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The stock complex of Atlantic salmon, Salmo salar, in Europe has experienced a multidecadal decline in recruitment, resulting in the
lowest stock abundances observed since 1970. Here, physical forcing, biological interactions, and the resultant growth response of post-
smolt salmon are examined with a view to understanding the mechanism controlling recruitment. Sea surface temperature (SST) has
increased in the Northeast Atlantic, with the pattern and seasonal change in SST negatively correlated with post-smolt survival during
summer and in a region that spatially matches the post-smolt nursery. Constituents of the pelagic foodweb, including potential post-
smolt food and plankton that may affect post-smolt forage, have changed on a decadal scale and correlate with salmon survival.
Retrospective growth analyses of eight stock/sea age components show that post-smolt growth during summer is positively correlated
with salmon survival and recruitment. The Atlantic Multidecadal Oscillation appears to be a more closely aligned climate forcing index
than the North Atlantic Oscillation with respect to salmon recruitment. European Atlantic salmon recruitment appears to be gov-
erned by factors that affect the growth of post-smolts during their first summer at sea, including SST and forage abundances;

growth appears to mediate survival by the functional relationship between post-smolts and their predators.
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Introduction

Despite dramatic reductions in fishing pressure and measures to
protect critical habitats, the European Atlantic salmon (Salmo
salar) stock complex continues to decline in abundance as a
result of recruitment failure associated with the marine phase of
its anadromous life cycle. This marine phase of Atlantic salmon
has been difficult to study because of the habits of juvenile
salmon when they leave the rivers and begin their ocean
migrations. They forage mostly in the upper surface layer of the
ocean and migrate away from land, so they have always been an
enigma because they were rarely caught in fishing gear either as
directed catch or bycatch. It was not until the development of
surface fishing techniques for salmon post-smolts that a synoptic
characterization of their post-smolt ocean distribution emerged
(Reddin and Short, 1991; Holm ef al, 2000). We now know that
European salmon are influenced by the North Atlantic Drift and
Norwegian Currents, resulting in a transport of smolts to the
north, but the ocean currents alone do not explain their distri-
bution patterns, suggesting that early in the marine phase,
salmon post-smolts use a migration orientation to guide them
to the west and into the Norwegian Sea (Booker et al, 2008).
When researchers began to relate ocean climate conditions to

recruitment patterns, they limited their hypotheses to tests
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associated with the areas salmon post-smolts would inhabit
during the first months at sea, because the habitats used increas-
ingly later in the post-smolt year were unknown.

The first attempt to relate ocean climate variation to European
salmon recruitment focused on the relationship between recruit-
ment and the spatial distribution of sea surface temperature
(SST), or the quantity of thermal habitats. These analyses were
limited to spring, so that inferences could be related to habitats
that were likely used by the post-smolts. Friedland et al. (1993)
reported that a catch-based index of recruitment for the
European salmon stock complex was correlated with a thermal
habitat index of the area of the sea surface between 7 and 13°C
during spring. As this habitat index covered such a broad area, it
was not clear whether the variation represented a direct effect of
temperature on post-smolts or simply reflected some level of
climate variation co-varying with the recruitment pattern. In an
attempt to refine this analysis, Friedland et al. (1998) used an
age-disaggregated set of survival indices instead of a catch index
and examined a range of thermal habitat indices. Those analyses
supported the conclusion that ocean climate variation in the
Northeast Atlantic appeared to be related to the recruitment
pattern, but the analyses also offered limited insight on the
possible mechanisms ofrecruitment control.
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The biological component of growth was added to the analysis
ofsalmon recruitment mechanisms with the introduction ofretro-
spective growth analyses. Friedland et al. (2000) introduced a
time-series of post-smolt growth increments for an index stock
from Scotland, the North Esk. The growth increment analysis
showed that the post-smolt growth for North Esk salmon was
positively correlated with the survival pattern of the stock, and
by association with the recruitment pattern of the European
stock complex, because the two resembled each other. The data
suggested that growth at some time during the post-smolt
season, between ocean entry and the formation of the winter
annulus, was influencing survival. This hypothesis is further sup-
ported by data for another stock, the Burrishoole, which showed a
multidecadal pattern of post-smolt growth similar to that seen
with the North Esk fish (Peyronnet et al., 2007). However,
neither analysis was able temporally to limit the growth effect to
a subseason within the 8-month period represented by the post-
smolt growth increment. McCarthy et al. (2008) reported an
analysis of post-smolt growth for salmon in the Drammen River
in Norway and addressed the issue by introducing a technique
of proportionally allocating circuli spacing increments to putative
months during the post-smolt season. Their findings suggest that
the correlation between post-smolt growth and survival is driven
by the growth during summer, principally during the fourth and
fifth months of life in the ocean. The Drammen data do not
cover the full range of recruitment variation for the stock or the
stock complex, but the data clearly indicate that summer growth
is pivotal to salmon post-smolt survival. The data offer additional
support for the growth-survival hypothesis, and further suggest a
season-specificity to growth-mediated survival, as has been seen
elsewhere in salmonids (Beamish et al., 2004; Moss et al., 2005;
Ruggerone et al., 2005, 2007).

Other data suggest that the environment impacts post-smolt
growth in a way beyond the broad-scale forcing represented by
analyses that track changes in thermal habitat. In an analysis of
circuli spacing for another Scottish river, the Girnock Burn,
Friedland et al. (2005) reported that post-smolt growth during
the first months at sea was negatively correlated with SST,
noting that the analysis was initially constrained to May and
June data, for which there was greater confidence that environ-
mental data matched the distribution ofthe fish. When the analy-
sis was extended deeper into summer, and hence further along the
migration of the post-smolts, the negative correlation between
growth and SST was strengthened, and it showed a pattern that
resembled the distribution of post-smolts revealed in trawl
survey data (Holm ef al, 2000). A negative growth response for
salmon related to increasing temperature was also detected by
Todd et al. (2008). Collectively, these two studies suggest that
warming conditions in the Northeast Atlantic are associated
with decreased growth of salmon. Whether temperature is the
primary agent of this change in growth is not known, however,
because increasing temperature may lower growth via increased
metabolic demands (Brett, 1979), but salmon are capable of
moderating their temperature by migrating.

