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Abstract

North American Atlantic salmon (Salmo salar) populations experienced substantial declines in the early 1990s, and

many populations have persisted at low abundances in recent years. Abundance and productivity declined in a

coherent manner across major regions of North America, and this coherence points toward a potential shift in marine

survivorship, rather than local, river-specific factors. The major declines in Atlantic salmon populations occurred

against a backdrop of physical and biological shifts in Northwest Atlantic ecosystems. Analyses of changes in climate,

physical, and lower trophic level biological factors provide substantial evidence that climate conditions directly and

indirectly influence the abundance and productivity of North American Atlantic salmon populations. A major decline

in salmon abundance after 1990 was preceded by a series of changes across multiple levels of the ecosystem, and a

subsequent population change in 1997, primarily related to salmon productivity, followed an unusually low NAO

event. Pairwise correlations further demonstrate that climate and physical conditions are associated with changes in

plankton communities and prey availability, which are ultimately linked to Atlantic salmon populations. Results

suggest that poor trophic conditions, likely due to climate-driven environmental factors, and warmer ocean tempera-

tures throughout their marine habitat area are constraining the productivity and recovery of North American Atlantic

salmon populations.
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Introduction

A large and continually growing body of evidence

shows that marine ecosystems are affected by changing

climate conditions (e.g. Hoegh-Guldberg & Bruno,

2010; Doney et al., 2012), and that climate-related eco-

system changes can directly and indirectly impact mar-

ine fish species and communities (e.g. Rose, 2005; Nye

et al., 2009; Lucey & Nye, 2010). Many past studies of

fish-climate interactions have focused on species that

complete their entire life cycle in the ocean with rela-

tively limited migrations. Less attention has been

devoted to understanding how climate conditions may

affect anadromous fish that move between freshwater

and marine environments or species that undertake

extensive migrations. Pacific salmon represent an

exception, and for these species, clear linkages between

climate indices, physical conditions, and population

parameters have been documented (Mantua et al., 1997;

Beamish et al., 1999; Hare et al., 1999; Hilborn et al.,

2003). In addition, Beaugrand & Reid (2003, 2012) have

described how climate-related ecosystem changes have

affected European populations of Atlantic salmon.

However, the relationship between ecosystem condi-

tions and North American Atlantic salmon populations

has not been characterized, despite widespread

declines in return rates (Chaput et al., 2005) concurrent

with an ecosystem reorganization that has been attrib-

uted to climate-driven, basin-scale oceanographic

changes (e.g. MERCINA Working Group, 2012) and

possibly top-down changes due to overfishing (e.g.

Frank et al., 2005).

Atlantic salmon have a broad geographic range

throughout northern portions of the Atlantic Ocean and

a complex life history that includes a freshwater juve-

nile phase, an extensive oceanic migration, and a return

migration to freshwater for spawning (Thorstad et al.,

2011). While freshwater life stages are influenced by

local conditions, large-scale changes in the marine envi-

ronment can affect Atlantic salmon while they are at

sea. North American Atlantic salmon are known to feed

off west Greenland in the summer and overwinter in

the Labrador Sea (Reddin, 1988; Thorstad et al., 2011),
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and considerable mixing of stocks occurs in these areas

(Reddin, 1988; Reddin & Friedland, 1999; Gauthier-

Ouellet et al., 2009; Sheehan et al., 2012), which suggests

that salmon from widely distributed rivers are subject

to the same marine ecosystem influences.

Declines in Atlantic salmon populations have been

observed throughout North America and Europe in

recent decades, reaching critically low levels at the

southern extent of their range (Parrish et al., 1998). In

North America, native populations in the southernmost

areas have been extirpated since the 1800s, and many

extant populations, including those in the Gulf of

Maine, Bay of Fundy, and Scotian Shelf, are considered

endangered (Kocik & Sheehan, 2006; COSEWIC, 2010).

Declines have been more severe among fish that spend

two winters at sea (termed two sea-winter fish, or 2SW)

than those at sea for one winter (1SW) (Potter et al.,

2004; ICES, 2012). For North American populations, the

1SW cohort has shown strong oscillations and a decline

since the late 1980s, but abundance of the 2SW cohort

dropped precipitously (Fig. 1; ICES, 2012).

These widespread declines of Atlantic salmon have

been attributed to a reduction in growth, production,

and survival during the marine life stages (Jonsson &

Jonsson, 2004). Chaput et al. (2005) demonstrated that a

phase shift in productivity of North American Atlantic

salmon occurred in the 1990s, likely the result of

reduced marine survival. Despite substantial efforts to

reduce fishing pressure and protect freshwater habitats,

population abundance and productivity have remained

at low levels. Many previous studies have focused on

the importance of temperature in shaping North Amer-

ican Atlantic salmon population characteristics (e.g.

Scarnecchia, 1983; Martin & Mitchell, 1985; Friedland

et al., 1993, 2003; Friedland, 1998; Reddin et al., 2000;

Miller et al., 2012), but the implications of changes

across multiple levels of the ecosystem have not been

evaluated. An integrated understanding of how climate

patterns and marine ecosystem conditions may have

contributed to past Atlantic salmon population declines

is critical for anticipating future population changes

and for identifying conditions under which recovery of

endangered populations may be feasible.

In this article, we adopt a broad geographic scope

and multilevel ecosystem perspective to describe how

North American Atlantic salmon populations have

changed over time and to characterize associations with

ecosystem conditions. We approach this effort by first

assessing whether changes in salmon abundance and

productivity occur coherently among regions spanning

the North American range. We assume that popula-

tions behaving in a coherent manner are likely respond-

ing to common factors and, therefore, that consistent

patterns across geographically disparate regions sug-

gest a marine influence. To better understand how mar-

ine conditions may affect Atlantic salmon populations,

we investigate associations between population trends

and a suite of climate, physical, and biological factors

in the Northwest Atlantic ecosystem. Results elucidate

how climate shifts can directly affect Atlantic salmon,

as well as how these effects propagate through the mar-

ine ecosystem. The findings provide insights into how

Atlantic salmon and the marine ecosystems with which

they interact may be affected by climate change in

future decades.

Materials and methods

Atlantic salmon population data

The North American range of Atlantic salmon historically

extended from Ungava Bay, Canada, to Long Island Sound,

United States. This geographic span is divided into six regions

for assessment purposes – Labrador, Newfoundland, Quebec,

Gulf of St. Lawrence, Scotia-Fundy, and United States (Fig. 2;

ICES, 2012). Atlantic salmon stock complexes in these regions

vary in abundance levels and life history characteristics

(Chaput et al., 2006). Historically, salmon abundance has

been highest in Newfoundland, Quebec, and the Gulf of St.

Lawrence, while abundance in the United States has been at

least an order of magnitude lower. The United States and

Quebec population complexes are predominantly composed

of 2SW salmon (long-term 1SW : 2SW ratio of 1 : 5 and 1 : 2,
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Fig. 1 Time series of prefishery abundance of North American

Atlantic salmon for 1SW maturing and 1SW nonmaturing popu-

lation cohorts. The maturing portion of the complex will return

to spawn as 1SW adults while the nonmaturing fish will spawn

as 2SW adults.
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respectively) (ICES, 2012). In contrast, complexes in New-

foundland (11 : 1), Labrador (6 : 1), Gulf of St. Lawrence

(1.7 : 1) and Scotia-Fundy (2.5 : 1) are dominated by 1SW

returnees (ICES, 2012).

