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The recruitment of Atlantic salmon in Europe
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T h e  s to c k  c o m p le x  o f  A tla n tic  sa lm on , S a lm o  salar, in E urope h as  ex p e rie n c e d  a  m u ltid e c a d a l d ec lin e  in r e c ru itm e n t, re su ltin g  in th e  

low est s to c k  a b u n d a n c e s  o b se rv e d  since 1970. Here, physical forcing , biological in te ra c tio n s , a n d  th e  r e su lta n t  g ro w th  re sp o n se  o f  p o st-  

sm o lt  sa lm o n  a re  e x a m in e d  w ith  a  view  t o  u n d e rs ta n d in g  th e  m e c h a n ism  c o n tro llin g  re c ru itm e n t. Sea su rface  te m p e ra tu re  (SST) has 

in c rease d  in th e  N o r th e a s t  A tlan tic , w ith  th e  p a t te rn  a n d  seasonal c h a n g e  in SST negative ly  c o r re la te d  w ith  p o s t-sm o lt survival d u rin g  

su m m e r  a n d  in a  reg ion  t h a t  spa tia lly  m a tc h e s  th e  p o s t- sm o lt nursery . C o n s ti tu e n ts  o f  th e  pelag ic  foo d w eb , in c lu d in g  p o te n tia l p o st-  

sm o lt  fo o d  a n d  p la n k to n  t h a t  m ay  a ffe c t p o s t- sm o lt forage, have c h a n g e d  o n  a  d ecad a l scale  a n d  c o rre la te  w ith  sa lm o n  survival. 

R e tro sp ec tiv e  g ro w th  analyses o f  e ig h t s to c k /s e a  age  c o m p o n e n ts  sh o w  th a t  p o s t- sm o lt  g ro w th  d u r in g  su m m e r  is positively  c o rre la te d  

w ith  sa lm o n  survival a n d  re c ru itm e n t. T h e  A tla n tic  M u ltid eca d a l O scilla tio n  a p p e a rs  to  be  a  m o re  closely a lig n ed  c lim a te  fo rc ing  ind ex  

th a n  th e  N o rth  A tla n tic  O scilla tio n  w ith  re sp e c t to  sa lm o n  re c ru itm e n t. E u ro p ean  A tla n tic  sa lm o n  re c ru itm e n t  a p p e a rs  to  be  gov­

e rn e d  by fa c to rs  t h a t  a ffec t th e  g ro w th  o f  p o s t-sm o lts  d u r in g  th e ir  first su m m e r  a t  sea, in c lu d in g  SST a n d  fo rag e  a b u n d a n c e s ; 

g ro w th  a p p e a rs  to  m e d ia te  survival by th e  fu n c tio n a l re la tio n sh ip  b e tw e e n  p o s t- sm o lts  a n d  th e ir  p re d a to rs .

Keywords: A tlantic M ultidecadal Oscillation, A tlan tic  salm on, ocean  clim ate, recru itm ent.

Received 28 May 2008; accep ted  26 N ovem ber 2008; advance access publication 12 January 2009.

K. D. Friedland: National M arine Fisheries Service, 28 T anw eii Drive, Narragansett, RI 02882, USA. J. C. MacLean: Fisheries Research Services, 
Freshwater Laboratory, Field Station, Inchbraoch House, South Quay, Ferryden, M ontrose DD10 9SL, Scotland, UK. L. P. Hansen: Norwegian 
Institute fo r  N ature Research, Caustadalléen 21, NO-0349 Oslo, Norway. A. J. Peyronnet a n d  J. L. McCarthy: D epartm ent o f  Natural Resources 
Conservation, University o f  M assachusetts, Am herst, M A 01003, USA. L. Karlsson: Swedish Board o f  Fisheries, Brobacken, SE-814 94 Älvkarieby, 
Sweden. D. C. Reddin: Science Branch, D epartm ent o f  Fisheries and  Oceans, PO Box 5667, S t John's, Newfoundland, Canada A l  C 5X1. N. 0  
Maoiléidigh: The M arine Institute, Newport, County Mayo, Ireland. Correspondence to K. D. Friedland: tel: + 1  401 7823236; fax: + 1  401 
7823201; e-mail: kevin.friedland@noaa.gov.

Introduction
Despite d ram atic  reductions in  fishing pressure and m easures to 
pro tec t critical habitats, the  European Atlantic salm on (Salmo 
salar) stock com plex continues to  decline in  abundance as a 
result o f  recru itm en t failure associated w ith the  m arine phase o f 
its anadrom ous life cycle. This m arine phase o f  A tlantic salm on 
has been  difficult to  study  because o f  the  habits o f  juvenile 
salm on w hen they leave the  rivers and  begin their ocean 
m igrations. They forage m ostly  in  the  upper surface layer o f  the 
ocean and  m igrate away from  land, so they have always been an  
enigm a because they  were rarely caught in  fishing gear either as 
directed catch o r bycatch. It was n o t un til the  developm ent o f 
surface fishing techniques for salm on post-sm olts that a synoptic 
characterization o f  their post-sm olt ocean d istribu tion  em erged 
(R eddin and  Short, 1991; H o lm  et al., 2000). W e now  know  that 
European salm on are influenced by the  N o rth  Atlantic D rift and 
N orw egian C urrents, resulting in  a tran sp o rt o f  sm olts to  the 
no rth , b u t the  ocean currents alone do  n o t explain their d istri­
b u tio n  patterns, suggesting that early in  the  m arine phase, 
salm on post-sm olts use a m igration  o rien ta tion  to  guide them  
to  the west and in to  the N orw egian Sea (Booker et al., 2008). 
W hen  researchers began to  relate ocean clim ate conditions to 
recru itm en t patterns, they  lim ited  their hypotheses to  tests

associated w ith the  areas salm on post-sm olts w ould inhab it 
du ring  the first m o n th s at sea, because the  habitats used increas­
ingly later in  the post-sm olt year were unknow n.

The first a ttem p t to relate ocean clim ate variation  to E uropean 
salm on recru itm en t focused o n  the relationship betw een recru it­
m en t and the  spatial d istribu tion  o f  sea surface tem perature  
(SST), o r the  qu an tity  o f  therm al habitats. These analyses were 
lim ited  to spring, so th a t inferences could  be related to  habitats 
th a t were likely used by  the post-sm olts. Friedland et al. (1993) 
reported  th a t a catch-based index o f  recru itm en t for the 
European salm on stock com plex was correlated w ith  a therm al 
hab ita t index o f  the  area o f  the sea surface betw een 7 and  13°C 
during  spring. As this hab ita t index covered such a b road  area, it 
was n o t clear w hether the  variation  represented a direct effect o f 
tem pera ture  o n  post-sm olts o r sim ply reflected som e level o f 
clim ate variation  co-varying w ith the recru itm en t pattern . In  an 
a ttem p t to  refine this analysis, Friedland et al. (1998) used an  
age-disaggregated set o f  survival indices instead o f  a catch index 
and  exam ined a range o f  therm al hab ita t indices. Those analyses 
supported  the conclusion th a t ocean clim ate varia tion  in  the 
N ortheast A tlantic appeared  to  be related to  the  recru itm ent 
pattern , b u t the  analyses also offered lim ited  insight on  the 
possible m echanism s o f  recru itm en t control.
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The biological com ponen t o f  grow th was added to  the  analysis 
o f  salm on recru itm en t m echanism s w ith  the  in tro d u c tio n  o f  re tro ­
spective grow th analyses. Friedland et al. (2000) in troduced  a 
tim e-series o f  post-sm olt grow th increm ents for an  index stock 
from  Scotland, the  N o rth  Esk. The grow th increm ent analysis 
show ed that the post-sm olt grow th for N o rth  Esk salm on was 
positively correlated w ith the  survival p a tte rn  o f  the stock, and 
by association w ith the  recru itm en t p a tte rn  o f  the  European 
stock complex, because the  two resem bled each other. The data 
suggested th a t grow th at som e tim e during  the  post-sm olt 
season, betw een ocean en try  and  the  fo rm ation  o f  the  w inter 
annulus, was influencing survival. This hypothesis is fu rther sup ­
p orted  by  data  for ano ther stock, the  B urrishoole, w hich show ed a 
m ultidecadal pa tte rn  o f  post-sm olt grow th sim ilar to  th a t seen 
w ith the N o rth  Esk fish (Peyronnet et al., 2007). However, 
neither analysis was able tem porally  to  lim it the grow th effect to 
a subseason w ith in  the  8 -m o n th  period  represented  by  the post- 
sm olt grow th increm ent. M cC arthy  et al. (2008) reported  an  
analysis o f  post-sm olt grow th for salm on in  the D ram m en  River 
in  N orw ay and addressed the  issue by  in troducing  a technique 
o f  p roportiona lly  allocating circuli spacing increm ents to putative 
m on ths during  the post-sm olt season. T heir findings suggest that 
the corre lation  betw een post-sm olt grow th and survival is driven 
by the grow th du ring  sum m er, principally  during  the fou rth  and 
fifth m on ths o f  life in  the  ocean. The D ram m en  data do  no t 
cover the  full range o f  recru itm en t variation  for the  stock or the 
stock complex, b u t the  data clearly indicate that sum m er grow th 
is pivotal to  salm on post-sm olt survival. The data  offer add itional 
su p p o rt for the grow th-survival hypothesis, and fu rth er suggest a 
season-specificity to  grow th-m ediated  survival, as has been seen 
elsewhere in  salm onids (Beam ish et al., 2004; M oss et al., 2005; 
Ruggerone et al., 2005, 2007).

