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Pan-Arctic marine biodiversity
and species co-occurrence patterns
under recent climate

Irene D. Alabial*, Jorge Garcia Molinos?, Takafumi Hirata?, Franz J. Mueter? &
Carmen L. David?

The Arctic region is experiencing drastic climatic changes bringing about potential ecological shifts.
Here, we explored marine biodiversity and potential species associations across eight Arctic marine
areas between 2000 and 2019. We compiled species occurrences for a subset of 69 marine taxa

(i.e., 26 apex predators and 43 mesopredators) and environmental factors to predict taxon-specific
distributions using a multi-model ensemble approach. Arctic-wide temporal trends of species richness
increased in the last 20 years and highlighted potential emerging areas of species accrual due to
climate-driven species redistribution. Further, regional species associations were dominated by
positive co-occurrences among species pairs with high frequencies in the Pacific and Atlantic Arctic
areas. Comparative analyses of species richness, community composition, and co-occurrence between
high and low summer sea ice concentrations revealed contrasting impacts of and detected areas
vulnerable to sea ice changes. In particular, low (high) summer sea ice generally resulted in species
gains (loss) in the inflow and loss (gains) in the outflow shelves, accompanied by substantial changes
in community composition and therefore potential species associations. Overall, the recent changes
in biodiversity and species co-occurrences in the Arctic were driven by pervasive poleward range
shifts, especially for wide-ranging apex predators. Our findings highlight the varying regional impacts
of warming and sea ice loss on Arctic marine communities and provide important insights into the
vulnerability of Arctic marine areas to climate change.

Over the recent decades, the Arctic region has experienced unprecedented anthropogenic climate changes. The
extent and magnitude of climate fluctuations often vary across space and persist at different timescales. For
instance, the on-going ocean warming and sea ice loss in the Arctic Ocean substantially alter its physical and
biogeochemical properties, leading to notable changes in nutrient fluxes!, material transport?, and consequent
increases in primary production®*. Moreover, these environmental changes in the Arctic have evident impacts on
marine ecosystems through biogeographical shifts and reorganization of marine communities and biodiversity.
Nonetheless, our current knowledge of Arctic marine communities and stressors remains scarce and limits our
understanding of trends and their implications on biodiversity aspects’. Here, we explore the recent changes in
species richness, composition and potential species associations on a pan-Arctic scale. In doing so, we hope to
augment information on climate-driven Arctic biodiversity responses and deduce pertinent ecological implica-
tions of these changes in the recent past.

In particular, the northward expansion of temperate marine taxa, especially along the continental margins
and within the major inflow shelves in the Pacific (Bering-Chukchi seas) and Atlantic (Barents Sea) sectors has
been facilitated by recent record-breaking sea ice loss and retreat, ocean warming, and enhanced productivity in
the Arctic regions®. In both of these inflow shelves, poleward shifts of warm-affinity taxa and highly-migratory
apex predators have promoted the borealization and consequent restructuring of the Arctic marine ecosystem,
driving significant changes in the community structure, functional biogeography and biodiversity facets®®!%11.
The Arctic outflow shelves (Canadian Arctic Archipelago, East Greenland shelf and Fram Strait), serving as
conduits in the export of Arctic sea ice and waters to the North Atlantic Ocean, have similarly shown climate-
driven changes in the phytoplankton community composition'>!* and distribution of several keystone species
supporting northern indigenous communities**.
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Increasing signals of borealization and biodiversity changes, in turn, result in potential changes in species
interactions either through the formation of novel or loss of existing species interactions. For instance, the fre-
quency and strength of species interactions in the community vary with biodiversity'® and determine the stability
of natural ecosystems'®. Understanding species interactions is therefore crucial for ecological studies as they
create the basis for ecosystem properties and processes affecting community responses to disturbance. One of
the approaches to infer potential ecological interactions is through analyses of spatial patterns in pairwise species
co-occurrences (presence-absence). This approach is long debated!” in relation to arguments that systematic
analysis of pairwise co-occurrences to determine the degree of associations between species pairs is strongly
dependent on the spatial scale of the sampling unit®. It is also argued to be dependent on the regularity of signal
of ecological interactions that permit their detection and interpretation using adequate statistical methods'. At
the core of this approach is the ecological truism that species have to co-occur for them to have direct interac-
tions and influence the occurrence of one another. These species interactions are essential for understanding the
patterns and drivers of community assembly?*?!. In general, the non-random patterns of species co-occurrence
could result from habitat overlap, dispersal limitations, and biotic interactions, consequently allowing some
species to coexist more or less often than expected by chance??2. Many of these species co-occurrences may be
vital to maintaining community structure and function and therefore constitute relevant aspects of biodiversity
conservation®.

The preponderance of evidence highlighting the differences in physical and biological structures among
diverse marine ecosystems of the Arctic>** underpins the need to elucidate the regional climate-driven ecological
impacts on marine communities. Comparing Arctic-wide signals could identify potential hotspots of climate
and productivity changes and help understand their repercussions on marine biodiversity and potential species
associations. Thus, the primary objective of this work is to examine the changes in biodiversity and potential
species associations inferred from pairwise co-occurrences in response to climatic fluctuations and food avail-
ability in the Arctic during the last two decades. Our analyses were implemented using spatial distributions of
26 apex and 43 mesopredatory sub-Arctic and Arctic taxa derived from species distribution models. Focusing
on a modest subset of species from these distinct communities allowed us to evaluate differential biodiversity
responses between the high (apex predators) and mid-trophic (mesopredators) components of the Arctic marine
food webs. Apex predators in the Arctic are highly vulnerable to climate change*>?® and the poleward redistribu-
tion of mesopredators could further amplify their vulnerability through changes in species associations. To our
knowledge, our work is the first attempt to explore Arctic-wide potential patterns of species associations due to
climate- and productivity-driven changes in biodiversity. In particular, the Arctic summer sea ice is shrinking by
almost 13% per decade, with precipitous declines observed in recent years (2000-2019). These changes in the
Arctic sea ice environment have serious ecological consequences®®?, many of which remain poorly understood.
A comparison of Arctic community responses to changing sea ice could provide insights into the vulnerability
of individual species and communities. Thus, our specific aim is to examine spatial patterns and temporal trends
of species richness, composition, and potential species associations of Arctic marine communities over the last
20 years and between periods of high and low summer sea ice extent from 2000 to 2019.

Results

Marine community responses during the recent decades (2000-2019).  Spatial patterns and tem-
poral trends of species richness. During the last two decades, the pan-Arctic (averaged across all CBMP areas;
Fig. 1a) species richness (SR) for apex predators, mesopredators, and all taxa combined increased (Fig. 1b-d).
Regionally, increasing trends in overall species richness were seen in the Arctic Archipelago, Kara-Laptev, Hud-
son Complex, and Davis-Baffin and a decreasing trend for the Arctic Basin (Fig. S1). The regional SR computed
for each marine community (Fig. le-1), showed that trends in overall richness are accounted for by changes in
apex predators. In particular, a significant decrease and increase in the number of apex predators was noted,
respectively, in the Arctic Basin (Fig. 1h) and Hudson Complex (1.1 species/decade; Fig. 1k). For mesopredator
richness, significant increases were restricted to the Beaufort (Fig. 1f), Arctic Archipelago (Fig. 1g), and Atlantic
Arctic (Fig. 1i). However, a decline in mesopredators emerged in the Hudson Complex (Fig. 1g), effectively
offsetting the increase in apex predators over this area. Thus, over the 20-year period the Hudson Complex
showed the largest increase and the largest decrease among regions in the number of apex and mesopredators,
respectively.