The abundance and productivity of Atlantic salmon stocks

are estimated by ICES each year using a modified virtual pop-

ulation analysis that reconstructs salmon populations based

on observed catches and returns to natal rivers (Rago et al.,

1993; Potter et al., 2004; Chaput et al., 2005; ICES, 2012). Popu-

lations in the six regions are considered in generating an over-

all assessment of the entire North American stock. Abundance

values represent the estimated median number of nonmaturing

1SW fish before they encounter the fishery off West Greenland

(termed the prefishery abundance (PFA); ICES, 2012). These

fish are destined to become 2SW or multi-SW spawners in

their natal rivers in subsequent years. Productivity is tracked

by scaling the PFA in each year by the number of contributing

2SW spawners (e.g. productivity index = ln (PFA/lagged

spawners). Lagged spawners are computed by lagging for-

ward the number of 2SW spawners based on region-specific

smolt age distributions (Rago, 2001; ICES, 2007) to index the

parental stock contributing to each subsequent PFA cohort

(Chaput et al., 2005). The productivity index represents

survival from freshwater life stages to PFA. In this analysis,

we use regional estimates of Atlantic salmon abundance and

productivity from the 2012 assessment model (ICES, 2012);

abundance values span 1978–2010, while the productivity time

series extends through 2008 so that the model results are

grounded in observations, instead of relying on forward pro-

jections.

Ecosystem variables

Three types of variables were used to represent ecosystem

conditions that may affect Atlantic salmon populations: (i)

large-scale climate indices characterized by the North Atlantic

Oscillation (NAO) and Atlantic Multidecadal Oscillation

(AMO); (ii) physical conditions (i.e. temperature and salinity);

and (iii) biological conditions (i.e. phytoplankton, zooplank-

ton, and prey fish).

Climate indices. Two climate indices that represent large-

scale forcing over the Northwest Atlantic and Labrador Sea

were considered in our analyses. The Atlantic Multidecadal

Oscillation (AMO) characterizes variability in sea surface tem-

perature (SST) in the North Atlantic, which is thought to be

driven by variation in the strength of global thermohaline cir-

culation (Delworth & Mann, 2000). The AMO influences

weather patterns across the entire Atlantic basin, with particu-

larly strong SST anomalies near Newfoundland and Green-

land (Sutton & Hodson, 2005). The AMO data series was

constructed using the Kaplan SST dataset (5° 9 5° lati-

tude 9 longitude grid) from 0° to 70°N after detrending to

remove the influence of anthropogenic climate change

(National Oceanic and Atmospheric Administration, 2012).

The North Atlantic Oscillation (NAO) is the dominant

mode of interannual variability in atmospheric circulation

over the North Atlantic (Hurrell, 1995), and the mouth of the

Labrador Sea is one action center where the NAO index is

highly correlated with SST (Visbeck et al., 2003). The NAO

affects physical conditions such as air and ocean temperatures,

ocean currents and sea ice extent, and it has been linked to

changes at higher levels of the North Atlantic marine ecosys-

tem (Drinkwater et al., 2003; Hurrell et al., 2003). The NAO is

most strongly associated with atmospheric and oceanic condi-

tions during the winter, so the mean winter NAO index – the

difference in normalized sea level pressure between the sub-

trophic high (Azores) and the subpolar low (Reykjavik, Ice-

land) from December to March – was used for analyses

(National Center for Atmospheric Research, 2012).

Physical conditions. Physical conditions were represented by

time series of SST and sea surface salinity anomalies. Varia-

tions in temperature and salinity can directly impact salmon;

however, they are also important indicators of oceanographic

conditions, such as the volume transport in the Labrador Cur-

rent and the strength of vertical stratification. Time series of SST

were derived from the Extended Reconstructed SST (ERSST),

version 3b (National Climatic Data Center, 2012). Data are

resolved to a 2° latitude 9 2° longitude grid, and spatial

interpolation procedures are applied to reconstruct SST in

NAFO 3K

NAFO 3L

S
S

T

US
SF

NFGF

QC
LB

Station 27

NA
plankton

GOM plankton

Labrador Sea

40° N

50° N

60° N

70° N

70° W 60° W 50° W 40° W

Longitude

La
tit

ud
e

Fig. 2 Map of North American range of Atlantic salmon show-

ing the location of six regions represented by salmon abundance

and productivity estimates (US, United States; SF, Scotia-Fundy;

NF, Newfoundland; GF, Gulf of St. Lawrence; QC, Quebec; LB,

Labrador); salmon overwintering (shaded diagonals off of New-

foundland) and summer feeding (shaded diagonals off of

Greenland) grounds; boundaries of areas from which sea sur-

face temperature (SST), Gulf of Maine (GOM) and North Atlan-

tic (NA) plankton, and capelin (NAFO areas 3K and 3L) data

were retrieved; and the location at which surface salinity data

were obtained (Station 27).
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regions with sparse observations (Smith et al., 2008). We used

data for grids that spanned the North American range of

Atlantic salmon (Fig. 2) and computed mean annual SST

anomalies with respect to a 1971–2000 monthly climatology

(Xue et al., 2003).

Surface salinity anomalies were constructed from observa-

tions at Station 27, a hydrographic monitoring station located

8 km off St. John’s, Newfoundland. Anomalies were com-

puted as deviations from a harmonic regression model of the

long-term seasonal salinity cycle, using 1946–1993 as the base-

line (Akenhead, 1987; Myers et al., 1990).

Biological conditions. Biological conditions in the Northwest

Atlantic were represented across multiple trophic levels using

indices of phytoplankton abundance, zooplankton community

composition, and capelin spawning size. Plankton data were

collected by continuous plankton recorder (CPR) surveys that

have been conducted in the Northwest Atlantic by the Sir Alis-

ter Hardy Foundation for Ocean Science (SAHFOS; Reid et al.,

2003) and across the Gulf of Maine by the US National Marine

Fisheries Service (Jossi et al., 2003) (Fig. 2). Plankton patterns

in the Gulf of Maine are strongly correlated with those along

the Scotian Shelf (Pershing et al., 2010), so the Gulf of Maine

provides a proxy for the broader southern region.

Phytoplankton and zooplankton on the CPR filtering silk

are identified and enumerated using microscopic subsampling

procedures (Warner & Hays, 1994). We constructed abun-

dance anomalies for each taxon by fitting periodic splines to

the log-transformed data to compute seasonal climatological

cycles and then subtracting the expected abundance value

from the measured value for each day to create seasonal

anomalies; these were averaged to produce an annual anom-

aly (Pershing et al., 2005). Diatoms and dinoflagellates were

combined into a mean phytoplankton abundance anomaly.

For zooplankton, we focused on five taxa in the Gulf of Maine

(i.e. Calanus finmarchicus C5-6, Calanus spp. C1-4, Metridia lucens

C5-6, Oithona spp. C4-6, Pseudocalanus species C6) and eight

taxa in the North Atlantic (i.e. Calanus spp. C1-4, Paracalanus

and Pseudocalanus spp. C6, Oithona spp. C4-6, Calanus glacialis

C5-6, Calanus finmarchicus C5-6, Calanus hyperboreus C3-6, and

Metridia lucens C6, and euphausiids). To represent changes in

the zooplankton community, we applied a principal compo-

nents analysis (PCA) to species abundance time series span-

ning 1978–2009 in the Gulf of Maine and 1978–2010 in the

North Atlantic.

Capelin (Mallotus villosus) are found across the North Atlan-

tic subpolar gyre, where they are important prey for fish,

birds, and whales. However, their abundance, mean spawning

size, and mean spawning age declined precipitously after

1990 (Department of Fisheries and Oceans Canada, 2011). We

represent these capelin population changes with the length of

spawning fish captured in Newfoundland’s commercial

inshore fisheries, the longest consistently sampled capelin

indicator from this region. The mean spawning size, pooled

over males and females, was computed as an annual index

from 1980 to 2009 based on observations in NAFO Divisions

3K and 3L (B. Nakashima, personal communication).

Data analysis

Atlantic salmon population trends. We conducted a dynamic

factor analysis (DFA) to identify common trends among the

six regional time series of Atlantic salmon abundance and pro-

ductivity. As a dimension reduction technique, DFA is similar

to traditional factor analysis or principal components analysis,

but the axes are restricted by the temporal structure of the

data, and DFA can be applied to nonstationary and relatively

short time series. Time series are modeled as linear combina-

tions of common trends, a level parameter, and noise, with

models formulated as:

yit ¼ zi1a1t þ zi2a2t þ . . .þ zimamt þ lþ eit

where yit is the value of the ith time series at time t, amt is the

mth common trend at time t, zim is the factor loading for the

ith time series and the mth common trend, l is a constant level

parameter, and eit is noise. The noise component, eit, is typi-

cally represented as normally distributed with mean 0 and

covariance matrix, R (Zuur et al., 2003). Explanatory variables

can be included in dynamic factor models, but our analysis

structure did not incorporate them.