O ther data  suggest th a t the  env ironm ent im pacts post-sm olt 
grow th in  a way beyond the broad-scale forcing represented by 
analyses that track  changes in  therm al habitat. In  an  analysis o f  
circuli spacing for an o th er Scottish river, the  G irnock Burn, 
Friedland et al. (2005) reported  th a t post-sm olt grow th du ring  
the first m on ths at sea was negatively correlated w ith SST, 
no ting  th a t the analysis was initially constrained to  M ay and 
June data, for w hich there  was greater confidence that env iron­
m ental data m atched  the d istribu tion  o f  the  fish. W hen the  analy­
sis was extended deeper in to  sum m er, and  hence fu rther along the 
m igration  o f  the  post-sm olts, the  negative correlation  betw een 
grow th and  SST was strengthened, and it show ed a p a tte rn  that 
resem bled the  d istribu tion  o f  post-sm olts revealed in  trawl 
survey data  (H olm  et al., 2000). A negative grow th response for 
salm on related to increasing tem perature  was also detected by 
Todd et al. (2008). Collectively, these two studies suggest that 
w arm ing conditions in  the  N ortheast Atlantic are associated 
w ith decreased grow th o f  salm on. W hether tem pera tu re  is the 
p rim ary  agent o f  this change in  grow th is n o t know n, however, 
because increasing tem perature  m ay lower grow th via increased 
m etabolic dem ands (Brett, 1979), b u t salm on are capable o f  
m oderating  their tem peratu re  by  m igrating.

C oncom itan t w ith the observed change in  SST in  the N ortheast 
Atlantic has been a change in  the com ponents o f  the ecosystem. 
Change in  the area has been observed in  the level o f  p rim ary  p ro ­
duc tio n  (R ichardson and  Schoem an, 2004), secondary  p ro d u c tio n  
(Beaugrand et al., 2002; B eaugrand and  Ibanez, 2004), and the  dis­
trib u tio n  o f  m arine  fish (Perry et al., 2005). Beaugrand and  Reid 
(2003) correlated change in  the  p lank ton  co m m u n ity  w ith the

recru itm en t o f  E uropean salm on, w hich suggests a specific 
linkage betw een diet and grow th, a lthough  the  linkage w ould 
m ost likely be related to conditions influencing the preferred 
forage o f  salm on post-sm olts (H augland et al., 2006).

O u r goal in  this investigation was to  approach the  m echanism  
o f  E uropean salm on recru itm en t holistically, by  exam ining phys­
ical forcing and  biological response. W e analysed the SST fields 
in  the  N ortheast A tlantic to  determ ine w hether spatial and 
tem poral variations in  the  fields were related to  the  pa tte rn  o f  
recru itm en t and w hether broad-scale clim ate forcing was related 
to  the p a tte rn  o f  recru itm en t variation. We reanalysed previously 
reported  retrospective grow th tim e-series, increasing the  length 
o f  som e o f  the  series, and in troduced  tim e-series previously u n re ­
ported . Finally, we analysed the  abundance data for po ten tial food 
and  o th er foodweb indicators th a t potentially  m ay be influencing 
salm on post-sm olt grow th and  survival.

Methods
Recruitment of salmon
The recru itm en t o f  salm on can be assessed by  exam ining trends in 
stock size, w hich represent the  cum ulative effects o f  m orta lity  
factors affecting m ultip le  life stages, o r  by  focusing o n  survival 
indices associated w ith  key life stages responsible for the variation  
in  recru itm ent. For European salm on, we can exam ine recru itm ent 
th rough  b o th  form s o f  data. The stock com plex o f  European 
salm on has been  assessed w ith a m odified v irtual popu lation  
analysis, o r  ru n  reconstruction  analysis, th a t estim ates the size o f  
the  stock, referred to as pre-fishery abundance, at a p o in t in 
tim e before the  first fisheries are executed (Po tter et al., 2004). 
These estim ates are disaggregated by  sea age o f  re tu rn , focusing 
o n  the two d o m in an t sea ages o f  1-sea-w inter (TSW) and 2SW, 
and  by geographic groupings, splitting  the  stock com plex in to  
groupings o f  national stocks from  n o rth e rn  and  sou thern  
Europe. The set o f  estim ates we used were from  the 2007 stock 
assessm ent (ICES, 2007), augm ented w ith earlier estim ates for 
N orw ay during  the sm olt years 1970-1981 (ICES, 2001) th a t the 
assessm ent group  deem ed unreliable. We do  n o t take issue w ith 
the  conclusion  o f  the  assessm ent o f  the  w orking group  th a t the 
early pa rt o f  the  Norw egian tim e-series is problem atic, b u t we 
feei it is representative enough o f  stock size to  use the  data  in  a 
qualitative context, as treated  here.

T he survival o f  post-sm olts, the  key life stage for A tlantic 
salm on, can be assessed by tagging data  for the stocks o f  two 
rivers. The rivers Figgjo and  N o rth  Esk are small, relatively 
un im pacted , salm on rivers that em pty  in to  the N o rth  Sea. The 
River Figgjo is located in  so u thern  N orw ay and  supports a stock 
o f  salm on m ainly  com prising  1SW fish (Figure 1). A wild sm olt- 
tagging program m e has been conducted  in  the  river since 1965 
and  annual releases average ~ 1 2 0 0  fish, except 1982, w hen no  
tags were applied (Table 1). Pre-sm olt juvenile sa lm on were cap­
tu red  by  electro-fishing 2 - 4  weeks before the  sm olt m igration  
and  tagged w ith individually  num bered  C arlin  tags (Carlin, 
1955) attached to  the dorsal side o f  the fish un d er MS222 anaes­
thesia. Fish were held in  a net pen  located at the  capture site for 
a few hours before being released back in to  the sam e area o f  the 
river. Fishers reported  adult recaptures o f  tagged fish. The N orth  
Esk is a larger river th an  the Figgjo located on  the east coast o f  
Scotland (Figure 1). Sm olt tagging has also been conducted  in 
the  N orth  Esk, b u t in  th a t tagging program m e, m igrating  sm olts 
were in tercepted  in  a trap  situated ju st above the head o f  tide
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Figure 1. M ap o f th e  N orth east A tlan tic  O cean, w ith Sir Alister Hardy Foundation  for O cean  Science (SAHFOS) stan d ard  areas B1, B2, B4, and  
C4 highlighted in grey. These areas are used  to  characterize CPR (C on tinuous P lankton Recorder) data . Locations o f  river o f  origin o f  six 
salm on index stocks given by n u m b ered  key an d  clim ate m o n ito ring  sta tion  by le tte red  key.

(Shearer, 1990). All sm olts trapped  were tagged w ith individually 
num bered  external tags un d er MS222 anaesthesia. D uring  the 
years 1965-1967, sm olts were tagged w ith  d iam ond-shaped  
silver plates attached to the  an terio r end o f  the  dorsal fin using a 
silver wire. Since then, sm olts have been tagged w ith C arlin tags 
affixed using polyethylene threads. Sm olts were allowed to 
recover from  the effects o f  the  anaesthetic for a few hours, then  
released back in to  the river. The nu m b er o f  sm olts tagged each 
year has averaged ~ 5 9 0 0  fish (Table 1), w ith the  num bers o f 
fish tagged varying as a result o f  variations in  trap  efficiency 
caused by  differences in  spring discharge levels.

