o t had  an  im m ediate  effect. I f  the objective o f  
m anagem ent is to  m ain tain  spatial diversity, clearly, m on ito ring  
o f  all spaw ning com ponents is crucial. The collapse p a tte rn  
dem onstrates th a t N o rth  Sea herring  exhibit the  “basin  effect” 
(MacCall, 1990): a t low  abundance, the  p opu lation  retracted to  
core spaw ning areas, whereas the peripheral areas were recolonized 
during  recovery. This feature should  be bette r accounted  for in 
fu tu re  m anagem ent. As for the  d istribu tion  o f  herring  at o ther 
tim es o f  the year, the  collapse seems to  have had little effect, 
because feeding sites and nursery  grounds appear to  be governed 
by environm ental factors, such as p lank ton  p ro d u c tio n  or physical 
tran sp o rt (Bainbridge and  Forsyth, 1972; H eath  et al., 1997; 
Maravelias and  Reid, 1997; Maravelias, 2001; Dickey-Collas 
et al., 2009). It is difficult to  com m ent o n  the  effect o f  collapse 
o n  the  post-spaw ning d istribu tion , because there  is alm ost no  
in fo rm ation  o n  the d istribu tion  o f  overw intering adu lt N orth  
Sea herring  since the  collapse.

M ixing o f  N o rth  Sea herring  w ith o th er stocks w ith in  the  m an ­
agem ent area affects the  quality  o f  the  assessment, especially if  they 
exhibit different changes in  relative abundance or m igration  p a t­
terns (Keli et al., 2004). At certain  life stages a n d /o r  certain  
tim es o f  year, N o rth  Sea herring  do  m ix w ith o th er stocks and 
these are exploited together (Clausen et al., 2007; B ierm an et al., 
2010). A lthough they are p redom inan tly  a u tu m n /w in te r  spaw- 
ners, som e sm all spring-spaw ning com ponents are included in 
the  assessm ent and  m anagem ent o f  N o rth  Sea herring, whereas 
others are no t (those spaw ning in  N orw egian fjords and  the 
Tham es estuary). The m anagem ent advice for w estern Baltic 
spring spawners is linked to  that o f  N o rth  Sea a u tu m n  spawners 
th rough  com bined projections o f  m ixed catches by  the  different 
fleets. There is a separate sub-TAC for Dow ns herring. However, 
this fixed p ro p o rtio n  o f  11% o f  the to ta l TAC is n o t based on  
robust science (ICES, 2008a). Because o f  their m uch  larger p o p u ­
lation  size, au tu m n - and w inter-spaw ning herring  dom inate  the 
catches in  the  region and the  effect on  the  assessm ent o f  changes 
in  the sm aller populations appears to  have been  relatively m inor 
(Sim m onds, 2009). Hence, the cu rren t defin ition  o f  the N orth  
Sea stock o f  a u tu m n  and w inter spawners as a single m anagem ent 
u n it appears to operate well (Reiss et al., 2009; S im m onds, 2009), if  
the  dynam ics o f  the  m ajor com ponents are also m onito red .
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Figure 2. Spawning grounds of autum n- and spring-spawning herring in the  North Sea and adjacent waters. Circles denote locations of 
spring-spawning herring in fjords. Although spawning in winter, Downs herring are considered an integral part of the  autum n-spawning stock.
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Figure 3. Time-series of the  relative im portance of the  four spawning areas, expressed as the proportion of newly hatched larvae contributing 
to  the total (from Schmidt et al., 2009).

However, reliable m o n ito ring  o f  the  dynam ics o f  sm aller stocks 
th rough  collapse and  recovery w ould  be extrem ely difficult, p a r­
ticularly  w hen their relative exploitation  rates change in  m ixed- 
stock fisheries (Keli et al., 2009). In  fact, som e o f  the sm aller p o p u ­
lations in  the N o rth  Sea, usually spring spawners (Figure 2), are 
n o t m o n ito red  at all.

Genetics and evolution
The genetic com position  o f  large m arine  fish stocks has long been 
assum ed fundam entally  resilient to  depletion, because even a col­
lapsed stock m ight still com prise m illions o f  individuals 
(H utchings, 2000). For instance, the  lowest recorded size o f  the

spaw ning p opu lation  o f  N o rth  Sea herring  was ~ 2 7 0  x  IO6 fish 
in  1977. However, several studies have dem onstra ted  a loss o f 
genetic diversity in  heavily exploited fish populations (Sm ith 
et al., 1991; H auser et al., 2002; H u tch inson  et al., 2003; H oarau  
et al., 2005), a lthough ap p aren t p opu lation  sizes rem ained high. 
In  m any  m arine  species, the  genetically effective p opu lation  size 
(Ne), ra ther th an  the census p opu lation  size (N ), determ ines 
w hether a large loss o f  genetic diversity m ight occur du ring  the 
periods o f  sharp p opu lation  decline. Studies o n  New Zealand 
snapper (Pagrus auratus; H auser et al., 2002) and  E uropean 
plaice (Pleuronectes platessa; H o arau  et al., 2005) show ed the  N e 
to  be som e five orders o f  m agnitude lower th an  the N  derived
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from  fisheries data, w hich at least has the  po ten tial to  result in  a 
loss o f  genetic diversity du ring  overexploitation.

A lthough the  p o p u latio n  o f  N o rth  Sea herring  declined by 
several orders o f  m agnitude, M ariani et al. (2005) could  no t 
detect any loss o f  genetic diversity. The au tho rs hypothesized 
th a t com pared w ith o th er species studied, herring  have a larger 
p ro p o rtio n  o f  the  spaw ning stock co n tribu ting  to  successive gen­
erations, and  hence a m ore balanced ratio  o f  N e to N , w hich 
reduces the genetic effect o f  stock decline. Additionally, because 
herring, like m any  clupeids, have regularly undergone p opu lation  
depletions independen t o f  fishing pressure, the  p o p u latio n  m ight 
already have suffered na tura l genetic restriction  before a 
fishery-induced collapse.

