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1. Abstract

This study on the Distribution of Fish, Crab, and Lower Trophic Communities in the Northeastern Bering
Sea and Chukchi Sea formed a large part of the broader Arctic Ecosystem Integrated Survey, the first
comprehensive fisheries ecosystem assessment of the northern Bering Sea and Chukchi Sea. Surveys
were conducted in the summers of 2012 and 2013 from several platforms to sample demersal as well as
pelagic fish communities. Oceanographic and biological samples collected during these surveys provided
a trove of new information on the distribution, abundance, biology and population dynamics of pelagic
and demersal fish and invertebrate populations in the northern Bering Sea and Chukchi Sea, in addition to
new insights into the physical forcing and plankton dynamics of the system.

Among the scientific highlights were: (1) Large differences in oceanographic conditions between 2012
and 2013, associated with differences in local winds and in the flow of water through Bering Strait and its
advection in the Chukchi Sea, reverberated throughout the ecosystem and apparently affected the
distribution and abundance of biota at all trophic levels; (2) High densities of larval and young-of-year
Arctic cod (Boreogadus saida) were, for the first time, observed in the northeast Chukchi Sea in both
survey years, suggesting that the northeast portion of the Chukchi Sea is an important nursery area for the
early life history stages of Arctic cod in the Pacific Arctic; (3) Plankton, fish and invertebrate species of
Pacific origin dominate demersal and pelagic communities throughout the region, but distinct Arctic
populations of some species were associated with Arctic water masses on the northeast Chukchi Sea
shelf; (4) Juvenile salmon of western Alaska origin, in particular chum (Oncorhynchus keta), pink (O.
gorbuscha), and Chinook salmon (O. tshawytscha), were widespread and abundant in the northern Bering
Sea, extending into the Chukchi Sea and mixing with local populations from Kotzebue Sound; (5) Arctic
cod and snow crab (Chionoecetes opilio), two of the most abundant species by weight in Chukchi Sea
catches, are continuous with and directly connected to populations in the Bering Sea. To what extent the
Chukchi Sea populations of these species originate from spawning areas to the South or to the North of
Bering Strait remains an area of active investigation.

Major results from these studies were published in a special issue in Deep-Sea Research (Mueter et al.
2017), but data collected during these surveys will continue to contribute to new and ongoing studies. A
major legacy of the project will be the databases and maps available through the Alaska Ocean Observing
System's Arctic Portal (http://portal.acos.org/arctic), as well as through national archives. In addition to
the databases and published studies, a major benefit of the project was the training that was provided for a
number of students and post-docs. Both from a scientific and educational standpoint, the project has met
its goals and has exceeded our expectations in terms of scientific output. This is in no small part due to
our success in leveraging external resources and forging productive collaborations with investigators at
multiple universities and agencies.

2. Introduction

Arctic marine ecosystems are undergoing rapid changes associated with ice loss and surface warming
resulting from human activities (IPCC 2013). The most dramatic changes include an earlier ice retreat and
a longer ice-free season, particularly on Arctic inflow shelves such as the Barents Sea in the Atlantic
Acrctic and the northern Bering Sea and Chukchi Sea in the Pacific Arctic, the two major gateways into
the Arctic (Serreze et al. 2007, Frey et al. 2015, Wood et al. 2015, Danielson et al. 2017). The retreat of
Arctic sea ice has opened access to the Arctic marine environment and its resources, particularly during
summer, and among other changes has brought with it increased research activities. For the Pacific Arctic
region, these activities have led to a number of recent compendiums examining physical, biogeochemical,
and biological patterns and trends in this rapidly changing environment (Bluhm et al. 2010, Hopcroft and
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Day 2013, Arrigo et al. 2014, Dunton et al. 2014, Grebmeier and Maslowski 2014, Arrigo 2015, Moore
and Stabeno 2015, Arrigo 2016).

Changes in ice and thermal conditions in the Pacific Arctic impact all components of the ecosystem
including benthic infauna and epifauna (Grebmeier et al. 2006a, Nelson et al. 2014), microbes and
zooplankton (Nelson et al. 2014, Ershova et al. 2015), as well as fishes, seabirds, and marine mammals
that provide important subsistence resources for communities in the Pacific Arctic (Moore et al. 2014). In
spite of recent advances, significant gaps remain not only in our understanding of these impacts, but also
in describing basic life history characteristics of key fish and invertebrate species in the Pacific Arctic,
such as Arctic cod (Boregadus saida), saffron cod (Eleginus gracilis) and snow crab (Chionoecetes
opilio), which have been identified as potential target species for a fishery (NPFMC 2009). Other fish
species that currently occur in low abundances north of Bering Strait, including salmon (Oncorhynchus
spp.), yellowfin sole (Limanda aspera), Bering flounder (Hippoglossoides robustus), and walleye pollock
(Gadus chalcogrammus), have the potential to expand into the Arctic, with unknown consequences for
the ecosystem (Moss et al. 2009b, Nielsen et al. 2012, Hollowed et al. 2013, Logerwell et al. 2015).

