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Surface trawls were conducted over a large area of the Northeast Atlantic in 2002, 2003, 2008, and 2009 to collect samples of Atlantic
salmon (Salmo salar) post-smolts during their marine feeding migration (n ¼ 2242). The dominant smolt age of wild post-smolts was
2 years, followed by 1- and 3-year-old fish, and a few 4-year-old fish. The average rate of circulus formation in the marine zone of scales
was estimated to be 6.3 d circulus21. Both the age structure and the number of marine circuli in the scales suggest that the majority of
the post-smolts originated in rivers in southern Europe. Applying intercirculi distances in scales as a proxy variable of growth rate
suggests that putative marine growth rates varied among years, with the fastest growth rates in 2002 and the slowest growth rates
in 2008. Further, the first marine intercirculi distances were narrowest in 1-year-old smolts, successively increasing with smolt age,
indicating that growth rates during the first period at sea were lowest for salmon of southernmost origin. Growth indices are
linked to prevailing environmental and biological conditions.
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Introduction
Over the past three decades, the abundance of Atlantic salmon
(Salmo salar) has declined throughout most of its range, despite
reductions in fishing effort and measures to protect freshwater
habitats (Friedland et al., 2009). In Europe, the decline has been
more pronounced for southern stocks (Potter et al., 2004). High
rates of mortality of salmon during the early marine phase have
been reported (Hvidsten and Møkkelgjerd, 1987; Fisher and
Pearcy, 1988; Hvidsten and Lund, 1988), and there is evidence

that ocean climate and food availability influence growth and con-
sequently survival (Friedland et al., 1998; Rikardsen et al., 2004;
Hvidsten et al., 2009). A substantial body of evidence indicates a
linkage between ocean climate and post-smolt growth
(Peyronnet et al., 2007; McCarthy et al., 2008; Friedland et al.,
2009), further supporting the hypothesis that the survival and
the recruitment of European salmon are mediated by growth
during the post-smolt year (Friedland et al., 2000), with faster
growth resulting in lower accumulated mortality of the cohort
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during summer and early autumn, and consequently higher
recruitment (Friedland et al., 2009).

A positive correlation between the rate of circulus formation on
scales and fish growth rate appears to be a common feature among
fish (Fisher and Pearcy, 1990). Hence, Atlantic salmon scales
provide a record of annual growth in both freshwater and the
marine environment, as well as of subannual growth, which can
be used in an ecological context to understand the effects of
climate on individuals and cohorts. Wider circuli spacings
develop during summer growth, and more closely spaced circuli
develop during winter.

Traditionally, Atlantic salmon scales have been used only to es-
timate age and growth rates associated with annual increments.
However, developments in image processing allow measurements
of the growth of all circuli on a scale as well as analysis of the
fine-scale growth patterns of Atlantic salmon. The rate of growth
can be determined precisely and accurately, and growth checks
and other growth anomalies can be assigned temporally. The
growth rate can be estimated over short periods, of the order of
weeks during summer and of months during winter. This tech-
nique has been used to identify the continent of the origin of
fish caught in the West Greenland salmon fishery and to assess
the marine growth patterns of several salmon populations (Lear
and Sandeman, 1980; McCarthy et al., 2008; Friedland et al.,
2009).

In this study, smolt age and post-smolt growth signatures were
determined using the image processing of scales taken from
Atlantic salmon post-smolts collected by surface trawling in the
Norwegian Sea in 2002, 2003, 2008, and 2009. Intercirculi dis-
tances were used as a proxy for the growth rate and the number
of marine circuli as a proxy for the period the post-smolts had
spent at sea. The smolt age of Atlantic salmon increases with lati-
tude (Metcalfe and Thorpe, 1990), so the smolt age of salmon
caught at sea may be used to determine the origin of the fish.
Growth data together with smolt age were used to make inferences
about the region of the origin of post-smolts captured in the
Norwegian Sea. Further, the hypotheses that growth rates among
post-smolts were similar in all years and independent of the
smolt age of the fish were tested and evaluated against environ-
mental and biological covariates.