Temporal SR trends during the 20-year period further revealed increases in areas along continental shelf
breaks, surrounding the Arctic basin (Fig. 2a—c, left panels). In general, apex predators were more diverse in these
areas (Fig. 2a, left panel; Fig. S2) relative to mesopredators (Fig. 2b, left panel; Fig. S3). The former substantially
accounted for the increase in overall SR (Fig. 2¢, left panel; Fig. S4). Potential emerging areas of species accrual
from climate-driven species redistribution and defined as areas of increased richness (> 1 species/decade) in the
last 20 years, featured sharp spatial contrasts (Fig. 2a—c, dotted sites on right panels) and cell-wise frequencies
(Table S1) across marine communities and Arctic areas. In particular, apex predators were highest in warm years
in Beaufort Sea (10/20 years, Pearson correlation coeflicient (r) =0.43) and Davis-Baffin Bay (17/20, r=0.63;
Fig. 2a, right panel). However, mesopredators were highest in two major inflow shelves (Pacific and Atlantic
Arctic) (Fig. 2b, right panel). In these regions, warm years coincided with accrual of species over time (Pacific
Arctic: 13/20, r=0.75; Atlantic Arctic: 20/20, r=0.63). While the Atlantic Arctic has generally warmed during
the last 20 years, the number of mesopredators were highest between 2012 and 2019, coinciding with years of
moderate and high warming magnitudes (= 0.5 °C). Finally, overall were identified in the Pacific Arctic and
Davis-Baffin Bay (Fig. 2c, right panel), in response to species gains in warm years.
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Figure 1. (a) Geographic map of the study area and annual time-series of predicted pan-Arctic species richness
for (b) apex predators, (c) mesopredators, and (d) all species combined. Second and third row of panels show
regional species richness by year with estimated linear trends over time for apex predators (orange) and
mesopredators (blue) in the (e) Pacific Arctic, (f) Beaufort, (g) Arctic Archipelago, (h) Arctic Basin, (i) Atlantic
Arctic, (j) Kara-Laptev, (k) Hudson complex, and (1) Davis-Baffin between 2000 and 2019. The map in (a) was

created using GMT 6.3.0. (https://docs.generic-mapping-tools.org/6.3/gmt.html).

Temporal trends of species co-occurrence. Potential associations from co-occurrences between two species were
classified into positive, negative and random and showed a predominance of positive co-occurrences across
all CBMP areas (Fig. 3a-h). This suggests that most species pairs occur together and are positively associated.
The frequency of co-occurring species were highest in the Pacific and Atlantic Arctic, but no significant trends
were observed on these inflow shelves during the last 20 years (Fig. 3a,e). In contrast, significant increases in
positive species associations over time were observed in the Beaufort (Fig. 3b), Arctic Archipelago (Fig. 3c) and
Kara-Laptev (Fig. 3f), with corresponding decline in Davis-Baffin (Fig. 3h). Negative co-occurrences, indicating
non-co-occurrence and negative association between two species, were noted for the Atlantic Arctic (Fig. 3e)
and Davis-Baffin (Fig. 3h), with a significant decrease in the latter. Random species co-occurrences implying
independent distributions between species pairs, increased substantially in the Arctic Basin (Fig. 3d) and Davis-
Baffin (Fig. 3h), but declined significantly in the Hudson Complex (Fig. 3g). Correlations between species rich-
ness and co-occurrences (positive, negative and random) over the last 20 years were significant in all regions
except the Pacific and Atlantic Arctic (Table S2).

Marine community responses under contrasting sea ice conditions.  Species richness and composi-
tion. Differences in species richness of apex, mesopredators, and all species between low and high summer
sea ice showed increases near the coasts and continental margins (Fig. 4a—c, left panels). However, decreases in
apex predators in the Hudson Complex and Davis-Baffin (Fig. 4a, left panel) drove the overall species declines in
these areas during low sea ice (Fig. 4c, left panel). Regions of high mesopredators were nearby shallow areas and
southern waters of Pacific Arctic, Atlantic Arctic, and Davis-Baffin (Fig. 4b, left panel). Further, species compo-
sition changes between high and low sea ice (Fig. 4a—c, middle panels) and measured using the beta-diversity
index, showed different species composition for apex predators in the Arctic Basin and along continental slopes
of the Kara-Laptev, Pacific Arctic, and Beaufort seas (Fig. 4a, middle panel). In contrast, highest changes in the
species composition of mesopredators were observed west of the Pacific Arctic (Fig. 4b, middle panel). Over-
all species composition between contrasting sea ice retained high dissimilarity along continental margins and
slopes (Fig. 4c, middle panel), and were generally accounted for by the nestedness (i.e., species gain/loss without
replacement) rather than the turnover (species replacement) component of beta-diversity (Fig. S5). In general,
regional changes in biodiversity measures for apex, mesopredators and all species were driven by gains and
losses across different areas of the Arctic due to habitat range size changes during high and low sea ice conditions
(Fig. 4a-c, right panels).

Species co-occurrence. Frequencies of species co-occurrence (positive, negative, and random) between high
and low summer sea ice differed across the Arctic marine areas (Fig. 5a—c). In particular, co-occurrences were
largely dominated by co-occurring and positively associated species pairs (positive co-occurrence), with the
highest frequency in the Pacific and Atlantic Arctic inflow shelves, albeit with opposite patterns between high
and low sea ice (Fig. 5a). For non-co-occurring pairs (negative co-occurrence), however, inflow shelves patterns
were consistent and showed more non-co-occurring pairs during low sea ice years (Fig. 5b). Davis-Baffin Bay
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Figure 2. Distribution of temporal trends of species richness (left panels) and Hovméller plots (right panels)
of annual averaged species richness in areas of species accrual (pixels with species gain > 1 species/decade,
represented by the black dots in the left panels) for (a) apex predators, (b) mesopredators, and (c) all species
from 2000 to 2019. Years with lower than regionally-averaged summer sea ice are indicated in solid squares and
scaled magnitudes of summer sea surface anomaly relative to the long-term mean (1982-2011) are represented
by shaded circles. The maps were created using GMT 6.3.0 (https://docs.generic-mapping-tools.org/6.3/gmt.
html).

had the highest frequencies of non-co-occurring (Fig. 5b) and randomly co-occurring species pairs (Fig. 5¢)
relative to the other CBMP marine areas.

Climate and productivity hotspots and areas of species accrual. Climate and productivity hot-
spots (Fig. 6a), defined as regions where at least 2 of 4 climate and productivity indices suggested warming
(large increase in summer sea surface temperature and/or large decrease in sea ice concentration; Fig. 6b,c) or
increased productivity (large increases in chlorophyll-a and/or zooplankton; Fig. 6d,e), were particularly com-
mon in contiguous northern margins of the Kara-Laptev and Atlantic Arctic regions. In the Pacific Arctic, Beau-
fort and adjacent continental slopes, climate hotspots (high warming and sea ice loss) were similarly identified.
High spatial overlap between climate-productivity hotspots and areas of species accrual (increased of > 1 species/
decade) were found in Beaufort (31% of pixels), Atlantic Arctic (26%) and Kara-Laptev (19%). The Beaufort Sea
had the highest spatial correspondence between sites of high richness and warming (47%, Fig. 6b), sea ice loss
(40%, Fig. 6¢) and high chlorophyll-a concentration (68%, Fig. 6d). In contrast, areas of species accrual in the
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Figure 3. Frequency of positive, negative, and random co-occurrences for all species in the (a) Pacific Arctic,
(b) Beaufort, (c) Arctic Archipelago, (d) Arctic Basin, (e) Atlantic Arctic, (f) Kara-Laptev, (g) Hudson Complex,
and (h) Davis-Baffin from 2000 to 2019. Adjusted R* (R?,4) and slope are shown for areas exhibiting significant
temporal trends in species co-occurrences.

