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This paper d evelop s a fram ew ork for th e  study o f  c lim ate on  fish pop u lation s based on  first principles o f  physiology, ecology, and  

available observations. Environm ental variables and ocean ograp h ic features th a t are relevant to  fish and th a t are likely to  be affected  

by clim ate ch an ge are review ed. W orking h yp oth eses are derived from  th e  differences in th e  exp ected  response o f  different species  

groups. A review  o f  published  data on  N orth east A tlantic fish species representing different b iogeographic affinities, habitats, and  

body size lends support to  th e  hypothesis th a t global w arm ing results in a shift in ab u n dan ce and distribution (in patterns o f  occu r

rence w ith  latitude and d ep th ) o f f is h  species. Pelagic sp ec ies exhib it clear ch an ges in seasonal m igration patterns related to  clim ate- 

induced  changes in Zooplankton productivity. Lusitanian species have increased in recent decad es (sprat, anchovy, and horse m ack

erel), especially  at th e  northern lim it o f  their distribution areas, w hile Boreal sp ec ies decreased  at th e  southern  lim it o f  their distri

bution range (cod  and plaice), but increased at th e  northern lim it (cod ). A lthough  th e  underlying m ech an ism s rem ain uncertain, 

available ev id en ce su ggests clim ate-related  ch an ges in recruitm ent su ccess to  be th e  key process, stem m in g  from  either higher pro

d u ction  or survival in th e  pelagic egg  or larval stage, or ow ing to  ch an ges in th e  q u a lity /q u a n tity  o f  nursery habitats.
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Introduction
Resolving the effect o f  clim ate change o n  fish populations is com 
plicated, because clim ate change affects a m u ltitu d e  o f  env iron
m ental factors th a t m ay affect various processes at different 
levels o f  biological o rganization  (H arley et ah, 2006; Lehodey 
et al., 2006; Tasker, 2008). For example, even i f  the  effect o f  
changes in  a n  environm ental factor o n  the  physiology o f  an  o rgan
ism  is know n, it will be difficult to  evaluate the ou tcom e o f  this 
organism -level physiological response at the p opu lation  o r ecosys
tem  level (MacKenzie and  Köster, 2004). Statistical analysis o f  
available tim e-series revealed changes in  d istribu tion  and  ab u n 
dance o f  fish species th a t correlate w ith environm ental variables 
(Perry et al., 2005; W eijerm an et al., 2005; H eath , 2007). 
However, statistical correlations do no t necessarily indicate u n d e r
lying processes (Köster et al., 2005).

It m ay be argued th a t it will be  im possible to  detect generalities 
in  the  response o f  fish populations to  clim ate change, because the 
n u m b er o f  influential factors is too  large and  individual species 
m ay differ too  widely in  their response. Nevertheless, we believe 
th a t it is possible to  derive com m on  patterns by  developing 
hypotheses ab o u t the  effect o f  clim atic factors (abiotic variables) 
o n  fish populations, based o n  first principles and by taking 
account o f  different levels o f  biological organization  (from  
cellular- and  organism -level eco-physiology to  population- and

ecosystem-level responses; Figure 1). In  this paper, we (I) review 
the  environm ental variables and  oceanographic features relevant 
to  fish that are m ost likely to  be affected by  clim ate change, (ii) 
derive theoretical expectations from  first principles and  physio
logical and  ecological theory, (iii) derive w orking hypotheses for 
fu tu re  research, and  (iv) review the em pirical evidence from  a 
selection o f  well-studied species in  the  N ortheast Atlantic ecosys
tem s against such a theoretical background.

Effects of climate change on the abiotic marine 
environment
The effects o f  clim ate change are expected to  differ in  b o th  m agni
tude  and  d irection  am ong geographic areas (IPCC, 2007). 
N o rth e rn  h igh-la titude areas will experience the largest increase 
in  air tem pera ture  associated w ith the  m elting o f  sea ice (ACIA,
2004). In term ediate  increases in  air tem pera ture  are expected for 
the  n o rth e rn  N ordic, Barents, and  Baltic Seas, and  the  smallest 
increases are expected in  m ore so u thern  areas, including the 
N orth  and M editerranean Seas. Ocean tem pera ture  will follow 
increases in  air tem perature, a lthough to a lesser extent, owing 
to  the  h igh heat storage capacity o f  water masses. Shallow areas 
will exhibit larger increases in  sea tem peratures th an  deeper 
waters. In  w estern Europe, the frequency o f  very cold w inters 
and  o f  very ho t sum m ers is expected to  decrease and increase,
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Figure 1. Climate change will affect fish populations on all levels of 
organization.

respectively (H ulm e et al., 2002). Changes in  the  strength  and  pre
vailing d irection  o f  w ind over European m arine  areas rem ain  
uncertain , a lthough the  expectation is th a t there will be a n  increase 
in  average and  extrem e w indspeeds over n o rth e rn  E urope (H ulm e 
et al., 2002). P recip itation  and  river ru n -o ff  are expected to 
increase in  n o rth e rn  Europe and  decrease in  so u thern  Europe 
(Frei et al., 2006). In  add ition , the  seasonality o f  ru n -o ff  will 
change, increasing in  w inter, b u t decreasing in  spring in  northw es
te rn  Europe. In  w arm er regions, such as the M editerranean, differ
ences in  the  m agnitude o f  river ru n -o ff  betw een w inter and 
sum m er will increase (IPCC, 2007).

C lim ate change will affect a range o f  abiotic factors that are 
tightly  linked to  the  p ro d u c tio n  and  d istrib u tio n  o f  fish p o p u 
lations, and  these c lim ate-driven b io tic  changes will likely differ 
betw een the open  ocean, shelf seas, and  coastal waters (W alther 
et al., 2002; Lehodey et al., 2006). A lthough the im portance o f 
the  various environm ental factors varies regionally, som e general 
conclusions can be reached. Tem perature, because o f  its pervasive 
effect o n  organism s, is im p o rtan t in  all regions. Stratification 
(resulting from  the  in terp lay  betw een tem pera ture  and w indfor- 
cing) will also be an  im p o rtan t factor in  all regions, owing to 
the  effect o f  stratification o n  the  vertical structu re  o f  m arine  eco
systems and o n  b o tto m -u p  processes. Changes in  w ind strength 
and  d irection  n o t only influence m ixing and  w ater circulation  in 
the  open  ocean, b u t also affect the  strength  o f  upwelling w ith in  
shelf and coastal regions. Sea ice is only o f  direct relevance in 
the  m ore n o rth e rn  regions, such as the  Barents and  Baltic Seas. 
In  general, changes in  salinity will have less o f  a direct effect 
u p o n  m ost organism s, a lthough salinity is a very im p o rtan t 
abiotic factor in  the Baltic, w here it affects the  buoyancy o f  eggs 
and  early life stages o f  the  prey species o f  fish (M ackenzie et al.,
2007). The increase in  carbon  dioxide em issions has resulted in 
an  increase in  C 0 2 concentra tions in  the  oceans (IPCC, 2007), 
reducing oceanic pH  and  changing the  satu ration  horizons o f  a ra 
gonite, calcite, and  o th er m inerals essential to calcifying organism s 
(Feely et a l ,  2004).

