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Abstract

The subarctic shelf of the Eastern Bering Sea (EBS) is one of the world’s most productive
marine environments, exposed to drastic climate changes characterized by extreme fluctuations
in temperature, sea ice concentration, timing, and duration. These climatic changes elicit
profound responses in species distribution, abundance, and community composition. Here, we
examined patterns of alpha- and temporal beta-diversity of 159 marine taxa (66 vertebrates and
93 invertebrate species) from 29 years (1990-2018) of species observations from the NOAA
bottom trawl surveys in the EBS. Based on these data, we identified geographically distinct
refugial zones in the northern and southern regions of the middle shelf, defined by high species
richness and similarity in the community species composition over time. These refugial zones
harbor higher frequencies of occurrence for representative taxa relative to the regions outside
of refugia. We also explored the primary environmental factors structuring marine biodiversity
distributions, which underpinned the importance of the winter sea ice concentration to alpha-
and temporal beta-diversity. The spatial biodiversity distributions between high and low winter
sea ice regimes highlighted contrasting signals. In particular, the latter showed elevated species
richness compare to the former. Further, the temporal beta-diversity between the high and low
winter sea ice periods underpinned an overall increase in the compositional similarity of marine
communities in the EBS. Despite these spatio-temporal differences in biodiversity distributions,
the identified refugia are safe havens of marine biodiversity in the EBS, and distinguishing
these areas can help facilitate conservation and management efforts under accelerated and on-

going climatic changes.

Key words: Eastern Bering Sea, alpha diversity, biodiversity refugia, temporal beta-diversity,

sea ice, Pacific Arctic region
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1. Introduction

Marine biological diversity encompasses all levels of complexity of life in the ocean,
assumes multiple ecosystem functions, and provides a plethora of valuable ecosystem services
(Sala and Knowlton, 2006; Cavanagh et al., 2016; Barbier, 2017). Understanding the temporal
trends, spatial patterns, and forces structuring biodiversity are critical to bolstering
conservation and resource management efforts under multiple climatic and ecological
disturbances (Sala and Knowlton, 2006; Tittensor et al., 2010; Selig et al., 2014). In particular,
climate-driven changes in the abiotic environment combined with pervasive anthropogenic
threats have caused unprecedented impacts on global marine biodiversity, as manifested
through population declines, species extirpation, and community shifts (Sala and Knowlton,
2006; Genner et al., 2010; Sydeman et al., 2015; Malhi et al., 2020).

The importance of conservation strategies and climate adaptation tools in reducing
biodiversity losses along with their ecological and societal impacts is widely recognized. One
of the increasingly proposed conservation approaches involves identification and protection of
climate change refugia, which target regions that are resistant to on-going climatic changes
relative to the surrounding environment (Keppel et al., 2012; Morelli et al., 2016). The concept
of refugia was earlier introduced to explain species distributional patterns within the context of
past climatic changes and characterized as locations where taxa may move to and persist during
large-scale and long-term climatic changes (Keppel et al., 2012; Keppel et al., 2015). Hence,
refugia provide a suite of spatio-temporal abiotic environments favorable for a given species
and are especially crucial when the surrounding environmental conditions become inhospitable
(Ashcroft, 2010; Stewart et al., 2010; Morelli et al., 2017). The identification of refugia over
shorter, ecological time scales is being pursued within the perspective of biodiversity
adaptation to recent anthropogenic climate changes (Morelli et al., 2017; Morelli et al., 2020).

Within this context, climate change refugia are defined as habitats relatively buffered from the
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contemporary climate change that permit the persistence of valuable physical, ecological, and
socio-cultural resources (Morelli et al., 2016).

Multiple techniques to identify refugia have been explored and developed, often limited
by the availability of climate and resource data. While most of these methods were
predominantly applied to terrestrial and freshwater systems (Ashcroft et al., 2012; Isaak et al.,
2016; Baumgartner et al., 2018), their use has been increasingly expanded to marine
ecosystems. Earlier attempts to identify marine refugia were primarily focused on tropical coral
reefs (Ban et al., 2012; Hooidonk et al., 2013). More recently, climate change refugia studies
have progressed to accommodate broader ecological components of marine ecosystems. In
particular, climate change refugia in both pelagic and shelf ecosystems have been identified
based on the persistence of high genetic diversity (Provan, 2013; Assis et al., 2016), the
resilience of diverse seascapes to environmental and climatic changes (Ban et al., 2016), and
the occurrence of topographic features (Pinheiro et al., 2017; Kapsenberg and Cyronak, 2019)
and oceanographic phenomena (Lourenco et al., 2016; Storlazzi et al., 2020). Another novel
approach to identifying marine climate change refugia was through the use of in-situ species
community observations in areas where long-term and consistent spatial biodiversity
monitoring has been in place (Barcel6 et al., 2018). In this case, potential refugial zones are
exemplified by regions that maintained high species richness and minimal change in the species
composition over time. Invoking a multi-species community perspective to identifying refugia
can further complement the limitation and trade-off of ecological niche models and taxon-
specific approaches (Planque, 2016; Hollowed et al., 2000) for management applications and
detecting potential locations of climate-resistant species communities (Barcel¢ et al., 2018).