Atlantic Arctic showed spatial correspondence with sites of warming (47%, Fig. 6b), high chlorophyll-a (57%,
Fig. 6d) and zooplankton biomass (24%, Fig. 6e). In the Kara-Laptev Sea, species-rich areas corresponded with
high changes in all four variables: warming (40%), sea ice loss (26%), chlorophyll-a concentration (41%) and
zooplankton biomass (28%). While the Hudson Complex and Davis-Baffin Bay showed no apparent climate and
productivity hotspots, 42% and 20% of species-rich sites sit atop high summer chlorophyll-a waters, respectively.

Discussion

Our analyses revealed that changes in climate and species richness in the Arctic vary across different large marine
areas and highlight potential regions of climate and productivity hotspots, and areas of species accrual. In general,
changes are most pronounced across the major inflow and outflow shelves, and along continental slopes and
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Figure 4. Difference in species richness (low-high sea ice; left panel) and species community composition
(middle panels) under contrasting sea ice for (a) apex predators, (b) mesopredators, and (c) all species from
2000 to 2019. Right panels show the number of species exhibiting habitat range size changes between high and
low sea ice periods for each Arctic marine area. The maps were created using GMT 6.3.0 (https://docs.generic-
mapping-tools.org/6.3/gmt.html).

margins. The formation of potential emerging areas of species accrual across the different marine areas were
also shown to be variably driven by either climate, productivity, or both. Among all Arctic areas, species accrual
in the Kara-Laptev Sea coincided with both climate and productivity hotspots, suggesting high sensitivity to
climate and productivity changes over the last two decades. Indeed, this area has experienced one of the highest
warming rates and sea ice loss*’, along with enhanced primary productivity* in recent years. In contrast, other
Arctic marine areas including the Davis-Baffin Bay and Hudson Complex, showed no clear overlap between
species accrual, climate and productivity hotspots. However, small changes in summer sea temperature and sea
ice, along with sustained increases in chlorophyll-a concentration, potentially permitted the persistence of areas
of species accrual in these waters in the last 20 years. It is important to recognize, however, that our analysis only
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different CBMP areas between periods of high and low summer sea ice conditions from 2000 to 2019.

covers a subset of the boreal and Arctic marine community and may fail to capture the full extent and scale of
biodiversity changes among species guilds in different Arctic marine areas. As such, when we refer to changes in
species richness or identify hotspots (i.e., areas of species accrual), we implicitly refer only to those corresponding
to our study assemblages comprising the pool of species considered for each guild. Our current species pool for
mesopredators was primarily comprised of demersal fish and invertebrate species often sampled from bottom
trawl surveys and thus, constitutes taxa with the highest number of species records used in model building. The
inclusion of a larger species pool of apex and mesopredators in future modeling efforts could provide a more
robust representation of marine communities and improved estimates of ongoing biodiversity changes in dif-
ferent areas of the Arctic. For instance, incorporating boreal pelagic fish species in future analyses could capture
documented northward range expansions of highly migratory pelagic fish taxa such as Atlantic mackerel'*?!
and bluefin tuna® into the Arctic waters.

Our analyses of biodiversity between high and low sea ice years revealed prevalent Arctic-wide and regional
biodiversity responses under contrasting sea ice conditions. Our findings, along with other studies®'*, showed
sea ice loss facilitated an overall increase in biodiversity in northern Arctic waters, although some regions along
the southern limits have shown species declines. For instance, the southern Arctic marine areas such as the
Hudson Complex and Davis-Baffin exhibited species decreases in low sea ice, potentially from habitat range size
attrition of both apex (e.g., common murre, narwhal, and bowhead whale) and mesopredators (e.g., capelin,
Arctic char, and golden redfish). In the Hudson Complex, the quality, concentration, and duration of seasonal
sea ice impact the ecology of coastal and ice-associated biota as well as pelagic systems under the ice and at ice
edges®*. In this region, there is little export of particulate organic material out of the euphotic zone and most of
it remains in the water column, suggesting a pelagic-dominated food web in summer?®. This area, along with
Davis-Baffin Bay, provides habitat to many ice-associated and seasonally-migrant apex predators such as marine
mammals®***” and seabirds®. The significant loss of summer sea ice habitats in Arctic waters negatively impact
the distributions of top predators through increased energetic costs of long-distance migration**. Likewise, in
the Davis-Baffin Bay, distributions of apex predators were influenced by changes in lifespan, shape, and stability
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Figure 6. (a) Climate and productivity hotspots in Arctic marine areas defined as areas of overlap of two or
more large changes in summer (b) sea surface temperature (0.21 °C<SSST<0.76 °C), (c) sea ice concentration
(=2% = SSIC= —76%), (d) chlorophyll-a concentration (0.26 mg:-m~<SCHL<0.73 mg-m™), and (e)
zooplankton biomass (0.21 gm==<SZOOC<0.75 g-m™). Hatched areas in (a) correspond to areas of species
accrual (defined as areas with species gains > 1 species/decade) over the entire study period. The maps were
created using GMT 6.3.0 (https://docs.generic-mapping-tools.org/6.3/gmt.html).

of polynyas, which are important winter sea ice features providing rich foraging environments for many Artic
biota!**,

In contrast, in more northern regions (i.e., inflow shelves and the interior shelf and slope regions surround-
ing the Arctic basin) species increased under low sea ice conditions due to habitat expansions of mesopredators
within the shallow shelves and along the margins of the Chukchi Sea and narrow continental Beaufort shelf. This
was accompanied by newly available habitat of wide-ranging and highly-mobile apex predators farther away from
the coasts, past the continental shelf breaks. These findings are consistent with reported observations of marine
apex predators in these waters**2. Moreover, along the inflow shelves of Pacific and Atlantic Arctic, increases
in species richness, especially for mesopredators (fish and invertebrates) were in agreement with earlier studies
detailing northward expansion of species distributional ranges due to sea ice loss and warming®*>*. However,
poleward movements of mesopredators were more limited than those observed for apex predators, suggesting
lags in distributional responses between these communities. Potential increases in the primary productivity in
these regions in response to reduced stratification, warming, and sea ice loss®*>, are likely to support elevated
secondary production and facilitate the northward habitat range expansions especially for apex predators. Species
increases along continental slopes surrounding the Arctic basin are potentially driven by the enhanced gradients
of primary productivity and low trophic-level biomass in these areas*’. In the marginal ice zones, aggregations
of zooplankton along the ice edge habitat can further provide prey for highly mobile predators*®, potentially
explaining the richness patterns from model predicted species-specific distributions.

We acknowledge that species co-occurrence patterns identified from our analyses are subject to potential
approach-inherent caveats (e.g., scale dependence'® and signal regularities of species associations'®) that may
impede the detection of true ecological interactions'’. Nonetheless, our results provided insights into recent
changes in potential species associations that can be attributed to habitat overlap between taxa from different
marine communities during unprecedented periods of thermal and sea ice changes. For instance, significant
correlations between SR and positive co-occurrences between taxon pairs in the Beaufort, Arctic Archipelago,
and Kara-Laptev seas suggest increased species associations due to habitat range expansions and increased
overlaps. Increases in positively associated species over time potentially heighten competitions for space and
resources, especially among related taxa sharing similar functional morphology or feeding strategies*. For
instance, enhanced positive co-occurrences among fish taxa due to niche overlap increased prey-predator inter-
actions and interspecific and asymmetric competition®’. These also generate novel ecological interactions that
could have implications for community structure and functioning®-** It is also worth noting the significant
drop in species co-occurrences (positive and negative) in the Davis-Baffin Bay over time, implying the potential
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loss of existing species association and trophic mismatches®. Similarly, the concomitant increase in random co-
occurrences in this area suggests that most species associations are becoming less environmentally-constrained,
potentially due to increases in the environmental heterogeneity and influence of stochastic processes®**°. This
creates venues for further study on potential community assembly processes driving increases in random species
co-occurrences and will allow us to better understand their ecological implications.