R eturn  rates in  b o th  rivers were based o n  the  n u m b er o f  tag 
re tu rns by  sea age and the n u m b er o f  tagged fish released by 
sm olt cohort. R eturn  rates were in te rpreted  as survival rates, 
because the observed changes in  abundance exceeded the  range 
o f  w hat could  be p roduced  reasonably by changes in  fishing m o r­
tality  alone. For the purposes o f  this study, recaptures o f  1SW 
salm on at the  Faroe Islands were included on  the  2SW  recapture 
lists because they w ould  no t be expected to  re tu rn  to  hom e 
waters in  the  sam e year. Principal co m ponen t analysis o f  the p re­
fishery abundance and  re tu rn  rate tim e-series was carried o u t to 
represent the general tren d  suggested by  the  com ponen t signals.

Size of smolts at ocean entry
The size o f  sm olts as a factor affecting post-sm olt survival and 
resultant recru itm en t was evaluated by  exam ining tim e-series 
from  the two index stocks used in  the recru itm en t evaluation. 
The sm olts used in  the  Figgjo and N o rth  Esk tagging studies 
were m easured. A subsam ple o f  50 fish per year was used to esti­
m ate sm olt size o f  the  Figgjo stock (Table 1). For the  N o rth  Esk 
stock, the  sam ple size o f  lengths m easured is nearly the  sam e as 
the  n u m b er o f  fish tagged th rough  the  year 2000; since then , the 
nu m b er o f  fish tagged has been a subsam ple o f  the  nu m b er o f 
fish m easured. The adequacy o f  the  length o f  sam ples was evalu­
ated by  calculating 95% confidence intervals to  assess graphically 
if  sm olt lengths were different betw een years. M ean sm olt sizes

were correlated w ith the  first p rincipal co m ponen t o f  the  re tu rn  
rate tim e-series.

Climate change in fresh-water habitats
There are a m u ltitude  o f  factors th a t can affect the  size o f  Atlantic 
sa lm on sm olts, m any  o f  w hich are beyond the scope o f  this study. 
However, clim ate factors affecting fresh-water rearing conditions 
can be assem bled and  com pared  w ith sm olt size and  parallel 
events in  the m arine environm ent. Tem perature and rainfall p a t­
terns for the  UK and so u thern  N orw ay were extracted from  the 
dataset o f  clim ate param eters assem bled by the  E uropean 
C lim ate Assessm ent and  Dataset project (Klein Tank et al., 
2002). Fresh-w ater clim ate conditions were represented by  tem p ­
erature  and rainfall patterns at the  W adding ton  and T orungen 
Fyr stations, for the UK and so u thern  Norway, respectively 
(Figure 1).

Trends In SST
Trends in  SST across the N ortheast A tlantic O cean were character­
ized using the  extended reconstructed  SST dataset (ERSST, version 
2), a dataset based o n  an  SST com pilation  o f  the  In ternational 
C om prehensive O cean -A tm o sp h ere  D ata Set (ICOADS) and 
representing in terpo la tion  procedures th a t reconstruct SST fields 
in  regions w ith  sparse data  (Sm ith and  Reynolds, 2003, 2004). 
The spatial resolu tion  o f  the data  is bins o f  2° longitude by  2° lati­
tude, and  the  tem poral reso lu tion  is m onthly; we extracted data 
from  the  area 6 0 -8 0 °N  and  10°W —20°E over the period  1 9 65- 
2005. These tem pera ture  fields were correlated w ith the  first p rin ­
cipal com ponen t o f  the  re tu rn  rate tim e-series.

Plankton food resources In the post-smolt nursery
The abundance o f  p lank ton  food item s, those th a t m ay aggregate 
sa lm on prey, o r p lank ton  th a t provides forage for the  prey o f 
A tlantic salm on post-sm olts, was extracted from  the  C ontinuous 
P lank ton  Recorder (CPR) database hosted  by the  Sir Alister 
H ardy  Foundation  for O cean Science. The CPR survey is an 
upper-layer p lank ton  m o n ito ring  program m e that has collected
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Table 1. Sam ple sizes used  in tagging experim ents an d  estim ates o f 
m ean sm olt length for fish in th e  Figgjo an d  N orth  Esk rivers.

Smolt year
Tagging Lengths

Figgjo North Esk Figgjo North Esk
1965 454 9 474 50 9 446
1966 322 5 783 50 5 783
1967 154 8 825 50 8 825
1968 459 5 323 50 5 308
1969 1 278 1 312 50 1 313
1970 2 439 11 539 50 11 535
1971 3 542 7 240 50 7 240
1972 2 723 5 791 50 5 791
1973 5 000 13 391 50 1 3391
1974 2 000 11 762 50 11 762
1975 1 000 7 627 50 7 627
1976 1 649 5 882 50 5 882
1977 1 176 2 505 50 2 505
1978 999 2 111 50 2 111
1979 173 1 760 50 1 760
1980 993 11 475 50 11 537
1981 982 10 371 50 10 371
1982 11 848 12 002
1983 919 1 456 50 1 456
1984 944 6 527 50 6 571
1985 994 6 210 50 6 216
1986 976 1 124 50 1 131
1987 994 4 976 50 1 131
1988 997 3 874 50 3 874
1989 1 000 4 967 50 3 874
1990 1 000 17 445 50 17 494
1991 962 8 721 50 8 807
1992 997 2 941 50 2 992
1993 1 000 2 964 50 2 966
1994 305 6 606 50 6 629
1995 998 5 847 50 5 914
1996 899 4 121 50 4 123
1997 1 000 4 054 50 4 472
1998 999 4 377 50 4 593
1999 1 000 2 520 50 2 524
2000 997 3 400 50 3 557
2001 864 4 744 50 9 905
2002 1 000 4 941 50 11 097
2003 1 000 1 561 50 4 260
2004 1 000 349 50 2 309
2005 1 000 50 2 310
2006 50 2 608

and  enum erated  p lank ton  taxa in  the  N o rth  Atlantic since 1946 
(W arner and  Hays, 1994). Sam pling is carried o u t by  a high-speed 
CPR towed by  m erchant ships o f  o p p o rtu n ity  (Hays, 1994). 
Seawater is filtered by  the  CPR on to  silk screens w ith an  effective 
apertu re  size o f  270 |xm. In  the laboratory, the  screens are sec­
tioned  for spatially allocated counts and  calibration to  determ ine 
a p lank ton  density  (W arner and  Hays, 1994). We considered the
abundances o f  seven p lank ton  categories: phy top lank ton  colour 
index (PC I), Calanus finmarchicus, Calanus helgolandicus, to ta l 
am phipods, to ta l euphausiids, to ta l sm all copepods ( < 2  m m , tra ­
verse stage in  analysis), and  to ta l large copepod ( > 2 m m ,  eye- 
co u n t stage o f  analysis). The in p u t data  were m on th ly  
abundances for the  period  1965-2005 from  four o f  the CPR stan­
d ard  areas (Figure 1), areas only partially  overlapping the  region 
considered to  be the  post-sm olt nursery  for sa lm on in  the 
N ortheast A tlantic (H olm  et al., 2000). T hree-m on th  ru nn ing

m eans o f  the  abundances o f  po ten tial post-sm olt food item s 
were correlated w ith the  first p rincipal co m ponen t o f  the  re tu rn  
rate tim e-series.

Retrospective patterns of post-smolt growth
W e used a com bination  o f  scale reading and im age analysis to  
characterize scale patterns representative o f  m arine  growth 
during  the post-sm olt period  o f  A tlantic salm on. For one stock, 
the  N orth  Esk, post-sm olt grow th is represented by  a post-sm olt 
grow th increm ent de term ined  from  conventional scale reading. 
The first 29 years o f  this tim e-series were reported  in  Friedland 
et al. (2000); the dataseries is extended here to  40 years 
(Table 2). Scale sam ples were collected from  1SW and  2SW 
salm on re tu rn ing  to  the N orth  Esk. Scales were rem oved from  
the  standard  position  for A tlantic salm on, nam ely rows 3 - 5  
above the  lateral line, o n  a line betw een the  posterio r end o f  the 
dorsal fin and the  an terio r end o f  the  anal fin. Scale im pressions 
o f  clean scales were m ade in  cellulose acetate strips. F rom  the 
im pressions, the  distances from  the scale focus to the  beginning 
o f  sea grow th and  the  1SW annuli were determ ined  (Figure 2). 
U sing linear back-calculation based o n  size a t capture, the 
post-sm olt grow th increm ent was determ ined  as the  difference 
betw een the to ta l 1SW increm ent and  the  fresh-water increm ent. 
Increm ents are given in  centim etres. Scale sam ple sizes averaged 
871 and 731 scales per year for the 1SW and  2SW returns, 
respectively; all year-age sam ples exceeded 225 (Table 2).

