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ABSTRACT: R egional w arm ing  causes ch an g es in 
local com m unities d u e  to species ex tinctions an d  la titu ­
d inal ran g e  shifts. W e show  th a t the  species richness of 
fish in  3 reg iona l seas in  th e  ea s te rn  N orth  A tlantic 
O cean  has ch a n g ed  over tim e (1997 to 2008), and  
w e re la te  this to h ig h e r w a te r tem p era tu re s  an d  the 
b iogeograph ic  affinity of th e  species. In th e  N orth  
an d  C eltic Seas, species richness in c re ase d  du e  to in ­
creases  in  the  n u m b er of w arm -favouring  Lusitanian  
species. In th e  a re a  w est of Scotland, species r ich ­
ness d ec re a se d  b ecau se  the  n u m b er of cold-favouring 
Boreal species d ecreased . A dditional analyses of trends 
in  fish ing effort im ply th a t the  o bserved  ch an g es in 
species richness a re  un like ly  to h av e  b e e n  induced  
by fisheries in  th e  N orth  an d  C eltic Seas, th e reb y  
s tren g th en in g  the  id e a  th a t clim ate ch a n g e  affects sp e ­
cies richness of m arine  fish. H ow ever, in  th e  a re a  w est 
of Scotland, a p o ten tia l effect of fisheries in  add ition  to 
te m p era tu re  ch an g e  on th e  ob se rv ed  ch an g e  in  sp e ­
cies richness could  not b e  ru led  out.
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INTRODUCTION

T he E arth 's  c lim ate has  w arm ed  by approxim ately  
0.6°C over th e  past cen tu ry  (W alther e t al. 2002), and  
te m p era tu re  is ex p ec ted  to con tinue rising. G lobal 
w arm ing  has a lte red  n a tu ra l system s (e.g. P etchey  et 
al. 1999, Root e t al. 2003), an d  clim ate ch an g e  has b ee n  
p red ic ted  to le ad  to species ex tinctions (Thom as e t al. 
2004) an d  to p o lew ard  shifting  of the  la titud ina l d is ­
tribu tion  ran g e s  of species (Parm esan & Yohe 2003).

A b u n d an ce  of w a rm  w a te r  spec ies su ch  as th e  sn a k e  p ipefish , 
re d  m ulle t a n d  g u rn a rd s  h a s  b e e n  in c re as in g  in  th e  N o rth east 
A tlantic  in  re sp o n se  to c lim ate  change .

Photo: R. te r  H o fsted e

W hen species ' ran g es  shift d u e  to la rge-sca le  clim atic 
forcing, th e  d iversity  of local com m unities w ill ch an g e  
in  response  (Fisher e t al. 2008). C om m unities at te m ­
p e ra te  la titudes w ill g a in  species from  eq u a to ria l d ire c ­
tions, for w h ich  th e  h ig h e r te m p era tu re s  th a t w ere  p re ­
viously too cold becom e su itable, an d  lose species to 
p o lew ard  reg ions, for w hich  conditions becom e too 
w arm . W hether o rganism s will b e  ab le  to shift the ir 
occup ied  a reas  po lew ards w ith  in c reasin g  te m p e ra ­
tu res  d ep e n d s  on th e  d ispersal po ten tia l of the  species, 
the  connectiv ity  of su itab le  h ab ita t pa tch es an d  the  
ra te  of te m p era tu re  change.

P revious stud ies h av e  in d ica ted  th a t im portan t in ­
creases  in  species richness as a resu lt of g lobal w a rm ­
ing  can  b e  ex p ec ted  in  a w ide ran g e  of ecosystem s an d  
organism s. L arge-scale inc reases in  species richness
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have  b ee n  reco rd ed  for bu tte rflies (M enéndez e t al.
2006), fre sh w ate r fish (D aufresne & Boet 2007, 
D aufresne e t al. 2004) an d  m arine  fish (H enderson 
2007, H idd ink  & te r H ofstede 2008). In ea ch  of these  
studies, the  nu m b er of w arm -favouring  species in ­
creased , w hile  only few  co ld-favouring species w ere  
lost. A consensus h as em erg ed  th a t m any  species are 
ex p an d in g  the ir d istribu tions tow ards the  poles an d  to 
h ig h e r eleva tions in  resp o n se  to clim ate change, bu t 
co rrespond ing  ev idence  for ran g e  retrac tions at low  la t­
itude  an d  low  e leva tion  bou n d aries  has  b e e n  co m p ara ­
tively w eak . It is u n c lea r w hy not m ore species a re  o b ­
served  re trea tin g  in  th ese  reg ions (Thom as e t al. 2006).

C oasta l m arine  ecosystem s are  am ong  the  m ost so- 
cio-econom ically  an d  ecologically  im portan t hab itats, 
an d  these  ecosystem s are  w arm ing  at a  m uch faster rate  
th a n  m any  o ther ecosystem s (M acKenzie & S ch iedek
2007). W ithin the  m arine  environm ent, clim ate ch an g e  
is su g g ested  to affect the  d istribution , a b u n d a n ce  and  
assem blage  com position of fish. F u tu re  clim ate ch an g e  
is p red ic ted  to le ad  to d ram atic  species tu rnovers of the 
p rese n t biodiversity, im plying serious ecological d is tu r­
bances of the  m arine env ironm ent (C heung e t al. 2009). 
Such p rocesses w ill in fluence th e  n a tu re  an d  v a lue  of 
com m ercial fisheries in  these  ecosystem s.