Material and methods
Sampling of fish
Scale samples were obtained from Atlantic salmon post-smolts
caught during 12 surface trawl surveys conducted by the
Institute of Marine Research, Norway, in 2002, 2003, 2008, and
2009 and by the Marine Institute, Ireland, and the Faroe Marine
Research Institute, Faroe Islands, in 2008 and 2009. The 2002
and 2003 surveys were restricted to the Vøring Plateau area
(Haugland et al., 2006), but a wider area of the Norwegian Sea
was surveyed in 2008 and 2009 (Figure 1) under the EU-funded
SALSEA Merge project. To this study, the surveys were grouped
into three regions: northwest of Ireland (region 1: 54830–
61830′N 11–048W), the Vøring Plateau area in the central and
southern parts of the Norwegian Sea (region 2: 61830–69830′N
16830′W–128E), and the northern Norwegian Sea (region 3:
69830–778N 138W–218E; Table 1). Trawls were conducted off
northwest Ireland in May, in the Vøring Plateau area in June
and July, and in the northern Norwegian Sea in July and August
(Table 1).

A modified surface trawl was used (Valdemarsen and Misund,
1995); it had been fitted with extra flotation on the headrope to
ensure the sampling of the upper 0–14 m of the water column.
In four of the surveys (Table 1), the trawl was equipped with a
live fish-capture device (a “fish lift”) attached to the codend to
prevent excessive scale loss from the post-smolts (Holst and
McDonald, 2000). The trawl was hauled at 2.7–6.0 knots and
tow durations ranged from 0.5 to 4.5 h (varying between surveys
and conditions). All post-smolts were sampled according to a pre-
defined sampling protocol.

Age and growth analyses
Approximately 50% of the 2002 (n ¼ 233) and 2003 (n ¼ 234)
samples were used for the scale analyses, whereas all samples
from 2008 (n ¼ 813) and 2009 (n ¼ 765) were analysed
(Table 1). Where age determination from scales was uncertain or
when scales could not be obtained from the post-smolts, otoliths
(n ¼ 674) were used for age determination (Table 1). The otoliths
(sagittae) were extracted from the post-smolts by dissection,
cleaned, and stored dry. Before age determination, each otolith
was immersed in ethanol to clear the hyaline zones. Age was deter-
mined by viewing the otolith through a stereo/dissecting binocu-
lar microscope under reflective light against a black background.

Where possible, scales were taken from the optimal location for
scale analysis (i.e. just behind the dorsal fin and above the lateral
line). However, the trawl often caused significant scale loss from
salmon post-smolts, particularly in those surveys when the fish
lift was not used (Table 1). The optimal location for scale analysis
is the region on the fish where the first scales are thought to be
formed early in the developmental process. Warner and Havey
(1961) and Jensen and Johnsen (1982) showed that smolt age
and the number of circuli may be underestimated using scales
from other locations on the fish. However, this problem may be
more prevalent for northern stocks, where developmental tem-
peratures in freshwater are much colder, than for southern
stocks (Jensen and Johnsen, 1982). The scale sampling location
was not recorded for all fish, so to minimize the extent of possible
errors, the smallest scales relative to the fish length were excluded
from the growth analyses. For the 2002 and 2003 samples that were
obtained using the fish lift, some small scales and scales with ir-
regular shapes were noted and were excluded from the analyses.
A regression analysis of the post-smolt fork length against the
scale radius was used to identify particularly small scales in the
2008 and 2009 samples. The regression analysis did not differ sig-
nificantly between the 2 years (ANCOVA, length × year inter-
action, F ¼ 0.29, d.f. ¼ 1, p ¼ 0.59), so the data from both years
were combined (scale radius ¼ 0.00623 × fish length 2 0.141,
n ¼ 1614). All scales with a radius of ,80% of that expected
from the regression line (n ¼ 301) were excluded from the
analyses.

Using Image Pro 6.3# software, one transect was drawn on the
scale along the 3608 axis from the end of the freshwater growth
zone to the edge of the scale to record the marine growth zone
(McCarthy et al., 2008), and the spacing between circuli was mea-
sured automatically in this zone. The sum of all circuli spacings
from the outermost freshwater circulus to the edge of the scale, in-
cluding scale growth after completion of the final circulus, repre-
sents the total post-smolt growth for each individual until capture.