Climate change and effects on fish populations and 
exploited ecosystems: theoretical expectations
Fish have com plex life cycles, com prising  several d istinct life- 
histo ry  stages (egg, larva, juvenile, and  adult; Figure 1), each o f 
w hich m ay be affected in  different ways by  clim ate change. Over
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Figure 2. Com plex life cycle and life-cycle closure o f (a) demersal 
and (b) pelagic fish species. Fish life-history stages inhabit different 
habitats and dem onstrate ontogenetic niche shifts. Pelagic fish 
remain in the pelagic habitat throughout their life cycle, but stages 
may inhabit different water masses. Demersal fish are characterized 
by a pelagic egg a n d /o r  larval stage and a demersal juvenile and 
adult stage. At major habitat shifts, individuals may be lost (vagrants, 
dashed arrows). Relative habitat size may differ am ong the stages and 
may form a bottleneck in determ ining population abundance.

their lifespan, fish typically increase in  body  size by  a factor o f 
IO5 (Rothschild, 1986), and  successive life-history stages m ay 
require spatially separated habitats. A prerequisite for popu lation  
persistence is connectivity  am ong habitats required  by  successive 
life stages, allowing the  survivors to  m ature  and re tu rn  to  the 
spaw ning grounds to  reproduce successfully (Figure 2; life-cycle 
closure: Sinclair, 1988). W ith in  these stage-specific habitats, fish 
m u st experience suitable abiotic conditions, find food for 
grow th, and  find shelter to  escape from  predation  o r disease. 
D em ersal and pelagic species differ in  their hab ita t requirem ents. 
Pelagic species rem ain  w ith in  the  th ree-dim ensional pelagic 
hab ita t (although som e species, such as herring, require specific 
dem ersal habitats for spaw ning), whereas dem ersal species 
display a d istinct transition  from  the th ree-dim ensional pelagic 
realm  o f  (eggs and) larvae to  the  tw o-dim ensional hab ita t o f  the 
dem ersal stages. D uring  their life-history transitions, augm ented
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1572 A. D. Rijnsdorp et al.

th rough  hydrographic tran sp o rt o r  directed m igration, anim als 
m ay be lost from  the  popu lation  (dashed arrows in  Figure 2). 
Because the  life cycle is em bedded in  a geographical setting, the 
size o f  the  various habita ts differs, w hich could  result in  b o ttle 
necks at specific life-history stages (dashed squares in  Figure 2).

C lim ate-driven changes in  fish populations m ay result from  
four, often  interlinked, m echanism s: (i) a physiological response 
to  changes in  environm ental param eters, such as tem perature, 
(ii) a behavioural response, such as avoiding unfavourable con
ditions and m oving in to  new  suitable areas, (iii) p opu lation  
dynam ics, th rough  changes in  the balance betw een rates o f  m o r
tality, growth, and rep ro d u c tio n  in  com bination  w ith dispersal, 
w hich could  result in  the establishm ent o f  new  populations in  
new  areas, o r abandonm en t o f  trad itional sites, (iv) ecosystem- 
level changes in  p roductiv ity  a n d /o r  troph ic  interactions. In  
add ition , (v) com m ercial exploitation  greatly affects the ab u n 
dance and  d istribu tion  o f  fish and m ay in teract w ith the  effects 
o f  clim ate change. In  the following sections, we expand u p o n  
each o f  these five them es w ith regard to  po ten tial clim ate effects 
to  derive a suite o f  testable hypotheses.

Physiological response
At the  individual level, direct changes in  the  environm ental factors 
(such as local tem peratures) will invoke changes in  physiological 
rates. Insight regarding such eco-physiological responses will be 
crucial to  in te rp ret the  m echanism s underlying observed changes 
in  d istribu tion  or patterns o f  behaviour. Species can only tolerate 
a specific range o f  environm ental conditions that, am ong  o ther 
factors, places constrain ts u p o n  their range o f  d istribu tion . Fry 
(1971) proposed  how  different environm ental factors can load 
m etabolic costs and  affect the  m etabolic scope. Recently, Pörtner 
and  K nust (2007) dem onstra ted  th a t the partial oxygen pressure 
(PCL) w ith in  b lood provided a direct m easure o f  m etabolic 
scope (Figure 3). Low levels o f  b lood  P 0 2 outside  o f  pejus tem p 
eratures (pejus =  getting worse) reflect the reduction  in  aerobic 
scope, lim iting  the energy available for activity, growth, rep roduc
tion, and  o th er vital rates. Pejus tem peratures are n o t fixed, b u t can 
be m odified to som e extent by  population-specific  ad ap tation  to 
local environm ental conditions (arrow s in  Figure 3). Differences

critical

Increasing 
oxidative stress

0

Temperature — ►

Figure 3. At the cellular level, optim al and suboptimal temperatures 
are reflected by changes in the rates o f aerobic and anaerobic 
metabolism. Optimal temperatures coincide with the highest levels 
o f P 0 2. Pejus temperatures (Tpejus) denote the onset o f  limits in 
aerobic scope and increased energy demands. Critical temperatures 
are those where aerobic scope is zero, anaerobic metabolism  is 
measurable and, at the upper Tcriticat, cellular-level stress proteins are 
produced. At higher temperatures (Tdeath), dénaturation and death 
occur. Arrows denote population-specific adaptation (after Pörtner 
and Knust, 2007).

exist in  the  tolerance o f  extrem e tem peratures w ith in  species 
(e.g. related to  differences in  acclim ation) a n d /o r  betw een 
species (differences in  therm al physiology). For exam ple, a 
review o f  the  up p er and lower lethal tem peratures o f  various 
m arine  fish species indicated  th a t therm al tolerance changed 
m arkedly w ith  latitude (MAP, unpublished  data). The range o f  to l
erable tem peratures was narrow er in  fish inhab iting  high and  low 
latitudes and w ider for fish inhab iting  in term ediate  latitudes 
(MAP, unpublished  data). A lthough cau tion  m ust be taken no t 
to  oversim plify the  estim ates o f  therm al preference gauged from  
fish in  the  field (because o th er environm ental factors can m odify 
preferred tem peratures), patterns o f  change in  tolerance m ay 
give a first approx im ation  o f  the  relative effects o f  clim ate-driven 
tem pera ture  changes (Figure 4a). The relationship also allows us 
to  use the geographical d istribu tions o f  species (Arctic, Boreal, 
Lusitanian, Tropical, A tlantic) as a classification schem e to evalu
ate the expected response.

There is evidence o f  an  ontogenetic  shift in  tem pera ture  to ler
ance o f  a species (Figure 4b), such th a t o p tim u m  tem peratures for 
grow th decrease w ith  increasing body  size o f  juveniles and  adults 
(Fonds et al., 1992; Im sland et al., 1996; Yam ashita et al., 2001;
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Peck et al., 2003; P örtner and  Farrel, 2008). This m echanism  can 
explain the ontogenetic  shift in  habitats observed in  several fish 
species w here young stages occur in  shallower waters th an  older, 
larger stages (H eincke’s Law; Heincke, 1913). In  som e species, 
eggs and larvae have been observed to  have a narrow er range o f 
tolerable tem peratures th an  o th er life-history stages (specifically 
juveniles) m aking these early life stages m ore vulnerable to 
changes in  tem peratu re  (Irvin, 1974; Pörtner and Farrel, 2008). 
I f  this is a general phenom enon , it m ay provide a powerful basis 
for predic ting  the  po ten tial response o f  a species to  changes in 
tem perature, b u t fu rther research is needed to  test its generality. 
The sensitivity o f  larval stages to  clim ate change m ay be fu rther 
increased, because o f  their sm all bod y  size, w hich will m ake 
them  less capable o f  selecting and  m igrating tow ards a suitable 
habitat, and because o f  their reasonably high (m ass-specific) m eta 
bolic rates and  lower energy reserves. This will m ake th em  m ore 
vulnerable to  m orta lity  du ring  periods o f  adverse environm ental 
condition , such as periods o f  food shortage.