A reg iona l ch a n g e  in  w a te r tem p era tu re  m ay le ad  to 
ch an g es in  the  local fish com m unity  b ecau se  of im m i­
g ration  an d /o r em igration  of species w ith  d iffe ren t 
te m p era tu re  p re fe ren ces  (B lanchard  e t al. 2005). 
M acpherson  (2002) show ed  a c lea r la titud ina l g rad ien t 
in  m arine  species richness to inc rease  from  th e  poles 
to th e  Equator, an d  subseq u en tly  it is ex p ec ted  th a t 
h ig h e r w a te r tem p era tu re s  will resu lt in  increasing  
m arine fish species richness. In genera l, a  w arm ing  
env ironm ent w ou ld  resu lt in  p o lew ard  advances of 
species w ith  an  affinity to w arm  w ate r (Lusitanian) 
an d  re trea ts  of species w ith  an  affinity to cooler w a te r 
(Boreal) (B rander e t al. 2003, S ou thw ard  e t al. 2005, 
S tefansdottir et al. 2010).

T he ecological effects of clim ate ch a n g e  are  likely to 
be region-specific  an d  m ay vary  w idely  d ep e n d in g  on 
species an d  com m unity  characteristics an d  specific 
reg ional conditions (W alther e t al. 2002). To date , m ost 
stud ies of th e  ecological effect of clim ate ch an g e  on 
m arine fish h av e  la rge ly  co n cen tra ted  on th e  im pact at 
th e  ind iv idual species level (e.g. A ttrill & Pow er 2002, 
Perry  e t al. 2005, Dulvy e t al. 2008, N ye e t al. 2009) 
ra th e r th a n  on com m unity  m etrics such as species r ich ­
ness (i.e. th e  n u m b er of species observed). In this 
study, w e co m p ared  tren d s in  fish species richness 
am ong 3 reg ions in  the  e a s te rn  A tlantic O cean, nam ely  
(1) the  N orth  Sea, (2) the  C eltic Sea, an d  (3) off the 
w est coast of Scotland. D ifferences in  th e  local physical 
env ironm ent such  as varia tion  in  sum m er an d  w in te r 
tem p era tu res , an d  d ep th  ranges, clearly  cause  d iffe r­

ences in  species richness am ong  th e  3 regions. We 
th e re fo re  exam ined  area-specific  ch an g es in  species 
richness. T rends in  species richness for m arine fish in 
the  N orth  S ea h av e  b ee n  re la ted  to tem p era tu re  in  a 
p rev ious study  (H iddink & te r  H ofstede 2008); these  
d a ta  w ere  rean a ly sed  u sing  a sho rter tim e series to 
s tan d ard ise  the  ana lyses b e tw e en  the  d iffe ren t a reas  
used. O ur ob jective w as to d e te rm in e  w h e th e r  species 
richness of m arine  fish in  th e  3 d iffe ren t reg ions d is ­
p lays sim ilar tren d s th ro u g h  tim e an d  w h e th e r  it has  a 
consisten t re la tion  to bottom  tem p era tu re . If w arm ing  
is th e  cause  of ch an g es in  fish species com position, it 
can  b e  ex p ec ted  th a t th e  ch an g e  in  species richness 
re la tes  to the  b iogeograph ic  affinity of species, such  
th a t Boreal (cold-favouring) species d ec rease  in  a b u n ­
dance, w hile  L usitan ian  (w arm -favouring) species 
inc rease  in  ab undance . A consisten t re la tionsh ip  b e ­
tw een  te m p era tu re  ch a n g e  an d  ch an g es in  species 
richness w ill ind icate  th a t la rge-sca le  in c reases  in  sp e ­
cies can  b e  ex p ec ted  in  te m p era te  m arine ecosystem s.

MATERIALS AND METHODS

Survey data. A nnual d a ta  describ ing  th e  fish d is ­
tribu tion  (including e lasm obranchs) in  the  3 d iffe ren t 
study  a reas  d u rin g  the  w in te r w ere  ta k e n  from  3 In ter­
national Bottom Traw l Surveys (IBTS) coo rd ina ted  by 
the  In terna tional C ouncil for th e  E xploration  of th e  S ea 
(ICES), nam ely  th e  first q u a r te r  IBTS in th e  N orth  Sea, 
the  first q u a rte r  W estern  Division Bottom Traw l Survey 
in  the  In land  S ea off the  w est coast of Scotland, an d  the  
fourth  q u a r te r  F rench  G roundfish  S urvey in  th e  Celtic 
Sea. T hese  surveys a im ed  for co h eren ce  an d  consis­
tency  in  th e  co llected  d a ta  by  s tan d ard is in g  the ir sam ­
p ling  m ethods an d  protocols (ICES 2008a). All surveys 
u sed  a s ta n d a rd  bo ttom -traw l n e t (chalut à  g ran d e  
o u v ertu re  verticale , GOV-trawl), a  g e a r  th a t is sp e ­
cifically d es ig n ed  to sam ple fish th a t live at an d  above 
the  se ab e d  (H eessen  e t al. 1997).

W hen com paring  surveys, d iffe rences in  sam pling  
m ethod  (gear) con tribu te  m ore to th e  v ariance  in  a b u n ­
dan ce  estim ates co m p ared  to survey  period  (quarter) 
(Trenkel e t al. 2004). S ince th e  3 s tud ied  a reas  w ere  
sam p led  accord ing  to a co rrespond ing  s ta n d a rd  IBTS 
protocol, an d  bo th  s tud ied  q u arte rs  (1 an d  4) com ­
p rised  a cold season, w e co nsidered  it ap p ro p ria te  to 
com pare  th e  surveys from  th ese  3 regions.

T he IBTS in th e  N orth  S ea an d  w est of Scotland  fol­
low ed a sam pling  stra tegy  accord ing  to a g rid  of ICES 
rec tan g le s  (0.5° latitude; I o longitude; approx im ate ly  
56 X 56 km). T he IBTS in the  C eltic S ea is in  princip le 
dep th -stra tified , bu t to allow  a uniform  analysis, the  
ag g reg a tio n  w as perfo rm ed  follow ing th e  g rid  of ICES 
rec tang les. D etails of th e  g ea r  an d  sam pling  stra teg ies
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can  b e  found  in  th e  m anuals for th e  3 surveys (ICES 
2002, 2006). T he d a ta  w ere  ex trac ted  from  th e  ICES 
D atabase  for Traw l Surveys (DATRAS, dow nloaded  17 
Ju ly  2009; h ttp ://d a tra s .ice s .d k ).