Intensive fishing has resulted in  life-history changes in  o ther 
heavily exploited fish stocks th a t appear to be a t least partly  o f  
an  evolutionary  na tu re  (Jorgensen et al., 2007; K uparinen and 
M erilä, 2007; D unlop  et al., 2009). The m ost com m only  observed 
change is earlier m atu ra tio n  (reduced age- and length-at-m aturity ; 
Beacham, 1987; Sm ith, 1994; Trippel, 1995). The driver is assum ed 
to  be the  elevated m ortality, because this favours genotypes associ­
ated w ith early m atu ra tio n  by  rem oving genotypes o f  fish caught 
before rep ro d u c tio n  (A ndersen and Brander, 2009).

The overfishing o f  N o rth  Sea herring  resulted in  an  estim ated 
decline in  SSB by 97%. Such a high fishing m orta lity  rate (F >  
1.2 year- 1 ) has the  po ten tial to  cause evolutionary  changes, p a r­
ticularly w hen fisheries are highly selective (Law and  Grey, 1989; 
H eino, 1998; E rnande et al., 2004). In  a prelim inary  analysis o n  
m atu ratio n  changes in  N orth  Sea herring, Enberg and H eino 
(2007) found  no clear indications to  su p p o rt the  hypothesis o f  a 
fishery-induced effect o n  the m atu ra tio n  schedule, sim ilar to  the 
findings obtained for N orw egian spring-spaw ning herring  by 
Engelhard and  Toresen (in  press).

Productivity
Low p roductiv ity  could  be ano ther cause o f  stock collapse. In  fish­
eries science, p roductiv ity  tends to  be viewed as a com bination  o f 
grow th o f  the  surviving fish and  recru itm en t o f  new  fish (D util and 
Brander, 2003). M orta lity  affects productivity; this is discussed 
further in  the  section o n  m ultispecies interactions. A lthough 
size-at-age is relatively easy to m easure, the factors regulating 
grow th o f  indiv idual fish and  recru itm en t are difficult to  dete r­
m ine. W e highlight three  effects: changes in  density  o n  growth, 
changes in  stock structure  o n  reproductive potential, and 
changes in  the  n u m b er o f  recruits per spawner.

Density-dependent growth
In  populations experiencing large changes in  abundance, density- 
dependent regulation  o f  grow th m ight occur, because o f  reduced 
com petition  for food w hen stock size is sm aller (M elvin and 
Stephenson, 2007). Before and  du ring  the  collapse (from  the  late 
1940s to the  early 1980s), length-at-age increased m arkedly 
( ~ 2 c m  at age 3) for the O rkney/Shetland , Banks, and Downs 
com ponents (Burd, 1984; Saville et a l ,  1984). A lthough there 
was no  relationship w ith stock biom ass for the  O rkney/Shetland  
com ponen t (Saville et al., 1984), the increase in  length-at-age 
was negatively correlated w ith the  changes in  stock biom ass in  
the Banks and  Dow ns com ponents, suggesting a density- 
d ependent effect. D uring  the  period  o f  stock recovery, 
weight-at-age decreased (ICES, 2008a) and these declines were 
correlated significantly and  inversely w ith stock size in  Downs 
herring  (Shin and Rochet, 1998). M ore generally, strong herring

year classes have grow n poorly  in  recent years, suggesting that 
density-dependent m echanism s are operating  (Dickey-Collas 
et a l ,  2006; ICES, 2008a).

W hereas m ost o f  the  variations in  size-at-age observed can be 
explained by density-dependent m echanism s, there  are also in d i­
cations o f  environm ental effects. M odelling the  grow th o f  juvenile 
herring  du rin g  the  period  o f  stock decline (1961-1981), H eath  
et al. (1997) explained the in te rannual variability in  grow th rate 
(superim posed on  the  m ain  tren d  o f  density-dependent grow th) 
by  environm ental fluctuations (hydrographic conditions and 
p lank ton  abundance). Shin and  R ochet (1998) found  that, in 
ad d itio n  to  effects o f  stock size, grow th in  Dow ns herring  was 
affected by w ind-induced  turbu lence in  spring (th rough  its 
effects on  in tensity  and  tim ing  o f  p lank ton  bloom s). For juvenile 
and  adu lt life stages, a m eta-analysis o f  the  effect o f  tem perature  
and  density-dependence on  the  grow th rates o f  15 N orth  
A tlantic herring  stocks by Brunei and Dickey-Collas (2010) estab­
lished th a t tem perature  significantly explained variations in 
grow th betw een cohorts o f  N o rth  Sea herring  from  the 
m id-1980s. C ohorts experiencing w arm er conditions th ro ughou t 
their lifetim e atta ined  h igher grow th rates, b u t had  a shorte r life 
expectancy and  sm aller asym ptotic  size. There is, however, no  
cu rren t m odel to disentangle the various causes o f  variability in 
historical growth.