For scales sampled in 2002 and 2003, the transition from fresh-
water to salt water had been interpreted slightly differently (i.e. for
some scales, the first 1–3 marine circuli had been omitted)
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compared with those collected in 2008 and 2009, and this was cor-
rected for in the analyses. Apart from this, there were no other dif-
ferences in the way the measurements were made or interpreted
among years.

Putative monthly growth increments for April, May, and June
were estimated from circuli spacings in the marine growth zone
of the scales, assuming a circulus formation rate of 6.3 d circulus21

or 5 circuli month21 (see the “Results” section) until the date of
capture.

Environmental and biological data
Mean monthly sea surface temperature (SST) data were obtained
for the months of May, June, and July for the period 1981–2010
from the Meteorological Office Hadley Centre (HadISST) with
1 × 18 horizontal resolution (Rayner et al., 2003) and spatially
averaged over three different areas (55–608N 10–158W;
65–698N 58W–58E; 70–758N 0–168E), corresponding to
regions 1, 2, and 3, respectively. The monthly time-series of SST

Figure 1. Maps showing the catches of post-smolts per trawl hour at surveys conducted in 2002, 2003, 2008, and 2009. The horizontal lines at
61830′N and 69830′N indicate the borders between the three regions.
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for these three regions were compared with the marine growth of
the post-smolts. Information on the abundance of zooplankton
and spawning-stock biomass (SSB) of pelagic fish in the
Norwegian Sea for the period 1997–2011 was obtained from
ICES (2011a, b), respectively.

Results
In all regions and years, the dominant smolt age of wild post-
smolts was 2 years (Figure 2), followed by 1- and 3-year-old fish,
and with a few 4-year-olds.

Number of circuli in the marine zone of scales
The number of circuli in the marine zone of the scales of wild post-
smolts increased with latitude (Figure 2). The mean numbers of
circuli in 2008 and 2009 (+95% confidence intervals) were
4.66+ 0.24 (n ¼ 311) and 6.60+ 3.12 (n ¼ 5) in region 1, in-
creasing to 12.91+ 0.36 (n ¼ 274) and 12.92+ 0.35 (n ¼ 492)
in region 2, and 16.23+ 0.95 (n ¼ 35) and 14.64+ 1.01
(n ¼ 61) in region 3. For 2002 and 2003, data were only available
for region 2, and in those 2 years, the mean numbers of circuli were
8.98+ 0.30 (n ¼ 233) and 9.45+ 0.36 (n ¼ 234), respectively.

Using two different subsamples, both from 2008, the average
rate of circulus formation in the marine zone of scales was esti-
mated to be 6.3 d circulus21. Information on the number of
marine circuli and the date of capture of 1-year-old wild
post-smolts sampled in regions 1 and 2 was used to establish a
regression between the day of the year of capture (x) and the
number of circuli (y): y ¼ 0.158 x 2 15.6; n ¼ 55, r2 ¼ 0.594,
p , 0.001. Assuming that most 1-year-old post-smolts captured
in region 2 in early July 2008 originated from the same broad geo-
graphic area and hence migrated to sea at the same time as those
captured in region 1 in May 2008, the rate of circulus formation
was estimated to be 0.158 circuli d21, or 6.3 d circulus21. Using
similar information for 2-year-old smolts of wild origin, the rate
of circulus formation was estimated to be 0.160 circuli d21, or
6.3 d circulus21 (y ¼ 0.160 x 2 18.2; r2 ¼ 0.768, n ¼ 435, p ,

0.001; Figure 3). Data from region 3 were not included in these
estimates because the occurrence in this region of salmon from
more northerly populations that leave freshwater later and conse-
quently have fewer marine circuli in their scales would result in an

underestimate of the rate of circulus formation. Moreover, data
from 2009 could not be used because of the small number of
samples available from region 1 (only two post-smolts in each
age group).