Fish data. C atch  ra tes  w ere  s tan d ard ised  to th e  n u m ­
b er of ind iv iduals cau g h t p er 60 m in tow. T he tim e 
period  d u rin g  w hich  all surveys h ad  an  overlap  in 
sound coverage of th e  d iffe ren t a reas  com prised  m ore 
th a n  a d ec ad e  (1997 to 2008). S uch a tim e series is of 
sufficient pow er to d e tec t tren d s in  b o th  com m on and  
rare  fish species (M axw ell & Je n n in g s  2005).

To avoid  th e  in troduction  of tem poral tren d s  th a t 
m ay b e  re la te d  to d iffe rences in  the  sam pled  survey 
a re a  over tim e, only rec tan g le s  fished  in  at least 75%  
of th e  years w ere  u sed  (Fig. 1). In total, 210 of the  262 
fished  ICES rec tan g le s  w ere  u sed  in  th e  analysis. 
The n u m b er of hau ls p er rec tan g le  w as d istribu ted  
uneven ly  w ith in  ea ch  area, ran g in g  b e tw e en  1 and  
6 hau ls yr~ \ on  av e rag e  2.1 ± 0.8 hau ls p e r  rec tan g le  in 
th e  N orth  Sea, 2.0 ± 1.0 in  th e  C eltic Sea, an d  1.3 ± 0.6 
in  the  w est of Scotland. S ince the  n u m b er of species 
cau g h t is positively co rre la ted  to th e  n u m b er of hau ls 
fished  (D aan 2006), th e  d a ta se t w as b a lan c ed  before 
u sing  it for fu rth e r ana lyses by  app ly ing  th e  M onte 
Carlo resam p lin g  strategy. For each  ICES rec tan g le  
an d  year, 1 h au l w as random ly  selected , an d  th is p ro ­
cess w as re p e a te d  100 tim es. T hese 100 random  selec-
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Fig. 1. Location  of th e  3 s tu d ied  a rea s  (NS: N orth  Sea; CS: 
Celtic Sea; WS: w est of Scotland). O p en  circles re p re se n t su r­
v ey ed  In te rn a tio n a l C ouncil for th e  E xploration  of th e  Sea 
(ICES) rec tan g les; g rey  circles show  th e  ICES rec tan g le s  u se d  
in  th e  analyses (>75 % a n n u a l coverage). B lack dots in d ica te  
ICES re c tan g le s  th a t w e re  u se d  for th e  calcu la tion  of av erag e  

bo ttom  tem p e ra tu res

tions w ere  averaged , resu ltin g  in  1 b a lan c ed  d a tase t 
on  w hich  fu rth e r ana lyses w ere  perform ed.

Fish w ere  iden tified  to th e  low est possib le taxonom ic 
level, w h ich  w as m ostly to species level; how ever, 
for consistency, w e refer to all tax a  as species. All 
species w ere  lab e lled  w ith  the ir b iogeograph ic  affin ­
ity, i.e. A tlantic (w idespread), Boreal (northern , cold- 
favouring) or L usitan ian  (southern, w arm -favouring), 
w h ich  w as deriv ed  from  th e  lite ra tu re  follow ing the  
ap p ro ach  of Y ang (1982), w ith  inclusion of fish species 
th a t have b e e n  reco rd ed  since th e n  (W heeler 1992, 
F roese & Pauly 2009, W heeler e t al. 2004, Ellis e t al. 
2010). In E urope, Boreal fishes a re  those considered  to 
b e  no rtherly  tax a  w hich  ex ten d  no rth w ard s to the  N or­
w eg ia n  S ea an d  Icelandic w aters. T hese fishes often  
h av e  the ir so u th ern  lim its of d istribu tion  a ro u n d  the  
British Isles or w est of Brittany, a lthough  som e m ay 
still occur fu rthe r south, e ith e r in  low  num bers or as 
vagran ts. L usitan ian  fishes a re  those  th a t te n d  to be 
ab u n d a n t from  the  Iberian  P en insu la  (including the  
M e d ite rran e an  Sea) to as far no rth  as the  British Isles, 
an d  m ay h av e  northerly  lim its in  the  so u th ern  or c e n ­
tral N orth  S ea (although  m any  such  species do ex ten d  
to m ore no rtherly  la titudes on  th e  w este rn  seab o ard s of 
the  British Isles, an d  so can  also occur in  th e  n o r th ­
w este rn  N orth  Sea). M any of th ese  species have d is tri­
bu tions ex ten d in g  into th e  M e d ite rran e an  S ea an d  off 
the  coast of no rthw est Africa. A tlantic species a re  
those (often pelag ic  or deep -w ater) species th a t a re  
w id esp re ad  in  the  N orth  A tlantic, an d  inc lude m any  of 
the  d ee p e r-w a te r  or m esopelag ic species th a t m ay be 
w idely  d is trib u ted  along  the  con tinen ta l slope.

C orrections for m isidentifications w ere  m ade  follow ­
ing  the  ap p ro ach  of te r  H ofstede & D aan  (2008). In 
addition , som e fish in  th e  fam ilies M yctophidae, S er­
ran idae, P ercich thy idae, B lenniidae, S tich taeidae , C a l­
lionym idae, G obiidae, B othidae an d  R ajidae w ere  only 
iden tified  to th e  fam ily level. To avoid  m is in te rp re ta ­
tion for non-ex isting  species, these  records w ere  not 
inc luded  in  th e  analysis. T he final list of ta x a  th a t could  
b e  ch a rac te rised  co n ta in ed  117 fish species for the  
N orth  S ea (8 A tlantic, 48 Boreal, 61 L usitanian), 115 
species for the  C eltic S ea (17 A tlantic, 25 Boreal, 73 
Lusitanian), an d  100 species for th e  a re a  w est of Scot­
lan d  (9 A tlantic, 34 Boreal, 57 Lusitanian).