Stock reproductive potential
C onsideration  o f  stock reproductive po ten tial (SRP) has provided 
insight in to  the  dynam ics o f  m any  stocks (M organ, 2009; Nash 
et a l ,  2009b). Female N o rth  Sea herring  m ay m ature  w hen 
> 2 5  cm  and the  p ro p o rtio n  o f  m ature-at-age varies by  year and 
cohort (D avidson, 2009), b u t first m atu ratio n  is generally 
betw een ages 2 and  3. Fecundity-at-length for different spawning 
com ponents has n o t changed significantly (Zijlstra, 1973; B urd 
and  H ow lett, 1974; D am m e et a l ,  2009). Sim ilar to  Norw egian 
spring-spaw ning (K urita et a l ,  2003; Kennedy et a l ,  2010) and 
Icelandic sum m er-spaw ning herring  (O skarsson and  Taggart,
2006), fecundity  is dow n-regulated via atresia, depending on  avail­
able energy reserves (D am m e et a l ,  2009). Because m ass atresia has 
never been recorded, N orth  Sea herring  are n o t th ough t to  skip 
spaw ning (K ennedy et a l ,  2010).

T he collapse, however, has influenced overall stock fecundity  
via changes in  the  relative abundance o f  different spawning com ­
ponents, each o f  w hich is characterized by  different reproductive 
characteristics. Oocytes m ature  a t a sim ilar rate in  a u tu m n  (n o rth ­
ern) spawners and  w inter (sou thern) spawners, b u t the  later 
spaw ning season in  the latter prolongs gonad developm ent, resu lt­
ing in  larger, b u t fewer eggs (Blaxter and  H em pel, 1963; D am m e 
et a l ,  2009). Differences in  egg size am ong spaw ning com ponents 
have im plications n o t only for reproductive o u tp u t, as m easured 
by SSB, b u t also for early survival and  grow th o f  larvae, because 
length-at-hatching, yolk-sac-stage duration , resilience to  star­
vation, and  even larval grow th rates during  early feeding have 
been positively correlated w ith egg size (Blaxter and  Hem pel, 
1963; Morley, 1998; M orley et a l ,  1999). M oreover, egg size in 
o th er herring  stocks has been show n to  be affected by  m aternal 
size (particularly  am ong the  younger ages; Blaxter and  Hem pel, 
1963), whereas larval quality  (in  term s o f  grow th rate and  b io ­
chem ical co n d ition  indices) is also influenced by  paternal size 
(Panagiotaki and  Geffen, 1992; Evans and Geffen, 1998; H oie 
et a l ,  1999; Bang et a l ,  2006). Therefore, variations in  spawning- 
stock com position  have the  po ten tial to be as im p o rtan t as
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variations in  SSB. A heterogeneous collapse o f  the  spaw ning com ­
ponents will n o t only affect stock fecundity  (one u n it o f  SSB o f 
au tu m n  spawners produces 30% m ore eggs th an  one un it o f  SSB 
o f  w inter spawners does), b u t m ight also influence early survival 
th rough  the  quality  o f  progeny produced.

Sex ratio  appears to  have been relatively static at 50:50 and  has 
n o t changed th ro u g h o u t the collapse and recovery (as it m igh t in 
sexually d im orph ic  species), b u t age structu re  m ight also affect 
SRP, because dem ographic changes alter the relative p roportions 
o f  recru it and repeat spawners. Blaxter and  H em pel (1963) 
found  th a t o lder and larger females spawn larger (and  possibly 
better-quality) eggs. However, new  studies indicate th a t herring  
fecundity  (num bers o f  eggs) is regulated to  m ain ta in  egg size 
(A lm atar and Bailey, 1989; K urita et al., 2003; Oskarsson and 
Taggart, 2006). The effect o f  changes in  the relative p roportions 
o f  recru it to  repeat spawners on  larval p ro d u c tio n  (and  subsequent 
recru itm ent), therefore, rem ains unclear.

M ean age o f  the  spawners, age diversity o f  the SSB, and  p ro ­
po rtio n  o f  repeat spawners have been found  to  correlate positively 
w ith the variability in  recru itm ent, b u t n o t w ith recru itm en t in 
absolute term s (Brunei, 2010). This m ight be caused by a m ore 
heterogeneous spatial d istribu tion  o f  spawners (and an  associated 
reduction  in  spaw ning strategies present) w hen there  are fewer age 
groups, by  com pensatory  m echanism s o r coincident changes in 
the  env ironm ent over the period  o f  reduced biom ass (Nash 
et al., 2009a). As yet, SRP has n o t been show n to  be m ore ap p ro ­
priate  th an  SSB for operational usage in  m anagem ent.

SSB and recruitment
R ecruitm ent (Figure lb )  has largely preceded the  tren d  in  SSB 
(Figure la ) . Exam ining these dynam ics in  detail, Nash et al. 
(2009a) d id  n o t find any evidence o f  depensatory  effects (i.e. 
reduced reproductive capacity at very low p opu lation  densities). 
However, com pensatory  m echanism s (i.e. a negative correlation  
betw een n u m b er o f  recruits per spawner and  stock size; 
Figure Id ) were evident. C om pensation  was stronger du ring  the 
p eriod  o f  recovery th an  du ring  the period  o f  collapse, b u t the 
question  has rem ained open  w hether this feature was linked 
directly  to  differences in  stock dynam ics du rin g  collapse and 
recovery or was caused by  som e environm ental factor.

Recent w ork has also im proved o u r understand ing  o f  w hen 
year-class strength  is determ ined. N ash and  Dickey-Collas 
(2005) dem onstra ted  that events du ring  the overw intering phase 
o f  the larvae (betw een the  early and  late stages: 1 0 -3 0  m m ) deter­
m ine year-class strength. In  extending this analysis, Payne et al. 
(2009) found  su p p o rt for this conclusion based o n  data  collected 
du ring  the recent recru itm en t failure (2002-2008). However, 
surveys o f  late-stage larvae have only been done  since 1977, and 
they do  n o t cover the  full period  o f  the collapse.

