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Abstract

Rapid warming at high latitudes triggers poleward shifts of species' distributions
that impact marine biodiversity. In the open sea, the documented redistributions
of fish lead to a borealization of Arctic fauna. A climate-driven borealization and
increased species diversity at high latitudes are also expected in coastal fish com-
munities, but they have not been previously documented on a large, biogeographic
scale. Here, we investigate the impact of temperature change over the last 25 years
on fish communities along the coast of Norway. The study area, spanning different
ecoclimatic zones between 62° and 71°N, harbors over 200 species of boreal and
Arctic fish. Several of these fish species are harvested by coastal and indigenous
communities, influencing settlement geography and livelihood. The long-term data
on coastal water temperatures and fish species were obtained from monitoring sta-
tions and scientific surveys. Water temperature measured at three fixed sampling
stations distributed along the coast show increased temperatures during the study
period. The fish species distribution and abundance data were obtained from the
annually standardized scientific bottom trawl survey program. Fish species rich-
ness, which was highest in the south, increased with warming first in the south and
then, gradually, further north, eventually affecting biodiversity in the whole study
area. Fish community composition showed a distinct latitudinal pattern early in the
study, with Arctic fish species confined to the north and boreal species dominat-
ing the south. The poleward shifts eventually eroded this zoogeographic pattern,
resulting in more boreal fish species in the north and an increased homogenization
of species composition along the Norwegian coast. The climate-driven reorganiza-
tion of fish communities affects coastal ecosystems that are exposed to fisheries,
aquaculture, and other rapidly expanding human activities, stressing the urgent

need for a climate adaptation of integrated coastal management.
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1 | INTRODUCTION

Rapid climate warming at high latitudes is leading to changes in spe-
cies' distribution, abundance, and phenology, affecting biodiversity
and ecosystem organization (IPBES, 2019; Ingvaldsen et al., 2021,
Pecl et al., 2017; Pértner et al., 2022). Climate-induced poleward
shifts in marine species distributions are expected to modify biogeo-
graphic patterns of diversity and composition (Alabia et al., 2023;
Cheung et al., 2009; Kjesbu et al., 2022). At a global scale, marine
biodiversity declines with latitude, being lowest towards the North
Pole (Chaudhary et al., 2016), and the observed distinct biogeographic
regions can be associated with different climatic zones (Costello
et al., 2017). Evidence for the expected climate-driven increase in di-
versity at higher latitudes, and for the reshuffling and shifting of spe-
cies compositions, is rapidly accumulating (Fossheim et al., 2015; He
& Silliman, 2019; Kjesbu et al., 2022). Poleward shifts have been docu-
mented for fish, birds, and mammals, with northward expansions that
can keep track of temperature changes in mobile species (Grebmeier
et al., 2006; Orgeret et al., 2021; Pinski et al., 2013; Poloczanska
et al., 2016; Sorte et al., 2010; Sydeman et al., 2015). The evidence
for redistributions of marine species at high latitudes comes primar-
ily from studies on fish in the open ocean (e.g., Fossheim et al., 2015;
Yasumiishi et al., 2020), with coastal areas being understudied. The
lack of similar large scale, comprehensive studies in coastal areas is
concerning, considering the important ecological and socio-economic
role played by fish species, which have contributed to shape the ge-
ography of coastal settlements and the livelihood of local and indige-
nous communities over many centuries (Collie et al., 2008; Pedersen
et al., 2022; Perdikaris, 1999; Varpe et al., 2005). Documenting and
understanding the impact of climate change on coastal biodiversity at
high latitudes, where the rate and magnitude of change are expected
to be greatest, is urgently needed to inform climate adaptation and
integrated management of expanding human activities (IPBES, 2019;
Harley et al., 2006; Pértner et al., 2022).

In marine ecosystems, fish display some of the most rapid and
substantial ecological responses to climate warming, with docu-
mented reorganizations of biodiversity and ecosystems (Ingvaldsen
et al., 2021; Portner et al., 2022). Poleward distributional shifts in fish
have been documented in the arctic (Fossheim et al., 2015), temperate
(Perry et al., 2005), and tropical waters (Fodrie et al., 2010; Fujiwara
et al.,, 2019). The speed of fish redistributions, which can track climate
velocities (Brito-Morales et al., 2018), suggests that behavior often me-
diates the ecological response in the short term (Fossheim et al., 2015;
Pinski et al., 2013). The importance of a behavioral component is ev-
ident in distributional responses to extreme climatic events, such as
heatwaves (Husson et al., 2022; Lonhart et al., 2019). In response to
species' poleward distributional shifts, shelf and open sea fish diver-
sity at high latitudes tends to increase, at least temporarily (Alabia
et al., 2023; Hiddink & ter Hofstede, 2008; Ingvaldsen et al., 2021;
Wiedmann et al., 2014). Poleward shifts modify biogeographic pat-
terns, reshuffling species and leading to a homogenization of assem-
blages across regions with previously distinct composition (Fossheim
et al.,, 2015; Frainer et al., 2017; Mueter et al., 2021).

Coastal marine ecosystems are among the most diverse and pro-
ductive ocean areas in the world and provide many ecosystem ser-
vices (Barbier et al., 2011). The warming trends observed in the open
ocean also affect coastal marine ecosystems, compounding cumulative
risk (Bindoff et al., 2019; He & Silliman, 2019; McCarthy et al., 2001;
Portner et al., 2022). The main climate-driven hydrographic changes
affecting coastal environments, including increasing water tempera-
tures, changes in salinity, and alterations of current systems, are all
expected to influence coastal ecosystems and their biodiversity (He &
Silliman, 2019; Portner et al., 2022). However, climate-induced biodi-
versity alterations in coastal ecosystems are poorly studied, particularly
at large biogeographic scales (Collie et al., 2008; He & Silliman, 2019).
Rapid distributional responses by fish are also expected in coastal
ecosystems, despite the greater spatial heterogeneity of habitats com-
pared to open oceans (Barry & Dayton, 1991; Last et al., 2011). Fish
play an important role in coastal ecosystems, both as prey for upper
trophic levels such as marine mammals and sea birds, and as con-
sumers of benthic and pelagic prey. Coastal regions host one-third
of the world's human population (Mehvar et al., 2018), and the socio-
economic implications of climate change in coastal ecosystems are
expected to be particularly severe considering coastal communities'
strong dependency on marine resources (He & Silliman, 2019; Pértner
et al., 2022). In addition, coastal ecosystems are exposed to human ac-
tivities across multiple sectors, including fisheries, aquaculture, tour-
ism, and extractive industries (Halpern et al., 2019). However, climate
change impact on fish is of particular concern considering their key
ecological and socio-economic role in coastal areas (Seitz et al., 2014),
and fish redistribution calls for climate adaptation of coastal manage-
ment (Leith et al., 2014; Pham et al., 2021).

The impact of climate warming on high-latitude coastal ecosys-
tems is poorly documented, but is expected to be equally rapid and
substantial as observed in the open ocean (Portner et al., 2022). In
the present study, we assess the impact of warming on fish biodiver-
sity along the Norwegian coast (62°-71°N), which harbors over 200
fish species and encompasses several ecoclimatic zones. We docu-
ment the effects of rapid distributional shifts for species diversity
and composition by analyzing a 25-year long time-series of demer-
sal trawl survey data. We expected climate-driven poleward shifts
to increase species richness, affect the latitudinal diversity gradient,
and homogenize species composition along the Norwegian coast.
We discuss the implications of the observed climate-driven changes
in fish diversity and composition for these high-north coastal eco-

systems and for the associated goods and services.

2 | MATERIALS AND METHODS
2.1 | Studyarea

The Norwegian coastline spans from 58° to 71°N and has a pro-
nounced latitudinal gradient of water temperature (Figure 1)
of about eight degrees difference from South to North in sum-
mer. The coastline is characterized by fjords and islands creating
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diverse and spatially heterogeneous habitats. Fish species play an
important ecological and socio-economic role and have contrib-
uted to shape coastal settlements and the livelihood of local and
indigenous communities over many centuries (Collie et al., 2008;
Pedersen et al., 2022; Perdikaris, 1999). Coastal habitats also
form the spawning grounds for several large fish populations
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that are migratory and with oceanic and pelagic distributions for
parts of the year (Kjesbu et al., 2022). Norwegian coastal areas
north of 62°N (statistical areas O and 3-7, extending maximum
ca. 230km from the coastline) support fisheries targeting over 70
taxa. Average annual landings during the last decade (2014-2023)
were close to 1 million tons, which corresponds to an average
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FIGURE 1 Map of the study area illustrating the latitudinal gradient in water temperature (°C) in the upper 10 m (September mean) off
the Norwegian coast, simulated with a numerical ocean model (NorKyst800, Asplin et al., 2020). The black solid line is a reference line

used to specify trawl sample positions along the Norwegian coast in this study (from 61°N, 4°E to 71°N, 32°E). The reference line was
divided into 10 equally long segments (167 km), with orthogonal delimitation borders (stippled lines) defining sampled areas along the coast.