Except the three smallest samples (region 1 in 2009, n ¼ 5;
region 3 in 2008, n ¼ 38; and region 3 in 2009, n ¼ 58), significant
relationships were found between smolt age and the number of
circuli in the marine zone of the scale in wild post-smolts, with
the largest numbers of circuli present in the youngest fish
(ANOVA tests, p , 0.01).

Growth rate
The data available for region 2, the region most frequently
sampled, were used to examine temporal differences in the
growth rate. The highest putative marine growth rates were in
2002, followed by 2003 and 2009, with the slowest growth rates
in 2008 (Figure 4a).

As the median date of capture for post-smolts in region 2 was
6 d earlier in 2002 (23 June) and 13 d later in 2008 (12 July) than
in both 2003 and 2009 (29 June), a correction for capture date
was made, assuming that it takes 6.3 d to form each circulus.
Therefore, the intercirculi distances shown in Figure 4a were cor-
rected for capture date by shifting the 2002 data one circulus to the
left and the 2008 data two circuli to the right compared with the
2003 and 2009 data (Figure 4b). Comparison of these standardized
time-series indicates that the maximum growth rate peaked in
June in all 4 years, slightly earlier in 2009 and slightly later in
2003 than the other 2 years.

Monthly, putative post-smolt growth rates in April, May, and
June were fastest in 2002, followed by 2003 and 2009, and
slowest in 2008 (Table 2). These growth rates were slower in fish
from region 1 than in fish from the other two regions, but there
was no systematic difference between growth rates in fish from
regions 2 and 3 (Table 2).

When aligned from the end of the freshwater zone of the scale
towards the edge of the scale (Figure 5), the marine circuli spacings
indicate an increasing growth rate with an increasing age of post-
smolts. However, the corresponding circuli pair numbers in
Figure 5 are not necessarily laid down at the same time, because
individuals from southern rivers migrate earlier than those from

Table 1. Information on survey area, vessel, dates, total catch of Atlantic salmon post-smolts, and mean (+s.e.) fork length and weight.

Area and vessel Date
Number of post-smolts

(scale and otolith sample sizes) Length (mm) Weight (g)

Northwest of Ireland (region 1)
RV “Celtic Voyager” 10– 15 May 2008 76 (74, 17) 165.6+ 5.02 55.16+ 5.02
RV “Celtic Explorer” 16– 25 May 2008 358 (339, 274) 172.9+ 0.96 55.57+ 0.92
RV “Celtic Voyager” 9–12 May 2009 9 (8, 4) 188.8+ 7.43 68.87+ 6.37

The Vøring Plateau area (region 2)
RV “Johan Hjort”a 21 June –1 July 2002 590 (233, 0) 220.7+ 1.26 132.4+ 2.45
RV “Johan Hjort”a 26 June –6 July 2003 436 (234, 0) 224.3+ 1.62 130.1+ 2.92
RV “Magnus Heinason”a 3–16 July 2008 348 (348, 20) 208.5+ 0.90 105.1+ 1.34
RV “Celtic Explorer” 23 June –2 July 2009 455 (375, 213) 213.0+ 0.94 94.39+ 1.35
RV “Magnus Heinason”a 1–15 July 2009 310 (304, 21) 210.1+ 1.37 104.5+ 2.50
MV “Libas” 15 July– 6 August 2009 9 (9, 8) 228.9+ 7.25 124.0+ 10.6
MV “Finnur Frı́ði” 17– 24 July 2009 5 (3, 4) 248.0+ 15.4 168.8+ 32.1

Northern Norwegian Sea (region 3)
MV “Eros” 26 July– 9 August 2008 82 (52, 53) 245.8+ 2.00 143.0+ 3.79
MV “Eros” 15 July– 6 August 2009 75 (66, 60) 237.2+ 2.52 139.6+ 4.23

aSurveys involving the fish lift.
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more northerly rivers. When the marine circuli spacings were
aligned from the outer edge of the scale, i.e. from the day of
capture, towards the origin, the circuli spacings of the different
age groups are similar, suggesting that growth rates between post-
smolts of different smolt age did not differ when they were in the
same area with similar prey availability.