The com plem entary  questions o f  how  year-class strength  is 
determ ined, and  w hether the recru itm en t for different spawning 
com ponents is de term ined  by  the  sam e processes, rem ain  elusive 
(C ushing and  Bridger, 1966). R ecruitm ent, as m easured  in  stock 
assessment, is a sum m ation  o f  the  survivors o f  m any  spawning 
events across the  N o rth  Sea. The different spaw ning grounds 
experience different environm ental variability (Petitgas et al., 
2009). Therefore, searching for one environm ental driver 
w ithou t accounting  for spatial and  tem poral differences, and  d is­
coun ting  the  influence o f  paren tal factors, m ight be naïve. 
A lthough m any  hypotheses o n  environm ental drivers have been 
proposed, there is as yet no  explanation  for the  events that resulted
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Figure 4. Mean fishing m ortality rate (F) and predation mortality 
rate (M2) on (a) age groups 0 -1  and (b) age groups 2 -6 ;  as 
estim ated by the SMS model (ICES, 2008b), 1963-2007.

in  the  recru itm en t failures in  either the m id-1970s o r the  2000s. 
V ariability in  advection from  the spaw ning grounds to the 
nursery  grounds has long been th o u g h t to  be a crucial factor 
(C orten, 1986; Bartsch et al., 1989; M unk and  Christensen, 
1990), b u t unequivocal su p p o rt for this hypothesis has n o t been 
forthcom ing  (Dickey-Collas et al., 2009). Excessive rem oval o f 
juveniles by  industria l fisheries is th o u g h t to have im paired  
recru itm en t du ring  the 1970s (Burd, 1978; Sim m onds, 2007), 
b u t this canno t have been  a prob lem  during  the  recent recru itm ent 
failure, because fishing m orta lity  o n  juveniles was m uch  lower 
(Figure 4a). Physiological m odelling o f  tem perature-specific 
food requirem ents suggest that the  spaw ning periods utilized are 
the  m ost favourable ones for larval grow th and survival 
(H ufnagl et al., 2009). Indeed, changes in  the  p lanktonic  system 
have been suggested as critical for recru itm ent (Cushing, 1992; 
Payne et al., 2009), b u t clear evidence is lacking. V ariations in 
b o tto m  tem perature  near the  spaw ning grounds (N ash and 
Dickey-Collas, 2005; Payne et al., 2009), p redation  b y  jellyfish 
(Lynam  et al., 2005), b o tto m -u p  processes (H ufnagl et al.,
2009), and com petition  w ith  o th er species (C orten, 1986) have 
been  proposed  as m echanism s th a t also affect recruitm ent. 
Gröger et al. (2010), using only statistical inference, suggested
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th a t recru itm en t could  be predicted  reasonably accurately w ith a 
forw ard lag o f  2 and 5 years from  N orth  Atlantic clim atic 
indices. T heir m odel is n o t yet operational; it also has n o t been 
tested on  recru itm en t data  m ore recent th an  2006. O ther factors 
m ay also affect grow th and survival o f  larval and  juvenile 
herring  (disease, storm s, con tam inants), b u t w ith  som e exceptions 
(T jelm eland and L indstrom , 2005), it has n o t been possible to 
include any environm ental factors in  recru itm en t m odels that 
can be  used in  ro u tin e  assessments.

In  term s o f  designing effective recovery plans, the collapse and 
subsequent recovery has con tribu ted  to  a basic shift in  th ink ing  
abou t recru itm en t dynam ics. S to ck -rec ru itm en t relationships 
are no  longer being considered as stationary  (C haput et al., 
2005; Stige et al., 2006), and  for N o rth  Sea herring, a “recru it­
m e n t-s to c k  relationship” m igh t be m ore m eaningful (Gröger 
et al., 2010). N o rth  Sea herring  has provided clear evidence that 
the paradigm  o f  a single s to c k -rec ru itm en t relationship th a t has 
prevailed for the  past 60 years (Bailey and  Steele, 1992) is clearly 
invalid. Instead, the in teraction  o f  stock and  recru itm en t m ust 
be viewed as being m ore fluid, changing gradually o r periodically 
depending o n  ecosystem changes (regim e shifts). Recent w ork  has 
begun to  reflect this change in  m indset (Nash et al., 2009a; Payne 
et al., 2009), w hich m ight help disentangle the  m ultip le  roles o f  
clim ate and fishing in  determ in ing  recru itm en t success in  
exploited stocks (R ijnsdorp et al., 2009). In  try ing to  project the 
productiv ity  o f  N o rth  Sea herring  forward, it is clear th a t recru it­
m en t adds the m ost u ncertain ty  to  the estim ates o f  fu ture  yield and 
o f  the  po ten tial to  reach biom ass reference po in ts w ith in  a specific 
tim e-fram e (Dickey-Collas et a l ,  2006; ICES, 2007).

Multispecies interactions and ecosystem approach
The 100-fold reduction  in  herring  biom ass— from  5 x  IO6 to 
< 0 .0 5  x  IO6 t in  1940s to 1970s)— has u ndoub ted ly  affected the 
trophodynam ic structure, functioning, and  energy flows in  the 
N o rth  Sea ecosystem  (Jones, 1982). The com plex role o f  herring  
m ust have varied accordingly. Essentially, herring  form s a 
p rey -to -predator (P2P) loop (B akun and  Weeks, 2006). As a 
prey, its role has been investigated using m ultispecies m odels, 
such as m ultispecies v irtual p o p u latio n  analysis (V inther, 2001; 
K em pf et al., 2006), stochastic m ultispecies (SMS) m odel (Lewy 
and  V inther, 2004), and  E copath w ith  Ecosim  (M ackinson and 
Daskalov, 2007). The last au tho rs estim ated th a t the  herring  
biom ass in  1880 m ust have been 5 x  IO6 t, very sim ilar to  the 
value for the  late 1940s. The estim ates o f  stock abundance from  
different m ultispecies m odels agree broadly, b u t tend  to  be slightly 
higher th an  those derived from  single-species assessments are 
(ICES, 2008b). However, they are sensitive to  assum ptions about 
the abundance o f  m ackerel and  horse m ackerel in  the  N o rth  Sea 
(ICES, 2007, 2008b), because juvenile herring  are m ostly  eaten 
by these two predators. The p red atio n  m orta lity  (M2) o f  0- and 
1-group herring  has always been substantially  h igher th an  the 
fishing m orta lity  (Figure 4a), b u t appears to have been  highest 
a ro u n d  the tim e o f  the  collapse. These M 2 values ten d  to  be 
lower and  exhibit less in te rannual variability th an  those estim ated 
for juvenile herring  in  the  w estern A tlantic (M2 varies from  0.8 to 
3.2; Tyrrell et a l ,  2008).