Finally, our findings provided Arctic-wide perspectives on marine biodiversity patterns to regional impacts
of climate and productivity changes, tapping into large arrays of most recent open-source species and environ-
mental databases. This approach enabled us to incorporate augmented and updated species information into our
models to better resolve species distributions in difficult-to-survey waters of the Arctic Ocean. Recognizing the
high cost and logistic challenges of conducting sustained surveys in these waters, available species observations
in the Arctic remain limited in remote waters. The inclusion of these data when available can improve model
predictions and facilitate validation of model-derived species distributions. Nevertheless, our current model-
based analyses have reinforced documented biogeographical poleward species shifts in well-studied Arctic marine
areas (e.g. Northeastern Bering- Chukchi®** and Barents'®!! seas), potentially altering species associations and
creating hotspots (areas of species accrual) in recent decades. The variable geographical extents of habitat range
size accrual and loss across different communities also reflect their relative potential to respond to climate and
productivity changes and afford insights into species/guild-specific vulnerability. This information is becoming
all the more relevant in setting up targets for conservation, management, and sustainable use of Arctic resources,
as rates of climate change and its ecosystem impacts are increasingly amplified and anticipated to progress further
into the twenty-first century®.

Methods

Study area. Our analyses focused on the eight Arctic marine areas covered by the Circumpolar Biodiver-
sity Monitoring Program (CBMP; https://www.caff.is/monitoring). In the last few decades, these marine areas
(Fig. 1a) experienced large climatic changes characterized by pronounced increases in temperature, thinning
and loss of sea ice, with important consequences for the structure and function of biological communities and
pathways of biogeochemical processes®”*®. Each of these Arctic marine areas are governed by complex atmos-
pheric and oceanographic processes™, regulating aspects of biological productivity and ecosystem structures. In
particular, the highly dynamic current systems across the different basins regulate the transport and availability
of materials to marine ecosystems*.

Environmental data. We compiled available environmental data from satellite and biogeochemical model
outputs from 2000 to 2019 to focus our analyses on the changes over the most recent decades (Table S3). These
datasets also included various proxies for climate, bathymetry, and food availability. For sea surface temperature
and sea ice concentration, daily AVHRR-OI version 2 data from the NOAA high-resolution blended analysis®
were downloaded via file transfer protocol (ftp; ftp://eclipse.ncdc.noaa.gov/pub/OI-daily-v2; date accessed: 06
July 2021) and annual seasonal averages were computed. From the daily sea ice concentration data, we estimated
the distance to the summer sea ice edge computed as the shortest distance to the 15% sea ice contour thresh-
old using the ‘raadtools’ R package (https://rdrr.io/github/Australian AntarcticDivision/raadtools/). Bathymetric
variables were obtained from NCDC ETOPO1 Global Relief Model® for depth and NASA Ocean Color (https://
oceancolor.gsfc.nasa.gov/docs/distfromcoast/; date accessed: 18 August 2021) for distance to nearest coastline
data.

We also compiled outputs from the biogeochemical models for zooplankton, epipelagic micronekton, and
chlorophyll-a concentrations as well as salinity to elucidate the contributions of these parameters to species-spe-
cific distributions in the study area. The daily zooplankton and epinekton concentration data were sourced from
the Global ocean low and mid trophic levels biomass content hindcast (https://doi.org/10.48670/moi-00020)°
available and downloaded from the E.U. Copernicus Marine Environment Monitoring Service (CMEMS; date
accessed: 19 August 2021). These model outputs have been earlier used for understanding foraging behavior
and environmental drivers of large-scale movement of apex predators®**. The monthly chlorophyll-a data were
sourced from the Global ocean biogeochemistry hindcast (https://doi.org/10.48670/moi-00019) and downloaded
from the CMEMS website (date accessed: 19 August 2021). Monthly salinity data were sourced from the Global
Ocean Ensemble Physics Reanalysis (https://doi.org/10.48670/moi-00024; date accessed: 19 August 2021). Spatial
distributions of these environmental variables over sustained and gap-free spatial and temporal periods are often
unavailable from satellite and observational sources.

Species presence/pseudo-absence data for species distribution modeling. Annual occurrence
data for each species within the study area (- 180 to 180; 50-90 N), downloaded from the different databases,
were then merged into annual datasets and were checked for data quality. Unique entries based on the geo-
graphic coordinates were retained and occurrences at sea were used for subsequent analyses. To minimize spa-
tial sampling biases in the annually-compiled species-specific occurrences (e.g., Fig. S6), spatial data thinning
was conducted using the ‘thin.algorithm’ function of spThin (https://rdrr.io/cran/spThin/man/thin.html)* R
package. We obtained presence records using different spatial thresholds (25-km, 50-km, and 100-km; Figs. S7-
Figs. $9) and selected the 100-km grid size, as it better accounted for spatial autocorrelation and retained the
smallest number of samples in each cell relative to other thresholds (Fig. S9).

The species data were downloaded from online databases/repositories (OBIS, GBIF, and NOAA summer bot-
tom trawl surveys) for 69 marine taxa belonging to five different guilds (marine mammals, seabirds, fish, sharks,
and crustaceans; Table S4). For Ocean Biodiversity Information System, OBIS (‘robis’, https://rdrr.io/cran/robis/
man/robis.html; date accessed: 05 July 2021) and the Global Biodiversity Information Facility, GBIF (‘rgbif’,
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https://cran.r-project.org/web/packages/rgbif/index.html; date accessed: 11 August 2021), species records were
accessed using their respective R client’s application programming interfaces. The data from Alaska groundfish
bottom trawl surveys for the subset of species included in the analyses were downloaded online at https://www.
fisheries.noaa.gov/alaska/commercial-fishing/alaska-groundfish-bottom-trawl-survey-data (date accessed; 26
July 2021). All species were further grouped into two marine communities, either as apex (marine mammals,
seabirds and sharks) or mesopredators (fish and crustaceans) for biodiversity and species co-occurrence analyses.

Environmental parameters were then extracted for each geographical coordinates from the annual and spa-
tially-thinned species occurrence data and pooled together (2000-2019) to obtain the ranges that were used
for environmental profiling during the subsequent pseudo-absence selection. Pseudo-absence selection was
conducted by first placing a 100-km radius buffer around the annually-compiled presence points and then using
random sampling to select 10,000 pseudo-absences for each year, yielding pooled pseudo-absences equal to
10,000x the number of years with presence records. From these pseudo-absence datasets, 10,000 data points were
randomly selected for initial model runs®. This was done to select the most parsimonious set of environmental
variables important for predicting species-specific potential distributions. For the second round of pseudo-
absence selection for final species-specific distribution models, we employed an environmental profiling approach
implemented within the ‘mopa’ R package (https://github.com/SantanderMetGroup/mopa) to exclude pixels
within the occupied ranges of selected environmental factors and randomly selected 10,000 pseudo-absences
from pixels outside of variables’ ranges and the 100-km radius buffer around the presence points for each year®.

Construction of species distribution models. To select the final environmental variables for running
the species-specific models, we ran 10 models using different algorithms available and implemented within the
‘biomod2’ R package®” with all of the 18 compiled covariates to obtain the averaged variable importance for each
environmental factor. We selected the environmental parameters with variable importance greater than the aver-
age contribution across each species for the final model runs (Table S5; Fig. S10).