Temperature data. Bottom te m p era tu re  d a ta  w ere  
o b ta in ed  from  the  ICES O ceanograph ic  D atabase  
(dow nloaded  29 Ju n e  2009; w w w .ices .dk /ocean ), for 
the  a reas  an d  q u arte rs  co rrespond ing  to those in  w hich  
the  3 surveys w ere  execu ted . T he tim e series of these  
w in te r te m p era tu re  d a ta  w as ava ilab le  in  h ig h e r q u a n ­
tities, in  p articu la r spatially, th a n  for th e  o ther seasons; 
therefo re , w e chose to w ork  only w ith  d a ta  from  the  
w in te r period. Bottom d a ta  w ere  d e fin ed  as th e  d e e p ­
est m easu rem en t ta k e n  w ith  a v ertical CTD cast, in
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g en e ra l a ro u n d  5 m  above th e  bottom . T he d a ta  w ere  
av e rag ed  p e r  q u a rte r  by ICES rec tang le . To en su re  a 
b a lan c ed  da tase t, m issing d a ta  w ere  in te rp o la ted  from  
ad jacen t d a ta  by  av e rag in g  the  m ean  bottom  te m p e ra ­
tu re  of the  8 su rro u n d in g  rec tang les. This in te rpo lation  
w as perfo rm ed  for less th a n  14 % of the  y e a r -re c ta n g le  
com binations. The bottom  te m p era tu re  d a ta  series 
covers the  tim e period  1993 to 2008 to allow  for the  ca l­
cu lation  of 5 yr ru n n in g  m eans. For th e  Celtic Sea, d a ta  
w ere  m issing du rin g  th e  years 1995, 2007 an d  2008, 
an d  in  the  a re a  w est of Scotland  d u rin g  th e  years 1997 
to 1999. F urtherm ore , in  th e  su rveyed  a re a  w est of 
Scotland, th e  availab le te m p era tu re  d a ta  d id  not sp a ­
tially cover the  a re a  sufficiently  for use in  th e  analysis; 
therefo re , 8 ICES rec tan g le s  (42E0 to 42E3 an d  43E0 to 
43E3) th a t lie in  th e  cen tre  of th e  a re a  an d  for w hich  
d a ta  a re  sufficiently  ava ilab le  w ere  se lec ted  to r e p re ­
sen t the  en tire  area.

T em poral tren d s  in  species richness for all fish sp e ­
cies, Boreal species, an d  L usitan ian  species w ere  
ana ly sed  u sing  lin ear regression . Species richness w as 
re la ted  to th e  5 yr ru n n in g  av e rag e  bottom  te m p e ra ­
ture, ca lcu la ted  from  the  cu rren t y ea r an d  th e  4 p rev i­
ous years, to allow  for po ten tia l la g g ed  effects. U sing a 
tim e lag  is a fairly com m on m eth o d  to approx im ate  the 
lifetim e env ironm en ta l experience  of a  fish (e.g. Perry 
et al. 2005, Dulvy e t al. 2008), an d  species richness 
resp o n d e d  m ost significantly  to 5 yr ru n n in g  m eans of 
w in te r bottom  tem p era tu re . In case of years w ith  m iss­
ing  te m p era tu re  data , th e  5 yr ru n n in g  m eans w ere  
b ased  on th e  ava ilab le  years only. T he re la tion  b e ­
tw een  richness an d  tem p era tu re  w as te sted  using  P ear­
son 's co rre la tion  coefficient (r), on  a  year basis.

Fishing effort data. To discuss w h e th e r  obse rved  
ch an g es in  species richness m ay have  b e e n  in d u ced  by 
fisheries, w e  ch eck ed  for ch an g es in  fish ing effort in 
th e  3 d iffe ren t areas. We assu m ed  th a t ch an g es in  fish ­
ing  effort a re  re flec ted  in  th e  av e rag e  fishing m orta li­
ties of th e  dom inan t com m ercial fish stocks estim ated  
by ICES assessm en t w ork ing  g roups (ICES 2008b,
2009). O nly th e  dem ersa l fisheries th a t a re  of m ain  
im portance in  te rm s of effort w ere  considered , w hich  
are  plaice, sole, cod, N orw ay pout, h ad d o ck  an d  saithe 
in  the  N orth  S ea (ICES 2009); plaice, sole an d  cod in 
th e  C eltic S ea (ICES 2008b), an d  haddock , sa ithe  and  
cod in  th e  a re a  w est of Scotland  (ICES 2008b). The 
response  of fish to ch an g es in  explo ita tion  is ex p ected  
to show  a tim e lag; for exam ple , D aan  e t al. (2005) 
n o ted  a response  tim e of 6 yr for an  in c rease  in  species 
richness in  re la tion  to an  inc rease  in  fishing effort. In 
our case, w h en  ignoring  a tim e lag, w e  ob se rv ed  no 
co rre la tion  b e tw e en  fisheries effects an d  species r ich ­
ness. To allow  for p o ten tia l la g g ed  effects, species r ich ­
ness w as th e re fo re  re la te d  to th e  6 yr ru n n in g  average 
fish ing m ortality, ca lcu la ted  from  the  cu rren t y ea r and

the  5 prev ious years for the  period  1992 to 2008. The 
re la tion  b e tw e en  species richness an d  fish ing  m ortality  
w as te s ted  u sing  P earson 's co rre la tion  coefficient (r), 
on  a y ea r basis.