O lder herring  (age 2 + )  are m ainly  eaten by  gadoids and birds 
(ICES, 2008b), a lthough historically, herring  have also been  the 
m ain  prey o f  bluefin  tu n a  (M ackinson, 2001), w hich disappeared 
from  the N o rth  Sea in  the  early 1950s. M2 has been very stable and 
only im m ediately after the collapse and  in  recent years has

predation  rem oved m ore 2 +  herring  th an  the fishery did 
(Figure 4b). Kenny et al. (2009) suggested th a t betw een 1983 
and  1993, pelagic com ponents o f  the ecosystem  were p red o m i­
nan tly  contro lled  by  to p -dow n  m echanism s (fishery), whereas 
thereafter these com ponents m ainly  responded to  b o tto m -u p  
(environm ental) influences.

As im plied by  the characterization  o f  herring  as a P2P loop, 
herring  also play an  im p o rtan t role as a p redato r (though  often 
n o t included in  m ultispecies m odels). The prey spectrum  varies 
by  size, location  (Savage, 1937), season (H ardy, 1924), and year 
(Last, 1989). Larvae first feed o n  nauplii and  m icrozooplankton  
(Checkley, 1982), juveniles subsequently  shift to Pseudocalanus, 
Paracalanus, and  Temora copepodites and  sm all m eroplankton, 
and  adults feed o n  Calanus, Temora, Oikopleura, Schizopoda, 
A m phipoda, juvenile A m m odytidae, and fish eggs and  larvae 
(G arrison et a l ,  2001; Segers et a l ,  2007). The effect as a p redato r 
o n  the  system, therefore, varies w ith b o th  stock size and stock d is­
tribu tion . W hen  D aan et al. (1985) suggested that herring  had  little 
effect as a p redato r on  N o rth  Sea cod egg production , the cod SSB 
was ~ 3 2 %  o f  the  herring  SSB. Today, it is ~ 2 %  and  the  in te r­
action  is likely to  be quite  different. There is a significant negative 
correlation  (r2 =  0.45, p  <  0.002) betw een the  biom ass o f  herring  
and  cod (SMS from  1963 to  2007), suggesting that herring  and cod 
populations do  n o t b o th  exist at high biom ass at the  sam e tim e.

Because herring  occupy b o th  prey and p redator positions, a 
collapse will release p redation  on  its prey species and constrain  
the  food resource o f  its predators, whereas a recovery has the 
opposite  effects. Given its po ten tial num erical dom inance, the 
effect o f  these trajectories o f  decline and  increase on  m any  o ther 
organism s in  the system could  u ndoub ted ly  be large. However, it 
is questionable w hether the outcom es o f  all o f  these interactions 
could  be predicted  du ring  a collapse o r  recovery phase (K em pf 
et a l ,  2006; ICES, 2008b). A lthough p rim ary  p ro d u c tio n  is vari­
able across the N o rth  Sea (H eath  and  Beare, 2008), the region as 
a w hole can sustain  a large herring  p opu lation  (G reenstreet 
et a l ,  1997). Recent studies have considered a rebuilding o f  the 
stock up  to  1.5 x  IO6 t o f  SSB as a sensible target and  yet the 
stock in  the  1880s and  1940s is th o u g h t to  have been up  to 5 x  
IO6 t (M ackinson and Daskalov, 2007). Projecting the  effect on  
the  ecosystem  o f  a recovery to  this size w ould  rely on  extrapol­
ations o f  in fo rm ation  gained largely du rin g  a period  o f  relatively 
low  abundance. A lthough cu rren t p ro d u c tio n  m igh t support 
such a large stock in  principle, the system w ould  clearly change. 
M oreover, as m anagers try  to  reconcile com m itm ents to  single­
species m axim um  sustainable yield (MSY) targets w ith the  ecosys­
tem  approach, they  m u st consider the  appropria te  m anagem ent 
objectives for the N o rth  Sea ecosystem as a w hole (B akun et a l,  
2009; M ackinson et a l ,  2009). Q uestions arising are for instance: 
can the N o rth  Sea sustain  sim ultaneously huge biom asses o f  
herring  and  cod, as well as o f  all o th er com m ercially im po rtan t 
species; do  ben th ic  species and birds benefit from  a large herring  
stock; and  w hat are the  consequences for o th er forage fish and 
the  fisheries exploiting these fish?

The fishing industry
The recru itm en t failure in  the  1970s has had a p ro fo u n d  effect on  
the  herring  fishery, no t only in  the  N o rth  Sea, b u t also in  adjacent 
waters. A dequate m anagem ent action  was taken too  late to prevent 
collapse o f  the  spaw ning stock (Nichols, 2001), so rebuilding 
required  draconian  m easures (a 5-year closure o f  all directed
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fisheries) th a t have had a lasting effect o n  the entire  industry  
(Burd, 1991; C orten, 1991).

