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E n v ironm en ta lly  in d u c e d  c h a n g e  a p p e a rs  t o  be  im p a c tin g  th e  r e c ru itm e n t o f  N o rth  Sea h errin g  (Clupea harengus). D esp ite  sim u l­

ta n e o u s ly  having a  large a d u l t  p o p u la tio n , historically  low  ex p lo ita tio n , a n d  M arin e  S tew ard sh ip  C ounc il a c c re d ita tio n  (im ply ing  

sus ta inab ility ), th e re  have been  an  u n p re c e d e n te d  6 se q u e n tia l years o f  p o o r  ju v en ile  p ro d u c tio n  ( re c ru itm e n t) . A nalysis suggests 

t h a t  th e  p o o r  re c ru itm e n t  arises d u r in g  th e  larval o v e rw in te rin g  phase , w ith  re c e n t survival ra te s  g rea tly  re d u c e d . C o n te m p o ra ry  

w arm in g  o f  th e  N o r th  Sea h as c a u se d  sign ifican t c h a n g e s  in th e  p la n k to n  c o m m u n ity , a n d  a  recen tly  id en tified  reg im e sh ift 

a ro u n d  2000 sh o w s c lose te m p o ra l  a g re e m e n t w ith  th e  re d u c e d  larval survival. It is, th e re fo re , possib le  t h a t  w e a re  o b se rv in g  th e  

firs t c o n se q u e n c e s  o f  th is  p la n k to n ic  c h a n g e  fo r  h ig h er t r o p h ic  levels. T h e re  is n o  in d ic a tio n  o f  a  recovery  in r e c ru itm e n t in th e  

s h o r t  te rm . Fishing m o rta lity  is c u rre n tly  o u ts id e  th e  a g re e d  m a n a g e m e n t p lan , a n d  fo rec as ts  sh o w  a  h igh  risk o f  th e  s to c k  m ov ing  

o u ts id e  safe biological lim its soo n , p o te n tia lly  p re c ip ita tin g  a n o th e r  co llapse  o f  th e  stock . H ow ever, b ring ing  th e  rea lized  fish ing  

m o rta lity  back  in line w ith  th e  m a n a g e m e n t p lan  w o u ld  likely a llev ia te  th e  p ro b lem . T his illu s tra te s  again  t h a t  re c ru itm e n t  is 

in flu e n ced  by m o re  th a n  ju s t  sp a w n in g -s to ck  b iom ass, a n d  t h a t  c h a n g e s  in o th e r  fa c to rs  can  be o f  equal, o r  even  g rea te r, im p o rta n c e . 

In su c h  d y nam ically  ch an g in g  e n v iro n m e n ts , re c e n t  m a n a g e m e n t su ccess d o e s  n o t  necessarily  g u a ra n te e  fu tu re  susta inab ility .
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Introduction
The size o f  an  exploited fish popu lation  is determ ined  by the 
balance o f  losses from  na tura l m ortality, p redation , and fishing, 
and  the  gains from  the add itio n  o f  new  individuals to  the  p o p u ­
lation. The m anagem ent o f  m ost fish species is centred  o n  the 
concept o f  a stock, where the  exchange o f  individuals w ith  o ther 
stocks is negligible, so the  only source o f  new individuals is 
th rough  the reproductive process (recru itm ent). Therefore, 
recru itm en t places a firm  constrain t on  the  nu m b er o f  individuals 
th a t can potentially  grow  to  m aturity , and hence o n  the n u m b er o f 
individuals (o r biom ass) that can be rem oved from  the stock in  a 
sustainable m anner. Large in terannual variations in  recru itm ent 
are com m on, especially in  pelagic fish, b u t longer term  directional 
changes lasting for decades o r  m ore  are also well docum ented , e.g. 
the Russell cycle (Cushing, 1995) and  Pacific sardine, Sardinops

sagax, fluctuations (W atanabe, 2007). S hort-term  variability can 
m ask such long-term  changes, o ften  m aking it im possible to  iden t­
ify such a change u n til well after the event. Furtherm ore, m anage­
m en t structures are com m only  based a ro u n d  the assum ption  that 
the  system is stationary, i.e. the  assum ption  th a t the  past is repre­
sentative o f  the  future. The consequences o f  undetected  reductions 
in  stock productivity , along w ith sustained heavy exploitation, can 
therefore be severe, causing a healthy stock to  collapse w ith in  a few 
years (Toresen and 0 stv ed t, 2000). H ere, we rep o rt evidence th a t a 
directional change in  recru itm en t recently occurred  in  N o rth  Sea 
au tum n-spaw ning  herring  (Clupea harengus).