T he post-sm olt grow th increm ent and  estim ate o f  m onth ly  
grow th du ring  th a t period  were m easured using image analysis 
for four river stocks and  sam ples from  Greenland. European 
salm on caught at W est G reenland are m ostly  from  rivers in 
so u thern  Europe and  w ould have likely m atu red  as 2SW  fish the 
year following the  fishery (R eddin and Friedland, 1999). The 
four river stocks, arrayed from  west to  east, are located in 
Ireland, Scotland, Norway, and Sweden. The B urrishoole River is 
located in  w estern Ireland and  has a trapp ing  facility to  sam ple 
re tu rn ing  fish (Figure 1). The stock is m ainly  1SW fish, so the 
scale analysis focused on  th a t age group (Peyronnet et al., 2007). 
The sam ples were a com bination  o f  wild and  hatchery-orig in  
salm on; annual sam ple size averaged 46 fish (Table 2). The 
G irnock B urn  is a su b -tribu tary  o f  the River Dee, Scotland. The 
w ild orig in  re tu rns to  this river are m ostly  2SW, and  they form  
the  basis o f  the  scale-analysis sam ple, w hich averaged 20 fish per 
year (Friedland et al., 2005). The D ram m en River in  sou thern  
N orw ay was sam pled betw een 1983 and 2003. Three m atu rity  
groups, 1SW, 2SW, and  3SW, re tu rn  to  the river; for this study, 
we focused o n  the 1SW and  2SW  returns, w hich provided 
average sam ple sizes o f  51 and  46, respectively. The Fagan is a 
river o n  the west coast o f  Sweden that em pties in to  the  N orth  
Sea; unlike east coast Swedish rivers th a t em pty  in to  the  Baltic 
Sea, fish from  the Fagan undertake their m arine m igration  in 
the  N o rth  Atlantic Ocean. The Fagan is a hatchery  stock m ostly 
com posed o f  1SW returns; sam ple sizes for th a t stock averaged 
46 fish per year.

T he post-sm olt grow th increm ent and  estim ates o f  m onth ly  
grow th were d raw n from  m easurem ents o f  circuli spacings o f  the 
m arine  p o rtio n  o f  the  scale. Scale sam ples were im pressed in to  
acetate slides, o r for the  G irnock Burn, the  scales were m oun ted  
betw een glass slides. U sing im age processing, the spacings 
betw een successive pairs o f  circuli were m easured along a transect 
o n  the  360° axis from  the first pa ir o f  m arine circuli to  the edge o f 
the  scale, so m easuring all circuli spacings in  the m arine  growth
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Table 2. Sam ple sizes for circuli spacing an d  post-sm olt grow th increm en t analysis by stock  g roup  an d  sea age o f  return .
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Smolt
year

Burrishoole
1SW

Drammen
1SW

Drammen
2SW

Girnock
2SW

Greenland
2SW

Lagan
1SW

North Esk 
1SW

North E< 
2SW

1961 18
1962 36
1963 35
1964 41 20
1965 46 20 973 1 940
1966 40 19 50 1 022 1 304
1967 41 18 52 669 592
1968 50 17 57 1 271 1 010
1969 50 20 57 898 1 630
1970 47 17 58 754 956
1971 49 20 52 936 956
1972 51 10 45 1 421 651
1973 33 20 48 851 1 312
1974 48 17 53 476 1 258
1975 49 20 49 1 173 578
1976 34 13 43 547 986
1977 45 19 50 49 747 1 216
1978 51 19 50 47 999 866
1979 49 20 44 53 457 1 526
1980 49 20 50 57 322 630
1981 41 37 15 49 53 589 337
1982 50 52 48 20 50 58 226 365
1983 47 54 44 33 50 60 378 611
1984 40 57 46 20 50 60 297 442
1985 50 49 40 17 51 58 972 585
1986 50 55 41 16 50 56 812 490
1987 57 53 46 17 50 55 1 345 422
1988 50 52 45 18 50 57 1 110 420
1989 50 49 48 19 50 57 592 436
1990 51 50 47 18 49 59 319 507
1991 51 46 42 35 50 58 1 039 404
1992 50 53 42 15 36 676 464
1993 50 57 48 40 22 618 380
1994 50 51 43 50 48 435 279
1995 50 51 40 49 12 1 141 527
1996 50 48 47 50 17 1 116 451
1997 51 47 43 52 2 1 590 782
1998 50 48 43 36 9 1 205 519
1999 50 47 44 50 23 1 432 470
2000 51 39 49 909 708
2001 52 45 1 417 664
2002 41 1 280 486
2003 874 367
2004 950

zone (Figure 2). The first pair o f  m arine  circuli is identified as the 
first w ide circuli spacing after the relatively tightly  spaced circuli o f 
the  fresh-w ater zone. The end o f  the  post-sm olt grow th increm ent 
was associated w ith the  first w inter grow th annulus, w hich was 
located by  com puting  five-point ru n n in g  m eans o f  circuli spacings 
and  selecting the m in im u m  m ean. A ru n n in g  m eans averaging was 
done  to reduce the  effect o f  m easurem ent erro r on  locating the 
w inter annulus. The sum  o f  the circuli spacings from  the begin­
ning  o f  the  m arine zone to the w inter annulus was used as the 
post-sm olt grow th increm ent.

To exam ine grow th m ore closely du rin g  the  post-sm olt period, 
the  to ta l post-sm olt grow th increm ent was partitioned  in to  p u ta ­
tive m o n th ly  increm ents. We considered the post-sm olt period 
for European stocks o f  Atlantic sa lm on to last for a period  o f  8 
m onths, based on  the  tim e w hen m ost stocks m igrate to  sea and 
assum ing th a t the  w inter annulus is form ed after Decem ber, or

associated w ith shortest p h o toperiod  o f  the  year (Friedland 
et al., 1993). The to ta l nu m b er o f  circuli present in  the  post-sm olt 
grow th increm ent for each sa lm on was divided by eight to  dete r­
m ine the  nu m b er o f  circuli pairs allocated to  each m onth ly  
period , so the circuli pairs are p roportionally  allocated to 
m o n th ly  periods. The m ean  spacing o f  circuli for each p ro p o rtio n ­
ally allocated m o n th  thus becom es an  index th a t is m ore reason­
able to com pare betw een individuals, w ith a varying n u m b er o f 
circuli deposited  in  the m arine  zone. We recognize that it is un li­
kely that the  sam e nu m b er o f  circuli will actually be deposited each 
m o n th  o f  the post-sm olt period  (Bilton, 1975), b u t we feei ou r 
approach  is reasonable considering  th a t we are sim ply a ttem pting  
to  com pare the  sam e relevant p o rtio n  o f  scales from  different fish. 
The post-sm olt grow th increm ent and  estim ates o f  m onth ly  
grow th were correlated w ith the first p rincipal com ponen t o f  the 
re tu rn  rate tim e-series.
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360° Axis

Figure 2. A tlan tic  salm on scale show ing m easu rem en t axis and  
principal grow th  increm ents.

Climate indices
The p a tte rn  o f  recru itm en t for European A tlantic salm on was 
com pared w ith two broad-scale indices o f  clim ate forcing know n 
to  affect the  physical env ironm ent and biological populations 
across the N o rth  Atlantic Ocean, and the associated terrestrial 
habitats. The N orth  A tlantic Oscillation (NAO) is defined as the 
difference in  norm alized sea level pressure betw een Lisbon, 
Portugal, and  Stykkisholmus, Reykjavik, Iceland; we used the 
w inter index (D ecem ber th rough  M arch) and view the  index as 
the p rincipal m ode o f  atm ospheric forcing (H urrell et al., 2001). 
We also used a second index know n as the Atlantic M ultidecadal 
Oscillation (AM O), w hich is defined as a detrended  pa tte rn  o f  
SST variability in  the  N o rth  Atlantic (Enfield et al., 2001). The 
de trend ing  is in tended  to  rem ove recent global clim ate change 
effects induced  by  increasing greenhouse gas emissions. The 
AM O signal appears to  have a period  o f  2 0 -4 0  years betw een 
w arm  and cool conditions. These clim ate-forcing indices were co r­
related w ith the  first p rincipal com ponen t o f  the  re tu rn  rate 
tim e-series.