The Pacific Arctic Gateway, encompassing the broad shelf regions of the northern Bering Sea and
Chukchi Sea (Fig. 1), has a strong influence on the Arctic Ocean through the transport of freshwater, heat,
nutrients and plankton from the Subarctic to the Arctic (Roach et al. 1995). As a transition zone between
Subarctic and Arctic communities, this region is characterized by strong gradients in species composition,
diversity, and abundance of fish and invertebrates (Stevenson and Lauth 2012, Mueter et al. 2013). These
strong gradients imply that small shifts in the distribution of water masses and biological assemblages can
be associated with large changes at a given location such as a seabird colony or a coastal community.
Therefore, broad-scale surveys are essential to linking biological assemblages to biophysical gradients in
the environment in order to understand the consequences of a changing environment or human impacts on
these assemblages.

3. The Arctic Ecosystem Integrated Survey

The Arctic Ecosystem integrated survey (Arctic Eis)?, supported by the Bureau of Ocean Energy
Management (BOEM), the Coastal Impact Assistance Program (CIAP), and the National Oceanic and
Atmospheric Administration (NOAA), conducted comprehensive ecosystem surveys over two years
(2012 and 2013) on the US portions of the Northern Bering Sea and Chukchi Sea shelves. Recognizing
the relative lack of information on fish populations in the region, the primary goals of the Arctic Eis
project were to (1) collect baseline fisheries and oceanographic data to enable resource managers to better
predict effects of climate and human impacts on ocean productivity and on the ecology of marine and
anadromous fish species and seabirds within the northeastern Bering Sea and Chukchi Sea, (2) assess the
distribution, relative abundance, diet, energy density, size, and potential predators of juvenile salmon and
other commercially or ecologically important marine fishes (e.g. forage fishes) within the region, and (3)
evaluate the effect of climate change on the health and status of pelagic fishes within the region.

Ecosystem surveys focused on assessing biological resources on the seafloor and throughout the water
column (zooplankton, fish, invertebrates) and included oceanographic sampling to assess water mass
characteristics (temperature, salinity), nutrient concentrations, and phytoplankton biomass. To assess
biological resources, surveys used (1) bottom trawls to sample fish and invertebrates on the seafloor, (2)
surface trawls to sample fish in the surface layer, including juvenile salmon, forage fish and juvenile life
stages of bottom fishes, (3) plankton nets to sample zooplankton and larval fish, and (4) acoustic surveys
in combination with mid-water trawls to sample fishes throughout the water column and to assess the

! https://web.cfos.uaf .edu/wordpress/arcticeis/
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abundance and biomass of selected species (Arctic cod; saffron cod; Pacific herring, Clupea pallasi; and
capelin, Mallotus villosus). In addition, seabirds were surveyed along the ship’s track to assess their
species composition, distribution and abundance throughout the region. Sampling was conducted on an
extensive grid of sampling stations spanning the US portions of the northern Bering Sea and Chukchi Sea
shelves (Fig. 2) and along east-west transects connecting these stations (acoustics, seabird observations).
Subsamples of fish were returned to the laboratory for analysis, including (1) genetic analyses to
determine the population structure of Arctic cod, saffron cod, capelin and salmon across the survey region
and throughout the Pacific Arctic, (2) otolith analyses to determine ages and growth rates of Arctic cod,
saffron cod and chum salmon (Oncorhynchus keta), (3) diet analyses to determine the food habits of
selected species, (4) stable isotope analyses to determine the trophic position of, and dietary sources for,
selected species, and (5) energetic and hormonal analyses to assess the physiological condition of fishes
in the study region.

This overview synthesizes some of the major findings of the project that highlight the breadth and
diversity of the science conducted as part of the Arctic Eis project. Detailed methods and findings are
presented in 26 individual component reports (Appendix A-Z). In combination, these reports provide a
significant step forward in our understanding of the northeastern Bering Sea and Chukchi Sea ecosystems,
in particular with respect to ecologically important fish, crab and seabird species. A major legacy of the
project will be the databases that will be accessible through the Alaska Ocean Observing System's Arctic
Portal (http://portal.aocos.org/arctic). In addition to these databases and published studies, a major benefit
of the project was that it provided training for a number of graduate students, all of whom contributed as
first authors or contributing authors to the component reports. In combination, these contributions mark
an important milestone towards improving our capacity to adequately monitor and predict the impacts of
climate variability and of anthropogenic activities, including oil & gas development, fishing and climate
change on marine ecosystems in the Pacific Arctic and throughout the wider Arctic.