A utocorrelation. A utocorrela tion  in  fish an d  e n v i­
ronm en ta l d a ta  m ay com plicate sta tistica l in ference in 
co rre la tion  ana lyses (Pyper & P ete rm an  1998). We 
u sed  th e  D urbin-W atson statistic (D) on  all of our tim e 
series to d e tec t the  p re se n ce  of au tocorre la tion  in  the  
residua ls from  the  reg ression  analysis. In genera l, w e 
found  no reaso n  for concern  th a t our d a ta  w ere  au to ­
corre la ted , th e re b y  justify ing  our ana lyses for co rre la ­
tion b e tw e en  species richness versus te m p era tu re  an d  
fish ing effort (bottom  tem p era tu re : N orth  Sea, NS, D = 
1.94; C eltic Sea, CS, D = 1.07; w est of Scotland, WS, 
D = 1.98; fish ing  effort: NS, D = 1.70; CS, D = 0.56; WS, 
D = 1.47; to ta l species richness: NS, D = 2.67; CS, D = 
2.48; WS, D = 2.43; Boreal species richness: NS, D = 
2.68; CS, D = 2.13; WS, D = 2.06; L usitan ian  species 
richness: NS, D = 1.51; CS, D = 2.20; WS, D = 2.06).

RESULTS 

Temperature

W inter bottom  tem p era tu re s  h av e  in c re ase d  signifi­
can tly  since 1993 in  all 3 s tud ied  reg ions in  th e  ea s te rn  
A tlantic O cean, in  th e  N orth  S ea by 0.09°C yr-1 (F115 = 
12.01, p = 0.003), in  the  C eltic S ea by  0.04°C y r 1 (F1i12 = 
6.46, p = 0.025), an d  in  th e  cen tra l p a rt of th e  a re a  w est 
of Scotland  by 0.09°C y r 1 (F1|12 = 0.005, p = 12.03; 
Fig. 2a). Surface te m p era tu re s  from  the  sam e areas, 
o b ta in ed  from  th e  ICES O ceanograph ic  D atabase  an d  
ana ly sed  sim ilarly to the  CTD bottom  te m p era tu re  
data , show ed  sim ilar trends, a lthough  th e  ra tes  of 
ch an g e  d iffe red  slightly  (NS: 0.10°C yr-1, F115 = 13.71, 
p = 0.002; CS: 0.09°C y r 1, F1|12 = 4.65, p = 0.052; WS: 
0.06°C y r 1, F112 = 7.76, p = 0.017). Surface te m p e ra ­
tu res  w ere  h ighly  co rre la ted  to bo ttom  tem p era tu re s  
(NS: r = 0.96, p < 0.001; CS: r = 0.57, p < 0.001; WS: r = 
0.77, p < 0.001), th e re b y  em phasising  th e  s tren g th  of 
the  bottom  tem p era tu re  d a ta  as u se d  in  our analyses.

Species richness

T he an n u a l species richness of th e  fish fau n a  in  the  
N orth  S ea (Fig. 3a) an d  Celtic Sea (Fig. 3b) in c reased  
significantly  du rin g  th e  s tud ied  period  (NS: F1|10 = 
10.91, p = 0.008); CS: F lg  = 15.56, p = 0.003), w h ereas  
a  significant d ec rease  w as ap p a re n t w est of Scotland 
(F110 = 8.28, p = 0.016; Fig. 3c). T ak ing  into account the  
b iogeog raph ic  affinity of th e  fish fauna, th e  richness of 
Boreal fish species d ec reased  in  the  a re a  w est of Scot-
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Fig. 2. (a) A v erage  w in te r bo ttom  tem p e ra tu re  an d  (b) av er­
age  fish ing  m orta lity  for m ajo r d em ersa l spec ies b a se d  on th e  
m ain  d em ersa l fisheries in  term s of effort in  th e  N o rth  Sea 
(NS), Celtic S ea  (CS), a n d  w est of Sco tland  (WS) for th e  p e rio d  
1992 to 2008. Lines in d ica te  sign ifican t tren d s  (NS: dashed ; 

CS: grey; WS: black)

land  (Flil0 = 13.53, p = 0.004), w h ile  no tren d  w as 
o bserved  in  th e  N orth  S ea (Ft 10 = 0.06, p = 0.818) and  
Celtic S ea  (Ft g = 3.51, p = 0.093; Fig. 3a -c ). T he r ich ­
ness of L usitan ian  species significantly  in c reased  in 
th e  N orth  S ea (F110 = 19.68, p = 0.001) an d  Celtic Sea 
(Fti9 = 17.50, p = 0.002), an d  d id  not show  a significant 
ch an g e  w est of Scotland (F1|10 = 0.08, p = 0.780).

Species richness versus temperature

S pecies richness w as significantly  positively c o rre ­
la ted  to the  5 yr ru n n in g  m eans in  bo ttom  tem p era tu re  
in  the  N orth  S ea (r = 0.69, p = 0.012; Fig. 3d) an d  Celtic 
S ea (r = 0.78, p = 0.007; Fig. 3e), w hile  a  n eg a tiv e  re la ­
tionsh ip  b e tw e en  species richness an d  tem p era tu re  
w as found  w est of S cotland (r = -0 .55 , p = 0.059; Fig. 
3f). T he richness of Boreal species w as nega tive ly  co r­
re la ted  w ith  te m p era tu re  w est of S cotland (r = -13.53, 
p = 0.004), w hile  no re la tion  w as ob se rv ed  in  the  N orth  
S ea (r = 0.06, p = 0.818) an d  in  the  Celtic Sea (r = 3.51, 
p = 0.093; Fig. 3 d -f) . T he richness of L usitan ian  fish 
species w as significantly  positively re la ted  to bottom  
te m p era tu re  in  th e  N orth  Sea (r = 0.82, p = 0.001) and  
Celtic Sea (r = 0.75, p = 0.011), an d  d id  not h av e  a re la ­
tion w ith  bottom  te m p era tu re  w est of Scotland  (r = 
0.03, p = 0.906; Fig. 3 d -f).