T he au tum n-spaw ning  herring  stock in  the  N orth  Sea is often 
considered a classic m odel fish stock because o f  its long history  
o f  exploitation, collapse, and  recovery, and  the close scru tiny  
w ith w hich these changes have been studied. H istorical records
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show  th a t fishing for herring  has been carried o u t in  the N o rth  Sea 
since the  first cen tu ry  A.D. It was the largest European sea fishery 
at the  beginning o f  the 20th century, and  one o f  the  first to  be 
studied  across the w hole N o rth  Sea co m m unity  un d er the  auspices 
o f  the newly created In terna tiona l C ouncil for the E xploration o f 
the  Sea (ICES). Catch data  have been com piled since the  1940s, 
giving insight in to  past p opu lation  sizes and  dynam ics, and  the 
stock has been the subject o f  scru tiny  for form al assessm ent and 
m anagem ent un d er ICES since the  1970s. The spaw ning-stock 
biom ass (SSB) has ranged from  a high o f  5 m illion  tonnes in  the 
late 1940s (ICES, 1998) to  < 5 0  000 t following the  stock collapse 
in  the late 1970s (ICES, 2008a). Recently, the stock reached a 40- 
year h igh SSB o f  1.8 m illion  tonnes, a result o f  successful m anage­
m en t from  the m id-1990s (Sim m onds, 2007; ICES, 2008a). 
R ecognition o f  this success cam e w ith  the aw arding o f  M arine 
Stewardship C ouncil (MSC) accreditation  in  2006, im plying that 
the  stock is well m anaged and  exploited in  a sustainable m anner. 
However, the past six year classes (2002-2007) have been consist­
ently  p o o r despite high biom ass levels, an  unprecedented  occur­
rence for N o rth  Sea herring. Consequently, the SSB in  recent 
years (2005-2007) has begun to  decline. H ere, we exam ine the 
sequence o f  p o o r recru itm en t in  detail, com paring  recent and  h is­
torical patterns, and  analyse where, in  the life cycle, the poor 
recru itm en t is determ ined. W e th en  consider candidate m echan­
isms th a t could  be driving the  phenom enon , and im plications 
for the  fu tu re  exploitation  o f  this stock. Finally, we discuss the 
im plications o f  such changes in  a b roader context.

Material and methods
Estim ates o f  SSB, nu m b er o f  recruits (at 6 m on ths old), and fishing 
m orta lity  were obtained from  the m ost recent stock assessment 
(ICES, 2008a). The Ricker, B ev erto n -H o lt, and hockey-stick (seg­
m ented  regression) s to c k -rec ru itm en t relationships (SRRs) were 
fitted to  the estim ates o f  SSB and  recru itm en t using the Fisheries 
library in  R  (Keli et ah, 2007), assum ing a lognorm al erro r struc­
ture. The hockey-stick relationship gave the m ost m eaningful fit, 
as judged  by the Akaike In fo rm ation  C riterion  (Q u in n  and 
Deriso, 1999). N atural logarithm  (In) residuals were th en  calcu­
lated from  the fitted m odel and  used in  the  analysis. However, 
the  trends in  the residuals were sim ilar for all three  m odels, and 
the  choice o f  s to c k -rec ru itm en t m odel does n o t greatly influence 
the  conclusions. This approach  assum es th a t recru itm en t is driven 
by  stock size (an SRR) and  n o t the inverse, where stock size is 
driven p rim arily  by  recru itm en t (a re c ru itm e n t-s to c k  re la tion­
ship), as one w ould expect w ith short-lived species.