Concomitant with the observed change in SST in the Northeast
Atlantic has been a change in the components of the ecosystem.
Change in the area has been observed in the level of primary pro-
duction (Richardson and Schoeman, 2004), secondary production
(Beaugrand ez al., 2002; Beaugrand and Ibanez, 2004), and the dis-
tribution of marine fish (Perry et al., 2005). Beaugrand and Reid
(2003) correlated change in the plankton community with the
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recruitment of European salmon, which suggests a specific
linkage between diet and growth, although the linkage would
most likely be related to conditions influencing the preferred
forage of salmon post-smolts (Haugland et al, 2006).

Our goal in this investigation was to approach the mechanism
of European salmon recruitment holistically, by examining phys-
ical forcing and biological response. We analysed the SST fields
in the Northeast Atlantic to determine whether spatial and
temporal variations in the fields were related to the pattern of
recruitment and whether broad-scale climate forcing was related
to the pattern of recruitment variation. We reanalysed previously
reported retrospective growth time-series, increasing the length
ofsome ofthe series, and introduced time-series previously unre-
ported. Finally, we analysed the abundance data for potential food
and other foodweb indicators that potentially may be influencing

salmon post-smolt growth and survival.

Methods

Recruitment of salmon

The recruitment of salmon can be assessed by examining trends in
stock size, which represent the cumulative effects of mortality
factors affecting multiple life stages, or by focusing on survival
indices associated with key life stages responsible for the variation
in recruitment. For European salmon, we can examine recruitment
through both forms of data. The stock complex of European
salmon has been assessed with a modified virtual population
analysis, or run reconstruction analysis, that estimates the size of
the stock, referred to as pre-fishery abundance, at a point in
time before the first fisheries are executed (Potter et al., 2004).
These estimates are disaggregated by sea age of return, focusing
on the two dominant sea ages of l-sea-winter (TSW) and 2SW,
and by geographic groupings, splitting the stock complex into
groupings of national stocks from northern and southern
Europe. The set of estimates we used were from the 2007 stock
assessment (ICES, 2007), augmented with earlier estimates for
Norway during the smolt years 1970-1981 (ICES, 2001) that the
assessment group deemed unreliable. We do not take issue with
the conclusion of the assessment of the working group that the
early part of the Norwegian time-series is problematic, but we
feei it is representative enough of stock size to use the data in a
qualitative context, as treated here.

The survival of post-smolts, the key life stage for Atlantic
salmon, can be assessed by tagging data for the stocks of two
rivers. The rivers Figgjo and North Esk are small, relatively
unimpacted, salmon rivers that empty into the North Sea. The
River Figgjo is located in southern Norway and supports a stock
ofsalmon mainly comprising ISW fish (Figure 1). A wild smolt-
tagging programme has been conducted in the river since 1965
and annual releases average ~1200 fish, except 1982, when no
tags were applied (Table 1). Pre-smolt juvenile salmon were cap-
tured by electro-fishing 2-4 weeks before the smolt migration
and tagged with individually numbered Carlin tags (Carlin,
1955) attached to the dorsal side of the fish under MS222 anaes-
thesia. Fish were held in a net pen located at the capture site for
a few hours before being released back into the same area of the
river. Fishers reported adult recaptures oftagged fish. The North
Esk is a larger river than the Figgjo located on the east coast of
Scotland (Figure 1). Smolt tagging has also been conducted in
the North Esk, but in that tagging programme, migrating smolts
were intercepted in a trap situated just above the head of tide
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Figure 1. Map ofthe Northeast Atlantic Ocean, with Sir Alister Hardy Foundation for Ocean Science (SAHFOS) standard areas Bl, B2, B4, and
C4 highlighted in grey. These areas are used to characterize CPR (Continuous Plankton Recorder) data. Locations of river of origin of six

salmon index stocks given by numbered key and climate monitoring station by lettered key.

(Shearer, 1990). All smolts trapped were tagged with individually
numbered external tags under MS222 anaesthesia. During the
years 1965-1967, smolts were tagged with diamond-shaped
silver plates attached to the anterior end of the dorsal fin using a
silver wire. Since then, smolts have been tagged with Carlin tags
affixed using polyethylene threads. Smolts were allowed to
recover from the effects of the anaesthetic for a few hours, then
released back into the river. The number of smolts tagged each
year has averaged ~5900 fish (Table 1), with the numbers of
fish tagged varying as a result of variations in trap efficiency
caused by differences in spring discharge levels.

Return rates in both rivers were based on the number of tag
returns by sea age and the number of tagged fish released by
smolt cohort. Return rates were interpreted as survival rates,
because the observed changes in abundance exceeded the range
ofwhat could be produced reasonably by changes in fishing mor-
tality alone. For the purposes of this study, recaptures of I1SW
salmon at the Faroe Islands were included on the 2SW recapture
lists because they would not be expected to return to home
waters in the same year. Principal component analysis of the pre-
fishery abundance and return rate time-series was carried out to

represent the general trend suggested by the component signals.

Size of smolts at ocean entry

The size of smolts as a factor affecting post-smolt survival and
resultant recruitment was evaluated by examining time-series
from the two index stocks used in the recruitment evaluation.
The smolts used in the Figgjo and North Esk tagging studies
were measured. A subsample of 50 fish per year was used to esti-
mate smolt size of the Figgjo stock (Table 1). For the North Esk
stock, the sample size of lengths measured is nearly the same as
the number of fish tagged through the year 2000; since then, the
number of fish tagged has been a subsample of the number of
fish measured. The adequacy of the length of samples was evalu-
ated by calculating 95% confidence intervals to assess graphically
if smolt lengths were different between years. Mean smolt sizes

were correlated with the first principal component of the return

rate time-series.

