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Abstract.—Variation in the sea age at maturity of Atlantic salmon Salmo salar was studied in
158 Norwegian rivers over large spatial (58—71°N; 5-30°E) and temporal (1983—-2000) scales. Age
at sexual maturity was expressed as the proportion of grilse (fish with one sea winter) in the
nominal salmon catch. No general temporal trend was found in the proportion of grilse in the
catches. However, grilse proportion declined significantly in 10 rivers and increased significantly
in 11 rivers out of the 55 rivers with data for all 18 years. There were no short-term cycles in
grilse proportion within rivers. We found coherence and similarity in the temporal variation in
grilse proportion for rivers draining into large fjord systems. Reasons for the temporal variation
in grilse proportions must be sought at a river-specific or regional scale. River-specific factors
(water discharge, river steepness, and presence of lakes) explained alarge percentage of the spatial
variation in grilse proportion. Grilse proportion increased with decreasing river size (measured as
mean annual water discharge) and with increasing proportion of water discharge occurring during
summer (i.e., the migration season). Grilse proportion was higher in rivers located nearer to the
open ocean, probably indicating an effect of early feeding on growth and maturation. Even after
accounting for environmental variation at the local scale, we found large regional differencesin
grilse proportion. Region captured this variation more efficiently than | atitude, but gril se proportion
was higher in the northern part of Norway than in the more southerly part. This variability may
indicate large-scale differences in, for example, oceanic migration routes for fish originating from

different regions.

Age at maturation is apivotal trait in organisms,
as fitness is more sensitive to changes in this trait
than to changes in many other life history traits
(Stearns 1992). This seems to be especially im-
portant for species with indeterminate growth
(e.g., fish), as the fecundity of females and the
fighting ability of males in many species is size
dependent (for a review, see Roff [1992]). Early
maturation increases the probability of surviving
to maturity and reduces the generation time, but
early maturing individuals reach only a small size
and thus produce few or small offspring. Hence,
the optimal trade-off solution will likely depend
on age-specific growth and mortality rates (Stearns
1992).

Age at maturation in salmonid fishes has re-
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ceived considerable attention for decades due to
the wide variability both among and within pop-
ulations. Differential survival and reproductive
success due to environmental constraints largely
shape this variability. Theoretical modeling and
experimental and observational studies demon-
strate that age at maturation is coupled with in-
trinsic (growth, age, and size at smolting; endo-
crine regulators) and extrinsic (breeding habitat,
temperature, and interspecific competition) bio-
logical and physical factors (Alm 1959; Schaffer
and Elson 1975; Stearns and Koella 1986; Quinn
et al. 2001). Intrinsic factors are under some de-
gree of genetic control, but will often vary as a
function of environmental influences (plastic re-
sponses). The extrinsic factors will influence the
individuals on different time scales, either through
natural selection (evolutionary time scales and
population scales) or through phenotypic plasticity
leading to variability within short time spans (in-
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dividual scales). In general, environmental factors
leading to rapid growth also tend to lead to an
early age at maturity in salmonids (Alm 1959).
However, the tendency for the fastest-growing in-
dividuals within a population to mature at an ear-
lier age than slow-growing individuals is not
unique to salmonid fishes. Day and Rowe (2002)
theoretically showed an overall common negative
reaction norm between the age at which various
life history transitions occur and the growth con-
ditions under which individuals develop.
Salmonids have complex life histories and great
variation in age at maturity (Groot and Margolis
1991; Shearer 1992; Elliott 1994). Within species,
the variation is due to local adaptation and phe-
notypic plasticity. Considerable evidence suggests
adaptation to local environments in salmonids, al-
though local adaptation is seldom directly docu-
mented (Taylor 1991). Local adaptation in sea age
at maturity in Atlantic salmon Salmo salar may be
coupled to predictable cues and various environ-
mental traits in freshwater and marine habitats,
such as water discharge and migratory arduous-
ness (Schaffer and Elson 1975; Scarnecchia 1983).
If marine conditions influence age at maturity, we
would expect (1) covariation in temperature and
maturation, as temperature, growth rate, and mat-
uration are strongly correlated, and (2) synchro-
nous variation in salmon populations utilizing the
same oceanic habitats. The first statement is gen-
erally accepted (Saunders et al. 1983; Scarnecchia
1983; Friedland 1998). The second statement is
more difficult to document, as the precise oceanic
distribution of different salmon populations is not
known. Our knowledge is restricted with regard to
how various species of both Atlantic salmon and
Pacific salmon Oncorhynchus spp. utilize different
ocean regions. However, among-river covariation
in sea age at maturity has been demonstrated for
both these taxa, indicating that fish from rivers
located in the same geographic area use the same
areas in the ocean (Scarnecchiaet al. 1991; Beam-
ish and Bouillon 1983; Friedland et al. 1993;
Friedland 1998; Pyper and Peterman 1999).
Atlantic salmon spawn in Norwegian rivers in
October—January (Heggberget 1988). Parr stay for
1-6 years in the rivers before they transform into
smolts and migrate to sea (Dahl 1916). They attain
sexual maturity after 1-4 years at sea (Jensen et
al. 1999) and return to freshwater in May—October
(Jonsson et al. 1990; Hansen and Jonsson 1991)
to spawn. Thosefish that survive spawning migrate
back to the ocean, feed, and subsequently return
to theriver to spawn again. However, most Atlantic
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salmon spawn only once (Fleming 1996). Age at
maturity varies widely among river populations,
but what selective forces mold this variation?

There has been concern in recent years about a
decline in the mean age of Atlantic salmon in Brit-
ish rivers (Shearer 1992; Crisp 2000). However, it
isunclear whether the declineis due to areduction
in sea age at maturity or due to a change in pop-
ulation structure within rivers. Some rivers have
several distinct groups of salmon, possibly origi-
nating from different subcatchments, with partic-
ular dynamics (see Youngson et al. [2002]). Most
unusual are the salmon entering rivers in October
of one year, but spawning the following October.
A decline in age can be explained in several ways,
either asaresult of earlier maturation for all groups
or as a result of a decline in subgroups (popula-
tions) of Atlantic salmon that normally mature at
alater age. Salmon cannot enter many of the Nor-
wegian rivers during winter due to ice and low
discharge. Those entering a river during spring,
summer, and autumn spawn in the autumn of the
same year. Although salmon that spend multiple
winters in the sea tend to ascend the rivers earlier
in the season than do grilse (salmon maturing after
1 year in the sea), they are subjected to the same
fishing pressure (Fiske and Aas 2001).

Here we document the spatial and temporal pat-
terns in the grilse proportion of Atlantic salmon
populations based on Norwegian official statistics
of nominal catches from 158 Norwegian rivers
covering avery large latitudinal range (58-71°N).
Most rivers are relatively small and are charac-
terized by low gradients. The data cover a time
span of 18 years, for which information about size
(and thus age) distribution of the catch isavailable.
In Norway, all river catch isrestricted to the sum-
mer season (usually June-August). In this paper,
three questions are addressed. First, are there tem-
poral patternsin the ratio of grilseto multiple-sea-
winter (MSW) Atlantic salmon across Norway?
Second, if such temporal variation exists, isit spa-
tially synchronized? Third, what environmental
variables at the global and local (river) scale are
most important for determining age at maturity
(sea age) in Atlantic salmon? These questions are
of general interest, as knowledge of long-term
trends in the life history of species subjected to
climate change, human harvesting, and habitat per-
turbation is an essential prerequisite for their con-
servation and sustainable management.

M ethods

Catch data.—The present study is based on the
Norwegian official statistics of nominal catch
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of adult Atlantic salmon from 158 Norwegian riv-
ers situated over a wide geographical range
(58°28'—71°03'N and 5°07’'—30°32'E; Table 1,
Figure 1). This large spatial scale encompasses
considerable variation in freshwater, coastal, and
ocean conditions, and thus gives rise to a variety
of different selection regimes. The considerable
number of Atlantic salmon populations along the
Skagerrak coastline that became extinct due to
acidification (Hesthagen and Hansen 1991) was
not included in this study.