A Paulik diagram  (Paulik, 1973) was used to  exam ine the relative 
im portance o f  each life stage in  determ ining recruitm ent strength. 
The m ethod  plots observations o f  year-class strength at different 
points in  the life cycle in  a single figure, visually distinguishing in ter­
annual differences in  survival. N orth  Sea herring is a stock that is 
particularly am enable to  such analysis, because m ultiple surveys 
cover its early life stages. The adults spawn along the east coast o f  
Great Britain, and a round  O rkney and Shetland, from  August to 
December, and the early larval stages, i.e. < 1 0 -1 1  m m  long, are 
characterized by  the multiplicative larvae abundance index 
(MLAI; Gröger et a l,  2001; ICES, 2008a), based o n  a series o f  
larval surveys perform ed in  the area th roughout the spawning 
period. The late stages o f  the larval phase are observed in 
February by  a survey covering the entire N orth  Sea, and are charac­
terized by  the M IK 0-group index (ICES, 2008a). The In ternational 
B ottom  Trawl Survey (IBTS), perform ed concurrently  w ith the M IK

survey, gives an  index o f  cohort strength at age 1-w inter ring (wr) 
juveniles (ICES, 2008a). A Paulik diagram  analysis based on  these 
datasets has been used previously w ith N orth  Sea autum n-spaw ning 
herring (Nash and Dickey-Collas, 2005): here we update  this analy­
sis by adding an  additional 7 years o f  data covering the period o f  
reduced recruitm ent.

Results
The residuals to an  SRR provide a m easure o f  the p roductiv ity  o f  a 
fish stock relative to  som e expected recru itm en t a t a given stock 
size. Insight in to  the  factors influencing the reproductive dynam ics 
o f  a stock can therefore be gained by  com parison  o f  the tim e-series 
o f  SSB (Figure la ) , recru itm en t (Figure lb ) , and  fishing m orta lity  
(Figure le )  w ith the  relative p roductiv ity  (SRR residuals; 
Figure Id ). Four d istinct phases in  the  h isto ry  o f  this stock are 
visually apparen t. From  1965 to  1977, fishing m orta lity  was high 
and  recru itm en t declined m arkedly, leading to  the stock collapse 
o f  the  late 1970s. The role o f  overfishing, especially o f  juveniles, 
in  this collapse is well docum ented  (Sim m onds, 2007) and 
clearly apparen t as the high fishing pressure on  juveniles 
(Figure le) a t th a t tim e; its im pact o n  recru itm en t is reflected in 
the  sequence o f  declining residuals (Figure Id ). Total closure o f 
the  fishery betw een 1977 and 1980 and  reduced quotas in  sub ­
sequent years initiated  a recovery phase associated w ith high 
stock p roductiv ity  (positive residuals) un til the m id-1980s. 
Then, recru itm en t residuals suddenly  dropped  in  the  m id- to 
late 1980s, w ith residuals random ly  d istribu ted  a round  zero un til 
2001 (the “no rm al” fishery). In  the  m id-1990s, heavy fishing 
pressure was b rough t u n d e r control, and fishing o n  the  0 - 1  age 
groups was v irtually  elim inated. The aforem entioned p o o r recru it­
m en t o f  the 2002 -  2007 year classes is apparen t in  the  recent phase 
as a series o f  negative residuals: this sequence is significantly differ­
en t from  b o th  the  norm al fishery period  (f-test for difference o f 
two m eans: t  =  4.92, d.f. =  19, p  <  0.001), and  also all three  p re ­
vious periods com bined ( t  =  3.53, d.f. =  46, p  =  0.001). Fishing 
m orta lity  du ring  the  recent phase o f  p o o r recru itm en t has been, 
by  historical standards, relatively low o n  adults and  virtually 
absent on  juveniles, whereas stock biom ass has been a t high 
levels. It appears th a t neither reduced SSB n or fishery-induced 
effects can explain the recent sequence o f  recru itm en t failures. 
A n alternative m echanism  needs to  be sought.