Several au tho rs have stated th a t m arine  fish are likely to  be less 
affected by an  increase in  oceanic C 0 2 and a corresponding 
decrease in  pH  com pared w ith invertebrate groups, such as m ol
luscs and  corals (Feely et al., 2004; O rr et al., 2005; Fabry et al., 
2008). However, laboratory  studies have revealed th a t m an ip u 
lation  o f  pH  and C 0 2 can have dram atic  consequences o n  the 
physiology, m etabolism , and reproductive biology o f  fish, w ith 
egg fertilization and survival o f  early developm ental phases 
being prim arily  affected (Ish im atsu  et al., 2005).

It is w orth  n o ting  th a t responses at h igher levels o f  organization  
(population , com m unity , and  ecosystem) to clim ate change are 
ultim ately  driven via differences in  physiological responses that 
affect trophodynam ic relationships. For exam ple, physiological 
responses to a change in  tem perature  can differ betw een 
prim ary, secondary, and  tertiary  consum ers, thereby influencing 
trophic  coupling (Freitas et al., 2007) via changes in  p roductiv ity  
o r  phenological shifts and  m a tc h -m ism a tc h  dynam ics (Cushing, 
1990).

Behavioural response
O rganism -level responses, such as changes in  behaviour, can result 
from  changes in  key abiotic factors, such as tem perature  o r 0 2, b u t 
the  presence (a n d /o r  strength) o f  the  response will depend on  the 
ability o f  the  anim al to  detect environm ental gradients and navi
gate accordingly. In  con trast to  early feeding larvae o f  tropical 
m arine  fish, w hich can exhibit reasonably strong sw im m ing 
capacity (Leis, 2006), larvae o f  m ost tem perate m arine fish 
species have no, o r very lim ited, sw im m ing ability. Tem perate 
m arine  fish larvae can respond  to  reasonably intense env iron
m ental signals (e.g. turbu lence avoidance; Franks, 2001), bu t 
have little capacity to  avoid unfavourable environm ents that 
requires sw im m ing over large (km ) distances.

In  later (juvenile and  adult) life stages, individual fish can 
clearly respond  to  a change in  tem pera ture  (W oodhead, 1964; 
Berghahn, 2000) and  often  exhibit active tem perature  preference 
(Tsuchida, 1995). Some elasm obranchs are extrem ely sensitive to 
tem pera ture  varia tion  (e.g. they can respond  to  changes o f 
<0.001°C ; Brown, 2003) and  som e sharks m ove to  deeper w ater 
before the onset o f  severe storm s (H eupel et al., 2003). 
Naturally, even for individuals in  these later life stages th a t have 
strong sw im m ing capacity, knowledge o f  the  location o f  op tim al 
habitats will n o t be perfect. Field studies o n  therm al habitats 
revealed that fish m ay inhabit and  occupy areas w ith suboptim al

tem peratures even if  areas w ith m ore op tim al tem peratures are 
w ith in  reach (N eat and  R ighton, 2007), b u t op tim al habitats will 
also be de term ined  by  o ther factors such as food. Behavioural 
changes can have unexpected consequences. For example, 
because o f  an  increase in  tem perature, fish sw im m ing speed 
increases (Peck et al., 2006). In  add ition , fish can behave differently 
in  response to  oncom ing  fishing gear m aking them  m ore (or less) 
vulnerable to  cap ture  (W inger, 2005). Finally, at longer tem poral 
scales, c lim ate-driven changes in  tem perature  can m odify  the 
phenology o f  annual m igrations to  feeding a n d /o r  spawning 
grounds, as already observed (C arscadden et al., 1997; Sims 
et al., 2004), and  predicted  (H use and  Ellingsen, 2008), for tem 
perate m arine  species. It can be inferred th a t the behavioural 
response to  changes in  environm ental conditions will depend  on  
the  rate o f  change a n d /o r  the spatial scale over w hich conditions 
change relative to  fish bod y  size o r developm ental stage because 
the  capacity for avoidance responses increases w ith increasing 
b o d y  size.

Population dynamic response
Productiv ity  o f  fish populations, in  term s o f  biom ass, is dete r
m ined  by recruitm ent, grow th, and m ortality. M ost com m ercial 
species are broadcast spawners producing  m illions o f  eggs 
(Rothschild, 1986). M ortality  rates o f  early life-history stages are 
very h igh and variable, generating large fluctuations in  annual 
recru itm ent. Relatively sm all changes in  grow th and  m orta lity  
rates du ring  the egg and  larval phases can have a large effect on  
the  recru itm en t success o f  populations (Figure 5; H oude, 1987). 
Because the  early life-history stages are likely to  be m ore sensitive
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Figure 5. Population-level effects o f climate: relationship between  
the ratio o f individual growth rate (C, % d - 1 ) and mortality rate 
(Z, % d - 1 ). Increase in the biomass o f  cohorts and successful 
recruitment is only possible when Z /C  <  1.0. Body sizes at which 
this occurs differ am ong species. The grey area denotes the range of  
trajectories calculated for early life stages o f  five marine fish species 
by Houde (1987). A variety o f responses to  clim ate change is possible. 
The critical body size (size at Z /C  =  1.0) (a) may shift or (b) 
recruitment may fail, represented when Z /C  is always > 1 .
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1574 A. D. Rijnsdorp et al.

to  clim ate change (see the  section on  “Behavioural response”), we 
expect that clim ate change will have a m ajor effect o n  the  d istri
b u tio n  and  abundance o f  fish th rough  its influence o n  recru it
m ent. The m echanism  will be either the  m a tc h -m ism a tc h  
betw een the  tim ing  o f  rep ro d u c tio n  relative to  the p ro d u c tio n  o f 
larval food a n d /o r  predators (Cushing, 1990; van der Veer et al., 
2000; Platt et al., 2003; Tem m ing et al., 2007), o r the connectivity  
(reten tion  o r transport) betw een spawning and  nursery  areas 
(Sinclair, 1988; W ilderbuer et a í ,  2002).

In terstock com parisons indicated a dom e-shaped p a tte rn  in  the 
relationship betw een recru itm en t strength  and spaw ning tem pera
tu re  experienced du ring  the  spaw ning season, w ith  m axim um  
recru itm en t a t an  in term ediate  tem peratu re  in  cod and sprat 
(Brander, 2000; M ackenzie and  Köster, 2004). In  cod, this tem p 
erature was close to  the  op tim al tem perature  for larval grow th 
(Brander, 2000). However, the effects o f  clim ate o n  recru itm ent 
are n o t lim ited  to  processes acting du ring  the  egg and  larval 
stages, b u t m ay extend to  later (juvenile and adu lt) life stages. 
For exam ple, year-class strength  in  sprat appears to  be established 
du ring  the  post-larval o r juvenile period  (Köster et al., 2003), and 
low  grow th rates and  p o o r co n d ition  o f  juvenile sprat can result 
from  to p -dow n  con tro l o f  their Zooplankton prey resources 
(B aum ann et al., 2007).

P roductiv ity  will also be influenced b y  the effect o f  tem perature  
o n  grow th rate (Brander, 1995; Teal et al., 2008). In  a com parative 
study  o f  15 cod stocks, sevenfold differences in  the  p roductiv ity  
am ong stocks corresponded to  the  differences in  the tem perature  
o f  the  env ironm ent (D util and  Brander, 2003). Fish species are 
generally plastic in  their age and  size a t sexual m aturity . An 
increase in  juvenile growth, as well as an  increase in  tem perature, 
m ay result in  a decrease in  the  length a n d /o r  age o f  first m a tu 
ration , affecting grow th o f  adults as surplus energy is channelled 
in to  rep roduction  at an  earlier age a n d /o r  sm aller size (H eino 
et a í ,  2002).

