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Ecological regime shifts are abrupt changes in the structure and function of ecosystems that persist over time, but
evidence of contemporary regime shifts are rare. Historical scale data from 52,384 individual wild Atlantic salmon
caught in 180 rivers from 1989 to 2017 reveal that growth of Atlantic salmon across the Northeast Atlantic Ocean
abruptly decreased following the year 2004. At the same time, the proportion of early maturing Atlantic salmon
decreased. These changes occurred after a marked decrease in the extent of Arctic water in the Norwegian Sea, a
subsequent warming of spring water temperature before Atlantic salmon entering the sea, and an approximately
50% reduction of zooplankton across large geographic areas of the Northeast Atlantic Ocean. A sudden decrease
in growth was also observed among Atlantic mackerel in the Norwegian Sea. Our results point toward an ecosystem-

scale regime shift in the Northeast Atlantic Ocean.

INTRODUCTION
Marked changes are being observed in habitats worldwide that co-
incide with global climate change and other anthropogenic impacts
(1-3). These changes can result in ecological regime shifts, in which
abrupt changes to the structure and function of ecosystems persist
across time in a new stable state (4). Some studies suggest that changes
to temperature may trigger ecosystem shifts that then propagate
across multiple trophic levels (5), but opponents argue that empirical
ecological data seldom support hypotheses of abrupt changes (6).
Our understanding of, and ability to predict, these regime shifts
evidently remain insufficient, which limits our capability to mitigate
social and economic consequences of environmental change.
Ecological regime shifts may elude detection because broad-scale
and synchronous changes to key ecological metrics are logistically
and methodologically challenging to measure, particularly in the
open ocean. Migratory fish returning to freshwater after migrations
to the open ocean offer a unique potential insight into conditions at
sea. Atlantic salmon (Salmo salar) migrate from rivers around the
North Atlantic Ocean and spend at least one year in the ocean,
where they feed before returning to their natal rivers (7). Upon re-
turn, a proportion of the salmon is captured by anglers, who report
size of each fish and often provide researchers with a scale sample
(8). Experienced scale readers can reconstruct individual growth in
length at different periods at sea by analyzing growth pattern in the
scales (9, 10). By using these data in combination with information on
capture site and biological information about the species, it is possible
to reconstruct spatiotemporal patterns in marine growth and thereby infer
detailed information on the marine conditions while the fish was at sea.
Norwegian rivers extend 14° of latitude (~58°N to 71°N) and yield
about 20% of the total number of wild Atlantic salmon migrating
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from the Atlantic Ocean each year. Atlantic salmon fishing is popu-
lar nationwide in Norway. Long-term biobanking of scales collected
by anglers provides a unique opportunity to recover information about
marine conditions at a large geographic scale, treating the Atlantic
salmon as remote oceanographers that sample information on growth
conditions in the distant marine waters across decades. Studies of
growth have revealed that size at age of Atlantic salmon has been
decreasing in large parts of the Northeast Atlantic along with reduced
survival, particularly affecting southern populations (8, 11, 12). Several
studies have suggested that changes in size and age at maturation
(12, 13) of Atlantic salmon may be related to ocean warming and
subsequent changes to marine ecosystem functioning (14-19). To
investigate the spatiotemporal patterns of Atlantic salmon growth
in the Northeast Atlantic Ocean, we compiled data on growth of
individual fish during their first calendar year at sea, which corre-
sponds to the life stage called post-smolt. Our data comprise growth
estimates from more than 52,000 Atlantic salmon, from 180 rivers
across Norway, during 1989-2016 (Fig. 1).

An abrupt, simultaneous, and persistent reduction in Atlantic salmon
growth during the first year at sea occurred in and around 2005 for
all southern Norwegian Atlantic salmon populations, indicating a
large-scale shift in growth conditions for Atlantic salmon, which is
a potential harbinger of changes at sea. We hypothesized that this
apparent state shift in marine growth could be related to (i) temperature,
(ii) prey availability, (iii) predation pressure, (iv) spillover effects from
freshwater growth, or (v) human impacts. We extracted relevant bio-
logical and oceanographic data to evaluate these hypotheses, and in
doing so, we investigated evidence for a large-scale regime shift in
the Northeast Atlantic Ocean and synchronous ecosystem-scale changes
to the marine habitat that Atlantic salmon and other fish rely on.

RESULTS

Synchrony in marine growth of Atlantic salmon

We sorted the individual fish growth data from 180 rivers covering
the complete coastline of Norway into four geographic regions (northern,
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Fig. 1. Map of Norway showing locations where Atlantic salmon scales have been sampled. Color code indicates regional divisions into south-eastern (purple),

south-western (cyan), middle (red), and north (green).

middle, south-western, and south-eastern) for spatial comparisons
(Fig. 1). The among-year variation in growth during the first year at
sea was lowest in the northern region and middle region and highest
in the south, with a coefficient of variation (CV) ranging from about
5to 8% (Table 1). The northern region differed from the three other
regions in temporal pattern (Fig. 2), reflected in the low temporal
synchrony in growth during the years 1989-2016 (Table 1). Growth
was closely synchronized among salmon in the middle, south-western,
and southern-eastern populations [correlation coefficient (r) > 0.8].
Growth of the south-eastern and south-western salmon was only
marginally synchronized with the northern populations (r = 0.1)
and was low between the middle and northern populations (r = 0.3).