Based on the results of initial model simulations for variable selection, the final species-specific models were
developed based on an ensemble model approach of the biomod2 package®, using the species-specific presence/
pseudo-absence and environmental data over the 20-year period. A total of ten single algorithm models within
the biomod2 package were simulated and committee mean ensemble models for each species were computed
based on True Skill Statistic (TSS) thresholds (Table $6)**. The committee mean ensemble model represents the
average of binary predictions from selected single algorithm models. The predictive accuracy of ensemble models
for each species was further assessed using prevalence-dependent (kappa statistic and AUC) and independent
(TSS) metrics which showed high predictive accuracy overall (Table S7). Species-specific spatial distributions
were then generated and constrained to eight marine areas where the species were known to exist based on
expert knowledge (Table S4). This was done to minimize bias from over-prediction of species ranges prior to
implementing habitat range size calculation and biodiversity analyses.

Species distribution range size changes under contrasting sea ice conditions. To identify peri-
ods of low and high summer sea ice concentration (SSIC) at each of the eight CBMP marine areas, we computed
annual anomalies relative to the 30-year average in each region (1982-2011) (Fig. S11). As each Arctic area
highlighted different numbers of years of high and low sea ice periods, all respective years commonly classified
into high and low summer sea ice concentration were pooled together and served as the basis for regional analy-
ses of biodiversity patterns and potential species co-occurrences under contrasting summer sea ice conditions.

Annual species-specific predictions from the multi-model ensemble for high and low summer sea ice years
(Fig. S11) were averaged and transformed into binary predictions. These were then used to compute species-
specific habitat range size changes between high and low summer sea ice concentration in the last 20 years
(2000-2019). Species-specific habitat range size between high and low summer sea ice were then computed
using ‘BIOMOD_RangeSize’ function of the biomod2 R package®. This function computes the proportion and
relative frequency of pixels recording loss, gain, and stable habitats between two time slices. Using these outputs,
we then identified species that have shown habitat accrual (i.e., habitat gain > habitat loss) and reduction (i.e.,
habitat gain <habitat loss) between high and low summer sea ice.

Biodiversity metrics. From the model-derived species-specific distributions, we computed alpha and beta-
diversity metrics. Alpha-diversity (species richness, SR) is computed as the pixel-wise total number of species
in each year and sea ice periods. Using the annual species richness, we also mapped and examined the spatial
distributions of SR temporal trends over the last 20 years to identify areas that have accrued and lost species
over time. In particular, areas of increasing richness of at least one species/decade during the last 20 years, were
identified as potential emerging hotspots (areas of species accrual) due to climate-driven species redistribution.
Further, a temporal beta-diversity index that measures the dissimilarity of community species composition was
also computed using presence-absence data from model-derived binary maps of averaged species distributions
across all years of high and low sea ice. The metric was computed using the ‘beta.pair’ function of the betapart
R package®®, expressed in terms of the Sorensen dissimilarity index. This analysis was done to examine the dif-
ferences in the community species composition and its components (i.e., turnover and nestedness). Here, the
turn-over component of beta-diversity captures the change in species composition due to species replacement
while nestedness accounts for composition dissimilarity due to species loss without replacement®®.

Species co-occurrence. To examine region-wise numbers of potential species co-occurrences during the
20-year period and between high and low summer sea ice periods, we calculated significant co-occurrences
between species pairs at each CBMP area using the ‘cooccur’ function of the ‘cooccur-package’ in R®. This func-
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tion applies the probabilistic model of species co-occurrence’ to a species pool distributed among a set of
sampling sites (pixels) within each CBMP area to test for statistically significant pairwise patterns of species
co-occurrence. It calculates the observed and expected co-occurrence frequencies between each species pair.
It returns the probability that two species co-occur more or less frequently than expected if the two species
were distributed independently among sites. Potential species associations are further classified as positive (co-
occurring pairs), negative (never co-occurring pairs) or random (truly random species pairs).

Arctic climate and productivity hotspots. To identify areas of potential climate and productivity hot-
spots throughout the different Arctic marine areas, we calculated the pixel-wise Mann-Kendall trends” to iden-
tify areas with large climate and productivity changes derived from the 20-year annual anomalies of summer sea
surface temperature (SSST), sea ice concentration (SSIC), chlorophyll-a concentration (SCHL) and zooplankton
biomass (SZOOC). The approach was earlier implemented to identify marine climate refugia (areas with stable
climate over time)”>”® and pelagic habitat hotspots™. For this work, we used the method to detect climate and
productivity hotspots, defined as areas of overlap for cells recording large decreases in SSIC and large increases
in SSST, SCHL, and SZOOC over the 20-year period.

Data availability

Occurrence records for 69 marine species are publicly available through R clients for the Ocean Biodiversity
Information System (OBIS; ‘robis’, https://rdrr.io/cran/robis/man/robis.html) and Global Biodiversity Informa-
tion Facility (GBIF) application programming interfaces (rgbif’, https://cran.r-project.org/web/packages/rgbif/
index.html), and repository of National Oceanic and Atmospheric Administration (NOAA; https://www.fishe
ries.noaa.gov/alaska/commercial-fishing/alaska-groundfish-bottom-trawl-survey-data). Distance to the nearest
coast is available from the Ocean Color website of the National Aeronautics and Space Administration (NASA)
(https://oceancolor.gsfc.nasa.gov/docs/distfromcoast/). Daily data of sea ice and sea surface temperature were
also publicly available and downloaded from the NOAA Physical Sciences Laboratory (PSL; https://psl.noaa.gov/
data/gridded/data.noaa.oisst.v2.highres.html). The daily data of zooplankton and epinekton biomass, monthly
chlorophyll-a concentration and salinity from global biogeochemical models were downloaded via registered
file transfer protocol from Copernicus Marine Environment Monitoring Service (https://resources.marine.coper
nicus.eu/).

Received: 5 September 2022; Accepted: 3 March 2023
Published online: 11 March 2023