The average of the five outermost circuli spacings in post-smolt
scales may be used as a proxy for growth in the final month before
capture, and this measure increased with the latitude at which the

post-smolts were captured [regression lines between latitude (x)
and standardized average spacing (y): 2008: y ¼ 0.030 x 2 1.94,
F1,501 ¼ 28.45, r2 ¼ 0.052, p , 0.001; 2009: y ¼ 0.029 x 2 1.83,
F1,603 ¼ 4.02, r2 ¼ 0.007, p ¼ 0.045].

Although the data are limited to only 4 years for temporal ana-
lyses, the relationship between SST in any month or region and
putative monthly scale growth increment for the same month
was not significant (p . 0.05), as demonstrated for SST at the
Vøring Plateau area in June (r ¼ 0.628, p ¼ 0.372; Figure 6a).

Figure 2. (Left) Age distribution of post-smolts, and (right) the number of circuli in the marine zone of scales of post-smolts caught in region
1 (2008 and 2009), region 2 (2002, 2003, 2008, and 2009), and region 3 (2008 and 2009). Sample sizes are 386, 7, 231, 232, 275, 656, 71, and 66
for (a)–(h), respectively, and 311, 5, 233, 234, 274, 492, 35, and 61 for (i)–(p), respectively.
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Similarly, there was no significant relationship between the abun-
dance of zooplankton in the Norwegian Sea and a putative
monthly scale growth increment (r ¼ 0.886, p ¼ 0.114, r ¼

0.731, p ¼ 0.269, and r ¼ 0.806, p ¼ 0.194 for April, May, and
June, respectively; Figure 6b). A significant negative relationship
was found, however, between the SSB of pelagic fish species
[blue whiting (Micromesistius poutassou), Norwegian spring-
spawning herring (Clupea harengus), and Atlantic mackerel
(Scomber scombrus)] in the Norwegian Sea and the post-smolt
scale growth increment in the Vøring Plateau area of the
Norwegian Sea (region 2) in 2002, 2003, 2008, and 2009 in both
April (r ¼ 20.983, p ¼ 0.017) and June (r ¼ 20.959, p ¼ 0.041;
Figure 6c), but not in May (r ¼ 20.933, p ¼ 0.067). A significant
negative relationship between the SSB of pelagic fish and the abun-
dance of zooplankton in the Norwegian Sea during the period
1997–2011 has also been established (r ¼ 20.606, p ¼ 0.017;
data from ICES, 2011a, b).

Discussion
The results of this study have revealed both annual and regional
variations in the putative growth rate of Atlantic salmon post-
smolts captured in the Northeast Atlantic. It would appear that
the fastest marine growth rates were in 2002, followed by 2003
and 2009, with the slowest growth rates in 2008.

Information on smolt age, the number of marine circuli on
post-smolt scales, catch date, and rate of circulus formation can
be used in combination to identify the broad geographic region

Figure 3. Relationship between day of the year and the number
of marine circuli in scales of 2-year-old wild Atlantic salmon
post-smolts captured during the 2008 surveys in regions 1 and 2.

Figure 4. Intercirculi distances (mm) in the marine zone of scales of Atlantic salmon post-smolts captured in the Vøring Plateau area (region
2) in 2002 (dots), 2003 (open circles), 2008 (inverted black triangles), and 2009 (open triangles). (a) Aligned from the edge of the scale and
towards the origin (from right to left), with circuli pair number 21 the outermost spacing close to the edge of the scale, i.e. the last complete
spacing before capture. Error bars are 95% confidence intervals. (b) The same data, but corrected in time, based on the median date of capture
each year, and assuming that a new circulus was formed every 6.3 d.

Table 2. Putative monthly growth increment+ 95% confident intervals in scales of Atlantic salmon post-smolts sampled in the three
regions in 2002, 2003, 2008, and 2009 (sample size in parenthesis).