In Norway, systematic collection of data on the
different Atlantic salmon fisheries began in 1876
(Hansen 1986). For almost all rivers, the data con-
tain recreational rod catches only. In three rivers
(Numedalslagen, Tana, and Neiden), some com-
mercial fishing with fixed nets and drifting netsis
performed. The legal fishing season is restricted
to summer and early autumn, but differs somewhat
among rivers. Since 1876, local salmon manage-
ment authorities have been required to collect and
report total catchesin each river. Starting in 1979,
Atlantic salmon were differentiated into two
weight categories (<3 kg and =3 kg). Starting in
1993, Atlantic salmon were categorized into three
weight classes (<3 kg, 3-7 kg, and =7 kg). The
smallest group (<3 kg) mainly correspondsto one-
sea-winter (1-SW) fish (grilse), and the larger
groups correspond to MSW fish (2-SW and 3-SW
fish) (Martin and Mitchell 1985; Jensen et al.
1999). These age and weight categories are iden-
tical to those used by the International Council for
the Exploration of the Sea (ICES) (Anonymous
2002). Some bias may be introduced by using this
classification, but we believe this is of minor im-
portance. In a regional Norwegian study, Dahl
(1910) showed that small-sized Atlantic salmon
(<3 kg) were chiefly 1-SW fish (96.3%, n =
1,387), and only a small fraction were 2-SW fish
(3.7%, n = 54). Further, some 1-SW fish may ex-
ceed 3 kg. In a study of 17 Norwegian Atlantic
salmon populations, the mean body length of 1-
SW fish varied significantly among rivers (mean
size = 55.4—-69.0 cm) (Jonsson et al. 1991a); how-
ever, this cannot directly be transformed to weight
classes. Unpublished datafrom four rivers (A. Jen-
sen, Norwegian Institute for Nature Research, per-
sonal communication) showed that between 2.2%
and 6.9% of 1-SW fish were larger than 3 kg
(Strynselva 6.9%, n = 246; Satdalselva
2.2%, n = 603; Orkla4.4%, n = 798; Vefsna3.0%,
n = 1,615), whereas between 0.1% and 2.9% of
2-SW fish were smaller than 3 kg (Strynselva
0.1%, n = 277; Saltdalselva 0.2%, n = 319; Orkla
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0.9%, n = 573; Vefsna 2.9%, n = 970). In the
Alta during 1991-2000, 4.7% of 2,645 age-deter-
mined, 1-SW fish were between 3 and 4 kg (O.
Ugedal, Norwegian Institute for Nature Research,
personal communication). For the Gaula during
1987-1991, 6.6% of 1-SW fish were larger than 3
kg (n = 534), whereas 0.05% of 2-SW fish were
smaller than 3 kg (n = 388) (J. H. L’Abée-Lund,
unpublished data). In total, some bias may be in-
troduced by classification of all fish smaller than
3 kg as grilse, but based on available data, the bias
is probably of minor importance.

All analyses were based on the proportion of
grilse in the reported annual catch (numbers of
fish) within each river. The official catch statistics
do not distinguish between males and females, so
sexes were treated together in the analyses. We
only used grilse proportion in our analysis, and
assumed that the reported proportion was based on
arandom sample of the total catch. Hansen (1986)
stated that it is generally accepted that the data
describe the fluctuations in catches and the de-
velopment of the fisheries. Furthermore, studies
from Iceland and northern Ireland demonstrate that
catch statistics reflect the size of the spawning run
(Gudjonsson et al. 1995; Crozier and Kennedy
2001). These and other comparable data are also
used by the ICES to describe the status and de-
velopment of Atlantic salmon in Norway and other
countries (Anonymous 2002). The ICES aggre-
gated the catch from all rivers into one national
index, whereas we treat the data on ariver-by-river
basis. If aggregated data were used, any biological
signal would be dominated by the large rivers,
such as the Tana (constituting 16—25% of the Nor-
wegian river catch in 1987-1992).

The study rivers varied considerably in size, as
did the catches. In some rivers, catch was very low
in some years, either because of small catches or
because of problems with the reporting procedure.
Rivers with reports from fewer than five seasons
were not included in the analyses. A minimum
required catch of 20 individuals per year was used;
otherwise the report for that year and river was
deleted from the database. After excluding all re-
ports with less than 20 fish, 2,375 individual year
X river observations remained (469, or 16.5%,
year X river observations were missing or ex-
cluded). For the observationsretained for analysis,
the mean and median number of fish was 743 and
171, respectively (90th percentile = 1,785 fish;
10th percentile = 36 fish).

For some rivers, the data clearly indicated that
the reporting of the various wei ght-groups was bi-
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TaBLE 1.—Characteristics of 158 Norwegian rivers where the grilse proportion (%) of Atlantic salmon populations
was monitored, 1983-2000. Latitude (°N) and longitude (°E) give the geographical position of each river mouth. River
length (km) and altitude (m above sea level) are maximum distance and maximum altitude of salmon ascent in each
river. Coastal distance (km) is the distance from the river mouth to the coastal shelf. Summer discharge is the proportion
of annual mean discharge (m3/s) occurring in summer (May—August); N indicates number of years of observations; ND
indicates no data.

Mean
River Costal annual Summer
River Latitude Longitude length Altitude Lake distance discharge discharge Grilse N
Skagerrak region
Enningdalselva 58°59’ 11°28' 24 45 Yes 50 2.6 0.18 33.73 18
Glomma 59°12' 10°57' 49 30 Yes 36 660.6 0.64 34.01 17
Sandvikselva 59°53' 10°31' 13 90 No 104 4.26 0.34 75.47 18
Aroselva 59°42' 10°31' 11 60 No 86 2 0.30 67.01 13
Lierelva 59°45' 10°17' 35 60 No 92 5.29 0.42 73.83 17
Drammenselva 59°44' 10°14' 39 40 No 106 308 0.65 48.59 18
Numedalslagen 59°02' 10°03' 69 60 Yes 20 111.78 0.61 47.68 17
Ogna 58°31' 5°48' 20 170 Yes 4 6.85 0.18 84.98 18
Fuglestadelva 58°33' 5°44' 16 70 Yes 1 2.29 0.17 89.64 17
Bjerkreimselva 58°28' 6°00' 15 63 Yes 12 53.58 0.25 83.22 18
Kvassheimelva 58°32' 5°48' 75 75 No 5 0.86 0.18 94.45 14
N. Varhaugelva 58°36' 5°47' 4 38 No 2 0.74 0.18 96.64 14
Haelva 58°41' 5°32' 32 150 Yes 2 7.96 0.17 84.57 18
Figgjo 58°48’ 5°33' 29 130 Yes 5 10.32 0.16 78.43 18
Dirdalselva 58°50’ 6°11' 9.5 170 No 60 12.82 0.31 84.97 16
Frafjordelva 58°51' 6°17' 7 100 Yes 66 16.28 0.34 78.42 13
Jorpelandselva 59°01’ 6°03' 2 95 No a4 6 0.22 75.7 14
Ardalselva 59°09’ 6°11' 13 130 Yes 56 4578 0.42 58.34 18
Hjelmelandselva 59°14' 6°11' 25 15 Yes 58 2.67 0.20 47.48 12
Vorma 59°16' 6°20" 4 250 No 66 7.84 0.34 67.74 17
Hélandselva 59°21' 6°15' 35 115 No 138 451 0.34 53.94 16
Ulla 59°19' 6°27' 6.5 150 No 78 33.62 0.49 59.65 12
Suldalslagen 59°29' 6°15' 25 70 Yes 76 104.82 0.53 46.85 18
Bﬂdneel va 59°33’ 5°52' 35 50 No 72 4.95 0.31 79.91 11
Amselva 59°28' 5°44' 45 15 Yes 72 253 0.19 73.4 9
Vikedalselva 59°30’ 5°54' 115 80 No 68 10.68 0.40 80.14 15
Western Norway region