M ortality  m ay be high w hen tem perature conditions reach 
extreme values. Low tem peratures during  w inter m ay increase m o r
tality, especially o f  smaller fish that have reasonably fewer energy 
reserves com pared w ith larger conspecifics (Post and Evans, 1989; 
Sogard, 1997). D uring  severe w inters in  the N orth  Sea, high m o r
tality has been reported  for Lusitanian species, such as sole and 
conger eel, b u t only rarely for Boreal species, such as cod, plaice, 
and dab (W oodhead, 1964). M ortality  m ay also be high during  
hypoxic (or anoxic) conditions, as has been reported for the 
Kattegat (Diaz, 2001). A lthough mass m ortalities during  sum m er 
in  relation to  harm ful algal bloom s (Yin et al., 1999; Heil et al., 
2001) have been reported  elsewhere, no  records are know n for the 
N ortheast Atlantic. Clim ate change m ay have the m ost dram atic 
(negative) effects o n  the productivity  o f  fish populations by increas
ing the frequency o f  these “episodic” extreme events.

For som e broadcast spaw ning fish species, there  is evidence that 
the size o f  populations is de term ined  by the  size and  availability o f  
spaw ning a n d /o r  nursery  habitats (R ijnsdorp et al., 1992; Gibson, 
1994; Sparholt, 1996; M ackenzie et al., 2000). Lim its on  the  avail
ability o f  these habitats m ay act as a bottleneck for p opu lation  size 
(a n d /o r  productiv ity). In  these cases, the  focus should  be o n  the 
effect o f  clim ate change o n  the critical life-history stage(s). 
W hether this relationship is applicable will depend o n  the  relative 
size o f  the  hab ita t in  relation to  th a t o f  o th er life-history stages and 
is determ ined  by  the  specific geographic setting.

Life-cycle closure m ay  be affected if  clim ate change influences 
the connectivity  betw een the  habitats o f  successive life-history

stages (Sinclair, 1988). For instance, changes in  ocean clim ate 
m ay affect the  tran sp o rt o f  eggs and larvae betw een the spawning 
grounds and  the  nursery  areas (C orten, 1986; van  der Veer et al., 
2000; W ilderbuer et al., 2002), o r the clim ate effect o n  the 
tim ing  o f  spaw ning m igrations m ay influence the  arrival o f  the 
adults at the  spaw ning grounds (Sims et al., 2004).

Ecosystem response
Clim ate change can affect all trophic  levels o f  m arine ecosystems, 
eventually resulting in  changes in  the  p roductiv ity  and  d istribu tion  
o f  fish stocks. O n  the  lower troph ic  levels, clim ate is expected to  
affect p rim ary  and secondary  productiv ity  th ro u g h  its effect on  
physiological rates o f  species, the  availability o f  n u trien ts (upwel- 
ling o r stratification), and  the  advection o f  w ater in to  shelf areas 
and  enclosed basins. O n  a qualitative level, the increase in 
average and  extrem e w inds over European m arine areas m ay 
increase upwelling, enhance p rim ary  production , and eventually 
increase fish p roductiv ity  (D ickson et al., 1988; Jahncke et al., 
2004; Rykaczewski and  Checkley, 2008). A further effect will be 
the  translocation  o f  deep-w ater species in to  shelf seas (B lanchard 
and  V anderm eirsch, 2005). W ith in  shelf areas, increased 
w arm ing will result in  earlier w ater mass stratification (if no t 
balanced by increased w ind-m ixing), w hich will affect the  tim ing 
o f  the  spring b loom  and the  level and  com position  o f  p rim ary  p ro 
duction . P rim ary  p roductiv ity  m ay also be influenced by  changes 
in  precip ita tion  and  river run-off. In  areas w here coastal p ro 
duc tio n  is enhanced by n u trien t in p u t (from  either organic 
m atter o r n u trien ts th rough  rivers), changes in  p recip ita tion  will 
likely affect coastal fish p roduction . Hence, an  increase in  river 
ru n -o ff  in to  the Bay o f  Biscay m ay enhance the p roductiv ity  o f  
sole, whereas a decrease in  ru n -o ff  in to  the  M editerranean Sea 
could  result in  a decrease in  the  p roductiv ity  o f  sole in  that 
region (Salen-Pickard et al., 2002; Le Pape et al., 2003; 
D arnaude et al., 2004).

C lim ate-driven changes in  the  level o f  prim ary  p roductiv ity  will 
likely be accom panied  by phenological changes th a t affect lower 
troph ic  level coupling and eventually the  recru itm en t success o f  
m arine  fish (Cushing, 1990). Changes in  phenology and a resulting 
troph ic  m ism atch have been reported  for the N o rth  A tlantic 
p lank ton  co m m u n ity  w here the level o f  response differs th ro u g h 
o u t the co m m unity  and  the seasonal cycle, resulting in  a m ism atch  
betw een trophic  levels and  functional groups (B eaugrand et al., 
2003; Platt et a í ,  2003; Edwards and R ichardson, 2004). This 
troph ic  m ism atch  can finally affect fish stock recru itm ent, as 
reported  for the  N orth  Sea cod / Calanus finm archicus in teraction  
(D uran t et al., 2005). To som e extent, biophysical m odelling 
approaches can be used to  identify  “m ediator chains” (D ippner,
2006) describing how  clim ate-induced changes in  physical 
factors (e.g. stratification) are p ropagated  up  the  foodw eb to  
affect processes (e.g. m a tc h -m ism a tc h  dynam ics) im p o rtan t to  
the  survival o f  m arine  fish (Daewel et al., 2008a, b).

Beyond a strict b o tto m -u p  contro l, a nu m b er o f  different 
con tro l patterns exists w ith in  foodwebs (i.e. to p -dow n  and wasp- 
waist controls) and clim ate-induced changes will depend on  the 
prevailing con tro l pattern , illustrated in  Figure 6, m aking it chal
lenging to  pred ic t how  clim ate change will affect m arine  fish 
stocks w ith in  those foodwebs (Stenseth et al., 2002; Jennings 
et al., 2008). There is a con tinu ing  d iscussion o n  w hether ecosys
tem s are prim arily  regulated by  b o tto m -u p  o r to p -d o w n  processes 
(F rank et al., 2007). The trad itional view in  m arine  ecology o f  a 
b o tto m -u p  con tro l (Strong, 1992) is supported  b y  a nu m b er o f
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Figure 6. (a) Propagation of clim ate-induced changes at the bottom  o f the foodw eb depends on dom inance of bottom -up control (lower 
panel) or a top-dow n-induced cascade pattern (upper panel); (b) schem atic on a potential control change in the upper trophic levels o f 
marine ecosystem s (y-axis: m oving correlation betw een tw o trophic levels, positive correlation coefficients indicating bottom -up control, 
negative coefficients indicating top-dow n control). Overfishing a n d /o r  climate change (arrow) may induce a change from the original state, i.e. 
bottom -up control (Strong, 1992) to  top-dow n control, potentially inducing multilevel trophic cascades. The velocity and strength o f the  
change, i.e. the vulnerability o f  an ecosystem  for a control change, depends on the level o f  biodiversity and the am bient temperature (Frank 
et al., 2007; Litzow and Ciannelli, 2007).