4. Major findings

4.1 A tale of two contrasting years: wind-induced changes in
oceanographic conditions and associated ecosystem changes

Oceanographic conditions differed greatly between the two sampling years (2012 and 2013) due to
differences in local winds and in the flow of Pacific waters through Bering Strait (Danielson et al. 2017).
Water mass structure differed primarily because of differernces in the August regional wind field, which
was more energetic in 2012 but more persistently from the northeast in 2013. Persistent wind forcing
from the northeast in 2013 was associated with flow reversals in the Alaska Coastal Current and with the
advection of Arctic waters onto the Chukchi Shelf via Barrow Canyon, as evident in surface and bottom
layer characteristics (Fig. 3). These contrasting conditions were associated with differences in nutrient
concentrations and abundances of biota in the Chukchi Sea at all trophic levels (Pham and Kuletz 20186,
Danielson et al. 2017, De Robertis et al. 2017b, Pinchuk and Eisner 2017). The influence of Pacific
waters in the eastern Chukchi Sea was more limited spatially in 2012, but concentrations of nutrients and
chlorophyll a (Danielson et al. 2017), the density of zooplankton such as the copepods Neocalanus spp.
and Eucalanus bungii (Pinchuk and Eisner 2017) and the density of midwater fishes (De Robertis et al.
2017Db) in waters originating on the Bering Sea shelf were all higher in 2012 compared to 2013. While the
reasons for these differences remain uncertain, Danielson et al. (2017) hypothesize that differences in
salinity and nutrients may be a consequence of diminishing net transport through Bering Strait from 2011
to 2012. Although a link between the zooplankton community and chlorophyll a or nutrients has not been
established, moderate to strong coupling between zooplankton, pelagic fish, benthic, and seabird
communities (Pham and Kuletz 2016, Sigler et al. 2017) suggest that differences at the lower trophic
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levels, whether linked to inflow through Bering Strait or local processes, reverberate throughout the food
web.

The intrusion of Arctic waters onto the northeastern part of the shelf in 2013 (Danielson et al. 2017) was
most apparent in differences in the zooplankton (Fig. 4) and fish communities (Fig. 5). An Arctic
community of zooplankton characterized by Calanus hyperboreus, Metridia longa, Paraeuchaeta
glacialis, and Themisto abyssorum was much more widespread over the shelf in 2013, while species of
Pacific origin were more widespread and more abundant on the shelf in 2012 (Pinchuk and Eisner 2017,
Fig. 4). The Arctic and Pacific zooplankton communities also show differences in age structure, as stage
prevalence in the water column of the dominant copepod Calanus glacialis was comprised of a distinctly
younger cohort (primarily stage CIII) in the Arctic water mass as compared to the Pacific-origin waters,
which was dominated by Stages CIV and CVs (Fig. 4). Similar to these Arctic zooplankton species,
young-of-year Arctic cod were much more widespread and abundant in 2013 compared to 2012 in the
northeastern Chukchi Sea (De Robertis et al. 2017b), perhaps suggesting an Arctic origin (Fig. 5).

The observed differences between 2012 and 2013 are consistent with the observation that in 2012 the
distribution of biological communities from plankton through seabirds, including epibenthic fish and
invertebrates, largely reflected the distribution of water masses (Sigler et al. 2017). The observed spatial
gradients in 2012 are consistent with the response of these communities to hydrographic differences
between 2012 and 2013, which imply an expansion of the Arctic community (sensu Sigler et al. 2017) in
2013, reflecting the increased extent of Arctic water masses, and a contraction of the Chirikof Basin /
southern Chukchi Sea community, reflecting a reduced extent of Pacific waters on the shelf.

4.2 Assessing demersal fish biomass in the Arctic: Methodological
advances and broad-scale patterns in biomass and community
composition

The current study contributed to advancing fisheries research in Alaska's Arctic by improving estimates
of both demersal and midwater fish biomass and species composition. Demersal fishes have been sampled
in the Chukchi Sea using a variety of sampling gears, but two primary bottom trawls have been used in
recent decades as described below. The comprehensive Arctic Eis survey provided the first opportunity
for direct comparisons of these gear types to estimate their relative selectivity at different sizes and to
inform future sampling efforts. Gear selectivity is an important issue when estimating the size and species
composition of fishes in the environment from trawl catches, and when using these catches in conjunction
with acoustic backscatter to estimate the midwater biomass of fishes or plankton. One specific objectives
of the Arctic Eis project was to compare the size selectivity of two different bottom trawls that have
commonly been used to assess fish populations in the U.S. Arctic: 1) the 3-m plumb-staff beam trawl
(PSBT; after Gunderson and Ellis, 1986; Abookire and Rose, 2005, Norcross et al., 2010), and 2) the
Alaska Fisheries Science Center (AFSC) 83-112 Eastern bottom trawl (EBT; Stauffer, 2004).

A paired comparison study was conducted in 2012 to compare catch composition and sampling
characteristics of the two trawl gears. Because the areas swept by the two trawls are vastly different in
size (by orders of magnitude), the trawls have very different mesh sizes and vertical openings, and the
gear is towed at different speeds, a direct comparison of fish density between the two trawls is
challenging as each trawl samples a different size range of fish while missing a large fraction of either the
small fishes (83-112) or the larger, faster swimming fishes (PSBT). However, side-by-side comparisons
allowed the development of a ratio statistic to estimate the relative selectivity (probability of retention) at
a given size for the EBT and PSBT (Kotwicki et al. 2017). In general, the selectivity of the EBS increased
relative to the PSBT as the size of fishes or invertebrates increased. The finer mesh and harder bottom-
tending characteristics of the PSBT retained juvenile fishes and other smaller macroinvertebrates and it
was also more efficient at catching benthic infauna that were just below the surface. The EBT was more

17



efficient at capturing larger and more mobile organisms, and likely captured more organisms that were
further off bottom due to its larger net opening. Estimates of relative selectivity at present do not allow us
to estimate absolute abundance or biomass using the swept-area method. However, if selectivity of one of
the trawls for a given species is known, or under certain simplifying assumptions, absolute selectivity and
therefore densities can be estimated (see Appendix F for snow crab and Appendix M for Arctic cod).