R ecruitm ent to  a fish stock is the consequence o f  the num ber o f  
eggs produced by  the adult population  and a large num ber o f  other, 
often unknow n, processes, each o f  which involves a distinct bu t 
variable m ortality  o f  the offspring during  the developm ent cycle. 
The updated  Paulik diagram  (Figure 2) shows that, in  the recent 
phase o f  poor recruitm ent, the abundance o f  early larvae (MFAI) 
is high and in  line w ith expectations, given the concom itant high 
adult biomass. However, during  the developm ent phase from  
early stage to  late stage larvae (MFAI to  MIK), survival rates 
appear dram atically lower in  the recent years o f  poor recruitm ent 
th an  in  m ost o ther years. The subsequent survival to juveniles 
(MIK to  IBTS) is com parable w ith o ther years. Similar trends are 
also seen for the year classes 1988-1990, which also showed 
reduced recruitm ent from  a relatively high SSB, b u t noting  the 
gap o f  11 years between the two periods, the causative factors 
m ay no t necessarily be the same. Nevertheless, it appears that m ech­
anism s acting during  the overwinter larval developm ent period can 
determ ine the year-class strength o f  this stock. The association o f  
overwinter larval survival rates and p o o r year classes agrees w ith 
and extends the analysis o f  Nash and Dickey-Collas (2005).
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Figure 1. N orth  Sea herring  stock  history from  th e  stock  assessm ent: 
(a) annual changes in SSB; (b) tim e-series o f rec ru itm en t a t  6 m o n th s  
old; (c) m ean  annual fishing m orta lity  (F) on th e  stock  for ages 2 - 6 -  
w in ter rings (wr; closed triangles) an d  ages 0 - 1  w r (open  circles) 
from  th e  stock  assessm ent; an d  (d) th e  stock  residuals [ln (observed / 
fitted)] from  th e  segm ented-regression  (hockey-stick) m odel. 
Negative values ind icate  a lower th an  expected  level o f  rec ru itm en t 
for a given stock  size. Bars in (b) an d  (d) are shaded  according to  
classification in th e  stock  collapse phase (light grey), recovery phase 
(no  fill), norm al fishery (dark  grey), an d  recen t years w ith  p oo r 
rec ru itm en t (black).

Discussion
O ur analysis suggests th a t the sequence o f  p o o r recru itm ent 
canno t be a ttribu ted  to the  fishery, and  instead is m ore  likely 
determ ined  du ring  the  larval overw intering period. There are

Adults, F 2-6 
Juveniles, F  o-i

several candidate  m echanism s th a t m ay be responsible for these 
reduced rates o f  survival.

In  the central and  n o rth e rn  N o rth  Sea, a prolonged structural 
shift in  the  p lanktonic  co m m unity  has taken place over tim e 
(Figure 3a), m ost likely in  response to  oceanic clim ate changes. 
Two m ajor regim e shifts, the  first in  the  m id- to  late 1980s and 
the  second a ro u n d  2000, have resulted in  a significant change in 
the  struc tu re  o f  this com m unity . The con tem porary  regim e is 
now  25%  different from  th a t observed du ring  the 1960s and  con­
sists o f  a m ore diversified w arm er w ater co m m u n ity  (Beaugrand, 
2004; Edwards et al., 2007; PL, unpublished  data). It is widely 
recognized that larval developm ent is strongly influenced by the 
quantity , suitability, and  tim ing  o f  p lanktonic  prey available and 
th a t a change in  one, som e, o r all o f  these factors can reduce su r­
vival rates: indeed, such a m echanism  has been suggested for 
reduced recru itm en t in  N o rth  Sea cod (Gadus morhua) in 
response to  the 1980s regim e shift (B eaugrand et ah, 2003).

T he 2000 regim e shift shows close tem poral agreem ent w ith the 
observed reduction  in  survival rates o f  herring  larvae. The event has 
been associated w ith changes in  the  prey o f  herring  larvae, in  p a r­
ticular w ith  the  decrease o f  sm all copepods such as Paracalanus spp. 
and  Pseudocalanus spp. th a t were typically very ab u n d an t in 
a u tu m n  (PL, unpublished  data). D iscrepancies in  the tim ing  o f 
events (the first year o f  the  recent p o o r recru itm en t phase is 
2002) can be a ttribu ted  to the  fact th a t the m eta-analysis u n d e rp in ­
ning  fig u re  3a is based o n  a b road  cross section o f  the  N o rth  Sea 
p lank ton  co m m unity  and  therefore m ay n o t be com pletely rep re­
sentative o f  the species o f  direct relevance to herring  larvae. 
M oreover, it is unclear w hether the year 2001 should  be  classified 
as pa rt o f  the  norm al fishery o r the recent phase: whereas the 
recru itm en t (fig u re  lb )  and  SRR residuals (fig u re  Id ) m atch the 
recent phase, the  Paulik d iagram  has the overw inter survival o f  
the  2001 year class (bo ttom  left q uadran t o f  f ig u re  2) lying closer 
to  the  m ain  bod y  o f  values th an  the  highlighted group  contain ing  
the  recent phase. It m ay therefore be m ore appropria te  to  consider 
the  2001 year class as an  in term ediate  year betw een the two phases, 
b ringing the  tem poral corre lation  in to  even tigh ter agreem ent.