The DFA was implemented using the MARSS package for

Multivariate Autoregressive State Space Modeling (Holmes

et al., 2011) in R (R Development Core Team, 2013). Time ser-

ies were first standardized by removing the mean and scaling

by the standard deviation. We evaluated DFA models for

Atlantic salmon abundance and productivity by varying the

number of common trends from one to five and considering

two structures for the error covariance matrix, R: (i) diagonal

and equal; and (ii) diagonal and unequal (i.e. 10 models for

each population parameter). The former covariance structure

implies that the same process variance is affecting all of the

time series, while the latter incorporates unique variance val-

ues for each time series. Both of these structures assume there

is no covariance among the series. Akaike’s information crite-

ria corrected for small sample sizes, AICc, was used to guide

model selection (Hurvich & Tsai, 1989).

The fit and representativeness of the DFA model were

assessed in two ways. First, the ability of the model to fit each

time series was evaluated based on the variance values of the

error covariance matrix, R. These values indicate the amount

of variance that cannot be explained by the model, with low

values signifying a good fit. Secondly, canonical correlations

were computed to evaluate how well each regional time series

was represented by each common trend.

Salmon-ecosystem relationships. Relationships between

Atlantic salmon population characteristics and marine ecosys-

tem conditions were explored first by using chronological

clustering to detect distinct temporal periods in the multivari-

ate salmon and ecosystem data sets. Like all clustering

approaches, this analysis partitions multivariate data into

groups, but chronological clustering is constrained to preserve

the sequence of years as groups are determined (Legendre

et al., 1985). The chronological clustering procedure was

implemented using the CONISS method (Grimm, 1987) within

the ‘chclust’ function in the R package ‘rioja’ (Juggins, 2012).
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The number of clusters that were interpreted was defined

from a broken stick model, wherein the proportion of variance

accounted for by a given number of clusters should exceed the

proportion expected based on a random distribution (Bennett,

1996). Three symmetric Euclidean distance matrices were used

as inputs. These matrices represented the following: (i) com-

mon Atlantic salmon population trends identified from the

DFA models; (ii) ecosystem conditions that exhibited low fre-

quency variability (i.e. AMO, temperature, phytoplankton,

zooplankton, and capelin); and (iii) ecosystem conditions that

exhibited high frequency variability (i.e. NAO, salinity).

Furthermore, univariate correlations between variables rep-

resenting different levels of the ecosystem were investigated.

Specifically, we assessed correlations between low frequency

and high frequency climate-physical conditions and biological

indices, as well as between lower trophic level variables and

Atlantic salmon population trends. Most correlations were

conducted on the standardized time series, but biological vari-

ables were differenced before computing correlations to high

frequency climate-physical variables. A cross-correlation anal-

ysis was first used to identify lags that maximized the correla-

tion between two variables, allowing for lags of up to 2 years

between changes in lower level variables and responses in

higher level factors. The Pearson product moment correlation

was computed, and its significance was evaluated after adjust-

ing the effective degrees of freedom to account for autocorrela-

tion (Pyper & Peterman, 1998).

Results

Trends in Atlantic salmon populations

Standardized time series of Atlantic salmon abundance

and productivity show similar patterns of decline

across six widespread regions of North America

(Fig. 3). Abundance in most regions declined between

the late 1980s and early 1990s, after which it remained

stable at low levels (Fig. 3a). An exception to this pat-

tern is seen in the Newfoundland population, in which

abundance was more variable throughout the observa-

tion period. Productivity declined steadily from 1980

through 2000 in most regions except in Newfoundland

and Labrador, where declines did not begin until the

mid-1990s (Fig. 3b).

This pattern of population coherence was confirmed

by dynamic factor analyses, which revealed common

trends in abundance and productivity across North

American population complexes. Of the dynamic factor

models we tested, the most parsimonious model of

abundance patterns included two trends and an unequal

diagonal error covariance matrix (AICc = 276.79). The

first common trend (Fig. 4a) exhibited variable but

declining abundance between 1978 and 1990, after

which it stabilized at low values. The second common

trend (Fig. 4b) revealed high abundance values until

1990, after which it abruptly declined to much

lower levels (Fig. 4b). All regions loaded in the same

(positive) direction on these two trends, indicating that

the abundance changes were geographically coherent

(Fig. 4c and d). However, the strength of the loadings

varied by region. Labrador and Newfoundland loaded

strongly on the first common trend; the United States,

Scotia-Fundy, and Quebec loaded moderately, and the

Gulf of St. Lawrence loaded weakly on this trend

(Fig. 4c). In contrast, Quebec, Gulf of St. Lawrence,

Scotia-Fundy, and the United States loaded most strongly

and at similar magnitudes on the second common

trend, whereas Labrador and Newfoundland both

loaded weakly (Fig. 4d).

The model fit the variability in each time series well

for most regions, as represented by the variance in the

error covariance matrix, R (Table 1). Abundance pat-

terns in Labrador and Quebec were extremely well fit,

and the DFA model captured over 80% of the variabil-

ity in the Gulf of St. Lawrence, Scotia-Fundy, and Uni-

ted States complexes. However, the model fit was

relatively poor for Newfoundland, with nearly half of

the variance in salmon abundance not explained by the

model (Table 1; Fig. 5). All of the regional Atlantic sal-

mon abundance time series were strongly correlated
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Fig. 3 Standardized abundance (a) and productivity (b) of

Atlantic salmon population complexes in six regions of North

America: United States (US), Scotia-Fundy (SF), Gulf of St. Law-

rence (GF), Quebec (QC), Newfoundland (NF), and Labrador

(LB).
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with the first common trend; each region except

Newfoundland was also significantly correlated with

the second common trend, although these relationships

were weaker than observed for the first trend (Table 1).

An appropriate dynamic factor model for Atlantic

salmon productivity was more difficult to identify. The

two models ranked as most parsimonious included

four (AICc = 249.2) and five (AICc = 256.3) common

trends. However, at least one trend in each of these

models represented only very weak loadings for all

regions, indicating that too many trends were being

used (Zuur et al., 2007). Of the remaining models, a two

trend model with an unequal diagonal variance struc-

ture offered the most parsimonious option (AICc =
284.2), and we report and use its results.

The first common trend showed cyclical but gradu-

ally declining productivity until 1996, after which a pre-

cipitous decline occurred through 2001, followed by a

moderate recovery (Fig. 6a). The second common trend

was stable until 1987, after which it declined steadily

through 1997; more recently, productivity values

increased to approximately half of their pre-1987 levels

(Fig. 6b). All regions loaded positively on the two com-

mon productivity trends, suggesting a coherent direc-

tional response across North American populations

(Fig. 6c and d). However, the loadings indicate regional

alignment with individual trends. Labrador and New-

foundland loaded strongly on the first productivity

trend, with relatively weak loadings from the other four
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Fig. 4 Common trends (a and b) for the Atlantic salmon abundance time series obtained by the dynamic factor model containing two

common trends and an unequal diagonal error covariance matrix. Factor loadings (c and d) for each of the six North American regions

on the common abundance trends: United States (US), Scotia-Fundy (SF), Gulf of St. Lawrence (GF), Quebec (QC), Newfoundland

(NF), and Labrador (LB). The common trends and factor loadings are unitless.