Etneelva 59°40' 5°56' 9 71 Yes 64 2311 0.44 63.96 18
Omvikelva 59°57' 5°59' 6.5 95 No 60 3.01 0.41 79.1 8
Rosendalselva 59°59’ 6°01' 6.5 374 Yes 66 6.85 0.49 69.44 16
Aeneselva 60°05’ 6°07' 6.5 135 No 82 3.26 0.47 68.95 10
Jondalselva 60°07’ 6°15’ 1 40 No 108 9.14 0.48 87.15 6
Opo 60°04’ 6°33' 15 70 No 172 35.69 0.55 35.84 16
Eio 60°27’ 7°05’ 7 160 Yes 174 45.99 0.69 34.37 14
Granvinselva 60°32' 6°43' 13 100 Yes 138 8.66 0.44 43.36 13
Dysteseelva 60°24' 6°12' 0.9 20 No 126 5.37 0.48 34.38 5
Steinsdalselva 60°23' 6°08’ 45 20 Yes 126 9.25 0.41 62.68 15
Oselva 60°11' 5°28' 15 100 Yes 54 9.7 0.18 77.93 18
Eikefetelva 60°43' 5°33’ 3 100 No 50 8.96 0.25 90.29 18
Ortnevikselva 61°07’ 6°08’ 3 125 Yes 94 5.08 0.49 95.04 6
Vikja 61°05’ 6°35' 18 40 No 122 5.78 0.57 62.85 17
Neggydalselva 60°53’ 6°51' 115 130 No 180 15.56 0.57 42.07 15
Flamselva 60°52' 7°08’ 5 40 No 188 15.93 0.66 37.3 8
Laardalselva 61°06’ 7°28' 24.7 245 No 174 36.07 0.69 28.69 14
Sogndalselva 61°14' 7°06' 6 160 No 160 9.48 0.61 54.67 16
Argyelva 61°16’ 7°10’ 1 50 No 166 17.44 0.61 29.43 17
Daleelva 61°03’ 6°05' 7 140 No 94 14.92 0.59 77.13 18
Dalselva 61°22' 5724’ 4 40 No 54 6.7 0.26 86.49 11
Flekkeelva 61°18’ 5721’ 9 40 Yes 52 24.72 0.25 34.82 13
Gaula 61°22' 5°41' 135 110 No 68 44.84 0.50 67.57 18
Nausta 61°31’ 5°44' 12 70 No 64 24.18 0.51 82.96 18
Osenelva 61°33’ 5725’ 13 59 Yes 48 25.89 0.30 57.33 18
Aelva 61°44' 5°55' 10 150 Yes 82 12.93 0.56 60.83 18
Ryggelva 61°47' 6°08’ 15 100 No 74 4.66 0.55 65.92 9
Gloppenelva 61°46' 6°12' 5 55 No 78 31.39 0.62 44.14 18

Oldenelva 61°50" 6°48' 27 20 No 118 6.81 0.63 33.69 16
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Mean
River Costal annual Summer

River Latitude Longitude length Altitude Lake distance discharge discharge Grilse N
Loelva 61°52' 6°52' 2.8 52 Yes 116 7.71 0.65 33.47 15
Strynselva 61°54' 6°43’ 11 29 Yes 106 22.16 0.61 27.55 17
Eidselva 61°54' 5°59’ 12 53 Yes 66 253 0.36 62.56 18
Ervikelva 62°10' 5°07’ 10 60 Yes 4 1.97 0.19 83.98 18
Aheimselva 62°03' 5°37’ 7 110 Yes 36 5.42 0.24 93.22 18
Oselva 62°05' 5°44' 5 95 No 40 3.14 0.30 84.98 18
Norddalselva 62°06' 5°45’ 25 60 No 40 313 0.37 82.98 7
Austefjordelva 62°04' 6°19’ 55 30 Yes 72 4.96 0.40 81.55 18
Kilselva 62°03' 6°02’ 85 60 Yes 58 8.38 0.36 74.83 16
S. Vartdalselva 62°08' 6°15’ ND ND No 37 3.44 0.40 78.11 18
N. Vartdalselva 62°09' 6°19’ 5 270 No 36 1.38 0.38 88.33 12
Barstadvikelva 62°16' 6°22' 55 230 No 38 2.37 0.42 85.97 15
Drstaelva 62°11' 6°08’ 125 170 Yes 48 11.24 0.37 84.28 16
Hareidselva 62°22' 6°04’ 7 70 Yes 32 2 0.17 88.15 15
Bondalselva 62°12' 6°28’ 185 255 No 62 7.01 0.43 80.71 17
Vikelva 62°06’ 6°34’ 9.5 145 Yes 76 2.9 0.43 70.25 15
Norangdal selva 62°02' 6°39’ 115 120 No 72 3.45 0.50 71.72 12
Aureelva 62°24' 6°35’ 7 100 Yes 46 2.66 0.31 96.46 12
Velledalselva 62°20' 6°36’ 11 175 Yes 58 721 0.44 84.88 18
Strandaelva 62°18' 6756’ 115 240 No 86 11.94 0.50 76.03 18
Korsbrekkelva 62°05' 6°52' 3 100 No 124 8.07 0.56 74.53 17
Eidsdalselva 62°16' 7°10’ 6 140 No 92 323 0.52 80.51 11
Stordalselva 62°27' 6°59’ 10 140 No 72 10.48 0.52 73.59 18
Vagsvikelva 62°23' 6°53’ 1 60 No 64 2.45 0.36 84.27 13
Valldalselva 62°18' 6°15’ 17 230 No 92 15.08 0.62 54.2 12
Drskogelva 62°28' 6°48’ 35 60 No 66 2.87 0.31 90.99 15
Solngrelva 62°29' 6°43’ 6 100 No 52 2.44 0.19 96.11 16
Tennfjordelva 62°32' 6°35’ 3 46 Yes 40 2.28 0.15 95.25 12
Hildreelva 62°36' 6°21' ND ND ND 20 0.71 0.19 88.27 12
Vagsbeelva 62°54' 7°26' 8 25 Yes 34 3.01 0.22 97.9 13
Usma 62°43' 8725’ 10 100 No 90 8.04 0.61 81.97 5
Driva 62°41' 8°33’ 119 580 No 94 63.67 0.75 48.2 13
Seya 62°53' 8°32’ 22 190 No 74 8.96 0.53 94.52 16
Toda selva 62°49' 8°42' 85 180 No 90 14.63 0.65 78.08 12
Surna 62°58' 8°40’ 58 231 No 70 55.15 0.58 55.44 17

Central Norway region

Orkla 63°18’ 9°50’ 88 260 No 126 65.57 0.63 47.63 18
Gaula 63°21' 10°14’ 112 285 No 112 95.43 0.66 49.55 18
Homla 63°15' 10°48’ 5 70 No 128 2.92 0.39 99.71 16
Nidelva 63°16’ 10°22’ 6 40 No 120 85.12 0.59 51.7 18
Stjerdalselva 63°26' 10°54’ 55 120 No 138 74.52 0.50 62.7 18
Levangerelva 63°46' 11°18’ 19 100 No 170 341 0.32 94.37 18
Verdalselva 63°48' 11°28’ 58 140 No 180 51.26 0.44 67.22 18
Figga 64°01' 11°30’ 26 70 Yes 190 8.89 0.26 78.96 9
Steinkjerelva 64°02' 11°30’ 6 18 No 192 64.25 0.25 62.38 10
Skauga 63°36' 9°56’ 40 100 No 86 14.21 0.25 97.53 18
Nordelva 63°46' 10°07’ 12 115 No 58 13.64 0.29 95.11 16
Stordalselva 63°57' 10°13’ 30 100 Yes 64 16.95 0.21 92.71 18
Steinsdalselva 64°18’ 10°31’ 35 20 No 36 115 0.20 96.03 17
Oksdgla 64°26' 11°12’ 12 80 No 60 37 0.23 98.03 18
Aursunda 64°21' 11°22’ 12 90 Yes 68 5.98 0.16 99.38 18
Bogna 64°23’ 11°23’ 20 100 No 68 19.29 0.24 96.29 18
Argardselva 64°18' 11°12’ 95 60 No 78 24.54 0.20 97.45 18
Namsen 64°28' 11°35’ 84 100 Yes 74 303.28 0.39 57.74 18
Salselva 64°42' 11°26’ 12 9 No 46 25.15 0.30 90.99 18
Kongsmoelva 64°53' 12°27' 12 60 No 106 22.17 0.44 91.09 18
Aelva 65°05’ 12°27' 16 60 No 90 422 0.51 88.71 14
Eideelva 65°15' 12°27’ 18 70 Yes 78 7.2 0.36 90.64 12
Sauselva 65°23' 12°32' 21 105 Yes 86 7.2 0.29 86.54 13
Lomselva 65°27' 12°47’ 7 120 No 80 18.99 0.56 65.96 8
Vefsna 65°50" 13°13’ 28 35 No 110 180.75 0.59 56.11 17
Leirelva 66°05' 13°03’ 12 120 Yes 74 5.02 0.53 70.49 12
Ressaga 66°08’ 13°47’ 16 50 No 106 100.62 0.58 48.36 13
Saltdalselva 67°06' 15°25' 42 125 No 158 43.87 0.66 48.36 10
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Mean
River Costal annual Summer
River Latitude Longitude length Altitude Lake distance discharge discharge Grilse N
Northern Norway region