Climate change in fresh-water habitats

There are a multitude of factors that can affect the size of Atlantic
salmon smolts, many of which are beyond the scope of this study.
However, climate factors affecting fresh-water rearing conditions
can be assembled and compared with smolt size and parallel
events in the marine environment. Temperature and rainfall pat-
terns for the UK and southern Norway were extracted from the
dataset of climate parameters assembled by the European
Climate Assessment and Dataset project (Klein Tank et al,
2002). Fresh-water climate conditions were represented by temp-
erature and rainfall patterns at the Waddington and Torungen
Fyr stations, for the UK and southern Norway, respectively
(Figure 1).

Trends In SST

Trends in SST across the Northeast Atlantic Ocean were character-
ized using the extended reconstructed SST dataset (ERSST, version
2), a dataset based on an SST compilation of the International
Comprehensive Ocean-Atmosphere Data Set (ICOADS) and
representing interpolation procedures that reconstruct SST fields
in regions with sparse data (Smith and Reynolds, 2003, 2004).
The spatial resolution ofthe data is bins of2° longitude by 2° lati-
tude, and the temporal resolution is monthly; we extracted data
from the area 60-80°N and 10°W —20°E over the period 1965-
2005. These temperature fields were correlated with the first prin-

cipal component of the return rate time-series.

Plankton food resources In the post-smolt nursery

The abundance of plankton food items, those that may aggregate
salmon prey, or plankton that provides forage for the prey of
Atlantic salmon post-smolts, was extracted from the Continuous
Plankton Recorder (CPR) database hosted by the Sir Alister
Hardy Foundation for Ocean Science. The CPR survey is an
upper-layer plankton monitoring programme that has collected
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Table 1. Sample sizes used in tagging experiments and estimates of
mean smolt length for fish in the Figgjo and North Esk rivers.

Tagging Lengths
Smolt year
Figgjo North Esk Figgjo North Esk

1965 454 9 474 50 9 446
1966 322 5783 50 5783
1967 154 8 825 50 8 825
1968 459 5323 50 5308
1969 1278 1312 50 1313
1970 2 439 11 539 50 11 535
1971 3 542 7 240 50 7 240
1972 2723 5791 50 5791
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 1176 2 505 50 2 505
1978 999 2 111 50 2 111
1979 173 1 760 50 1760
1980 993 11 475 50 11 537
1981 982 10 371 50 10 371
1982 11 848 12 002
1983 919 1456 50 1456
1984 944 6 527 50 6 571
1985 994 6 210 50 6 216
1986 976 1124 50 1131
1987 994 4 976 50 1131
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 5914
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 enumerated plankton taxa in the North Atlantic since 1946
(Warner and Hays, 1994). Sampling is carried out by a high-speed
CPR towed by merchant ships of opportunity (Hays, 1994).
Seawater is filtered by the CPR onto silk screens with an effective
aperture size of 270 [xm. In the laboratory, the screens are sec-
tioned for spatially allocated counts and calibration to determine
a plankton density (Warner and Hays, 1994). We considered the
abundances of seven plankton categories: phytoplankton colour
index (PCI), Calanus finmarchicus, Calanus helgolandicus, total
amphipods, total euphausiids, total small copepods (<2 mm, tra-
verse stage in analysis), and total large copepod (>2mm, eye-
count stage of analysis). The input data were monthly
abundances for the period 1965-2005 from four ofthe CPR stan-
dard areas (Figure 1), areas only partially overlapping the region
considered to be the post-smolt nursery for salmon in the
Northeast Atlantic (Holm et al, 2000). Three-month running
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means of the abundances of potential post-smolt food items
were correlated with the first principal component of the return

rate time-series.

Retrospective patterns of post-smolt growth

We used a combination of scale reading and image analysis to
characterize scale patterns representative of marine growth
during the post-smolt period of Atlantic salmon. For one stock,
the North Esk, post-smolt growth is represented by a post-smolt
growth increment determined from conventional scale reading.
The first 29 years of this time-series were reported in Friedland
et al. (2000); the dataseries is extended here to 40 years
(Table 2). Scale samples were collected from 1SW and 2SW
salmon returning to the North Esk. Scales were removed from
the standard position for Atlantic salmon, namely rows 3-5
above the lateral line, on a line between the posterior end of the
dorsal fin and the anterior end of the anal fin. Scale impressions
of clean scales were made in cellulose acetate strips. From the
impressions, the distances from the scale focus to the beginning
of sea growth and the 1SW annuli were determined (Figure 2).
Using linear back-calculation based on size at capture, the
post-smolt growth increment was determined as the difference
between the total 1SW increment and the fresh-water increment.
Increments are given in centimetres. Scale sample sizes averaged
871 and 731 scales per year for the 1SW and 2SW returns,
respectively; all year-age samples exceeded 225 (Table 2).