Table 1 Regional fits (R) to the dynamic factor models and

canonical correlations (CC) between regional time series and

each common trend

Region

Abundance model Productivity model

R CC1 CC2 R CC1 CC2

US 0.18 0.87 0.73 0.24 0.70 0.77

SF 0.14 0.90 0.74 0.14 0.66 0.87

GF 0.18 0.82 0.81 0.24 0.54 0.87

QC 0 0.96 0.81 0.05 0.82 0.80

NF 0.46 0.74 0.31 0.20 0.90 0.22

LB 0.02 0.99 0.57 0 1.00 0.36

Values of R indicate the portion of variance in the regional

time series that is unexplained by the dynamic factor model,

such that low values indicate a good model fit. Canonical cor-

relation values indicate the strength of the association between

the regional series and common trends, with high absolute

values representing strong correlations. Correlation coeffi-

cients in bold type are statistically significant after adjusting

for temporal autocorrelation.
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regions (Fig. 6c). The opposite loading pattern was

observed for the second trend, on which Quebec, Gulf

of St. Lawrence, Scotia-Fundy, and the United States

loaded more strongly (Fig. 6d).

The two-trend model fit productivity patterns well

across the six individual North American regions

(Fig. 7), as indicated by the values of the diagonal of

the R matrix (Table 1). The United States, Gulf of St.

Lawrence, and Newfoundland had poorer fits than the

other regions, but <25% of the variance in productivity

for these regions remained unaccounted for by the

model. Productivity patterns for all regions were signif-

icantly correlated with the first common trend, whereas

Labrador and Newfoundland were not significantly

correlated with the second trend (Table 1).

Changes in ecosystem conditions

To identify ecosystem conditions that may have

affected Atlantic salmon populations, we evaluated

long-term changes in climate, physical, and biological

factors in the Northwest Atlantic between 1978 and the

present. Due to its multidecadal periodicity, the AMO

trended upwards over the entire time period (Fig. 8a).

The NAO showed considerable interannual variability;

its values were generally lower during most of the

1980s than during the 1990s, but extremely low anoma-

lies occurred in 1996 and 2010 (Fig. 8a).

Sea surface temperature varied without a distinct

trend from 1978 to 1992, but a strong increasing trend

occurred after 1992, with 2010 being an exceptionally

warm year (Fig. 8b). Surface salinity showed high inter-

annual variability, although the average salinity was

generally lower in the 1990s than during the 1980s; in

the 2000s, salinity returned to levels similar to those

observed in the 1980s (Fig. 8b).

Phytoplankton in the Gulf of Maine showed strong

interdecadal variability, with the abundance of diatoms

and dinoflagellates at low levels during the 1980s, high

levels during the 1990s, and declining again to low lev-

els in the early 2000s (Fig. 8c). An interdecadal pattern

was not as apparent in the North Atlantic. Phytoplank-

ton abundance appeared to be relatively high during

the early 1980s, but it declined by the middle of that

decade. A gap in the sampling record precludes our

understanding of phytoplankton in this region during

the late 1980s and early 1990s, but abundance trended

upwards after sampling resumed in the 1990s through
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2010, exceeding levels observed in the early 1980s

(Fig. 8c).

Changes in the Gulf of Maine zooplankton community

over the last 30 years were strongly size-based. The first

PC, which accounted for 61% of the variance in commu-

nity structure, contrasted the late juvenile and adult

stages of the large copepod Calanus finmarchicus with

smaller copepod species and early Calanus life stages

(Fig. 9a). C. finmarchicus is the dominant mesozooplank-

ton species in the North Atlantic (Marshall & Orr, 1955)

and an important food source for many small pelagic

fish, including capelin (Gerasimova, 1994). Since the first

PC captured most of the community variance, we focus

on it for further analyses (Fig. 8d), but the second PC

(23% of variance) separated all life stages of Calanus from

other zooplankton species (Fig. 9a). Values on the first

PC, which track the abundance of C. finmarchicus, were

high during the 1980s, low throughout the 1990s, and

subsequently increased and remained steady for the

2000s (Fig. 8d); this interdecadal pattern is inverse to

phytoplankton abundance in the region (Fig. 8c).

In the North Atlantic, the first two principal compo-

nents were similar in the amount of variance they

explained. On the first PC, which captured 31% of the

variance, the smaller species (e.g. Oithona, Metridia

lucens, and Paracalanus and Pseudocalanus spp.) loaded

strongly, although Calanus glacialis was also repre-

sented (Fig. 9b). Most of the larger species, including

other Calanus spp. and euphausiids, loaded negatively

on the second PC (24% of variance) (Fig. 9b). Scores on

the first PC indicate that abundance of the small-bodied

species trended upwards since the early 1990s, while

the second PC shows that many large-bodied species

declined (Fig. 8e). The relationship between phyto-

plankton and zooplankton abundance in the North

Atlantic is consistent with that observed in the Gulf of

Maine: as phytoplankton increased, small-bodied spe-

cies became dominant in the zooplankton community

(Fig. 8c and e).

The size of capelin spawning in coastal areas of New-

foundland declined sharply between 1990 and 1992

(Fig. 8f). The average spawning capelin prior to 1990

was 17.7 mm longer than the average fish after 1992.

This decline in size reflects a shift toward spawning at

younger ages; spawners were predominantly 3–4 years

old prior to 1992, but subsequently, 2–3 year olds have

dominated the spawning population (Department of

Fisheries and Oceans Canada, 2011). The loss of older

spawning fish is not thought to be attributable to

changes in fishing practices, but it instead reflects a
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broader ecosystem regime shift and coincides with

movement of the capelin population from coastal New-

foundland to more southerly and offshore areas (Frank

et al., 1996; Carscadden et al., 2001).

Relationships between Atlantic salmon and ecosystem
conditions

Chronological cluster analyses revealed three distinct

periods of Atlantic salmon abundance and productiv-

ity. A primary change in salmon population character-

istics occurred between 1990 and 1991, and a secondary

shift occurred between 1997 and 1998 (Fig. 10a). The

temporal breaks that define changes in salmon popula-

tions appear to be influenced by a combination of

changes in ecosystem conditions that vary at both low

and high frequencies. Among the ecosystem conditions

that varied at low frequencies (i.e. AMO, phytoplank-

ton, zooplankton, capelin), four distinct periods were

characterized by breaks that occurred after 1981, 1989,

and 2001 (Fig. 10b). Higher frequency ecosystem vari-

ables (i.e. NAO, salinity) aligned with five distinct peri-

ods, with major breaks after 1988, 1995, 1996, and 2009

(Fig. 10c). The primary shift in salmon population char-

acteristics between 1990 and 1991 sequentially followed

shifts in high and low frequency ecosystem variables in

1988 and 1989, respectively. The secondary shift in sal-

mon populations after 1997 follows major changes in

high frequency ecosystem variables that distinguished

1996 as an exceptional year.

These aggregate patterns indicate that salmon abun-

dance and productivity are influenced by a suite of eco-

system conditions, but further insights can be gained

by investigating associations between individual fac-

tors. The first set of analyses evaluated correlations

between low frequency climate and physical conditions

(i.e. AMO, SST) and biological responses (Table 2). The

AMO was directly associated with North Atlantic

phytoplankton and zooplankton, while it was inversely

associated with capelin length, both Atlantic salmon

abundance trends, and the first salmon productivity

trend. Correlations between SST and the biological vari-

ables produced similar results, except that SST was not

correlated with the first salmon abundance trend. Cor-

relations between SST and the two salmon population

trends were among the strongest detected from the

pairwise analyses (Table 2).

A second set of correlations paired climate and phys-

ical factors that varied at high frequencies (i.e. NAO

and salinity) with differenced biological time series
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(Table 2). The NAO index was significantly correlated

with changes in zooplankton communities, capelin

length, the second salmon abundance trend, and the

second salmon productivity trend. Salinity was nega-

tively correlated with changes in both Atlantic salmon

abundance trends and the second salmon productivity

trend, but not with changes in phytoplankton,

zooplankton, or capelin.