L gksebotn 68°56' 17°43' 7 160 Yes 92 3.33 0.66 90.89 11
Salangselva 68°53’ 17°52' 49 220 Yes 98 19.27 0.71 72.23 17
Skeelva 69°08’ 18°03' 14 180 No 80 7.01 0.69 77.66 18
Lyshotnelva 69°25’ 17°54' 16 90 Yes 42 9.23 057 84.36 18
Grasmyrelva 69°17' 17°54' 13 55 Yes 56 3.82 0.54 93.59 10
Laukhelleelva 69°14' 17°51' 29 130 Yes 68 11.12 0.55 82.07 18
Rossfjordelva 69°17’ 18°13' 4.5 25 Yes 66 7.67 0.55 82.65 8
Lakselva 69°17’ 18°43' 6 40 No 68 2.53 0.60 98.24 15
Méalselva 69°14’ 18°31' 108 150 No 70 158.44 0.74 62.61 18
Skogfjordelva 70°01’ 19°04' 3 20 Yes 32 6.64 0.52 79.23 13
Breivikelva 69°40’ 19°38’ 34 70 No 88 10.4 0.67 86.94 17
Signaldalselva 69°16' 19°55' 27 90 No 141 14.56 0.76 71.78 13
Skibotnelva 69°23' 20°16' 20 140 No 140 17.61 0.78 55.58 9
Oksfjordelva 69°54’ 21°19' 20 175 Yes 76 7.8 0.74 82.94 17
Reisa 69°46' 21°02' 100 200 No 94 81.17 0.78 61.04 18
Altaelva 69°58’ 23°23' 46 100 No 114 90.77 0.75 55.62 18
Lakselva 70°07' 23°23' 7 90 No 106 4.03 0.72 92.67 9
Repparfjordelva 70027 24°20' 27 190 No 72 30.45 0.69 83.96 18
Russelva 70°37’ 24°40' 7 40 No 64 9.47 0.59 87.04 13
Stabburselva 70°11’ 24°54 15 120 No 110 21.33 0.72 71.99 18
Lakselva 70°04’ 24°55' 70 100 Yes 146 25.56 0.75 56.46 18
Barselva 70°18’ 25°32' 63 220 No 120 18.32 0.73 76.83 18
Lille Porsangerelva 70°49’ 26°18' 5 70 No 72 3.19 0.70 92.11 12
Veidneselva 70°39’ 26°36' 30 200 No 62 5.16 0.76 90.73 14
Storelva 70022’ 26°28' 31 210 No 96 14.41 0.75 80.7 14
Sandfjordelva 71°03' 28°04' 21 180 No 6 1.79 0.63 92.43 15
Risfjordelva 70°58' 28°11' 4 31 Yes 12 2.25 0.69 78.87 14
Langfjordelva 70°37’ 27°36' 35 280 No 64 7.99 0.75 88.57 16
Tanaelva 70°28’ 28°20’ 288 240 No 56 124.42 0.74 63.68 17
Kongsfjordelva 70°39’ 29°15' 13 138 No 20 7.32 0.71 77.9 17
Vesterelva 70°32' 29°58' 50 225 No 22 15.49 0.75 81.12 18
Skallelva 70012’ 30°20" 19 135 Yes 28 5.51 0.74 74.39 18
Komagelva 70°14' 30°32' 39 200 No 22 8.28 0.74 79.54 18
Vestre Jakobselva 70°06’ 29°20’ 35 20 No 80 12.54 0.76 70.1 17
Vesterelva 70°09’ 28°34' 11 20 No 95 244 0.73 74.77 16
Bergebyelva 70°09’ 28°54' 1 25 No 94 4.2 0.75 80.86 11
Klokkerelva 69°52' 29°23' 5 15 No 72 1.22 0.70 95.52 15
Munkelva 69°39’ 29°27" 14 70 No 74 1.37 0.69 92.46 17
Neidenelva 69°42' 29°24' 79 193 Yes 84 5.95 0.72 71.87 13
Karpelva 69°40’ 30°23’ 17 171 Yes 36 1.49 0.73 93.03 16

ased in the years 1979-1982. This can be exem-
plified by data from the Gaula, Namsen, and Alta
rivers, where all salmon were recorded as grilse
during these 4 years. In contrast, during the sub-
sequent 18 years (1983-2000), the proportion of
grilse varied annually between 27% and 85% for
the Gaula, 42% and 71% for the Namsen, and 33%
and 71% for the Alta. It is possible that the pro-
cedure of reporting the catch into weight-classes
was not efficient in the earlier years. The change
in reporting procedure probably was not effec-
tively implemented in all rivers. The bias may not
have been present in all rivers, but to reduce any
effects of biased weight categorization, and to err
on the conservative side, we based our statistical
analyses on 1983-2000 data only.

The incidence of escaped farmed Atlantic salm-
on in the recreational angling catch has been mon-
itored annually since 1989 in several Norwegian
rivers. Although considerable variation existed
among rivers during 19892000, the grand mean
incidence of escaped salmon was low (<10%), and
no significant time trend was observed (Fiske et
al. 2001). The effects of escaped farmed salmon
in the analyses were probably random and negli-
gible. However, by use of data on proportion of
escaped farmed salmon in a number of rivers to-
gether with estimated proportion of farmed salmon
maturing as grilse, we tested whether our conclu-
sions would change if the incidence of farmed
salmon in the fisheries was adjusted for. For 27
rivers, we had access to 1-12 years of data on
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Skagerrak 200 km

Ficure 1.—Geographic locations of 158 Norwegian
rivers where nominal catches of Atlantic salmon were
recorded.

proportion of farmed salmon (Fiske et al. 2001).
Mean incidence (£ SD) of farmed salmon in rivers
with more than 2 years of data varied between
0.3% * 0.6% and 23.1% = 10.1%. During 1997—
2000, the proportion of grilse in the farmed fish
caught during the fishing season was 39.8% (P.
Fiske, Norwegian Institute of Nature Research,
personal communication), and we used that num-
ber for all rivers and years. We examined the effect
of adjusting for variation in the proportion of
farmed salmon on the temporal variation in grilse
proportion. However, since we only had estimates
of farmed salmon incidence in arestricted number
of rivers, we did not adjust the mean value for
each river. Adjusting the mean values only for the
rivers with data on incidence of farmed salmon
would clearly introduce a bias of unknown mag-
nitude to the analyses.

The proportion of Atlantic salmon returning as
grilse was calculated in two ways based on avail-
able data. In the first method, the proportion of
grilse was estimated as the fraction of returning
fish from a smolt cohort that included the numeric
grilse catch in year x, 2-SW fish (37 kg) in year
x + 1, and 3-SW fish (>7 kg) in year x + 2. In
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some rivers, the spawning run also included 4-SW
fish, but their number is small compared to the
other age-groups (Jensen et al. 1999). Thus, 4-SW
fish had only minor importance in the calculations
based on cohorts. We were only able to estimate
a mean grilse proportion for the 1992-1998 smolt
cohorts in 81 rivers. This period is too short to
conduct formal testing for temporal variation in
grilse occurrence. In the second cal culation meth-
od, the mean grilse proportion was estimated di-
rectly from the annual catches of different-sized
fish during 1983—2000. This method yielded data
for 158 rivers. The correlation between the two
different estimates of grilse proportion was highly
significant (r = 0.924, n = 81, P < 0.0001). Thus,
the statistical analyses regarding spatial variation
were based on the total data set (158 rivers) of
annual mean grilse proportion (hereafter referred
to as the *‘spatial data set’).

To test for temporal variation in grilse propor-
tion within rivers, the 55 rivers containing com-
plete data from all 18 years were selected (here-
after referred to as the ““temporal data set’’). Both
correlation analysis and formal time-series anal-
ysis were used to test for temporal trends within
rivers. Correlation analysis was used to test for
temporal covariation in the proportion of grilse
among rivers. To remove possible artifacts due to
different starting points (grilse proportions), all
values were standardized (x';; = [x; — mean x]/
SD;; where x; is the observed grilse proportion in
year i and river j).