Region and year

Monthly growth increment (mm)

April May June

Region 1
2008 0.162+ 0.017 (20) 0.183+ 0.012 (24)

Region 2
2002 0.242+ 0.024 (7) 0.327+ 0.009 (124) 0.386+ 0.007 (233)
2003 0.214+ 0.016 (16) 0.247+ 0.010 (111) 0.309+ 0.008 (230)
2008 0.182+ 0.010 (44) 0.215+ 0.006 (223) 0.250+ 0.005 (300)
2009 0.189+ 0.006 (142) 0.232+ 0.005 (459) 0.274+ 0.004 (540)

Region 3
2008 0.194+ 0.011 (26) 0.243+ 0.012 (40)
2009 0.188+ 0.035 (9) 0.223+ 0.015 (34) 0.284+ 0.010 (58)
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of the origin of fish caught at sea. Within Western Europe, the
smolt age increases with latitude, from predominantly 1-year-old
smolts in Spain and France and 2-year-old smolts in Ireland and
the UK to predominantly 4-year-old smolts in northern Norway
(Metcalfe and Thorpe, 1990). Smolts leave freshwater earlier in
the year in the south than in the north, and although there is
some variation among rivers and years, 50% of the smolts have

usually migrated out of Spanish and French rivers during the
first half of April (C. Garcia de Leaniz, pers. comm.) and from
rivers in the UK in mid- or late April or early May (Kennedy
and Crozier, 2010). Similarly, smolts usually leave rivers in south-
ern Norway in early May, central Norway in mid- or late May, and
northern Norway in June or early July (Hvidsten et al., 1998). The
latter authors suggested that smolts in Norwegian rivers are

Figure 5. Intercirculi distances (mm) in the marine zone of scales of 1-, 2-, and 3-year-old post-smolts, aligned from the end of the freshwater
zone of the scale and towards the edge of the scale (from left to right), with circuli pair number 1 the distance between the last circulus laid
down in freshwater and the first in seawater. (a) Region 1, 2008, (b) region 2, 2002, (c) region 2, 2003, (d) region 2, 2008, (e) region 2, 2009,
(f) region 3, 2008, and (g) region 3, 2009. Error bars are 95% confidence intervals.

1674 A. J. Jensen et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/icesjm

s/article/69/9/1668/637962 by guest on 11 April 2024



adapted to leave their river when SSTs reach 88C and that this is
�5 weeks earlier in the south than in northern Norway. In
Iceland, the smolt run takes place in late May in the south and
in June or July in the north (Antonsson and Gudjonsson, 2002).

Based on the data presented for 2008, one new circulus was esti-
mated to be laid down in the marine zone of post-smolt scales
every 6.3 d, slightly faster than the rate of �1 circulus week21 in
summer and one circulus every 2 weeks in winter for post-smolts
and 1-sea-winter adults reported by Hubley et al. (2008). The same
result was obtained for both 1- and 2-year-old smolts, which are
expected to be mainly from populations in southern Europe
(Spain and France) and the UK and Ireland, respectively. The

occurrence in region 2 of salmon of the same smolt age from
more northerly populations will result in a slight underestimate
of the rate of circulus formation. As a positive correlation
between the rate of circulus formation and the fish growth rate
appears to be a common feature (Fisher and Pearcy, 1990), the
rate of circulus formation may vary among areas and years.
Hence, in years with higher growth rates than in 2008, the forma-
tion rate of circuli is expected to be faster. However, the number of
circuli in the marine zone of post-smolt scales may provide a
general indication of the time elapsed between smolts leaving
their natal rivers and their capture in the ocean, and consequently
of the date when they entered the sea.

In all 4 years, eight or more marine circuli were present on the
scales of most post-smolts captured in the Vøring Plateau area in
late June and early July, suggesting that these fish had left fresh-
water at least 50 d earlier, i.e. in April or early May. Moreover,
the dominant smolt age was 2 years, and this low smolt age
and the large number of circuli on the scales suggest that most
of these post-smolts were of southern origin and most likely origi-
nated from Ireland and the UK. This finding is consistent with
earlier conclusions on the origin of post-smolts based only on
their age (Holm et al., 2004).