While neither trawl is sufficient by itself to fully assess demersal fish biomass, catch-per-unit-effort
(CPUE) in the large-mesh trawl survey (Goddard et al. 2016) can be directly compared to results from
similar surveys conducted in the eastern Bering Sea using the same gear configuration. Annual surveys
have been conducted in the Southeast Bering Sea since 1982 and a single comprehensive survey was
conducted in the northern Bering Sea in 2010 (Lauth et al. 2011). The combined survey results suggest an
exponential decline in demersal fish biomass from the south to the north, decreasing by two orders of
magnitude (Fig. 6). The decrease in biomass is accompanied by a strong North-South gradient in species
composition from a subarctic community dominated by a number of commercially important species to an
Arctic community dominated by Arctic cod, eelpouts, and snailfish (Fig. 7).

4.3 First comprehensive assessment of midwater-fishes

The Arctic Eis surveys included, to our knowledge, the first-ever acoustic trawl surveys of the US
portions of the northern Bering Sea and Chukchi Sea, providing abundance estimates of pelagic age-0
Arctic cod (Boreogadus saida), age-0 saffron cod (Eleginus gracilis), capelin (Mallotus villosus), and
Pacific herring (Clupea pallasii). In order to estimate abundances, several methodological challenges
related to the presence of large numbers of jellyfish and to the small size of fishes had to be overcome.
First, large jellyfish in the study region, in particular the scyphomedusa Chrysaora melanaster, can
dominate biomass in the water column and impede the partitioning of backscatter among different
organisms. The Arctic Eis survey provided ideal conditions to estimate the target strength of C.
melanaster in order to improve estimates of target species abundances in mixed-species assemblages (De
Robertis and Taylor 2014). Second, acoustic-trawl surveys require reliable estimates of the size and
species composition from midwater trawls in order to convert acoustic backscatter to abundances.
However, the mid-water fish assemblage in the Chukchi Sea is dominated by very small and/or juvenile
fishes (often < 40 mm), which are inadequately sampled by the sampling gear used for the survey (De
Robertis et al. 2017a). The authors developed a novel experimental and statistical approach to estimate
trawl selectivity for the species of interest in order to correct abundance estimates for the biases
associated with trawl sampling.

Results from the acoustic trawl survey revealed dense aggregations of young-of-year Arctic cod in the
Northeast Chukchi Sea in both years (De Robertis et al. 2017b). Moreover, results suggest that juvenile
gadids and forage fish partition the study region spatially with juvenile Arctic cod dominating in the
Northeast Chukchi Sea north of 69.5 °N, saffron cod occupying Alaska Coastal Waters of the Chukchi
Sea from 66.5 to 69.5 °N and Pacific herring distributed largely south of 67 °N. These three species also
serve as indicators for three major cross-assemblage communities (Fig. 8) identified by Sigler et al.
(2017). In contrast, capelin in both years were distributed throughout much of the study area, but were
much more widespread and abundant in 2012.

Although early stages of Arctic cod in the study region have been reported previously (Fechhelm et al.
1984, Wyllie-Echeverria et al. 1997, Norcross et al. 2009, Kono et al. 2016), this is the first
documentation of a dense and spatially extensive aggregation of age-0 Arctic cod, extending from Arctic
waters (melt water over winter water) into adjacent Pacific water masses (Fig. 5). While spawning has
been documented to occur under the ice during winter in other regions of the Arctic, the spawning
locations that give rise to these dense aggregations are unknown and are the subject of ongoing field and
modeling studies.

18



4.4 Spatial gradients in Arctic marine communities, connectivity, and
population structure

The comprehensive surveys conducted in the northern Bering Sea and Chukchi Sea in 2012 and 2013,
combined with other data sources, have contributed to our understanding of large-scale spatial gradients
across the Subarctic-Arctic ecotone in the Pacific Arctic Gateway (e.g. Sigler et al. 2017, Figs. 7, 8).
Understanding these gradients, how they are maintained, and how they vary is critical to understanding
how these marine ecosystems may respond to human impacts including climate change. The distributions
of many terrestrial and marine populations throughout the world, including fish populations, have been
observed to shift in response to changing temperatures (Pecl et al. 2017), including northward shifts in the
distribution of subarctic species in the Pacific and Atlantic Arctic gateways during recent periods of
warming (Mueter and Litzow 2008, Fossheim et al. 2015). The northward shift in distribution and
associated changes in community structure suggest increasing borealization of areas formerly
characterized by Arctic species. However, the shallow shelf in the Pacific Arctic gateway implies that
temperatures throughout the water column will remain cold for much of the year, in spite of a longer ice-
free season and warmer summer temperatures, thereby restricting the northward expansion of boreal
species (Stabeno et al. 2012a, Hollowed et al. 2013).