Bathymetry is shown by gray isobath lines marked with depths (m).
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annual value of ca. 0.8 billion euros (calculated based on freely
accessible fishery statistics data downloaded from the Norwegian
Directorate of Fisheries webpage, www.fiskeridir.no).

The ocean climate along the Norwegian coast depends on
the amount of warm and saline Atlantic water (AW) that flows
into the Nordic Seas (e.g., Skagseth et al., 2011) with the North
Atlantic Current (NAC), and the properties of the lower-salinity
coastal water flowing northwards along the Norwegian coast as
the Norwegian Coastal Current (NCC; Saetre, 2007). The NCC
carries large volumes of fresh and brackish water from the Baltic
Sea and is receiving runoff from land, fjords, and rivers along the
Norwegian coast. The Atlantic water becomes gradually cooler
and less saline as it flows towards the north along the coast, due
to mixing with the coastal water, freshwater discharge, precip-
itation, and atmospheric cooling. The temperature of the AW
has varied in the past with warm and cold periods (Sutton &
Hodson, 2005), and since 1981 there has been a period of in-
creasing temperatures until circa 2012, whereafter the heating
culminated (Sandg et al., 2022). Albretsen et al. (2012) have
shown that the ocean temperatures increased in both upper and
deeper layers along the Norwegian coast between 1990 and 2009
and attributed this to a reduction of the North Atlantic Subpolar
Gyre (Hatun et al., 2005) combined with the reduced (normal-
ized) NAO, and possibly also large-scale hemispheric warming.
Skagseth et al. (2022) have recently identified another ocean-
ographic change that may affect the marine ecosystems along
the Norwegian coast: a redistribution of the Arctic Intermediate
Water masses (AIW) at depth (below AW) in the Norwegian basin
has led to a shift after 2006 with less advection of new nutri-
ents and nutrient-rich Arctic zooplankton to the eastern side of
the Norwegian basin and towards the Norwegian shelf break
(Skagseth et al., 2022).

2.2 | Data collection

The present work is based on yearly scientific survey data from
1995 to 2019, collected by the Norwegian Institute of Marine
Research (IMR), consisting of trawl samples of fish along the
Norwegian coast. Water temperature profiles were obtained from
three monitoring stations Bud, Eggum, and Inggy (Figure 1), lo-
cated in the southern, central, and northern regions visited by the

survey.

2.21 | Survey description

The coastal survey is a standardized scientific combined acoustic-
bottom trawl survey program. In autumn each year, the coastal sur-
vey covers the Norwegian coast, from approximately 61° North (4°E)
to 71°North (32°E). The bottom trawl samples are collected both
close to shore, within fjords, and further off the coast up to approxi-
mately 65nm (120km).

2.2.2 | Fish sampling

Demersal fish were sampled with shrimp trawls, with a typical
towing speed of approximately three knots. In total, the data set
included 3969 bottom trawl samples with acceptable sample qual-
ity and gear condition. Sampling stations for which fish abundance
data (n=130) were not available for all species were not included in
the study. Further, trawling stations that covered less than 0.5nm
(n=222) or more than 2.1 nm (n=34) were removed from the data-
set to reduce sampling bias. We also excluded stations deeper than
500m (n=52), as there were very few samples from deep stations,
restricted to a few deep fjords. The total number of trawl samples
included was 3529.

Fish were identified to the lowest feasible taxonomic level, and
the majority were identified to species level. Of the 127 taxa reg-
istered in the dataset, we selected the 60 most widely distributed
and abundant (Table S1). Among the 60 included taxa, some have
a lower taxonomic resolution being aggregated genus (redfishes
Sebastes sp.), or order level (Lanternfishes Myctophiformes). For
skates (Rajidae), only individuals identified to species were kept in
the dataset. The final 59 taxa included in the analyses were present
during all survey years and account for more than 99.9% of the total
abundance by count of the catch.

Biogeographic information was obtained from classifica-
tions in Arctic seas (Andriyashev & Chernova, 1995; Mecklenburg
et al., 2018), complemented by classifications from the North Sea
(Yang, 1982). Included biogeographical groups, from the most
southern to the most northern, are: South Boreal (SB), Boreal (B),
Northern Boreal (MB, referred to as Mainly Boreal in Andriyashev
& Chernova, 1995), Widely Distributed (WD), Arcto-Boreal (AB),
Mainly Arctic (MA), and Arctic (A). Habitat preference data were
obtained from the literature expanding on the trait dataset by
Wiedmann et al. (2014).

2.2.3 | Environmental data

Time series of water temperature measurements were obtained
from fixed hydrographic monitoring stations along the Norwegian
coast (Albretsen et al., 2012; Aure & @stensen, 1993; Eggvin, 1938),
where vertical profiles of temperature and salinity have been meas-
ured 1-4 times per month since 1935 by the Institute of Marine
Research (IMR). The time series can be accessed at http://www.imr.
no/forskning/forskningsdata/stasjoner/index.html.

Temperature data from depths 10 and 200m, representing
surface and deeper layer water masses, from the stations Bud
(62°56’N), Eggum (68°22.8'N), and Inggy (71°08’N) (Figure 1),
were extracted for the period 1980-2023. For a longer time
series of surface temperature at these stations, see Skagseth
et al. (2015). Measurements for the months July to September
were extracted and averaged to obtain mean summer tempera-
tures, and the temperature trends were estimated using general-
ized additive models (GAM).
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2.3 | Dataanalyses
2.3.1 | Pre-processing

Geographic location was likely to influence fish diversity and com-
position, given the latitudinal gradient in water temperature and
productivity. Since the studied coastline is only partially aligned
with the latitudinal gradient, we used a simplified, coarse line fol-
lowing the coast as a reference for geographic position instead of
geographic coordinates (Figure 1). The position of the southernmost
station (62°00’ N, 4°15’ E) along our reference line was set to 0, and
all other stations” positions were measured as the distance (km)
along the simplified line from this point. The coast was divided into
10 equally long segments (167 km long), and summary statistics are
presented for each of these coastal intervals (Table S2). Fish abun-
dance per trawl sample was standardized to counts per nautical mile
trawled (1.852km).

2.3.2 | Spatio-temporal variation in diversity

As our primary measure of diversity, we use species richness (S),
measured as the number of taxa identified in each trawl (alpha
richness). We also include results based on the Shannon's di-
versity index (Shannon, 1948), which takes relative abundances
into account. Shannon's diversity index is constrained between
0, where only one species is present, and In(S), where all species
are present with equal abundances. In addition, we used Pielou's
evenness index (J) (Pielou, 1966), ranging from 0 to 1, with val-
ues increasing as the abundances of species become more evenly
distributed.

The spatial and temporal variation in species richness was
modeled using a generalized linear model (GLM) with a Poisson
error distribution (Zuur et al., 2009). Model specification was
informed by diagnostic regression using a generalized additive
model (GAM) that helped detect nonlinear relationships between
species richness and the predictor variables geographic location,
year, depth, and trawled distance (Figure S1). Trawled distance did
not influence species richness, and was not included in the GLM
model. The nonlinear, dome-shaped relationship with depth was
accounted for by a quadratic term in the GLM. An interaction term
between geographic location and year was included in the GLM to
account for temporal change in species richness profiles along the
coast. The GLM model assumptions were inspected using regres-
sion diagnostics. A semivariogram of residuals from the selected
model showed no evidence of spatial auto-correlation unac-
counted for by explanatory variables. There was only weak col-
linearity between predictors (all Pearson correlation coefficients
|r|<.5). The selected model was chosen from a set of candidate
models, including all possible combinations of the three predictors
and their pairwise interactions, based on the Akaike information
criterion (Table S3).
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2.3.3 | Spatio-temporal variation in composition

To investigate changes in the composition of fish assemblages along
the coast, we first identified the main zoogeographic clusters with
distinct fish assemblages in the early study period (1995-2002) by
applying hierarchical clustering (Bray-Curtis dissimilarity and Ward
linkage) to log-transformed abundance (log10 ind/nm) data. The two
main clusters, corresponding to a northern and southern fish assem-
blage with distinct species composition, were then used to train a
random forest classification (R-package “randomForest”). The ran-
dom forest classification was trained on 75% of the sampled stations
in the first period and validated on the remaining 25%. The result-
ing model correctly assigned 97% of the stations to fish assemblage
type, with similar results for the northern and southern clusters. The
random forest classification was then used to assign all trawl sam-
ples during the study period to the two main zoogeographic clusters
(southern and northern assemblages), based on species composition.
The classification results allowed us to track changes in the spatial
distribution of northern and southern fish assemblages over time.