Fishing effort

C h an g es in  av e rag e  fish ing  m orta lities by  a re a  over 
the  period  1992 to 2008 w ere  ca lcu la ted  u sing  the  m ain  
dem ersa l fisheries. T he av e rag e  fish ing m ortality  of 
th ese  fisheries show ed  a significant dec line  in  each  
a re a  over the  period  1992 to 2008 (CS: F1|15 = 7.38, p = 
0.016; NS: F1i15 = 185.25, p < 0.001; WS: F1|15 = 33.51, 
p < 0.001; Fig. 2b).

Species richness versus fishing effort

Species richness w as significantly  nega tive ly  co rre ­
la ted  to the  6 yr ru n n in g  m eans in  av e rag e  fish ing  m or­
tality  in  the  N orth  S ea over th e  p eriod  1997 to 2008 (r = 
-0 .77 , p = 0.003; Fig. 3g); no re la tionsh ip  w as found  in 
the  C eltic S ea (r = -0 .49 , p = 0.127; Fig. 3h), an d  a s ig ­
nificant positive re la tionsh ip  w as found  in  the  a re a  
w est of Scotland  (r = 0.64, p = 0.025) (Fig. 3i). T aking  
into consideration  the  b iogeograph ica l guild, for Boreal 
species a significant positive re la tionsh ip  b e tw e en  
species richness an d  fishing m ortality  w as found  in  the  
a re a  w est of Scotland  (r = 0.77, p = 0.003), w hile  no 
re la tionsh ip  w as o bserved  in  th e  o ther a reas  (NS: r = 
-0 .13 , p = 0.695; CS: r = -0 .28 , p = 0.408; Fig. 3 g -i). For 
L usitan ian  species, species richness w as negative ly  
co rre la ted  to fish ing m ortality  in  the  N orth  S ea (r = 
-0 .91 , p < 0.001), w hile  no re la tionsh ip  w as found  in 
the  C eltic S ea an d  w est of Scotland  (CS: r = -0 .54 , p = 
0.083; WS: r = 0.06, p = 0.850; Fig. 3 g -i).

DISCUSSION

W inter bottom  te m p era tu re s  significantly  in c reased  
in  th e  N orth  S ea an d  w est of Scotland  du rin g  the  
period  1993 to 2008, an d  in  the  Celtic S ea d u ring  the  
period  1993 to 2006, w hich  is in  acco rdance w ith  
rec en t findings of o the r stud ies of sea  w a te r  te m p e ra ­
tu res  in  the  N ortheast A tlantic (e.g. M acK enzie & 
S ch iedek  2007, Ph ilippart e t al. 2007, H idd ink  & ter 
H ofstede 2008). Sea surface te m p era tu re s  in c reased  
co rrespond ing ly  in  th e  areas. A lthough  the  o bserved  
reg iona l inc reases in  te m p era tu re  a re  consisten t w ith  
the  ex p e c ted  inc rease  d u e  to g lobal w arm ing , th ey  are 
substan tia lly  h ig h e r th a n  the  inc rease  ex p ec ted  from 
g lobal clim ate change. This d isc repancy  is likely 
re la ted  to the  effect of reg iona l p rocesses, in  particu la r 
the  A tlantic M ultidecada l O scillation, w h ich  sh ifted  to 
a  w arm  p h ase  d u ring  our study period  (Enfield e t al. 
2001, 2010). F u rtherm ore , reg iona l c lim ate-change  
scenarios a ro u n d  th e  N orth  S ea p red ic t an  in c rease  in 
air te m p era tu re  of 2 to 3.5°C by  the  2080s, an d  w ate r 
tem p era tu re s  will also increase , b u t not as rap id ly  as
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Fig. 3. C h an g e  in  fish  spec ies richness over tim e (1997 to 2008) a n d  w ith  tem p era tu re . S pecies rich n ess p e r  y ear for All, Boreal, 
an d  L usitan ian  fish species in  th e  (a) N o rth  S ea  (NS), (b) C eltic  S ea  (CS) a n d  (c) w est of Sco tland  (WS). Species rich n ess for All, 
B oreal, a n d  L u sitan ian  species versus th e  av erag e  b o ttom  tem p e ra tu re  over th e  p rev ious 5 yr in  (d) NS, (e) CS a n d  (f) WS. 
Species rich n ess for All, Boreal, a n d  L u sitan ian  species versus th e  av erag e  fishery  m orta lity  for m ajor d em ersa l spec ies over th e  

p rev ious 6 yr in  (g) NS, (h) CS a n d  (i) WS. L ines in d ica te  sign ifican t co rre lations (All: black; Boreal: dashed ; L usitanian: grey)

over lan d  (e.g. H ulm e e t al. 2002). The fast reg ional 
w arm ing  as o bse rved  a ro u n d  th e  British Isles is likely 
d u e  to reg iona l p rocesses, not only g lobal ones, and  
m ay b e  a ttr ib u ted  to a  com bination  of an th ropogen ic  
an d  na tu ra l in fluences (Stone e t al. 2009).

O ur ana lyses show ed  a significant inc rease  in  species 
richness of m arine fish in  the  N orth  S ea du rin g  th e  years 
1997 to 2008, an d  C eltic S ea over the  period  1997 to 
2007, a reas  in  w hich  the  w ate r tem p era tu re  h ad  in ­
creased  significantly during  the sam e period. In bo th  the 
N orth  an d  C eltic Seas, th e  positive ch a n g e  in  species

richness is significantly  re la te d  to th ese  h ig h e r w ate r 
tem p era tu res , follow ing the  expecta tions th a t m arine 
fish species richness co rre la tes positively w ith  te m p e ra ­
tu re  (M acpherson 2002, M acpherson  & D uarte  2006). 
However, in  the  area  w est of Scotland, a decrease  in sp e ­
cies richness w as observed, w hich  also significantly cor­
re la ted  to increasing  w ate r tem pera tu res . Such findings 
a re  u nexpected , b u t m ay b e  exp la ined  w h en  tak ing  into 
account th e  b iogeog raph ic  affinity of fish species.

