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Abstract

Return rates of Atlantic salmon (Salmo salar) from the sea to European rivers have declined in recent decades. The first months at sea
are critical for growth and survival; recent evidence suggests that reduced food availability may be a contributory factor to the observed
declines. Here, zooplankton abundance data are used to derive a measure of prey energy available to forage fish prey of salmon during
early marine migration. This zooplankton prey energy has significantly and dramatically declined over much of the northeast Atlantic,
and specifically within key salmon migration domains, over the past 60 years. Marine return rates from a set of southern European
populations are found to exhibit clustering not entirely predictable from geographical proximity. Variability in grouped return rates
from these populations is correlated with zooplankton energy on a range of scales, demonstrating the potential use of zooplankton
energy as an indicator of salmon marine survival. Comparison with environmental variables derived from ocean model reanalysis data
suggests zooplankton energy is regulated by a combination of climate change impacts on ecosystem productivity and multi-decadal
variability in water mass influence along the migration routes.
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Introduction

Wild Atlantic salmon (Salmo salar) populations from many
North Atlantic rivers have declined over the last few decades
(Olmos et al. 2019, ICES 2023). Although management ac-
tion is mainly focused on the freshwater stage of the salmon
life cycle, the continuing population declines are thought to be
driven by reduced marine survival (Chaput 2012, Thorstad
et al. 2012, Olmos et al. 2019). This has led to calls for the
evaluation of potential indicators of salmon marine survival
(ICES 2020, Bull et al. 2022). Links have been found be-
tween measures of salmon survival and potential indicators in-
cluding large-scale climate indices (Beaugrand and Reid 2003,
2013, Jensen et al. 2011, Mills et al. 2013, Olmos et al. 2020),
temperature (Friedland et al. 1998, 2000, 2003, Jensen et al.
2011, Olmos et al. 2020), and primary productivity (Mills
et al. 2013, Olmos et al. 2020). This study uses data from
an example set of southern European Atlantic salmon popu-
lations to investigate the potential of zooplankton energy as
the basis of a marine indicator with a closer trophic link to
salmon post-smolts.

Salmon migrate away from their natal rivers in spring and
early summer and join shared migration routes to common

feeding grounds (Thorstad et al. 2012, Gilbey et al. 2021,
Lilly et al. 2023, Rodger et al. 2024). Migrational aggrega-
tions of southern European post-smolts are found along the
continental shelf-edge off Ireland, Scotland, and Norway dur-
ing April—June (Gilbey et al. 2021). Between leaving the river
and the end of the first year at sea, they are known as post-
smolts. This early marine phase is thought to be critical to
the overall survival of a cohort, with high and highly variable
mortality (Thorstad et al. 2012). There is evidence that growth
and survival rates during this phase are declining (Peyronnet
et al. 2007, Jonsson et al. 2016, ICES 2020, 2023, Todd et al.
2021, Trehin et al. 2021, Vollset et al. 2022, Long et al. 2023,
Tréhin et al. 2023). Since body mass accumulated during the
first few months at sea is important in determining the tim-
ing of maturation (Trehin et al. 2021), reductions in feeding
opportunities at this time will also influence the proportion of
salmon that delay maturation and remain at sea for more than
one winter. Declines in growth and survival have been linked
to reductions in quality and quantity of post-smolt prey (Utne
et al. 2021, 2022), suggesting that a measure of post-smolt
food availability could provide an indicator of salmon marine
survival.
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Salmon post-smolts are pelagic, generally remaining within
the upper 5 m of water depth (Renkawitz et al. 2012). Their
diet is varied but dominated by marine pelagic fish larvae plus
amphipod crustaceans and smaller amounts of euphausiids
and copepods (Rikardsen et al. 2004, Haugland et al. 2006,
Utne et al. 2021). Fish species reported in southern European
post-smolt stomachs include lesser sandeel (Ammodytes mar-
inus), herring (Clupea harengus), blue whiting (Micromesis-
tius poutassou), and other gadoids (Rikardsen et al. 2004,
Haugland et al. 2006, Utne et al. 2021). The forage fish lar-
vae consumed by salmon post-smolts are themselves plank-
tivorous. Of the key fish species found in salmon post-smolt
stomachs, larval blue whiting consumes a range of copepods,
especially Calanus spp. (Conway 1980, Hillgruber and Klopp-
mann 1999, Bastrikin et al. 2014); larval herring diet is dom-
inated by Calanus finmarchicus stages (Prokopchuk 2009),
plus Oithona spp., Temora longicornis, and Euphausiids; lar-
val sandeel prey includes copepods, polychaetes, crustacean
larvae, amphipods, appendicularia, fish eggs, and fish larvae
(Olin et al. 2022, and references therein). These forage fish
species spawn in late winter and the larvae are present in the
water column from April to June during the salmon post-
smolt migration (Bartsch and Coombs 1997, Coull et al. 1998,
Payne et al. 2012, Van Deurs et al. 2013, Frost and Diele
2022).

For the purposes of developing a marine indicator, there
are currently insufficient data to determine how variability in
forage fish larvae abundance directly affects post-smolt sur-
vival (ICES 2020, Vollset et al. 2022). For example, stock as-
sessments for forage fish typically focus on spawning stock
biomass and recruits to commercial fisheries rather than the
larval stage, and are not spatially disaggregated (e.g. ICES
2022a, b). However, evidence suggests that feeding conditions
for the forage fish themselves may be declining in areas of
the northeast Atlantic: patterns of zooplankton abundance,
phenology, and species composition have changed over the
past 60 years (e.g. Beaugrand et al. 2003, Beaugrand and Reid
2003, Alvarez-Fernandez et al. 2015, Bedford et al. 2020, Hol-
land et al. 2023, Ratnarajah et al. 2023). The drivers of these
changes are not fully known but thought to be associated
with changes in ecosystem productivity and range shifts due
to warming temperatures (Beaugrand et al. 2009, Beaugrand
and Reid 2013, Dupont et al. 2017, Schmidt et al. 2020, Ed-
wards et al. 2021). We hypothesize that variability in the zoo-
plankton energy available to the forage fish larvae consumed
by salmon post-smolts (i.e. prey-of-prey energy) may be a use-
ful indicator for the marine survival of post-smolts themselves.
At this trophic level, openly available, long-term, high spatial,
and temporal resolution abundance data for the northeast At-
lantic exist in the form of continuous plankton recorder (CPR)
sampling (Richardson et al. 2006), which have the potential
to form the basis of an indicator for salmon marine survival.