Changepoint analysis of growth and return

of Atlantic salmon

Marine growth of Atlantic salmon

The growth of Atlantic salmon during the first year at sea decreased
in 2005 in terms of early marine growth, relative growth (i.e., growth
divided by size at seaward migration), and relative growth per day
for the two southern regions and the middle region, whereas no
such patterns occurred in the northern region (Fig. 2; see table S1

Vollset et al., Sci. Adv. 8, eabk2542 (2022) 4 March 2022
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Table 1. Variation and between-region synchrony in relative growth
of Atlantic salmon in the first summer and winter at sea. The CV is
estimated as the SD of natural log of relative growth multiplied by 100.
Additional parameter estimates for the model are given in table S3.

Correlation Correlation Correlation
Region Among- with region withregion with region
year CV middle south- south-
western eastern
North 4.9% 0.29 0.13 0.07
Middle 4.8% 0.87 0.81
South-western 6.5% 0.95
South-eastern 8.2%

for description of terminology). In addition, although the absolute
or relative growth appeared to be smaller in the northern region
(Fig. 2, top and middle), the relative growth per day (Fig. 2, bottom)
was higher in the north, indicating better conditions for growth
after 2005 than for salmon from rivers in the south.
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Fig. 2. Comparison of three growth measurements. Error envelopes are 95%
confidence intervals from a model for each region, where year is a fixed effect and
river (N=180) is a random effect. Color code indicates regional divisions into
south-eastern (purple), south-western (cyan), middle (red), and north (green).
Relative growth is defined as early marine growth divided by the smolt size, while
relative growth per day is relative growth divided by estimated days spent at sea
until October 31.

The time series analysis indicated a clear shift in growth between
2004 and 2005 for Atlantic salmon from the two southern regions
(fig. S1). The model with the lowest Bayesian information criterion
(BIC) for the south-eastern region was a simple model with a piece-
wise constant mean and variance with a changepoint from 2004 to
2005 (fig. S1 and table S2). For the south-western region, a model
with a piecewise linear trend over time performed best and identi-
fied not only a changepoint from 2004 to 2005 but also a smaller
changepoint in 1998 (fig. S1 and table S2). The average estimated
body length attained by the Atlantic salmon after the first winter at
sea was reduced from 45.7 to 41.4 cm in the south-eastern region
and from 47.9 to 41.2 cm in the south-western region. This corre-
sponded to approximately 9 and 14% reduction in body length. As-
suming isometry, this would correspond to a decrease in body mass
of about 25 and 36%.

Despite a large decline from 2004 to 2005 in growth of Atlantic
salmon from middle Norway, a model with a constant mean and
variance performed equally well as all other models (fig. S1 and
table S2). For the northern region, there was no observable changepoint
according to the best fit model. Instead, a model with a positive
linear trend over time with autocorrelated errors performed best
and indicated a positive slope (fig. S1 and table S2).

Vollset et al., Sci. Adv. 8, eabk2542 (2022) 4 March 2022

The proportion of Atlantic salmon being larger than 3 kg

in body mass when they returned to the rivers

The increase in proportion of Atlantic salmon being larger than
3 kg in body mass when they returned to the rivers, which are
Atlantic salmon returning after more than 1 year at sea (Atlantic
salmon smaller than 3-kg body mass have usually stayed only 1 year
at sea; see fig. S2 for an evaluation of this assumption), indicates an
overall trend of returning Atlantic salmon being larger and presum-
ably older toward the end of the study period (Fig. 3A). For the two
southernmost regions and the middle region, the best supported
temporal trend model included a changepoint (fig. S3 and table S2).
For the two southernmost regions, the changepoint in increased
proportion of older fish was identified in 2005-2006 (fig. S3). For
the middle region, a changepoint was identified in 2000-2001 (fig.
S3). For the northern region, a model with a simple trend analysis
was marginally better than a model with a simple changepoint in
the mean (fig. S3). The average percentage of Atlantic salmon being
larger than 3-kg body mass when they returned to the rivers before
2005 in the two southern regions was 35 and 48%. After 2005, this
increased to 54 and 64%. The middle and northern region also ex-
perienced an increase in the proportion of Atlantic salmon being
larger than 3 kg at return during this period, from 37 to 54% in the
north and 40 to 53% in the middle region.

The increase in percentage of Atlantic salmon staying longer
than 1 year at sea is also apparent on a larger geographic scale. Ac-
cording to the data reported by the International Council for the
Exploration of the Sea (ICES) (20), there was a steep increase in the
percentage of such older salmon from 2005 to 2007 in northern
Europe (Fig. 3B). In southern Europe, the increase was more gradual
and stabilized after 2011.