Changes in  the  N o rth  Sea p lank ton  co m m u n ity  appear also to  
have im pacted  this stock in  the  past. The transition  from  the 
recovery phase to  the n o rm al fishery phase, m arked by  a sudden 
reduction  in  recru itm en t residuals (fig u re  Id ), agrees closely in 
tim ing  w ith the  well docum ented  late 1980s regim e shift 
(Beaugrand, 2004; f ig u re  3a) and  also w ith previous occurrences 
o f  the  reduced overw inter survival p h en om enon  (b o tto m  left 
quad ran t o f  f ig u re  2). It rem ains unclear, however, w hy after 
three sequential years o f  reduced survival (1988-1990) the 
system reverted to  a norm al fishery again after 1991, and 
w hether the  actual m echanism  und erp in n in g  the phen o m en o n  is 
the  sam e as th a t observed m ore recently. Nevertheless, the close 
tem poral agreem ent betw een changes in  the N o rth  Sea planktonic 
co m m unity  and  in  N o rth  Sea herring  p roductiv ity  and survival, 
while no t being conclusive evidence in  and  o f  itself, suggests that 
the  proposed m echanism  is consistent w ith observations. We 
m ay therefore be docum enting  the first response to  the  2000 
regim e shift a t h igher trop ic  levels.

Alternatively, changes in  the  physical env ironm ent m ay also 
have co n tribu ted  to, o r indeed been the  m ajor driving force 
behind, the  recent reduced larval survival. Significant hydro- 
graphic changes, including an  increase in  b o ttom -w ater tem pera­
ture, have been  observed near the m ain  herring  spawning areas in 
recent years (ICES, 2007; f ig u re  3d). H ydrographic processes
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Figure 2. Paulik diagram  for N orth  Sea herring  show ing th e  observed relative ab u n d an ce  o f  each  stage in th e  life cycle, w ith  th e  d a ta  source 
identified in paren thesis (an u p d a te d  Figure 7 o f Nash an d  Dickey-Collas, 2005). The diagram  shou ld  be read  in a clockwise m anner, sta rting  
from  th e  adults, hence  follow ing th e  d ev e lo p m en t life cycle. D ata labels d e n o te  th e  cohort. Points p lo tte d  w ith op en  circles m ark  years o f 
unusually p o o r rec ru itm en t in th e  ad u lt- ju v e n ile s  p lo t ( to p  right). SSB, spaw ning-stock b iom ass (1 9 7 3 -2 0 0 7 ) from  th e  stock  assessm ent; 
MLAI (1 9 7 3 -2 0 0 7 ) characterizing early stage larvae abundance ; MIK 0-age, MIK age 0 index (1 9 7 6 -2 0 0 7 ), characterizing th e  ab u n d an ce  of 
late larvae; IBTS age 1-w inter ring (wr), In ternational B ottom  Trawl Survey index (1 9 7 3 -2 0 0 7 ), characterizing  th e  n u m b er o f  juveniles a t  age 1- 
wr. Axis values are indices an d  are for illustrative purposes only, so no  num bers are indicated. The juveniles are th e  observed num bers o f  age 1- 
wr, differing from  rec ru itm en t a t  6 m o n th s  o ld p lo tte d  in Figure 1.

determ ine the  position , structure, and p roductiv ity  o f  the  m arine 
frontal zones in  w hich herring  larvae feed and  reside (Kiorboe 
et ah, 1988). W arm ing tem peratures in  the  N o rth  Sea have also 
been linked to  changes in  the  d istribu tion  o f  m any  fish species, 
including the  recent invasion o f  w arm er w ater species such as 
anchovy (Engraulis encrasicolus) and sardine (Sardina pilchardus; 
Beare et al., 2004). The presence o f  these non-endem ic  species 
m ay have increased the  rates o f  p redation  o n  herring  larvae and 
reduced survival.