Here, we implemented a biodiversity-based approach (Barcel6 et al., 2018) for
identifying biodiversity refugial zones in the EBS, which is among the most productive yet

climatically-sensitive shelf ecosystems in the world (Overland and Stabeno, 2004). While
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climate change refugia often represent biodiversity safe havens in the conservation planning
literature (Keppel et al., 2012; Keppel et al., 2015), actual validation of whether these are
indeed accrual areas for biodiversity is often overlooked (Barrows et al., 2020). Hence, we also
compared biodiversity refugia to climatically stable areas (Ban et al., 2016) in the EBS shelf
and examined their spatial correspondence, providing a potential independent validation of
climate change refugia in this region (Barrows et al., 2020). We further examined the spatial
and temporal patterns of alpha and beta diversity in the Eastern Bering Sea (EBS) in relation
to environmental drivers between 1990 and 2018, a period characterized by large fluctuations
in thermal and sea ice conditions. Over the past decades, the EBS has experienced pronounced
environmental and climatic changes that elicited community-wide biological responses (Eisner
et al., 2014; Duffy-Anderson et al., 2017; Stabeno et al., 2017). Thus, the primary objectives
of this work are (1) to identify biodiversity refugial zones for marine species communities on
the EBS shelf under contemporary climate changes; and (2) to examine recent spatio-temporal

patterns of marine biodiversity and associated environmental drivers.

2. Methods

2.1 Study area

The study area is the Eastern Bering Sea shelf, situated in the Pacific sector of the Arctic (Fig.
S1, inset map). This shallow continental shelf is one of the most fishery-productive and well-
monitored marine areas in the world. The EBS is a wide (>500 km) continental shelf system,
topographically classified by persistent fronts into the inner (<50 m water depth), middle (50—
100 m), and outer (100-200 m) domains (Coachman, 1986). Each individual domain has its
own unique hydrography, circulation, and species assemblages and food webs (Springer et al.,
1996; Danielson et al., 2011; Hunt et al., 2011). The region further exhibits extremely high
sensitivity and exposure to environmental and climatic changes (Stabeno et al., 2017; Stabeno

and Bell, 2019). Particularly, the unprecedented warming and loss of seasonal sea ice cover on
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the shelf over the recent decades have triggered pronounced impacts on productivity (Eisner et
al., 2016; Duffy-Anderson et al., 2017) and on species abundances and distributions (Alabia et

al., 2018; Stevenson and Lauth, 2019; Hirawake and Hunt, 2020).

2.2 Marine fish and invertebrate data

The biological data were sourced from the NOAA annual bottom trawl surveys between
1990 and 2018. While bottom trawl surveys were conducted from 1982, we started our analyses
from 1990 to minimize the uncertainty from species identification in earlier years (Stevenson
and Hoff, 2009). Summer (late May-August) bottom trawl surveys were annually conducted
and covered up to 376 standard stations (Table S1) distributed across the sampling strata (Fig.
S1) (Stauffer, 2004). Standard-density sampling strata have fixed stations in the center of the
20 x 20 nmi (37.04 x 37.04 km) cells while high-density strata encompass additional sites at
the corners of the 20 x 20 nmi grids around the Pribilof and St. Matthew islands (Stauffer,
2004). Only commonly sampled taxa, defined as those recorded at one or more stations for at
least 20 of the 29 years comprising the study period, were included in the biodiversity analyses
(Table S2). This was done to minimize the potential bias from the inclusion of rare species in
the calculation of diversity measures. This resulted in a total of 159 taxa comprising 66 largely
demersal fish and 93 benthic invertebrate taxa belonging to three major taxonomic groups (Fig.
S2). We included several typically pelagic species (Table S2, e.g. Pacific herring, capelin, and
chum salmon) that were regularly caught in the bottom trawl. Invertebrates belonging to less

represented phyla (n = 10) were combined into an ‘others’ group.