Body length of Atlantic salmon when leaving therivers

The body length of Atlantic salmon when they leave the rivers and
enter the sea, which is the life stage called smolt, decreased in the
middle and the northern regions but increased in the south-western
region (fig. S4). In the northern region, a model with a negative
trend was supported, while in the south-western region, a model
with positive trend was supported. There was no support for a trend
in the south-eastern region. In the middle region, a more complex
model with a trend and a changepoint was supported. At the start of
the time series, the average size of smolts in the middle and north-
ern region was 15.2 cm, while it was 13.5 cm in the southern re-
gions. At the end of the time series, these values had converged,
with an average of 14.4 and 14.0 cm, respectively.

Marine data

Sea surface temperature when Atlantic salmon migrated
tothesea

There was no indication of a changepoint in the temperature during
seaward migration of Atlantic salmon smolts (in the spring) in the
middle, south-western, and south-eastern regions (figs. S5 and S6).
Instead, the temperature was similar for all these three regions and
warmed linearly throughout the period. In the northern region, the
temperature also increased over the whole study period but had a
more marked increase after 2008, when a more complex model
with a piecewise linear trend over time with autocorrelated errors
was supported. In all these temperature data series, the temperature
was approximately 8°C at the start of the time series and warmer
than 9°C at the end of the time series.
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Fig. 3. Relevant biological and oceanographic data showing signals of ecolog-
ical regime shifts associated to growth reduction of Atlantic salmon in 2005.
(A) Proportion of Atlantic salmon returning to the Norwegian coast larger than
3 kg. Color code indicates regional divisions into south-eastern (purple), south-
western (cyan), middle (red), and north (green). (B) Proportion of multi-sea-winter
(MSW) salmon of the total number of salmon returning from the Atlantic Ocean
at different years to Northern (in red) and Southern (in blue) Europe. Shaded
areas show the 95% confidence interval. Northern Europe is Russia, Finland, Norway,
Sweden, and Iceland (north and east region), while Southern Europe is Iceland
(south and west region), United Kingdom (Scotland, Northern Ireland, England,
and Wales), Ireland, and France. (C) Proportion of Arctic water in the Norwegian
Sea in May. (D) Average sea surface temperature (SST) in the Norwegian Sea from
January to May. (E) Zooplankton biomass defined as grams dry weight per square
meter [extracted from ICES 2020 (50)], where gray lines are the four different sur-
vey areas and the black line is the average. (F) Length of 6-year-old mackerel.
The dashed line is the identified changepoint in growth of Atlantic salmon in
2005, while the dotted line is the identified changepoint of the time series. Blue
shaded areas indicate +1 SD for the changepoint analysis and the 95% confidence
intervals for the smooth function, while the blue line is the model predictions.
Note that there was no identified changepoint in proportion of Arctic water, so
a LOESS smoother is presented.

Proportion of Arctic water in the Norwegian Sea

The proportion of Arctic water in the Norwegian Sea, which is an
index of influence of more productive Arctic water relative to less
productive Atlantic water, decreased from 1996 to a nadir in 2005.
The best supported model was a trend analysis with a changepoint
in 2008 (table S3 and fig. S7). The trend suggests a decline until
2008, after which the proportion of Arctic water was low during the

Vollset et al., Sci. Adv. 8, eabk2542 (2022) 4 March 2022

remainder of the period when growth data were available (Fig. 3C).
There seemed to be an increase at the end of the time series
beginning in 2017.

Sea surface temperature in the Norwegian Sea

and the Arctic front

The average sea surface temperature (SST) has warmed in the Nor-
wegian Sea and at the Arctic front (Fig. 3D, figs. S8 and S9). The time
series models of temperature in the Norwegian Sea before the Atlantic
salmon outmigration supported a model with a piecewise constant
mean and variance with a changepoint occurring in 2001-2002,
whereas the other temperature time series, i.e., temperature in the
Norwegian Sea from May to December and temperature in the Arctic
front (fig. S8 displays region of temperature extraction), supported
a model with a general positive trend and an autocorrelation struc-
ture (fig. S9 and table S3).

Zooplankton biomass

Zooplankton exhibited a clear shift from a higher to a lower abun-
dance in all four marine regions (i.e., Norwegian basin, Lofoten ba-
sin, Arctic front, and east of Iceland; Fig. 3E and fig. S10) and
declined to approximately half of the original abundance during the
time series. All the time series on plankton supported a model in-
cluding a clear changepoint. For the Norwegian basin, Lofoten ba-
sin, and Arctic front, a more complex model with a piecewise linear
trend over time was better than a simpler model with a piecewise
constant mean and variance (table S3). The changepoint occurred
in 2002-2003 for the Norwegian basin, in 2001-2002 in the Lofoten
basin, in 2003-2004 in the Arctic front, and in 2006-2007 east of
Iceland (fig. S10).

Growth of marine fish

Length of 6-year-old Atlantic mackerel (Scomber scombrus) experi-
enced a marked decrease during the time series (1985-2016), and
the model with the strongest support was a model with a piecewise
constant mean and variance with a changepoint from 2007 to 2008
(Fig. 3F and table S3). Length of 6-year-old herring (Clupea harengus)
decreased over the time series and supported a model with a linear
trend over time with autocorrelated errors (fig. S11 and table S3).
For blue whiting (Micromesistius poutassou), the between-year vari-
ation was large, and the most complex model with a linear trend
with two changepoints (1992 and 2010) had the lowest BIC (fig. S11
and table S3).