In genera l, a w arm in g  env ironm ent is ex p e c ted  to 
resu lt in  p o lew ard  advances of w arm -favouring  Lusi-
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ta n ian  species an d  re trea ts  of cold-favouring  Boreal 
species (B rander e t al. 2003, S ou thw ard  e t al. 2005, 
R ijnsdorp e t al. 2009). In th e  N orth  an d  C eltic Seas, 
w h ere  bo ttom  tem p era tu res  a re  rising, a significant 
inc rease  in  L usitan ian  species richness has  b e e n  o b ­
served, an d  in  bo th  a reas  th e  in c rease  in  Lusitanian  
species richness w as found  to b e  significantly  re la ted  
to bottom  tem p era tu re . W hile L usitanian  species are 
th o u g h t to b e  positively affec ted  by rising  w ate r te m ­
p era tu res , th e  opposite  is ex p e c ted  for Boreal species. 
In the  N orth  an d  C eltic Seas, no tre n d  in  Boreal species 
richness w as observed . H ow ever, in  the  a re a  w est of 
Scotland, a lthough  no tre n d  in  L usitan ian  species r ich ­
ness w as observed , the  richness of Boreal species 
show ed  a significant d ec rease  du rin g  the  period  1997 
to 2008, an d  this d ec rease  w as found  to b e  significantly  
co rre la ted  to th e  rise in  w a te r tem p era tu re . This strong  
dec line  in  Boreal species richness in  the  a re a  w est of 
Scotland, in  com bination  w ith  th e  lack  of a tre n d  in 
L usitanian  species richness, exp lains the  overall d e ­
cline in  species richness in  this a re a  in  re la tion  to 
inc reasing  w a te r  tem pera tu res .

T em p era tu re  ch an g e  in fluences the  local species 
diversity  by  ch a n g in g  species d istribu tion  over short 
tim e scales, ev e n  in te rannually  (Fisher e t al. 2008), 
w h ich  m ay exp la in  in  our resu lts  th e  lack  of a generic  
response  to w arm in g  of the  3 local m arine  fish com m u­
nities. C on trasting  responses in  richness of m arine  fish 
to inc reasing  w ate r tem p era tu re s  have  also b e e n  found 
around  Iceland  over the  period  1996 to 2007. Species 
richness in c re ase d  w ith  te m p era tu re  an d  tim e so u th ­
w est of Iceland, b u t d ec reased  n o rth east of the  country  
(S tefansdottir e t al. 2010). T he d iffe rence in  tren d s 
illustrates th e  im portance of perfo rm ing  ana lyses at 
th e  ap p ro p ria te  scale; how ever, no c lea r exp lanations 
for th e  observa tion  w ere  given, an d  it w as only e x ­
p ec ted  th a t b o th  fisheries an d  the  functional ch a ra c te r­
istics of th e  ecosystem , such  as food-w eb in teractions, 
are  th e  m ain  causa l factors of the  d iffe ren t tren d s  in 
richness w ith in  the  Icelandic fish com m unity.

T he fact th a t the  re la tionsh ip  b e tw e en  clim ate and  
m arine life is difficult to gen e ra lise  is also illu stra ted  by 
a com parison  of the  p lank ton ic  assem b lage  in  rela tion  
to hydroclim atic fea tu re s  am ong  3 d iffe ren t E u ropean  
seas (B eaugrand  e t al. 2000): A strong  n eg a tiv e  re la ­
tionsh ip  b e tw e en  th e  ab u n d a n ce  of p lan k to n  an d  air 
te m p era tu re  w as found  in  the  E nglish  C hannel; it w as 
w ea k e r in  the  Celtic S ea an d  no re la tionsh ip  w as found 
in  th e  Bay of Biscay. T he o bserved  d iffe rences w ere  
a ttr ib u ted  to varia tion  in  the  local physical en v iro n ­
m en t an d  the  biological com position of th e  reg ions 
(B eaugrand  e t al. 2000).

C h an g es in  th e  s truc tu re  of fish com m unities are 
often  co nsidered  to be fisheries-induced  (e.g. Pauly et 
al. 1998, Levin et al. 2006), an d  fisheries m ay have

p layed  a ro le in  th e  o bserved  ch an g es in  the  fish com ­
m unities in  th e  N orth  Sea, C eltic Sea, an d  the  a re a  
w est of Scotland. T he in tensive  explo ita tion  of fish 
com m unities often  leads to substan tia l reductions in 
the  ab u n d a n ce  of ta rg e t species, in  p articu la r the  
la rg e r p red a to ry  species, an d  ch an g es in  species com ­
position  (G reenstree t & H aii 1996, Rice & G islason 
1996, D aan  e t al. 2005).

F ishing w ill a lte r  fish com m unities by rem oving  
species w ith  a h ig h  longevity  an d  a la rg e  body size 
(G enner e t al. 2010), th e re b y  in c reasin g  the  o p p o rtu n i­
ties for sm aller-sized  species to invade  the  area , am pli­
fying the  positive circum stances for the  gen era lly  sm all 
L usitan ian  species in  tim es of g lobal w arm ing .