References
1. Randelhoff, A. et al. Pan-Arctic ocean primary production constrained by turbulent nitrate fluxes. Front. Mar. Sci. https://doi.org/
10.3389/fmars.2020.00150 (2020).
2. Wegner, C. et al. Variability in transport of terrigenous material on the shelves and the deep Arctic Ocean during the Holocene.
Polar Res. https://doi.org/10.3402/polar.v%v.24964 (2015).
3. Arrigo, K. R. & van Dijken, G. L. Continued increases in Arctic Ocean primary production. Prog. Oceanogr. 136, 60-70. https://
doi.org/10.1016/j.pocean.2015.05.002 (2015).
4. Lewis, K. M, van Dijken, G. L. & Arrigo, K. R. Changes in phytoplankton concentration now drive increased Arctic Ocean primary
production. Science 369, 198-202. https://doi.org/10.1126/science.aay8380 (2020).
5. Mueter, E J. et al. Possible future scenarios in the gateways to the Arctic for Subarctic and Arctic marine systems: II. Prey resources,
food webs, fish, and fisheries. ICES J. Mar. Sci. 78, 3017-3045. https://doi.org/10.1093/icesjms/fsab122 (2021).
6. Alabia, I. D. et al. Multiple facets of marine biodiversity in the Pacific Arctic under future climate. Sci. Total Environ. 744, 140913.
https://doi.org/10.1016/j.scitotenv.2020.140913 (2020).
7. CAFE. Arctic Biodiversity Assessment. Status and trends in Arctic biodiversity. (Conservation of Arctic Flora and Fauna, Akureyri,
Iceland, 2013).
8. Stafford, K. M., Farley, E. V., Ferguson, M., Kuletz, K. J. & Levine, R. Northward range expansion of subarctic upper trophic level
animals into the Pacific Arctic Region. Oceanography. 35, 158-166. https://doi.org/10.5670/0oceanog.2022.101 (2022).
9. Csapo, H. K., Grabowski, M. & Westawski, J. M. Coming home—Boreal ecosystem claims Atlantic sector of the Arctic. Sci. Total
Environ. 771, 144817. https://doi.org/10.1016/j.scitotenv.2020.144817 (2021).
10. Frainer, A. et al. Climate-driven changes in functional biogeography of Arctic marine fish communities. Proc. Natl. Acad. Sci. 114,
12202-12207. https://doi.org/10.1073/pnas.1706080114 (2017).
11. Gordé-Vilaseca, C., Stephenson, E, Coll, M., Lavin, C. & Costello, M. J. Three decades of increasing fish biodiversity across the
northeast Atlantic and the Arctic Ocean. Proc. Natl. Acad. Sci. 120, €2120869120. https://doi.org/10.1073/pnas.2120869120 (2023).
12. Kalenitchenko, D., Joli, N., Potvin, M., Tremblay, J. -E. & Lovejoy, C. Biodiversity and species change in the arctic ocean: A view
through the lens of nares strait. Front. Mar. Sci. https://doi.org/10.3389/fmars.2019.00479 (2019).
13. Michel, C. et al. Arctic Ocean outflow shelves in the changing Arctic: A review and perspectives. Prog. Oceanogr. 139, 66-88.
https://doi.org/10.1016/j.pocean.2015.08.007 (2015).
14. Ribeiro, S. et al. Vulnerability of the North Water ecosystem to climate change. Nat. Commun. 12, 4475. https://doi.org/10.1038/
s41467-021-24742-0 (2021).
15. Poisot, T, Stouffer, D. B. & Gravel, D. Beyond species: Why ecological interaction networks vary through space and time. Oikos
124, 243-251. https://doi.org/10.1111/0ik.01719 (2015).
16. Ratzke, C., Barrere, J. & Gore, J. Strength of species interactions determines biodiversity and stability in microbial communities.
Nat. Ecol. Evolut. 4, 376-383. https://doi.org/10.1038/s41559-020-1099-4 (2020).
17. Blanchet, E. G., Cazelles, K. & Gravel, D. Co-occurrence is not evidence of ecological interactions. Ecol. Lett. 23, 1050-1063. https://
doi.org/10.1111/ele.13525 (2020).
18. Michael, E. L. Marine ecology and the coefficient of association: A plea in behalf of quantitative biology. J. Ecol. 8, 54-59. https://
doi.org/10.2307/2255213 (1920).
19. Gotelli, N. J., Graves, G. R. & Rahbek, C. Macroecological signals of species interactions in the Danish avifauna. Proc. Natl. Acad.
Sci. 107, 5030-5035. https://doi.org/10.1073/pnas.0914089107 (2010).
20. Gotelli, N. J. & McCabe, D. J. Species co-occurrence: A meta-analysis of J. M. Diamond’s assembly rules model. Ecology 83,
2091-2096. https://doi.org/10.1890/0012-9658(2002)083[2091:SCOAMA]2.0.CO;2 (2002).

Scientific Reports |

(2023) 13:4076 | https://doi.org/10.1038/s41598-023-30943-y nature portfolio


https://rdrr.io/cran/robis/man/robis.html
https://cran.r-project.org/web/packages/rgbif/index.html
https://cran.r-project.org/web/packages/rgbif/index.html
https://www.fisheries.noaa.gov/alaska/commercial-fishing/alaska-groundfish-bottom-trawl-survey-data
https://www.fisheries.noaa.gov/alaska/commercial-fishing/alaska-groundfish-bottom-trawl-survey-data
https://oceancolor.gsfc.nasa.gov/docs/distfromcoast/
https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html
https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html
https://resources.marine.copernicus.eu/
https://resources.marine.copernicus.eu/
https://doi.org/10.3389/fmars.2020.00150
https://doi.org/10.3389/fmars.2020.00150
https://doi.org/10.3402/polar.v%v.24964
https://doi.org/10.1016/j.pocean.2015.05.002
https://doi.org/10.1016/j.pocean.2015.05.002
https://doi.org/10.1126/science.aay8380
https://doi.org/10.1093/icesjms/fsab122
https://doi.org/10.1016/j.scitotenv.2020.140913
https://doi.org/10.5670/oceanog.2022.101
https://doi.org/10.1016/j.scitotenv.2020.144817
https://doi.org/10.1073/pnas.1706080114
https://doi.org/10.1073/pnas.2120869120
https://doi.org/10.3389/fmars.2019.00479
https://doi.org/10.1016/j.pocean.2015.08.007
https://doi.org/10.1038/s41467-021-24742-0
https://doi.org/10.1038/s41467-021-24742-0
https://doi.org/10.1111/oik.01719
https://doi.org/10.1038/s41559-020-1099-4
https://doi.org/10.1111/ele.13525
https://doi.org/10.1111/ele.13525
https://doi.org/10.2307/2255213
https://doi.org/10.2307/2255213
https://doi.org/10.1073/pnas.0914089107
https://doi.org/10.1890/0012-9658(2002)083[2091:SCOAMA]2.0.CO;2

www.nature.com/scientificreports/

21.
22.

23.
24.
25.
26.

27.
28.

29.
. Bienhold, C. et al. Effects of sea ice retreat and ocean warming on the Laptev Sea continental slope ecosystem (1993 vs 2012). Front.

31.

32.
33.
34,
35.
36.
37.

38.

39.
40.
41.

42.

43.
44.
45.
46.
47.

48.
49.

50.
51.

52.
53.
54.
55.
56.
57.

58.

59.
60.

61.

Ulrich, W. Species co-occurrences and neutral models: Reassessing J. M. Diamond’s Assembly Rules. Oikos 107, 603-609 (2004).
Kraan, C., Thrush, S. F. & Dormann, C. E Co-occurrence patterns and the large-scale spatial structure of benthic communities in
seagrass meadows and bare sand. BMC Ecol. 20, 37. https://doi.org/10.1186/s12898-020-00308-4 (2020).

Tulloch, A. I. T., Chadés, I. & Lindenmayer, D. B. Species co-occurrence analysis predicts management outcomes for multiple
threats. Nat. Ecol. Evolut. 2, 465-474. https://doi.org/10.1038/s41559-017-0457-3 (2018).

Drinkwater, K. E et al. Possible future scenarios for two major Arctic Gateways connecting Subarctic and Arctic marine systems:
I. Climate and physical-chemical oceanography. ICES J. Mar. Sci. 78, 3046-3065. https://doi.org/10.1093/icesjms/fsab182 (2021).
Pilfold, N. W,, McCall, A., Derocher, A. E., Lunn, N. J. & Richardson, E. Migratory response of polar bears to sea ice loss: To swim
or not to swim. Ecography 40, 189-199. https://doi.org/10.1111/ecog.02109 (2017).

Chambault, P. et al. The impact of rising sea temperatures on an Arctic top predator, the narwhal. Sci. Rep. 10, 18678. https://doi.
0rg/10.1038/s41598-020-75658-6 (2020).

Perovich, D. et al. Arctic Report Card 2020: Sea Ice. https://doi.org/10.25923/n170-9h57 (2020).

Post, E. et al. Ecological dynamics across the arctic associated with recent climate change. Science 325, 1355-1358. https://doi.org/
10.1126/science.1173113 (2009).

Post, E. et al. Ecological consequences of sea-ice decline. Science 341, 519-524. https://doi.org/10.1126/science.1235225 (2013).

Mar. Sci. https://doi.org/10.3389/fmars.2022.1004959 (2022).

Olafsdottir, A. H. et al. 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 Res. Part II 159, 152-168. https://doi.
0rg/10.1016/j.dsr2.2018.05.023 (2019).

MacKenzie, B. R., Payne, M. R., Boje, J., Hoyer, J. L. & Siegstad, H. A cascade of warming impacts brings bluefin tuna to Greenland
waters. Glob. Change Biol. 20, 2484-2491. https://doi.org/10.1111/gcb.12597 (2014).