Homogenization of fish community composition along the coast
was assessed by comparing annual distance-decay patterns across
years. Community dissimilarity was expected to increase with geo-
graphic distance. With the northward displacement of southern
species, dissimilarity over larger geographic distances was expected
to decrease. We addressed this expectation by first calculating com-
munity dissimilarities as the Jaccard distance between trawl stations,
and the associated geographic distance between trawl stations as
the shortest distance in meters. Second, we used quantile regres-
sion to estimate the intercept and slope of quantile trend lines (0.50,
0.75) relating community dissimilarity to geographic distance each
year, thereby obtaining the rates at which compositional dissimilar-
ity increases with geographic distance. The higher quantile (0.75) of
compositional dissimilarity between stations should be affected by
compositional homogenization due to the poleward expansion of
species distributions. Geographic homogenization of communities
over time is indicated by a temporal decrease in the slopes of re-
gression lines.

To elucidate individual species' roles in the observed changes in
fish diversity and composition, we explored trends in average annual
abundance (count/nm) and northern distribution limit (90% quantile
of position along the coast). Ordinary linear regressions were applied
to each species, allowing us to identify species displaying significant
(p<.05) trends in abundance or distribution throughout the study
period.

Spatial and temporal variation in total fish density (count/nm)
was modeled using a GLM with a Gaussian error distribution (Zuur
et al., 2009). Total fish densities were log-transformed to reduce the
skewness of abundance distributions. The model specification was
informed by a GAM that helped detect nonlinear relationships be-
tween total density and the predictor variables geographic location,
year, depth, and trawl distance (Figure S2). The nonlinear, S-shaped
relationship with depth was accounted for by a cubic term in the
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GLM. An interaction term between geographic location and year
was included in the GLM to account for between-year differences
in fish density profiles along the coast. The GLM model assumptions

were inspected using regression diagnostic plots and statistics.

3 | RESULTS

3.1 | Increasing water temperatures

The measurements from the coastal monitoring stations show that
the water temperature along the Norwegian coast has increased
during the last four decades (Figure 2). The temperature increase
was most pronounced near the surface and at the two southern-
most locations, Bud and Eggum, where the interpolated mean sur-
face (10m depth) temperatures during summer (July-September)
have increased by c. 2.5°C since 1980. In contrast, the interpo-
lated mean temperature in the northernmost location (Ingay)
increased by circa 1°C in the period 1980-2010, then declined
slightly (ca. 0.3°C) in the last decade. At 200 m depth, the temper-
ature increased by about 1°C at the two southernmost locations,
whereas it increased by ca. 0.7°C at the northernmost location.
The most pronounced temperature increase was during the eight-
ies and nineties, whereafter the temperature stabilized or slightly
decreased after 2010, in accordance with Albretsen et al. (2012)
and Sandg et al. (2022).

3.2 | Species richness increases
gradually northward

Fish species richness, which was highest in the south, increased first in
the south and then, gradually, further north, eventually affecting bio-
diversity along the entire study area. (Figure 3; Table S3). In the south-
ernmost coastal interval (interval 1), annual mean richness increased
from the minimum observed nine species per trawl haul in 1999 to
18.3in 2019 (Figure 3b). In the northernmost interval (interval 10), the
lowest average richness, with 5.8 species, was observed in 1998, and
increased to 14.4 in 2017 (Figure 3b). On average, richness increased
by 21% per decade, with a significant difference in rate of increase
between the south, increasing by 14% per decade, compared to the
north, increasing by 29% per decade (Table S4; Figure S3). Thus, the
initially large difference (43%) in richness between the south and north
became smaller (22%) by the end of the study period.

The temporal changes in species distribution and abundance
were associated with alterations in Pielou's evenness index and
Shannon diversity index that differed between south and north
(Figures S4 and S5). Initially, evenness was low in the south and high
in the north. As new species entered northern areas, evenness first
declined and then increased. The Shannon diversity index eventually
increased along the whole coast, first in the south, then gradually
northward (Figure S5). The initial decline and fluctuation in Shannon
index in the north reflect the shifting balance between an increasing

richness and declining evenness.
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September) temperatures in surface (10 m;
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° water at three locations (Bud, 62°56'N;
° Locations Eggum, 68°22'N; Inggy, 71°08’N) along
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FIGURE 3 (a) Species richness per trawl along the coast of Northern Norway in the early (left panel), intermediate (mid panel), and late
(right panel) study periods. (b) Species richness averaged over coastal intervals (Figure 1) and year. Numbers on the y-axis refer to the 10
coastal intervals (see Figure 1), numbered from southernmost (1) to northernmost (10).

3.3 | Species compositions are reshuffled
eroding the latitudinal biogeographic pattern

During the colder, early phase of the study, fish species distributions
showed a zoogeographic transition zone at about 70°N, separating a
southern and northern assemblage with distinct species composition
(Figure 4 and Figure Sé). The northern assemblage had a greater pro-
portion of Arctic, Arcto-Boreal, and northern Boreal species (Figure 5),
and was characterized by a higher abundance of the Arcto-Boreal
capelin (Mallotus villosus), and northern Boreal species such as haddock
(Melanogrammus aeglefinus), Atlantic cod (Gadus morhua), European
plaice (Pleuronectes platessa), and spotted snake blenny (Leptoclinus
maculatus). The southern assemblage was characterized by higher
abundances of several South Boreal and Boreal species, typically
lacking in the northern assemblage, such as sprat (Sprattus sprattus),
blackmouthed dogfish (Galeus melastomus), silvery pout (Gadiculus
argenteus), poor cod (Trisopterus minutus), argentine (Argentina sphy-
raena), and European hake (Merluccius merluccius).

The random forest classification showed a gradual erosion of
the area covered by the northern fish assemblage during the study
period (Figure 4). The spatial distribution of the northern fish assem-
blage displayed a contraction, retracting toward the northeast and

into fjords of the northern coast (Figure 4a). Accordingly, the pro-
portion of stations with northern assemblages in the northernmost
region (coastal intervals 9 and 10) decreased by 52% between the
first and last 5-year period (Figure 4b). The poleward shifts in fish
distributions have led to a homogenization of fish species compo-
sition along the entire Norwegian coast north of 62°N, as indicated
by the reduced slope of the distance-decay regressions over time
(Figure S8).

3.4 | Abundance increases mainly in the north

Total fish abundance was generally higher in southern compared to
northern areas (Figure S9). During the study period, total abundance
increased only in the northern areas, reducing differences in overall
fish abundance between the south and north toward the end of the
study (Figure S10; Table S5). Several species with different biogeo-
graphical affinities increased in abundance (n=30) and/or expanded
their northern distribution limit (n=19) during the 25-years study
period, contributing to the observed increasing trends in species
richness (Table S1). The majority of the nine species displaying both
a northward expansion and an increase in abundance were classified
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FIGURE 4 (a)Spatial distribution of two main fish assemblages identified by random forest classification in the early (left panel),
intermediate (mid panel), and late (right panel) study periods. (b) Spatio-temporal variation in percentage of “northern” fish assemblage
among trawl stations within each coastal interval (Figure 1). Numbers on the y-axis refer to the 10 coastal intervals (see Figure 1), numbered

from southernmost (1) to northernmost (10).

as South Boreal or Boreal (n=7) and were both pelagic (n=4) and

demersal (n=5) species (Table S1).

4 | DISCUSSION
4.1 | Climate-driven change in fish biodiversity
along the Norwegian coast

Our findings show how the increase in water temperature registered
along the Norwegian coast over the last decades was accompanied
by poleward redistributions of fish, affecting latitudinal patterns
of diversity and composition. Species richness initially displayed a
sharp latitudinal gradient, with the highest diversity in the south.
Over the study period, species richness gradually increased north-
ward, resulting in a twofold increase in mean species richness in the
south and a threefold increase in the north. The latitudinal pattern in
species composition, with Arcto-boreal fish species confined in the
north and primarily boreal species in the south, was gradually eroded
as boreal species expanded their distribution northward. The fish
communities became more diverse and increasingly homogenized

along the entire Norwegian coast, with important implications for
ecosystem structure and function, and for the goods and services
exploited by coastal human communities.

4.2 | Increasing fish diversity

Fish species richness displayed an initially sharp latitudinal gradient,
with average diversity in the south of the study area being about
43% higher than in the north. The expected latitudinal gradient
in diversity can be explained by differences in the duration of the
productive season and in overall productivity (Alabia et al., 2023;
Hillebrand, 2004). The increase in richness started in the south and
then propagated gradually northward, a clear manifestation of the
community-level implications of climate-driven poleward shifts. The
poleward shifts affecting species richness were accompanied by
changes in relative abundance that affected evenness and diversity
indices. Initially, evenness was low in the south and high in the north.
As new species entered northern areas, evenness first declined, due
to low abundances of incoming species, and then increased as abun-
dances of incoming and resident species evened out.
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Increased species richness at high latitudes as an outcome of
climate-driven poleward shifts has not previously been documented
in coastal fish communities, but has been observed in shelf eco-
systems (Alabia et al., 2023; Frainer et al., 2021; Jones et al., 2023;
Mueter et al., 2021). In the northeast Atlantic, southerly species
have expanded their distributional range northwards, coinciding
with rising water temperatures (Brander et al., 2003; Hiddink & ter
Hofstede, 2008; Poulard & Blanchard, 2005). Consequently, shelf
and open sea fish diversity at high latitudes increases (Frainer et al.,
2021; Hiddink & ter Hofstede, 2008; Ingvaldsen et al., 2021; Jones
et al., 2023; Wiedmann et al., 2014). Our findings on coastal fish
communities are consistent with the growing evidence of rapid bore-
alization and diversity increase reported from various high-latitude

shelf ecosystems (Ingvaldsen et al., 2021).