Correlations have been reported between selected measures
of salmon marine survival and zooplankton abundance across
various spatial and temporal scales (Beaugrand and Reid
2003, 2013, Mills et al. 2013, Vollset et al. 2022). However,
further work is required to develop a relevant zooplankton-
based indicator for salmon survival, for several reasons. First,
the indicator should be based on the zooplankton field of func-
tional relevance to the post-smolt food chain, i.e. a measure of
energy rather than abundance and summed over those zoo-
plankton species consumed by the forage fish larvae featuring
in the post-smolt diet. Second, although trends in marine sur-
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vival of salmon have been sufficiently coherent over large geo-
graphical areas to suggest some synchrony by common drivers
(the Moran Effect; Moran 1953), there is also evidence of re-
gional variation where population responses diverge from a
common trend or groups of populations exhibit a differen-
tial response to the same driver (e.g. Olmos et al. 2020, Pardo
et al. 2021). Environmental drivers of mortality operate at a
range of spatial and temporal scales, acting on all or subsets
of salmon populations. Therefore, consideration of the envi-
ronmental drivers acting at a regional scale will be useful in
determining the mechanisms behind the complex hierarchy of
survival controls (ICES 2020). Third, at what scale of aver-
aging can variability in zooplankton energy provide a useful
indicator of variation in salmon marine survival? Since zoo-
plankton are predominantly post-smolt prey-of-prey rather
than direct prey, what is likely to be the more relevant driver of
post-smolt survival: zooplankton energy within salmon post-
smolt migration corridors, or integrated over wider spatial ar-
eas used by forage fish and their zooplankton prey, and sub-
sequently advecting into areas used by migrating post-smolts?
Equally, over which time period is zooplankton energy likely
to be linked to post-smolt survival: during-migration, aver-
aged over the post-smolt year, or lagged by one or more years
to represent energy accumulated through the food web over
generations of forage fish and zooplankton adults, eggs, and
larvae (e.g. Mills et al. 2013)?

The aim of the present study is therefore to use CPR
zooplankton data and a new high-resolution regional ocean
model reanalysis for the northeast Atlantic to investigate
whether variability in zooplankton energy can explain spa-
tial and temporal patterns of salmon return rates among a
set of southern European populations. The approach is to
(i) group the salmon populations by measuring synchrony in
adult return rates between populations; (ii) define early ma-
rine space-time domains informed by the resulting popula-
tion groupings and information on migration pathways and
timing; (iii) derive a focused measure of zooplankton energy
available to the forage fish prey of post-smolts; (iv) analyze
how variability in this zooplankton energy is related to pat-
terns in the grouped return rates; and (v) investigate regional
environmental drivers of zooplankton prey energy.

Methods

Analyses were carried out using the MATLAB numerical com-
puting environment [v23.2.0.2459199 (R2023b); The Math-
works Inc. 2021] and R Statistical Software (v4.3.2; R Core
Team 2023).

Salmon population monitoring data and analysis
This study used time series of smolt emigration timing and
adult return rates for a subset of salmon populations from
southern Europe. These were the Bush in Northern Ireland,
Corrib and Burrishoole in Ireland, Tamar and Frome in Eng-
land, Dee in Wales, North Esk in Scotland, and Bresle and
Scorff in France (Fig. 1). The data are derived from fish tag-
ging and trapping as part of salmon population monitoring
programs (Table 1).

Smolt emigration timing

Smolt emigration timing was available for all populations,
apart from the Corrib. The length of the dataset varied by pop-
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Figure 1. Study domain showing shared migration corridors, ecosystem integration regions, river mouth locations, and 200 and 1000 m contours, which
delineate the continental shelf-edge. Legend indicates times when post-smolts are expected to occupy sections of migration corridor.

ulation; the longest was from the Burrishoole for 1970-2021
(Table 1). The method of smolt counting differed by river but
was either a full count involving diverting migrating smolts
from the main river, or a partial count, which was then raised
to a full count using mark-and-recapture to estimate catch ef-
ficiency (Table 1). Following previous studies, we took the day
of the 25th percentile of the cumulative distribution of smolt
numbers leaving the river as a measure of annual “smolt run
initiation” (e.g. Otero et al. 2014) (Fig. 2). This was used to
indicate when post-smolts from each population were likely
to enter the sea.

Adult return rates

Adult return rates were used as a proxy for overall marine
survival, although it is recognized that return rates of salmon
will vary with changes in both marine survival and matura-
tion schedule, both of which are impacted by changes in ma-
rine conditions (Trehin et al. 2021). The method for estimat-
ing numbers of returners differed by river but was a full or
corrected partial count by fish trap or counter (Table 1). Re-
turn rates were given as the percentage of emigrating smolts
in a population that returned as adults after either one sea
winter (1SW) or multiple sea winters (MSW, which aggre-
gates fish spending two or more years at sea as per interna-
tional stock assessment methods; ICES 2023). The time pe-
riod covered varied by population (Table 1; time series in
Supplementary Information).

For the Burrishoole, Bush, Dee, Corrib, and North Esk, re-
turn rates were to homewaters prior to any coastal fishery.
For the Scorff, Bresle, Frome, and Tamar, return rates were to
freshwater. This gave the potential that they were not directly
comparable between populations, since homewater fisheries
on salmon have been variable and decreasing over the past

40 years (e.g. Cotter et al. 2022, Cefas et al. 2023), so that in-
cluding this mortality in the count of returning adults risked
obscuring the “natural” signal of marine mortality. Care was
taken to account for this. The homewater fishery on Scorff
and Bresle salmon has been consistent and negligible over the
reported period (M. Buoro, personal communication, January
2024). The homewater fisheries on the Tamar and Frome were
phased out and finally ended on the Tamar in 2004, only 2
years into the return time for these populations. Finally, pub-
lished homewater fisheries exploitation rates for the River Dee
(Cefas et al. 2023), approximately back-calculated to estimate
homewater return rates (neglecting any natural mortality in
homewaters), show only a small and consistent difference be-
tween the two rates (Supplementary Information). In addition,
all analyses in this study use normalized return rates, reducing
the importance of particular values and emphasizing trends
and variability.

Synchrony in return rates

The 1SW and total (1SW+MSW) return rates were analyzed
to check for synchrony. Synchrony between populations can
be measured in various ways to capture different aspects of the
dynamics (Buonaccorsi et al. 2001). The return time series ex-
hibits autocorrelation, which must be accounted for to avoid
false detection of significant correlation. Following Pyper and
Peterman (1998) and Buonaccorsi et al. (2001), we used two
complimentary measures of population-pairwise synchrony:
(i) Pearson’s correlation 7 in return rates, with the “modified
Chelton” stricter test for significance whereby the degrees of
freedom are adjusted for autocorrelation (Pyper and Peterman
1998) (Supplementary Information) and (ii) Pearson’s correla-
tion rg;s of the difference in return rates between consecutive
years, which acts to detrend the time series. 7 is a measure
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Figure 2. Box plot summary of variability in smolt emigration timing for each population, measured as 25th percentile of smolt count each year. Note

that the populations are presented in order of latitude.

of synchrony in long-term (low-frequency) fluctuations and
r4iff is a measure of synchrony in interannual (high-frequency)
fluctuations.

From the synchrony measures, we calculated a distance
measure as 1 minus synchrony, giving 0 for full synchrony, 2
for asynchrony, and values ~1 for little to no synchrony. This
was used for cluster analysis using R packages proxy (Meyer
and Buchta 2022) and cluster (Maechler et al. 2023). Since the
resulting cluster structure can depend on the algorithm, we
compared two commonly used methods: agglomerative hier-
archical clustering and partitioning around medioids. For the
hierarchical clustering, we used the Ward measure of similar-
ity between clusters but also checked the sensitivity to other
measures. The output was used to determine the most stable
cluster structure with varying dendrogram cut-off heights (hi-
erarchical clustering) and a pre-specified number of clusters
(PAM). The agglomerative coefficients and silhouette widths,
which indicate the degree of dissimilarity of a population to
other populations in the same cluster compared with those in
other clusters, were used to assess the strength of the struc-
ture. Values close to 1 indicate strong clustering, while values
close to 0 indicate that a population is only weakly tied to
the allocated cluster. In determining the final clusters to ana-
lyze further, we also took into account geographical factors,
especially for those populations only weakly tied to a cluster.