The post-smolt growth increment and estimate of monthly
growth during that period were measured using image analysis
for four river stocks and samples from Greenland. European
salmon caught at West Greenland are mostly from rivers in
southern Europe and would have likely matured as 2SW fish the
year following the fishery (Reddin and Friedland, 1999). The
four river stocks, arrayed from west to east, are located in
Ireland, Scotland, Norway, and Sweden. The Burrishoole River is
located in western Ireland and has a trapping facility to sample
returning fish (Figure 1). The stock is mainly 1SW fish, so the
scale analysis focused on that age group (Peyronnet et al,, 2007).
The samples were a combination of wild and hatchery-origin
salmon; annual sample size averaged 46 fish (Table 2). The
Girnock Burn is a sub-tributary of the River Dee, Scotland. The
wild origin returns to this river are mostly 2SW, and they form
the basis of the scale-analysis sample, which averaged 20 fish per
year (Friedland et al, 2005). The Drammen River in southern
Norway was sampled between 1983 and 2003. Three maturity
groups, 1SW, 2SW, and 3SW, return to the river; for this study,
we focused on the 1SW and 2SW returns, which provided
average sample sizes of 51 and 46, respectively. The Fagan is a
river on the west coast of Sweden that empties into the North
Sea; unlike east coast Swedish rivers that empty into the Baltic
Sea, fish from the Fagan undertake their marine migration in
the North Atlantic Ocean. The Fagan is a hatchery stock mostly
composed of 1SW returns; sample sizes for that stock averaged
46 fish per year.

The post-smolt growth increment and estimates of monthly
growth were drawn from measurements of circuli spacings of the
marine portion of the scale. Scale samples were impressed into
acetate slides, or for the Girnock Burn, the scales were mounted
between glass slides. Using image processing, the spacings
between successive pairs of circuli were measured along a transect
on the 360° axis from the first pair of marine circuli to the edge of

the scale, so measuring all circuli spacings in the marine growth
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Table 2. Sample sizes for circuli spacing and post-smolt growth increment analysis by stock group and sea age of return.

Smolt Burrishoole Drammen Drammen Girnock Greenland Lagan North Esk North K
year 1SW 1SW 2SW 2SW 2SW 1SW 1SW 2SW
1961 18

1962 36

1963 35

1964 41 20

1965 46 20 973 1940
1966 40 19 50 1022 1304
1967 41 18 52 669 592
1968 50 17 57 1271 1010
1969 50 20 57 898 1630
1970 47 17 58 754 956
1971 49 20 52 936 956
1972 51 10 45 1421 651
1973 33 20 48 851 1312
1974 48 17 53 476 1258
1975 49 20 49 1173 578
1976 34 13 43 547 986
1977 45 19 50 49 747 1216
1978 51 19 50 47 999 866
1979 49 20 44 53 457 1526
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 1110 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 1039 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 1116 451
1997 51 47 43 52 2 1 590 782
1998 50 48 43 36 9 1205 519
1999 50 47 44 50 23 1432 470
2000 51 39 49 909 708
2001 52 45 1417 664
2002 41 1280 486
2003 874 367
2004 950

zone (Figure 2). The first pair of marine circuli is identified as the
first wide circuli spacing after the relatively tightly spaced circuli of
the fresh-water zone. The end ofthe post-smolt growth increment
was associated with the first winter growth annulus, which was
located by computing five-point running means ofcirculi spacings
and selecting the minimum mean. A running means averaging was
done to reduce the effect of measurement error on locating the
winter annulus. The sum of the circuli spacings from the begin-
ning of the marine zone to the winter annulus was used as the
post-smolt growth increment.

To examine growth more closely during the post-smolt period,
the total post-smolt growth increment was partitioned into puta-
tive monthly increments. We considered the post-smolt period
for European stocks of Atlantic salmon to last for a period of 8
months, based on the time when most stocks migrate to sea and

assuming that the winter annulus is formed after December, or

associated with shortest photoperiod of the year (Friedland
etal., 1993). The total number of circuli present in the post-smolt
growth increment for each salmon was divided by eight to deter-
mine the number of circuli pairs allocated to each monthly
period, so the circuli pairs are proportionally allocated to
monthly periods. The mean spacing ofcirculi for each proportion-
ally allocated month thus becomes an index that is more reason-
able to compare between individuals, with a varying number of
circuli deposited in the marine zone. We recognize that it is unli-
kely that the same number o fcirculi will actually be deposited each
month of the post-smolt period (Bilton, 1975), but we feei our
approach is reasonable considering that we are simply attempting
to compare the same relevant portion ofscales from different fish.
The post-smolt growth increment and estimates of monthly
growth were correlated with the first principal component of the

return rate time-series.
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360° Axis

Figure 2. Atlantic salmon scale showing measurement axis and
principal growth increments.

Climate indices

The pattern of recruitment for European Atlantic salmon was
compared with two broad-scale indices of climate forcing known
to affect the physical environment and biological populations
across the North Atlantic Ocean, and the associated terrestrial
habitats. The North Atlantic Oscillation (NAO) is defined as the
difference in normalized sea level pressure between Lisbon,
Portugal, and Stykkisholmus, Reykjavik, Iceland; we used the
winter index (December through March) and view the index as
the principal mode of atmospheric forcing (Hurrell et al., 2001).
We also used a second index known as the Atlantic Multidecadal
Oscillation (AMO), which is defined as a detrended pattern of
SST variability in the North Atlantic (Enfield ef al., 2001). The
detrending is intended to remove recent global climate change
effects induced by increasing greenhouse gas emissions. The
AMO signal appears to have a period of 20-40 years between
warm and cool conditions. These climate-forcing indices were cor-
related with the first principal component of the return rate

time-series.