4.3 | Compositional homogenization, boreal
species move north

During the colder, early phase of the study period, fish species dis-
tributions showed a zoogeographic transition zone at about 70°N,
separating a southern and northern assemblage with distinct species

composition. In this area, the shelf slope diverts from the coast and
continues northward (Figure 1). This type of steep topography typi-
cally traps currents and creates biogeographic boundaries and fronts
(Holligan, 1981). The North Atlantic Current, carrying warm and sa-
line water northward, also splits into two branches in this region
(Furevik, 2001; Helland-Hansen & Nansen, 1909; Hopkins, 1991;
Skardhamar & Svendsen, 2005). Poleward shifts by southerly spe-
cies eventually eroded the zoogeographic transition zone, which led
to a compositional homogenization of fish assemblages along the
entire coast and a contraction of the area covered by northern fish
assemblages, which retracted northeast and into the fjords.

Climate-driven compositional change in other high-latitude
coastal ecosystems is poorly documented. However, in North
Atlantic shelf seas, rapid poleward shifts have been observed
(Campana et al., 2020; Fossheim et al., 2015; Frainer et al., 2017,
Mueter et al., 2021), leading to increased biodiversity and reshuf-
fling of species compositions. Climate change, and particularly water
temperature, was identified as the main driver of fish community
composition in a recent large-scale study across the Northeast
Atlantic shelf seas (Rutterford et al., 2023).

Poleward distributional shifts of southern fish species were
observed both through the northward range expansion of the

85U8017 SUOLILLOD BATea10 3|edldde aup Aq pausenob ake sajoie YO ‘8sN JO SajnJ Joj A%eiq18ulUO A8]IM UO (SUOTIPUOO-PUB-SWLBI W0 A8 | 1M AeIq 1 BUIUO//:SdNL) SUORIPUOD pUe Swie | 8y 88S *[202/80/82] Uo AriqiTauliuo AB|IM ‘NIDHTE 40 ALISHIAINN AQ ££2.T'GOB/TTTT OT/I0P/W00 A8 1M AeIq Ul |UO//SANY WOI) pepeojumod ‘S ‘202 ‘9872S9ET



SIWERTSSON ET AL.

10 of 14
—I—Wl B2 Global Change Biology

southern fish assemblage and by range shifts in individual species.
Like more open shelf systems, northward expansion was most
pronounced in fish species associated with southern ecoregions
(e.g., Beare et al., 2004; Fossheim et al., 2015; Mueter et al., 2021;
Pawluk et al., 2021). In the present study, mainly South boreal and
boreal fish species (68%) expanded their distribution northwards.
Among the 19 species expanding northwards, there were both
pelagic and demersal species (e.g., whiting Merlangius merlangus
and greater argentine Argentina silus). However, a larger propor-
tion of the pelagic species showed a northward expansion (58%),
compared to demersal species (26%), as expected based on the
greater mobility of the pelagic compared to most demersal species
(Sunday et al., 2015).

The fish species included in this study did not respond equally
to climate warming. Some species showed rapid northward distribu-
tional expansion, whereas other species did not display northward
range edge shifts. As an example of species rapidly moving north,
the commercially important Atlantic mackerel (Scomber scombrus)
appeared during the last decade in all areas but the northernmost
coastal ones (west of 25°E). This boreal, pelagic species has, since
the mid-2000s, also been observed more commonly in Icelandic wa-
ters and around Svalbard (Berge et al., 2015; Olafsdottir et al., 2019).
Other species, such as the greater forkbeard (Phycis blennoides),
were present only in the southern part of the study area at the be-
ginning of the study period and appeared further north only in later
years. The latter may be explained by the fact that this demersal,
south boreal species has a higher temperature affinity and does not
keep track of climate velocities. As such, the species appeared pro-
gressively further north and increased in abundance throughout the
study period, even though the temperature curves flattened during
the last decade. In contrast, the boreal snake pipefish (Entelurus ae-
quoreus) was absent from the study area most of the study period but
appeared along the entire coast during the warm years 2005-2007.
The transient appearance of this weak swimmer has previously been
explained by a temperature-driven enhanced reproduction and
a northwards transportation by the warm North Atlantic current
(Fleischer et al., 2007).

Observations of rapid redistributions of fish related to water
temperature changes, suggest that environmental tracking be-
havior often mediates the response (Fossheim et al., 2015; Pinski
etal., 2013). However, distributional shifts and range expansion may,
in addition. be affected by changes in population size. It is expected
that the geographic range of a species will increase with increas-
ing population size, which could lead to expanding the northern
distribution limit also without temperature tracking (e.g., Adams
et al., 2018; McCall, 1990; Simpson & Walsh, 2004). This could be
the case for nine species in the present study, which showed co-
inciding increase in abundance and northward range expansion
during the study period. However, there were also 14 species that
increased in abundance without northward expansion, and 10 spe-
cies moving northward without a significant increase in abundance.
Thus, it seems likely that there are different causal explanations for
individual species' poleward range expansion.

In addition to the observed long-term trend in water tempera-
tures and associated changes in diversity and composition in the
coastal fish communities, the results indicated the occurrence of
more abrupt changes in diversity and composition in the early 2000
(Figures 3b and 4b). This corresponds in time with observations
of increasingly higher temperatures across the North Atlantic in
more offshore systems (Husson et al., 2022; Mohamed et al., 2022;
Skagseth et al., 2022). Climatic shifts, with an amplified warming
trend, were identified around 2004 across the entire Barents Sea
(Mohamed et al., 2022), and a change in the ecosystem dynamics
was identified by Johannesen et al. (2012) after 2006-2008. In the
period from 2002 to 2004, there was also a substantial increase in
the volume of relatively warm Atlantic water transported into the
Barents Sea (Myksvoll et al., 2013), which may influence the distri-
bution of different fish species. Water temperature measurements
along the coast (Figure 2) indicate a warmer period than previously
around this time also in coastal areas.

4.4 | Ecological reorganization and its implications

The documented rapid increase in fish biodiversity and the homoge-
nization of species composition are likely to have important ecologi-
cal implications. Poleward range expansion of southern species and
the resulting borealization of Arctic fish communities are associated
with functional change and food web reorganization (Ingvaldsen
et al., 2021). The newly established co-occurrences of boreal and
Arctic species along the North Norwegian coast indicate the
climate-driven emergence of new ecological interactions that can
impact population dynamics and reorganize the food web. The ad-
dition of new species and feeding links modifies the structure of the
coastal food web, possibly affecting its robustness to perturbation,
as seen in the adjacent Barents Sea (Ingvaldsen et al., 2021;Kortsch
et al., 2015; Pecuchet et al., 2020).

The exact impact on the northern coastal ecosystems will de-
pend on the characteristics and traits of the arriving fish species.
In the Barents Sea, redistribution of species with boreal traits, such
as generalism and large body size, has been suggested to negatively
affect resident Arctic species by increasing competition and pre-
dation (Kortsch et al., 2015; Pecuchet et al., 2020). The increasing
abundance of these incoming species is also expected to enhance
top-down regulation in the existing ecosystem (Kortsch et al., 2015).
In other systems, northward distribution shifts were also observed
in small-sized fish species (Perry et al., 2005), which may serve as
prey for higher trophic levels such as seabirds, marine mammals, and
predatory fish.

In addition to the ecological impact of the newly established bo-
real species coming from the south-west, Norwegian coastal ecosys-
tems are exposed to ongoing expansions of introduced species from
the east (red king crab Paralithodes camtschaticus and pink salmon
Oncorhynchus gorbuscha), and human activities across multiple sec-
tors. Climate-driven fish redistributions and associated changes to
coastal ecosystems are likely to affect coastal human communities
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that strongly depend on marine resources (He & Silliman, 2019;
Portner et al., 2022), which entails the need for climate adaptation

in coastal management.

4.5 | Limitations of the study

Our findings document substantial and rapid change in fish diver-
sity and composition along the coast of Norway. Whereas the main
trends and patterns shown are reliable, our estimates are affected by
the survey sampling design. Variation in sampling effort and catch-
ability, particularly the difference between pelagic and demersal
species, may have affected the results. The same sampling gear was
used throughout the study, and although the used gear is not tai-
lored for pelagic species, there is no reason to expect a systematic
change in the likelihood of pelagic species being caught throughout
the study period. As pelagic species have lower catchability and dis-
played a greater propensity for northward expansion than demersal
species, it is possible that we underestimate the magnitude of the

community responses to climate warming.

4.6 | Conclusions

We have documented a rapid increase in diversity and homogeniza-
tion of fish communities along the Norwegian coast over the last
25years, coinciding with increasing sea water temperatures.