Where the analysis identified groups of synchronized pop-
ulations, a combined return time series for each group was
obtained by normalizing the return rates and summing over
each population in the group for each year. Populations were
weighted equally. Normalization was calculated as z-scores,
le.zi; = x"’;”’ , where x; ; is the return rate in year i for pop-
ulation j, and u; and o; are the mean and standard deviation,
respectively, of return rates for population j. This results in a
time series g; with mean 0 and standard deviation 1 for each
population. The combined time series for each cluster k was
then calculated as %}, = mean(z; ;) for z; j non-missing. This
avoids losing useful data, at the potential cost of emphasizing
return rates from populations with the most complete data.
We make the assumption that if the populations are synchro-
nized over their overlapping period, they are likely to also ex-

hibit some degree of synchrony at other times for which data
are not available, and the combined time series is therefore
likely to be representative of the whole group.

Deriving zooplankton energy available to forage
fish larvae

We define “zooplankton energy available to forage fish larvae”
(ZEpr) as a measure of zooplankton energy in taxa found in
the diet of forage fish larvae in the diet of salmon post-smolts,
i.e. salmon post-smolt prey-of-prey. The zooplankton species
featured in the forage fish larvae diet have been identified from
diet studies and ZEgg is then a measure of available zooplank-
ton energy in the water column; no forage fish larvae stomach
data have been analyzed as part of this study.

ZFEgr is derived from Continuous Plankton Recorder (CPR)
data for the northeast Atlantic (Johns 2022, 2023). The CPR
survey is a large-scale, long-term marine sampling program
collecting plankton on reels of silk towed by ships of oppor-
tunity (Richardson et al. 2006). The calculation of ZEgg is a
modification of the method developed by Olin et al. (2022)
to represent potential zooplankton energy in the diet of the
sandeel Ammodytes marinus (hereafter sandeel) in the north-
east Atlantic. Olin et al. (2022) identified the zooplankton
species in the sandeel prey field from diet studies, matched
them with standard CPR taxonomic groups, and simplified by
including only prey found in at least 5% of CPR samples in
the area (see Supplementary Information). Olin et al. (2022)
corrected for the CPR’s variability in sampling efficiency for
different taxa (Clark et al. 2001, Kane 2009) by comparing
with independent plankton time series from Stonehaven on
the Scottish east coast (Bresnan et al. 2015) and the L4 station
on the English south coast (Atkinson et al. 2019). Diel vertical
migration was accounted for by calculating separate factors
for samples collected during day and night. Abundance was
converted to energy content using taxon-specific wet weight
and energy density. No correction was attempted for varia-
tion in energy content with season and year.

Here, we used the same study area (Fig. 5), updated the
CPR dataset to 2019 (the most recently available year), and
modified the species list to represent zooplankton found in
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the diet of the fish larvae in the diet of salmon post-smolts.
Based on the forage fish larvae diet information outlined in
Section 1, the prey taxa included by Olin et al. (2022) in the
calculation of zooplankton prey energy in the sandeel diet are
also representative of the diet of the broader range of forage
fish larvae important in the salmon post-smolt diet, with the
addition of Euphausiids, which are consumed by larval blue
whiting and herring. We therefore updated the dataset of Olin
etal. (2022) taxonomically to include the standard CPR group
Euphausiacea.

Marine variables

We investigated potential bottom-up drivers of variability in
ZEpr by compiling physical and biological marine data and
averaging them and ZEgy at space-time scales of relevance to
post-smolt migration and feeding (see Section 2.4).

Sea surface temperature, salinity, and phytoplankton concen-
trations

Sea surface temperature (SST), salinity, and phytoplank-
ton concentrations were derived from the Atlantic Mar-
gin Model (AMM?7vS5) 3D coupled physical-biogeochemical
ocean model reanalysis (1993-2021) for the northwest Euro-
pean shelf (Copernicus Marine Environment Monitoring Ser-
vice; Tonani and Ascione 2021). The domain covers 20°W-
13°E and 40°N-65°N at ~7 km resolution. This model is
the highest-resolution model available, covering the entire ge-
ographical area used by southern European post-smolts and
providing both physical and biogeochemical variables.

SST was taken as water temperature in the model surface
layer (up to 1 m water depth). Salinity was averaged from 50
to 500 m water depth as an indicator of interannual variability
in the balance of water masses in the upper ocean (e.g. Johnson
et al. 2013, Holliday et al. 2020), which has an influence on
production in lower trophic levels. Surface layers were omit-
ted to avoid seasonal and coastal influences that may confuse
water mass classification.

Phytoplankton concentrations were integrated over the eu-
photic zone, taken here as 0-50 m model depth. We use out-
put for 1998 onwards, for which the model assimilates satel-
lite ocean color data; earlier years have a weaker match with
historical observations (Tonani and Ascione 2021). To char-
acterize interannual variation in seasonal phytoplankton dy-
namics, we apply phenology metrics: following previous stud-
ies, spring bloom initiation is defined as the date on which
cumulative phytoplankton concentration exceeds 15% of the
annual total and duration as the number of days between 15
and 85% of the total (Siegel et al. 2002, Platt and Sathyen-
dranath 2008, Platt et al. 2009, Brody et al. 2013).

Subpolar gyre index

The marine climate of regions used by post-smolts is influ-
enced by the strength and extent of the subpolar gyre (SPG),
which affects the relative influences of subpolar and subtrop-
ical water masses and exerts bottom-up control on produc-
tivity and species assemblages in northeast Atlantic, North
Sea, and Norwegian Sea (e.g. Holliday et al. 2000, Hatin
et al. 2009, 2016, Johnson et al. 2013, Jones et al. 2018, Koul
et al. 2019). We use the SPG index formulated by Héttn and
Chafik (2018) (1993-2018) (Chafik 2019) (Supplementary
Information), which characterizes the strength and extent of
the SPG. A high index corresponds to an expansion of cold,
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low-salinity subpolar waters into the northeast Atlantic, while
a low index corresponds to a contraction of the SPG and in-
creased northward intrusion into the northeast Atlantic of rel-
atively warm, high-salinity subtropical waters. A strong SPG
is associated with low phytoplankton biomass and a high
abundance of Calanus finmarchicus and other cold water zoo-
plankton species, and vice versa.

Defining space-time averaging scales

ZEgg, marine variables, and relationships with salmon return
rates were analyzed on a range of scales: (i) annual means
gridded across the northeast Atlantic; (ii) annual and during-
migration means within shared post-smolt migration corri-
dors; and (iii) annual and lagged means within “ecosystem-
integration” regions representing the flow of energy through
the post-smolt food web (Fig. 1 and Table 2).

Gridded northeast Atlantic

To examine how trends in ZEgr have varied across the north-
east Atlantic, CPR samples were binned into 1° latitude by 2°
longitude rectangles over the CPR dataset domain of 40°N-
70°N and 25°W-15°E (Fig. 5). Trends in annual mean ZEgy
were calculated for samples within each bin (Section 2.5).

Shared post-smolt migration corridors

The main “shared migration corridors” for post-smolts were
identified from published telemetry, trawl, and particle track-
ing simulation data on post-smolt occurrence in the northeast
Atlantic (Fig. 1). These data suggest three main migration cor-
ridors joined by post-smolts from multiple southern European
populations once they have undertaken their initial journey
away from the coastline and shallow shelf seas:

e Atlantic Shelf-Edge Route (ASR): High concentrations
of post-smolts are observed in the European continental
shelf-edge current (Shelton et al. 1997, Mork et al. 2012,
Ounsley et al. 2020, Gilbey et al. 2021). This represents
the most plausible shared route for all the populations in
this study, apart from the North Esk in northeast Scot-
land. The route follows the continental shelf-edge and
the slope current from the Bay of Biscay, west of Ireland
and the UK, to the Norwegian Sea.