Time-series correlation

The time-series we compared here had varying degrees ofautocor-
relation. We sought to account for this autocorrelation in our cor-
relation analyses (Pearson product-moment correlation) by
adjusting the effective degrees of freedoms of each test according
to the procedure suggested by Pyper and Peterman (1998). The
effective degree of freedom (N*) of a correlation between two

time-series, in notation series X and Y, was estimated from

+ . p Ul

where n is the sample size, and pxx (/) and pyy (/) are the autocor-
relations ofX and Y at lag j. Following Garrett and Petrie (1981),
we took the autocorrelation at lag j of the cross-products of
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standardized time-series of X and Y. The probability associated
with a correlation coefficient is designated as p and as p* for a

test with degrees of freedom based on N*

Results

Recruitment of salmon

The recruitment of salmon has been declining over the past three
decades, as shown by time-series of pre-fishery abundance esti-
mates and return rates for monitored stocks. The pre-fishery abun-
dance of the European stock complex has averaged ~5 million
salmon over the period, but the time-series shows a decline in
abundance from nearly 8 million fish in the early 1970s to ~3
million fish more recently. The stock subcomponents, as parti-
tioned by sea age and northern and southern subareas, have aver-
aged between 1.0 and 1.8 million salmon, respectively, but the
magnitude of the decline over time has not been uniform
among these subcomponents. Southern subcomponents have
declined more than northern components by age (Figure 3a).
W ithin subarea components, 2SW fish have declined slightly
more than 1SW fish. The first principal component of the four
pre-fishery abundance time-series suggests highest recruitment
during the early 1970s and lowest recruitments since the 1988

smolt year.
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Figure 3. (a) Normalized pre-fishery abundance of European salmon
partitioned by northern and southern subcomponents of the
European stock complex, and sea age of return for the smolt years
1970-2004. The first PC is the first principal component of the four
age-subcomponent abundances, (b) Normalized return rate of
tagged salmon from the Figgjo and North Esk rivers by sea age of
return for the smolt years 1965-2005. The first PC is the first
principal component of the four age-stock return rates.
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The time-series patterns of return rates for the Figgjo and
North Esk stocks are similar to the patterns in pre-fishery abun-
dances in those years that the time-series overlap. Return rates
of both sea ages for the Figgjo averaged 2.0%, and for the North
Esk 1.1%. We do not attach particular significance to the differ-
ences in these rates because the stocks would be expected to
have different performance levels in the environment. However,
the first principal component of the return rates shows striking
similarities to the first principal component of the pre-fishery
abundance data (Figure 3b). The two principal component time-
series are significantly correlated (r= 0.877, N* = 11, p* <
0.001). An important additional feature suggested by the return
rate data is that return rates during the period 1965-1969 were
lower than the peak in return rates seen in the 1970s, whereas
the pre-fishery abundance data, which only start in 1970, suggest
a monotonic decline in recruitment. The return rate data suggest
an increasing followed by a decreasing trend in survival rates for
the stocks. We suggest that the first principal component of the
return rates is the best signal to represent the survival pattern of
the stock complex, so it is used in correlation analyses here to

represent survival and recruitment ofthe stock complex.

Size of smolts at ocean entry

The size of emigrating smolts varied by stock and over time.
Smolts from the Figgjo river averaged 150 mm total length over
the study period, but they showed a distinct time-series pattern
of larger smolt size during the 1970s and early 1980s (Figure 4).
During the 1970s, Figgjo smolts approached 170 mm. Smolts
from the North Esk tended to be smaller, averaging 125 mm;
there is little trend in the time-series of North Esk smolt lengths.
When compared with the first principal component of the
return rates, the Figgjo smolt lengths were significantly correlated
with return rates, but North Esk smolt lengths were not correlated
(Table 3).

Climate change in fresh-water habitats
The most demonstrative change in fresh-water climate conditions
has been related to the thermal regime. Decadal variations in rain-

fall amounts are evident in both the UK and Norway (Figure 5a),

— Figgjo
. North Esk

170-

160-
B
B
j; 150-

130-

120-

1970 1980 1990 2000

Smolt year

Figure 4. Total length of migrating smolts from the Figgjo and
North Esk rivers for the smolt year period 1965-2006. Error bars are
95% confidence intervals.
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Table 3. Correlation between smolt size and first principal
component of return rates of tagged salmon.
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 sample size; p, probability value of correlation; N* effective
sample size after correction for autocorrelation; p*, probability of correlation
after correction for autocorrelation.

Significance at p — 0.05 emboldened.

Norway

1970 1980 1990 2000
Year

Figure 5. (a) Normalized precipitation and (b) air temperature
observed at index sites in the UK, Waddington, and southern
Norway, Torungen Fyr, with 5-year moving averages shown as heavy
lines.

though these variations have not been coherent between the two
areas (r= 0.328, p*= 0.062). Temperatures in the nursery
rearing areas, on the other hand, have trended over the study
period, with the warmest conditions within the past two decades
(Figure 5b). Temperatures in the UK and Norway were signifi-
cantly correlated over the past four decades (r= 0.845, p* <
0.001). We suspect that temperature change has contributed to
the change in smolt size in the Figgjo, but we do not see a conco-
mitant response ofsmolt size in the North Esk, which would have

experienced similar changes in thermal regime.

Trends In SST

SST over the region 60-80°N and 10°W-20°E varied both
spatially and temporally during the study period. The lowest temp-
eratures were during May (Figure 6a) and December (Figure 6h),
which averaged 3.9 and 3.7°C, respectively. SSTs averaged 7.6°C
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Figure 6. Mean SST over the study area by year for the months May
through December, panels (a) through (h), respectively.

during October, which had the highest monthly mean SSTs
(Figure 6f). There are some features common to the time-series
of monthly mean SST, with all months showing an increase in
SST during the past two decades (Figure 6). For the early
months of the year, there is an indication that SST was warmer
at the beginning ofthe time-series. SST has shown distinct patterns
ofchange on smaller spatial scales then the unit represented by our
study area (Casey and Cornillon, 2001), so we correlated the first
principal component of the return rates with SSTs observed in
bins of2° longitude by 2° latitude. The correlations are presented
as contours plotted by map coordinates. The first principal
component of the return rates is not strongly correlated with
the SST fields; during the first two months, May and June
(Figure 7a and b), the fish were at sea. These correlations increased
over the next 5 months, July through November (Figure 7c-g),
however, with the highest correlations appearing in the July and
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August fields. The correlations in the December SST field are
much lower than the preceding fields (Figure 7h). The first princi-
pal component of the return rates was negatively correlated with
SST in summer and autumn, with the strongest correlations
during July and August, suggesting that warm conditions had a
negative influence on recruitment.