2.3 Alpha and beta-diversity metrics

Annual site-specific biodiversity metrics were calculated using species matrices based on
presence-absence data derived from the raw species abundances (i.e., species presence records
corresponding to abundances greater than zero). We used presence-absence species data over

abundance-based species richness to reduce the confounding effect of density on compositional
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similarity due to potential differences in sampling sizes (Jost et al., 2010). The annual alpha
(o) diversity was then computed as the total number of species present at each survey site (i.e.,
species richness). Temporal beta-diversity was computed based on the Sorensen dissimilarity
index computed between consecutive years at each site. For consecutive years with unsurveyed
stations, temporal beta-diversity metrics were also set to missing values to ensure consistent
analysis throughout the study period and avoid potential interpretation bias. We also utilized
the Sorensen index for our analysis as it weighs matches in species composition between site
pairs more heavily than mismatches thus, is more suitable for evaluating similarity in species-
rich communities where some taxa could be absent in a given sample (Krebs, 2014). These
year-to-year changes in community composition were calculated to capture the documented
species and community—wide responses to inter-annual fluctuations of seasonal processes in
the EBS (Baker and Hollowed, 2014; Ortiz et al., 2016). These include environmental (e.g.
extent and retreat of sea ice) and biological processes (e.g. population dynamics, species
growth, and recruitment). All biodiversity metrics were calculated using the ‘betapart’ package

(version 1.5.1) (Baselga and Orme, 2012) in the R open source software (version 4.0.3).

2.4 ldentifying biodiversity refugia for the marine fish and invertebrate community

Biodiversity refugia on the EBS shelf were identified as areas harboring high species richness
and experiencing low compositional changes across the 29-year period (Barcel6 et al., 2018).
Annual species richness data between 1990 and 2018 were averaged and standardized to range
from 0 to 1. The compositional similarity was also computed as the inverse of the Sorensen
index averaged over the period from 1991-2018. The refugia index was then computed as the
product of the normalized alpha-diversity and compositional similarity measures (Barcel6 et
al., 2018). The refugia index threshold for the identification of refugial zones was arbitrarily
set to 0.31, representing the 90% quantile of the computed metric and the maximum cut-off

value delineating the gradient between pixels of high and moderate refugia index.



166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

2.5 Local environmental data

We compiled a preliminary pool of 14 environmental factors to explore their effects on marine
biodiversity facets in the EBS (Table S3). The datasets comprised in-situ observations of
bottom depth and bottom and surface temperatures collected during the bottom trawl surveys,
spatially-interpolated at 25 x 25 km spatial resolution using a nearest-neighbor gridding
algorithm implemented within the GMT software (Wessel et al., 2013). From the interpolated
in-situ data, annual spatial gradients of summer temperatures were then calculated using a 9-
pixel kernel neighbourhood with diagonal weighting (Burrows et al., 2011). The remaining
parameters were derived from satellite-based measurements of distance to the nearest coast
(https://oceancolor.gsfc.nasa.gov/docs/distfromcoast/, date accessed: 31 May 2018) at 0.04°
spatial resolution, seasonal averages of sea surface temperature (SST) and sea ice concentration
(SIC) from the daily NOAA Ol SST V2 High Resolution dataset
(https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html, date accessed: 18 June
2018) at 25 x 25 km spatial resolution. The maximum, minimum, and average summer (May-
August) and winter (January-April) SST were calculated. For SIC data, we also computed for
winter average and pixel-wise persistence of sea ice cover, defined as the number of days where
a grid has a SIC value greater than 15% between February and September. Each environmental
parameter was averaged over similar consecutive years during which, the annual temporal beta-
diversity was computed. The fluctuations in seasonal sea ice dynamics and thermal conditions
in the EBS regulated recent trophic and biogeographic shifts (Mueter and Litzow, 2008; Alabia
et al., 2018). Finally, strongly correlated environmental variables (r > 0.5; Fig. S3) were

discarded to prevent problems with model identifiability (Tittensor et al., 2010).

2.6 Identifying climatically stable areas

We also identified climatically stable regions (sensu Ban et al., 2016) on the EBS shelf based

on sea ice concentration and seasonal (winter and summer) sea surface temperatures from
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1990-2018. For each environmental variable, we computed pixel-wise anomalies from the
corresponding 29-year average and performed a Mann—Kendall monotonic trend analysis
(Abdi et al., 2019) (Fig. S4a-c). The results were then classified into equal quintiles to
categorize the magnitude of climatic changes (large decrease, small decrease, largely
unchanged, small increase, large increase) and identify areas of stability for each parameter
(Ban et al., 2016) (Fig. S4d-e). Parameter-specific stable areas were selected as pixels in the
middle quintile (largely unchanged/neutral pixels) and climatically stable regions were mapped

as areas of overlapping stable conditions across the three environmental variables.

2.7 Environmental correlates with marine biodiversity
To examine the relationships between environmental parameters and alpha and beta-diversity
in the EBS, we developed generalized additive mixed models (GAMMSs) using environmental

factors (n = 6) according to the following equation:

nie = yr +s(x;,y;) + Z gi(EVE) + &

where nit is the observed response variable (either o- or temporal B-diversity) at station i
sampled in year t, yr is a year-specific intercept, x; and y; are the longitude and latitude of
station i, s is a two-dimensional thin-plate regression spline, gk is a one-dimensional thin-plate
regression spline fit to environmental variable EV measured at station i in year t, and it is a
residual error that is assumed to have a Gaussian spatial autocorrelation structure to allow for
year-specific random variations in the spatial patterns (Wood, 2006).