Time-series correlation
The tim e-series we com pared here had  varying degrees o f  au to co r­
relation. We sought to  account for this au tocorrela tion  in  o u r co r­
relation  analyses (Pearson p ro d u c t-m o m en t correlation) by 
adjusting the effective degrees o f  freedom s o f  each test according 
to  the  procedure  suggested by  Pyper and Peterm an  (1998). The 
effective degree o f  freedom  (N*) o f  a correlation  betw een two 
tim e-series, in  n o ta tio n  series X  and  Y, was estim ated from

+  U lN* n n 4—i  n "
]=i

where n is the sam ple size, and  pxx ( /) and  pyy ( /) are the au to co r­
relations o f X  and Y  at lag j. Following G arrett and  Petrie (1981), 
we took  the  au tocorrela tion  at lag j o f  the cross-products o f

standardized  tim e-series o f  X  and Y. The probability  associated 
w ith a correlation  coefficient is designated as p  and  as p* for a 
test w ith degrees o f  freedom  based o n  N*.

Results
Recruitment of salmon
The recru itm en t o f  salm on has been declining over the past three 
decades, as show n by  tim e-series o f  pre-fishery abundance esti­
m ates and  re tu rn  rates for m o n ito red  stocks. The pre-fishery ab u n ­
dance o f  the  E uropean stock com plex has averaged ~ 5  m illion  
salm on over the  period, b u t the  tim e-series shows a decline in 
abundance from  nearly 8 m illion  fish in  the early 1970s to  ~ 3  
m illion  fish m ore recently. The stock subcom ponents, as p a rti­
tioned  by  sea age and  n o rth e rn  and  so u thern  subareas, have aver­
aged betw een 1.0 and  1.8 m illion  salm on, respectively, b u t the 
m agnitude o f  the  decline over tim e has no t been un ifo rm  
am ong these subcom ponents. Southern  subcom ponents have 
declined m ore th an  n o rth e rn  com ponents by  age (Figure 3a). 
W ith in  subarea com ponents, 2SW  fish have declined slightly 
m ore th an  1SW fish. The first p rincipal co m ponen t o f  the  four 
pre-fishery abundance tim e-series suggests highest recru itm ent 
during  the  early 1970s and  lowest recru itm ents since the  1988 
sm olt year.
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Figure 3. (a) N orm alized pre-fishery ab u n d an ce  o f European salm on 
p a rtitio n ed  by n o rth e rn  an d  so u th e rn  su b c o m p o n en ts  o f  th e  
European stock  com plex, an d  sea age o f  re tu rn  for th e  sm olt years 
19 7 0 -2 0 0 4 . The first PC is th e  first principal c o m p o n e n t o f th e  four 
ag e-su b co m p o n en t abundances, (b) N orm alized re tu rn  rate o f 
tagged  salm on from  th e  Figgjo an d  N orth  Esk rivers by sea age o f 
re tu rn  for th e  sm o lt years 1 9 6 5 -2 0 0 5 . The first PC is th e  first 
principal co m p o n e n t o f  th e  four a g e - s to c k  re tu rn  rates.
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The tim e-series patterns o f  re tu rn  rates for the  Figgjo and 
N o rth  Esk stocks are sim ilar to  the  patterns in  pre-fishery a b u n ­
dances in  those years th a t the tim e-series overlap. R eturn  rates 
o f  b o th  sea ages for the  Figgjo averaged 2.0%, and  for the N orth  
Esk 1.1%. We do  no t attach  particular significance to  the differ­
ences in  these rates because the stocks w ould be expected to 
have different perform ance levels in  the  environm ent. However, 
the  first p rincipal com ponen t o f  the  re tu rn  rates shows striking 
sim ilarities to  the first p rincipal co m ponen t o f  the  pre-fishery 
abundance data  (Figure 3b). The tw o principal com ponen t tim e- 
series are significantly correlated ( r =  0.877, N* =  11, p* <  
0.001). An im p o rtan t add itional feature suggested by  the  re tu rn  
rate data  is that re tu rn  rates du rin g  the period  1965-1969  were 
lower th an  the  peak in  re tu rn  rates seen in  the  1970s, whereas 
the  pre-fishery abundance data, w hich only start in  1970, suggest 
a m ono ton ic  decline in  recru itm ent. The re tu rn  rate da ta  suggest 
an  increasing followed by  a decreasing trend  in  survival rates for 
the  stocks. We suggest th a t the first p rincipal co m ponen t o f  the 
re tu rn  rates is the  best signal to  represent the survival p a tte rn  o f 
the  stock complex, so it is used in  correlation  analyses here to 
represent survival and recru itm en t o f  the  stock complex.

Size of smolts at ocean entry
The size o f  em igrating sm olts varied by  stock and  over tim e. 
Smolts from  the  Figgjo river averaged 150 m m  to ta l length over 
the  study  period , b u t they show ed a d istinct tim e-series p a tte rn  
o f  larger sm olt size du ring  the 1970s and  early 1980s (Figure 4). 
D uring  the 1970s, Figgjo sm olts approached 170 m m . Smolts 
from  the N o rth  Esk tended  to  be smaller, averaging 125 m m; 
there  is little tren d  in  the  tim e-series o f  N o rth  Esk sm olt lengths. 
W hen  com pared w ith the first p rincipal com ponen t o f  the 
re tu rn  rates, the  Figgjo sm olt lengths were significantly correlated 
w ith re tu rn  rates, b u t N o rth  Esk sm olt lengths were n o t correlated 
(Table 3).

Climate change in fresh-water habitats
The m ost dem onstrative change in  fresh-w ater clim ate conditions 
has been related to  the  therm al regime. Decadal variations in  ra in ­
fall am oun ts are evident in  b o th  the  UK and  Norw ay (Figure 5a),

— Figgjo 
•  North Esk
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160-
B
B
j ;  150-
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Smolt year

Figure 4. Total length  o f  m igrating  sm olts from  th e  Figgjo and  
N orth  Esk rivers for th e  sm o lt year period  19 6 5 -2 0 0 6 . Error bars are 
95% confidence intervals.

Table 3. C orrelation betw een  sm olt size an d  first principal 
co m p o n e n t o f re tu rn  rates o f  tagged  salm on.

Index r n P N* p*

F'ggjo 0.605 40 0.001 21 0.004
North Esk 0.242 41 0.130 41 0.130

n, observed sam ple size; p, probability value o f correlation; N* effective 
sam ple size after correction for autocorrelation; p*, probability o f correlation 
after correction for autocorrelation.
Significance a t p — 0.05 em boldened.

Y ear

Figure 5. (a) N orm alized precip ita tion  an d  (b) air te m p era tu re  
observed a t  index sites in th e  UK, W adding ton , an d  sou th e rn  
Norway, T orungen Fyr, w ith 5-year m oving averages show n as heavy 
lines.

though  these variations have n o t been  coherent betw een the  two 
areas (r =  0.328, p*  =  0.062). Tem peratures in  the  nursery  
rearing areas, on  the o th er hand , have trended  over the  study 
period , w ith the  w arm est conditions w ith in  the  past two decades 
(Figure 5b). Tem peratures in  the  UK and N orw ay were signifi­
cantly  correlated over the  past four decades (r =  0.845, p* <  
0.001). We suspect th a t tem perature  change has co n tribu ted  to 
the  change in  sm olt size in  the  Figgjo, b u t we do n o t see a conco­
m itan t response o f  sm olt size in  the  N orth  Esk, w hich w ould have 
experienced sim ilar changes in  therm al regime.