Such changes of coastal fish biodiversity are expected to have
important implications for ecosystem structure and function, with
possible impacts on ecosystem robustness. Changes in coastal eco-
systems due to climate-driven fish redistributions are likely to im-
pact coastal human communities reliant on marine resources. The
observed poleward redistributions of fish affecting diversity and
composition stress the urgent need for a climate adaptation of inte-
grated coastal management.

AUTHOR CONTRIBUTIONS

Anna Siwertsson: Conceptualization; data curation; formal anal-
ysis; visualization; writing - original draft; writing - review and
editing. UIf Lindstrom: Conceptualization; data curation; funding
acquisition; visualization; writing - original draft; writing - review
and editing. Magnus Aune: Writing - original draft; writing - re-
view and editing. Erik Berg: Data curation; writing - review and
editing. Jofrid Skardhamar: Data curation; visualization; writing
- review and editing. @ystein Varpe: Writing - review and edit-
ing. Raul Primicerio: Conceptualization; formal analysis; funding
acquisition; visualization; writing - original draft; writing - review
and editing.

ACKNOWLEDGMENTS

This research was conducted within the projects AVEC and ESCE,
and the research program CLEAN, all funded by the Fram Centre
in Norway. The Norwegian Institute of Marine Research funded

110f 14
% Global Change Biology ga%YA § B =A%

sampling through the monitoring surveys. We thank all field person-

nel involved in the Coastal Survey, which made this study possible.

CONFLICT OF INTEREST STATEMENT
The authors have no conflict of interest to declare.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available at
DRYAD: https://doi.org/10.5061/dryad.zs7h44jhf. Water tempera-
ture data is publicly available at: www.imr.no/forskning/forsknings
data/stasjoner/view/initdownload.

ORCID

Anna Siwertsson ‘= https://orcid.org/0009-0008-7805-8962
UIf Lindstrém "= https://orcid.org/0000-0003-1824-6749
Magnus Aune "= https://orcid.org/0000-0002-1470-2383
Erik Berg "= https://orcid.org/0009-0004-5257-3465

Jofrid Skardhamar "= https://orcid.org/0000-0001-8325-6674
https://orcid.org/0000-0002-5895-6983

https://orcid.org/0000-0002-1287-0164

@ystein Varpe
Raul Primicerio

REFERENCES

Adams, C. F., Alade, L. A,, Legault, C. M., O'Brien, L., Palmer, M. C.,
Sosebee, K. A., & Traver, M. L. (2018). Relative importance of
population size, fishing pressure and temperature on the spatial
distribution of nine Northwest Atlantic groundfish stocks. PLoS
One, 13(4), e0196583. https://doi.org/10.1371/journal.pone.
0196583

Alabia, I. D., Molinos, J. G., Hirata, T., Mueter, F. J., & David, C. L. (2023).
Pan-Arctic marine biodiversity and species co-occurrence patterns
under recent climate change. Scientific Reports, 13, 4076.

Albretsen, J., Aure, J., Saetre, R., & Danielssen, D. S. (2012). Climatic vari-
ability in the Skagerrak and coastal waters of Norway. ICES Journal
of Marine Science, 69, 758-763.

Andriyashev, A. P., & Chernova, N. V. (1995). Annotated list of fishlike
vertebrates and fish of the Arctic seas and adjacent waters. Journal
of Ichthyology, 35(1), 81-123.

Asplin, L., Albertsen, J., Johnsen, I. A., & Sandvik, A. D. (2020). The hy-
drodynamic foundation for salmon lice dispersion modeling along
the Norwegian coast. Ocean Dynamics, 70, 1151-1167.

Aure, J., & @stensen, @. (1993). Hydrografiske normaler og langtids-
variasjoner i norske kystfarvann. Fisken Og Havet, 6, 1-75.

Barbier, E. B., Hacker, S. D., Kennedy, C., Koch, E. W,, Stier, A. C., &
Silliman, B. R. (2011). The value of estuarine and coastal ecosystem
services. Ecological Monographs, 81, 169-193.

Barry, J. P., & Dayton, P. K. (1991). Physical heterogeneity and the orga-
nization of marine communities. In J. Kolasa & S. T. Pickett (Eds.),
Ecological Heterogenity (pp. 270-320). Springer Verlag.

Beare, D. J., Burns, F., Greig, A., Jones, G., Peach, K., Kienzle, M,
McKenzie, E., & Reid, D. G. (2004). Long-term increases in preva-
lence of North Sea fishes having southern biogeographic affinities.
Marine Ecology Progress Series, 284, 269-278.

Berge, J., Heggland, K., Lgnne, O. J., Cottier, F., Hop, H., Gabrielsen, G.
W., Ngttestad, L., & Misund, O. A. (2015). First records of Atlantic
mackerel (Scomber scombrus) from the Svalbard archipelago,
Norway, with possible explanations for the extension of its distri-
bution. Arctic, 68, 54-61. https://doi.org/10.14430/arctic4455

Bindoff, N. L., Cheung, W. W. L., & Kairo, J. G. (2019). Changing ocean,
marine ecosystems, and dependent communities. In H.-O. Portner,
et al. (Eds.), IPCC special report on the ocean and cryosphere in

85U8017 SUOLILLOD BATea10 3|edldde aup Aq pausenob ake sajoie YO ‘8sN JO SajnJ Joj A%eiq18ulUO A8]IM UO (SUOTIPUOO-PUB-SWLBI W0 A8 | 1M AeIq 1 BUIUO//:SdNL) SUORIPUOD pUe Swie | 8y 88S *[202/80/82] Uo AriqiTauliuo AB|IM ‘NIDHTE 40 ALISHIAINN AQ ££2.T'GOB/TTTT OT/I0P/W00 A8 1M AeIq Ul |UO//SANY WOI) pepeojumod ‘S ‘202 ‘9872S9ET


https://doi.org/10.5061/dryad.zs7h44jhf
http://www.imr.no/forskning/forskningsdata/stasjoner/view/initdownload
http://www.imr.no/forskning/forskningsdata/stasjoner/view/initdownload
https://orcid.org/0009-0008-7805-8962
https://orcid.org/0009-0008-7805-8962
https://orcid.org/0000-0003-1824-6749
https://orcid.org/0000-0003-1824-6749
https://orcid.org/0000-0002-1470-2383
https://orcid.org/0000-0002-1470-2383
https://orcid.org/0009-0004-5257-3465
https://orcid.org/0009-0004-5257-3465
https://orcid.org/0000-0001-8325-6674
https://orcid.org/0000-0001-8325-6674
https://orcid.org/0000-0002-5895-6983
https://orcid.org/0000-0002-5895-6983
https://orcid.org/0000-0002-1287-0164
https://orcid.org/0000-0002-1287-0164
https://doi.org/10.1371/journal.pone.0196583
https://doi.org/10.1371/journal.pone.0196583
https://doi.org/10.14430/arctic4455

SIWERTSSON ET AL.

12 of 14
—I—Wl B2 Global Change Biology

a changing climate (pp. 447-587). Intergovernmental Panel on
Climate Change.

Brander, K., Blom, G., Borges, M. F., Erzini, K., Henderson, G., MacKenzie,
B. R., Mendes, H., Ribeiro, J., Santos, A. M. P,, & Toresen, R. (2003).
Changes in fish distribution in the eastern North Atlantic: Are we
seeing a coherent response to changing temperature? ICES Marine
Science Symposium, 219, 261-270.

Brito-Morales, I., Molinos, J. G., Schoeman, D. S., Burrows, M. T.,
Poloczanska, E. S., Brown, C. J., Ferrier, S., Harwood, T. D., Klein,
C. J., McDonald-Madden, E., Moore, P., Pandolfi, J. M., Watson, J.
E. M., Wenger, A. S., & Richardson, A. J. (2018). Climate velocity
can inform conservation in a warming world. Trends in Ecology &
Evolution, 33(6), 441-457. https://doi.org/10.1016/j.tree.2018.03.
009

Campana, S. E., Stefansdottir, R. B., Jakobsdottir, K., & Solmundsson,
J. (2020). Shifting fish distribution in warming sub-Arctic oceans.
Scientific Reports, 10, 16448.

Chaudhary, C., Saeedi, H., & Costello, M. J. (2016). Bimodality of lati-
tudinal gradients in marine species richness. Trends in Ecology &
Evolution, 31, 670-676.

Cheung, W. W. L., Lam, V. W. Y., Sarmiento, J. L., Kearney, K., Watson,
R., & Pauly, D. (2009). Projecting global marine biodiversity im-
pacts under climate change scenarios. Fish and Fisheries, 10,
235-251.

Collie, J. S., Wood, A. D., & Jeffries, H. P. (2008). Long-term shifts in the
species composition of a coastal fish community. Canadian Journal
of Fisheries and Aquatic Sciences, 65, 1352-1365.

Costello, M. J,, Tsai, P, Wong, P. S., Cheung, A., Basher, Z., & Chaudhary,
C. (2017). Marine biogeographic realms and species endemicity.
Nature Communications, 8(1057), 1-10. https://doi.org/10.1038/
s41467-017-01121-2

Eggvin, J. (1938). Trekk fra Nord-Norges oceanografi sett i sammenheng
med torskefisket. Fiskeridirektoratets Skrifter, Serie Havundersgkelser,
5(7), 33-46.