For each biodiversity metric, three models were constructed using different correlation
structures (i.e. Gaussian, exponential, and spherical) to account for within-year variability in
spatial patterns of the observed response variable among years. The best model was selected
as the one with the highest proportion of deviance explained based on the adjusted coefficient

of determination (Adj R?) and lowest Akaike Information Criterion (AIC) (Table S4). Using
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the best model, we then examined the significant partial effects of each environmental factor
as well as spatial and temporal covariates (Fig. S5) to alpha and beta-biodiversity.

2.8 Marine biodiversity under contrasting winter sea ice regimes

We examined the spatial and temporal patterns of alpha diversity averaged across periods
characterized by differences in mean winter sea ice concentration (wsic), as determined by the
regime shift detection tool (Rodionov, 2006). The regime shift index was calculated using a
10-year cut-off regime length at a significance level of 0.05 to capture the decadal-scale climate
variability in the EBS. Based on this analysis, our study duration constituted periods of high
(hwsic: 1990-1999; 2008-2013) and low (lwsic: 2000-2007; 2014-2018) winter sea ice
conditions in the EBS (Fig. S6).

Finally, we quantified species turnover and nestedness (Baselga, 2013) and identified
indicator species (Caceres and Legendre, 2009) for low-ice (13 years) and high-ice (16 years)
regimes based on observed species abundances. Using station-specific species abundances by
weight averaged across years within each of the wsic regimes, we computed the abundance-
based temporal beta-diversity between hwsic and lwsic regimes based on the Bray-Curtis index
(Baselga and Orme, 2012). The dissimilarity metric was partitioned into two components that
account for balanced variation in abundance (turnover), whereby the abundance of some taxa
in one site is replaced by an equal abundance of different species in another site; and
unidirectional abundance gradients (nestedness), whereby the abundance of some species
decreases from one site to the other (Baselga, 2013). Further, to quantify the relative species-
specific contributions to the overall dissimilarity we conducted a similarity percentage analysis
using the ‘simper’ function in the vegan package (version 2.5-6) in R (Oksanen et al., 2019).
This function implements a pair-wise comparison of groups and computes the average
contribution of each taxon to the compositional dissimilarity between two regimes. To identify

indicator species associated with each regime we quantified regime affinity using a multi-level
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pattern analysis based on the point biserial correlation index using the ‘multipatt’ function of
the indicspecies (version 1.7.7) R package (Caceres and Legendre, 2009). The index evaluates
the association between species and environmental conditions across the sampling sites based
on the site-group combination with the highest difference between the species observed and

expected abundance (De Céceres et al., 2010).

3. Results

3.1 Temporal trends in marine biodiversity

Average local alpha and beta-diversity respectively increased (4 species richness/decade, p <
0.001) and decreased (-0.02 dissimilarity/decade) over time across the entire study region (Fig.
1). Overall, the downward trend in the temporal Sorenson dissimilarity was accounted for by a
higher decline in the nestedness (-0.011 dissimilarity/decade, p < 0.001) relative to the turnover
(-0.009 dissimilarity/decade, p < 0.01) component. Lower than average species richness and
higher than average dissimilarity in community composition relative to the climatological
means (across all years) were recorded until around 2000, then reversed for the rest of the
series (Fig. 1). Nonetheless, there was high variability in the local annual alpha and beta-
diversity. Notably, the temporal Sorensen dissimilarity showed higher variability across survey

sites over the 29-year period.

3.2 Marine refugial zones on the EBS continental shelf

Spatial distributions of the alpha and temporal beta-diversity over the 29-year period showed
salient patterns (Fig. 2) and captured potential refugial zones on the EBS continental shelf (Fig.
2¢), exhibiting modest spatial correspondence with climatically stable regions (Fig. 2d, Fig. S4
d-f). The middle shelf (50-100 m) had the highest average species richness (Fig. 2a) and
moderate to high species compositional similarity (Fig. 2b) over the 29-year period. Based on
the combination of both parameters, two geographically-distinct and spatially contiguous

biodiversity refugial zones (refugia index > 0.31) were identified: a north and south refugium



265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

covering 21 and 16 survey stations, respectively (Fig. 2c). Both refugial areas were primarily
defined by high species richness, but only the northern refugium had elevated compositional
similarity over time. Spatial distributions of climatically stable regions also highlighted two
distinct patches of moderate—high overlap across environmental variables and were spatially-
extensive in the north than in the south portion of the middle shelf (Fig. 2d).