A final set of correlations investigated direct associa-

tions between lower trophic level biological variables

and Atlantic salmon population trends. These results

showed significant correlations between phytoplankton

and zooplankton and the salmon population trends

(Table 2). However, capelin size was most strongly and

consistently associated with Atlantic salmon abundance

and productivity; capelin length was significantly cor-

related with all salmon population trends, and for most

trends, the correlation strength was the highest

observed (Table 2).

Discussion

Changes in the abundance and productivity of 2SW

Atlantic salmon appear to have been largely coherent

across the species’ North American geographic range.

Over this broad area, two common trends in salmon

abundance declined to low levels after 1990, and pro-

ductivity trends showed declines between 1987 and

1996. While the coherence of these declines is strong,

regional distinctions do appear. Loadings on each of

the common trends for Newfoundland and Labrador

contrasted those for Quebec, the Gulf of St. Lawrence,

Scotia-Fundy, and United States. Salmon populations

within the distinct regional groups differ in their

age structure, with 1SW fish representing a large

portion of returning salmon in Newfoundland and

Labrador, while the remaining regions are either domi-

nated by 2SW salmon or have a closer balance between

1SW and 2SW fish. In addition, Newfoundland and

Labrador are both considerably closer to the overwin-

tering and summer feeding areas in the Labrador Sea

and Greenland, respectively; therefore, salmon from

these regions have shorter migration distances that

require less energy.

The general coherence of declines in abundance and

productivity that have occurred across the North Amer-

ican range points toward marine conditions as critically

influencing survival and population dynamics. Shifts in

the marine environment affect large areas of the North-

west Atlantic and may impact Atlantic salmon from

across North America when they are concentrated on

overwintering and feeding grounds in the Labrador

Sea. In contrast, river-specific changes in habitat quality

are unlikely to be a major factor in salmon declines;
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however, large-scale, atmospherically forced changes in

river conditions over broad regions may merit further

attention. The fact that declines in 2SW cohorts of

Atlantic salmon populations have been much more

severe than in 1SW cohorts suggests that climate and

ecosystem conditions may either (i) negatively affect

Atlantic salmon during their entire marine stage, with

greater cumulative effects on 2SW fish as their marine

residence time is twice as long or (ii) exert the strongest

influence following the first winter at sea.

Climate patterns shape the marine ecosystem that

Atlantic salmon encounter, and we find both direct and

indirect associations between climate and Atlantic

salmon population declines. The AMO is inversely

correlated with Atlantic salmon abundance throughout

North America and with productivity in the New-

foundland and Labrador regions. The strong relationship

between the AMO and salmon populations has been

recognized in other studies (Condron et al., 2005; Beau-

grand & Reid, 2012; Friedland et al., 2013), which

hypothesized that its influence operates through thermal

stress and ecosystem changes that affect trophic interac-

tions, consistent with our results. The NAO is inversely

correlated with interannual variability in abundance and

productivity in Quebec, the Gulf of St. Lawrence, Scotia-

Fundy, and the United States. However, the correlation

between salmon populations and the NAO was weaker

than for many other variables, as has also been docu-

mented in other studies (Beaugrand & Reid, 2003, 2012).

In addition to these direct linkages, the AMO and NAO

influence SST and salinity, which are strongly associated

with Atlantic salmon population trends. The Labrador

Sea is warming faster than any other area of the North

Atlantic (Taboada & Anad�on, 2012). Elevated tempera-

tures could directly impact salmon, and recent warming

has restricted the area of preferred thermal habitat to

record low levels (Friedland et al., 2013). However, our

study suggests that ecosystem responses to warming,

including changes to phytoplankton, zooplankton and

forage fish, reinforce and may be more important than

the direct influence of temperature.

Capelin size is consistently highly correlated with

salmon abundance and productivity trends. The

strength of this relationship is not surprising as capelin

are key prey for Atlantic salmon (Jacobsen & Hansen,

2000; Rikardsen & Dempson, 2011). Although we use a

size-based index to track capelin status, a number of

other changes align with the decline in body size that

generally make capelin less available and less valuable

as prey for salmon (Carscadden et al., 2001). Around

1990, capelin shifted their distribution from Newfound-

land to the Scotian Shelf and Flemish Cap (Frank et al.,

1996; Carscadden et al., 2001) and stopped undertaking

diurnal migrations that would bring them into the sur-

face waters occupied by Atlantic salmon (Mowbray,

2002; Department of Fisheries and Oceans Canada,

2011). The onset of these changes aligned with an extre-

mely cold period, but they did not return to pre-1990s

conditions when water temperatures returned to nor-

mal; other factors, such as prey availability, may be

playing a role in maintaining these patterns (Mowbray,

2002). As capelin size declined, so did the condition

and energy content of each fish (Nakashima, 1996;

Carscadden & Frank, 2002), which reduced their nutri-

tional value as prey (Davoren & Montevecchi, 2003).

Much of what we know about capelin in the Labrador

Sea is derived from the Newfoundland population, but

similar changes may be occurring in the West Green-

land population. Some evidence suggests that the size

distribution of capelin off West Greenland has declined

compared to historical periods (Hedeholm et al., 2010).

Capelin growth is correlated with zooplankton abun-

dance (Gjøsæter et al., 2002; Hedeholm et al., 2010), and
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we show a decline in large zooplankton in the Labrador

Sea, which may restrict capelin growth.

Characteristics of the marine ecosystem that Atlantic

salmon experience are markedly different now than

they were prior to recent salmon population declines.

Investigating the timing of changes affords further

insights into how Atlantic salmon populations may

have been affected by this ecosystem regime shift and

how it may constrain their productivity. We delineate

three distinct periods in North American Atlantic sal-

mon population trends: 1978–1990 (start of abundance

and productivity declines), 1991–1997 (low abundance

and continued productivity declines), and 1998–2010
(continued low abundance but increasing productivity).

The 1990/1991 shift in Atlantic salmon populations

appears to have been triggered by sequential changes

through the ecosystem, beginning with a shift in the

NAO and salinity after 1988 that subsequently affected

lower trophic level biological characteristics. Our

results parallel the MERCINA Working Group’s (2012)

description of an Arctic-origin atmospheric shift that

increased freshwater export from the Arctic Ocean and

induced a regime shift across multiple trophic levels in

the Northwest Atlantic. We can trace these same rela-

tionships through our analyses; specifically, the

increased freshwater export following a high NAO

index in 1989 reduced upper-layer salinities in the

coastal current system. The lower salinities enhanced

stratification and increased phytoplankton production,

which favored faster growing, smaller bodied

zooplankton from the Labrador Sea to the Gulf of Maine

(Pershing et al., 2010). We also show that these changes

can be linked to shifts at even higher trophic levels,

including capelin and, ultimately, Atlantic salmon.

The results of our analyses for North American

Atlantic salmon populations reinforce findings of

recent studies focused on European populations. Beau-

grand & Reid (2003) associated major declines in

European Atlantic salmon abundance with rising

Northern hemisphere temperature and Northeast

Atlantic SST. Following pronounced temperature

increases in the late 1970s, sequential shifts occurred in

biological components of the ecosystem, from phyto-

plankton through zooplankton to Atlantic salmon
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(Beaugrand & Reid, 2003). These changes jointly con-

tributed to a shift in aggregate ecosystem conditions

between 1986 and 1987 and again between 1996 and

1997 (Beaugrand & Reid, 2003, 2012). Our findings par-

allel those of Beaugrand & Reid (2003, 2012) in demon-

strating the effects of climate-driven changes on

Atlantic salmon populations in the Northwest Atlantic.

On both sides of the Atlantic basin, rising SST is

strongly associated with salmon declines, both directly

and through ecosystem changes that affect productivity

and trophic interactions. In addition, the timing of

shifts in ecosystem characteristics is generally aligned,

with major shifts occurring in the late 1980s/early

1990s and in the mid-1990s. These results demon-

strate that climate change is directly and indirectly

structuring pelagic ecosystems throughout the northern

Atlantic basin.

