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Observed range shifts of numerous species support predictions of climate change models
that species will shift their distribution northward into the Arctic and sub-Arctic seas
due to ocean warming. However, how this is affecting overall species richness is unclear.
Here we analyze 20,670 scientific research trawls from the North Sea to the Arctic Ocean
collected from 1994 to 2020, including 193 fish species. We found that demersal fish
species richness at the local scale has doubled in some Arctic regions, including the
Barents Sea, and increased at a lower rate at adjacent regions in the last three decades,
followed by an increase in species richness and turnover at a regional scale. These changes
in biodiversity correlated with an increase in sea bottom temperature. Within the study
area, Arctic species’ probability of occurrence generally declined over time. However,
the increase in species from southern latitudes, together with an increase in some Arctic
species, ultimately led to an enrichment of the Arctic and sub-Arctic marine fauna due
to increasing water temperature consistent with climate change.

climate warming | speciesrichness | biodiversity | Arctic Ocean | demersal fish

Climate warming constitutes one of the main faces of climate change and is having a
direct impact on species, communities, and ecosystems (1, 2). In the oceans, the average
increase in temperature in the last 140 y has been of 1 °C (3, 4). Marine ectotherms
occupy most of their potential latitudinal range with regard to thermal tolerance and
therefore move to higher latitudes following the displacement of their thermal niche (5, 6).
However, these changes can occur at different rates across species, depending on traits
such as their dispersal potential, thermal niche and capacity to exploit new resources,
which may lead to changing community composition (1, 7). Understanding how these
changes occur is crucial for effective conservation and management strategies. Yet, to date,
consistent empirical evidence of a generalization of these shifts in the Arctic fish commu-
nity is lacking.

Arctic and sub-Arctic ecosystems are among the most rapidly warming regions in the
world, with some areas warming four times faster than, and seas warming twice, the global
average (4, 8, 9), and their species composition could be changing accordingly (10). Until
now, a doubling in species richness has been reported in some areas of the North Sea,
though not in others, and increases of smaller magnitude have also been reported around
North America (11-13). However, fish community analyses are mostly restricted to non-
polar latitudes, and they rarely exceed the 62°N of the north Bering’s Sea. Studies focusing
on areas above 62°N only exist in the Barents Sea, where some boreal species arrived
recently (10, 14, 15) (81 Appendix, Table S1). Of these, one study examined distributional
shifts in a fish community of 49 species from 2004 to 2017, and it reported an increase
of less than 50% in species richness (15). This represents the only work reporting empirical
evidence of a regional increase in marine fish species richness with climate change in Arctic
latitudes. Thus, although an increase in species richness is predicted into the Arctic Ocean,
and several model projections exist in the literature, including species extirpations (16-18),
the empirical evidence is limited temporally and taxonomically, and lacks a long-term
correlation with climate warming.

In the Norwegian and Barents Seas, recent warming and increased Atlantic water inflow
events have been recorded, with a decline in sea-ice cover in the northern Barents Sea
(19-21). As a consequence, profound effects on the geographical distribution and pro-
ductivity of commercial fishing stocks are expected (22-24). In fact, species turnover was
projected to increase in the area in the next decades, resulting from some local species
extirpations and the arrival of warmer-water species (17, 25, 26). Here, we report three
decades of field data to test these predictions.

Recent changes in species distributions in the Norwegian Sea include consistent north-
ward expansions of the Atlantic mackerel (Scomber scombrus) and the European Hake
(Merluccius merluccius), and the predicted northward expansion of bluefin-tuna
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(Thunnus thynnus), among other species (27-30). Even stronger
are the changes reported in the Arctic region of the Barents Sea,
where at least 11 boreal (sub-Arctic) species have been recently
recorded (14, 31). Similarly, studies in the Bering Sea found local-
ized increases in biodiversity and suggested that areas with
increased species richness and climatic stability were climate ref-
ugia (32). Several recent expansions of benthic species distribu-
tional ranges, such as that of the red king crab (Paralithodes
camischaticus) or the snow crab (Chionoecetes opilio), are rapidly
altering benthic communities, and are also affecting demersal fish
trophodynamics (33, 34). However, how these examples may
materialize into a wider trend in the demersal fish fauna of the
Arctic region due to climate change has not been investigated.
Moreover, accounting for both species gains and losses needs to
cover a sufficiently large region to avoid boundary effects.