Prey fish

Landings of sand eel (Gymnammodytes capensis) and sprat (Sprattus
sprattus), which are important prey for Atlantic salmon, decreased
and even disappeared in surveys during the period before 2004.
Because of zero inflation and uncertainty related to catch statistics,
time series of sand eel and sprat were not analyzed (fig. S12). The
recruitment index of Norwegian spring-spawning herring was vari-
able from low to high and lacked strong recruitment since 2004.
The large variance led to a poor fit to all time series models.

Correlation between growth of Atlantic salmon at sea

and marine data

From the correlation analysis of growth and marine data (figs. S13
to S16), there were three important findings. (i) There was a strong
positive correlation between growth of Atlantic salmon with aver-
age abundance of plankton (r > 0.7) and a negative correlation with
SST in the Norwegian Sea (r < —0.5) in the two southernmost re-
gions. These correlations were weaker in the middle region and
largely absent in the northern region. (ii) There were only weak
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correlations between growth of Atlantic salmon and index for Arc-
tic water [except in the northernmost region (r = 0.5)] but a strong
negative correlation between the index for Arctic water and average
SST in the Norwegian sea (r = —0.78). (iii) There was a negative
correlation between average SST in the Norwegian Sea and average
plankton abundance (r = —0.57).

DISCUSSION

Unique data on body length growth during the first months at sea
obtained from reading of scales from Atlantic salmon revealed an
abrupt reduction in growth in the year 2005 for numerous popula-
tions migrating through the Norwegian Sea from southern and
middle Norway. This reduced growth co-occurred with a decline in
the number of Atlantic salmon that returned to the rivers during the
subsequent year after having spent 1 year at sea (termed one-sea-
winter Atlantic salmon or grilse). Our analysis revealed a coinciding
oceanographic decrease in the extent of Arctic water in the Norwe-
gian Sea. This decrease in Arctic water resulted in about 1° warming
of temperature, which correlated with an almost 50% reduction in
zooplankton abundance before out-migration of Atlantic salmon
smolts from rivers to regions of the Norwegian Sea. A sudden re-
duction in body growth was also observed among Atlantic mackerel
following this reduction in plankton. A reduced growth of Atlantic
salmon around 2005 has also been observed in France and Scotland
(8, 21), suggesting that the factors affecting southern Norwegian
populations affected salmon populations across a large geographic
area. We hypothesize that the oceanographic change in Arctic water
caused a synchronous regime shift among trophic levels across a
large area of the Northeastern Atlantic Ocean. This regime shift may
be predicted by several competing mechanistic hypotheses, which
we discuss in the context of potential top-down and bottom-up
processes.

Temperature warmed during the sampling period. Ignoring pos-
sible bottom-up effects of food limitation on growth of Atlantic
salmon, direct physiological limitations may be imposed by chang-
ing temperature regimes in the ocean, which affect growth rates and
survival of Atlantic salmon. Atlantic salmon encounter a range of
water temperatures in the marine environment; they make frequent
dives past the thermocline to hundreds of meters and are, in gener-
al, found at water temperatures between 0° and 14°C (19, 22, 23). A
possible explanation for the decreased growth of Atlantic salmon
may therefore be the direct physiological effect of warming water
temperatures and the effects on metabolism and exercise physiology.
Warming temperatures worldwide have been implicated in changes
in animal sizes, including a widespread decline in the size of Pacific
salmon (24). Clark et al. (25) also suggested that warming will favor
smaller-sized salmon because of a higher metabolic cost in response
to activity in warmer water. The Northeast Atlantic is now warmer
than it has been in millennia, but marine temperatures are unlikely
to surpass temperatures that are considered to fall within the optimal
window for Atlantic salmon (26). The average temperature warm-
ing in the North Atlantic during 1980-2020 is more likely to stimu-
late an increased and not decreased growth of Atlantic salmon,
assuming that they are not food limited (27). We therefore argue
that the change in temperature observed during the period is insuf-
ficient to explain an unprecedented collapse in growth and suggest
that there are additional explanatory factors beyond physiological
limitations imposed by temperature.

Vollset et al., Sci. Adv. 8, eabk2542 (2022) 4 March 2022

Data from the greater Northeastern Atlantic showed a clear de-
crease in the abundance of zooplankton just before the abrupt
decrease in body growth of Atlantic salmon growth in 2005. These
data suggest that the decline in growth of Atlantic salmon during
the first months at sea is somehow linked to basin-scale shifts in
plankton abundance and a regime shift in the North Atlantic that
disfavors growth of Atlantic salmon during their first year at sea.
Sudden changes in plankton composition have been reported earlier
from the North Sea, which have also been correlated with Atlantic
salmon abundance (15). Regime shifts in the plankton community
may be a function of a top-down mechanism, for example, through
predation from pelagic fish, such as mackerel. One possible mecha-
nism is therefore that the decrease in zooplankton may be driven by
the range expansion of mackerel. Contemporary decrease of mack-
erel growth in the Northeastern Atlantic has been studied in detail
by Olafsdottir et al. (28). They suggested that the carrying capacity
for planktivorous fishes was reached and that the observed decrease
in growth of mackerel was a function of density-dependent compe-
tition among planktivores. At the same time, the feeding area of
mackerel expanded northward by 50% during 2006-2013, leading
to a larger geographic overlap with Atlantic salmon during their
first months at sea (29). The simultaneous reduction in growth of
Atlantic salmon and biomass of zooplankton, with a clear spatial
expansion of mackerel, could indicate competition between mack-
erel and Atlantic salmon. Although mackerel and post-smolt salmon
have some dietary overlap, they have sufficiently different feeding
niches that they are not density co-dependent. Whereas mackerel
mainly feed on copepods and other mesozooplankton (1 to 2 mm
long), post-smolts of salmon feed on fish larvae, euphausiids, and
Amphipoda (30). This suggests that direct competition between these
species is unlikely and that the declining growth of the two species
is a parallel response to a bottom-up process occurring across the
Northeast Atlantic ecosystem rather than a result of competitive ex-
clusion of Atlantic salmon by mackerel.