* North Sea Route (NSR): Initial routes taken by post-
smolts from east and northeast UK rivers are less well
known. It is expected that they utilize strong flows such
as the Dooley Current to travel across the North Sea
(Turrell 1997, Main 2021, Newton et al. 2021) (North
Sea Route; NSR). Gilbey et al. (2021) identified post-
smolts of UK origin off southwest Norway in June, pro-
viding evidence that they take this route to the Norwe-
gian Sea. This is the route assumed for the North Esk
population.

* Southwest shelf crossing (SWSC): While post-smolts
from west coast UK/Ireland rivers and the River Scorff in
France enter the sea closer to the shelf-edge than many
other southern European populations, those from rivers
around the English Channel have a greater on-shelf dis-
tance to cover before they reach the deeper water and
strong shelf-edge currents. For completeness, we there-
fore also consider a corridor from close to the River
Bresle (France) west to the shelf edge. This section, fol-
lowed by the ASR, is the assumed route for the Bresle,
Tamar, and Frome populations.
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Table 2. Summary of spatial and temporal averaging scales and which populations and population groupings are relevant to each region.

Relevant to

population

Averaging scale Spatial Temporal Relevant to populations groupings
Gridded northeast  1° latitude by 2° longitude rectangles ~ Annual All All
Atlantic over 40°N-70°N and 25°W-15°E
Migration Southwest shelf crossing Annual and Frome, Tamar, and Bresle ~ Channel
corridors during-migration

Atlantic Shelf Crossing (ASR) All except North Esk Channel, West

North Sea Route (NSR) North Esk East
Ecosystem Blue whiting spawning grounds Annual and lagged All All
integration region

Sandeel spawning All All

Subpolar gyre influenced All All

To simplify the analysis, the migration corridors were bro-
ken into several sections (Fig. 1). The times when each sec-
tion was likely to be occupied by post-smolts were determined
from post-smolt trawl data (Gilbey et al. 2021) and the smolt
emigration timing for the study populations (Fig. 2).

ZEpr and the environmental variables were extracted
within a 100-km-wide locus around the curvilinear axes de-
fined by these migration corridors. Mean values were then
calculated within each segment of corridor for two temporal
windows: (i) the yeardays when post-smolts are likely to be
occupy each section and (ii) over the whole year.

Ecosystem integration regions

Larger integration regions were chosen based on post-smolt
feeding ecology and represent ZEpr in the key forage fish
spawning areas passed through by post-smolt migration cor-
ridors, as well as transport of forage fish and zooplankton
into the salmon post-smolt migration corridors from the wider
northeast Atlantic. The southern European post-smolt diet is
dominated by sandeel and gadoids (Utne et al. 2021); given
the overlap of the migration routes with large blue whiting
spawning grounds along the continental shelf-edge, it is likely
that the latter are predominantly blue whiting. Although her-
ring larvae feature heavily in the diet of northern European
post-smolts, they appear to be less important for southern Eu-
ropean post-smolts (Utne et al. 2021). Therefore, we focus on
sandeel and blue-whiting spawning areas.

The chosen areas were not meant to be an exhaustive rep-
resentation of all areas relevant to forage fish prey of post-
smolts. Rather, they allow an experimental assessment of
whether zooplankton prey energy over a wider area and time
period may be a more relevant and ecologically tied indica-
tor of post-smolt survival than prey energy within post-smolt
migration corridors. To this end, the following regions were
chosen (Fig. 1):

(i) Blue-whiting spawning grounds. Blue whiting spawns
on the Porcupine Bank and areas west of Scotland,
coincident with post-smolt migration routes, during
March—April (Payne et al. 2012).

(i) Sandeel spawning grounds. Sandeel utilize sandy
banks in the northern North Sea and the pelagic lar-
vae will be present in the water column from March
(Coull et al. 1998).

(iii) SPG-influenced off-shelf region. This represents the
variable advection of oceanic water masses into post-
smolt migration areas and their influence of zooplank-

ton production and composition (e.g. Hatan et al.
2009).

For each of these regions, annual means of ZEgr and the
environmental variables were calculated.

It would be desirable to include the southern Norwegian
Sea, the accepted common summer feeding area for southern
European post-smolts (Gilbey et al. 2021). However, CPR cov-
erage in this area is too patchy spatially and temporally to al-
low a statistically robust comparison with the salmon return
rate data (Fig. 5).

Trends in ZEg¢

Trends in ZEgg for each spatial averaging scale were calculated
by fitting the linear model log1o(ZEgr + 1) ~ v, where vy is the
sample year and ZEgy has units of mg C m~3. This transfor-
mation is used to ensure a normal distribution while including
the zero-value samples. The decadal fractional change in ZEgg
is 1010 — 1, where m is the slope of the linear model above.
The regression on year could be biased if the timing of CPR
sampling changed over 1958—2019. However, because the
CPR is deployed on ships of opportunity rather than through
a random sampling strategy, the same routes are used each
month. This maintains consistent sampling timing (Richard-
son et al. 2006). For the data used here, a more complex statis-
tical model that controlled for the timing of sampling within
the year gave similar results and found no significant trend in
year day.

Trends in ZEpr were only calculated for averaging areas
with >40vyears of CPR data, including pre-1980 and post-
2000 to match with the available data on salmon return rates.
The trends were calculated for during-migration ZEgg for the
migration corridor sections and for annual ZEgg for all aver-
aging regions.

Correlations between return rates, ZEgg, and
environmental covariates

Correlations between annual and during-migration mean
ZEgr in the post-smolt year and the grouped salmon popu-
lation marine return rates for salmon returning the follow-
ing year, and between ZEgr and the environmental covariates,
were calculated at each spatial averaging scale using Pearson’s
correlation coefficient with the modified Chelton method test
for significance (Section 2.1.3). Where a trend was present
in the time series, a detrended correlation was also calcu-
lated to look for correlation in interannual fluctuations. For
the ecosystem integration scale, the same correlation methods
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Figure 3. Clustering of one sea winter salmon return rates: (a) dendrogram from hierarchical clustering and (b) silhouette plot from partitioning around
medoids. Agglomerate coefficient and silhouette width indicate the strength of clustering.

were applied with a lag of 1—4 years. This allowed examina-
tion of the lag maximizing the cross-correlation at this scale.

For the migration corridors, correlations between ZEpy and
the grouped return rates were only calculated for relevant sec-
tions for each population group. A section was considered rel-
evant to a group if the location of the river mouth suggested
that post-smolts from one of the populations within the group
would be likely to pass through that region. For the ecosystem
integration regions correlations were calculated for all popu-
lation groups to account for advection over long time scales.

Throughout, we follow the proposal of Muff et al. (2022)
to move away from binary conclusions in ecology by replacing
comparison against a single threshold P-value (usually 0.05)
with a gradual “language of evidence.” This approach has
been used in other fields and in reporting of meta-analyses.
The proposed bands are: “little or no evidence” for P >.1;
“weak evidence” for P <.1; “moderate evidence” for P <.05;
“strong evidence” for P <.01; and “very strong evidence” for
P <.001 (Muff et al. 2022).