Here, we test the commonness of these shifts into the Arctic
across the demersal fish community of a wider latitudinal range
(from 56 to 82°N), for more species and a longer time period (27
y) than previous studies.

We developed our analysis in Norwegian-Barents Seas, and the
adjacent areas in the North Sea and around Svalbard with the aim
of understanding changes in biodiversity across the whole region.
To do so we explored changes in three scales of biodiversity: alpha
diversity (average local species richness), beta diversity and its
component turnover (excluding species richness effect), and
gamma diversity (total regional species richness) (35-37). Each
of these measures provides information on biological diversity at
a particular scale, and when combined provide a complete measure
of biological diversity across the whole study area.

To analyze the change in local diversity (alpha diversity) at each
sampling site over time, we used generalized additive models
(GAMs) (a semi-parametric statistical modeling technique that
allows for nonlinear effect of variables, as is the case of time). We
then explored the contribution of environmental variables to local
species richness and made annual projections of changes in local
species richness using the nonparametric algorithm of boosted
regression trees (BRTs) (selected because BRT models can easily
accommodate the inclusion of a large number of environmental
variables, including those with relatively high level of collinearity)
(38, 39). To analyze the change in beta diversity, which accounts
for the variability between sites, we calculated the pairwise mean
diversity using the Bray—Curtis dissimilarity metric. However, this
difference can arise from simply having different species richness
(i.e., number of species at each site) or from having different spe-
cies composition (i.e., different species at each site), and to discern
among these two sources of variability between sites, we also cal-
culated Nestedness and Turnover, which are the two components
of beta diversity (37). Finally, to calculate gamma diversity, or the
overall species richness in the study area, we used rarefaction spe-
cies accumulative curves, which consider the relationship between
sampling effort and species found during this sampling (40).

Results

Alpha Diversity. A total of 193 demersal fish species were
recorded between 1994 to 2020 across the whole study area
(Fig. 1 and ST Appendix, Table S2). To study the change in species
richness per trawl considering differences in sampling effort across
time, GAM models with year, latitude, and sampling effort were
fitted at each study area to species count data. In the main study
area (Norwegian-Barents Seas), the model predicted a 66% increase
in the average number of species per trawl (alpha diversity), from
8.0 species/trawl in 1994 (95% confidence interval CI 7.8, 8.1),
to 13.4 species/trawl in 2020 (95% CI 13.1, 13.6) (P < 0.05,
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Fig.1. Study areaand histograms of the temporal distribution of the number
of trawls in the present study. A: Norwegian & Barents Sea; B: Svalbard; C:
North Sea. Dashed lines are latitude and longitude, and thick black dashed
line is the polar circle (66°N).

deviance explained (DV) explained = 14%) (Fig. 2 and Table 1).
The increase in species richness was correlated with changes in
sea bottom temperature (Pearson r = 0.59, P < 0.05, ST Appendix,
Supplementary Results). Increasing species richness was also found
for the adjacent areas in the North Sea and around Svalbard,
though no significant correlation was detected with sea bottom
temperature (SBT) at those regions (Table 1 and S7 Appendix,
Fig. S1).