Fleischer, D., Schaber, M., & Piepenburg, D. (2007). Atlantic snake
pipefish (Entelurus aequoreus) extends its northward distribution
range to Svalbard (Arctic Ocean). Polar Biology, 30(10), 1359-1362.
https://doi.org/10.1007/s00300-007-0322-y

Fodrie, F. J., Heck, K. L., Powers, S. P., Graham, W. M., & Robinson, K.
L. (2010). Climate-related, decadal-scale assemblage changes of
seagrass-associated fishes in the northern Gulf of Mexico. Global
Change Biology, 16, 48-59.

Fossheim, M., Primicerio, R., Johannesen, E., Ingvaldsen, R. B., Aschan,
M. M., & Dolgov, A. V. (2015). Recent warming leads to a rapid bo-
realization of fish communities in the Arctic. Nature Climate Change,
5, 673-677. https://doi.org/10.1038/nclimate2647

Frainer, A., Primicerio, R., Dolgov, A., Fossheim, M., Johannesen, E., Lind,
S., & Aschan, M. (2021). Increased functional diversity warns of
ecological transition in the Arctic. Proceedings of the Royal Society B,
288, 20210054. https://doi.org/10.1098/rspb.2021.0054

Frainer, A., Primicerio, R., Kortsch, S., Aune, M., Dolgov, A. V., Fossheim,
M., & Aschan, M. M. (2017). Climate-driven changes in functional
biogeography of Arctic marine fish communities. Proceedings of the
National Academy of Sciences of the United States of America, 114,
12202-12207.

Fujiwara, M., Martinez-Andrade, F., Wells, R. J. D., Fisher, M., Pawluk, M.,
& Livernois, M. C. (2019). Climate-related factors cause changes in
the diversity of fish and invertebrates in subtropical coast of the
Gulf of Mexico. Communications Biology, 2(1), 1-9. https://doi.org/
10.1038/542003-019-0650-9

Furevik, T. (2001). Annual and interannual variability of Atlantic water
temperatures in the Norwegian and Barents seas: 1980-1996.
Deep Sea Research, Part I, 48, 383-404.

Grebmeier, J. M., Overland, J. E., Moore, S. E., Farley, E. V., Carmack, E. C.,
Cooper, L. W,, Frey, K. E., Helle, J. H., McLaughlin, F. A., & McNutt,

S. L. (2006). A major ecosystem shift in the northern Bering Sea.
Science, 311, 1461-1464.

Halpern, B. S., Frazier, M., Afflerbach, J., Lowndes, J. S., Micheli, F.,
O'Hara, C., Scarborough, C., & Selkoe, K. A. (2019). Recent pace of
change in human impact on the world's ocean. Scientific Reports, 9,
11609. https://doi.org/10.1038/s41598-019-47201-9

Harley, C. D. G., Hughes, A. R, Hultgren, K. M., Miner, B. G., Sorte, C. J.
B., Thornber, C. S., Rodriguez, L. F., Tomanek, L., & Williams, S. L.
(2006). The impacts of climate change in coastal marine systems.
Ecology Letters, 9, 228-241.

Hatan, H., Sandg, A. B., Drange, H., Hansen, B., & Valdimarsson, H.
(2005). Influence of the Atlantic subpolar gyre on the thermohaline
circulation. Science, 309, 1841-1844.

He, Q., & Silliman, B. R. (2019). Climate change, human impacts, and
coastal ecosystems in the Anthropocene. Current Biology, 29,
R1021-R1035. https://doi.org/10.1016/j.cub.2019.08.042

Helland-Hansen, B., & Nansen, F. (1909). The Norwegian Sea: Its physical
oceanography based upon Norwegian researches 1900-1904. In J.
Hjort (Ed.), Report on Norwegian fishery and marine investigation (Vol.
Il). The Royal Department of Trade.

Hiddink, J. G., & ter Hofstede, R. (2008). Climate induced increases
in species richness of marine fishes. Global Change Biology, 14,
453-460.

Hillebrand, H. (2004). Strength, slope and variability of marine latitudinal
gradients. Marine Ecology Progress Series, 273, 251-267.

Holligan, P. M. (1981). Biological implications of fronts on the northwest
European continental shelf. Philosophical Transactions of the Royal
Society of London, 302, 547-562.

Hopkins, T. S. (1991). The GIN Sea—A synthesis of its physical ocean-
ography and literature review 1972-1985. Earth-Science Reviews,
30(3-4), 175-318.

Husson, B., Lind, S., Fossheim, M., Kato-Solvang, H., Skern-Mauritzen, M.,
Pécuchet, L., Ingvaldsen, R. B., Dolgov, A. V., & Primicerio, R. (2022).
Successive extreme climatic events lead to immediate, large-scale,
and diverse responses from fish in the Arctic. Global Change Biology,
28(11), 3728-3744. https://doi.org/10.1111/gcb.16153

Ingvaldsen, R. B., Assmann, K. M., Primicerio, R., Fossheim, M., Polyakov,
I. V., & Dolgov, A. V. (2021). Physical manifestations and ecologi-
cal implications of Arctic Atlantification. Nature Reviews Earth and
Environment, 2, 874-889. https://doi.org/10.1038/s43017-021-
00228-x

IPBES. (2019). Global assessment report on biodiversity and ecosys-
tem services of the Intergovernmental Science-Policy Platform on
Biodiversity and Ecosystem Services. In E. S. Brondizio, J. Settele, S.
Diaz, & H. T. Ngo (Eds)., IPBES secretariat (p. 1148). Bonn, Germany.
https://doi.org/10.5281/zenodo.3831673

Johannesen, E., Ingvaldsen, R. B., Bogstad, B., Dalpadado, P., Eriksen,
E., Gjgseeter, H., Knutsen, T., Skern-Mauritzen, M., & Stiansen, J.
E. (2012). Changes in Barents Sea ecosystem state, 1970-2009:
Climate fluctuations, human impact, and trophic interactions. ICES
Journal of Marine Science, 69(5), 880-889.

Jones, D. 1., Miethe, T., Clarke, E. D., & Marshall, C. T.(2023). Disentangling
the effects of fishing and temperature to explain increasing fish
species richness in the North Sea. Biodiversity and Conservation, 32,
3133-3155.

Kjesbu, O.S., Sundby, S., Sandg, A. B., Alix, M., Hjgllo, S. S., Tiedemann, M.,
Skern-Mauritzen, M., Junge, C., Fossheim, M., Broms, C. T., Sgvik, G.,
Zimmermann, F., et al. (2022). Highly mixed impacts of near-future cli-
mate change on stock productivity proxies in the north East Atlantic.
Fish and Fisheries, 23, 601-615. https://doi.org/10.1111/faf.12635

Kortsch, S., Primicerio, R., Fossheim, M., Dolgov, A. V., & Aschan, M.
(2015). Climate change alters the structure of arctic marine food
webs due to poleward shifts of boreal generalists. Proceedings of
the Royal Society B: Biological Sciences, 282, 20151546. https://doi.
org/10.1098/rspb.2015.1546

85U8017 SUOLILLOD BATea10 3|edldde aup Aq pausenob ake sajoie YO ‘8sN JO SajnJ Joj A%eiq18ulUO A8]IM UO (SUOTIPUOO-PUB-SWLBI W0 A8 | 1M AeIq 1 BUIUO//:SdNL) SUORIPUOD pUe Swie | 8y 88S *[202/80/82] Uo AriqiTauliuo AB|IM ‘NIDHTE 40 ALISHIAINN AQ ££2.T'GOB/TTTT OT/I0P/W00 A8 1M AeIq Ul |UO//SANY WOI) pepeojumod ‘S ‘202 ‘9872S9ET


https://doi.org/10.1016/j.tree.2018.03.009
https://doi.org/10.1016/j.tree.2018.03.009
https://doi.org/10.1038/s41467-017-01121-2
https://doi.org/10.1038/s41467-017-01121-2
https://doi.org/10.1007/s00300-007-0322-y
https://doi.org/10.1038/nclimate2647
https://doi.org/10.1098/rspb.2021.0054
https://doi.org/10.1038/s42003-019-0650-9
https://doi.org/10.1038/s42003-019-0650-9
https://doi.org/10.1038/s41598-019-47201-9
https://doi.org/10.1016/j.cub.2019.08.042
https://doi.org/10.1111/gcb.16153
https://doi.org/10.1038/s43017-021-00228-x
https://doi.org/10.1038/s43017-021-00228-x
https://doi.org/10.5281/zenodo.3831673
https://doi.org/10.1111/faf.12635
https://doi.org/10.1098/rspb.2015.1546
https://doi.org/10.1098/rspb.2015.1546

SIWERTSSON ET AL.