Habitat Characteristics—To test for large-scale
environmental effects, two different approaches
were used: either latitude was used as a covariate
in the statistical models or region was set as afixed
effect. In the latter case, Norway was divided into
four major geographic regions, namely Skagerrak
(58°-59°35'N), Western Norway (59°40'—63°N),
Central Norway (63°-68°N), and Northern Nor-
way (68°—71°N). Thefirst three regions are natural
groupings based on geography and hydrology. For
Northern Norway, recent studies indicate biolog-
ical reasons for separating thisregion from Central
Norway. Atlantic salmon from rivers in Northern
Norway use areas close to the Barents Sea for
feeding, whereas salmon from rivers in the other
regions use the Norwegian Sea and adjacent areas
(Jensen et al. 1999; Holm et al. 2000; Hansen and
Jacobsen 2003).

A number of different habitat traits related to
river size and migration arduousness were esti-
mated for each river. River length (mainstem only)
from the estuary to the uppermost accessible site
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Ficure 2.—Box plot showing the regional variation in river length (km), maximum altitude (m above sealevel),
steepness (m/km), annual mean water flow (m%/s), summer flow (proportion of annual mean discharge occurring
in May—August), and coastal migration distance (km; distance from river mouth to the coastal shelf) for 158
Norwegian Atlantic salmon populations, 1983—2000. Regions are denoted as follows: 1, Skagerrak; 2, Western

Norway; 3, Central Norway; and 4, Northern Norway.

for Atlantic salmon was measured on maps (1:
50,000) and the altitude (meters above sea level
[asl]) of the latter was found. In 58 rivers, Atlantic
salmon had access to alake. Lakes situated within
the river reach were included in the river length
estimate. The length of lakes situated at the top of
the accessible reach was not included in the total
river length, as the tributaries to these lakes are
usually of negligible reproductive importance.
Most riversin all four regions are short (<15 km),
although one river (Tanain Northern Norway) has
amost 300 km (tributaries not included) of pro-
ductive river length (Figure 2). The altitude of the
uppermost ascendable part of most rivers was less
than 150 m asl for most rivers, but Atlantic salmon
may reach 580 m asl in the Driva River in Western
Norway (Figure 2). River steepness, the ratio be-
tween altitude and river length (m/km), was chiefly
low, although some rivers demonstrated high val-
ues (>60 m/km; the Ryggelva and Vagsvikelvain
Western Norway; Vorma in the Skagerrak region)
(Figure 2). In general, rivers in Central Norway
and Northern Norway are less steep than rivers
located in Western Norway or along the Skagerrak
coast.

Monthly discharge for each river catchment was
calculated by a spatially distributed version of the
HBV model developed by the water balance sec-
tion of the Swedish Meteorological and Hydro-

logical Institute (Bergstrom 1995). The model per-
forms water balance calculations for 1-km?-grid
cell elements that are characterized by their alti-
tude and land use. Each grid cell may be divided
into two land-use zones with differing vegetation:
a lake zone and a glacier zone. The algorithms
used in the model are described by Sadthun (1996).
The model was run with daily time steps, and data
inputs were precipitation and air temperature. Dai-
ly runoff data for the individual grid cells were
subsequently aggregated to monthly discharge for
the respective catchments. A globally applicable
set of model parameters determined by Beldring
et al. (2003) was used. The calibration procedure
rests on the hypothesis that model elements with
common vegetation characteristics, land use, and
pedological, topological, and geological condi-
tions controlling their hydrological process dy-
namics should be assigned the same parameter val -
ues. The model was calibrated with available in-
formation about climate and hydrological pro-
cesses from gauged catchments in different parts
of Norway, and parameter values were transferred
to other catchments based on a classification of
landscape characteristics. The median of annual
mean discharge was 8.5 md/s; over 90% of the
studied rivers had discharges lower than 65 m3/s,
although large (>300 m3/s) rivers (Namsen, Dram-
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menselva, and Glomma) were also included (Fig-
ure 2).

Norwegian Atlantic salmon ascend the rivers
and are captured by recreational fishers during
summer. The water flow during the migration sea-
son may therefore be more important for the as-
cending adult salmon than the mean annual water
flow. However, mean annual discharge and mean
discharge during summer (May—August) were
strongly positively correlated (r = 0.957, n = 158,
P < 0.001). Consequently, these two parameters
could not be used in a multiple linear regression
model simultaneously. We therefore used the mean
annual discharge as our index of river size. A fac-
tor capturing the variability in water flow within
a year is the fraction of water that flows during a
particular season. The seasonal fraction will vary
depending on climate and topography. The esti-
mated proportion of mean annual discharge oc-
curring during summer (May—August) was signif-
icantly correlated with mean annual discharge
(r = 0.311, n = 158, P < 0.001), but with arel-
atively low correlation coefficient. We were there-
fore able to use both parameters within the same
model. In general, between 30% and 60% of the
total discharge was observed during summer (Fig-
ure 2). Inthe Northern Norway region, avery large
fraction of the total water flow was discharged
during summer.

The coastal migration distance for Atlantic
salmon from the point of saltwater entry to the
open ocean was estimated as the distance from the
river mouth to the coastal shelf (aline drawn be-
tween the outermost islands along the coast) on
maps (1:1,000,000). The coastal shelf line repre-
sents a theoretical border between coastal and off-
shore waters. Long migration distances indicate
either long passages through fjords or awide coast-
line, whereas short distances indicate rivers situ-
ated close to open-sea areas. Coastal migration dis-
tance was normally distributed, with some rivers
located close to the coastal shelf and otherslocated
in the inner part of large fjord systems (>180 km;
Trondheimsfjorden [Central Norway]: Verdalsel-
va, Figgja, and Steinkjerelva; Sognefjorden [West-
ern Norway]: Naxgydalselva and Flamselva). In
general, the coastal migration distance is greater
for salmon migrating from rivers in Western Nor-
way and Central Norway than from rivers in
Northern Norway and Skagerrak.

During the study period, 20 study rivers were
infested by the parasitic monogenean Gyrodactylus
salaris. The infestation has led to rapid and dra-
matic declines in the Atlantic salmon populations
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in these rivers (Johnsen and Jensen 1986). Inten-
sive surveys of most Norwegian rivers have doc-
umented that the parasiteis not yet present in other
rivers. We found no indication that the infested
rivers were different from uninfested rivers in
terms of grilse proportion (F;,5; = 0.080, P =
0.77). However, to determine the importance of
the parasite, we performed all statistical tests with
al rivers included, and then performed another
complete set of tests that excluded the rivers with
a G. salaris infection.

The North Atlantic Oscillation (NAO) is a
north—south alternation in atmospheric mass be-
tween the subtropical, high-pressure center over
the Azores and the subpolar, low-pressure center
over Iceland (Hurrell et al. 2002). The NAO mea-
sures the strength of the westerly winds blowing
across the North Atlantic Ocean between 40°N and
60°N (Hurrell et al. 2002). Variability in the di-
rection and magnitude of the westerly winds is
responsible for interannual and decadal fluctua-
tions in winter temperatures and the balance of
precipitation and evaporation across the Atlantic
Ocean and the adjoining landmasses (Stenseth et
al. 2002).

Statistics.—Variation in grilse proportion among
rivers was analyzed by use of general linear mod-
els (GLM). Grilse proportion was arcsine-trans-
formed to normalize variance. We used a large
number of environmental variables as predictor
variables in the models. A number of these vari-
ables were highly intercorrelated (Table 2), and
could not be included in a statistical model at the
same time. A number of separate models were
therefore explored. Model selection was based on
the Akaike information criterion (AIC) (Hurvich
and Tsai 1989). Models with the lowest AIC value
represent the best compromise between bias (in-
cluding too few parameters) and lack of precision
(including too many parameters) (Burnham and
Anderson 1998). All model selections started by
including all two-way interactions. Higher-level
interactions were not included, mainly because
most would beimpossibleto interpret biologically.
Most predictor variables were highly skewed and
thus were either loge-transformed (mean annual
discharge, river length, altitude, and steepness) or
arcsine-transformed (summer discharge expressed
as a proportion of annual discharge).