During their early marine life, the Atlantic salmon need energy-
efficient prey, such as lipid-rich larvae of sand eel, herring, and
sprat, to sustain their growth (31). Available data for these larval fish
species follow the same general pattern as other indices, with lower
abundances after 2005 than before that date. For sprat and sand eel,
abundance seems to have decreased in the northern North Sea. In
contrast, the recruitment of Norwegian spring-spawning herring has
fluctuated markedly among years, but no high recruitment indices
have been reported since 2004. A recent study in the Norwegian Sea
supports the hypothesis that salmon post-smolt rely on fish larvae
to maintain a high growth rate, showing that condition of Atlantic
salmon post-smolt decreased with lower prevalence of fish larvae in
their stomachs (32). A clear drop in condition factor was also ob-
served in the 25-year time series occurring somewhere between 2003
and 2008 (32). The reasons for lack of recruitment of larval fish along
the Norwegian coast are unknown, but top-down processes, such as
predation (33), or bottom-up processes due to lack of suitable zoo-
plankton during early life stages (34) have been proposed. A plausible
explanation for the reduced growth in Atlantic salmon is therefore
reduction in high-energy larval fish prey during the early marine
life due to lack of recruitment following an ecological regime shift oc-
curring in 2005. Toresen et al. (34) previously noted a reduction in
zooplankton just before 2005 along the Norwegian coast during
their herring surveys, supporting the hypothesis that a basin-scale
regime shift occurred just before the Atlantic salmon growth collapse.
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The simultaneous changes to temperature, zooplankton, and
marine growth of Atlantic salmon and subsequent decrease in size
of mackerel occurred after what seemingly was a sudden reduction
in the transport of Arctic water into the Norwegian Sea. This obser-
vation may suggest that the simultaneous occurrences of shifts in
physical and biological measurements are driven by a bottom-up
process associated with abiotic environmental changes or at least
that these changes were set in motion by a shift in distribution of
Arctic water in the Norwegian Sea. The zooplankton density is
higher in Arctic water than in Atlantic water, so conveyance of food
may also have declined after 2005 (34). The reduced transport of
Arctic water with high abundance of microzooplankton into the
Norwegian Sea is therefore a plausible explanation for the shifts in
growth and ecological regime.

Shifts in marine growth may also, in theory, have been the re-
sult of antecedent growth conditions in freshwater (35). Small
body size differences at the time of first feeding in the marine en-
vironment may have consequences for the ability of Atlantic salm-
on post-smolts to use different prey. If the post-smolts are initially
too small to use an abundant food source, which may be growing
simultaneously, then Atlantic salmon may fail to keep pace with
the size of prey and therefore grow poorly throughout the season.
This is, in recruitment biology, termed “successful surf riding on
size spectra,” alluding to the need of individuals to have the right
size to use the available prey (36). Consequently, a marked shift in
marine growth may have been caused by a steady decline in size at
age that, at some point, crosses a minimum size for prey exploita-
tion in the marine environment. However, in our dataset, we show
that Atlantic salmon entering seawater has become larger in the
south and smaller in the north, which is the opposite trend of what
we would expect if this was the underlying mechanism for the
growth decline.

Among the largest anthropogenic impacts of wild Atlantic salm-
on in the North Atlantic are the effects of net-pen Atlantic salmon
farming in coastal areas. Effects of Atlantic salmon farming include
genetic introgression of farmed genes due to spawning of escaped
farmed salmon and spillover effects of salmon lice (Lepeophtheirus
salmonis) and other parasites and pathogens that disperse through
the water column (37-39). In farm-intensive areas, mortality of
wild Atlantic salmon due to salmon lice may be considerable, and
for survivors, the marine growth may be affected (40). Introgres-
sion of escaped farmed salmon also affects marine survival (41, 42)
and the size and life history of Atlantic salmon (43). However,
there is key evidence that suggests that the observed decline in
growth and decline in one-sea-winter fish that occurred in 2005 is
not mainly driven by impacts of fish farms. (i) The steep decline in
growth also occurred in the south-eastern region of Norway that
was devoid of fish farms (although Atlantic salmon smolts migrat-
ing to sea have to migrate northward past regions of high fish
farming activity). (ii) There is currently no evidence that there was
a large shift in aquaculture production, number of escaped farmed
salmon, or salmon lice infestation pressure numbers in 2005 across
a large regional scale that could explain the patterns observed in
Atlantic salmon growth. However, note that impacts of variable
marine conditions are not disentangled from impacts of salmon
lice. For example, the effects of salmon lice on marine growth of
Atlantic salmon are much stronger during years of low marine sur-
vival compared to years with higher marine survival (40). In the
face of apparent marked changes in the marine environment of
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Atlantic salmon, it seems even more important to reduce negative
human impacts on Atlantic salmon populations in years with poor
ocean conditions (19).