Last, P. R., White, W. T., Gledhill, D. C., Hobday, A. J., Brown, R., Edgar, G.
J., & Pecl, G. (2011). Long-term shifts in abundance and distribution
of a temperate fish fauna: A response to climate change and fishing
practices. Global Ecology and Biogeography, 20(1), 58-72. https://
doi.org/10.1111/j.1466-8238.2010.00575.x

Leith, P., Ogier, E., Pecl, G., Hoshino, E., Davidson, J., & Haward, M.
(2014). Towards a diagnostic approach to climate adaptation for
fisheries. Climatic Change, 122, 55-66. https://doi.org/10.1007/
s10584-013-0984-0

Lonhart, S. I, Jeppesen, R., Beas-Luna, R., Crooks, J. A., & Lorda, J.
(2019). Shifts in the distribution and abundance of coastal marine
species along the eastern Pacific Ocean during marine heatwaves
from 2013 to 2018. Marine Biodiversity Records, 12, 13. https://doi.
org/10.1186/s41200-019-0171-8

McCall, A. D. (1990). Dynamic geography of marine fish populations.
Washington sea grant program. University of Washington Press.

McCarthy, J. J., Canziani, O. F., Leary, N. A., Dokken, D. J., & White, K. S.
(2001). Climate change 2001: Impacts, adaptation, and vulnerability:
Contribution of working group Il to the third assessment report of the inter-
governmental panel on climate change, 2. Cambridge University Press.

Mecklenburg, C. W., Lynghammar, A., Johannesen, E., Byrkjedal, I.,
Christiansen, J. S., Dolgov, A. V., Karamushko, O. J., Meckenburg, T.
A., Mgller, P. R., Steinke, D., & Wienerroither, R. M. (2018). Marine
fishes of the Arctic region. Volume II. CAFF Monitoring Series Report,
28, 1-454.

Mehvar, S., Filatova, T., Dastgheib, A., Ruyter, D., van Steveninck, E., &
Ranasinghe, R. (2018). Quantifying economic value of coastal eco-
system services: A review. Journal of Marine Science and Engineering,
6, 5. https://doi.org/10.3390/jmse6010005

Mohamed, B., Nilsen, F., & Skogseth, R. (2022). Marine heatwaves char-
acteristics in the Barents Sea based on high resolution satellite data
(1982-2020). Frontiers in Marine Science, 9, 821646. https://doi.org/
10.3389/fmars.2022.821646

Mueter, F. J., Planque, B., Hunt, G. L., Alabia, I. D., Hirawake, T., Eisner, L.,
Dalpadado, P., Chierici, M., Drinkwater, K. F., Harada, N., Arneberg,
P., & Saitoh, S.-1. (2021). Possible future scenarios in the gateways
to the Arctic for subarctic and Arctic marine systems: Il. Prey re-
sources, food webs, fish, and fisheries. ICES Journal of Marine
Science, 78, 3017-3045.

Myksvoll, M. S., Erikstad, K. E., Barrett, R. T., Sandvik, H., & Vikebg,
F. (2013). Climate-driven ichthyoplankton drift model predicts
growth of top predator young. PLoS One, 8(11), €79225. https://doi.
org/10.1371/journal.pone.0079225

Olafsdottir, A. H., Utne, K. R., Jacobsen, J. A., Jansen, T., Oskarsson,
G. J., Ngttestad, L., Elvarsson, B., Broms, C., & Slotte, A. (2019).
Geographical expansion of Northeast Atlantic mackerel (Scomber
scombrus) in the Nordic seas from 2007 to 2016 was primarily
driven by stock size and constrained by low temperatures. Deep Sea
Research Part II: Topical Studies in Oceanography, 159, 152-168.

Orgeret, F., Thiebault, A., Kovacs, K. M., Lydersen, C., Hindell, M. A.,
Thompson, S. A., Sydeman, W. J., & Pistorius, P. A. (2021). Climate
change impacts on seabirds and marine mammals: The importance
of study duration, thermal tolerance and generation time. Ecology
Letters, 25, 218-239. https://doi.org/10.1111/ele. 13920

Pawluk, M., Fujiwara, M., & Martinez-Andrade, F. (2021). Climate effects
on fish diversity in the subtropical bays of Texas. Estuarine, Coastal
and Shelf Science, 249, 107121. https://doi.org/10.1016/j.ecss.
2020.107121

Pecl, G. T., Aratjo, M. B., Bell, J. D., Blanchard, J., Bonebrake, T. C., Chen,
I.-C., Clark, T. D., Colwell, R. K., Danielsen, F., Evengard, B., Falconi,
L., Ferrier, S., Frusher, S., Garcia, R. A,, Griffis, R. B., Hobday, A.
J., Janion-Scheepers, C., Jarzyna, M. A., Jennings, S., ... Williams,
S. E. (2017). Biodiversity redistribution under climate change:
Impacts on ecosystems and human well-being. Science, 355(6332),
eaai9214. https://doi.org/10.1126/science.aai9214

13of 14
% Global Change Biology ga%YA § B =A%

Pecuchet, L., Blanchet, M.-A., Frainer, A., Husson, B., Jgrgensen, L. L.,
Kortsch, S., & Primicerio, R. (2020). Novel feeding interactions am-
plify the impact of species redistribution on an Arctic food web.
Global Change Biology, 26, 4894-4906. https://doi.org/10.1111/
gcb.15196

Pedersen, T., Amundsen, C. P., & Wickler, S. (2022). Characteristics of
early Atlantic cod (Gadus morhua L.) catches based on otoliths re-
covered from archaeological excavations at medieval to early mod-
ern sites in northern Norway. ICES Journal of Marine Science, 79,
2667-2681.

Perdikaris, S. (1999). From chiefly provisioning to commercial fishery:
Long term economic change in Arctic Norway. World Archaeology,
30, 388-402.

Perry, A. L., Low, P. J., Ellis, J. R., & Reynolds, J. D. (2005). Climate change
and distribution shifts in marine fishes. Science, 308, 1912-1915.
https://doi.org/10.1126/science.1111322

Pham, T. T. T, Fridriksdottir, R., Weber, C. T., Vidarsson, J. R.,
Papandroulakis, N., Baudron, A. R., Olsen, P., Hansen, J. A., Laksa,
U., Fernandes, P. G., Bahri, T., Ragnarsson, S. O., & Aschan, M.
(2021). Guidelines for co-creating climate adaptation plans for fish-
eries and aquaculture. Climatic Change, 164, 62.

Pielou, E. C. (1966). The measurement of diversity in different types of
biological collections. Journal of Theoretical Biology, 13, 131-144.
https://doi.org/10.1016/0022-5193(66)90013-0

Pinski, M. L., Worm, B., Fogarty, M. J., Sarmiento, J. L., & Levin, S. A.
(2013). Marine taxa track local climate velocities. Science, 341,
1239-1242.

Poloczanska, E. S., Burrows, M. T., Brown, C. J., Garcia Molinos, J.,
Halpern, B. S., Hoegh-Guldberg, O., Kappel, C. V., Moore, P. J.,
Richardson, A. J., Schoeman, D. S., & Sydeman, W. J. (2016).
Responses of marine organisms to climate change across oceans.
Frontiers in Marine Science, 3, 62. https://doi.org/10.3389/fmars.
2016.00062

Portner, H.-O., Roberts, D. C., Tignor, M., Poloczanska, E. S., Mintenbeck,
K., Alegria, A., Craig, M., Langsdorf, S., Loschke, S., Mdller, V., et al.
(Eds.). (2022). Climate change 2022: Impacts, adaptation, and vul-
nerability: Contribution of working group Il to the sixth assessment
report of the intergovernmental panel on climate change. Cambridge
University Press.

Poulard, J.-C., & Blanchard, F. (2005). The impact of climate change on
the fish community structure of the eastern continental shelf of the
Bay of Biscay. ICES Journal of Marine Science, 62, 1436-1443.

Rutterford, L. A., Simpson, S. D., Bogstad, B., Devine, J. A., & Genner,
M. J. (2023). Sea temperature is the primary driver of recent and
predicted fish community structure across Northeast Atlantic shelf
seas. Global Change Biology, 29, 2510-2521.

Seetre, R. (Ed.). (2007). The Norwegian coastal current—Oceanography and
climate. Tapir Academic Press.

Sandg, A. B., Hjallo, S. S., Hansen, C., Skogen, M. D., Hordoir, R., &
Sundby, S. (2022). Risk analysis for the Norwegian sea areas on
direct and indirect effects of climate change on marine ecosys-
tems under various emission scenarios. Rapport fra havforskningen,
2022-41, 2022-2024. https://www.hi.no/templates/reporteditor/
report-pdf?id=64131&52806085

Seitz, R. D., Wennhage, H., Bergstrom, U., Lipcius, R. N., & Ysebaert, T.
(2014). Ecological value of coastal habitats for commercially and
ecologically important species. ICES Journal of Marine Science, 71,
648-665.