Many populations of plankton, fish, crab, seabirds and mammals have a continuous distribution between
the Bering Sea and the Chukchi Sea as Bering Sea shelf waters and Alaska Coastal Current waters enter
the Chukchi Sea through Bering Strait. For most planktonic organisms, such as calanoid copepods and
krill, this northward advection is a one-way street to certain death as they are consumed by upper trophic
level consumers in the Chukchi Sea including juvenile and adult fishes (Gray et al. 2017, Whitehouse et
al. 2017), seabirds (Pham and Kuletz 2016), and mammals (Berline et al. 2008). While krill in the Arctic
are generally believed to be expatriates (Wassmann et al. 2015), Pinchuk and Eisner (2017) show that the
major calanoid copepod in the Chukchi Sea, Calanus glacialis, has two distinct populations originating in
the Bering Sea and in the Arctic, respectively. Unlike plankton, southern populations of highly migratory
seabirds and mammals travel to the Chukchi Sea on a seasonal basis to take advantage of the large
advected biomass and local production (Hunt et al. 2013, Pham and Kuletz 2016), thereby returning some
of the advected carbon to more southern latitudes. Seabirds like the least auklet (Aethia pusilla), a small
planktivorous pursuit diver that requires high densities of suitable prey, are widely distributed throughout
the northern Bering Sea and Chukchi Sea where they appear to be associated with areas of high
zooplankton biomass in offshore, high salinity waters (Fig. 9).

The connectivity and population structure of fish and large invertebrates such as flatfish and snow crab is
largely unknown. Analysis of ichthyoplankton and trawl samples, as well as genetic analyses, provide
evidence both for connectivity between the Bering and Chukchi seas, as well as evidence for distinct
Arctic populations of some species. For example, collections of pelagic eggs (Busby et al. 2016) suggests
potential spawning areas for Limanda spp. (likely yellowfin sole) and Bering flounder (Hippoglossoides
robustus) off the Seward Peninsula and off Point Barrow, respectively. In contrast, the high density of
larval and early juvenile Arctic cod collected in the northeast Chukchi Sea likely originate far to the south
of the observed aggregations, possibly south of Bering Strait, based on initial results from a biophysical
transport model (Cathleen Vestfals, UAF, pers. comm.). This initial result, combined with estimates that
the spawning biomass required to produce the observed age-0 Arctic cod in 2012 and 2013 is likely far
larger than the biomass of Arctic cod present in the survey region during summer (section 4.7), leads us to
hypothesize that Arctic cod may undergo extensive spawning migrations during winter to spawn under
the ice in the northern Bering Sea or southern Chukchi Sea.

The influence of Pacific waters on population structure of both pelagic and demersal fishes is evident in
their continuous distribution throughout much of the northern Bering Sea and Chukchi Sea. For example,
two of three major groupings, encompassing several trophic levels, that were identified by Sigler et al.
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(2017) span waters to the South and North of Bering Strait, suggesting a southern origin of the associated
fish and plankton species with a range extending well into the Chukchi Sea. The fish community
throughout the northern Bering Sea and the southern Chukchi Sea appears to be an extension of a subset
of the Bering shelf community, although biomass, species diversity, and mean size of fishes decline
rapidly from south to north (Stevenson and Lauth 2012, Mueter et al. 2013). For most species, it is
unclear at this time to what extent these fish species have established local populations in the Chukchi Sea
or are expatriates. However, chum salmon from the Chukchi Sea were genotyped to determine their stock
of origin and suggest a mixture of populations originating both to the south and to the north of Bering
Strait (Fig. 10, Appendix L). In 2012, juvenile chum salmon collected in the Chukchi Sea were
predominantly from the ‘local’ Kotzebue Sound stock group, while those collected in the northern Bering
Sea were predominantly of Norton Sound origin. Similarly, juvenile chum salmon collected in 2013 were
a mixture of western Alaska populations, with about 25% originating from Kotzebue Sound and the
remainder from Norton Sound, Kuskokwim River and northeastern Bristol Bay (Kondzela et al. 2016).
The presence of a mixture of stocks within samples and regions was also evident in otolith elemental
compositions associated with the early freshwater phase (Sutton and Pangle 2015).

While the Chukchi Sea fish community within waters of recent Bering Sea origin may predominantly
originate in the Bering Sea, a relatively distinct community of ‘high’ Arctic zooplankton and fish
populations occupies Chukchi Sea winter waters on the Northeast Bering Sea shelf. This community
includes species originating in the Arctic basin (e.g. zooplankton: Calanus hyperboreus, Themisto
abyssorum) or distinct Arctic populations of more widely distributed species, such as C. glacialis
(Pinchuk and Eisner 2017), Bering Flounder (Bushy et al. 2016), or Canadian eelpout Lycodes polaris
(Goddard et al. 2016). However, it is notable that few of the pelagic or demersal fish species on the
Chukchi Sea shelf appear to originate from the Arctic basin, highlighting the dominance of Pacific fauna
throughout much of the Chukchi Sea.