The more relaxed assumptions of the nonparametric BRT
allowed the inclusion of the whole study area in one model (which
facilitates spatiotemporal projections), and the inclusion of 17
explanatory variables. The resulting model presented a good fit to
the data (correlation with independent data r = 0.63, DV
explained = 38%, P < 0.05) and predicted local increases in species
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Fig. 2. Average number of species per trawl (alpha diversity) across the
Norwegian-Barents Sea. Black line represents mean species richness per trawl
with 95% Cl in blue. Grey smoothed line and light grey 95% Cl represents the
marginal effect of Year for constant sampling effort from a GAM model using
Year and swept area as an offset (Table 1). Red line indicates changes in mean
sea bottom temperature across the main study area (correlation with mean
alpha diversity r = 0.59).
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Table 1. Average species richness per trawl (alpha diversity) in the first and last year of sampling predicted from a GAM
with Year and Latitude as smooth predictors, and swept area as a logarithmic predictor (%DV = % Deviance explained)

First year of ~ Richness firstyear ~ Lastyear  Richnesslastyear % increase [lower,
Region data [lower, upper 95% CI]  of data  [lower, upper 95% Cl] upper 95% Cl] No. of trawls % DV
Norwegian & 1994 8.0[7.8, 8.1] 2020 13.4[13.1, 13.6] 66 [61, 75] 16,283 16
Barents Sea
North Sea 1998 11.2[10.6, 11.8] 2020 16.4[15.6,17.2] 46 [32, 6] 2,338 42
Svalbard 1996 6.9[6.3,7.5] 2020 12.8[12.2,13.5] 87163, 115] 2,065 12

60°WME =" v Do -
M 90°E
50°W
80°E
40°W
70°N
70°E
30°W
70°N
60°E
20°W
N
Richness
i 0,
60°N difference (%)
10°W 00-15
W i15-30
W30-45
M 45 - 60
HWeo-75
M 75-9%
¥ %0 - 105
105 - 120 40°E

10°E 20°E

Fig. 3. Difference between mean species richness from 1994 to 1996 and
2017 to 2019 expressed as percentage of change. The orange polygon is the
study area boundary. Dashed lines are latitude and longitude.

richness up to 125% in some regions from 1994 to 2019. Among
the explanatory variables included in the BRT model, “Depth”
was the variable that explained the most deviance in the data,
followed by “year” and “bottom temperature” (SI Appendix,
Fig. $2). The model projected an increase in species richness at
higher latitudes, especially high in the Arctic region of the Barents

Sea, where species richness more than doubled in some regions,

during the study period (Fig. 3 and S7 Appendix, Fig. S3).

Gamma Diversity. The overall species richness in the main
study area (gamma diversity) increased 45% during the
study period, from 65 species in 1994 to 1994 species in
2020, following a similar temporal pattern to alpha diversity
(Fig. 4 and Table 2 and SI Appendix, Fig. S4). Very similar
increases were reported in adjacent areas (47% in the North Sea
and 45% in Svalbard, Table 2 and SI Appendix, Fig. S4). GAM
models for total species richness at each region, with year and
both annual mean trawl-swept area and total mean swept area
only selected year as relevant explanatory variables. All additional
estimators, including Chao index, incidence based index, and
first- and second-order jackknife estimators, calculated across the
study area, detected an increase in gamma diversity across time,

of similar magnitude (S Appendix, Fig. S5).

Beta Diversity. Pairwise mean total beta diversity in the main study
area did not significantly change with time (Fig. 5). However, the
turnover contribution to beta diversity, which is not affected by
species richness, increased until 2008, declined until 2014, and
increased afterward, with an overall increase of 16% (95% CI 6,
27) (Fig. 5 and SI Appendix, Fig. S6 and Table 3). Similarly, total
beta diversity in the adjacent region of Svalbard increased until
2005 and declined afterwards. However, the turnover increased
linearly across time in this region. In the North Sea, both the total
beta diversity and turnover declined with time.

The GAM models for temporal change in beta diversity and
turnover did not select trawl-swept area as a relevant explanatory
for the main study area or the adjacent regions. Thus, when the
increasing species richness is accounted for, species turnover, as
well as alpha and gamma diversity, increased over the years.
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Fig. 4.