At the tim e and  except the  12-mile coastal zone, the  N o rth  Sea 
was still a free fishing area and  the  stock was exploited by  fleets 
from  at least 14 different nations (ICES, 1977). Despite the  con­
clusions o f  the  ICES H erring  Assessment W orking G roup becom ­
ing m ore a larm ing each year (ICES, 1977), the N o rth  East A tlantic 
Fisheries C om m ission  (NEAFC) had no  m andate  to  im pose 
m easures unless they were agreed by  all m em ber states 
(Ackefors, 1977). Consequently, NEAFC could only agree on  
m easures th a t constitu ted  no  real obstacle to  any o f  the national 
fleets involved (Sim m onds, 2007).

The reluctance o f  m em ber states to  agree o n  substantial catch 
reductions was fed b y  several factors. Because no  in ternational 
inspection  system was in  place, there  was a w idespread concern  
th a t catch restrictions w ould  n o t be im plem ented  by o ther 
states. Furtherm ore, the econom ic consequences o f  catch restric­
tions w ould  have been severe. A lthough countries had  seen their 
catches con tinuously  decline, the prices m arkedly increased, 
thereby allowing fishing com panies to survive. A drastic cu t in 
the  catches w ould  have resulted in  bankrup tcy  o f  m any  com panies, 
w ith a consequent loss o f  em ploym ent. The antic ipated  effect was 
n o t on ly  on  the  fishing fleets, b u t also on  the  m arkets for fish, 
including anim al feeds. The entire  industry  w ould  have suffered.

The reluctance to accept drastic m easures should  also be viewed 
in  the historical political context (B jorndal, 1988; Karlsdóttir, 
2005). A t the tim e, the herring  fishery was an  im p o rtan t econom ic 
activity in  m ost countries bordering  o n  the  N o rth  Sea. 
Consequently, fisheries organizations had a strong influence on  
governm ental decision-m aking. This contrasted  w ith  the  lesser 
influence carried by  the  scientific advice in  these circles. 
U ncerta in ty  in  the science was used to  postpone decisions, and 
add itional studies were in itiated  m ore as a device to  delay 
action, ra ther th an  to find solu tions (Sim m onds, 2007).

O n 1 January  1977, all countries a ro u n d  the  N o rth  Sea 
extended their exclusive econom ic zones (EEZ) to  200 miles 
(Coull, 1991). The N o rth  Sea was no  longer a free fishing area 
and  suddenly  national governm ents could  in troduce  conservation 
m easures w ith in  their ow n areas. U sing this opportun ity , the 
B ritish governm ent was the first (1 M arch 1977) to  declare a 
to ta l b an  o n  all d irected herring  fisheries in  the  B ritish EEZ 
(Coull, 1991). O ther governm ents were slow to  follow. The 
D utch  governm ent objected to the  B ritish m easure and  in  June 
1977 sanctioned the  start o f  the  “m aatjes” (the trad itional cured 
herring) season. D utch  vessels entered  the  B ritish EEZ based on  
trad itional rights to fish and, prom ptly, two boats were arrested 
by  the  British Royal Navy. This resulted in  an  in te rnational con­
fron tation  th a t threatened  to  escalate. However, the  scientific argu­
m en t th a t a closure o f  the fishery was required  finally persuaded all 
o th er countries to  jo in  in. By the end o f  June 1977, all directed 
herring  fisheries in  the N o rth  Sea cam e to  a halt.

In  general, the  fishing b a n  was well respected , except in  the 
C hannel area w here local traw lers c o n tin u ed  to  fish sm all q u a n ­
tities o f  spaw ning h e rrin g  (ICES, 1982). In  ad d itio n , he rrin g  
cou ld  still be landed  as a bycatch  taken  in  o th e r fisheries, and  
lim ited  d irec ted  fishing d id  occur o n  th is basis. It was d u rin g  
th is tim e th a t th e  E u ropean  U n io n  agreed o n  a C o m m o n  
Fisheries Policy and  to o k  responsib ility  fo r th e  m anagem en t 
in  all c o m m u n ity  w aters. Som e fleets m oved to  exploit 
h e rrin g  stocks in  ad jacen t areas. Follow ing rep o rts  o f  a recovery 
o f  the  D ow ns co m p o n en t, a sm all TAC for the  so u th e rn  N o rth
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Figure 5. Economic effect of the  ban on directed fishing for herring 
in the  UK: (a) value of the  UK herring landings, exports, and 
imports (1976-1983; W ood and Hopper, 1984); and (b) kipper 
processing in Scotland (1965-1985; source: Scottish Sea fisheries 
statistics).

Sea an d  C hannel area was set in  1981 an d  1982. The b a n  on  
d irec ted  fish ing  in  o th e r  areas o f  th e  N o rth  Sea was lifted in  
June 1983.

Because o f  the  ban, a large nu m b er o f  shipow ners w ent b an k ­
rup t. The D utch  fleet had  50 herring  trawlers a t the  tim e o f  the 
closure and  only 12 w hen the ban  was lifted. Sim ilar fleet 
reductions happened in  o th er countries. The G erm an canning 
in d u stry  was h it hard  by  the  ban, and  fish processors in 
Scotland also suffered. The UK started  im porting  herring  
(Figure 5a). The lack o f  supply, exacerbated by  a closure o f  the 
herring  fishery west o f  Scotland in  1979, also resulted in  a 
change in  consum er behaviour. In  the  UK, the  k ipper (sm oked 
herring) becam e less popu lar (Figure 5b). W hen  the  fishery was 
resum ed in  1983, a large pa rt o f  the  trad itiona l m arket for
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herring  had disappeared. Prices were low, and  som e o f  the first 
catches had to  be sent for reduction  to  fishmeal.