recent studies (W are and T hom son, 2005; Greene and Pershing,
2007). O ther studies, however, suggest th a t the  dom inance o f 
b o tto m -u p  contro l can sw itch to to p -d o w n  contro l, resulting in 
trophic  cascades in itiated  by  overfishing (W orm  and  Myers, 
2003; Frank et al., 2005; D askalov et al., 2007; M öllm ann  et al.,
2008). M oreover, recent studies em phasize the  sim ultaneous 
im portance o f  b o th  clim ate- (bo tto m -u p ) and fisheries-induced 
(top-dow n) effects in  m arine  ecosystem reorganizations 
(M öllm ann et al., 2008, 2009). The strength  o f  these processes 
also appears to  depend o n  foodweb com plexity  and  therm al co n 
d itions (F rank et al., 2007), and  m ay oscillate betw een b o tto m -u p  
and  to p -dow n  controls (H u n t et al., 2002; H u n t and McKinnell, 
2006). The con tro l change can be triggered by  b o th  clim ate 
changes and overfishing (Litzow and  Ciannelli, 2007; Casini 
et al., 2008a, b). Therefore, predicting  the  effect o f  clim ate 
changes on  m arine  ecosystem developm ent, and  hence the  p ro 
ductiv ity  o f  different fish stocks, particularly  in  light o f  the 
add itional (interacting) pressure o f  exploitation, will be a grand 
challenge for the  fu ture  (Greene and Pershing, 2007).

Effects o f fishing
Fisheries m ight in teract w ith clim ate change in  causing changes in 
fish populations, th rough  various m echanism s. C lim ate change 
could  affect the d istrib u tio n  o f  particular species and  hence their 
susceptibility to particular fishing fleets, becom ing m ore o r less 
“catchable” as a result. Similarly, clim ate-related d istribu tion  
shifts m ay affect the  protective capabilities o f  closed-areas, 
because species o r life stages m ay shift outside the  boundaries o f 
the  pro tected  area and  hence becom e vulnerable to fishing (e.g. 
the  N o rth  Sea Plaice Box— Van Keeken et al., 2007).

Extensive fishing m ay cause fish populations to  becom e m ore 
vulnerable to  sh o rt-term  n atu ra l clim ate variability (O ’Brien 
et al., 2000; W alther et al., 2002; Beaugrand et al., 2003; 
A nderson et al., 2008), by  m aking such populations less able to 
“buffer” against the  effects o f  the  occasional p o o r year classes. 
D uring  recent decades, there has been a clear, positive correlation 
betw een tem perature  and  recru itm en t in  N ortheast Arctic cod; 
however, this link  was weak or non-ex isten t in  earlier periods 
(O ttersen  and  Stenseth, 2001). A m ajor im plication  is that 
fishery-induced im poverishm ent o f  stock structure  (reduced and 
fewer ages and  sm aller sizes) can increase the sensitivity o f  a p re 
viously “robust” stock to  clim ate change (O ttersen  et al., 2006). 
Conversely, long-term  clim ate change m ay m ake stocks m ore vu l
nerable to  fishing, by  reducing the overall carrying capacity o f  the 
stock, such th a t it m igh t no t be sustained at, o r  expected to  recover 
to, levels observed in  the  past (Jennings and  Blanchard, 2004).

Fishing will have a m ajor influence o n  the size struc tu re  and 
species com position  o f  fish assemblages and  thus will affect preda- 
to r -p re y  relationships (Rice and  Gislason, 1996; D aan et al.,
2005). Fishing will in teract w ith global w arm ing, because body  
size generally increases w ith latitude (Belk and H ouston , 2002) 
and  sm all fish species m ay take advantage o f  the  rem oval o f  the 
larger p redato ry  fish (D aan  et al., 2005). Fishing m ay also affect 
ecosystem contro l causing b o tto m -u p  systems to  becom e 
to p -dow n  contro lled  systems (see the  section “Ecosystem 
response”). H ow  clim ate change will in teract w ith fishing will 
depend  on  the  species affected and  eventually o n  the  prevailing 
patterns o f  ecosystem structure  and  function  (H eath, 2005). 
Hence, the  response o f  ecosystems un d er clim ate and  fishing 
pressure is currently  difficult to  predict.
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Working hypotheses
The response o f  fish populations to  clim ate change will differ 
betw een species. The difference m ay be related to their adaptations 
to  the  environm ental conditions in  their respective habitats. As 
such, the biogeographic affinities o f  the species m ay be used as a 
proxy for the  expected response to  a change in  tem perature  [see 
Yang (1982) o n  biogeographic affinities o f  N o rth  Sea fish 
species]. Populations living at the  bo rder o f  the  d istribu tion  
range are expected to live close to the lim its o f  their range o f  phys
iological tolerance, so will be m ore vulnerable to  changes in  abiotic 
conditions th an  populations living in  the  centre o f  the  d istribu tion  
area (M iller et al., 1991). Because w ater tem perature  is correlated 
w ith w ater depth , fish m ay m ove in to  deeper water du ring  
sum m er to  avoid the  w arm er w ater in  shallow areas (Dulvy 
et al., 2008). This leads to  the  first set o f  w orking hypotheses:

H I  a: Populations at the  lim its o f  their latitud inal range will 
exhibit stronger responses th an  those occurring  w ith in  habitats 
in  the centre o f  their latitud inal d istribution;

H lb : N ortherly  species a t the so u thern  lim its o f  their d istri
b u tio n  will decrease in  abundance and  southerly  species will 
increase at their n o rth e rn  limit;

H lc : N ortherly  species are expected to  retreat in to  deeper, 
cooler waters, in  response to  an  increase in  surface water 
tem perature.

W e expect th a t the  response o f  species to  clim ate change will be 
influenced by their hab ita t requirem ents (pelagic, dem ersal, and 
deep-w ater species), life-history characteristics (short- o r long- 
lived; specialist o r  generalist), and  troph ic  position  w ith in  the eco
system (apex predators o r forage fish). A lthough m any  “pelagic” 
fish species have early life stages residing in  the “dem ersal” habitats 
and  vice versa, fish th a t are strictly pelagic (all life stages) inhab it 
w ater masses w ith  certain  abiotic conditions th a t m ay change in  
their spatial d istribu tion , due to  clim ate change, whereas strictly 
dem ersal fish m ay have specific hab ita t requirem ents th a t are geo
graphically fixed owing to  seabed characteristics. E nvironm ental 
conditions tend  to  be m ore unvarying at greater depths, although 
deep-w ater fish m ay be influenced indirectly  by  changes in  p ro 
ductivity  above them  (food  availability) and  by changes in  deep- 
w ater currents. Generalists can adap t to  the  prevailing patterns 
o f  food availability, whereas specialists are strongly dependent 
on  the prospects o f  particu lar prey organism s. Short-lived 
species characterized by high reproductive rates (so-called 
/•-strategists) are likely to  track  the changes in  their environm ent 
relatively rapidly, whereas the  responses o f  long-lived species 
(X-strategists) will be slower (Perry et al., 2005). The ability to 
track the  changes in  their env ironm ent will apply to  an  im prove
m en t and  a deterio ra tion  o f  the  environm ental conditions. This 
leads to  the following hypotheses:

H2a: Pelagic and  dem ersal species will differ in  their responses, 
because the form er can m ore easily follow changes in  water 
masses th an  the latter, w hich have m ore geographically fixed 
hab ita t requirem ents;

H2b: D eep-w ater fish species m ay be less affected by  clim ate 
change th an  shelf o r  coastal species;

H2c: Fish species w ith  narrow  d ietary  preferences will be m ore 
sensitive to  clim ate change, th an  generalists;

H 2d: Short-lived species will exhibit stronger responses and  will 
be bette r equ ipped  to  adap t to  changes in  their environm ent 
th an  long-lived species.