A th ird  po ten tial m echanism  is th a t o f  effects caused by  high 
p opu lation  density: the  top  right quad ran t o f  Figure 2, adults vs. 
juveniles, could  suggest Ricker-like density-dependent reductions 
in  survival at high stock sizes (i.e. overcom pensation). However, 
the  life h istory  m odel show ing the  relationship betw een p ro ­
d u c tio n  o f  larvae (MLAI) and abundance at age 0 (M IK), the 
b o tto m  left qu ad ran t o f  Figure 2, is poorly  described by a single 
relationship, w ith im paired  recru itm en t a t high density  (i.e. 
Ricker-like), so does no t suggest a classic overcom pensatory

response. Instead, the link  betw een MLAI and M IK is readily 
described by two separate linear relationships, im plying two 
un ique  regimes o f  survival rates. Furtherm ore, no  evidence o f 
overcom pensation  in  recru itm en t has been  observed in  this 
stock du ring  previous periods o f  high biom ass, e.g. before the 
1970s collapse (ICES, 1998, 2008a). O vercom pensation  does not, 
therefore, appear a likely explanation for the p h en om enon  we 
are investigating here.

A t the  m om ent, it is n o t possible to  identify  which, if  any, o f 
these candidate m echanism s is responsible for the  reduced recru it­
m ent, a lthough it appears unlikely th a t overcom pensation  is to 
blam e. A lthough the  regim e-shift hypothesis appears m ost p ro b ­
able, it is prim arily  based o n  the tem poral corre lation  betw een 
events and requires a m ore  detailed exam ination  to  test its validity. 
There have been hydrographic changes, b u t it is unclear why 
gradual changes in  tem perature  have caused a sudden  reduction  
in  overw intering survival. F urther w ork  is required, therefore, to 
identify  the  underly ing  m echanism .
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Figure 3. Recent changes in the North Sea environment: (a) regime 
shift index of the plankton com m unity giving community-level 
similarity between 2005 and earlier years, from a 50-species 
meta-analysis of central North Sea plankton (after Edwards et al., 
2007); (b) spawning (Sep tem ber-O ctober) bottom  tem peratures 
around the  Orkney spawning area, with a CAM regression (line) and 
+  2s.e. confidence intervals (shaded area; after ICES, 2007). For 
comparison, the  periods defined in Figure 1 are marked.

The h igh na tura l variability o f  s to c k -rec ru itm en t processes 
o ften  m akes it difficult to  identify  a long-term  directional shift 
against the  background  o f  sho rt-te rm  random  fluctuations. 
A ppropriate  m anagem ent decisions w ith in  such apparen t ra n ­
dom ness are often ham pered  by  the  n a tu ra l h u m an  tendency 
tow ards op tim ism , even though  the  costs o f  inac tion  can be sig­
nificant (Sim m onds, 2007). Sequences o f  p o o r recru itm en t have 
been observed in  the  stock in  the  past, only for it to  recover at 
the p o in t where they  appeared to have becom e p erm anen t (e.g. 
the three p o o r year classes o f  1988-1990). However, the curren t 
sequence is already 6 years long, and is statistically different 
from  b o th  the im m ediately p rio r n o rm al fishery period, and  also 
the entire  tim e-series leading u p  to  th a t po in t. The sequence o f 
po o r annual recru itm ents cannot, therefore, be a ttribu ted  solely 
to  ran d o m  variation: there  has been a significant shift in  
recruitm ent.