Results

Synchrony in return rates

The correlation analysis revealed consistent groups of salmon
populations showing synchrony in their marine return rates.
The analysis of 1SW and total returns resulted in the same
clustering and results are presented here for 1SW returns for
simplicity.

The two methods of clustering gave essentially the same
results and reflected the significant pairwise synchrony mea-
sures (Supplementary Information). The dendrogram (Fig. 3)
showed two main clusters: (i) Bush, Burrishoole, Corrib,
Scorff, and Dee, and (ii) Bresle, Tamar, Frome, and North Esk.
PAM analysis with two clusters agreed, except the River Dee
moved clusters. The overall strength of the first cluster was
0.4, indicating fairly weak coherence. The Bush, Scorff, and
Burrishoole were the most tightly bound to this cluster, with
the Corrib less similar. The second cluster was less coherent:

the North Esk, Frome, and Dee had low silhouette widths,
indicating relatively weak similarity to the other populations
in the cluster. Cutting the dendrogram earlier, or increasing
the number of clusters in PAM, resulted in the Frome and Dee
each forming a singleton cluster. Given the uncertainty around
the Dee and Frome populations, we retain them within the
clusters containing the most geographically nearby popula-
tions. Similarly, we consider the North Esk separately, as its
location on the northeast UK coast means its post-smolts use
a different initial migration area to the other populations.

These results suggest the following population groupings:
(i) West Coast river populations (“West group”): Burrishoole,
Bush, Corrib, Dee, and Scorff; (ii) English Channel river pop-
ulations (“Channel group”): Bresle, Tamar, and Frome; and
(iii) East Coast river populations (“East group”), represented
in these analyses by the North Esk. The resulting normalized
combined return time series are shown in Fig. 4.

Trends in total zooplankton energy available to
forage fish

Gridded northeast Atlantic scale

ZEgr significantly and dramatically declined throughout much
of the northeast Atlantic over the last six decades (Fig. 5).
The areas experiencing the largest declines were in off-shelf
areas (Fig. 6). ZEgr similarly showed a pattern of decline in
all coastal regions except the English Channel and Celtic Seas,
where there were some significant increases. For most of the
Norwegian Sea, there were insufficient CPR samples to cal-
culate the trend in this way. There was no CPR sampling in
the Norwegian Sea from 1982 to 2008, so it was not possible
to calculate a trend in ZEgr or correlations with return rates.
However, mean annual ZEg for the 2000s and 2010s was a
third of the mean for the 1960s and 1970s and appears to
be still declining (Supplementary Information). For the area
southwest of the Voring Plateau, the same pattern of decline
in ZEgr was exhibited.
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Figure 5. Decadal trend in zooplankton energy available to forage fish. Over all
Continuous Plankton Recorder samples 1958-2019.

Migration corridor scale

These patterns also held within the post-smolt migration cor-
ridors. For annual mean ZEgr within the ASR, there was
moderate (France-Ireland; P =.41) to very strong (Faroe—
Shetland Channel; P <.001) evidence of a decline per decade

0.8

zooplankton taxa. Dot indicates P <.05. Inset shows locations of

of 5.6-13%. For annual mean ZEgr within the NSR, there was
strong evidence of a decline of 14% across the North Sea (P
<.001) and 12% in the Norwegian Coastal Current (P <.001)
(Table 3). In contrast, there was strong evidence of an increase
in annual mean ZEgr of 7% per decade on the southwest shelf.
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Figure 6. Comparison of decadal trends in annual zooplankton energy for
off-shelf (water depth >800 m), shelf-edge (between 200 and 800 m),
and on-shelf (<200 m) regions. The plots show the count of 1° longitude
by 2° latitude grid cells, as shown in Fig. 5 in each trend bin.

Table 3. Trends in zooplankton energy zooplankton energy ZEg in migra-
tion corridor sections and ecosystem integration regions.

Annual During-
average migration
ZErg ZErr

Migration corridor section ~ Trend P Trend P

(%/decade) (%/decade)
ASR France-Ireland -5.6 .041*
ASR Ireland-Scotland —13.0 .0053* -16.0 .09-
ASR Faroe-Shetland —12.0 <.001***
Channel
NSR North Sea —14.0 <.001**  —18.0 <.001***
NSR Norwegian Coastal —12.0 <.001**  —11.0 .036*
Current
Southwest shelf crossing 7.0 .0072* 17.0 .012*

Ecosystem integration region
Blue whiting spawning
grounds

SPG-influenced offshore
Sandeel spawning grounds

—-10.0  .016*

—10.0 <.001***
—11.0 <.001**

Symbols indicate P-values: no symbol P >.1; -P <.1; xP <.05; #xP <.01;
and s#*xP <.001.

For during-migration ZEg, trends were in the same direction
but with generally weaker or no statistical evidence.

Ecosystem integration scale

There was very strong evidence that mean annual ZEpr de-
clined in the offshore SPG-influenced (10% per decade; P
<.001) and sandeel spawning grounds (11% per decade; P
=.001) regions, and moderate evidence of a decline in the blue
whiting spawning region (10% per decade; P =.016) (Fig. 7
and Table 3).

Trends by zooplankton taxonomic group

The decadal trends in annual mean ZEg varied by zooplank-
ton group (Fig. 8). In the northern half of the northeast At-
lantic, prey energy from C. finmarchicus significantly declined
while C. helgolandicus increased, especially in the North Sea.
As a result, the trend in total Calanus (calculated as the
sum of C. finmarchicus, C. helgolandicus, and unidentified
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copepodite stages) was a patchwork of positive and negative
and did not drive the overall decline in mean annual ZEgg
in the northeast Atlantic. Instead, the trend was driven by
a significant decline in small copepod abundance (the sum
of Acartia spp., Oithona spp., Para-Pseudocalanus spp., and
Temora longicornis) and Euphausiidae. The trends in Hyper-
iidae abundance were mixed, with a significant increase on-
shelf and mostly a decline off-shelf.

Correlation between zooplankton energy and
salmon return rates

Gridded northeast Atlantic scale

Across the northeast Atlantic, 1SW returns to the West group
were significantly positively correlated with annual ZEgy in
many areas, including the Bay of Biscay, European shelf edge,
off-shelf west of Ireland/UK, and Faroe-Shetland Channel for
the time series and the detrended time series (Fig. 9). In the
North Sea, the correlation was positive for the time series and
negative for the detrended time series.

Returns to the East group (North Esk population) were sig-
nificantly positively correlated with annual ZEgr along the
shelf-edge and in the North Sea for the time series and the
detrended time series.

The time series of 1SW return rates to the Channel group
were not correlated with annual ZEgg in any region. How-
ever, the detrended time series were correlated negatively in
the Bay of Biscay and positively to the west of the UK, espe-
cially around the blue-whiting spawning areas.

Migration corridor scale

At migration corridor scale, there were several significant
correlations between 1SW return rates to the West group
and ZEgr along the ASR (Table 4). For annual averaging of
ZEgr, there was a positive correlation from Ireland to Scot-
land between the time series (moderate evidence; Pyic =.017)
but not the detrended time series. For during-migration av-
eraging of ZEgr, there was a positive correlation from Ire-
land to Scotland between the time series (weak evidence;
Pyic =.095) and the detrended time series (weak evidence;
Pgig =.10), and there was a positive correlation from France
to Ireland for the detrended time series (moderate evidence;
Pyigr =.027).