Populations can survive in  systems where suitable habitats for 
the  different life-history stages are available and are connected, 
allowing life-cycle closure (Sinclair, 1988). I f  the  hab ita t for a 
certain  life-history stage is spatially restricted, a change in 
hab ita t su itability  o f  this stage will m ake the  species m ore  sensitive 
to  clim ate change th an  those th a t do  n o t have spatially restricted 
hab ita t requirem ents. Populations living in  areas w ith a large h e t
erogeneity in  environm ental conditions, o r th a t m igrate over large 
distances, will m ore  likely be able to  survive by  selecting the  a p p ro 
priate  environm ents th an  those living in  large areas w ith  a m ore 
hom ogeneous environm ent. This leads to  the  following 
hypotheses:

H3a: Species w ith spatially restricted hab ita t requirem ents 
d u rin g  pa rt o f  their life h isto ry  will be m ore sensitive to  
clim ate change th an  those w ithou t specific hab ita t 
requirem ents;

H3b: Fish populations in  oceanographic systems w ith a high 
variety  o f  m esoscale features will display less influence o f 
clim ate change.

Fishing will reduce the  size and age struc tu re  o f  a popu lation  
and  reduce its bet-hedging capabilities th a t w ould allow it to  
track conditions suitable for the  survival o f  eggs and  larvae 
(R othschild, 1986; O ttersen  et al., 2006). In  add ition , fishing 
m ay result in  a reduction  in  genetic variability, w hich w ould nega
tively affect the possibilities o f  an  evolutionary  response to  clim ate 
change and the ability o f  depleted stocks to  recover (A nderson 
et a í ,  2008).

H4: Fish stocks un d er in tense exploitation  will be m ore vulner
able to  clim ate change th an  those experiencing low  fishing 
pressure.

T he ecosystem  response to  clim ate change will depend o n  the 
response o f  the individual species and  the  resulting effect on  tro- 
phodynam ic interactions am ong species. D ifferent species w ith in  
a foodweb will n o t all respond  in  the sam e way to  clim ate 
change. Species-rich systems, characterized by m any  weak, 
readily interchangeable feeding links, ra ther th an  a few strong 
links, are likely to  be m ore stable, because different species m ay 
take over vacant ecological functions (Fink, 2002) and  m ay be 
m ore resilient (Frank et al., 2007) in  the  face o f  clim ate change. 
C lim ate change will no t necessarily result in  gradual and pred ic t
able changes in  fish populations and  ecosystem state. Ecosystems 
m ay exhibit m ultip le stable equilibria and  clim ate change m ay 
push  systems in to  a new  equilibrium  (Scheffer and Carpenter, 
2003). O nce a “regim e shift” has occurred, it m ay b e  d isp ro p o rtio 
nately difficult to  re tu rn  to  the original state (Beaugrand, 2004; 
D askalov et al., 2007; M öllm ann  et al., 2008).

H5a: Ecosystems w ith sim ple troph ic  struc tu re  will exhibit 
m ore rapid  responses to  clim ate change th an  ecosystems w ith 
m ore com plex trophic  structure;

H5b: Changes in  ecosystem struc tu re  caused by  clim ate change 
m ay be abrup t.
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The in tro d u c tio n  o f  non-native  species to  a m arine  ecosystem, 
and  their subsequent establishm ent, m ay cause effects that range 
from  alm ost undetectable to catastrophic (e.g. the com plete d o m 
in ation  and  displacem ent o f  native com m unities; Eno et al., 1997). 
Im proved environm ental conditions, as well as new  shipping 
routes, will facilitate the spread o f  w arm -w ater fish species and 
pathogens. New species m ay be in troduced  to  the  Arctic, 
because o f  ice-free sh ipping routes (ACIA, 2004), and  further colo
n ization  o f  the M editerranean Sea b y  tropical species m ight be 
anticipated, because o f  the Suez Canal.

H6: Because o f  im proved local conditions, an  increased
nu m b er o f  exotic w arm -w ater fish species (and fish pathogens)
will becom e established in  European waters.

Observed changes in distribution and abundance
In  this section, changes in  d istribu tion , abundance, and grow th o f 
a selection o f  fish species in  the northeastern  Atlantic are reviewed 
(Table 1 ) against the background  o f  the  above w orking hypotheses. 
Species were selected for w hich sufficient data were available (com 
m ercial species) and th a t represented  d ifferent “ecotypes” com bin 
ing the  biogeographic affinity (Lusitanian, Boreal, A tlantic), 
habitats (pelagic o r demersal; A tlantic o r shelf), and longevity 
(short, m edium , long).

Changes in  abundance and d istribu tion  o f  northeastern  
A tlantic m arine  species su p p o rt hypothesis 1. L usitanian species 
have increased in  recent decades (sprat, anchovy, and  horse m ack
erel), especially a t the  n o rth e rn  lim it o f  their d istribu tion  areas, 
while Boreal species generally decreased a t the so u thern  lim it o f 
their d istrib u tio n  range (cod and  plaice), b u t increased at the 
n o rth e rn  lim it (cod). A shift in  d istribu tion  to  deeper waters 
was recorded in  the  Boreal species cod and plaice (H edger et al., 
2004; Perry  et a í ,  2005; van  Keeken et a l ,  2007; D ulvy et a l ,  2008).

C om parison  o f  the  changes in  d istribu tion  betw een pelagic and 
dem ersal species provides su p p o rt for hypothesis 2. For the pelagic 
species, changes in  d istribu tion  patterns have been observed that 
are related to clim ate-induced changes in  the  d istribu tion  o f 
their food (herring: Toresen and  0stv ed t, 2000; C orten, 2001a, 
b; horse m ackerel: Borges et a l ,  1996; Iversen et a l ,  2002; mackerel: 
Reid et a l ,  2001; ICES, 2007). Changes in  p lank ton  have been 
linked to changes in  clim ate (Beaugrand et a l ,  2002; R ichardson 
and  Schoem an, 2004). A com parison  betw een dem ersal and 
pelagic species tentatively suggests th a t changes in  the  d istribu tion  
o f  the  form er are sm aller th an  those o f  the  latter. The northw ard  
shifts in  cod have been related to  the  tran sp o rt o f  eggs and 
larvae, b u t no t to a no rthw ard  m ovem ent o f  the  dem ersal stages 
(R indorf and  Lewy, 2006).

W ith  regard to  the  underlying m echanism s, the  available evi
dence suggests th a t the observed changes in  p roductiv ity  are at 
least in  pa rt related to  a clim ate-related change in  recru itm ent 
(herring, anchovy, sprat, cod, plaice, and  sole), either owing to 
h igher p ro d u c tio n  o r survival in  the  egg or larval stage (herring, 
anchovy, sprat, cod) o r to  a change in  the q u a lity /q u an tity  o f 
the  nursery  hab ita t (plaice and  sole). In  sole and  plaice, there  is 
evidence th a t the tim ing  o f  spaw ning is influenced by  the  tem pera
tu re  du rin g  the  spaw ning period  (Teal et a l ,  2008). In  the  w estern 
A tlantic, such an  effect is also reported  for cod (H utchings and 
Myers, 1994). The negative relationship betw een recru itm ent 
and  tem perature  in  sole in  the N o rth  Sea contrasts w ith the 
expected positive relationship in  this L usitanian species.