Fish taxa dominated taxonomically in both refugial zones by frequency of occurrence,
particularly in the northern refugium where this group reached a total of 36 fish species (Fig.
3). Within the invertebrate group, mollusks and crustacean species represented the highest
number in both refugial zones. Biogeographically, the north refugium accounted for a higher
total number of species (78 taxa) relative to the south refugium (62 taxa). Out of the entire
species pool (159), four taxa were equally present in both refugia while 15 species were absent
in both refugia. Importantly, these refugial zones constitute only 7% of the entire study region
but harbor 91% (n = 144) of the species pool, of which 50% (n = 79) had higher average
frequencies across stations over the 29-year period inside than outside the refugia. In particular,
16 out of the 19 representative taxa were present at more stations and years inside than outside

the refugia, with the majority (14/16) frequently occurring in the northern refugium (Table 1).

3.3 Environmental effects on marine biodiversity

Models of diversity explained a higher proportion of the total variance in alpha diversity (R?=
0.46) than in beta-diversity (R?>= 0.15). Whereas all environmental correlates had a statistically
significant effect on alpha diversity, only four predictors (i.e., winter sea ice concentration,
bottom depth, distance to coast, and bottom temperature gradient) had a significant association
on beta-diversity (Table 2). Nonetheless, both models showed the highest significant effect of
winter sea ice on marine biodiversity patterns in the EBS based on their F-values and statistical

significance.
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Response curves for significant environmental predictors captured the preferable
ranges that were associated with higher regional marine biodiversity in the EBS (Fig. 4). In
particular, bottom and surface temperature gradients had significant positive effects on alpha
diversity at values closer to zero (Fig. 4a-b). In contrast, a moderate range of maximum summer
SSTs (10-13°C; Fig. 4c), high winter sea ice concentration (wsic > 70%; Fig. 4d), deeper depths
(60-120 m; bdep; Fig. 4e), and farther distances to the nearest coast (50-150 km; Fig 4f) were
associated with higher alpha diversity. Meanwhile, the beta-diversity decreased with increasing
bottom temperature gradient (Fig. 4g). It was also lowest in areas without winter sea ice but
increased rapidly with increasing sea ice concentration and remained high over a broader range
(20-95%; Fig. 4h) compared to alpha diversity. Beta-diversity increased with bottom depth,
similar to yet more gradually than alpha diversity (Fig. 4i). In addition, distances farther away

from the nearest coast had higher temporal beta-diversity (Fig. 4j).

3.4 Spatial distributions of marine biodiversity under contrasting sea ice regimes
Contrasting winter sea ice regimes in the EBS exhibited distinct patterns in alpha diversity
distributions (Fig 5). Overall, species richness was substantially lower during the high sea ice
regime (22.80 £ 2.75 species) compared to levels reached during low (25.83 * 3.69 species)
sea ice conditions (Fig. 5a-b). Pronounced changes in species richness between both regimes
were observed across the middle and outer shelves and peaked at the southern part of the middle
shelf, where local assemblages contained up to 10 species more during the low sea ice period
(Fig. 5¢).

In contrast, patterns in temporal beta-diversity suggest a high similarity in species
composition between regimes over much of the area with the exception of the northeast middle
domain (Fig. 6a). Locally elevated dissimilarity in species composition on the northeast shelf
was largely accounted for by the unidirectional abundance gradient component (nestedness) of

dissimilarity (Fig. 6b). This resulted from the apparent decrease (e.g., Alaska plaice, butterfly
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sculpin, and great sculpin) and increase (e.g., walleye pollock, northern rock sole, and Pacific
cod) in species abundances within survey sites in the area (n = 25) under the low sea ice regime.
In the southern part of the middle shelf, however, the dissimilarity in community composition
is mostly accounted for by the balanced changes in species abundances (turnover) (Fig 6¢). The
species pool accounted for 63.27% of the overall between-regime dissimilarity in community
composition. A total of three fish taxa (i.e. walleye pollock, northern rock sole, and arrowtooth
flounder) associated with the lwsic regime, were identified to be most influential in driving
community composition changes, based on their significant average contributions to the overall

dissimilarity (Table S5).

4. Discussion

The increasing and multi-faceted threats to marine biodiversity call for a better understanding
of its long-term spatial patterns and temporal trends, especially within dynamic and climatically
sensitive yet productive regions of the global ocean. Our study examined the contemporary
distributions of taxonomic biodiversity aspects of marine communities on the continental shelf
of the Eastern Bering Sea (EBS) and identified the importance of environmental covariates in
modulating temporal and spatial patterns of local alpha- and beta-diversity. The use of actual
species observations to elucidate spatio-temporal changes in biodiversity over the past 29 years
enabled the identification of geographically distinct biodiversity refugial zones. These areas
provided safe havens for marine species in the EBS under on-going climate changes as evident
from the high species richness and stability in community compositions within these regions.
Additionally, the biodiversity refugia showed modest correspondence with climatically
stable regions in the EBS over the past 29 years. Such spatial overlap between refugial features
potentially supports the persistence of elevated marine biodiversity and species compositional
similarity in these areas under recent climatic changes. Nonetheless, it is worth noting that

these biodiversity refugia were also situated in areas of unstable climatic conditions, suggesting
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that potential processes other than climate buffering are crucial in the formation of these
features. This further underpinned the importance of validation as an essential component of
the climate change refugia conservation cycle (Morelli et al., 2016) and ecosystem-based
management strategies to ensure adaptive and more effective responses in protecting
biodiversity and high-value resources (Barrows et al., 2020).