Left: Annual species accumulation (rarefaction) curves in the main region Norwegian-Barents Sea. Dashed line marks the minimum common number

of trawls. Right: Annual mean accumulated species richness within the minimum common number of trawls.
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Table2. Total species richness predicted from GAM with year as the only explanatory variable at each region (gam-
ma diversity) in the first and last years of data, at minimum common annual number of trawls (%DV = %Deviance

explained)
First year of Richness first Last year of Richness last % increase
Region data year [95% Cl] data year [95% Cl] [95% CI] Annual trawls % DV
Norwegian & 1994 66 [61, 71] 2020 96 [91, 101] 45 [29, 65] 361 83
Barents Sea
Svalbard 1996 33[29, 37] 2020 48 [44, 52] 45 [20, 77] 30 69
North Sea 1998 40 [37,42] 2020 58 [51, 57] 47 [32, 65] 37 81
— Beta diversity — Turnover
(Arctic region), 18 species showed a significant change in
0.50 L 075 their probability of occurrence with time, six increased and
12 declined.
- Discussion
2045 -0.70 . . .
o) € Following global trends in warming, sea bottom temperature data
= =1 . ° .
5 3 suggests an increase of 0.3 °C per decade in our study area from
8 s 1993 to 2019, and this increase was several times higher in some
& 0407 r0.657 regions of the Arctic Barents Sea (9). Here we show that this has
been accompanied by a significant increase of the demersal marine
fish biodiversity during the last three decades, in alpha, gamma,
0.35 - - 0.60 and turnover beta diversity. Considering previous studies focusing
- on smaller areas and fewer species (15, 32), this study indicates
2000 2010 2020 an ecologically significant increase in species richness in the
Year Atlantic side of the Arctic in concert with climate warming.

Fig.5. Annual mean beta diversity and turnover (richness independent), red
line) in the main region across time, calculated from mean pairwise Jaccard
dissimilarity index.

Species’ Trends. From the 193 species in our study, 99 species
showed a significant temporal trend (increasing or decreasing)
in their probability of occurrence with time, in at least one of
the studied areas (Fig. 6). Of these, 71 species showed only
positive trends, and 23 species showed only negative trends
in at least one studied area, while five species showed positive
and negative trends depending on the study area (Fig. 6). Thus,
while no trend was detected for about half of the species, 76%
of species showing a significant consistent trend increased.
The number of species increasing was consistently higher than
the number of species decreasing over time, across all regions.
Species declining mostly inhabited high mean latitudes, and
linear regression identified a negative effect of mean latitude
on the temporal change in species probability of occurrence
in the main study area, and around Svalbard (Fig. 6). Among
the 67 species only found in the main region and/or Svalbard

Consequently, species are expanding their range poleward, directly
increasing the local species richness in the Barents Sea, in line with
other results in near-Arctic regions (11), and with predicted pole-
ward shifts in the North and Arctic Seas (16). This increase in
biodiversity was concentrated in two different periods, and inter-
rupted by a decline period in alpha, beta and gamma diversity
between 2007 to 2014, as suggested by Ellingsen et al. (41).
Even though there have been studies showing consistent
changes in biodiversity patterns and beta diversity at a global scale,
whether a systematic loss of local (alpha) diversity has or will take
place remains uncertain (42—44). Several species are changing their
distributional range, mostly expanding poleward, which leads to
redistributions of global biodiversity and local increases in biodi-
versity (11,42). In an analysis of 50,000 marine species, Chaudhary
etal. (5) found that thousands of species had shifted from equa-
torial to mid-latitudes, and we confirm that this shift has contin-
ued into higher northern latitudes, leading to two times more
demersal fish species in the study area. Increases in alpha diversity
were already reported in some regions of the Arctic Ocean, albeit
smaller areas and/or shorter time periods (15, 32). With this study,
we show that the increase in species richness is not localized, but

Table 3. Mean total beta diversity and turnover predicted from GAM at first and last year of data at each region,
at minimum common annual number of trawls (%DV = %Deviance explained)