While declines in North American Atlantic salmon

populations can be related to a series of climate-

driven ecosystem changes throughout the Northwest

Atlantic, their productivity and recovery may be con-

strained by persistent physical and ecological trends,

particularly in the Labrador Sea. Many factors that

showed major shifts between the 1980s and 1990s

reverted back to 1980s-like conditions in the 2000s,

including the NAO, salinity, and phytoplankton and

zooplankton in the Gulf of Maine. However, SST has

continued to rise through the end of the period we

examined. In the Labrador Sea, higher phytoplankton

abundance has persisted over time, but this productiv-

ity supports a small-bodied zooplankton community

in which lipid-rich species, such as Calanus spp. and

euphausiids, have continued to decline. In addition,

capelin populations have not rebounded, and capelin

that are present remain small (Department of Fisheries

and Oceans Canada, 2011). Not only do capelin popu-

lation trends indicate reduced availability for Atlantic

salmon but their smaller size would require salmon to

catch a larger number of capelin, and thus expend

more energy, to acquire the same number of calories.

The factors that appear to be constraining North

American Atlantic salmon populations can be linked to

global climate change. Rising ocean temperatures are

consistent with projections from climate change scenar-

ios (Meehl et al., 2007). In addition, climate change is

expected to enhance stratification, which may increase

primary production in high latitudes (Sarmiento et al.,

2004; Behrenfeld et al., 2006), and we observe corre-

sponding upward trends in phytoplankton abundance

in the Labrador Sea. At higher trophic levels though,

the influence of climate change is more complex. It is

anticipated that zooplankton will increase in conjunc-

tion with phytoplankton, but it is unclear which

zooplankton may benefit; geographic ranges, thermalT
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niches, and species interactions must all be considered

in evaluating how zooplankton communities may

respond to climate change (Pershing et al., 2005;

Reygondeau & Beaugrand, 2011; Record et al., 2013).

Similarly, the effects on both capelin and Atlantic sal-

mon are likely to be characterized by interactions

between direct climate effects, climate-driven ecosys-

tem changes, and species-specific physiological toler-

ances.

Given that recent conditions in the Labrador Sea

appear to be unfavorable for Atlantic salmon, and these

conditions are expected to become more pronounced

with climate change, the forecast for recovery of North

American Atlantic salmon populations is not optimis-

tic. However, the 1990s regime shift that led to the

decline of Atlantic salmon populations occurred rap-

idly, and natural variability may again shift conditions

toward more favorable states. While climate and mar-

ine ecosystem dynamics cannot be directly controlled,

the adaptability of Atlantic salmon populations can be

enhanced at other life stages through efforts such as

protecting genetic diversity and reducing freshwater

and estuarine mortality. Managing Atlantic salmon

populations for resilience is critical for buffering

future effects of climate change. A better understanding

of how climate and marine ecosystem factors influ-

ence Atlantic salmon can help anticipate population

trajectories, identify recovery opportunities, and support

evaluation of management actions.

Acknowledgements

This study was made possible by NOAA CINAR grant NA09-
OAR-4320129. The salmon abundance and productivity data
were outputs from the stock assessment model developed by
the ICES Working Group on North Atlantic Salmon and were
provided by Gerald Chaput (DFO). Brian Nakashima and Fran
Mowbray (DFO) provided capelin data; Charlie Fitzpatrick
(DFO) provided salinity data; plankton data were from David
Johns (SAHFOS) and Chris Melrose (NMFS). We acknowledge
these scientists and programs for maintaining invaluable
databases to support large-scale, multilevel ecosystem analyses.
John Kocik, Carrie Byron, and Sigrid Lehuta provided concep-
tual and analytical feedback.

References

Akenhead SA (1987) Temperature and Salinity Off Newfoundland: Station 27 Annual

Cycle and Residuals. Northwest Atlantic Fisheries Organization, NAFO SCR Doc.

87/66, Ser. No. N1355, Dartmouth, Nova Scotia.

Beamish RJ, Noakes DJ, McFarlane GA, Klyashtorin L, Ivanov VV, Kurashov V (1999)

The regime concept and natural trends in the production of Pacific salmon. Cana-

dian Journal of Fisheries and Aquatic Sciences, 56, 516–526.

Beaugrand G, Reid PC (2003) Long-term changes in phytoplankton, zooplankton and

salmon linked to climate. Global Change Biology, 9, 801–817.

Beaugrand G, Reid PC (2012) Relationships between North Atlantic salmon, plank-

ton, and hydroclimate change in the Northeast Atlantic. ICES Journal of Marine Sci-

ence, 69, 1549–1562.

Behrenfeld MJ, O’Malley RT, Siegel DA et al. (2006) Climate-driven trends in contem-

porary ocean productivity. Nature, 444, 753–755.

Bennett K (1996) Determination of the number of zones in a biostratigraphic

sequence. New Phytologist, 132, 155–170.

Carscadden JE, Frank KT (2002) Temporal variability in the condition factors of New-

foundland capelin (Mallotus villosus) during the past two decades. ICES Journal of

Marine Science, 59, 950–958.

Carscadden JE, Frank KT, Leggett WC (2001) Ecosystem changes and the effects on

capelin (Mallotus villosus), a major forage species. Canadian Journal of Fisheries and

Aquatic Sciences, 58, 73–85.

Chaput G, Legault CM, Reddin DG, Caron F, Amiro PG (2005) Provision of catch

advice taking account of non-stationarity in productivity of Atlantic salmon (Salmo

salar L.) in the Northwest Atlantic. ICES Journal of Marine Science, 62, 131–143.

Chaput G, Dempson JB, Caron F, Jones R, Gibson J (2006) A synthesis of life history char-

acteristics and stock grouping of Atlantic salmon (Salmo salar L.) in eastern Canada.

DFO Canadian Science Advisory Secretariat Research Document 2006/015.

Condron A, DeConto R, Bradley RS, Juanes F (2005) Multidecadal North Atlantic cli-

mate variability and its effect on North American salmon abundance. Geophysical

Research Letters, 32, L23703, doi:10.1029/2005GL024239.

COSEWIC (2010) COSEWIC Assessment and Status Report on the Atlantic salmon Salmo

salar (Nunavik Population, Labrador Population, Northeast Newfoundland Population,

South Newfoundland Population, Southwest Newfoundland Population, Northwest New-

foundland Population, Quebec Eastern North Shore Population, Quebec Western North

Shore Population, Anticosti Island Population, Inner St. Lawrence Population, Lake

Ontario Population, Gasp�e-Southern Gulf of St. Lawrence Population, Eastern Cape Bre-

ton Population, Nova Scotia Southern Upland Population, Inner Bay of Fundy Popula-

tion, Outer Bay of Fundy Population) in Canada. pp. xlvii+132. Committee on the

Status of Endangered Wildlife in Canada, Ottawa. Available at: http://www.sara-

registry.gc.ca/virtual_sara/files/cosewic/sr_atlantic_salmon_2011_eng.pdf

(accessed 13 August 2012).

Davoren GK, Montevecchi WA (2003) Signals from seabirds indicate changing biol-

ogy of capelin stocks. Marine Ecology Progress Series, 258, 253–261.

Delworth TL, Mann ME (2000) Observed and simulated multidecadal variability in

the Northern Hemisphere. Climate Dynamics, 16, 661–676.

Department of Fisheries and Oceans Canada (2011) Assessment of capelin in SA 2 +

Div. 3KL in 2010. DFO Canadian Science Advisory Secretariat Science Advisory

Report, 2010/090.

Doney SC, Ruckelshaus MH, Duffy JE et al. (2012) Climate change impacts on marine

ecosystems. Annual Review of Marine Science, 4, 11–37.

Drinkwater KF, Belgrano A, Borja A et al. (2003) The response of marine ecosystems

to climate variability associated with the North Atlantic Oscillation. In: The North

Atlantic Oscillation: Climatic Significance and Environmental Impact. (eds Hurrell J,

Kushnir Y, Ottersen G, Visbeck M), pp. 211–234. Geophysical Monograph, 134.

American Geophysical Union, Washington, D. C.