Weak population structure of fish species in Alaska’s Arctic is supported by genetic analyses of Arctic
cod, saffron cod, and capelin. Both saffron cod and capelin in the study region were genetically distinct
from conspecifics in the Gulf of Alaska, but showed weak or no apparent population structure within the
study region (Appendix Y). While there was some evidence for more than one spawning population of
capelin in the Arctic, the genetic evidence suggests that they disperse after spawning to forage throughout
the Arctic and Bering Sea. Genetic analysis of Arctic cod in the study region suggests low genetic
diversity and did not detect population structure in this species (Appendix Z), suggesting a single
panmictic population. Genetic analyses also showed that some small individuals identified as saffron cod
in the field were in fact Arctic cod (Tony Gharrett, UAF, pers. comm.), while some walleye pollock were
misidentified as Arctic cod (Appendix Z). On the other hand, another closely related species that has
sometimes been confused with Arctic cod, the polar cod Arctogadus glacialis, was not detected in any of
the genetic samples (Appendix Z).

4.5 Trophic dynamics of Arctic marine fish communities

Understanding food web interactions is essential to predicting the impacts of climate change, fishing and
other anthropogenic impacts on marine ecosystems. For example, it has been hypothesized that shallow
continental shelf ecosystems in the Arctic may switch from benthic dominated systems to pelagic
dominated systems with potentially profound changes for species composition at all trophic levels
(Grebmeier et al. 2006b, Wassmann 2011). Any changes that affect the pathways of energy from primary
producers to upper trophic levels are mediated through trophic interactions, therefore changes in upper
trophic levels can only be predicted if we understand key trophic connections. Earlier studies have
described fish food habits of selected fishes in Alaska’s Arctic marine ecosystems (e.g. Frost and Lowry
1983, Craig 1984, Coyle et al. 1997, Cui et al. 2012) and trophic studies have become a major focus of
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BOEM'’s Environmental Studies Program in Alaska? in recent years. Several components of the Arctic
Eis project contributed towards a better understanding of trophic dynamics in the region.

Fishes and crab consume a large variety of pelagic and benthic prey in the northern Bering Sea and
Chukchi Sea and diets typically differ among species, water masses and with predator size. For example,
smaller-mouthed Arctic Staghorn sculpin (Gymnocanthus tricuspis) and larger-mouthed shorthorn sculpin
(Myoxocephalus scorpius), while both generalist feeders that share a similar prey base, partition prey by
taxa or size with little apparent overlap in prey use (Gray et al. 2017). However, diets differ spatially and
both species have similarly diverse diets with a high proportion of benthic amphipods in the northern
Chukchi Sea, likely reflecting the high benthic productivity in the area (Grebmeier et al. 2006a). Snow
crab, a major component of epibenthic biomass across the northern Bering Sea and Chukchi Sea (Bluhm
et al. 2009, Kolts et al. 2015), are omnivorous predators in the region, consuming polychaetes, decapod
crustaceans (crabs, amphipods), echinoderms (e.g. ophiuroids), and mollusks (bivalves, gastropods), with
evidence for substantial cannibalism in the Chukchi Sea (Divine et al. 2017).

Stable isotope analyses (Marsh et al. 2017) and multivariate analyses of prey composition across multiple
predators (Whitehouse et al. 2017) confirm that trophic levels and diets of most species vary with
predator size and among water masses. With the exception of pelagic forage fishes, most species in the
Chukchi Sea rely increasingly on benthic prey as they increase in size (Marsh et al. 2017), reflecting a
shift from early pelagic stages to a primarily benthic life style. Hypothesized changes in pelagic-benthic
coupling may therefore increase food availability for forage fish, the early pelagic life stages of many fish
species and semi-demersal fish, which have a more diverse prey base that includes both pelagic and
benthic prey.

Classifying fishes into trophic feeding guilds can simplify the analysis of the complex Chukchi Sea food
web (Fig. 11) and aid our understanding of climate-related changes to the structure and function of Arctic
marine food webs. Whitehouse et al. (2017) identified four feeding guilds in the eastern Chukchi Sea,
which reflect the dominant prey types in predator diets: gammarid amphipod consumers, benthic
invertebrate generalists, fish and shrimp consumers, and zooplankton consumers (Fig. 12). These guilds
can form the basis for monitoring and modeling food web dynamics. For example, the hypothesized
increase in the flow of energy to the pelagic compartment would be expected to result in improved
feeding conditions for zooplankton consumers. In addition to prey abundance, prey quality varies among
different zooplankton and fish species, and data are now available for many Arctic fish species to
consider not only variability in abundance but also in energy density (Appendix U, Fig. 13).