Return rates to the East group were positively correlated
with annual mean ZEgy along the NSR North Sea (moderate
evidence; Pypic =.018) and Norwegian Coastal Current sec-
tions (weak evidence; Pyic =.053) for the time series but not
the detrended time series. There were no significant correla-
tions for during-migration averaging of ZEg.

Return rates to the Channel group were not correlated with
during-migration or annual ZEpp in any migration corridor
section for the time series or the detrended time series.

Ecosystem integration scale

Annual ZEgg in the blue-whiting larval spawning grounds was
positively correlated with 1SW returns to the West (strong
evidence; Pyic =.0049) and East (moderate evidence; Pyic
=.013) but not Channel groups (Table 4 and Fig. 7). These cor-
relations held for 0-1 years of lag for the West group, peaking
in the post-smolt year, and only with no time lag for the East
group. The correlations were significant for the time series but
not detrended time series.
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Figure 7. Zooplankton energy within ecosystem integration regions and grouped 1SW return rates for combinations with significant correlations. Time

series shown for number of years’ lag giving peak cross-correlation.

Annual ZEgr in the SPG-influenced region was positively
correlated with 1SW returns to the West group for the time
series (Pyic =.0086) but not the detrended time series. The
correlation was significant for 0—4 years lag and strongest at
1year lag (Table 4 and Fig. 7). Annual ZEgy in this region was
positively correlated with 1SW returns to the East group for
the time series (moderate evidence; Pyic =.023) and detrended
time series (weak evidence; Py =.085) with no time lag but
not with a time lag. There were no significant correlations with
Channel group returns for this region.

Annual ZEgr in the sandeel spawning grounds region was
positively correlated with 1SW returns to the Channel group
(weak evidence; Pyic =.052) at Oyears of lag, West group
(strong evidence; Pyic =.0017) at 0—4 years lag (peak 1 year),
and East group (strong evidence; Pyic =.0095) for 0-2 years
lag (peak 1 year) for the time series (Table 4 and Fig. 7). For the

East group, this also held for the detrended time series (weak
evidence; Py =.077).

Correlation between explanatory variables and
zooplankton energy

Trends in marine variables, and correlations between these
and ZEgp, were similar at all spatial and temporal averaging
scales, although generally there was a tendency for more sta-
tistically robust association at the larger, ecosystem integra-
tion scale and with annual ZEgg. For brevity, therefore, this
section presents results only at this scale.

Salinity, SST, and annual phytoplankton concentration fol-
lowed similar patterns in each ecosystem integration re-
gion: an increase from 1993 until the mid-2000s and sub-
sequent decrease from 2010 to 2021 (time series shown in
Supplementary Information). This was in line with decadal
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Figure 8. Decadal trend in zooplankton energy available to forage fish for key zooplankton groups. White dots indicate P <.05.

variability in the SPG strength (Supplementary Information).
Overlaid on these general patterns was interannual variabil-
ity and some trends: a significant increase in SST of 0.18°C
per decade within the sandeel spawning grounds (moder-
ate evidence; P =.039) and increase in annual total phy-
toplankton concentration of 0.12mg C m~3 per decade in
the SPG-influenced region (strong evidence; P =.0044). The
spring-summer bloom shifted ~6 days earlier per decade in the

sandeel spawning grounds (very strong evidence; P <.001).
No trends were found in other regions.

The correlation analysis between annual ZEgy and potential
explanatory marine variables (time series in Supplementary
Information) found several significant relationships (Table 5).

First, annual ZEg within the SPG-influenced region was
positively correlated with the SPG index (moderate evidence;
Pync =.030) and negatively correlated with SST (weak ev-
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Figure 9. Correlation between time series (r) and detrended time series (rg) in annual zooplankton energy (ZEgg) and 1SW returns for each population

grouping. Dots indicate P <.05. White space indicates insufficient data.

idence; Pyc =.053) and salinity (moderate evidence; Pyic
=.020). In other words, water mass influence mediated by the
SPG explained some of the variability in annual ZEgg in this
region. There was no evidence of a correlation between an-
nual ZEgr and the physical variables in the other ecosystem
integration regions.

Second, there was evidence of an influence of phyto-
plankton phenology on ZEgg. In the blue whiting spawning
grounds, annual ZEpr was positively correlated with the du-
ration of the spring bloom (moderate evidence; Pyic =.023).

In the sandeel spawning grounds, ZEpr was negatively corre-
lated with earlier spring blooms (weak evidence; Pyic =.083).

Discussion

This study demonstrated the potential of zooplankton energy
as the basis of a regional indicator of salmon marine survival.
Salmon populations were grouped according to synchrony in
their marine return rates and correlations were calculated with
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Table 4. Correlation between grouped 1SW return rates and zooplankton energy ZEg¢ in migration corridor sections (during-migration and annually) and ecosystem integration regions.

Blue whiting spawning grounds

ASR Faroe-Shetland Channel
SPG-influenced region

North Sea
ASR Faroe-Shetland Channel

North Sea
Sandeel spawning grounds

Norwegian Coastal Current
Norwegian Coastal Current
Ecosystem integration

Southwest shelf crossing
Along corridor: annual

Along corridor: during
ASR France-Ireland
Southwest shelf crossing
ASR France-Ireland
ASR Ireland-Scotland

ASR Ireland-Scotland
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a focused measure of zooplankton energy at a range of scales
relevant to the post-smolt early marine phase.

The populations showed evidence of regional clustering
that was not entirely related to geographical proximity. The
zooplankton energy metric ZEgg, which declined dramatically
over large parts of the northeast Atlantic, was correlated with
marine return rates for some population groups over relevant
spatial regions. Statistical links were generally more robust
at the annual rather than during-migration, and ecosystem-
integrated rather than migration-corridor scale. ZEgr was
found to be linked to climatic variability and phytoplankton
phenology.

Regional groupings of populations

For most populations, the clusters based on synchrony in pat-
terns of marine return rates were as expected from geographi-
cal considerations, with proximate rivers showing greater cor-
relation. This has been found for some groups of Norwe-
gian rivers (Jensen et al. 2011, Vollset et al. 2022) and North
Atlantic stocks in general (Mills et al. 2013, Olmos et al.
2020) and is indicative of proximate populations likely to ex-
perience a similar marine environment. Based on geograph-
ical proximity alone, it would have been expected that re-
turns to the Scorff would be more closely synchronized with
French/English than West UK/Irish populations. The result
suggests that the Scorff population shares a common driver
with West UK/Irish populations. There was significant resid-
ual variability within the population groups, i.e. much of the
variability is idiosyncratic to the individual population. This
is as expected because each population is genetically adapted
to the conditions of its particular river, and return rates are
affected by a hierarchy of drivers from local to global scale
(Pardo et al. 2021, Bull et al. 2022).

The same river groupings emerged in analysis of 1SW or to-
tal return rates, suggesting that the synchronizing influences
were operating during the early marine phase. This was in
line with previous work, which reported changing marine con-
ditions affecting survival and growth during the post-smolt
stage (Friedland et al. 2009, Beaugrand and Reid 2013, OI-
mos et al. 2019, 2020, Trehin et al. 2021).