Trends In SST
SST over the  region 6 0 -8 0 °N  and 10°W -20°E  varied bo th  
spatially and  tem porally  du ring  the  study  period . The lowest tem p ­
eratures were du ring  M ay (Figure 6a) and  D ecem ber (Figure 6h), 
w hich averaged 3.9 and 3.7°C, respectively. SSTs averaged 7.6°C

Norway
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Figure 6. M ean SST over th e  stu d y  area by year for th e  m o n th s  May 
th ro u g h  D ecem ber, panels (a) th ro u g h  (h), respectively.

during  O ctober, w hich had the highest m o n th ly  m ean  SSTs 
(Figure 6f). There are som e features com m on  to  the tim e-series 
o f  m on th ly  m ean SST, w ith all m on ths show ing an  increase in  
SST du rin g  the past two decades (Figure 6). For the  early 
m on ths o f  the year, there  is an  ind ication  th a t SST was w arm er 
at the  beginning o f  the  tim e-series. SST has show n d istinct patterns 
o f  change o n  sm aller spatial scales th en  the  u n it represented by  our 
study  area (Casey and  C ornillon, 2001), so we correlated the first 
p rincipal com ponen t o f  the re tu rn  rates w ith SSTs observed in  
bins o f  2° longitude by  2° latitude. The correlations are presented 
as con tours p lo tted  by  m ap coordinates. The first principal 
com ponen t o f  the re tu rn  rates is no t strongly correlated w ith 
the SST fields; du ring  the first two m onths, M ay and  June 
(Figure 7a and b), the  fish were a t sea. These correlations increased 
over the next 5 m onths, July th rough  N ovem ber (Figure 7 c -g ), 
however, w ith the highest correlations appearing  in  the  July and

A ugust fields. The correlations in  the  D ecem ber SST field are 
m uch  lower th an  the preceding fields (Figure 7h). The first p rinci­
pal com ponen t o f  the re tu rn  rates was negatively correlated w ith 
SST in  sum m er and  au tu m n , w ith  the  strongest correlations 
during  July and August, suggesting th a t w arm  conditions had  a 
negative influence o n  recruitm ent.

Plankton food resources in the post-smolt nursery
The first p rincipal co m ponen t o f  the  re tu rn  rates was negative and 
positively correlated w ith m ajor p lank ton  com ponents o f  the CPR 
survey. PCI was negatively correlated w ith the first p rincipal com ­
p o n en t o f  the re tu rn  rates; these correlations were highly signifi­
cant in  areas B2 and BÍ du rin g  sum m er and  a u tu m n  
(Figure 8a). Following a sim ilar pattern , the  correlations w ith 
the  copepod  C. helgolandicus were also negative and highly signifi­
cant in  the  sam e areas over m uch  o f  the  year (Figure 8d), though  
the  pa tte rn  was opposite  for the  copepod C. finm archicus and  to ta l 
euphausiids, w hich were positively correlated, especially in  area BÍ 
during  sum m er and  a u tu m n  (Figure 8e and  g, respectively). The 
rem aining categories, to ta l sm all copepods, to ta l large copepods, 
and  to ta l am phipods, do  no t show  any strong correlation  patterns 
(Figure 8b, c, and f, respectively). To illustrate the  m agnitude o f 
change in  som e foodweb com ponents, consider the  tim e-series 
o f  abundance o f  the  copepod C. finmarchicus, w hich is n o t an  
im p o rtan t food item  for post-sm olts, b u t is a likely ind icato r o f  
changes in  food item s (Figure 9). E uphausiids are a food item  
for post-sm olts (H augland et al., 2006) and  have declined by a 
sim ilar fraction.

Retrospective patterns of post-smolt growth
The post-sm olt grow th o f  A tlantic salm on has declined over the 
past three decades com pared w ith the period  o f  robust growth 
in  the 1970s th a t coincided w ith the  period  o f  good salm on 
recru itm en t in  the N ortheast Atlantic. The post-sm olt growth 
increm ent increased du rin g  the 1960s in to  the 1970s for the 
B urrishoole 1SW stock, b u t began to  decline by the  end o f  the 
1970s, and rem ained low th rough  sm olt year 1999 (Figure 10a). 
Qualitatively, we see the  sam e p a tte rn  in  the  grow th increm ents 
for the G irnock 2SW  stock, and  the  N o rth  Esk 1SW and  2SW 
stocks, w hich span  a sim ilar nu m b er o f  years (Figure 10c and  f, 
respectively). However, the  B urrishoole and  N o rth  Esk grow th sig­
natures were significantly correlated w ith the  first p rincipal com ­
p o n en t o f  the re tu rn  rates, whereas the  G irnock da ta  were no t 
(Table 4). The G irnock grow th data  show  three  distinct periods 
o f  post-sm olt grow th where the 95% confidence intervals generally 
do no t overlap; these periods can be dem arcated  as sm olt years 
1964-1967, 1968-1976, and  1977-1983. Despite having the 
sam e general p a tte rn  o f  grow th over tim e, lo w -h ig h -lo w , there 
are a nu m b er o f  coordinates th a t influenced the relationship 
betw een G irnock grow th and the  first p rincipal co m ponen t o f  
the  re tu rn  rates, in  particular the high values in  1968/1969 and 
low  values in  1973 and  1979. It is also w orth  repeating that the 
G irnock sam pling rate was 20 fish year- 1 , whereas the next 
lowest rate for a stock com ponen t was 46 fish year- 1 . The Lagan 
stock post-sm olt grow th signatures were also sam pled in  a tim e 
fram e sim ilar to  the first p rincipal co m ponen t o f  the re tu rn  rates 
(Figure 10e). Despite lacking the  well-defined tim e-series p a tte rn  
seen in  the  B urrishoole and N o rth  Esk grow th signatures, the 
Lagan da ta  were significantly correlated w ith the  first principal 
co m ponen t o f  the  re tu rn  rates (Table 4). The data for the
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Figure 7. C orrelation betw een  th e  first principal co m p o n e n t o f re tu rn  rates o f  tagged  salm on an d  sm olt-year SST for th e  m o n th s  May 
th ro u g h  D ecem ber, panels (a) th ro u g h  (h), respectively. Light grey shading m arks app rox im ate  regions w ith  u n co rre c ted  corre la tions 
significant a t  p  =  0.05, an d  dark  grey represen ts app rox im ate  regions significant a t  p  =  0.01. Asterisks m ark  d iscrete  locations w here 
au to co rre la tio n -co rrec ted  corre la tions are significant a t  p* =  0.05 (*) an d  p* =  0.01 (* ).
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Figure 8. C orrelation betw een  th e  first principal c o m p o n e n t o f  re tu rn  rates o f  tagged  salm on an d  3 -m o n th  m oving averages of 
log-transform ed p lank ton  c o m p o n e n t levels an d  ab u n d an ce  in SAHFOS sta n d ard  areas B1, B2, B4, an d  C4. N um bers along abscissa represen t 
th e  cen tre  m o n th  o f m oving average. Panels (a) th ro u g h  (g) are for th e  levels an d  ab u n d an ce  o f th e  PCI, to ta l small copepods, to ta l large 
copepods, C. helgolandicus, C. finm archicus, to ta l am phipods, an d  to ta l euphausiids, respectively. Asterisks m ark  w here 
au to co rre la tio n -co rrec ted  corre la tions are significant a t  p* =  0.05 (*) an d  p* =  0.01 (* ).

D ram m en 1SW and  2SW  stocks and  2SW fish cap tured  in  
G reenland are b o th  shorter tim e-series, b u t they b o th  show  declin­
ing trends (Figure 10b and d, respectively). The D ram m en data 
were significantly correlated w ith the first p rincipal com ponent 
o f  the  re tu rn  rates, whereas the  G reenland data were no t (Table 4).

Analysis o f  circuli spacing p artitioned  in to  putative m on th ly  
increm ents suggests th a t grow th du rin g  the fou rth  and fifth 
m on ths o f  life at sea, w hich we estim ate relate to  August and 
Septem ber, is the  m ost critical in  determ in ing  patterns o f  post- 
sm olt grow th and survival. The corre lation  betw een the first p rin ­
cipal co m ponen t o f  the  re tu rn  rates and circuli spacings p ro p o r­
tionally  allocated to  m on ths for B urrishoole 1SW fish were 
highest and significant du ring  the  fou rth  and fifth m on ths o f  life 
at sea (Figure l i a ) .  Patterns were sim ilar for the  1SW and  2SW 
D ram m en fish and  2SW  G reenland fish, w ith the highest corre­
lations du rin g  the fou rth  and  fifth m on ths (Figure 1 lb , c, and e, 
respectively). The proportiona lly  allocated grow th increm ents for 
the G irnock and  Lagan stocks were n o t significantly correlated

w ith the first p rincipal com ponen t o f  the  re tu rn  rates 
(Figure l i d  and  f, respectively).