First year Estimation first Lastyear  Estimation last year % increase

Region P  ofdata year [95% Cl] of data [95% CI] [95% Cl] Annual trawls % DV
Norwegian & B 1994 0.35[0.34, 0.36] 2020 0.36 [0.35, 0.37] 4[-3,9] 361 54
BarentsSea T 0.63[0.60, 0.66] 0.7310.70, 0.76] 16 [6, 27] 75
Svalbard B 1996 0.32[0.31,0.33] 0.34[0.32, 0.35] 5[-4,15] 30 69
T 0.61[0.57, 0.64] 0.7510.71,0.79] 24115, 38] 50
North Sea B 1998 0.34[0.32, 0.36] 0.32[0.29, 0.34] -7[-19, 6] 37 55
T 0.68[0.63, 0.74] 0.62[0.55, 0.69] -9[-25,9] 63

40f8 https://doi.org/10.1073/pnas.2120869120 pnas.org



Southern Affinity Norwegian - Barents Sea ¢

Engraulis encrasicolus
ullus surmuletus
. Solea solea
Callionymus reticulatus
Trachurus trachurus
rattus sprattus

Squalus acanthias
Merluccius merluccius
Scyliorhinus canicula

allionymus lyra
Lycenchelys muraena
Myxine glutinosa
Calllonymus maculatus
Coryphaenoides rupestrls
Hellcolenus actylopterus

Etmopterus spinax

Trisopterus minutus
P IIa h|us pollachlus

ut rlé; gurnar us
Limanda limanda

Maurolicus muel er|

Leucoraja circularis

Gal eus elastomus

|ma ra monstrosa
ﬂphlus piscatorius
jodon drummondii

Du’)\{ll?rlxg g?apatregglenms
Glypto %ep% us cr%/cr)]oglossus

Lep |<¥orls'lombus OSCii
Le dorhombus whiffia oms
erlangius merlangus

va molv:
Enchelyo us cimbrius
(f omus Kitt
ius virens,
ﬁcenchel S arsu
Pleuronectes platessa
Argentina silus
onus cataphractus 14
adlculus argenteus
risopterus esmarkii
H|ppcalossu%h|ppoglossus

Sebastes viviparus
Ammodytes marinus
Bligsme brosme

aja clavata
Mlgrome5|st|us poutassou
sema a0|a e

Species

Melano: rgmmljg aeglefinus
Lyco es squab iventer
atis
Sebastes norveuqlcus
Gasterosteus aculeatus

d
Myoxocep% alus quacirlcorms 12
H|ppog gssmdes plaﬁessmdes
ropsarus vu gans 16

BAtrhn% éraja ra |at%
raja spinicauda
i g é)sr]upus
Cottunculus microps
Triglops murrayi
Sebastes mentella
Careproctus reinhardti
Galdropsarus ar entatus
Anarhichas denticulatus
Mallotus villosus
Artediellus atlanticus
Anarhichas minor
Arctozenu rlsso
Macrouru %I
s esmark
Lumpenus am retaeformls
Lparlslp ris
Lycodes frigidus
Leptoclmus maculatus
Leptagonus deca onus
£re roctus micl qus
nisarchus medius
Triglops pingelii
Icelus bicornis
Lycodes r053|
Boreogadus saida
Gymnelus retrodorsalls
ycodes reticulatus
L| aris bathyarctlcus
codes pallidus
Euml%rotremy spinosus
iparis fabricii
Gy mno?anthus tricuspis
glops nybelini

Northern Affinity

Direction of change: [l Positive [l Negative

Tri
V -0.1 0.0 0.1 -0.2

Svalbard ¥ North Sea %
27

16
-01 00 01 02 03 0.0 0.2 0.4

Slope of change
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mean latitude of occurrence during the study period. Linear regression on the effect of Year with mean latitude was conducted and plotted, and asterisks

indicate significance (P < 0.05).

widespread across the region and concomitant with the increase
in bottom temperature.