Refugia are indispensable for facilitating the persistence of components of biodiversity
under changing climates over certain ecological time scales (Keppel et al., 2012). In the EBS,
two latitudinally distinct refugia were identified on the middle shelf (50-100 m). Both areas
persisted through spatial and temporal variability in environmental and climatic conditions over
the last three decades. The formation of refugia may be linked to biophysical processes that
enhance productivity at these sites. One of the refugial zones straddles the transition zone
between the outer and middle domains on the southern shelf, a region of elevated summer
productivity due to the presence of structural fronts (Sambrotto et al., 2008). Similarly, the
north refugium is situated on the outer portion of the middle shelf and extends slightly past the
transition zone onto the outer shelf, a region where elevated production rates are fueled by
intense spring ice-edge blooms (Lomas et al., 2012; Stabeno et al., 2012). Hence, the high
summer primary productivity in these areas likely supports the high species richness in these
refugia. Moreover, the higher productivity in the north (58-60°N) relative to the south sector
of the middle shelf (Lomas et al., 2012) could account for higher percent frequencies of species
in the former than in the latter. High productivity may also explain the counterintuitive overlap
between these refugial zones and areas of intensive fishing, particularly the southern refugia,
accumulating the highest area disturbed across gear types (Olson, 2019). High primary
productivity may cushion marine communities against the impacts of fishing, consistent with
the reported minimal long-term effects of fisheries on fish populations in the area (Olson, 2019).

In any case, our results highlight the relevance of biodiversity refugial zones for ecosystem-
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based management approaches to maintain resilient fisheries and ecosystems under a rapidly
changing climate.

While the overall stability in community composition was similar in the two refugia,
the north refugium showed distinct patches of high compositional similarity. It suggests that
the community in this zone is comprised of species that have a particular affinity or close
association to low-temperature waters (e.g., snow crab, wattled eelpout, and polar six-rayed
star) and are therefore generally more abundant on the northern shelf (Rand and Logerwell,
2011). In the south refugium, the highest similarity in community composition occurred close
to the inner front separating the inner and middle shelves, decreasing eastward. The wind-
driven inner front serves as a region of protracted production and an obstacle to faunal
exchanges between the inner and middle shelves (Stabeno and Hunt, 2002), thus likely
promoting the retention of distinct species assemblages at both sides of the inner and middle
shelves proximal to the frontal boundary. Likewise, climatically stable areas in the southern
region of the middle shelf were smaller relative to the north, potentially accounting for a lower
similarity in the species community composition in the south refugium. Despite the differences
in biodiversity components between the two refugia, these zones harbored a persistently large
portion of the species pool providing shelter for marine taxa in this shelf community under
contemporary climatic changes and substantial fishing footprint (Olson, 2019).

Nonetheless, we recognize that changing biological interactions at the refugia could
also have fundamental ecological consequences under future environmental and climatic
changes. The dominance of large predatory fish taxa (i.e. walleye pollock, Pacific cod, and
flathead sole) in the refugial zones, particularly in the north refugium, could significantly alter
predatory and competitive interactions within the existing community. For instance, gadoid
predation exerts top-down control of snow crab (Chionoecetes opilio) abundance in subarctic

and Arctic seas (Orensanz et al., 2005; Boudreau et al., 2011; Burgos et al., 2013). Similarly,
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the intensified competition among predators for space and resources in high-density areas can
also modify ecosystem-wide trophic linkages and prey resource dynamics (Hunsicker et al.,
2013; Matassa et al., 2018). Therefore, effective adaptation strategy focusing on the
conservation of climate change refugia can benefit from further incorporation of biological
interactions into the framework (Kavousi, 2019), albeit our current understanding of many of
these biotic interactions remains inadequate.

Our analysis of the effects of environmental factors on biodiversity is consistent with
earlier studies on the impacts of sea ice dynamics on contemporary and future spatial
distributions of marine species in the study area (Mueter and Litzow, 2008; Alabia et al., 2018;
Alabia et al., 2020). The overall effect of winter sea ice concentration on species richness and
community composition varied spatially. During periods of low sea ice concentration, the cold
pool structure retracts north (Stabeno et al., 2012), allowing an extensive movement of species
throughout the study area (Mueter and Litzow, 2008). This condition could facilitate foraging
migrations of warm-affinity taxa to the more productive waters in the north sector of the middle
shelf. The enhanced species movement responses, especially for large fish species (e.g.,
walleye pollock, arrowtooth flounder, and northern rock sole), under the lwsic regime increase
the local species richness while promoting the biotic homogenization of local communities.
Thus, resulting in increased similarity in species between periods of high and low winter sea
ice conditions. In contrast, during the hwsic regime, the high species richness was limited to
the southern part of the EBS. In the EBS, a sub-surface summer thermal layer associated with
seasonal sea ice (Huntetal., 2011), known as the cold pool, largely regulates species movement
(Wyllie-Echeverria and Wooster, 1998). The cold pool feature is characterized by low bottom
temperatures (< 2°C) that extend south to the southeastern shelf during periods of extensive
winter sea ice coverage (Stabeno et al., 2012), posing an effective barrier to the movement of