Climate indices
Both NAO and  AM O indices o f  clim ate change show  dram atic 
shifts over the past four decades, b u t the forcing associated w ith 
the  AM O appears to have had  a greater effect o n  changes in 
salm on recru itm en t in  the  N ortheast A tlantic. The NAO w ent 
from  a p redom inan tly  negative to  a positive phase from  the 
1970s in to  the  1990s, w ith som e ind ica tion  o f  a reversing sign in 
recent years (Figure 12a). The AM O also w ent from  lower to  
h igher values over the  period, b u t the tim e-series p a tte rn  is differ­
en t from  the  NAO pattern , show ing a m in im u m  in  the  1970s and  a 
con tinu ing  tren d  o f  increasing index values th rough  the m ost 
recent decade (Figure 12b). The con trast in  tim e-series p a tte rn  is 
reflected in  the  different degree o f  corre lation  w ith the first p rinci­
pal co m ponen t o f  the  re tu rn  rates. The first p rincipal com ponent 
o f  the re tu rn  rates is uncorrelated  w ith the  NAO (Figure 12c,
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Figure 9. M ean ab u n d an ce  o f  C. finm archicus an d  euphausiids in 
area B1 over th e  m o n th s  Ju ly -O c to b e r .

Table 5), whereas it is highly correlated w ith the  AM O 
(Figure 12d). The NAO and AM O are uncorrelated  w ith each 
o th er (Figure 12e).

Discussion
O u r analysis here supports the  hypothesis advanced in  Friedland 
et al. (2000) th a t survival and  recru itm en t o f  E uropean salm on 
are m ediated  by  grow th during  the  post-sm olt year. The central 
hypothesis is th a t faster grow th du ring  this period  results in 
lower accum ulated  m orta lity  on  a cohort, and  hence higher 
recru itm ent. W e offer a nu m b er o f  significant extensions to the 
hypothesis and  tests o f  corollary hypotheses w ith new  and 
extended datasets. W e extend the  central hypothesis by  show ing 
a spatial and tem poral m atch  betw een increasing SST conditions 
and  reduced grow th and  survival, so suggesting a direct link 
betw een tem pera tu re  forcing and recru itm ent. C orollary to  the 
original hypothesis o f  the  role o f  post-sm olt grow th is the 
reinforcem ent o f  seasonal varia tion  in  grow th and  the specific 
role o f  sum m er grow th. Finally, as has been reported , the 
N orw egian Sea foodweb has changed and  represents a less
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Figure 10. Post-sm olt g row th increm ent, as e ith e r  scale grow th in crem en t o r  back-calculated  grow th, for index stocks by sea age o f re tu rn  and  
European origin fish cap tu red  a t  W est G reen land  vs. sm o lt year. Stocks an d  stock groups are  as follows: (a) Burrishoole, 1SW; (b) D ram m en, 
1SW an d  2SW; (c) Girnock, 2SW; (d) G reenland, 2SW; (e) Lagan, 1SW; an d  (f) N orth  Esk, 1SW an d  2SW. Lines are 5-year m oving averages, and  
erro r bars are 95% confidence intervals.
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Table 4. C orrelation betw een  post-sm o lt grow th  increm en t by 
stock  an d  sea age o f re tu rn  an d  first principal c o m p o n e n t o f  re tu rn  
rates o f  tagged  salm on.

Index Sea age r n P N* p*

Burrishoole 1SW 0.530 35 0.001 20 0.016
D ram m en 1SW 0.653 21 0.001 11 0.029
D ram m en 2SW 0.557 21 0.009 17 0.020
G irnock Burn 2SW 0.344 29 0.067 13 0.249
G reen land 2SW 0.265 22 0.234 10 0.460
Lagan 1SW 0.545 34 0.001 34 0.001
N orth  Esk 1SW 0.650 40 0.000 25 0 .000
N orth  Esk 2SW 0.661 39 0.000 24 0 .000

n, observed sam ple size; p, probability value of correlation; N*, effective 
sample size after correction for autocorrelation; p*, probability o f correlation 
after correction for autocorrelation.
Significance a t  p — 0.05 em boldened.

productive env ironm ent for A tlantic salm on post-sm olts. We 
assert th a t o u r replicate tests elevate ou r confidence in  accepting 
the  grow th-survival hypothesis o f  recru itm en t contro l, b u t we 
recognize th a t survival o f  salm on is n o t one-d im ensional and 
th a t o th er factors affect the stock com plex and indiv idual stocks 
w ith in  the  complex. Regional stocks are likely d isproportionately  
affected by stressors in  fresh water (Fivelstad et al., 2004) and  pre­
da tion  by  m arine  m am m als (Butler et al., 2006; M iddlem as et al., 
2006), am ong o th er factors. W e also feei we have an  incom plete 
test o f  the  role o f  sm olt size o n  recruitm ent.

O u r data  o n  the  effect o f  sm olt size on  recru itm en t is lim ited  to  
two stocks, w ith  one stock suggesting th a t sm olt size plays no role 
and  the o th er suggesting th a t it m ay either con tro l recru itm en t or 
con tribu te  to the  p a tte rn  o f  post-sm olt grow th realized later in  the 
post-sm olt year. The first in te rp reta tion  th a t sm olt size is a factor 
contro lling  recru itm en t is supported  by  exam ples o f  w here size at
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Figure 11. C orrelation  betw een  th e  first principal co m p o n e n t o f re tu rn  rates o f tagged  salm on an d  th e  proportionally  allocated  m onth ly  
grow th increm en t for (a) Burrishoole, 1SW; (b) D ram m en, 1SW; (c) D ram m en, 2SW; (d) Girnock, 2SW; (e) G reenland, 2SW; an d  (f) Lagan, 
1SW. C oord inates are labelled w ith au to co rre la tio n -co rrec ted  p-levels o f th e  corre la tion  coefficients; corre la tions significant a t  p* =  0.05 are 
m arked  w ith  filled symbols.
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Figure 12. Time series plots of (a) the  NAO and (b) the AMO climate indices, and scatterplots of (c) the  first principal com ponent of return 
rates of tagged salmon and the  NAO, (d) first principal com ponent of return rates of tagged salmon and the  AMO, and (e) the  NAO and 
AMO climate indices.

Table 5. Correlation between climate indices and first principal 
com ponent of return rates of tagged salmon.

Index 1 Index 2 r n P N* p*

NAO PC1 survival -0 .1 0 4 41 0.520 41 0.520
AMO PC1 survival -  0.674 41 0.001 28 0.001
AMO NAO 0.054 41 0.740 41 0.740

n, observed sam ple size; p, probability value o f correlation; N*, effective 
sam ple size after correction for autocorrelation; p*, probability o f correlation 
after correction for autocorrelation.
Significance a t  p — 0.05 em boldened.

ocean en try  appears to  have conferred som e level o f  survival 
advantage for sa lm on (Kallio-Nyberg et al., 2004; Jutila et al., 
2006), b u t there are also exam ples where these relationships have 
n o t con tinued  over tim e (W ard, 2000) o r have specifically 
show n that for som e populations, trends in  declining survival 
are associated w ith increasing sm olt size (Kallio-Nyberg et al., 
2006). Some o f  the  da ta  supporting  the size a t ocean en try  are co n ­
d itioned  o n  the  exaggerated size con trast from  hatchery  products. 
M oreover, for this factor to  be a source o f  recru itm en t con tro l for 
the  stock complex, it m ust be found  in  all the  c o m ponen t stocks. It 
is n o t found  in  the N o rth  Esk stock so, considering the nu m b er o f 
m easurem ents m ade o n  th a t stock, the  test m ust be considered 
conclusive. The second effect th a t sm olt size confers som e 
grow th advantage du rin g  the  post-sm olt period  is less controver­
sial. There are da ta  th a t show  that fresh-water grow th can be 
related or unrelated  to the grow th that follows in  the  m arine 
env ironm ent (E inum  et al., 2002; Friedland et al., 2006). The 
size at ocean en try  for the  Figgjo stock correlated w ith subsequent 
post-sm olt growth, so it appears th a t for som e stocks, it is the com ­
bined  effect o f  fresh-water and post-sm olt grow th th a t controls 
recru itm ent. These data  underscore the  desirability o f  collecting 
add itional data  o n  size o f  sm olts at ocean entry.