After the  closure, D utch  traders sought new  suppliers o f  their 
trad itional “m aatjes”. These were found  in  D enm ark  and 
Norway, where fishing in  the Skagerrak and  Kattegat was 
allowed to  continue, because o f  the  m ixed catch w ith spring spaw­
ners. Scandinavian fishers soon learned how  to  serve the D utch 
m arket and after the N o rth  Sea fishery was reopened, the  D utch 
suppliers had perm anently  lost the  m arket. In  the early 1980s, 
m ore th an  50% o f  the UK herring  catch was sold to 
“K londikers” (factory processing vessels from  eastern Europe), 
because no  local buyers could  be found  (W ood and  H opper, 
1984).

In  o th er aspects, however, the  herring  ban  also had favourable 
effects. W hen the  vessels could  no  longer fish for N o rth  Sea 
herring, som e sw itched to  m ackerel (Scomber scombrus) and  
horse m ackerel ( Trachurus trachurus) west o f  the B ritish Isles. 
These species could  no t be preserved in  b rine  (as was done  tra ­
ditionally  w ith  herring), b u t had  to  be frozen on  board . 
Therefore, ship owners started  to  convert their vessels in to  
freezer trawlers. These vessels tu rn ed  o u t to  be very successful, 
n o t only for m ackerel and  for horse mackerel, b u t later also for 
herring. In  this way, the herring  b an  paved the  way for a con tem ­
porary  pelagic fishing fleet.

Assessment, projections, and predictions
N o rth  Sea au tum n-spaw ning  herring  have been  assessed by  ICES 
since the 1960s. A lthough registration o f  landings started  a round  
the beginning o f  the 20th cen tu ry  (Saville and Bailey, 1980), 
data  collection am ong countries rem ained inconsistent up  to  the 
1980s, and  m ethods for analytical assessments were still under 
developm ent (Sim m onds, 2009). Nevertheless, the lack o f  analyti­
cal assessments d id  n o t im pede scientists from  w arning o f  stock 
collapse. From  the 1980s on, the  basic data  needed were routinely  
com piled and analytical assessments were done annually, resulting 
in  gradually m ore sophisticated advice (ICES, 2008a). There is 
always a degree o f  uncertain ty  associated w ith such advice. This 
arises from  the in p u t data, as well as from  the  assum ptions, 
choice, and fitting o f  the assessment and projection  m odel used. 
Therefore, addressing uncerta in ty  explicitly has becom e part o f  
the assessm ent process.

Over the past 5 years, projections o f  SSB for 1 year ahead have 
been, on  average, w ith in  4%  o f  the biom ass estim ate in  the assess­
m en t 1 year later, w ithou t a directional bias. A n exam ple o f  uncer­
tain ty  caused by assum ptions can be highlighted by  the  influence 
o f  the  2000-year class in  the projections. This year class grew slowly 
and  m atu red  at a later age th an  usual and  this had  no t been fore­
seen. The assum ption  o f  business as usual resulted in  a subsequent 
actual decline o f  25%  in  SSB com pared w ith the  projected value, 
1 year ahead. A lthough the  sho rt-te rm  pro jection  o f  SSB was 
affected, the  estim ates o f  num bers o f  herring  were not, and  the 
year class fully m atu red  in  the  m ed ium  term . Therefore, the  discre­
pancy was m uch  less.

Over the  tim e-series o f  providing advice, projections for 2 years 
ahead have been, o n  average, 25% different from  the assessment 
estim ates 2 years later (w hen accounting  for deviations betw een 
advised and actual TACs). Large deviations generally arose from  
differences betw een projected (average) and actual recruitm ent. 
Therefore, assum ptions ab o u t fu ture  recru itm ent are im po rtan t 
(ICES, 2007). The projections incorporate  a 0-group recru itm ent 
index, w hich has allowed w arnings o f  fo rthcom ing  years o f  poor

recru itm en t (Payne et al., 2009), b u t does n o t provide in form ation  
for the expected SSB m ore th an  2 o r 3 years ahead. Nevertheless, 
the  m ed ium -term  projections have conform ed overall to  the 
actual recovery trajectory  (Sim m onds, 2007), and SSB recovery 
has been w ith in  the  95% confidence intervals o f  the  projections.

Since the early 1990s, the  agreed TAC has b road ly  followed the 
trends in  advice. U ntil 1996, however, the TAC overshoot— the 
difference betw een the  estim ated catch and  the TAC— averaged 
approxim ately  + 3 0 % . This TAC overshoot, in  com bina tion  w ith 
reduced recru itm ent, resulted in  an  increase in  fishing m orta lity  
in  the  m id-1990s (Figure le ) . In  1996, a m anagem ent p lan  that 
inco rpora ted  a harvest con tro l rule was p u t in  place (Sim m onds,
2007). O perational versions have varied, because the p lan  is 
reviewed and adap ted  approxim ately  every 3 years, b u t since its 
in troduction , the  TAC overshoot has been  reduced to  approx i­
m ately +  10%. The different versions o f  the  plan  have always 
been founded on  the p recau tionary  approach (ICES, 1998b) and 
yet the  stock again declined below  the  biom ass thresho ld  in  the 
m id-2000s. This was prim arily  caused by a series o f  p o o r recru it­
m ents, b u t also by  a failure to  com ply  w ith the m anagem ent plan. 
Despite w arnings th a t substantial reductions in  TAC were required 
to  m ain tain  com pliance, sm aller cuts were enacted. Consequently, 
even larger reductions had  to be im posed in  subsequent years to 
com ply w ith the target fishing m ortalities o f  the  m anagem ent rule.