cold-intolerant species across the different domains and sectors of the continental shelf. This
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results in the observed decrease in average regional alpha diversity over much of the middle
shelf during the high winter sea ice periods.

Finally, in light of the rapid ecological transformations of high-latitude environments
due to climate change and extreme events (e.g., marine heatwaves, atmospheric disturbances),
it is all the more imperative to better understand the dynamics of potential refugial zones. In
particular, continually assimilating the most recent and larger pool of biodiversity data into the
analyses can better evaluate the capacity of refugial zones to cushion against emerging and
multifaceted threats. We also recognized that bottom trawl survey data primarily target
demersal fisheries, which may result in the under-representation of pelagic taxa in our analyses.
Future incorporation of a larger species pool from pelagic habitats could offer further, more
holistic insights into the nature of biodiversity refugial zones when that information becomes
available. Additionally, adopting a gradient-based perspective of climate change refugia may
improve the identification and protection of these areas, recognizing the difference in rates at
which various biodiversity components will respond to climate change (Hannah et al., 2014;
Morelli et al., 2020). Recent studies have shown that even marine protected areas in temperate
regions were unable to forestall the heatwave-induced changes in the fish community structure
(Freedman et al., 2020) and future climate change-driven decline in benthic species (Weinert
et al., 2020). More than ever, climate-driven and intensified phenomena exacerbate the already
tremendous challenge of biodiversity conservation, hence emphasizing the importance of
identification and management of potential marine climate change and biodiversity refugia,
ideally within a progressive context (Morelli et al., 2020).
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Table 1. Average percent frequency of annual occurrence of representative taxa inside (37 stations) and outside (339 stations) of the designated

refugia zone over the 29 years of the study period. Species with higher frequencies within the refugia are highlighted in bold.

Percent frequency

Common name Scientific name Inside refugia Outside
South North Overall refugia
Walleye pollock Gadus chalcogrammus 42.96 56.66 99.63 96.23
Pacific cod Gadus macrocephalus 42.78 56.10 98.88 95.04
Basketstar Gorgonocephalus eucnemis 41.66 54.89 96.55 55.11
Snow crab Chionoecetes opilio 36.63 56.48 93.10 68.80
Flathead sole Hippoglossoides elassodon 41.94 50.51 92.45 73.41
Alaska plaice Pleuronectes quadrituberculatus 41.47 45.67 87.14 64.33
Tanner crab Chionoecetes bairdi 41.01 42.40 83.41 61.40
Polar six-rayed star Leptasterias polaris 30.20 52.10 82.29 30.38
Northern rock sole Lepidopsetta polyxystra 34.11 43.62 77.73 67.10
Alaska skate Bathyraja parmifera 32.62 44.45 77.07 69.81
Wattled eelpout Lycodes palearis 28.15 47.72 75.86 32.27
Pacific halibut Hippoglossus stenolepis 32.53 35.79 68.31 71.59
Yellowfin sole Limanda aspera 42.87 23.95 66.82 66.30
Great sculpin Myoxocephalus polyacanthocephalus 26.75 34.86 61.60 42.56
Circumboreal toad crab Hyas coarctatus 33.92 26.75 60.67 41.82
Purple-orange sea star Asterias amurensis 38.30 20.32 58.62 64.42
Arrowtooth flounder Atheresthes stomias 19.66 33.74 53.40 48.91
Sturgeon poacher Podothecus accipenserinus 37.09 16.31 53.40 57.13
Pribilof whelk Neptunea pribiloffensis 10.07 42.03 52.10 33.26




665  Table 2. Generalized additive mixed model outputs for alpha and beta-diversity. Estimated degrees of freedom, F-values (t-values for factor terms)
666  obtained for each environmental correlate and asterisks represent significance levels at p less than 0.05 (*), 0.01 (**) or 0.001(***). Model

667  performance were assessed based on adjusted R? and Akaike Information Criterion (AIC) values.