T em perature-related changes in  grow th have been reported  for 
cod (Brander, 1995; D util and  Brander, 2003) and  0-group sole 
and  plaice (Teal et a l ,  2008). The m ean  length o f  sole, a 
L usitanian species, has increased in  au tum n, because o f  an  increase 
in  grow th rate, and  there  has also been an  increase in  the  length o f 
the  growing season. However, no  change in  m ean  length was 
observed in  plaice, a Boreal species th a t exhibited an  increased 
grow th rate early in  the  season, b u t reduced grow th rate during  
sum m er w hen tem perature  exceeded their op tim al tem perature. 
Grow th rate o f  o lder age groups o f  sole and  plaice exhibited a 
dom e-shaped  p a tte rn  since the  late 1950s, w ith relatively high 
grow th rates betw een the m id-1960s and  the m id-1980s, w hich 
were n o t correlated w ith changes in  tem pera ture  (M illner and 
W hiting, 1996; R ijnsdorp and  van Leeuwen, 1996). The available 
data  do  n o t allow a quantitative com parison  o f  the relative 
effects o f  the clim ate-induced changes in  recru itm en t and  in 
juvenile and adult grow th rates on  productivity . The results o f 
the  selected species d id  no t allow hypotheses 3 - 5  to  be tested.

W ith  regard to  the hypothesis abou t invasive species (H 6), 
there  is strong evidence th a t increasing connectivity  betw een geo
graphically distinct areas m ay result in  m ajor changes in  ecosys
tem s. The opening  o f  the Suez Canal in  1869 allowed en try  o f 
Indo-Pacific and  Red Sea b io ta  in to  the  southeastern  
M editerranean Sea, w here these so-called lessepsian m igrants 
now  dom inate  the  fish co m m unity  (5 0 -9 0 %  o f  fish biom ass). 
For m any  decades, this m igration  was very lim ited, partly  
because o f  extrem ely high salinity  w ith in  the Suez Canal, where 
d ry  salt valleys had existed previously. W ith  a w arm ing tren d  o f 
the  seawater and  a significant d rop  in  the  C anal’s salinity to 
“n orm al” m arine levels (M avruk and  Avsar, 2007), record 
num bers o f  newly established non-native  fish species have been 
observed recently in  the  southeastern  M editerranean Sea, resulting 
in  the  creation  o f  a hum an-assisted  E rythrean (Red Sea) bio tic  
province (G oren and Galil, 2005). T rans-located fish species, 
such as the  ro u n d  goby, have also becom e established in  the 
Baltic Sea (Karlson et a l ,  2007).

Discussion
W e propose a fram ew ork for the  study  o f  the  effect o f  clim ate 
change o n  fish populations (Figure 1) and  derive a set o f  testable 
hypotheses based o n  first principles. Similar to H arley et al. (2006), 
the  fram ew ork recognizes th a t clim atic factors will affect successive 
life-history stages (eggs, larvae, juveniles, and adults) in  different 
ways and  via processes acting at all levels o f  biological organization  
(from  physiological responses o f  indiv idual organism s to 
population-level disturbances and  to ecosystem -level/trophody- 
nam ic effects). The different levels o f  o rganization  can be viewed 
as a m echanistic chain. Population-level processes will only 
operate w ith in  the  appropria te  physiological envelope o f  abiotic 
conditions. Equally, ecosystem-level processes will only be relevant 
w hen life-cycle closure is possible w ith in  the specific geographic 
location  p roviding in terconnection  am ong suitable habitats o f 
successive life-history stages. This fram ew ork structures the  analy
sis o f  the published da ta  and  provides the  basis for m odelling 
studies to  test hypotheses. In  o u r analysis, we have m ainly 
focused o n  the effects o f  tem perature, a lthough o ther factors 
m ay be incorporated .

Knowledge o f  the  eco-physiology o f  different life stages will 
provide a strong basis to infer the response o f  a species to a 
change in  tem perature  (and  o th er clim ate-driven changes in 
abiotic factors). It will allow us to  define the bioclim ate envelope
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Table 1. Review o f the observed changes in distribution, abundance, and production related to  clim ate change in a selection of  
commercially exploited species o f  contrasting ecotypes.

Change Comments Source
Pelagic species

1. Atlantic herring Clupea harengus: Shelf, Boreal, Medium
Herring populations exhibit multidecadal 

variations

Norwegian spring spawners: changes in 
overwintering feeding and spawning areas; 
more northerly distribution in North Sea with 
warmer temperatures
2. Anchovy, Engraulis encrasicolus: Shelf, Lusitanian, Short

Multidecadal variations related to climate variations 
(Russel cycle) and fisheries. Great salinity anomaly 
affected larval transport in North Sea. Recruitment 
related to temperature; positive relationship in 
northern population (Norwegian spring-spawning 
herring)

Distribution changes related to changes in food 
distribution

Increase in abundance in northern areas 
(North Sea). Decrease in Bay of Biscay

Increase in North Sea may be temperature-related. 
Change in Bay of Biscay related to fishing. Role of 
climate is uncertain

3. Sprat, Sprattus sprattus: Shelf, Lusitanian, Short 
Increase in abundance and production in 

Baltic; stock collapse in Black Sea
Increased recruitment at higher temperature (and 

reduced cod predation) at northern limit and 
decrease at higher temperature at southern limit 
(Black Sea)

4. Mackerel, Scomber scombrus: Atlantic, Atlantic, Long 
Northward shift in spawning and feeding

areas. Earlier spawning. Increased variation in 
recruitment
5. Horse mackerel, Trachurus trachurus: Atlantic, Atlantic-Lusitanian, Long 

Increase in northern areas resulting from
change in migration to feeding areas 

Demersal species
6. Atlantic cod, Cadus morhua: Shelf, Boreal, Long

Increase in abundance in northern areas at 
higher water temperatures

Growth
Productivity changes in Baltic related to 

inflow of saline Atlantic water

Decrease in abundance in southern areas 
(and also North Sea)

Northward shift in distribution within North 
Sea

Shift to deeper waters in North Sea

7. Plaice, Pleuronectes platessa: Shelf, Boreal, Long 
Distribution shifted to deeper waters (North

Sea)
Decrease in abundance in southern nursery 

grounds (Bay of Biscay)
Recruitment negatively related to 

temperature in waters around the UK 
Timing of spawning advanced in warm years 

(North Sea)
Changes in growth do not correlate with 

temperature, except in 0-groups

8. Sole, Solea solea: Shelf, Lusitanian, Long 
Recruitment related to river run-off (Bay of

Biscay, Mediterranean Sea)

Arcto-Norwegian cod: increase in recruitment at 
higher temperatures (overfishing increased 
sensitivity of the relationship). Temperature-related 
shifts in spawning sites 

Body growth is strongly temperature-related 
Volume of spawning habitat where eggs and larvae 

can survive depends on inflow of saline water from 
North Sea

Recruitment related to climate effects on 
Zooplankton production and to temperature 

Likely resulting from different fishing pressure and 
local survival of eggs/larvae

No evidence of cod actively swimming north or to 
deeper water

Temperature is a likely cause, although other factors 
may have contributed

Growth related to population abundance,
eutrophication, and bottom trawling. Growth of
0-groups determined by temperature

Nursery habitat quality/quantity increases

Corten (1986, 2001b), Alheit and 
Hagen (1997), Toresen and 
0stvedt (2000), and MacKenzie 
et al. (2007)

Toresen and 0stvedt (2000), Corten 
(2001a, b), and Holst et al. (2002)

Boddeke and Vingerhoed (1996) and 
MacKenzie et al. (2007)

Koster et al. (2003), MacKenzie and 
Koster (2004), Daskalov et al. 
(2007), and Möllman et al. (2008)

Reid et al. (2001) and ICES (2007)

Borges et al. (1996) and Iverson et al. 
(2002 )

Planque and Frédou (1999), Ottersen 
et al. (2006), and Heath (2007)

Brander (1995)
Sparholt (1996) and MacKenzie et al. 