The method of combining the time series over non-missing
values avoided losing valuable data but could result in time
series that emphasize trends from some populations over oth-
ers with less complete data. Return rate time series for the
West population group were complete from 1995. Therefore,
although the early part of the combined time series was domi-
nated by returns to the Bush, Burrishoole, and Corrib, the pe-
riod of steepest decline from the mid-1990s for all populations
in this cluster was well represented. The Channel population
group was complete from 2000 onwards, so the early part
of the combined time series was based on Bresle data alone.
However, the Bresle data pre-2000 had several missing values,
so most of the combined time series was made up of data from
all three populations in this cluster. It is considered that this
method should not materially affect the results.

Declining zooplankton prey energy

The approach taken here describes a zooplankton field of
functional relevance to the post-smolt food chain and allows
the conclusion that feeding conditions within that particular
food chain have degraded. This work shows that total zoo-
plankton prey energy available to the forage fish larvae prey
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Table 5. Correlation between zooplankton energy (ZEgg) and environmental variables in the ecosystem integration regions.

Correlation with ZFEg in integration region (2 s.f.)

Blue-whiting spawning

SPG-influenced region

Sandeel spawning grounds

Variable r Pymc
Sea surface temperature —-0.23 27

Salinity 0.12 .55

Phytoplankton —0.047 .84

concentration

Bloom start —0.063 .79

Bloom duration 0.49 .023*
Subpolar gyre index 0.028 .89

7 Pyc r Pyc
-0.39 .053. 0.094 .65
—-0.48 .020* 0.18 .37
—-0.11 .65 —-0.23 31
0.28 22 0.39 .083-
—0.057 .81 —-0.30 19
0.44 .030* 0.093 .65

Symbols indicate P-values: no symbol P >.1; - P <.1; * P <.05; ** P <.01; and ##* P <.001.

of salmon post-smolts has declined significantly and dramat-
ically over large regions of the northeast Atlantic (and espe-
cially in the North Sea), and within specific salmon migration
corridors, over the past 60 years.

There is some regional variation, with the strongest de-
clines off-shelf and in the North Sea, and areas of mixed
or increasing total prey energy in the Celtic Sea and Chan-
nel. These differences may help explain why the River Scorff
return rates were more in line with populations from west
coast UK/Ireland: these populations have a shorter shelf tran-
sit into off-shelf waters compared with the Channel popu-
lations. In other words, the Scorff and west UK and Ireland
salmon smolts may be experiencing declining feeding condi-
tions at an earlier stage of their marine migration, while Chan-
nel fish spend longer transiting shallower shelf seas that have
not seen such a strong decline in prey energy. Such a result
suggests further work on environmental variability within im-
mediate near-shore/shallow shelf regions relevant to each pop-
ulation could identify mechanisms driving variation in post-
smolt mortality during the very early stages of migration (e.g.
Olmos et al. 2020).

Previous work has reported a decline in total small cope-
pods, C. finmarchicus, and euphausiids in parts of the north-
east Atlantic up to 2010 (Beaugrand and Reid 2013). Other
studies have noted declines in zooplankton in the North Sea,
Norwegian Sea, and wider northeast Atlantic (Beaugrand
etal. 2009, Beaugrand and Reid 2003, Dupont et al. 2017, Ed-
wards et al. 2021, Schmidt et al. 2020) and highlighted poten-
tial impacts on higher trophic levels. However, the trends here
vary by taxa, which highlights the importance of estimating
a total prey field rather than focusing on variability in partic-
ular zooplankton taxa or groups. In most areas, the climate-
driven range shifts in C. finmarchicus and C. helgolandicus,
as seen here and reported by others (e.g. Beaugrand et al.
2009), resulted in no overall trend in total Calanus energy.
Instead, the trend in total zooplankton prey energy is driven
by a widespread decline in small copepods and euphausiids.

Regional response to declining zooplankton energy
This study found that regional variation in ZEgg was related
to regional clustering of the salmon populations.

For marine returns to the North Esk salmon population,
the relationship with ZEgr was relatively clear, with some sig-
nificant positive correlations found at all scales of analysis:
gridded across the northern North Sea for time series and de-
trended time series, at migration corridor scale for annual but
not during-migration averaging and not for detrended time

series, and at ecosystem-integration scale for time series and
detrended time series.

West population returns were positively correlated with
ZEgr in some areas to the west of the UK/Ireland. This was
seen gridded over the northeast Atlantic, albeit patchily due
to lower CPR coverage compared with the North Sea. Positive
correlations were found in some sections of the Atlantic Shelf-
Edge migration corridor both during-migration and annually,
and also for detrended time series. The strongest correlation in
the blue-whiting spawning ecosystem integration region was
at zero lag, i.e. in the post-smolt year. In the SPG-influenced
region to the northwest of the UK, the strength of correlation
peaked at a year lag but was similar over 0—4 years. These
results could be interpreted as evidence that ZEgg during the
post-smolt year had a direct effect on abundance of larval for-
age fish such as blue whiting, with knock-on effects on growth
and survival for post-smolts during their migration. The sus-
tained correlation with ZEpp within the SPG-influenced re-
gion may instead reflect decadally varying marine conditions
that govern zooplankton assemblages and abundances. Cor-
relations at ecosystem-integration scale did not hold for de-
trended time series. The steepest declines in both ZEgg in re-
gions relevant to the west populations (SPG-influenced region,
blue whiting spawning region, and ASR migration corridor)
and west populations return rates were from 1980 to 2010
(Supplementary Information). Since 2010, ZEg¢ in these re-
gions has increased and during this time returns to the West
population grouping did not decline (Fig. 4).

No correlations were found between returns to the Chan-
nel populations and ZEgg, apart from a weak positive correla-
tion with mean annual ZEgg in the sandeel spawning grounds
ecosystem integration region. It is notable that neither returns
to the Channel populations nor ZEgr in the Channel and
Celtic Sea regions showed a declining trend over the period
of overlap between the two time series. One explanation may
be that post-smolts from the Channel rivers are not migrat-
ing into a declining food environment or are more strongly
influenced by a different primary set of environmental drivers
from those acting on other regional population groupings.

Drivers of changes in zooplankton prey energy

This study found evidence of regulation of zooplankton en-
ergy by both decadal variability in water masses and climate
change.

ZEpr in regions west of the UK and Ireland was positively
correlated with SPG strength and negatively correlated with
associated changes in SST and upper ocean salinity. A link be-
tween SPG strength and zooplankton abundance in this re-
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gion has been previously reported for individual zooplank-
ton groups (C. finmarchicus and other copepods, Hatun et al.
2009), but not for zooplankton energy added up over the
range of species consumed by forage fish larvae, and our re-
sult confirms the association over a longer time period. Reg-
ulation of zooplankton abundance by the SPG is analogous
to the positive correlation between zooplankton biomass and
proportion of Arctic water mass in the Norwegian Basin (Sk-
agseth et al. 2022), and shows that water masses exert control
over energy availability in the post-smolt food web. Climate
change impacts on circulation patterns in the northeast At-
lantic are projected to increase the influence of subtropical
waters along the continental shelf edge (Collins et al. 2019,
McCarthy et al. 2023). Under this scenario, our results sug-
gest zooplankton energy available to forage fish would further
reduce.