Atlantic salmon disappeared from large river ecosystems such as
the Thames and the Rhine over a hundred years ago, eradicating
runs of Atlantic salmon that were unmatched by most of the popu-
lations that we have today (44). Past declines have generally been
related to overfishing, pollution, and destruction of freshwater
habitats due to human activities (44). In contrast, the contemporary
decline of Atlantic salmon in the Atlantic Ocean has occurred
across multiple populations simultaneously, pointing to large-
scale effects, such as climate change and shifts in marine conditions
(45, 46).

Occurrences of large-scale shifts in marine conditions that prop-
agate through marine ecosystems are often difficult to observe be-
cause of lack of observation on biologically relevant scales. Atlantic
salmon scales are unique in this sense because the spatially explicit
observations of the fish returning to their home rivers allow us to
understand detailed temporal patterns and spatial patterns in marine
growth. This illustrates how local versus basin-scale changes affect
the marine growth of Atlantic salmon and helps to test for impacts
of human activity in rivers and coastal areas versus large-scale eco-
system effects in the sea. Using a large dataset of Atlantic salmon
growth based on fish scale analyses, we have revealed an unprece-
dented shift in growth occurring after 2004, which should have large
implications for conservation, management, and genetic evolution
of Atlantic salmon, as well as for other marine species in the North
Atlantic. In contrast to the belief that marine growth is steadily de-
creasing, the data rather indicate a sudden and marked drop in growth
of Atlantic salmon after migrating out of the southern and middle
rivers of Norway in 2005, after which growth never fully recovered.
Here, we have described how the observed decline in growth
happened simultaneously to shifts in several biological and physical
measurements, corroborating the hypothesis of a basin-scale change
in ecosystem functioning in the Northeast Atlantic driven by the
reduced transport of Arctic water with high abundance of mi-
crozooplankton into the Norwegian Sea.

MATERIALS AND METHODS

Scale analyses

Scale samples of adult Atlantic salmon were compiled from 180 rivers,
which comprise almost half of all Atlantic salmon rivers in Norway,
during 1989-2016. The scales were collected by anglers when sport
fishing in the various rivers. The back-calculation of fish length was
based on the linear relationship between fish length and the diame-
ter of the fish scale from the center of the scale to the edge (9). We
focused on the average growth across four large geographic regions:
south-eastern, south-western, middle, and north Norway (Fig. 1).
In total, 52,371 Atlantic salmon were sampled by fishers. For each
individual fish, the following data were used: length at capture (in
cm), back-calculated freshwater growth (in cm), back-calculated
early marine growth (in cm), and smolt year, which is the year that
they migrated from the rivers as juveniles to the sea. Freshwater
growth was defined as the distance from the center of the scale to
the end of the freshwater zone in the scale. Early marine growth,
also termed post-smolt growth, was measured as the distance
between the end of the freshwater zone and the end of the first
winter at sea.
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Proportion of multi-sea-winter adult returns

of Atlantic salmon

The proportion of multi-sea-winter (MSW) returns were estimated
from the number of adult Atlantic salmon returning to the rivers
after the marine migration extracted from the official numbers re-
ported to ICES. These are data estimated using the “run reconstruction
method” (47), which, in most countries, are informed by recreational
and artisanal fishing catches (corrected for unreported catches) and
an exploitation rate. Some countries also inform their estimates by
count data and catch-and-release fisheries. Detailed descriptions of
the method and population size estimates are provided in (20, 47).
For the Norwegian data, the threshold of what is considered an MSW
fish is body mass >3 kg.

Marine data

Sea surface temperature

Weekly measurements of SSTs were extracted from the National
Oceanic and Atmospheric Administration (www.ncdc.noaa.gov) from
the period 1989 to 2018. SSTs were extracted in three ways: First,
average SSTs were extracted from four polygons describing the
areas occupied by early marine life of Atlantic salmon from the
four regions of Norway during the early sea migration in the sum-
mer. Because the timing of migration from rivers to the sea varies
among the latitudinal gradients in the four regions (48), tempera-
ture averages per year were extracted from May for the south-east-
ern region, June for the south-western region, July for the middle
region, and August for the northern region. Second, average SST's
from the adult feeding grounds were extracted by drawing a poly-
gon, encompassing what is believed to be the approximate feeding
ground of Norwegian Atlantic salmon. Third, temperatures from the
Norwegian Sea were extracted where a large number of Atlantic salmon
post-smolts of southern Atlantic salmon populations have been ob-
served (49). We extracted two indices from the last two polygons:
(i) average temperature from January to May as an index of tem-
poral changes in the ecosystem before the smolt out-migration and
(i) average temperatures from May to October, which could indicate
direct effects of temperature on growth of Atlantic salmon during
their early marine migration. Maps of temperature extraction are
shown in figs. S5 and S8.