(2000 )

O'Brien et al. (2000) and Beaugrand 
et al. (2003)

Hedger et al. (2004), Perry et al.
(2005), and Rindorf and Lewy
(2006)

Hedger et al. (2004) and Neat and 
Righton (2007)

Perry et al. (2005) and Van Keeken 
et al. (2007)

Desaunay et al. (2006)

Fox et al. (2000)

Teal et al. (2008)

Rijnsdorp and van Leeuwen (1996) 
and Teal et al. (2008)

Salen-Picard et al. (2002), Le Pape 
et al. (2003), and Darnaude et al. 
(2004)

Continued
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Table 1. Continued

Change Comments Source
Recruitment negatively related to 

temperature in North Sea and positively in the 
Bristol Channel

Timing of spawning advanced in warm years 
(North Sea)

Length at end of first year increases with 
temperature. Changes in growth of older fish 
do not correlate with temperature

Growth of 0-group determined by temperature and 
length of growing season. Growth of older age 
groups related to population abundance, 
eutrophication, and bottom trawling

Rijnsdorp et al. (1992) and 
Henderson and Seaby (2005)

Teal et al. (2008)

Millner and Whiting (1996) and Teal 
et al. (2008)

Ecotypes were defined as a combination of the following characteristics: habitat (pelagic or demersal; Atlantic or Shelf); biogeographic affinity (Atlantic, 
Lusitanian, or Boreal); and longevity (long, medium, or short).

and  evaluate the  change in  hab ita t su itability  for the  different life 
stages (Pearson and  Dawson, 2003), o r evaluate w hether observed 
tem pera ture  changes m ay be responsible for the change in  the 
popu lation  abundance, such as for the  eelpout in  the  W adden 
Sea (P örtner and  K nust, 2007). A lthough we have m ainly  dealt 
w ith tem perature, clim ate change m ay also affect oxygen, salinity, 
and  ocean pH . These factors m ay  load the m etabolic scope and 
decrease the tolerance range o f  the  organism  (Fry, 1971), sub
sequently  m aking it m ore vulnerable to  clim ate change.

Eco-physiological data  can also indicate w hether species or 
species-groups m ay differ in  sensitivity to change in  tem perature  
affecting trophic  relationships. A review o f  experim ental data  on  
the  o p tim u m  tem perature  and  tem perature  tolerance ranges o f  a 
nu m b er o f  fish and  (epi-)benthic  species revealed clear species 
differences, suggesting th a t an  increase in  tem pera tu re  w ould 
result in  a shift in  the  p redation  pressure from  cod and  gobies to 
b row n shrim ps (Freitas et al., 2007). If  the tem pera tu re  sensitivity 
o f  species groups (e.g. au to tro p h s and  hetero trophs; ectotherm s 
and  endotherm s; and  taxonom ic groups o f  d ifferent com plexity) 
differ in  a systematic m anner, this will provide a basis for p red ict
ing how  a tem perature  change m ay affect species and species in te r
actions. Research in to  differences in  sensitivity am ong species 
(groups), as well as the underlying m echanism , is needed.

A lthough clim ate change m ay influence the  vital ra te s /p ro 
ductiv ity  o f  a fish stock (grow th, m ortality, and  recru itm ent), we 
suggest th a t early life-history stages will be m ost sensitive to the 
effects o f  clim ate change. The underlying m echanism s m ay differ 
am ong species o r stocks and will depend on  the  troph ic  position  
(Frank et al., 2007). The im portance o f  processes affecting early 
life-history stages in  determ in ing  the p roductiv ity  o f  a fish stock 
is corroborated  by  a literature review o f  a selected nu m b er o f  well- 
studied  species in  the  N ortheast Atlantic indicating  the im portance 
o f  tem perature  effects o n  the  level o f  recru itm en t (Table 1). 
M oreover, (m ulti-)decadal changes in  ocean clim ate have been 
driving changes in  recru itm en t and p roductiv ity  in  the N orth  
A tlantic and  Pacific O cean (Lehodey et al., 2006). 
C lim ate-related changes in  grow th o f  recruited  life-history stages 
m ay influence fish p roductiv ity  (D util and  Brander, 2003; 
Lehodey et al., 2006), a lthough this effect m ay be confounded  by 
a change in  the  in tra- o r interspecific com petition  for food. 
Global w arm ing will reduce the p robability  o f  low  w inter tem pera
tures, resulting in  a better survival o f  b o th  so u thern  species and 
fish o f  sm all body  size (Post and  Evans, 1989). A critical test o f 
w hether this inference holds tru e  rem ains to  be done. M ost 
studies in  the  literature have focused on  a specific pa rt o f  the  life 
cycle and have n o t a ttem pted  to  study  all processes in  an  in tegrated

m anner. D util and  B rander (2003) d istinguished betw een tem p 
erature  effects o n  grow th and  recruitm ent, b u t were n o t able to 
m easure recru itm en t independen t o f  the  grow th rate before the 
recru itm en t to  the fisheries.

Given the com plexity o f  the  problem , where clim ate change is a 
m ultifaceted driver and the  response o f  affected fish popu lation  
too  is m ultifaceted, we believe th a t scientific progress will benefit 
from  an  approach  where a priori hypotheses are form ulated  
based on  first principles o f  the  relevant levels o f  organization. 
The hypotheses proposed  here are by  no  m eans com plete. They 
should  ra ther be regarded as a first set o f  hypotheses. These 
hypotheses seek to com pare species and species-groups that have 
contrasting  ecological characteristics and  are thus likely to  differ 
in  their sensitivity to  clim ate change. The classification o f  species 
in to  ecotypes based o n  biogeographic affinity, hab ita t requ ire
m ent, and  life-history characteristics m ay b e  an  im p o rtan t starting 
po in t. The review o f  a nu m b er o f  well-studied fish species in  the 
N ortheast A tlantic d id  n o t allow us to  test all w orking hypotheses, 
b u t supported  the  hypothesis that species exhibited d istribu tional 
shifts (latitude and dep th) in  response to  a tem perature  increase 
and  th a t the  response o f  pelagic species is stronger th an  th a t o f 
dem ersal species, co rroborating  a nu m b er o f  recent studies o f 
changes in  fish assemblages (Attrill and  Power, 2002; Borja et al., 
2002; Beare et al., 2004; G enner et al., 2004).

W e argue th a t understand ing  the  com plex effects o f  clim ate on  
a species will require an  in tegrated life-cycle approach  that exam 
ines the  im portance o f  different m echanism s acting on  all life 
stages and identifies those developm ental stages and  m echanism s 
m ost critical for life-cycle closure and recru itm ent. Examples o f 
this type o f  approach  include the  body  o f  w ork perform ed on  
Baltic cod and  sprat (Koster et al., 2003, 2005; M öllm ann  et al.,
2008), w hich highlights the  possible com plex feedbacks am ong 
elem ents o f  ou r fram ew ork (i.e. effects o f  physiology o n  behaviour, 
behaviour o n  to p -dow n  processes, and  clim ate-driven physical 
forcing o n  b o tto m -u p  processes).
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