This study found that ZEgy increased significantly with
bloom duration in the blue-whiting spawning region, suggest-
ing a longer productive season is beneficial to grazers, and
decreased with earlier phytoplankton bloom initiation in the
North Sea. These associations were not seen for other re-
gions, and there was no association between ZEgr and changes
in annual total phytoplankton. It is possible that annual
phytoplankton concentration does not adequately capture
how changes in subarctic productivity influence zooplankton.
North Atlantic phytoplankton phenology has shifted with cli-
mate change over the past 60 years (Edwards et al. 2001,
2021, Beaugrand and Reid 2003, Henson et al. 2009, Capuzzo
etal. 2018, Schmidt et al. 2020). Further changes are expected
under future climate change, but studies disagree on the direc-
tion of these changes (e.g. Henson et al. 2013, 2018, Kléparski
et al. 2023). If bloom initiation continued to advance in the
North Sea, as projected by Henson et al. (2013) but with the
opposite projection by Henson et al. (2018), our results sug-
gest zooplankton energy would continue to decline, with neg-
ative consequences for salmon post-smolts and other higher
predators such as seabirds and cetaceans whose food chains
are supported by zooplankton. If bloom duration were to in-
crease, as projected by Kléparski et al. (2023) for some but not
all phytoplankton groups, our results suggest a positive effect
on zooplankton productivity and post-smolt survival.

Zooplankton energy as an indicator of salmon
marine survival

This work provides evidence of a trophic link between zoo-
plankton energy relevant to forage fish larvae and return
rates of Atlantic salmon. It demonstrates the potential use of
ZEgr as an indicator of ecosystem state and productivity, and
salmon return rates for some clusters of southern European
salmon populations.

One objective was to determine the scale of averaging at
which ZEg becomes a useful indicator of post-smolt growth
and survival and, therefore, return rates. In general, stronger
evidence for trends in ZEgpp and correlation with return rates
was found annually rather than during-migration. This sug-
gests that annual integration may provide a more robust indi-
cator of conditions relevant to post-smolt return rates than en-
ergy measured within the migration time span alone. Stronger
evidence for a significant correlation was found when integrat-
ing over the ecosystem-scale regions. There are likely to be sev-
eral reasons for this. Statistically, annual and larger-area pool-
ing of the patchy CPR data provides a clearer signal through
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improved coverage. Mechanistically, because we are consider-
ing post-smolt prey-of-prey, rather than direct prey, it may be
that an annual and wider-scale measure of zooplankton en-
ergy is a better measure of the forage fish larvae abundance
that subsequently becomes available to salmon post-smolts.
Because of advection, active migration, and the accumulation
of energy over an annual cycle or a full life history by both
long-lived zooplankton and forage fish, one would not nec-
essarily expect correlations confined to the migration corri-
dor itself to be as strong as ones that integrate over the food
chain.

The direction of correlation between returns and ZEpp was
the same at all scales of averaging, i.e. return rates were con-
sistently positively correlated with ZEgg. This is an advantage
over temperature-based indicators, for which the relationship
with salmon returns has been found to be inconsistent: stud-
ies show a differential response of groups of salmon rivers
to the same trends in SST (Olmos et al. 2020, Vollset et al.
2022), with both positive and negative impacts on survival
(e.g. Friedland et al. 1998), which potentially vary with the
time period analyzed (Wainwright 2021, Harvey et al. 2022).
The thermal environment affects salmon directly via changes
in metabolic rate affecting energetic requirements (e.g. Forseth
et al. 2001) and indirectly via ecosystem productivity and
trophic interactions (Beaugrand and Reid 2013). However, it
is generally agreed that the indirect effects are likely to be
predominant in the relationship between SST and marine sur-
vival (Friedland et al. 1998, Jonsson et al. 2016, Olmos et al.
2020, Harvey et al. 2022). Theoretically, ZEgy is also an indi-
rect driver of salmon post-smolt survival, via consumption by
forage fish larvae, but it has a closer trophic link than drivers
based on climate indices, temperature, and primary produc-
tivity. In addition, ZEgr may be a direct driver of post-smolt
survival—although forage fish larvae dominate the diet, post-
smolts also consume amphipods, euphausiids, and copepods,
all of which have significantly declined along the migration
corridors.

As all indicators of ecosystem state have advantages and
disadvantages related to how data rich, forecastable, and
mechanistically understood they are (ICES 2020, Sobocin-
ski et al. 2021), zooplankton energy would be of most use
within a framework of indicators providing a measure of the
status of marine conditions for salmon post-smolts. Such a
framework is used operationally for salmonid post-smolts in
the California Current (Peterson et al. 2014). Based on our
results, e.g. a period of strong SPG would result in higher
zooplankton energy and this indicator would then have a
status of “good” conditions for post-smolts. A useful prop-
erty of any indicator of salmon survival would be its pre-
dictability at management scales. Here, the correlation be-
tween ZEpr and return rates in the ecosystem-integration re-
gions, the scale at which correlations were most robust, of-
ten persisted or heightened with a year or more lag. There-
fore, knowledge of the prey field several years previously could
be useful for short-term management. Predicting ZEgr and
its consequences for salmon survival into the future is far
more challenging. Water mass influence has the potential to
be forecast up to 10 years into the future (Hatun et al. 2009),
providing a useful predictor of zooplankton energy. Over the
longer term, new regional ocean model projections under dif-
ferent climate forcing scenarios will provide an envelope of
change in marine conditions, including circulation patterns
and phytoplankton phenology, which could then provide pro-
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jections of zooplankton energy and consequences for salmon
post-smolts.

Study limitations

The variable coverage of the CPR data in some areas imposed
several limitations on this study. The most significant was the
lack of data in the Norwegian Sea. Alternative datasets for
the Norwegian Sea provided a measure of total zooplankton
biomass and key species but did not allow calculation of an
equivalent forage fish prey energy metric (Dupont et al. 2017,
Strand et al. 2020, Skagseth et al. 2022). Olmos et al. (2020)
found that marine survival of southern European salmon pop-
ulations was more closely correlated with conditions in the
shared Norwegian Sea feeding ground than in regional aver-
aging areas (Olmos et al. 2020). It would be useful to establish
here whether more of the variation in return rates is explained
by zooplankton energy in the early, regional part of the migra-
tion route or in the shared grounds, but this was not possible
with the available data.

This study did not account for seasonal, interannual, and
geographical variability in taxon-specific size, energy density,
and catchability of zooplankton. However, the relative values
for different taxa are likely to be broadly correct, suggesting
that the patterns in ZEgr and relationships with salmon return
rates are likely to be robust (Olin et al. 2022).

The study focused on trophic interactions and did not con-
sider other factors that influence marine survival, such as
carry-over effects from freshwater (e.g. smolt size; Gregory
et al. 2019), other sources of mortality (e.g. fisheries exploita-
tion and sea lice; Gillson et al. 2022), changes in suitable habi-
tat (Friedland et al. 2000), competition (Utne et al. 2022),
and predation pressure (Falkegdrd et al. 2023). Future work
should consider the combined influence of these factors. Fi-
nally, note that the relationships identified in this study were
correlative rather than causative, although care has been taken
in the statistical analysis to build evidence of a mechanistic

link.

Conclusions

We conclude that zooplankton energy is a potentially use-
ful biotic indicator of marine return rates for at least some
groupings of southern European Atlantic salmon populations,
and appears to have a more consistent relationship with post-
smolt survival and growth than indicators based on SST and
primary production. Future work should focus on two main
strands. First, in regions where zooplankton energy has not
declined, what instead are the strong drivers of variability in
return rates of salmon populations making use of these re-
gions? Second, what is driving the declines in zooplankton en-
ergy, how is this likely to continue under climate change, and
what does this mean for the future of salmon populations and
other keystone species such as seabirds and cetaceans whose
food webs are also supported by zooplankton?
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