Proportion Artic water in the Norwegian Sea

The Norwegian Sea can either be dominated by water from the
North Atlantic, which is warm and saline or cold and fresh, or by
water from the East Icelandic current, which is cold and saline (de-
fined by S = 34.6 to 34.9 and T < 4°C). The relative proportion of
Arctic water into the Norwegian Sea in spring can be used as an
index of influence of Arctic water relative to Atlantic water in the
Norwegian Sea (range from 0 to 1). Arctic water has been associated
with higher abundances of the zooplankton Calanus hyperboreus,
which is known to be an important food source for many pelagic
fish species. The annual index was extracted from (50).

Plankton abundances

Biomass of zooplankton in May has been estimated annually since
1995 for the Norwegian Sea. The sampling stations are evenly distrib-
uted between 14°W and 20°E in areas covering Atlantic water, Arctic
water, and the Arctic frontal zone. The sampling was done with a
WP2 plankton net, which is a plankton net with an opening of 1 m?
hauled vertically from depth of 200 m to the surface. The majority
of the sampled zooplankton with this gear is mesozooplankton be-
cause individuals larger than 2 mm can escape (51). The sampled
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area was divided into four subregions to examine regional differ-
ences: (i) southern Norwegian Sea including the Norwegian Sea basin,
(ii) Northern Norwegian Sea including the Lofoten basin, (iii) Jan
Mayen Arctic front, and (iv) east of Iceland. More information
about the zooplankton sampling is given in ICES (50). Mesozoo-
plankton (<2 mm) are not important prey for Atlantic salmon early
marine life but are an important constituent of the marine ecosystem
and an important bottom-up biological forcing in the marine eco-
system. Macroplankton are likely more important prey than meso-
zooplankton (30), but samples are not readily available.
Body growth of marine fish
To evaluate whether similar patterns in marine growth have occurred
for similarly sized marine fish that potentially compete with Atlantic
salmon, average body length for 6-year-old Norwegian spring-spawning
herring, mackerel, and blue whiting in the Norwegian Sea were retrieved
from (50). These are fish that are the dominating pelagic species
in the Norwegian Sea, which is a region with an average sea depth
0f 1800 m. They were sampled during the winter when their feeding
was reduced to a minimum and growth had ceased. Demersal fish
species in the Norwegian Sea were not investigated, because they are
of low abundance, not regularly monitored, and do not normally inter-
act with Atlantic salmon. More information about the time series and
individual body growth of these pelagic fish species is given in (50).
Prey fish data
Early life stages of marine fish are important prey for Atlantic salm-
on in their early marine life, particularly herring, sprat (S. sprattus),
and sand eel (Ammodytes sp.) (31, 52). Data on temporal develop-
ment of sand eel and sprat biomass are scarce, so commercial land-
ings of these species were retrieved and used as a proxy for annual
abundance. Data on annual commercial landings of sand eel for ICES
management area 5r (the northern North Sea) for the years 1985-2018
were retrieved from (53). Annual commercial landings of sprat along
the western coast of Norway for the years 1985-2011 were provided
by the Norwegian Fishermen’s Sales Organization for Pelagic Fish.
The exact age distribution for sprat and sand eel in commercial catches
varied with year and location and was only reported for the larger fish-
eries (e.g., sand eel in southern North Sea). Catch at age was not
reported for sand eel for the northern North Sea and for sprat along
the Norwegian coast. However, sprat and sand eel targeted by com-
mercial fisheries are typically 1 to 3 years old. In addition, a small
proportion of the catches consists of individuals older than 3 years.
On the basis of this general knowledge, we assume that sprat and
sand eel in commercial catches were, on average, 2 years old.
Estimated historic recruitment of Norwegian spring-spawning
herring was retrieved from the analytic stock assessment (54). The
model back-calculates historic year-class strength based on com-
mercial catch-at-age data [virtual population analysis (VPA) model]
adjusted according to fishery-independent (e.g., surveys) indices. Since
recruitment age in the assessment was 2 years old, year minus two was
applied for the annual recruitment estimates to represent larval abun-
dance. Herring spawn along the Norwegian coast. Hatching larvae are
passively transported northward during spring and early summer as
they grow, making them available as prey to Atlantic salmon during
their early marine life if they overlap in space and time (30).

Data analysis

Growth analysis

Growth estimates from scales may be affected by the size of the fish
when they leave the rivers and enter the sea. To correct for this error, a
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relative growth estimate can be used where the early marine growth
is divided by the freshwater growth of the individual, which we refer
to as relative growth. In addition, the timing of out-migration will
vary by up to 2 months from north to south in Norway, meaning
that the time to grow before winter is shorter for northern popula-
tions. Putative monthly growth estimates indicate that growth is
limited from November, and we therefore calculate growth from
day of out-migration to 31 October. Day of out-migration was cal-
culated according to (55) using a model that explains out-migration
date based on latitude, longitude, air temperature during winter,
and river discharge. The estimated growth is called relative growth
per day. All three growth estimates are presented and discussed;
however, for the rest of the analysis, relative growth was used and
termed early marine growth.