We identified sea bottom temperature as the third most rel-
evant variable in our models, after depth and year. The fact that
year remains an important variable, and that the BRT model

PNAS 2023 Vol.120 No.4 e2120869120

explains 36% of the overall deviance in species richness, sug-
gests that other processes and variables are needed to fully
explain the changes in species richness across the study area
during the study period. For example, our analysis is based on
presence-absence data, and for this reason alpha diversity is
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statistically dependent on abundance, because increased abun-
dance in the sampling tends to result in more species observed
as a result of increased sampling effort. Although we do take
into account the sampling effort with every trawl swept area,
this remains a potential source of uncertainty that needs to be
considered.

Most studies on species richness consider only gamma (total)
or alpha (average) diversity. When beta diversity is considered it
is most commonly measured as Jaccard’s coefficient, which is not
independent of species richness (45). Here, we find that while
both alpha and gamma diversity are significantly increasing, so is
species turnover, but not total beta diversity (Fig. 5). Thus, the
spatial heterogeneity of biodiversity is increasing as well as biodi-
versity overall. However, the beta-diversity decomposition also
have been affected by varying sampling efficiency across sites and
years, which we did not test in this study.

Opver the study area, we found that 71 species showing a signif-
icant increase in probability of occurrence with time. When spe-
cies’ mean latitude was used as an indicator of the Arctic aflinity
of each species, it proved statistically significant to model the effect
of year in species probability of occurrence in the Norwegian and
Barents Seas, and also around Svalbard. Although this a clear indi-
cator of a decline of several Arctic species, not all species occupying
high mean latitudes showed a decline in probability of occurrence
with time. Some high-latitude species increased substantially, per-
haps because they benefited from changes in food-web interac-
tions. This also suggests a partial coexistence between boreal and
Arctic species that, together with the increase of lower-latitude
species, leads to a consistent increase in biodiversity, in line with
previous results on fishes and crustaceans (46, 47), but not with
a previous hypothesis of a synchronous species extirpation in the
western Barents and Norwegian Seas (17, 25). If this trend is
maintained in the following decades, we may observe enriched
communities in the Arctic, which may be sustained by the pro-
jected increase in net primary productivity of up to 50% (26, 48).
Our results have direct implications for the management of marine
resources in the region, where proactive mitigation and adaptation
actions to changes in species occurrence can help prevent future
negative impacts in the socioeconomic activities of the area, or
inform about new opportunities. However, the wider effects of
changing fish biodiversity on marine food webs and socioecolog-
ical system remain to be investigated. Our results have direct
implications for the management of marine resources in the
region, where proactive mitigation and adaptation actions to
changes in species occurrence can help prevent future negative
impacts in the socioeconomic activities of the area, and inform
about new opportunities. Closer monitoring of individual species
decreasing in abundance is already necessary to detect these
changes as soon as possible. However, the wider effects of changing
fish biodiversity on marine food webs and socioecological system
remain to be investigated.

Materials and Methods

study Area. The data analyzed here were selected from a research trawl surveys
database published by the Institute of Marine Research between 1980 and 2020
inan attempt to gather all the scientific trawl surveys conducted by the institute
inasingle and open access resource (49). These trawls were mostly restricted to
the continental shelf and slope from the north of the North Sea into the Arctic
Ocean, mostly from 56°N to 81°N Latitude, and from 2°W to 50°F Longitude
(49).The whole area had a marked temperature gradient, with average bottom
water temperatures over 8 °C in the North Sea to —1 °Cin the northern region
of the Barents Sea. Because of variation in the temporal and spatial distribution
of the data, we considered one main study area, with the longest time period
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(Norwegian & Barents Sea) and two adjacent areas (Svalbard and North Sea),
which contain a shorter temporal period (Fig. 1).