Frank KT, Carscadden JE, Simon JE (1996) Recent excursions of capelin (Mallotus villo-

sus) to the Scotian Shelf and Flemish Cap during anomalous hydrographic condi-

tions. Canadian Journal of Fisheries and Aquatic Sciences, 53, 1473–1486.

Frank KT, Petrie B, Choi JS, Leggett WC (2005) Trophic cascades in a formerly cod-

dominated ecosystem. Science, 308, 1621–1623.

Friedland KD (1998) Ocean climate influences on critical Atlantic salmon (Salmo salar)

life history events. Canadian Journal of Fisheries and Aquatic Sciences, 55, 119–130.

Friedland KD, Reddin DG, Kocik JF (1993) Marine survival of North American and

European Atlantic salmon: effects of growth and environment. ICES Journal of

Marine Science, 50, 481–492.

Friedland KD, Reddin DG, McMenemy JR, Drinkwater KF (2003) Multidecadal trends

in North American Atlantic salmon (Salmo salar) stocks and climate trends relevant

to survival. Canadian Journal of Fisheries and Aquatic Sciences, 60, 363–383.

Friedland KD, Shank BV, Todd CD, McGinnity P, Nye J (2013) Differential response

of continental stock complexes of Atlantic salmon (Salmo salar) to the Atlantic Mul-

tidecadal Oscillation. Journal of Marine Systems. Available at: http://dx.doi.org/10.

1016/j.jmarsys.2013.03.003 (accessed 3 June 2013).

Gauthier-Ouellet M, Dionne M, Caron F, King TL, Bernatchez L (2009) Spatiotempo-

ral dynamics of the Atlantic salmon (Salmo salar) Greenland fishery inferred from

mixed-stock analysis. Canadian Journal of Fisheries and Aquatic Sciences, 66, 2040–

2051.

Gerasimova OV (1994) Peculiarities of spring feeding by capelin (Mallotus villosus) on

the Grand Banks in 1987-90. Journal of Northwest Atlantic Fishery Science, 17, 59–67.

Gjøsæter H, Dalpadado P, Hassel A (2002) Growth of Barents Sea capelin (Mallotus

villosus) in relation to zooplankton abundance. ICES Journal of Marine Science, 59,

959–967.

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 3046–3061

CLIMATE-ECOSYSTEM LINKS AND ATLANTIC SALMON 3059



Grimm EC (1987) CONISS: A FORTRAN 77 program for stratigraphically constrained

cluster analysis by the method of incremental sum of squares. Computers &

Geosciences, 13, 13–35.

Hare SR, Mantua NJ, Francis RC (1999) Inverse production regimes: Alaskan and

West Coast salmon. Fisheries, 24, 6–14.

Hedeholm R, Grønkjær P, Rosing-Asvid A, Rysgaard S (2010) Variation in size and

growth of West Greenland capelin (Mallotus villosus) along latitudinal gradients.

ICES Journal of Marine Science, 67, 1128–1137.

Hilborn R, Quinn TP, Schindler DE, Rogers DE (2003) Biocomplexity and fisheries

sustainability. Proceedings of the National Academy of Sciences, 100, 6564–6568.

Hoegh-Guldberg O, Bruno JF (2010) The impact of climate change on the world’s

marine ecosystems. Science, 328, 1523–1528.

Holmes E, Ward E, Wills K (2011) MARSS: Multivariate Autoregressive State-Space Mod-

eling. R package version 3.2. http://CRAN.R-project.org/package=MARSS

(accessed 15 August 2011).

Hurrell JW (1995) Decadal trends in the North Atlantic Oscillation: regional tempera-

tures and precipitation. Science, 269, 676–679.

Hurrell JW, Kushnir Y, Visbeck M, Ottersen G (2003) An overview of the North

Atlantic Oscillation. In: The North Atlantic Oscillation: Climatic Significance and Envi-

ronmental Impact, (eds Hurrell JW, Kushnir Y, Ottersen G, Visbeck M), pp. 1–35.

Geophysical Monograph, 134. American Geophysical Union, Washington, D. C.

Hurvich CM, Tsai C-L (1989) Regression and time series model selection in small

samples. Biometrika, 76, 297–307.

ICES (2007) Report of the Working Group on North Atlantic Salmon (WGNAS),

11–20 April 2007, Copenhagen, Denmark. ICES CM 2007/ACFM:13.

ICES (2012) Report of the Working Group on North Atlantic Salmon (WGNAS), 26

March–4 April 2012, Copenhagen, Denmark. ICES CM 2012/ACOM:09, 322 pp.

Jacobsen JA, Hansen LP (2000) Feeding habits of Atlantic salmon at different life

stages at sea. In: The Ocean Life of Atlantic Salmon: Environmental and Biological

Factors Influencing Survival, (ed. Mills D), pp. 170–192. Fishing News Books,

Oxford.

Jonsson B, Jonsson N (2004) Factors affecting marine production of Atlantic salmon

(Salmo salar). Canadian Journal of Fisheries and Aquatic Sciences, 61, 2369–2383.

Jossi JW, John AWG, Sameoto D (2003) Continuous plankton recorder sampling off

the east coast of North America: history and status. Progress in Oceanography, 58,

313–325.

Juggins S (2012) Rioja: Analysis of Quaternary Science Data. Version 0.7-3 CRAN.

Available at: http://cran.r-project.org/web/packages/rioja/rioja.pdf (accessed 30

April 2012).

Kocik JF, Sheehan TF (2006) Status of fishery resources off the northeastern US: Atlan-

tic salmon (Salmo salar). Available at: http://www.nefsc.noaa.gov/sos/spsyn/af/

salmon/ (accessed 10 August 2012).

Legendre P, Dallot S, Legendre L (1985) Succession of species within a community:

chronological clustering, with applications to marine and freshwater zooplankton.

The American Naturalist, 125, 257–288.

Lucey SM, Nye JA (2010) Shifting species assemblages in the Northeast US Continen-

tal Shelf Large Marine Ecosystem. Marine Ecology Progress Series, 415, 23–33.

Mantua NJ, Hare SR, Zhang Y, Wallace JM, Francis RC (1997) A Pacific interdecadal

climate oscillation with impacts on salmon production. Bulletin of the American

Meteorological Society, 78, 1069–1079.

Marshall SM, Orr AP (1955) The Biology of a Marine Copepod: Calanus finmarchicus

(Gunnerus). Oliver and Boyd, Edinburgh.

Martin JHA, Mitchell KA (1985) Influence of sea temperature upon the numbers of

grilse and multi-sea winter Atlantic salmon (Salmo salar) caught in the vicinity of

the River Dee (Aberdeenshire). Canadian Journal of Fisheries and Aquatic Sciences, 42,

1513–1521.

Meehl GA, Stocker TR, Collins WD et al. (2007) Global climate projections. In: Climate

Change 2007: The Physical Science Basis. Contribution of Working Group I to the Fourth

Assessment Report of the Intergovernmental Panel on Climate Change (eds Solomon S,

Qin D, Manning M, Chen Z, Marquis M, Averyt KB, Tignor M, Miller HL),

pp. 747–845. Cambridge University Press, New York.

MERCINA Working Group (2012) Recent Arctic climate change and its remote forc-

ing of Northwest Atlantic shelf ecosystems. Oceanography, 25, 208–213.

Miller AS, Sheehan TF, Renkawitz MD, Meister AL, Miller TJ (2012) Revisiting the

marine migration of US Atlantic salmon using historical Carlin tag data. ICES

Journal of Marine Science, 69, 1609–1615.

Mowbray F (2002) Changes in the vertical distribution of capelin (Mallotus villosus)

off Newfoundland. ICES Journal of Marine Science, 59, 942–949.

Myers RA, Akenhead SA, Drinkwater K (1990) The influence of Hudson Bay runoff

and ice-melt on the salinity of the inner Newfoundland Shelf. Atmosphere-Ocean,

28, 241–256.