Overall, the stock appears to  be assessed and m anaged reason­
ably well. However, it is questionable w hether the  cu rren t m anage­
m en t p lan  is the m ost effective one in  the longer term , in  either 
m axim izing yield o r m ain tain ing  biom ass targets, because it 
does n o t consider interactions w ith o th er species o r  stock struc­
ture. This again em phasizes the need to  understand  better the 
dynam ics o f  the  w ider ecosystem  and  to  m o n ito r the  variability 
am ong stock com ponents (Schm idt et al., 2009; B ierm an et al.,
2010) and  m ixing w ith  o ther stocks (Keli et al., 2009).

However, breaking up a consistent assessm ent and  m anage­
m en t approach  carries m any  dangers. Any m ove to  m ore spatially 
resolved m anagem ent should  be carefully evaluated beforehand, 
because it requires m ore  process knowledge a n d /o r  the  ability to 
identify  adequately the diverse com ponents in  m ixed catches, as 
well as an  understand ing  o f  how  inclusion  o f  th a t knowledge is 
going to  affect the  entire  m anagem ent strategy (De Oliveira 
et a l ,  2006).

Lessons learned
The lessons learned for m anagem ent from  the collapse and  recov­
ery can be split in  three  m ain  topics: (I) the  underlying biology as it 
affects m anagem ent and  exploitation; (ii) the effects o f  exploita­
tio n  o n  stock structure; and  (iii) the role o f  herring  in  the  N orth  
Sea ecosystem.

(I) R ecruitm ent is intrinsically variable and, in  com bination  
w ith variability in  p redation  m orta lity  o n  adults, can yield 
na tura l varia tion  in  stock abundance b y  a t least a factor o f 
4. M anagem ent aim ed at MSY fishing m orta lity  targets 
im plies in terannual varia tion  in  TACs and m anagers and 
fishers m u st accept this variability in  supply  and restrain 
the catches accordingly. Setting TACs appears to be  a suitable 
m echanism  for do ing  so (if  catches are closely m onito red). 
Greater understand ing  o f  the  properties and  causes o f  
recru itm en t variability shou ld  increase predictability, w hich 
w ould help taking appropria te  m anagem ent decisions. It 
m ight also allow sim ulations o f  m anagem ent scenarios that
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account for longer-term  environm ental change, thus aiding 
the developm ent o f  m ore  robust m anagem ent plans.

(ii) So far, SSB appears to  have operated  well as a proxy for SRP 
and the  evidence obtained du rin g  the collapse (learning by 
mistakes) clearly indicates th a t recru itm en t is im paired  if  
SSB is n o t m ain tained  above som e critical threshold. 
Nevertheless, series o f  p o o r year classes m ay still occur, 
even w hen SSB is relatively large. M aintain ing  sufficient 
SSB can be accom plished by either reducing TACs as the 
b iom ass declines o r setting a fixed TAC th a t is sufficiently 
low. From  a p recau tionary  p o in t o f  view, there  is a need to 
ensure spatial diversity o f  spaw ning com ponents. A lthough 
past experience suggests th a t this spatial aspect o f  stock stru c ­
tu re  has no t been critical to  reproductive po ten tial o f  the 
stock as a whole, this issue w ould  becom e relevant if  the fish­
eries w ould  target specific com ponents o r if  strong spatial 
patterns in  recru itm en t success were observed. Given a 
lim it reference level o f  SSB, density -dependent effects on  
growth, m atu ratio n  schedules and  genetic diversity will be 
relatively u n im p o rtan t in  m anagem ent term s. However, 
spatially explicit m o n ito ring  o f  the  developm ent o f  different 
spaw ning com ponents rem ains a p rio rity  for the science.

(iii) The role o f  herring  in  the  N o rth  Sea ecosystem is difficult to 
evaluate quantitatively. Fisheries science canno t at present 
provide m anagem ent advice and  predictions o f  herring  that 
account for this role, especially w hen extrapolating beyond 
the range o f  recent observations. At the  ecosystem level, the 
behaviour and  interactions o f  species are adaptive and 
complex. However, m anagem ent should  always endeavour 
to m ain ta in  recruitm ent, a certain  biom ass o f  spawning 
adults and  spatial diversity, to  sustain the ecosystem services 
o f  herring.

In  conclusion, m o n ito ring  spaw ning biom ass (to ta l and  by 
com ponen t), com pliance w ith a sim ple harvest con tro l rule, and 
an  enforced qu o ta  regim e should  deliver m ost o f  the  m anagem ent 
requirem ents for preventing fu ture  collapse. However, this is only 
valid as long as the  env ironm ent m aintains the fluctuations in  p ro ­
ductiv ity  at levels observed du rin g  the  past 100 years. This con­
d itio n  o f  long-term  sta tionarity  in  the  N orth  Sea system is— in 
con trast to  the  situation  for N orw egian spring-spaw ning herring  
for instance (Toresen and 0 stved t, 2000)— supported  by the 
apparen t m atch betw een the  projections o f  stock developm ent in 
the  1980s and the observed recovery o f  the  stock.

W e can infer from  this review that hypothesis-driven research 
could  con tribu te  m eaningfully  to  m anagem ent th rough  im proved 
confidence in  and  increased transparency o f  the  advice. At present, 
we canno t predic t the  effects o f  collapse o r recovery o f  a single 
stock o n  the  ecosystem as a whole, no r can we predict the  direct 
and  indirect effects o f  large environm ental change, such as 
global w arm ing, on  a single stock. Therefore, N o rth  Sea herring  
is likely to rem ain  a con tinu ing  source o f  b o th  in sp iration  and 
frustration  to researchers for m any  years to come.
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