Results

Temporal Variation

There was large temporal variation in the pro-
portion of grilse both within and among rivers
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TABLE 2.—Spearman’s rank correlation coefficients (r-values, above diagonal; P-values, below diagonal) between
environmental variables for 158 Norwegian rivers. Coastal distance (km) is the distance from the river mouth to the
coastal shelf, River length and altitude are the maximum distance and maximum altitude of salmon ascent in each river.
River steepness (m/km) is the ratio between river length and altitude. Summer discharge is the proportion of annual

mean discharge occurring in summer (May—August).

Coasta River Annual mean  Summer
distance River steepness discharge discharge
Variable (km) (km) length (km) Altitude (m) (m/km) (m3/s) proportion
Coastal distance 0.069 0.008 —0.087 0.368 0.418
River length 0.391 0.495 —0.701 0.476 0.310
Altitude 0.923 <0.001 0.197 0.145 0.255
River steepness 0.279 <0.001 0.013 —0.423 —0.147
Annual mean discharge <0.001 <0.001 0.070 <0.001 0.310
Summer discharge proportion <0.001 <0.001 <0.001 0.065 <0.001

(Figure 3), and there was a significant temporal
trend (Spearman’s rank correlation, P < 0.05) in
21 of the 55 rivers with complete data for all 18
years (Figure 4). The mean correlation coefficient
was not significantly different from zero (mean =
SE = 0.01 = 0.06; t = 0.105, n = 55, P = 0.917).
The proportion of grilse increased significantly
with time in 11 rivers and decreased significantly
with time in 10 rivers. In other words, no overall
global trend existed, but for specific rivers, there
were some indications of a change in grilse pro-
portion with time. The scatter plot in Figure 4,
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however, demonstrates that the grilse proportion
generally increased with time in those rivers with
relatively low mean grilse proportions.

The proportion of grilse within rivers displayed
no tendency to vary cyclically (timeseriesanalysis
with different lags; all parameter estimates were
nonsignificant at « = 0.05). To test whether a
large-scale climatic effect influenced grilse pro-
portion within rivers, the mean annual NAO index
was correlated with the proportion of grilse within
each river. A significant correlation with the NAO
index was found for 1 of 55 rivers (Figgjo), and
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FIGURe 3.—Temporal variation in grilse proportion of Atlantic sailmon (1983-2000) in 55 Norwegian rivers

divided among four geographical regions.
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Ficure 4.—The relationship between the observed
mean grilse proportions in 55 Norwegian rivers (1983—
2000) and the correlation coefficients of time versus
grilse proportion. Points situated above the upper line
or below the lower line indicate significant correlations.

this correlation was negative (r = —0.505, n =
18, P = 0.033). When the large number of tests
was corrected for, this relationship was not sig-
nificant (« = 0.05/55).

We tested for any correlations between individ-
ual riversin terms of thetemporal changesin grilse
proportion. In total, 1,485 individual correlation
analyseswere performed. Of these, 180 correlation
coefficients were significantly positive (P < 0.05).
This is a significantly higher number than would
be expected by chance (74). A cluster analysis
turned out not to be informative. However, when
analyzing for correlation among rivers from the
three larger fjords where multiple rivers were rep-
resented, we found a higher-than-expected pro-
portion of significant correlations. In the Nordfjord
(Western Norway), 5 of 15 correlations (33%)
were significant. In the Trondheimsfjord (Central
Norway), 7 of 15 correlations (45%) were signif-
icant. In the Porsangerfjord (Northern Norway), 3
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of 3 correlations (100%) were significantly posi-
tive.

For 27 rivers, we were able to test whether the
incidence of farmed salmon in the catches signif-
icantly influenced our results concerning time
trends in the proportion of grilse. After adjusting
for the incidence of farmed salmon (i.e., only an-
alyzing ‘‘native” fish), the mean proportion of
grilse was reduced in all rivers (mean reduction =+
SD; 2.0% * 2.7%), at most by 10.1%. The rela-
tionship between grilse proportion and time did
not change significantly for any river. Thus, the
incidence of farmed salmon in the catchesin some
rivers did not seriously bias our data.

Spatial Variation

The mean annual grilse proportion (£SD) varied
between 27.6% = 18.9% (Stryn) and 99.7% =+
0.9% (HomlaRiver) among theriversin the spatial
data set. The selected GLM model (based on min-
imizing the AIC) containing factors related to ma-
rine and freshwater conditions explained 74.2% of
the variation in grilse proportion (Table 3). Clear-
ly, some large regional differences were not ac-
counted for by the available environmental vari-
ables. Also, the significant interaction of region
with both summer discharge proportion and coast-
al migration distance implies some important un-
derlying environmental differences between re-
gions. Latitude as a covariate did not capture this
variability in grilse proportion as efficiently as did
region (based on the AIC). In general, the esti-
mated grilse proportions were low in the two
southern regions and high in the two northern re-
gions (least-squares means [LSM] = SE [arcsine-
transformed proportions]: Skagerrak, 0.79 + 0.01;
Western Norway, 0.76 = 0.02; Central Norway,
0.95 + 0.05; Northern Norway, 1.13 *= 0.08). The

TABLE 3.—Parameter estimates for the selected general linear model explaining the proportion of grilse (arcsine
transformed) in 158 Norwegian populations of Atlantic salmon, 1983—2000.

Sum of
Parameter squares df F P

Region 0.739 3 10.62 <0.001
Presence or absence of lakes 0.286 1 12.34 <0.001
Coastal distance 0.938 1 40.47 <0.001
Annua mean discharge 0.932 1 40.17 <0.001
Summer discharge (proportion of annual) 0.365 1 15.72 <0.001
River steepness 0.141 1 6.09 0.015
Region X summer discharge 0.771 3 11.08 <0.001
Region X coastal distance 0.327 3 4.70 0.004
Presence/absence of lakes X river steepness 0.289 1 12.47 <0.001
Error (3.270) (241)
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Ficure 5.—The relationship between observed grilse proportions in 158 Norwegian rivers (1983-2000) and
annual mean water flow (m3s; loge-transformed), summer flow (proportion of annual mean discharge occurring in
May—August), coastal distance (km; distance from river mouth to the coastal shelf), and latitude (°N).

regional mean estimates must be viewed with cau-
tion due to the significant interaction effects.

Grilse proportion displayed a significant nega-
tive correlation with both mean annual water dis-
charge and the summer discharge proportion (Fig-
ure5). That is, grilse were more abundant in small
rivers with lower mean discharge and with a high
proportion of the total discharge occurring during
summer. The presence of a lake or lakes in the
river system had a significant negative effect on
grilse proportion (Table 1; LSM =+ SE: with lakes,
0.85 + 0.03; without lakes, 0.96 = 0.03). River
steepness was included as a factor in the selected
model, and this combined factor captured the var-
iation in migration arduousness better than either
river length or river elevation asindividual factors.
A highly significant interaction effect existed be-
tween river steepness and the presence or absence
of lakes. When analyzing this interaction in detail,
we found that in rivers without lakes, the grilse
proportion did not vary with steepness (r = 0.052,
n = 100, P = 0.603), whereas in rivers with lakes,
the grilse proportion increased significantly with
increasing steepness (r = 0.400, n = 57, P <
0.001).

Norwegian Atlantic salmon populations dem-
onstrated considerable variation in coastal migra-
tion distance (Figure 2). For Atlantic salmon that
had a long coastal migration distance to the open
ocean, the proportion of grilse in the catch was
lower than for Atlantic salmon that had a short
migration to the open ocean (Figure 5). The sig-
nificant interaction between region and coastal mi-
gration distance indicates further the importance
of other environmental effects that differ on large
scales.

Analyses that excluded all rivers reportedly in-
fested with the parasite G. salaris did not change
any of our quantitative or qualitative results.

Discussion

Our study elucidated a significant effect of local
conditions (annual river discharge, presence of
lakes, coastal migration distance) as well as strong
regional effects on the grilse proportion of Nor-
wegian Atlantic salmon populations. Further, we
showed that there was no consistent temporal trend
in grilse proportion in the studied rivers.
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Data Quality

The quality of long-term data series has un-
doubtedly been improved over time, introducing a
possible bias. Despite this constraint, long-term
data series are of crucial importance for scientific
hypothesis making and for management decisions.
The Norwegian official statistics of adult Atlantic
salmon nominal catch have undergone several im-
provements since the program began in 1876.
However, the data used in this study were recorded
during a period of minor change in the statistics.
Reporting procedures changed in 1992, but that
change was only to introduce more detail into the
statistics, and did not influence our data set. Fish-
ing method, effort, and recording of river anglers’
catch of anadromous salmonids changes over time.
In this study, we focused on changes in the pro-
portion of grilse. Our main assumption was that
fishermen who report their catches are equally
prone to report fish independently of fish size. That
is, the reported fish are a random sample of the
fish captured in a river during a given year. We
could not test this assumption, as no data were
available regarding the reporting behavior of Nor-
wegian salmon anglers. We did not use actual num-
bers of captured fish, because actual numbers
might be more vulnerable to temporal variation in
reporting procedures and willingness, and thus
could contain a measurement error of unknown
size.