Models Predictors Abbreviation Estimated degrees t/F-value Adj R? AlIC
of freedom (edf)
a-diversity 0.458 49941
year yr 46.76%**
longitude, latititude X,y 27.79 36.59**
bottom temperature gradient btg 1.95 14.22**
surface temperature gradient stg 1.90 9.92%***
bottom depth bdep 1.91 5.70*
maximum summer sea surface temperature (SST) SSStmax 1.90 4.05*
winter sea ice concentration wsic 1.97 15.57***
distance to the nearest coast diStcoast 1.88 3.27*
B-diversity 0.150 -21493
year yr —~15.86%**
longitude, latititude X,y 24.85 10.69***
bottom temperature gradient btg 1.00 5.12*
surface temperature gradient stg
bottom depth bdep 1.91 9.09**
maximum summer SST SSStmax
winter sea ice concentration wsic 1.92 31.44%**
distance to the nearest coast diStcoast 1.92 5.83**
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Figure legends

Figure 1. Temporal trends in (a) regionally (polygon in inset map) averaged species richness

and (b) change in species composition (Sorensen dissimilarity) with vertical bars
representing one positive and negative standard deviation. Gray broken lines
correspond to the climatological average of alpha (24.48, 1990-2018) and temporal
beta-diversity (0.26, 1991-2018). Blue lines show the least-squares linear regressions

of each biodiversity metric on year.

Figure 2. Spatially-interpolated distributions of (a) mean a-diversity (rescaled to 0-1), (b)

mean within-site temporal community similarity (presented as the inverse of Sorensen
dissimilarity), (c) the resultant refugia index computed as the product of mean o- and
mean within-site temporal B-diversity, and (d) climatic stability based on the sum of
neutral (largely unchanged trend) pixels for winter sea ice concentration and seasonal
sea surface temperatures. Regions in blue did not have any neutral pixels; areas in red
contained neutral pixels in all three variables. The polygons denote the identified
refugia zones (refugia index value of 0.31, 90% quantile of refugia index) and the

broken lines correspond to the 50 and 100 m isobaths.

Figure 3. Number of species inside the refugia and their biogeographic affinity between the

north (21 stations) and south (16 stations) refugia (inset map).

Figure 4. Significant partial effects of environmental variables (a-f) on alpha diversity (species

richness) and (g-j) beta diversity (Sorensen dissimilarity) predicted from a generalized
additive mixed model. The solid lines are estimated mean effects, the gray shaded areas
are the 95% point-wise confidence intervals, and O represents the reference for a null
effect (broken lines). Ticks along the x-axis are points at which observations were

obtained between 1990 and 2018.
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Figure 5. Spatial structures of averaged annual alpha diversity during (a) the high (1990-1999;
2008-2013), (b) low (2000-2007; 2014-2018) winter sea ice (wsic) regimes in the
Eastern Bering Sea, and (c) the species richness difference between the contrasting
regimes. Broken lines correspond to the 50 and 100 m isobaths.

Figure 6. Spatial patterns of (a) abundance-based Bray-Curtis dissimilarity and (b-c) respective
components between high and low wsic regimes. Broken lines correspond to the 50 and

100 m isobaths.
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Figure 1. Temporal trends in (a) regionally (polygon in inset map) averaged species richness
and (b) change in species composition (Sorensen dissimilarity) with vertical bars representing
one positive and negative standard deviation. Gray broken lines correspond to the
climatological average of alpha (24.48, 1990-2018) and temporal beta-diversity (0.26, 1991-

2018). Blue lines show the least-squares linear regressions of each biodiversity metric on year.
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Figure 2. Spatially-interpolated distributions of (a) mean a-diversity (rescaled to 0-1), (b)
mean within-site temporal community similarity (presented as the inverse of Sorensen
dissimilarity), (c) the resultant refugia index computed as the product of mean a- and mean
within-site temporal B-diversity, and (d) climatic stability based on the sum of neutral (largely
unchanged trend) pixels for winter sea ice concentration and seasonal sea surface temperatures.
Regions in blue did not have any neutral pixels; areas in red contained neutral pixels in all three
variables. The polygons denote the identified refugia zones (refugia index value of 0.31, 90%

quantile of refugia index) and the broken lines correspond to the 50 and 100 m isobaths.
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712 Figure 3. Number of species inside the refugia and their biogeographic affinity between the

713 north (21 stations) and south (16 stations) refugia (inset map).
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Figure 4. Significant partial effects of environmental variables (a-f) on alpha diversity (species

richness) and (g-j) beta diversity (Sorensen dissimilarity) predicted from a generalized additive

mixed model. The solid lines are estimated mean effects, the gray shaded areas are the 95%

point-wise confidence intervals, and O represents the reference for a null effect (broken lines).

Ticks along the x-axis are points at which observations were obtained between 1990 and 2018.
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Figure 5. Spatial structures of averaged annual alpha diversity during (a) the high (1990-1999;
2008-2013), (b) low (2000-2007; 2014-2018) winter sea ice (wsic) regimes in the Eastern
Bering Sea, and (c) the species richness difference between the contrasting regimes. Broken

lines correspond to the 50 and 100 m isobaths.
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