The database initially contained 60,355 research trawls from several surveys
between 1980 and 2020. We excluded data associated with broken gear, had
incomplete metadata (data without reporting depth, or coordinates, or type
of gear), or were questionable (e.g., shrimp trawl opening of several km). We
restricted the analysis to shrimp trawling data using Campelen 1800 shrimp
trawl with 20 mm mesh size, a maximum of 5 km trawling distance and 60 m
of trawl opening, from 30 m to 700 m depth. We only included fish species
(classes Actinopterygii, Elasmobranchii, Holocephali, Myxini and Petromyzonti).
Invertebrates were notincluded in the study. After data standardization and selec-
tion, 20,670 surveys from 1994 to 2020 remained.

Depending on the data spatial coverage over time, and based on the bio-
geographical realms that have been described in the area (50), we divided the
study area into a main area containing most of the data and the longest temporal
coverage, the Norwegian-Barents Sea, and two adjacent areas with more limited
data: the area around Svalbard and the North Sea (Fig. 1). Although the latitudinal
and longitudinal distribution of trawls across time was relatively homogeneous at
each region, the swept area of each trawl presented a weak negative trend with
time for the Norwegian-Barents Sea and Svalbard regions, which was accounted
for within the statistical modelling (S/ Appendix, Figs. S7 and S8).

Environmental Variables. Spatially explicit environmental co-variates were col-
lated from three sources: Copernicus Marine Service database, Bio-Oracle and
MARSPEC database (51-53). Some of the environmental variables were available
as annual estimates [e.q., sea surface temperature (SST)] whereas others were
available as long-term averages (e.g., bottom nitrate concentration) (S/ Appendix,
Table S3).

Variables from the Copernicus Marine Service were available for each year
from 1993 t0 2019. These include estimates of SST, SBT, sea surface salinity, ice
concentration and sea surface currents (northward and eastward components),
and were obtained from the "GLOBAL_REANALYSIS_PHY_001_031" dataset (53)
(51 Appendix, Table S3). Because these layers were only available from 1993 to
2019, we limited the analyses to this period. Long-term averages (2000 to 2014)
of nitrate, iron, dissolved oxygen, surface and bottom productivity, and temper-
ature range were obtained from Bio-Oracle. Bathymetry was obtained from the
MARSPEC database (51, 52). Variables from Bio-Oracle and MARSPEC were down-
loaded using the "sdmpredictors” package from R software (54).

A distance to coast layer was created using the "raster” package, also in R
(55). All the environmental layer resolutions were matched by downscaling to
the lowest original resolution (0.083° Longitude x 0.083° Latitude). Variables
from year, latitude, longitude, and annual number of trawls were also manually
created. The shapefiles for the ocean and land were obtained from the Marine
Regions database (56) and maps were created using QGIS software (57).

The change in SBT with time was calculated as the annual mean across each
study area (Fig. 2 and S/ Appendix, Methods). SBT thus reflects the likely average
temperature individual fish may have experienced over time rather than tem-
perature when sampled.

Biodiversity Measures. Species richness is typically measured as alpha (local)
and gamma (regional) diversity, while the extent of differentiation of communi-
ties along habitat (spatial and/or temporal) gradients, is beta diversity (36, 58).
The most commonly used measures of beta diversity, such as the Jaccard index,
are influenced by species richness, which should be accounted for where spe-
cies richness significantly varies. We thus report both total beta diversity and
a species-richness-independent index here called turnover, following (35). The
mathematical difference between beta diversity and turnover is called nestedness,
and arises where sites with less species are a subset of species from neighboring
sites with more species. Thus, we report four measures of diversity: alpha, gamma,
total beta, and turnover.

Alpha Diversity. We assessed alpha diversity in the study area as the annual
mean species richness per trawl (species/trawl) using presence data only. GAMs
were used to explore the changes in species richness with time, correcting for
the different swept area by adding it as a logistic explanatory variable. The model
construction was done using the package "mgcv” within the R software (59, 60).

We used BRTs to explore the drivers of these changes, and to make spatial
projections of the species richness in the study area. A threshold of 0.9 correlation
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coefficient was selected due to the robustness of the procedure to collinearity
(38) (SI Appendix, Methods).