The spacings between the first few circuli laid down in the scales
soon after the smolts entered the sea were narrowest in 1-year-old
smolts, successively increasing with smolt age, suggesting that
growth rates in that period were lowest for salmon of southern-
most origin. Furthermore, growth rates increased with latitude.
As slower growth during the post-smolt period results in higher
accumulated mortality in a cohort and consequently lower recruit-
ment (Friedland et al., 2009), the present results suggest that the
mortality of Atlantic salmon may be higher in the early post-smolt
period for southernmost populations, i.e. those with the largest
proportions of 1-year-old smolts (e.g. Spain, France), than for
populations farther north, assuming similar predation pressure.
Given that few salmon post-smolts with a smolt age .3 years
were sampled, the early growth of fish originating in Scandinavia
and Russia remains uncertain.

The main factors affecting the growth of fish are temperature,
food type and availability, and fish size (Brett et al., 1969).
Because smolts from rivers around the North Atlantic are
similar in size when they enter the sea, the variations in growth
rates observed may be explained mainly by temperature and
food type and availability. The distribution, mortality, and
growth of Atlantic salmon in the ocean are related to SST
(Reddin and Shearer, 1987; Friedland et al., 2000, 2009), although
other factors such as the abundance and type of planktonic food
resources in the post-smolt nursery area can also influence
growth (Beaugrand and Reid, 2003). Faster growth during the
post-smolt period results in less accumulated mortality in a
cohort and better recruitment (Friedland et al., 2009). For juve-
niles in freshwater, the optimum temperature for growth has
been estimated to be between 16 and 208C when food supply is
in excess (Jonsson et al., 2001). However, the optimum tempera-
ture for growth decreases with decreasing food availability (Brett
et al., 1969). Although sampling took place at SSTs between 5
and 148C, most post-smolts were captured at SSTs between 8
and 128C (8–118C north of 628N), in accord with the earlier find-
ings of Holm et al. (2004). In the Vøring Plateau area, where SSTs
were usually ,128C, the fastest post-smolt growth would be
expected in years with the highest SST if food conditions were
similar. With only a limited time-series of data available, no

Figure 6. Relationships between (a) monthly mean SST for June in
the Vøring Plateau area (65–698N 58W–58E), (b) biomass of
zooplankton in the Norwegian Sea, and (c) SSB of pelagic fish (blue
whiting, bottom; Norwegian spring-spawning herring, centre; and
mackerel, top) in the Norwegian Sea since 1997, and the growth
increment during June in scales of Atlantic salmon post-smolts
sampled in region 2 in 2002, 2003, 2008, and 2009 (dots with 95%
confidence bars).
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significant relationship between SST and post-smolt growth was
found, and additional information would be required to deter-
mine the influence of SST on growth in that area and period. In
populations farther north, salmon abundance and marine
growth are strongly influenced by sea temperature (Niemelä
et al., 2004; Jensen et al., 2011).

Although based on only four years of data spread over an 8-year
period, the SSB of pelagic fish was significantly and negatively
related to post-smolt growth in the Vøring Plateau area. The cor-
responding relationship with zooplankton abundance was not sig-
nificant, but the significant negative relationship between the
abundance of pelagic fish and the abundance of zooplankton sug-
gests reduced zooplankton availability when pelagic fish are abun-
dant. In the Norwegian Sea, Atlantic salmon post-smolts feed
mainly on 0-group fish and hyperiid amphipods (Haugland
et al., 2006). Our findings suggest that the annual variation in
the growth rate of post-smolts before July in each of the 4 years
studied may have been controlled by food availability rather
than SST. The increased growth with latitude in both 2008 and
2009 strengthens this suggestion. However, SST may be a more im-
portant factor influencing the growth of post-smolts in late
summer. McCarthy et al. (2008) found that the growth of post-
smolts from the Drammen River (Norway) was related to sea tem-
perature during the fourth and fifth months (August and
September) at sea.

Putative marine growth rates vary among different areas and
years and increase with the smolt age. Hence, the hypotheses
that growth rates among post-smolts were similar in all years
and independent of the smolt age of the fish were rejected. The
results also suggest that annual variation in the growth rate of
post-smolts could be influenced by food availability, but addition-
al research on this topic is required.
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