In 1989, the drift-net fishery for Atlantic salmon
along the Norwegian coast was forbidden. Mean
weights of salmon taken by drift nets in 1980—
1988 varied between 3.0 and 3.6 kg (Jensen et al.
1999). Thus, the drift-net fishery mostly targeted
2-SW fish and large grilse, probably resulting in
arelative increase in the MSW component in the
rivers from 1990 onwards. This effect, if it was
important, should have been observable in most
of our time series, but this was not the case.

Temporal Variation and Coherence

Thelife history of Atlantic salmon variesamong
rivers and is anticipated to reflect local adaptation.
The time span covered by our data was probably
too short for any evolutionary changes to have
occurred, at least without strong selection. Phe-
notypic plasticity may vary with time. However,
without an external environmental force varying
in a cyclic fashion, there is no reason to expect a
cycle in the proportion of grilse within rivers. On
the other hand, a succession of weak and strong
year-classes may produce what looks like cyclic
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variation in grilse proportion for numeric reasons.
Such cycles have been observed in Fraser River
sockeye salmon O. nerka (Ricker 1997) and At-
lantic salmon in the Baltic Sea (Svardson 1954).
Our data did not indicate any short-term oscilla-
tionsin grilse proportion within popul ations. How-
ever, Summers (1995) demonstrated long-term
(>150 years) oscillations in grilse proportion in
Atlantic salmon in several Scottish rivers. The
long-term oscillations may reflect large-scale var-
iation in climatic conditions, and the relationship
between growth and sexual maturity indicates that
the environment can override the genetic factors
that control age at maturity.

We observed no evidence of a general effect of
the NAO index on time trends in grilse proportion
in the 55 rivers with complete datafor all 18 years.
For 11 rivers, grilse proportion increased, whereas
in another 10 rivers, grilse proportion decreased.
In the remaining rivers, no significant linear tem-
poral trend was detected. Grilse proportion tended
to increase in rivers with a generally low propor-
tion of grilse, indicating that the number of MSW
fish may have been decreasing in those rivers. For
rivers with a relatively high mean grilse propor-
tion, both negative and positive correlations with
time were observed. In the Imsa River, Norway, a
significant increase in grilse proportion was ob-
served for the same time period covered in our
study (Jonsson et al. 2003). This river is not in-
cluded in the official Norwegian catch statistics.
A number of different explanations may be evoked
to explain such variability in temporal trends; this
variability indicates that we should seek river-spe-
cific or region-specific reasons rather than a global
explanation. Candidate possibilities are variation
in exploitation of different age- and size-classes
of salmon, variation in climate, and major human
encroachments, such as hydropower development.

A gradua decline in annual mean water dis-
charge or summer discharge due to development
of hydropower schemes could result in an increase
in grilse proportion, as has been documented in
the Norwegian river Eira (Jensen et al. 2003).
However, in the 11 rivers that demonstrated a sig-
nificant increase in grilse proportion in our study,
five were not subjected to hydropower develop-
ment. Of the remainder, five rivers were devel oped
for hydropower production prior to 1974, and one
river was developed in 1983 after being subjected
to several constructions since 1908. Thus, hydro-
power development cannot explain the temporal
increase in grilse proportion in these rivers.

In their review of North American and |celandic
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Atlantic salmon populations, Dempson et al.
(1986) showed no detectable time effect on grilse
proportion within populations. Further, they found
no evidence that ocean temperature influences sea
age at maturity in North American Atlantic salmon
populations. Welton et al. (1999) reported a fun-
damental change in the age structure of Atlantic
salmon in the River Frome, UK. Their data appear
to indicate that this change was only due to short-
term variability. Variation in sea temperature was,
however, hypothesized to explain a 4-year peri-
odicity in grilse catch in the vicinity of the River
Dee, Scotland (Martin and Mitchell 1985). For | ce-
landic rivers, climatic changes may also explain
short-term changes in sea age composition (Gud-
jonsson et al. 1995). Based on data from the early
1900s, river and ocean temperatures significantly
affect the number of salmon and the grilse pro-
portion in British and Scandinavian rivers (Svard-
son 1954, and references therein). Grilse propor-
tion particularly increased in the year following a
warm summer. Although water temperatures have
been recorded daily for years in several of our
study rivers, the quality of these data was, unfor-
tunately, not satisfactory enough to test for cor-
relations with grilse variation.

Environment strongly influences growth rate,
and growth rate often influences the transition be-
tween life history stages. For most fish species,
age at maturity decreases with increasing growth
rate (Alm 1959). For Atlantic salmon, the age at
smolt transformation is usually reduced when
growth rate increases (Thorpe 1989; Hutchings
and Jones 1999). However, Jonsson et al. (2003)
recently reported that the proportion of MSW, Imsa
River Atlantic salmon increased with increasing
growth rate during the first year at sea. The same
result has been reported for male coho salmon O.
kisutch (Vgllestad et al. 2004, this issue). If this
observation turns out to be generally applicable,
reductions in growth rate at sea would lead to an
increase in grilse proportion in the river catches.

Smolt size may influence age at maturity
of anadromous salmonids (Bilton et al. 1982;
Chadwick et al. 1986). Large-sized male smolts of
coho salmon and Chinook salmon O. tshawytscha
have an increased probability of maturing at an
early age compared to small-sized male smolts
(Vallestad et al. 2004, this issue). For hatchery-
reared Atlantic salmon, age-1 smolts produced
more 2-SW fish than did older smolts (Jonsson et
al. 2003). Age-1 smolts are also smaller than older
smolts. This means that environmental conditions
both in the river and in the ocean may influence
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the temporal variation in grilse proportion in At-
lantic salmon populations.

Present knowledge indicates that Atlantic salm-
on populations from the same region intermingle
at sea, and that salmon from different regions may
utilize specific feeding areas in the ocean (Jensen
et al. 1999; Holm et al. 2000; Hansen and Jacobsen
2003). Our data partly support this hypothesis.
Similarity in temporal variation in grilse propor-
tion from the rivers draining to three large fjords
(Nordfjord, Trondheimsfjord, and Porsangerfjord)
demonstrates that the populations are subjected to
similar environmental selection pressures. Exam-
inations of catch time series data have shown sim-
ilarity in grilse proportions within regions in Ice-
land, but less so between rivers from different re-
gions (Scarnecchia et al. 1991; Gudjonsson et al.
1995). This result may indicate that river condi-
tions are more important than ocean conditions for
explaining grilse proportion variation. River water
temperature varies widely between years, and thus
different growth conditions occur for the juveniles.
A result of annual variation in temperature regime
between rivers could be a corresponding variation
in smolt size, as a close link exists between water
temperature and juvenile growth (Metcalfe and
Thorpe 1990; Jensen et al. 2000). Thisrelationship
may influence age at maturity (Bilton et al. 1982;
Chadwick et al. 1986).

Spatial Variation

We have shown that several abiotic factors con-
tribute to the overall spatial variation in age at
maturity in Norwegian Atlantic salmon. These fac-
tors are connected to river conditions and coastal
migration. River conditions may affect salmon size
directly and indirectly. Water discharge and ve-
locity may be critical factors for migrating anad-
romous species. Restriction in the amount of water
will physically restrict large salmon from ascend-
ing the river; however, during periods when rivers
were ascendable, we found as much variation in
grilse proportion (33-100%) at 10 m3/s as we did
over the whole range of water discharge. Atlantic
salmon start to ascend Norwegian rivers in May—
October, often in combination with snowmelt in
spring and freshetsin summer (Jonsson et al. 1990;
Hansen and Jonsson 1991). We found that the cor-
relation between discharge and grilse proportion
was significantly negative, supporting asimilar re-
sult given by Jonsson et al. (1991a); 16 of their
18 rivers are also included in our study. In Ice-
landic rivers, Scarnecchia (1983) also showed that
water discharge was an important variable explain-
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ing the proportion of grilse. Further evidence of
the importance of water flow for the age compo-
sition and size composition of spawning Atlantic
salmon can be found in the Eira River, Norway
(Jensen et al. 2003). Since 1940, water has been
diverted from the river due to hydropower devel-
opment. The mean size of spawning salmon has
decreased from 11.5 kg in 1953, when mean annual
water flow was 40 m%/s, to 2.8 kg in 2002, when
mean water flow was 15 m3/s. The Eira River has
thus changed from producing mostly MSW fish in
the 1950s to producing mainly grilse in recent
times. This indicates that water flow may have a
strong selective impact on adult body size; at low
flow, a large fish may have problems in migrating
upstream due to an insufficient water level, where-
as a high flow may be to arduous to navigate for
a small fish.