The model calibration was conducted using 75% of the trawls, and the remain-
ing 25% were used for model validation. To improve the model calibration and
reduce computational requirements, we conducted a 50 times bootstrapping
process (SI Appendix, Methods). Each model was limited to 20,000 trees, and
tree complexity was set to 3 to allow for interactions between the explanatory
variables. The learning rate was adjusted to 0.01, bag fraction to 0.3, and other
parameters were set to their defaults (38). Pearson correlations were used for
model validation. Species richness was projected annually for each bootstrap,
taking the mean as the final annual projection.

To study the effect of each environmental variable on species richness, we built
partial dependence plots using the R package "devEMF" and basic R from the BRT
model. These showed the mean species richness predicted across each environmen-
tal variable gradient, while all the other variables were kept at their means (59, 61).

To explore the spatial changes in alpha diversity over time, we statistically pre-
dicted the geographic distribution of species richness in each year from 2017 to
2019 and 1994 to 1996 from the BRTmodel, and calculated the difference between
the mean of each period. We used the “predict” function of the “dismo” package,
and the package "raster” from R (38,55, 59, 62). Maps were created with QGIS (57).

Beta Diversity. Beta diversity and its turnover component were calculated using
the mean pairwise Jaccard dissimilarity index (B,) from presence-only data, which
can be divided into two components: species replacement (Repl.) and nestedness
(Nest.) (35,37, 63):

2min (b, ¢ _
b+c _ ( )+ b—c

ST a¥b+c  atb+c atb+c Repl.
2min (b, c) b—c
T at+b4c | " a+b+c’

where a refers to the number of species present in both sites, and b and care
the species present only in either site. Pairwise means each trawl is compared
with every other trawl in a year and the average dissimilarity calculated.

Here we report total beta diversity (B,) and the relative contribution of species
replacement, to beta diversity, which we refer to as turnover:

Repl.
Turnover = E—p.

J

To account for differing sample sizes between years, we conducted a bootstrap-
ping process. That is, we randomly selected a subsample of the smallest sample
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size over years, calculated its total beta diversity and turnover, and repeated this
process 200 times for each year (35). We report the mean of these bootstrapping
calculations in Fig. 5 and S/ Appendix, Fig. S6 (35). All calculations were carried
out using the functions beta.div.comp, from the adespatial package (64).

To explore the trend of these changes with time and to account for the negative
trend of swept area with time (S/ Appendix, Fig. S3), we fitted a GAM model with
year and annual mean swept area as explanatory variables to the annual mean
pairwise total beta diversity and turnover.

Gamma Diversity. To study changes in gamma diversity, we constructed
species accumulation curves (SAC) for each year across our study regions (40,
65). To eliminate the bias that a selected order of the locations may have on
the overall SAC, we used the function “specaccum,” in the "vegan” package,
set the parameter method = "random" to randomize the order of site addi-
tion, and permutated the process 200 times (65, 66). We report the mean
species richness per trawl of all random permutations. We then assessed the
change in gamma diversity with time, standardized to the minimum common
number of sites, fitting a GAM model with year and annual swept area as the
explanatory variables.

To test whether the results were robust to alternative measures of richness, we
used the package "SpadeR" to calculate nine different species richness indices with
time, each of them with different statistical assumptions, including Chao indices,
incidence-based indices, and first and second order jackknife estimators (67, 68).

Individual Species Contributions. To study which species drove the changes
in biodiversity, we fitted GAMs to the presence data of each species with smooth
parameters for depth, swept area and latitude, and fixed effect of year, using a
binomial distribution. Each species biomass-weighted mean latitude was calcu-
lated from the complete area to arrange the species by their Arctic affinity, and
simple linear regression was used to assess the effect of mean latitude on the
temporal change in species probability of occurrence.

Data, Materials, and Software Availability. Previously published data were
used for this work (Ove Djupevag (2021) IMR bottom trawl data 1980 to 2020
10.21335/NMDC-328259372). All the code and subset of data is available
through GitHub (https://github.com/CescGV)
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