Alabia, I. D. et al. Distribution shifts of marine taxa in the Pacific Arctic under contemporary climate changes. Divers. Distrib. 24,
1583-1597. https://doi.org/10.1111/ddi.12788 (2018).

Stewart, D. B. & Barber, D. G. in A Little Less Arctic: Top Predators in the World’s Largest Northern Inland Sea, Hudson Bay (eds
Steven H. Ferguson, Lisa L. Loseto, & Mark L. Mallory) 1-38 (Springer Netherlands, 2010).

Ferland, J., Gosselin, M. & Starr, M. Environmental control of summer primary production in the Hudson Bay system: The role
of stratification. J. Mar. Syst. 88, 385-400. https://doi.org/10.1016/j.jmarsys.2011.03.015 (2011).

Peacock, E., Derocher, A. E,, Lunn, N. J. & Obbard, M. E. in A Little Less Arctic: Top Predators in the World’s Largest Northern Inland
Sea, Hudson Bay (eds Steven H. Ferguson, Lisa L. Loseto, & Mark L. Mallory) 93-116 (Springer Netherlands, 2010).
Chambellant, M. in A Little Less Arctic: Top Predators in the World’s Largest Northern Inland Sea, Hudson Bay (eds Steven H.
Ferguson, Lisa L. Loseto, & Mark L. Mallory) 137-158 (Springer Netherlands, 2010).

Mallory, M. L., Gaston, A. J., Gilchrist, H. G., Robertson, G. J. & Braune, B. M. in A Little Less Arctic: Top Predators in the World’s
Largest Northern Inland Sea, Hudson Bay (eds Steven H. Ferguson, Lisa L. Loseto, & Mark L. Mallory) 179-195 (Springer Neth-
erlands, 2010).

Lone, K., Hamilton, C. D., Aars, J., Lydersen, C. & Kovacs, K. M. Summer habitat selection by ringed seals (Pusa hispida) in the
drifting sea ice of the northern Barents Sea. Polar Res. https://doi.org/10.33265/polar.v38.3483 (2019).

Jackson, R. et al. Holocene polynya dynamics and their interaction with oceanic heat transport in northernmost Baffin Bay. Sci.
Rep. 11, 10095. https://doi.org/10.1038/s41598-021-88517-9 (2021).

Stafford, K. M. et al. Beluga whales in the western Beaufort Sea: Current state of knowledge on timing, distribution, habitat use
and environmental drivers. Deep Sea Res. Part II 152, 182-194. https://doi.org/10.1016/j.dsr2.2016.11.017 (2018).

Kuletz, K. J. et al. Seasonal spatial patterns in seabird and marine mammal distribution in the eastern Chukchi and western Beaufort
seas: Identifying biologically important pelagic areas. Prog. Oceanogr. 136, 175-200. https://doi.org/10.1016/j.pocean.2015.05.012
(2015).

Polyakov, L. V. et al. Borealization of the Arctic Ocean in response to anomalous advection from sub-arctic seas. Front. Mar. Sci.
https://doi.org/10.3389/fmars.2020.00491 (2020).

Fossheim, M. et al. Recent warming leads to a rapid borealization of fish communities in the Arctic. Nat. Clim. Change 5, 673-677.
https://doi.org/10.1038/nclimate2647 (2015).

Ardyna, M. et al. Recent Arctic Ocean sea ice loss triggers novel fall phytoplankton blooms. Geophys. Res. Lett. 41, 6207-6212.
https://doi.org/10.1002/2014GL061047 (2014).

Randelhoff, A. & Sundfjord, A. Short commentary on marine productivity at Arctic shelf breaks: Upwelling, advection and vertical
mixing. Ocean Sci. 14, 293-300. https://doi.org/10.5194/0s-14-293-2018 (2018).

Bluhm, B. A. et al. The Pan-Arctic continental slope: sharp gradients of physical processes affect pelagic and benthic ecosystems.
Front. Mar. Sci. https://doi.org/10.3389/fmars.2020.544386 (2020).

Daase, M., Berge, J., Soreide, J. E. & Falk-Petersen, S. in Arctic Ecology (ed David N. Thomas) Ch. 9, 219-259 (Wiley, 2021).
McGill, B. ., Enquist, B. J., Weiher, E. & Westoby, M. Rebuilding community ecology from functional traits. Trends Ecol. Evol. 21,
178-185. https://doi.org/10.1016/j.tree.2006.02.002 (2006).

Young, K. A. Asymmetric competition, habitat selection, and niche overlap in Juvenile Salmonids. Ecology 85, 134-149 (2004).
Aguilera, M. A., Valdivia, N., Broitman, B. R., Jenkins, S. R. & Navarrete, S. A. Novel co-occurrence of functionally redundant
consumers induced by range expansion alters community structure. Ecology 101, e03150. https://doi.org/10.1002/ecy.3150 (2020).
Usinowicz, J. & Levine, J. M. Species persistence under climate change: A geographical scale coexistence problem. Ecol. Lett. 21,
1589-1603. https://doi.org/10.1111/ele.13108 (2018).

Durant, J. M. et al. Contrasting effects of rising temperatures on trophic interactions in marine ecosystems. Sci. Rep. 9, 15213.
https://doi.org/10.1038/541598-019-51607-w (2019).

Garcia-Baquero, G. & Crujeiras, R. M. Can environmental constraints determine random patterns of plant species co-occurrence?.
Ecol. Evol. 5,1088-1099. https://doi.org/10.1002/ece3.1349 (2015).

Bar-Massada, A. Complex relationships between species niches and environmental heterogeneity affect species co-occurrence
patterns in modelled and real communities. Proc. R. Soc. B Biol. Sci. 282, 20150927. https://doi.org/10.1098/rspb.2015.0927 (2015).
Overland, J. E., Wang, M., Walsh, J. E. & Stroeve, J. C. Future Arctic climate changes: Adaptation and mitigation time scales. Earth’s
Future 2, 68-74. https://doi.org/10.1002/2013EF000162 (2014).

Hirawake, T. et al. Response and biodiversity of Arctic ecosystems to environmental change: Findings from the ArCS project. Polar
Sci. https://doi.org/10.1016/j.polar.2020.100533 (2020).

Solan, M., Archambault, P, Renaud, P. E. & Mirz, C. The changing Arctic Ocean: Consequences for biological communities,
biogeochemical processes and ecosystem functioning. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 378, 20200266. https://doi.
0rg/10.1098/rsta.2020.0266 (2020).

Timmermans, M.-L. & Marshall, J. Understanding Arctic Ocean circulation: A review of ocean dynamics in a changing climate.
J. Geophys. Res. Oceans. 125, €2018]C014378. https://doi.org/10.1029/2018]C014378 (2020).

Reynolds, R. W. et al. Daily high-resolution-blended analyses for sea surface temperature. J. Clim. 20, 5473-5496. https://doi.org/
10.1175/2007JCLI1824.1 (2007).

Amante, C. & Eakins, B. W. ETOPO1 1 Arc-Minute Global Relief Model: Procedures, Data Sources and Analysis. NOAA Technical
Memorandum NESDIS NGDC-24. National Geophysical Data Center, NOAA. https://doi.org/10.7289/V5C8276M (2009).