Plankton food resources in the post-smolt nursery

The first principal component ofthe return rates was negative and
positively correlated with major plankton components ofthe CPR
survey. PCI was negatively correlated with the first principal com-
ponent of the return rates; these correlations were highly signifi-
cant in areas B2 and BI during summer and autumn
(Figure 8a). Following a similar pattern, the correlations with
the copepod C. helgolandicus were also negative and highly signifi-
cant in the same areas over much ofthe year (Figure 8d), though
the pattern was opposite for the copepod C.finmarchicus and total
euphausiids, which were positively correlated, especially in area Bf
during summer and autumn (Figure 8¢ and g, respectively). The
remaining categories, total small copepods, total large copepods,
and total amphipods, do not show any strong correlation patterns
(Figure 8b, c, and f, respectively). To illustrate the magnitude of
change in some foodweb components, consider the time-series
of abundance of the copepod C. finmarchicus, which is not an
important food item for post-smolts, but is a likely indicator of
changes in food items (Figure 9). Euphausiids are a food item
for post-smolts (Haugland et al, 2006) and have declined by a
similar fraction.

Retrospective patterns of post-smolt growth

The post-smolt growth of Atlantic salmon has declined over the
past three decades compared with the period of robust growth
in the 1970s that coincided with the period of good salmon
recruitment in the Northeast Atlantic. The post-smolt growth
increment increased during the 1960s into the 1970s for the
Burrishoole 1SW stock, but began to decline by the end of the
1970s, and remained low through smolt year 1999 (Figure 10a).
Qualitatively, we see the same pattern in the growth increments
for the Girnock 2SW stock, and the North Esk 1SW and 2SW
stocks, which span a similar number of years (Figure 10c and f,
respectively). However, the Burrishoole and North Esk growth sig-
natures were significantly correlated with the first principal com-
ponent of the return rates, whereas the Girnock data were not
(Table 4). The Girnock growth data show three distinct periods
ofpost-smolt growth where the 95% confidence intervals generally
do not overlap; these periods can be demarcated as smolt years
1964-1967, 1968-1976, and 1977-1983. Despite having the
same general pattern of growth over time, low-high-low, there
are a number of coordinates that influenced the relationship
between Girnock growth and the first principal component of
the return rates, in particular the high values in 1968/1969 and
low values in 1973 and 1979. It is also worth repeating that the
Girnock sampling rate was 20 fish year-1, whereas the next
lowest rate for a stock component was 46 fish year-1. The Lagan
stock post-smolt growth signatures were also sampled in a time
frame similar to the first principal component of the return rates
(Figure 10e). Despite lacking the well-defined time-series pattern
seen in the Burrishoole and North Esk growth signatures, the
Lagan data were significantly correlated with the first principal
component of the return rates (Table 4). The data for the
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Figure 7. Correlation between the first principal component of return rates of tagged salmon and smolt-year SST for the months May
through December, panels (a) through (h), respectively. Light grey shading marks approximate regions with uncorrected correlations
significant at p = 0.05, and dark grey represents approximate regions significant at p = 0.01. Asterisks mark discrete locations where

autocorrelation-corrected correlations are significant at p* = 0.05 (*) and p* = 0.01 (*).
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Figure 8. Correlation between the first principal component of return rates of tagged salmon and 3-month moving averages of

log-transformed plankton component levels and abundance in SAHFOS standard areas Bl, B2, B4, and C4. Numbers along abscissa represent
the centre month of moving average. Panels (a) through (g) are for the levels and abundance of the PCIL total small copepods, total large

copepods, C helgolandicus, C. finmarchicus, total amphipods, and total euphausiids, respectively. Asterisks mark where

autocorrelation-corrected correlations are significant at p* = 0.05 (*) and p* = 0.01 (*).

Drammen 1SW and 2SW stocks and 2SW fish captured in
Greenland are both shorter time-series, but they both show declin-
ing trends (Figure 10b and d, respectively). The Drammen data
were significantly correlated with the first principal component
ofthe return rates, whereas the Greenland data were not (Table 4).

Analysis of circuli spacing partitioned into putative monthly
increments suggests that growth during the fourth and fifth
months of life at sea, which we estimate relate to August and
September, is the most critical in determining patterns of post-
smolt growth and survival. The correlation between the first prin-
cipal component of the return rates and circuli spacings propor-
tionally allocated to months for Burrishoole 1SW fish were
highest and significant during the fourth and fifth months of life
at sea (Figure lia). Patterns were similar for the 1SW and 2SW
Drammen fish and 2SW Greenland fish, with the highest corre-
lations during the fourth and fifth months (Figure 11b, c, and e,
respectively). The proportionally allocated growth increments for

the Girnock and Lagan stocks were not significantly correlated

with the first principal component of the return rates

(Figure lid and f, respectively).

Climate indices

Both NAO and AMO indices of climate change show dramatic
shifts over the past four decades, but the forcing associated with
the AMO appears to have had a greater effect on changes in
salmon recruitment in the Northeast Atlantic. The NAO went
from a predominantly negative to a positive phase from the
1970s into the 1990s, with some indication of a reversing sign in
recent years (Figure 12a). The AMO also went from lower to
higher values over the period, but the time-series pattern is differ-
ent from the NAO pattern, showing a minimum in the 1970s and a
continuing trend of increasing index values through the most
recent decade (Figure 12b). The contrast in time-series pattern is
reflected in the different degree ofcorrelation with the first princi-
pal component ofthe return rates. The first principal component
of the return rates is uncorrelated with the NAO (Figure 12c,
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25 Table 5), whereas it is highly correlated with the AMO
‘ Calanusfmmarchlcus (Figure 12d). The NAO and AMO are uncorrelated with each
*  Euphausiids other (Figure 12e).