Statistical analysis of synchrony in Atlantic salmon early
marine growth

To understand whether Atlantic salmon growth in different rivers
and regions of Norway was controlled by similar mechanisms, we
first evaluated synchrony in growth. We estimated the CV and the
correlation among regions in the natural logarithm of early marine
growth (g) using the mixed effect model

g=Xb+Zu;+Zru;+e

where X is the fixed effects design matrix, Z; and Z, are random
effect design matrices, b includes the intercept and the fixed effect
contrast to each region, u; is the random effect of river, u; is the
random effect of smolt year within region, and e is the residual vec-
tor. Both the random effect of river and the residuals were assumed
to be independent and normally distributed, while the random ef-
fect of smolt year within rivers was assumed to be multivariate nor-
mally distributed according to u, ~ N(0,U®T), where 0 is a column
vector of zeros, U is the among regions variance matrix (with four
dimensions), & is the Kronecker product, and I is the identity ma-
trix with dimensions equal to number of smolt years. From the vari-
ance matrix U, we can calculate the among region correlations. The
model was fitted in R using the package Ime4 (56).
Changepoint analysis
We applied the envept() function from the EnvCpt package (57) in R,
which applies an automatic model selection between a variety of trend,
changepoint, and autocorrelation models (i.e., time series analysis).
For simplicity, we removed the second-order autocorrelation structure
models (AR2) because they have similar fits to the data as ARI. The
eight models fitted to each time series (y;) were as follows:

1) A constant mean and variance (model abbreviation: Mean)

Vi=Hte

where the subscript t denotes year (1989-2016); p is the mean; and e,
is the error term, which is assumed to be normally distributed and in-
dependent and identically distributed (I.I.D.) with a mean of zero and
variance ¢”.

2) A piecewise constant mean and variance (model abbreviation:
Mean cpt)

M1+ ent =
L t+e,Cp <t < C
v = .

Wm+5Cm-1 < T =1
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where c is a vector of years at which the changepoints occur, with
respective means (i) in the various segments between the different
changepoints.

3) A constant mean with autocorrelated errors [model abbrevia-
tion: Mean + AR(1)]

Vi=U+ QY1+ e

where @ is the autocorrelation parameter.
4) A piecewise constant mean with autocorrelated errors [model
abbreviation: Mean cpt + AR(1)]

M+ @1yt et < ¢

W+ @P2y-1+te,€ <t =< ¢
y: = .

W+ @PmYi-1+€Cm-1 <t = 1
5) A linear trend over time (model abbreviation: Trend)
yi=A+ Pt + e

where ) is the intercept and B is the slope of the trend.
6) A piecewise linear trend over time (model abbreviation:
Trend cpt)

7\,1+B1t+€[,t < cC

A+ Bat+e,c; <t < ¢y
yt = .

Am+Bmt+epCpy1 <t < n

7) A linear trend over time with autocorrelated errors [model
abbreviation: Trend + AR(1)]

Vi=A+ B+ @y +e

8) A piecewise linear trend over time with autocorrelated errors
[model abbreviation: Trend cpt + AR(1)]

7&,1 + B]f+ Q1Y+ et = €

k2+B2t+(p2y,,,+et,c1 <t =<cC
Vi = .

A+ Bt + QmYr-1+enCpyg <t = n

The EnvCpt packages fit the model according to maximum like-
lihood estimation. Changepoints are located using the pruned exact
linear time algorithm described in (52).

An alternative modeling approach using a generalized additive
model (GAM) was also explored. Spatial patterns were taken into
account in the GAM by a smoother with an interaction between
latitude and longitude. River was defined as a random effect, and
year was included as smoother for each region separately. The GAM
modeling confirmed the changepoint analysis, and we do not pres-
ent these results.

The BIC was used to select the time series model with the highest
support. Models with ABIC < 2 were viewed as having equal sup-
port. In such cases, the simplest model was selected over a more
complex model. For illustration purposes, data supporting models
with a trend (e.g., models 3, 5, and 7) were plotted using the loess
smooth function in ggplot (58), while time series supporting a model
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with a changepoint (models 2, 4, 6, and 8) were illustrated with a
stepwise plot with a vertical dotted line, indicating where the change-
point in the dataset occurs.

We first applied the changepoint analysis to the early marine
growth of Atlantic salmon. Because the dataset was not complete
for all river/year combinations, we used the estimated early marine
growth from the linear mixed model in the synchrony analysis for
each region as input. The same method was used for smolt size ex-
tracted from the scales. From data of number of Atlantic salmon
returning to the river, we calculated the proportion of Atlantic
salmon registered as >3 kg for each region, with the rationale that
salmon larger than 3 kg has spent another year at sea, reflecting a
life history response to reduced growth conditions (see fig. S2 for an
evaluation of this assumption). Second, we applied the changepoint
analysis for each of the time series of marine data. Last, we calculated
the (Pearson) correlation coefficients between early marine growth
of Atlantic salmon and all explanatory variables, where the esti-
mates per year of relative growth from the different regions were
taken from the linear mixed model used in the synchrony analysis.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abk2542
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