Shannon, C. E. (1948). A mathematical theory of communication. Bell
System Technical Journal, 27, 379-423. https://doi.org/10.1002/j.
1538-7305.1948.th01338.x

Simpson, M. R., & Walsh, S. J. (2004). Changes in the spatial structure
of grand Bank yellowtail flounder: Testing MacCall's basin hypoth-
esis. Journal of Sea Research, 51(3-4), 199-210. https://doi.org/10.
1016/j.seares.2003.08.007

85U8017 SUOLILLOD BATea10 3|edldde aup Aq pausenob ake sajoie YO ‘8sN JO SajnJ Joj A%eiq18ulUO A8]IM UO (SUOTIPUOO-PUB-SWLBI W0 A8 | 1M AeIq 1 BUIUO//:SdNL) SUORIPUOD pUe Swie | 8y 88S *[202/80/82] Uo AriqiTauliuo AB|IM ‘NIDHTE 40 ALISHIAINN AQ ££2.T'GOB/TTTT OT/I0P/W00 A8 1M AeIq Ul |UO//SANY WOI) pepeojumod ‘S ‘202 ‘9872S9ET


https://doi.org/10.1111/j.1466-8238.2010.00575.x
https://doi.org/10.1111/j.1466-8238.2010.00575.x
https://doi.org/10.1007/s10584-013-0984-0
https://doi.org/10.1007/s10584-013-0984-0
https://doi.org/10.1186/s41200-019-0171-8
https://doi.org/10.1186/s41200-019-0171-8
https://doi.org/10.3390/jmse6010005
https://doi.org/10.3389/fmars.2022.821646
https://doi.org/10.3389/fmars.2022.821646
https://doi.org/10.1371/journal.pone.0079225
https://doi.org/10.1371/journal.pone.0079225
https://doi.org/10.1111/ele.13920
https://doi.org/10.1016/j.ecss.2020.107121
https://doi.org/10.1016/j.ecss.2020.107121
https://doi.org/10.1126/science.aai9214
https://doi.org/10.1111/gcb.15196
https://doi.org/10.1111/gcb.15196
https://doi.org/10.1126/science.1111322
https://doi.org/10.1016/0022-5193(66)90013-0
https://doi.org/10.3389/fmars.2016.00062
https://doi.org/10.3389/fmars.2016.00062
https://www.hi.no/templates/reporteditor/report-pdf?id=64131&52806085
https://www.hi.no/templates/reporteditor/report-pdf?id=64131&52806085
https://doi.org/10.1002/j.1538-7305.1948.tb01338.x
https://doi.org/10.1002/j.1538-7305.1948.tb01338.x
https://doi.org/10.1016/j.seares.2003.08.007
https://doi.org/10.1016/j.seares.2003.08.007

SIWERTSSON ET AL.

14 of 14
4|—WI [B2A% Clobal Change Biology

Skagseth, @., Broms, C., Gundersen, K., Hatun, H., Kristiansen, ., Larsen,
K. M. H., Mork, K. A., Petursdottir, H., & Sgiland, H. (2022). Arctic
and Atlantic waters in the Norwegian Basin, between year vari-
ability and potential ecosystem implications. Frontiers in marine.
Science, 9, 831739. https://doi.org/10.3389/fmars.2022.831739

Skagseth, @., Drinkwater, K., & Terrile, E. (2011). Wind- and buoyancy-
induced transport of the Norwegian coastal current in the Barents
Sea. Journal of Geophysical Research, Oceans, 116, CO8007. https://
doi.org/10.1029/2011JC006996

Skagseth, @., Slotte, A., Stenevik, E. K., & Nash, R. D. M. (2015).
Characteristics of the Norwegian coastal current during years with
high recruitment of Norwegian spring spawning herring (Clupea ha-
rengus L.). PLoS One, 10, e0144117. https://doi.org/10.1371/journ
al.pone.0144117

Skardhamar, J., & Svendsen, H. (2005). Circulation and shelf-ocean in-
teraction off North Norway. Continental Shelf Research, 25(12-13),
1541-1560. https://doi.org/10.1016/j.csr.2005.04.007

Sorte, C. J. B., Williams, S. L., & Zerebecki, R. A. (2010). Ocean warming
increases threat of invasive species in a marine fouling community.
Ecology, 91, 2198-2204.

Sunday, J. M., Pecl, G. T, Frusher, S., Hobday, A. J., Hill, N., Holbrook, N.
J., Edgar, G. J., Stuart-Smith, R., Barrett, N., Wernberg, T., Watson,
R. A., Smale, D. A,, Fulton, E. A, Slawinski, D., Feng, M., Radford,
B. T.,, Thompson, P. A, & Bates, A. E. (2015). Species traits and cli-
mate velocity explain geographic range shifts in an ocean-warming
hotspot. Ecology Letters, 18(9), 944-953. https://doi.org/10.1111/
ele.12474

Sutton, R. T., & Hodson, D. L. R. (2005). Atlantic Ocean forcing of north
American and European summer climate. Science, 309, 115-118.
https://doi.org/10.1126/science.1109496

Sydeman, W. J., Poloczanska, E. S., Reed, T., & Thompson, S. A. (2015).
Climate change and marine vertebrates. Science, 350, 772-777.
https://doi.org/10.1126/science.aac9874

Varpe, @., Fiksen, @., & Slotte, A. (2005). Meta-ecosystems and biolog-
ical energy transport from ocean to coast: The ecological impor-
tance of herring migration. Oecologia, 146, 443-451.

Wiedmann, M. A., Aschan, M., Certain, G., Dolgov, A., Greenacre, M.,
Johannesen, E., Planque, B., & Primicerio, R. (2014). Functional di-
versity of the Barents Sea fish community. Marine Ecology Progress
Series, 495, 205-218. https://doi.org/10.3354/meps10558

Yang, J. (1982). An estimate of the fish biomass in the North Sea. Journal
du Conseil International pour I'Exploration de la Mer, 40, 161-172.
https://doi.org/10.1093/icesjms/40.2.161

Yasumiishi, E. M., Cieciel, K., Andrews, A. G., Murphy, J., & Dimond, J.
A. (2020). Climate-related changes in the biomass and distribu-
tion of small pelagic fishes in the eastern Bering Sea during late
summer, 2002-2018. Deep Sea Research Part IlI: Topical Studies in
Oceanography, 181-182, 104907. https://doi.org/10.1016/j.dsr2.
2020.104907

Zuur, A. F,, leno, E. N, Walker, N., Saveliev, A. A., & Smith, G. M. (2009).
Mixed effects models and extensions in ecology with R. Springer-Verlag.

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Siwertsson, A., Lindstrém, U., Aune,
M., Berg, E., Skardhamar, J., Varpe, @., & Primicerio, R. (2024).
Rapid climate change increases diversity and homogenizes
composition of coastal fish at high latitudes. Global Change
Biology, 30, €17273. https://doi.org/10.1111/gcb.17273

85U8017 SUOLILLOD BATea10 3|edldde aup Aq pausenob ake sajoie YO ‘8sN JO SajnJ Joj A%eiq18ulUO A8]IM UO (SUOTIPUOO-PUB-SWLBI W0 A8 | 1M AeIq 1 BUIUO//:SdNL) SUORIPUOD pUe Swie | 8y 88S *[202/80/82] Uo AriqiTauliuo AB|IM ‘NIDHTE 40 ALISHIAINN AQ ££2.T'GOB/TTTT OT/I0P/W00 A8 1M AeIq Ul |UO//SANY WOI) pepeojumod ‘S ‘202 ‘9872S9ET


https://doi.org/10.3389/fmars.2022.831739
https://doi.org/10.1029/2011JC006996
https://doi.org/10.1029/2011JC006996
https://doi.org/10.1371/journal.pone.0144117
https://doi.org/10.1371/journal.pone.0144117
https://doi.org/10.1016/j.csr.2005.04.007
https://doi.org/10.1111/ele.12474
https://doi.org/10.1111/ele.12474
https://doi.org/10.1126/science.1109496
https://doi.org/10.1126/science.aac9874
https://doi.org/10.3354/meps10558
https://doi.org/10.1093/icesjms/40.2.161
https://doi.org/10.1016/j.dsr2.2020.104907
https://doi.org/10.1016/j.dsr2.2020.104907
https://doi.org/10.1111/gcb.17273

	Rapid climate change increases diversity and homogenizes composition of coastal fish at high latitudes
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study area
	2.2|Data collection
	2.2.1|Survey description
	2.2.2|Fish sampling
	2.2.3|Environmental data

	2.3|Data analyses
	2.3.1|Pre-­processing
	2.3.2|Spatio-­temporal variation in diversity
	2.3.3|Spatio-­temporal variation in composition


	3|RESULTS
	3.1|Increasing water temperatures
	3.2|Species richness increases gradually northward
	3.3|Species compositions are reshuffled eroding the latitudinal biogeographic pattern
	3.4|Abundance increases mainly in the north

	4|DISCUSSION
	4.1|Climate-­driven change in fish biodiversity along the Norwegian coast
	4.2|Increasing fish diversity
	4.3|Compositional homogenization, boreal species move north
	4.4|Ecological reorganization and its implications
	4.5|Limitations of the study
	4.6|Conclusions

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