i Discussion
]Iél Our analysis here supports the hypothesis advanced in Friedland
lg et al. (2000) that survival and recruitment of European salmon
‘(; are mediated by growth during the post-smolt year. The central
G hypothesis is that faster growth during this period results in
lower accumulated mortality on a cohort, and hence higher
recruitment. We offer a number of significant extensions to the
hypothesis and tests of corollary hypotheses with new and
extended datasets. We extend the central hypothesis by showing
00. a spatial and temporal match between increasing SST conditions
and reduced growth and survival, so suggesting a direct link
between temperature forcing and recruitment. Corollary to the
1970 1980 2000 .. . .
original hypothesis of the role of post-smolt growth is the
Year reinforcement of seasonal variation in growth and the specific
Figure 9. Mean abundance of C. finmarchicus and euphausiids in role of summer growth. Finally, as has been reported, the
area Bl over the months July-October. Norwegian Sea foodweb has changed and represents a less
E
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Figure 10. Post-smolt growth increment, as either scale growth increment or back-calculated growth, for index stocks by sea age of return and
European origin fish captured at West Greenland vs. smolt year. Stocks and stock groups are as follows: (a) Burrishoole, 1SW; (b) Drammen,
1SW and 2SW; (c¢) Girnock, 2SW; (d) Greenland, 2SW; (e) Lagan, ISW; and (f) North Esk, 1SW and 2SW. Lines are 5-year moving averages, and
error bars are 95% confidence intervals.
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Table 4. Correlation between post-smolt growth increment by
stock and sea age of return and first principal component of return
rates of tagged salmon.

Index Sea age r n P N* p*

Burrishoole ISW 0.530 35 0.001 20 0.016
Drammen ISW 0.653 21 0.001 11 0.029
Drammen 2SW 0.557 21 0.009 17 0.020
Girnock Burn 2SW 0.344 29 0.067 13 0.249
Greenland 2SW 0.265 22 0.234 10 0.460
Lagan ISW 0.545 34 0.001 34 0.001
North Esk 1SW 0.650 40 0.000 25 0.000
North Esk 2SW 0.661 39 0.000 24 0.000

n, observed sample size; p, probability value of correlation; N*, effective
sample size after correction for autocorrelation; p* probability of correlation
after correction for autocorrelation.

Significance at p — 0.05 emboldened.
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productive environment for Atlantic salmon post-smolts. We
assert that our replicate tests elevate our confidence in accepting
the growth-survival hypothesis of recruitment control, but we
recognize that survival of salmon is not one-dimensional and
that other factors affect the stock complex and individual stocks
within the complex. Regional stocks are likely disproportionately
affected by stressors in fresh water (Fivelstad et al., 2004) and pre-
dation by marine mammals (Butler et al., 2006; Middlemas et al.,
2006), among other factors. We also feei we have an incomplete
test of the role of smolt size on recruitment.

Our data on the effect of smolt size on recruitment is limited to
two stocks, with one stock suggesting that smolt size plays no role
and the other suggesting that it may either control recruitment or
contribute to the pattern ofpost-smolt growth realized later in the
post-smolt year. The first interpretation that smolt size is a factor

controlling recruitment is supported by examples of where size at
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Figure 11. Correlation between the first principal component of return rates of tagged salmon and the proportionally allocated monthly
growth increment for (a) Burrishoole, ISW; (b) Drammen, 1SW; (¢) Drammen, 2SW; (d) Girnock, 2SW; (e) Greenland, 2SW; and (f) Lagan,
ISW. Coordinates are labelled with autocorrelation-corrected p-levels of the correlation coefficients; correlations significant at p* = 0.05 are

marked with 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 component of return
rates of tagged salmon and the NAO, (d) first principal component 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
component of return rates of tagged salmon.

Index 1 Index 2 r n P N* p*
NAO PC1 survival -0.104 41 0.520 41 0.520
AMO PCl1 survival - 0.674 41 0.001 28 0.001
AMO NAO 0.054 41 0.740 41 0.740

n, observed sample size; p, probability value of correlation; N*, effective
sample size after correction for autocorrelation; p* probability of correlation
after correction for autocorrelation.

Significance at p — 0.05 emboldened.

ocean entry appears to have conferred some level of survival
advantage for salmon (Kallio-Nyberg et al., 2004; Jutila et al,
2006), but there are also examples where these relationships have
not continued over time (Ward, 2000) or have specifically
shown that for some populations, trends in declining survival
are associated with increasing smolt size (Kallio-Nyberg et al,
2006). Some ofthe data supporting the size at ocean entry are con-
ditioned on the exaggerated size contrast from hatchery products.
Moreover, for this factor to be a source ofrecruitment control for
the stock complex, it must be found in all the component stocks. It
is not found in the North Esk stock so, considering the number of
measurements made on that stock, the test must be considered
conclusive. The second effect that smolt size confers some
growth advantage during the post-smolt period is less controver-
sial. There are data that show that fresh-water growth can be
related or unrelated to the growth that follows in the marine
environment (Einum et al, 2002; Friedland et al, 2006). The
size at ocean entry for the Figgjo stock correlated with subsequent
post-smolt growth, so it appears that for some stocks, it is the com-
bined effect of fresh-water and post-smolt growth that controls
recruitment. These data underscore the desirability of collecting
additional data on size of smolts at ocean entry.