Water flow during migration and prespawning
activity could also be a very important factor in
the evolution of different reproductive strategies,
such as the large, aggressive males and small, pre-
cocious males (Gross 1985). In rivers with high
discharge, large and small salmon are both able to
participate and have significant success during
spawning. Thus, evolution of different life histo-
ries and reproductive strategies are possible. How-
ever, large-sized fish with a high age at maturity
will have difficulties in entering and negotiating
small rivers. Presence of lakes and habitat hetero-
geneity (variation between riffles and deep pools)
probably act as modifying agents in the evolution
of reproductive strategies, making the salmon pop-
ulation in small, heterogeneous systems more like
populations in large rivers. Other factors being
constant, the proportion of grilse in our study was
reduced when lakes were present. The presence of
lakes may al so increase postspawning survival due
to the presence of improved overwintering habitat.
One consequence of increased postspawning sur-
vival would be a higher number of MSW fish, and
thus a reduced proportion of grilse.

River steepness (an indicator of migration ar-
duousness) was retained as a factor in the statis-
tical model, and interacted significantly with pres-
ence or absence of lakes. We expected that a steep
river would select for larger and older salmon due
to the higher energetic costs of migration (Schaffer
and Elson 1975; Scarnecchia 1983). However, the
opposite effect was observed, although only when
|akes were present. Energetic cost during upstream
migration and spawning of Atlantic sailmon has
been studied in a short, Norwegian river of low
elevation (Jonsson et al. 1997). The combination
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of upstream migration and the holding of territo-
ries caused an energy |oss of 60—70%; higher loss-
es were sustained in large salmon compared to
small salmon. Further, the total energy cost of
spawning has been estimated as 50% of the total
prespawning energy reserve (Jonsson et al.
1991b). Thus, the energetic cost of upstream mi-
gration is estimated at 10—20% of the total energy
cost during spawning in small rivers. Our results
seem to contradict results from studies in North
American and Icelandic rivers (Schaffer and Elson
1975; Scarnecchia 1983). Our results may be due
to thelow variation in steepness among Norwegian
rivers and the covariation of river steepness with
river size (mean discharge).

Grilse proportion decreased with increasing
coastal migration distance. We attribute this result
to reduced food intake during the early phase of
migration, and thus reduced postsmolt growth.
Smolts from rivers situated in the inner part of
Norwegian fjord systems tend to leave their rivers
later than smolts from rivers situated further out
(Arne J. Jensen, Norwegian Institute for Nature
Research, personal communication). Thus, Atlan-
tic salmon originating from rivers near the coastal
shelf likely reach marine feeding areas earlier than
salmon from rivers situated in the inner parts of
large fjords. One consequence of this may be re-
duced postsmolt growth rates and postponed age
at maturity in salmon with long coastal migrations.
Furthermore, a long coastal migration introduces
an extra cost that may select for an increased body
size. Nevertheless, the distance migrated in coastal
areas by Atlantic salmon from Norwegian rivers
is short compared to the migration distance in the
ocean. We therefore do not consider the energetic
costs of coastal migration to have a major effect
on grilse proportion.

We found large variation in grilse proportion
among the four regions in Norway, even after ad-
justing for variability in a number of environmen-
tal variables. A negative latitudinal cline in sea
age at maturity was also observed, but the clas-
sification of Norway into regions better captured
the variability in grilse proportion. The grilse pro-
portion in the southern regions (Skagerrak, West-
ern Norway) was generally lower than in the more
northerly regions (Central Norway, Northern Nor-
way) after adjusting for variation in environmental
factors. However, this north—south difference is
contrary to what has been observed in studies by
Scarnecchia (1983) and Salo (1991) on Atlantic
salmon and chum salmon O. keta, respectively.
These very different results indicate that latitude
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per seisnot important, but rather that certain mac-
roclimatic effectsarerelated to latitudein differing
ways in different regions. For example, there were
significant interactions between region and coastal
migration distance, and between region and dis-
charge during the migration season (summer).
There are a number of possible reasons for the
significant difference in grilse proportion between
northern and southern Norway.

Firstly, climatic conditions along the Norwegian
coast vary greatly. The most striking variation oc-
curs off the Lofoten area (69°N). The warm North
Atlantic drift secures relatively high (although re-
duced in a northerly direction) and stable water
temperatures along the Norwegian coast. However,
north of Lofoten, the effect of the drift is consid-
erably weakened, and sea temperatures are more
variable (L'Abée-Lund et al. 1989; Orvik et al.
1995). Although the sea temperature is low in the
Barents Sea, the density of zooplankton is still
relatively high (Dalpadado et al. 2003) and gives
rise to important marine fisheries. The feeding ar-
eas are situated near the mainland, indicating that
Atlantic salmon reach their marine feeding areas
soon after leaving their natal northern Norway riv-
ers as smolts. The exact marine distribution of
salmon from rivers in northern Norway is un-
known, although available data indicate a north-
erly distribution compared to populations from
southern Norway during the first year at sea (Han-
sen and Jacobsen 2003). In their second year at
sea, however, northern Atlantic salmon may un-
dertake a migration further south and intermingle
with southern populations (Hansen and Jacobsen
2003). This geographical distribution hypothesis
and partly different distribution pattern of salmon
from northern Norway are supported by anecdotal
observations and catches of sexually immature
salmon in the fjords of northern Norway during
winter (Abrahamsen 1968). Similar observations
in coastal areas in southern Norway have not been
documented, possibly because of the long distance
to suitable feeding areas. During their first year at
sea, the Atlantic salmon seem to follow the main
surface currents northwards into the Norwegian
Sea and then spread out over wide areas (Holm et
al. 2000). However, the sampling effort has been
very low in the Barents Sea and in the Greenland
Sea. Secondly, seatemperature may also affect the
fraction of the population returning as grilse.

Jensen and Johnsen (1986) hypothesized that
Atlantic salmon may adopt two different strategies
with respect to smolt size. When low sea temper-
atures limit salmon distribution (riversin northern

L’ABEE-LUND ET AL.

Canada and Russia), large smolt size is selected
for because the osmoregulatory capacity is better
at low temperatures (Hoar 1976; Knutsson and
Grav 1976). In contrast, when river temperature
limits salmon distribution, smolts are relatively
small (Jensen and Johnsen 1986). North of 69°N,
along the Norwegian coast, the sea temperatureis
considerably lower than in areas farther south, and
river temperatures in summer are higher than sea
temperatures (L' Abée-Lund et al. 1989). This sug-
gests that the Atlantic salmon smolts should be
larger in northern compared to southern rivers. No
data on this is available for Norwegian Atlantic
salmon populations. In the closely related anad-
romous brown trout S. trutta, smolt size increases
with latitude (L' Abée-Lund et al. 1989). For At-
lantic salmon and Pacific salmon, negative cor-
relations have been found between smolt size and
age at maturity (Neevdal et al. 1978; Bilton et al.
1982; Chadwick et al. 1986; Ritter et al. 1986).

Atlantic salmon demonstrate great plasticity in
life history characteristics like grilse proportion.
The mechanisms behind this variation may be dif-
ficult to detect with few populations or with data
series covering short time periods. In this study,
we have used a multiple-scale approach both spa-
tially and temporally, and even this approach has
shown that much of the variation in grilse pro-
portion among Atlantic salmon populations re-
mains unexplained. We look forward to seeing
more innovative and insightful approachesfor bet-
ter understanding the variation in basic life history
traits in this valuable fish. Pattern-oriented studies
like oursare aprerequisitefor further experimental
and theoretical studies.
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