Nakashima BS (1996) The relationship between oceanographic conditions in the 1990s

and changes in spawning behaviour, growth and early life history of capelin (Mal-

lotus villosus). Northwest Atlantic Fisheries Organization Science Council Studies, 24,

55–68.

National Center for Atmospheric Research (2012) Climate Data Guide: Hurrell North

Atlantic Oscillation (NAO) Index (station-based). Available at: http://climatedata-

guide.ucar.edu/guidance/hurrell-north-atlantic-oscillation-nao-index-sta-

tion-based (accessed 11 April 2012).

National Climatic Data Center (2012) Extended Reconstructed Sea Surface Tempera-

ture (ERSST.v3b). Available at: http://www.ncdc.noaa.gov/ersst/ (accessed 30

April 2012).

National Oceanic and Atmospheric Administration (2012) Climate Timeseries:

AMO (Atlantic Multidecadal Oscillation) Index. Available at: http://www.esrl.

noaa.gov/psd/data/timeseries/AMO/index.html (accessed 11 April 2012).

Nye JA, Link JS, Hare JA, Overholtz WJ (2009) Changing spatial distribution of fish

stocks in relation to climate and population size on the Northeast United States

continental shelf. Marine Ecology Progress Series, 393, 111–129.

Parrish DL, Behnke RJ, Gephard SR, McCormick SD, Reeves GH (1998) Why aren’t

there more Atlantic salmon (Salmo salar)? Canadian Journal of Fisheries and Aquatic

Sciences, 55, 281–287.

Pershing AJ, Greene CH, Jossi JW, O’Brien L, Brodziak JKT, Bailey BA (2005) Inter-

decadal variability in the Gulf of Maine zooplankton community with potential

impacts on fish recruitment. ICES Journal of Marine Science, 62, 1511–1523.

Pershing AJ, Head EHJ, Greene CH, Jossi JW (2010) Pattern and scale of variability

among Northwest Atlantic Shelf plankton communities. Journal of Plankton

Research, 32, 1675–1684.

Potter ECE, Crozier WW, Sch€on P-J et al. (2004) Estimating and forecasting

pre-fishery abundance of Atlantic salmon in the Northeast Atlantic for the man-

agement of mixed-stock fisheries. ICES Journal of Marine Science, 61, 1359–1369.

Pyper BJ, Peterman RM (1998) Comparison of methods to account for autocorrelation

in correlation analyses of fish data. Canadian Journal of Fisheries and Aquatic Sciences,

55, 2127–2140.

R Development Core Team (2013) R: A Language and Environment for Statistical Com-

puting. R Foundation for Statistical Computing, Vienna, Austria. ISBN 3-900051-

07-0, URL http://www.R-project.org/. (accessed 3 May 2013)

Rago PJ (2001) Index measures and stock assessment in Atlantic salmon. In: Stock,

Recruitment and Reference Points: Assessment and Management of Atlantic Salmon, (eds

Pr�evost E, Chaput G), pp. 137–176. INRA Editions, Paris.

Rago PJ, Reddin DG, Porter TR, Meerburg DJ, Friedland KD, Potter ECE (1993) A

Continental Run Reconstruction Model for the Non-maturing Component of North Amer-

ican Atlantic Salmon: Analysis of Fisheries in Greenland and Newfoundland-Labrador,

1974–1991. ICES CM 1993/M:25. Copenhagen, Denmark.

Record, NR, Pershing AJ, Maps F (2013) Emergent copepod communities in an adap-

tive trait-structured model. Ecological Modeling, 260, 11–24.

Reddin DG (1988) Ocean life of Atlantic salmon (Salmo salar L.) in the Northwest

Atlantic. In: Atlantic Salmon: Planning for the Future (eds Mills DH, Piggins DJ), pp.

483–511. Proceedings of the third international Atlantic salmon symposium, Biar-

ritz, France. Croom Helm, London.

Reddin DG, Friedland KD (1999) A history of identification to continent of origin of

Atlantic salmon (Salmo salar L.) at west Greenland, 1969-1997. Fisheries Research, 43,

221–235.

Reddin DG, Helbig J, Thomas A, Whitehouse BG, Friedland KD (2000) Survival of

Atlantic salmon (Salmo salar L.) related to marine climate. In: The Ocean Life of

Atlantic Salmon: Environmental and Biological Factors Influencing Survival (ed. Mills

D), pp. 88–91. Fishing News Books, Oxford.

Reid PC, Colebrook JM, Matthews JBL, Aiken J (2003) The Continuous Plankton

Recorder: concepts and history, from Plankton Indicator to undulating recorders.

Progress in Oceanography, 58, 117–173.

Reygondeau G, Beaugrand G (2011) Future climate-driven shifts in distribution of

Calanus finmarchicus. Global Change Biology, 17, 756–766.

Rikardsen AH, Dempson JB (2011) Dietary life support: the food and feeding of

Atlantic salmon at sea. In: Atlantic Salmon Ecology (eds Aas O, Einum S, Klemetson

A, Skurdal J), pp. 115–143. Blackwell Publishing, Oxford.

Rose GA (2005) On distributional responses of North Atlantic fish to climate change.

ICES Journal of Marine Science, 62, 1360–1374.

Sarmiento JL, Slater R, Barber R et al. (2004) Response of ocean ecosystems to cli-

mate warming. Global Biogeochemical Cycles, 18, GB3003. doi:10.1029/2003GB00

2134

Scarnecchia DL (1983) Age at sexual maturity in Icelandic stocks of Atlantic salmon

(Salmo salar). Canadian Journal of Fisheries and Aquatic Sciences, 40, 1456–1468.

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 3046–3061

3060 K. E. MILLS et al.



Sheehan TF, Reddin DG, Chaput G, Renkawitz MD (2012) SALSEA North America: a

pelagic ecosystem survey targeting Atlantic salmon in the Northeast Atlantic. ICES

Journal of Marine Science, 69, 1580–1588.

Smith TM, Reynolds RW, Peterson TC, Lawrimore J (2008) Improvements to NOAA’s

historical merged land-ocean surface temperature analysis (1880–2006). Journal of

Climate, 21, 2283–2296.

Sutton RT, Hodson DLR (2005) Atlantic Ocean forcing of North American and Euro-

pean summer climate. Science, 309, 115–118.

Taboada FG, Anad�on R (2012) Patterns of change in sea surface temperature in the

North Atlantic during the last three decades: beyond mean trends. Climatic Change,

115, 419–431.

Thorstad EB, Whoriskey FG, Rikardsen AH, Aarestrup K (2011) Aquatic nomads: the

life and migrations of the Atlantic salmon. In: Atlantic Salmon Ecology (eds Aas Ø,

Einum S, Klemetsen A, Skurdal J), pp. 1–32. Wiley-Blackwell, Oxford.

Visbeck M, Chassignet EP, Curry RG, Delworth TL, Dickson RR, Krahmann G (2003)

The ocean’s response to North Atlantic Oscillation variability. In: The North Atlan-

tic Oscillation: Climate Significance and Environmental Impact (eds Hurrell JW, Kush-

nir Y, Ottersen G, Visbeck M), pp. 113–145. American Geophysical Union,

Washington, D. C.

Warner AJ, Hays GC (1994) Sampling by the continuous plankton recorder survey.

Progress in Oceanography, 34, 237–256.

Xue Y, Smith TM, Reynolds RW (2003) Interdecadal changes of 30-yr SST normal dur-

ing 1871-2000. Journal of Climate, 16, 1601–1612.

Zuur AF, Fryer RJ, Jolliffe IT, Dekker R, Beukema JJ (2003) Estimating common trends

in multivariate time series using dynamic factor analysis. Environmetrics, 14, 665–

685.

Zuur AF, Leno EN, Smith GM (2007) Analysing Ecological Data. Springer, New York.

© 2013 John Wiley & Sons Ltd, Global Change Biology, 19, 3046–3061

CLIMATE-ECOSYSTEM LINKS AND ATLANTIC SALMON 3061