The forcing effect oftemperature appears to be a direct effect of
temperature on growth and an indirect effect of temperature,

because it relates to change in thermal regime in the Northeast

Atlantic. Previous analyses of thermal habitat (Friedland et al,
1993, 1998, 2000) clearly showed some level of climate variation
co-varying with salmon recruitment in Europe. However, these
analyses failed to characterize the region of the Norwegian Sea
shown to be the post-smolt nursery (Holm et al., 2000). The
data contributed to interpretations of the role of SST that are at
variance with the current analysis, suggesting that the decline in
growth is related to a decline in temperature (Jonsson and
Jonsson, 2004). The regime of recent increasing temperatures
focused in the Norwegian Sea and to which we relate the recent
decline in salmon is not uniform throughout the region, as evi-
denced by the way the SST correlations with survival rate breaks
down to the north and south of the post-smolt nursery. An
increase of SST above optimal growth levels to temperatures that
may be inhibiting growth appears to be affecting Atlantic
salmon and salmon species elsewhere (Wells et al., 2007).
Although we identified a critical period of post-smolt growth
and survival, we do not believe that our data suggest that a critical
size mechanism is controlling recruitment. Beamish and Mahnken
(2001) suggested that recruitment in Pacific salmon was related to
growth and the attainment of critical size to survive stressful seg-
ments of the first year at sea. The concept was applied to coho
salmon (Oncorhynchus kisutch) in the Strait of Georgia (Beamish
et al., 2004) and is based mainly on data that compare the
growth offish caught during the post-smolt year with fish believed
to be from the same cohort but caught after the post-smolt year.
We cannot replicate their test because we do not have post-smolt
scale collections over the study period. However, ifAtlantic salmon
need to attain a minimum size to survive their first winter, we
would expect to see uniformity of post-smolt growth response
across years, not the highly contrasted growth response seen in
our data. We believe that our data support a mortality model
where post-smolts with longer juvenile stage duration will suffer
higher rates of predation because of an extended period in a
stage experiencing greater mortality, a concept that has been
applied to larval (Houde, 1997) and juvenile fish (Sogard, 1997).
The alternative response seen in some species, of increased

0107 @ ounf w A Sio'sjeurnolpiojxosw(soor//:dyyy woy popeojumo(


http://icesjms.oxfordjournals.org

302

growth resulting in a decline in fitness to avoid predation, does not
appear to be consistent with our data (Lankford et al., 2001).

The trophic shifts in the Norwegian Sea show some level of
complementary change with respect to food items directly utilized
by salmon vs. those affecting other species upon which salmon
may prey. Beaugrand and Reid (2003) examined changes among
a set of variables similar to those analysed here, but they chose
to use catch data to condition the response of salmon. Our find-
ings are similar to theirs, but we conditioned our correlates on
abundance and return rates, which we believe should support
both sets of findings. The conspecifics C. helgolandicus and C. fin-
marchicus are the dominant Zooplankton species in the Northeast
Atlantic and spatially separated by their associated SST (Planque
and Batten, 2000). The complementary correlations between
salmon survival and the abundance of these taxa is a reflection
of the shift in the plankton community in the southern part of
the post-smolt nursery. Whereas C. finmarchicus has declined in
abundance, C. helgolandicus has increased, although the densities
of C. helgolandicus have never attained the same levels as those
of C. finmarchicus previously. The resulting trophic cascade has
caused a shift in the production of gadoid species (Beaugrand
et al., 2003), as has been seen elsewhere (Frank et al, 2005), and
an increase in phytoplankton standing crop, which we suspect
has resulted in an increase in the benthic flux and a loss of
energy from the ecosystem. Salmon have obviously not been a ben-
eficiary of the change in energy flow in the Norwegian Sea ecosys-
tem, so until we can determine which changes in the trophic
structure are impacting salmon, we can only speculate on them
based on short-duration studies of post-smolt feeding and where
components of the diet may have changed and resulted in the
decline of post-smolt growth (Haugland ez al, 2006).

In addition to changes in survival and recruitment, Atlantic
salmon stocks have shown changes in other biological features
that are likely related to changes in the ocean environment.
Quinn et al. (2006) report changes in body size and return
timing of salmon in Irish rivers, and identified exploitation pat-
terns and ocean productivity as likely factors producing these
population shifts. L’Abée-Lund et al. (2004) attributed changes
in the pattern of maturation schedules for salmon stocks in
Norway to changes in ocean migrations, which would likely be
affected by the same set of oceanographic changes we here attri-
bute to influencing salmon recruitment. Boylan and Adams
(2006) related changes in the NAO to changes in population
trends in the River Foyle in Ireland. As some ofthe characteristics
appear to be matching trends in the NAO, it is important to
remember that different aspects of the life history of salmon
may be responding to changes in SST reflected by the AMO
index differently from the way they respond to the atmospheric
forcing reflected better in the NAO signal.

The combined set of factors acting on salmon in the Northeast
Atlantic has thwarted conservation measures designed to recover
the stocks (Boisclair, 2004), so underscoring the need to under-
stand the position of the species within its ecosystem. Salmon
have experienced an ensemble shift in climate conditions,
foodweb composition, and likely predator groupings similar to
the regime shifts described for Pacific salmon (Oncorhynchus
spp.) and co-varying conditions in the Guff of Alaska (Mueter
et al., 2007). The question we now face is whether there is
reason to believe we will return to former stock conditions associ-
ated with the oscillatory states of climate forcing or whether
climate change will result in a shift in resource distribution and
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productivity? In an analysis of the potential effect of climate
change on species viability, Schwartz et al. (2006) found that
extinction vulnerability increases with decreasing distribution
size. Atlantic salmon oceanic distribution is broad, but as a diadro-
mous fish, its distribution is biphasic between the ocean and fresh
water. Salmon fresh-water distribution is also broad, but salmon
are locally adapted and in some contexts, an individual river
stock needs to be viewed and managed as a species (Taylor,
1991). Predictions of climate change over the next century
suggest that temperature increases over land will exceed those
expected over the surface of the oceans (Boer et al, 2000), with
much of Europe experiencing temperature increases of ~9°C,
and most of the regions associated with salmon-rearing experi-
encing change of ~4°C (Rowell, 2005). In this context, we may
look to changes in the marine environment as the forcing factor
controlling stock complex productivity, but the changing state
of conditions in fresh water may be the more important factor
controlling species distribution and viability.
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