4.6 Winners and losers: Growth and condition in a changing climate

Fish communities in both the Pacific and Atlantic Arctic Gateways are changing. In the Atlantic Arctic,
boreal fish species are increasingly replacing Arctic species in the Subarctic-Arctic transition zone
(Renaud et al. 2012, Fossheim et al. 2015). Similarly, boreal fishes in the eastern Bering Sea expand
northward during warm periods (Mueter and Litzow 2008) and there is a potential for at least some
species to expand and become established in the Arctic north of Bering Strait, or for Arctic species to
expand locally (Hollowed et al. 2013). While we cannot yet predict the impacts of a rapidly warming
climate on fishes in the Pacific Arctic Gateway with any degree of certainty, results from Arctic Eis and
other studies support hypotheses that cold-adapted species like Arctic cod may be replaced by competitors
that are able to tolerate a wider range of temperatures, and that some boreal species, including salmon,
may expand northward into the Chukchi Sea or beyond.

2 https://www.boem.gov/Alaska-Studies/

21



Arctic cod are a quintessential Arctic species: both juvenile (Laurel et al. 2016) and adult Arctic cod
(Helser et al. 2017) are cold-adapted and their growth potential appears to be highest at low temperatures.
Arctic cod partially overlap with and have similar diets to saffron cod, walleye pollock, capelin, and other
forage fish (e.g. Hop and Gjgseeter 2013, Falardeau et al. 2014), implying a high potential for interspecific
competition. The growth potential of some of these competitors, in particular walleye pollock and saffron
cod, exceeds that of Arctic cod at temperatures above about 5 °C in the lab (Laurel et al. 2016),
suggesting a competitive disadvantage of Arctic cod in warmer waters. Saffron cod collected across the
northern Bering Sea and Chukchi Sea during the 2012 Arctic Eis surveys attained maximum sizes at a
faster rate than Arctic cod (Helser et al. 2017). However, apparent growth rates of Arctic cod in the
Chukchi Sea exceed those of saffron cod in the same year, while saffron cod grow at a faster rate than
Arctic cod in the northern Bering Sea. It is unclear to what extent these differences reflect differences in
environmental temperatures or other environmental conditions.

Salmon are an important subsistence and commercial resource in western Alaska and juvenile salmon of
all five species of Pacific salmon were collected during the Arctic Eis surveys, although no chinook
salmon (Oncorhynchus tshawytscha) and only 2 coho salmon (O. kisutch) were caught north of Bering
Strait. Relatively few juveniles of any salmon species were caught in the Chukchi Sea in either 2012 or
2013, in contrast to the large numbers of pink (O. gorbuscha) and chum salmon (O. keta) observed during
a survey in the southern portion of the Chukchi Sea in 2007 (Eisner et al. 2012), when water temperatures
were considerably warmer (in part as a result of later sampling). These observations confirm the potential
for juvenile salmon to expand northward into the Chukchi Sea during warm years to take advantage of
feeding opportunities in this productive shelf area and possibly establish new runs in the Arctic (Irvine
and Fukuwaka 2011, Nielsen et al. 2012, Logerwell et al. 2015).

Juvenile chum, pink, and Chinook salmon are widespread and abundant in the northern Bering Sea,
largely originating from the Yukon River and Norton Sound (Kondzela et al. 2014). The origin of salmon
is of great interest to managers, who are tasked with ensuring that sufficient numbers of salmon return to
their natal streams to spawn. Stock identification is a particular challenge for chum salmon due to low
genetic diversity. Otolith elemental analysis may provide a useful method for differentiating stocks of
origin for salmon collected in the marine environment. A pilot study examining salmon collected during
surveys in the eastern Bering Sea and Chukchi Sea showed clear differences in the chemical signature
corresponding to the freshwater phase among four regions (Chukchi Sea, North and South Bering Sea,
and Bristol Bay), but limited spatial differentiation within these regions (Sutton and Pangle, 2015). This
suggests that the method has potential for differentiating among stocks, but validation with fish of know
origin is required to accurately assign fish sampled in the marine environment to their stocks of origin.

Juvenile salmon utilize the Bering Sea shelf ecosystem during their early marine life to take advantage of
high seasonal production (Farley et al. 2009a), gaining size and condition as they move offshore (Wechter
et al. 2017). Chum salmon in the northern Bering Sea and Chukchi Sea during 2007, 2012 and 2013
entered the ocean environment from mid-June to mid-July and grew at similar rates in both areas and all
years based on otolith growth increments (Vega et al. 2017). However, faster growth was observed in the
Chukchi Sea in 2013 (Vega et al. 2017) and growth and energy allocation strategies of juvenile pink and
chum salmon vary between warm and cold years in the northern Bering Sea (Andrews et al. 2009a,
Wechter et al. 2017). Both species show coherent differences in length and condition among years and are
longer but have lower energy density in years with warm spring temperatures. While warm spring
conditions and larger size is typically associated with enhance survival of Alaska pink and chum salmon
stocks (Mueter et al. 2002), it has been hypothesized that a lack of large, lipid-rich zooplankton prey
during warm years could reduce survival of salmon in the Bering Sea (Farley et al. 2011a). However,
trends in the abundances of small and large zooplankton differ between the southern and northern
portions of the eastern Bering Sea shelf (Eisner et al. 2014), therefore the consequences of changing
thermal conditions for pink and chum salmon survival in the northern Bering Sea remain uncertain.
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In contrast to pink and chum salmon, Chinook salmon enter the marine environment at a larger size and
the year class strength of Canadian origin Yukon River Chinook salmon appears to be established during
the early marine period, prior to sampling in late summer surveys (Murphy et al. 2017). The abundance of
juvenile Chinook salmon of Canadian origin on the northeast Bering Sea shelf is highly correlated with
adult returns over the last ten years and appears to provide a useful early predictor for future returns (Fig.
14). Survival and abundance of juvenile Chinook salmon increased greatly in 2013 and 2014 after more
than a decade of very poor survival, raising the possibility of restoring fishing opportunities on the upper
Yukon River (Murphy et al. 2017), although the reasons for recent declines and the apparent recovery
remain elusive.