The forcing effect o f  tem perature  appears to  be a direct effect o f 
tem pera ture  o n  grow th and an  indirect effect o f  tem perature, 
because it relates to  change in  therm al regim e in  the  N ortheast

Atlantic. Previous analyses o f  therm al hab ita t (Friedland et al., 
1993, 1998, 2000) clearly show ed som e level o f  clim ate variation  
co-varying w ith  salm on recru itm en t in  Europe. However, these 
analyses failed to  characterize the  region o f  the  N orw egian Sea 
show n to  be the post-sm olt nursery  (H olm  et al., 2000). The 
data  con tribu ted  to  in terpreta tions o f  the role o f  SST that are at 
variance w ith the  cu rren t analysis, suggesting th a t the decline in 
grow th is related to  a decline in  tem perature  (Jonsson and 
Jonsson, 2004). The regim e o f  recent increasing tem peratures 
focused in  the  N orw egian Sea and  to w hich we relate the recent 
decline in  salm on is no t un ifo rm  th ro u g h o u t the region, as evi­
denced by  the way the  SST correlations w ith survival rate breaks 
dow n to the  n o rth  and  sou th  o f  the  post-sm olt nursery. An 
increase o f  SST above op tim al grow th levels to  tem peratures that 
m ay be inh ib iting  grow th appears to  be affecting Atlantic 
sa lm on and  salm on species elsewhere (Wells et al., 2007).

A lthough we identified a critical period  o f  post-sm olt grow th 
and  survival, we do no t believe th a t o u r data  suggest th a t a critical 
size m echanism  is contro lling  recruitm ent. Beam ish and  M ahnken 
(2001) suggested th a t recru itm en t in  Pacific sa lm on was related to 
grow th and  the a tta inm en t o f  critical size to  survive stressful seg­
m ents o f  the  first year at sea. The concept was applied to  coho 
salm on (Oncorhynchus kisutch) in  the  Strait o f  Georgia (Beamish 
et al., 2004) and is based m ainly  on  data  th a t com pare  the 
grow th o f  fish caught du ring  the post-sm olt year w ith fish believed 
to  be from  the sam e coh o rt b u t caught after the  post-sm olt year. 
W e can n o t replicate their test because we do n o t have post-sm olt 
scale collections over the  study  period. However, if  A tlantic salm on 
need to a tta in  a m in im u m  size to  survive their first w inter, we 
w ould  expect to  see un ifo rm ity  o f  post-sm olt grow th response 
across years, n o t the highly con trasted  grow th response seen in 
o u r data. W e believe th a t o u r data  su p p o rt a m orta lity  m odel 
w here post-sm olts w ith longer juvenile stage d u ra tio n  will suffer 
h igher rates o f  p redation  because o f  an  extended period  in  a 
stage experiencing greater m ortality, a concept th a t has been 
applied to  larval (H oude, 1997) and juvenile fish (Sogard, 1997). 
The alternative response seen in  som e species, o f  increased
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grow th resulting in  a decline in  fitness to  avoid predation , does no t 
appear to  be consistent w ith o u r da ta  (Lankford et al., 2001).

The troph ic  shifts in  the  N orw egian Sea show  som e level o f  
com plem entary  change w ith respect to  food item s directly  utilized 
by sa lm on vs. those affecting o th er species u p o n  w hich salm on 
m ay prey. Beaugrand and Reid (2003) exam ined changes am ong 
a set o f  variables sim ilar to  those analysed here, b u t they chose 
to  use catch data  to  cond ition  the  response o f  salm on. O ur find­
ings are sim ilar to theirs, b u t we conditioned  o u r correlates o n  
abundance and re tu rn  rates, w hich we believe should  support 
b o th  sets o f  findings. The conspecifics C. helgolandicus and  C. f in ­
marchicus are the d o m in an t Zooplankton species in  the N ortheast 
Atlantic and  spatially separated by their associated SST (Planque 
and  Batten, 2000). The com plem entary  correlations betw een 
salm on survival and  the  abundance o f  these taxa is a reflection 
o f  the  shift in  the  p lank ton  co m m unity  in  the  so u thern  p a rt o f  
the post-sm olt nursery. W hereas C. finm archicus has declined in  
abundance, C. helgolandicus has increased, a lthough the  densities 
o f  C. helgolandicus have never a tta ined  the  sam e levels as those 
o f  C. finm archicus previously. The resulting troph ic  cascade has 
caused a shift in  the p ro d u c tio n  o f  gadoid species (Beaugrand 
et al., 2003), as has been  seen elsewhere (Frank et al., 2005), and 
an  increase in  phytop lank ton  standing crop, w hich we suspect 
has resulted in  an  increase in  the ben th ic  flux and  a loss o f  
energy from  the ecosystem. Salm on have obviously n o t been a b en ­
eficiary o f  the change in  energy flow in  the N orw egian Sea ecosys­
tem , so u n til we can determ ine w hich changes in  the  troph ic  
struc tu re  are im pacting  salm on, we can only speculate on  them  
based on  sh o rt-d u ra tio n  studies o f  post-sm olt feeding and  where 
com ponents o f  the d iet m ay have changed and resulted in  the 
decline o f  post-sm olt grow th (H augland et al., 2006).

In  ad d itio n  to changes in  survival and recruitm ent, A tlantic 
salm on stocks have show n changes in  o th er biological features 
th a t are likely related to  changes in  the  ocean environm ent. 
Q u inn  et al. (2006) report changes in  body  size and re tu rn  
tim ing  o f  sa lm on in  Irish rivers, and  identified exploitation p a t­
terns and ocean p roductiv ity  as likely factors producing  these 
popu lation  shifts. L’Abée-Lund et al. (2004) a ttribu ted  changes 
in  the  p a tte rn  o f  m atu ra tio n  schedules for salm on stocks in  
N orw ay to  changes in  ocean m igrations, w hich w ould  likely be 
affected by  the  sam e set o f  oceanographic changes we here a ttr i­
b u te  to influencing salm on recru itm ent. Boylan and  Adam s 
(2006) related changes in  the  NAO to changes in  p opu lation  
trends in  the  River Foyle in  Ireland. As som e o f  the  characteristics 
appear to  be m atch ing  trends in  the  NAO, it is im p o rtan t to 
rem em ber that different aspects o f  the  life h isto ry  o f  salm on 
m ay be responding to  changes in  SST reflected by the AM O 
index differently from  the way they respond  to the atm ospheric 
forcing reflected bette r in  the NAO signal.

The com bined set o f  factors acting o n  salm on in  the  N ortheast 
Atlantic has thw arted  conservation m easures designed to recover 
the stocks (Boisclair, 2004), so underscoring the need to  u n d e r­
stand the position  o f  the  species w ith in  its ecosystem. Salm on 
have experienced an  ensem ble shift in  clim ate conditions, 
foodweb com position , and likely p redato r groupings sim ilar to 
the regim e shifts described for Pacific salm on (Oncorhynchus 
spp.) and  co-varying conditions in  the G uff o f  Alaska (M ueter 
et al., 2007). The question  we now  face is w hether there is 
reason to believe we will re tu rn  to  form er stock conditions associ­
ated w ith the  oscillatory states o f  clim ate forcing o r w hether 
clim ate change will result in  a shift in  resource d istribu tion  and

productivity? In  an  analysis o f  the  po ten tial effect o f  clim ate 
change on  species viability, Schwartz et al. (2006) found  that 
extinction  vulnerability  increases w ith decreasing d istribu tion  
size. A tlantic salm on oceanic d istribu tion  is b road , b u t as a d iadro- 
m ous fish, its d istribu tion  is biphasic betw een the  ocean and  fresh 
water. Salm on fresh-water d istrib u tio n  is also b road , b u t salm on 
are locally adap ted  and  in  som e contexts, an  individual river 
stock needs to  be  viewed and  m anaged as a species (Taylor, 
1991). P redictions o f  clim ate change over the  next century  
suggest th a t tem pera ture  increases over land will exceed those 
expected over the  surface o f  the  oceans (Boer et al., 2000), w ith 
m uch  o f  Europe experiencing tem perature  increases o f  ~ 9 °C , 
and  m ost o f  the regions associated w ith  salm on-rearing  experi­
encing change o f  ~ 4 °C  (Rowell, 2005). In  this context, we m ay 
look to  changes in  the  m arine env ironm ent as the  forcing factor 
contro lling  stock com plex productivity , b u t the  changing state 
o f  conditions in  fresh w ater m ay be the  m ore im p o rtan t factor 
contro lling  species d istribu tion  and  viability.
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