This stock is subjected to  a m anagem ent fram ew ork agreed 
betw een the EU and  Norw ay in  2004. However, a com bination  
o f  m anagem ent and  enforcem ent issues has m eant th a t it has 
n o t been  fully im plem ented, resulting in  recent exploitation 
rates (2005-2007) som e 40%  above the  value considered susta in ­
able by  the m anagem ent plan. M oreover, the cu rren t reduced 
recru itm en t has started  to  im pact on  the  stock size in  recent 
years, w ith the SSB decreasing from  1.8 m illion  tonnes in  2004 
to  1 m illion  tonnes in  2007 (Figure la ) . M ed ium -term  forecasts

th a t assum e continued  p o o r recru itm ent, b u t a strict im plem en­
ta tio n  o f  the  m anagem ent rule, show  that the  stock biom ass will 
level o ff near the accepted safe biological lim its (ICES, 2008a, b). 
However, forecasts m ade w ith con tinued  poor im plem entation  
o f  the  m anagem ent ru le show  th a t the  stock will con tinue to  
decline, and  th a t there is a high probability  o f  m oving outside 
safe biological lim its (ICES, 2008a, b). This poses a subsequent 
risk o f  fu rther im paired  recru itm en t a ttribu tab le  to  low  stock 
levels, and  hence the possibility o f  a stock collapse. Strict 
im plem en tation  o f  the  existing harvest rule is therefore key to 
the  con tinued  sustainable exploitation  o f  the stock.

M ore generally, this case study  serves as a good exam ple o f  the 
inheren t dangers associated w ith assum ptions o f  sta tionarity  in 
m arine  ecosystems. For exam ple, m ed ium -term  projections 
m ade in  2000 w ould  have assum ed a con tin u a tio n  o f  the 
n o rm al recru itm en t regim e, leading to  severe overestim ation o f 
the  developm ent o f  the stock. Such projections and forecasts 
are driven, prim arily, by  the assum ption  o f  a un ique  relationship 
betw een SSB and  recruitm ent. However, as we illustrate here, 
adu lt biom ass is ju st one axis o f  a very h igh-dim ensional 
surface th a t determ ines recru itm ent to  the  stock: given ou r lack 
o f  understand ing  regarding the o th er dim ensions, and  o u r d is­
tinc t inability  to characterize them , it is therefore n o t surprising  
th a t two sim ilar SSBs can give rise to  such widely different levels 
o f  recruitm ent. Instead  o f  talking ab o u t a single SRR, it is crucial 
th a t forecasts recognize the  existence o f  m ultip le  relationships 
betw een stock and  subsequent recru itm ent, each corresponding 
to  a different com bination  o f  key variables (e.g. regim es). 
A lthough it m ay n o t be possible to treat these relationships expli­
citly at the  m om ent, o r perhaps ever, recognizing their existence 
will help im prove the  reliability and the  robustness o f  fu ture 
m anagem ent decisions.

Conclusions
A lthough the  proxim ate causes o f  the  curren t sequence o f  poor 
recru itm en t in  N orth  Sea herring  are uncertain , it appears that 
the  u ltim ate  cause m ost p robably  lies w ith changes in  the  N orth  
Sea environm ent, and  n o t overfishing. Survival rates th rough  the 
w inter larval developm ent phase have been greatly reduced. The 
recently identified 2000 p lanktonic  regim e shift in  the N o rth  Sea 
appears to  be  the  leading candidate m echanism , especially consid­
ering the close tem poral correlation  betw een the events and 
evidence that such changes have im pacted u p o n  the  stock p re ­
viously: we m ay therefore be describing the  first consequences o f  
this shift a t h igher troph ic  levels. However, identifying the u n d e r­
lying responsible m echanism  is challenging, especially considering 
the  strong coupling  betw een m any  o f  the proposed  factors, e.g. 
w arm ing o f  the  ocean affects the  tim ing  and  the com position  o f 
p lank ton  populations, influences larval developm ent rates, and 
facilitates the  invasion o f  foreign predato ry  species. However, 
a lthough the  precise m echanism  rem ains uncertain , the  p ro ­
ductiv ity  o f  the stock has clearly been reduced. It is n o t possible 
to  say when, o r w hether, the  sequence o f  p o o r recru itm en t will 
abate. Despite fishing pressure unlikely being to blam e for the 
decline in  recru itm ent, cu rren t exploitation  rates are above those 
considered sustainable. Therefore, reducing the  fishing m orta lity  
back in  line w ith the  m anagem ent plan  gives a good chance o f 
the  stock rem aining w ith in  safe biological lim its. In  dynam ically 
changing environm ents, recent m anagem ent success does no t 
necessarily guarantee fu ture  sustainability.
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