R ecent stud ies h av e  a rg u e d  th a t ch an g es in  m arine 
fish com m unities a re  likely to b e  cau sed  by th e  in te r­
ac ting  effects of clim ate ch a n g e  an d  fisheries, ra th e r 
th a n  by  e ith e r of th ese  drivers sep ara te ly  or by sim ple 
additive effects (e.g. P erry  e t al. 2010, P lanque  e t al.
2010). C lim ate is ch an g in g  globally, an d  it is likely tha t 
an  in c rease  in  te m p era tu re  is con tribu ting  to th e  in ­
crease  in  L usitan ian  species or the  d ec rease  in  Boreal 
species. H ow ever, fish ing activities often  develop  co n ­
currently , m ak ing  it h a rd  to d isen tan g le  the ir effect 
from  clim ate change. For exam ple , D aan  (2006) a rg u e d  
th a t a lthough  clim ate ch an g e  m ay have h ad  add -on  
effects, an  inc rease  in  species richness in  the  N orth  
S ea in  the  p eriod  1977 to 2005 w as an  ind irect effect 
of overexploitation . The d ec rease  in  la rg e r p red a to ry  
species w as considered  to allow  sm aller p rey  species to 
inc rease  in  a b u n d a n ce  d u e  to a reduc tion  in  p red a tio n  
m ortality  an d /o r  com petition . In our study  areas, fish­
ing  m orta lity  of th e  m ain  dem ersa l fish species d e ­
c re ase d  over th e  p eriod  1992 to 2008 (Fig. 2b). The 
o bserved  in c rease  in  species richness in  the  C eltic an d  
N orth  Seas co incided  w ith  a  d ec rease  in  fish ing effort, 
con trad ic ting  D aan  (2006). In fact, w e  o bserved  no 
re la tionsh ip  b e tw e en  tren d s  in  species richness an d  
fish ing m ortality  in  th e  C eltic Sea, an d  ev e n  a signifi­
can t n eg a tiv e  re la tionsh ip  w as show n in th e  N orth  Sea, 
bo th  for th e  overall an d  L usitan ian  species richness. 
T he in c rease  in  L usitan ian  species richness is less 
likely to h av e  b e e n  cau sed  by  a d ec rease  in  fisheries, 
since the  opposite  w ould  b e  expected , m ean in g  an  
inc rease  in  fisheries w ou ld  favour sm all-sized  fish 
(G enner e t al. 2010), an d  on av e rag e  L usitan ian  sp e ­
cies a re  sm aller th a n  Boreal species. In th e  a re a  w est of 
Scotland, w e ob se rv ed  a positive re la tion  b e tw e en  sp e ­
cies richness (overall an d  Boreal) an d  fish ing m ortality, 
m ean in g  th a t th e  d ec rease  in  overall an d  Boreal sp e ­
cies richness m ay h av e  b e e n  d riven  by th e  dec line  in 
fish ing m ortality. T herefore, bes ides the  re la tionsh ip  of 
species richness w ith  in c reasin g  bo ttom  tem pera tu res , 
fisheries m ay also h av e  h a d  effects on  th e  richness of 
m arine  fish in  th e  a re a  w est of Scotland. H ow ever,
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no tw ith s tand ing  the  observations in  the  a re a  w est of 
Scotland, our find ings suppo rt th e  id e a  th a t the 
o bserved  ch an g es in  species richness in  th e  N orth  and  
Celtic Seas are  likely to b e  m ore strongly  clim ate d r i­
ven  th a n  fisheries induced . This w ould  b e  in  line w ith  
th e  observations in  o the r tax a  th ro u g h o u t the  world, 
viz. th a t as te m p era tu re  rises, species richness in ­
creases  d u e  a positive co rrela tion  b e tw e e n  richness 
an d  te m p era tu re  o bserved  along  la titud ina l g rad ien ts. 
Such inc reases h av e  b e e n  rep o rted  for a varie ty  of 
com m unities inc lud ing  te rres tria l taxa, such as p lan ts 
(K landerud & Birks 2003), b irds (La Sorte e t al. 2009) 
an d  bu tte rflies (M enéndez e t al. 2006), for all of w hich  
recen t clim atic ch an g e  is co nsidered  to b e  the  m ost 
likely m ajor d riv ing  factor. In the  m arine  environm ent, 
for exam ple , long-te rm  ch an g es in  species com position 
an d  diversity  of th e  copepod  com m unity  have  b ee n  
re la ted  to hydroclim atic ch an g es in  th e  N ortheast 
A tlantic, in  p articu la r to th e  varia tion  in  d ecad a l oscil­
la tions (B eaugrand  2003). D uring the  positive p h ase  of 
th e  N orth  A tlantic O scillation, w h ich  occu rred  in  the 
1990s, sea  te m p era tu re s  increased , an d  the  p lank ton  
com m unity  of th e  tem p era te  w ate rs  w as rep la ce d  by  a 
so u th ern  com m unity.

It is gen era lly  accep ted  th a t m ajor ch a n g es  have 
occu rred  in  th e  fish com m unities of th e  N ortheast 
A tlantic du rin g  rec en t d ecad es  (e.g. Pauly e t al. 1998, 
Attrill & Pow er 2002). A ssum ing th a t th e  sea  te m p e ra ­
tu re  w arm in g  ra tes will follow  the  g lobal consensus 
v iew  of w arm ing  (Kerr 2004), th e  g en e ra l po lew ard  
dec line  in  species richness will d ec rease  (Fisher et al.
2008), an d  reg ionally  th e  rec en t ob se rv ed  inc reases in 
fish species richness in  the  N orth  an d  C eltic S eas will 
con tinue. Such ch an g es in  species b iogeography , 
inc lud ing  the  ch an g e  in  com position of th e  fish com ­
m unities (fewer Boreal an d  m ore L usitan ian  species), 
will undou b ted ly  have  im plications for com m ercial 
fisheries an d  on the  im p lem en ta tion  of effective co n ­
serva tion  an d  env ironm en ta l m onitoring  strateg ies.

A ck n o w led g e m e n ts . This study  w as carried  out as p a r t  of th e  
E u ro p ean  U nion FP6 p ro jec t RECLAIM (C ontract 044133). 
We ack n o w led g e  th e  In tern a tio n a l C ouncil for th e  Explo­
ra tio n  of th e  Sea  (ICES) for su p p ly in g  d a ta  from  th e  ICES 
hy d ro g rap h ic  d a ta b ase  a n d  from  th e  d a ta b ase  for traw l su r­
veys (DATRAS), a n d  N. H in tzen  for assisting  in  in te rp o la tin g  
th e  tem p e ra tu re  datasets. C om m ents p ro v id ed  by  3 anony­
m ous re fe re es  h e lp e d  to im prove th e  quality  of th e  m anuscrip t.
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