Scientific Reports |

(2023) 13:4076 | https://doi.org/10.1038/s41598-023-30943-y nature portfolio


https://doi.org/10.1186/s12898-020-00308-4
https://doi.org/10.1038/s41559-017-0457-3
https://doi.org/10.1093/icesjms/fsab182
https://doi.org/10.1111/ecog.02109
https://doi.org/10.1038/s41598-020-75658-6
https://doi.org/10.1038/s41598-020-75658-6
https://doi.org/10.25923/n170-9h57
https://doi.org/10.1126/science.1173113
https://doi.org/10.1126/science.1173113
https://doi.org/10.1126/science.1235225
https://doi.org/10.3389/fmars.2022.1004959
https://doi.org/10.1016/j.dsr2.2018.05.023
https://doi.org/10.1016/j.dsr2.2018.05.023
https://doi.org/10.1111/gcb.12597
https://doi.org/10.1111/ddi.12788
https://doi.org/10.1016/j.jmarsys.2011.03.015
https://doi.org/10.33265/polar.v38.3483
https://doi.org/10.1038/s41598-021-88517-9
https://doi.org/10.1016/j.dsr2.2016.11.017
https://doi.org/10.1016/j.pocean.2015.05.012
https://doi.org/10.3389/fmars.2020.00491
https://doi.org/10.1038/nclimate2647
https://doi.org/10.1002/2014GL061047
https://doi.org/10.5194/os-14-293-2018
https://doi.org/10.3389/fmars.2020.544386
https://doi.org/10.1016/j.tree.2006.02.002
https://doi.org/10.1002/ecy.3150
https://doi.org/10.1111/ele.13108
https://doi.org/10.1038/s41598-019-51607-w
https://doi.org/10.1002/ece3.1349
https://doi.org/10.1098/rspb.2015.0927
https://doi.org/10.1002/2013EF000162
https://doi.org/10.1016/j.polar.2020.100533
https://doi.org/10.1098/rsta.2020.0266
https://doi.org/10.1098/rsta.2020.0266
https://doi.org/10.1029/2018JC014378
https://doi.org/10.1175/2007JCLI1824.1
https://doi.org/10.1175/2007JCLI1824.1
https://doi.org/10.7289/V5C8276M

www.nature.com/scientificreports/

62. Lehodey, P, Murtugudde, R. & Senina, I. Bridging the gap from ocean models to population dynamics of large marine predators:
A model of mid-trophic functional groups. Prog. Oceanogr. 84, 69-84. https://doi.org/10.1016/j.pocean.2009.09.008 (2010).

63. Green, D. B. et al. Modelled mid-trophic pelagic prey fields improve understanding of marine predator foraging behaviour. Ecog-
raphy 43, 1014-1026. https://doi.org/10.1111/ec0g.04939 (2020).

64. Pérez-Jorge, S. et al. Environmental drivers of large-scale movements of baleen whales in the mid-North Atlantic Ocean. Divers.
Distrib. 26, 683-698. https://doi.org/10.1111/ddi.13038 (2020).

65. Aiello-Lammens, M. E., Boria, R. A., Radosavljevic, A., Vilela, B. & Anderson, R. P. spThin: An R package for spatial thinning of
species occurrence records for use in ecological niche models. Ecography 38, 541-545. https://doi.org/10.1111/ecog.01132 (2015).

66. Barbet-Massin, M., Jiguet, E, Albert, C. H. & Thuiller, W. Selecting pseudo-absences for species distribution models: How, where
and how many?. Methods Ecol. Evol. 3, 327-338. https://doi.org/10.1111/j.2041-210X.2011.00172.x (2012).

67. Thuiller, W,, Georges D., Gueguen, M., Engler, R., & Breiner, E biomod2: Ensemble Platform for species Distribution Modeling.
R package version 3.5.1. http://CRAN.R-project.org/package=biomod2 (2021). Accessed on 15 January 2022.

68. Baselga, A. & Orme, C. D. L. betapart: An R package for the study of beta diversity. Methods Ecol. Evol. 3, 808-812. https://doi.
org/10.1111/j.2041-210X.2012.00224.x (2012).

69. Griffith, D. M., Veech, J. A. & Marsh, C. J. cooccur: Probabilistic species co-occurrence analysis in R. J. Stat. Softw. Code Snippets
69, 1-17. https://doi.org/10.18637/jss.v069.c02 (2016).

70. Veech, J. A. A probabilistic model for analysing species co-occurrence. Glob. Ecol. Biogeogr. 22, 252-260. https://doi.org/10.1111/j.
1466-8238.2012.00789.x (2013).

71. Abdi, A. M. et al. First assessment of the plant phenology index (PPI) for estimating gross primary productivity in African semi-
arid ecosystems. Int. J. Appl. Earth Obs. Geoinf. 78, 249-260. https://doi.org/10.1016/j.jag.2019.01.018 (2019).

72. Ban,S.S., Alidina, H. M., Okey, T. A., Gregg, R. M. & Ban, N. C. Identifying potential marine climate change Refugia: A case study
in Canada’s Pacific marine ecosystems. Glob. Ecol. Conserv. 8, 41-54. https://doi.org/10.1016/j.gecco.2016.07.004 (2016).

73. Alabia, I. D. et al. Marine biodiversity Refugia in a climate-sensitive subarctic shelf. Glob. Change Biol. 27, 3299-3311. https://doi.
org/10.1111/gcb.15632 (2021).

74. Alabia, I. D., Saitoh, S.-I., Igarashi, H., Ishikawa, Y. & Imamura, Y. Spatial habitat shifts of oceanic cephalopod (Ommastrephes
bartramii) in oscillating climate. Remote Sensing. https://doi.org/10.3390/rs12030521 (2020).

Acknowledgements
This work is supported by the Japan’s national program on Arctic research, Arctic Challenge for Sustainability
II (ArCS II) (Program Grant Number JPMXD1420318865), funded by Japan’s Ministry of Education, Culture,
Sports, Science and Technology (MEXT). JGM acknowledges support from the Japanese Science and Technol-
ogy Agency (JST SICORP Grant Number JPMJSC20E5). The authors thank the different agencies that provided
the data used for analyses.

Author contributions

I.D.A. and J.G.M. conceptualized the ideas for this study. I.D.A. performed the analyses and wrote the first draft
of the manuscript. All authors contributed to the discussion and provided comments and edits on the earlier
versions of the paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-30943-y.

Correspondence and requests for materials should be addressed to I.D.A.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
BY

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023, corrected publication 2023

Scientific Reports |

(2023) 13:4076 | https://doi.org/10.1038/s41598-023-30943-y nature portfolio


https://doi.org/10.1016/j.pocean.2009.09.008
https://doi.org/10.1111/ecog.04939
https://doi.org/10.1111/ddi.13038
https://doi.org/10.1111/ecog.01132
https://doi.org/10.1111/j.2041-210X.2011.00172.x
http://CRAN.R-project.org/package=biomod2
https://doi.org/10.1111/j.2041-210X.2012.00224.x
https://doi.org/10.1111/j.2041-210X.2012.00224.x
https://doi.org/10.18637/jss.v069.c02
https://doi.org/10.1111/j.1466-8238.2012.00789.x
https://doi.org/10.1111/j.1466-8238.2012.00789.x
https://doi.org/10.1016/j.jag.2019.01.018
https://doi.org/10.1016/j.gecco.2016.07.004
https://doi.org/10.1111/gcb.15632
https://doi.org/10.1111/gcb.15632
https://doi.org/10.3390/rs12030521
https://doi.org/10.1038/s41598-023-30943-y
https://doi.org/10.1038/s41598-023-30943-y
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Pan-Arctic marine biodiversity and species co-occurrence patterns under recent climate
	Results
	Marine community responses during the recent decades (2000–2019). 
	Spatial patterns and temporal trends of species richness. 
	Temporal trends of species co-occurrence. 

	Marine community responses under contrasting sea ice conditions. 
	Species richness and composition. 
	Species co-occurrence. 

	Climate and productivity hotspots and areas of species accrual. 

	Discussion
	Methods
	Study area. 
	Environmental data. 
	Species presencepseudo-absence data for species distribution modeling. 
	Construction of species distribution models. 
	Species distribution range size changes under contrasting sea ice conditions. 
	Biodiversity metrics. 
	Species co-occurrence. 
	Arctic climate and productivity hotspots. 

	References
	Acknowledgements