4.7 Population dynamics of potential fishery targets: Arctic cod and snow
crab

The Arctic Fisheries Management Plan (NPFMC 2009) identifies three potential target species in
Alaska’s Arctic waters: Arctic cod, saffron cod, and snow crab. However, the plan proactively prohibits
“commercial harvests of all fish resources of the Arctic Management Area until sufficient information is
available to support the sustainable management of a commercial fishery”. To meet these information
needs, the plan promotes research to increase knowledge of the marine environment and of the life history
and biology of these species in particular. Closing significant gaps in our understanding of the population
structure, trophic role, life history, and population dynamics of these key fish and crab species is also of
primary importance to BOEM as it provides some of the information required to assess the impacts on
these and other fish and shellfish populations from potential oil and gas development. Finally, monitoring
these populations in a time of rapid changes in the Arctic is critical to understanding the combined
impacts and risks from climate change and other anthropogenic factors.

The Arctic Eis project, in combination with other completed and ongoing research, has greatly expanded
our understanding of the biology and dynamics of Arctic cod and snow crab populations in the Chukchi
Sea, as well as our understanding of saffron cod biology. While the reproductive biology of Arctic cod in
Alaska’s Arctic remains poorly understood, much progress has been made in understanding aspects of
their early life history, trophic dynamics (section 4.5) and general distribution and abundance. A large,
previously undocumented aggregation of pelagic young-of-year Arctic cod was present over the Northeast
Chukchi Sea shelf in both 2012 and 2013 (De Robertis et al. 2017b). In contrast, densities of age 1+
Arctic cod on the eastern Chukchi Sea shelf were low with a total biomass within the survey area
estimated at 44,500 mt (95% confidence interval: 26,583 — 66,970 mt). Using estimates of growth (Helser
et al. 2017) and reproductive parameters (fecundity, maturity-at-length) from the Atlantic (Nahrgang et al.
2016), combined with literature derived ranges for egg stage duration and egg and larval mortality,
strongly suggest that mature females in the survey area cannot produce enough eggs to produce the
estimated number of age-0s observed during acoustic surveys in late summer (Appendix M). This
suggests that either mature fish are migrating into the northern Bering Sea or Chukchi Sea to spawn in the
winter, that age-0 fish originate from a much larger spawning population outside the study area, or that
we are underestimating the abundance of mature Arctic cod in the study area. Most likely, Arctic cod in
the US portion of the Chukchi Sea are part of a larger stock with a much broader geographic distribution,
with the Northeast Chukchi Sea serving as an important nursery area for Arctic cod in the Pacific Arctic.
Exploratory acoustic surveys across the Chukchi Sea slope into the basin were conducted during the 2013
Arctic Eis survey but failed to find concentrations of older Arctic cod in deeper waters, which have been
observed off the Beaufort Sea slope in the western Beaufort Sea (Parker-Stetter et al. 2011) and in the
Canadian Beaufort Sea (Benoit et al. 2008, Geoffroy et al. 2016). However, a thin scattering layer of age-
1 Arctic cod, as confirmed by a midwater trawl sample, was observed in Barrow Canyon between
approximately 230 to 260 m depth, just within a slightly warmer, more saline Atlantic water mass (Fig.
15).
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The abundance of snow crab in the Chukchi Sea is surprisingly high (Table 1) with an estimated biomass
that exceeds the biomass of all demersal fish combined (Goddard et al. 2016), reflecting high benthic
productivity. The snow crab population is dominated by small individuals that are generally well below
the legal size (100mm) established for male snow crab in the Southeast Bering Sea. The size of snow crab
is likely smaller in the northern Bering Sea and Chukchi Sea because growth is limited by cold bottom
temperatures (Kolts et al. 2015). In spite of their small size, a sizable fraction of female crab in the
northeast Chukchi Sea is mature (Goddard et al. 2016, Divine 2016) due to a relatively small size at
maturity (50% mature at 46 mm, Fig. 16). Male snow crab mature at a larger size (50% mature at 62 mm,
Fig. 16) and a relatively small proportion of male snow crab collected in the Chukchi Sea were sexually
mature (Divine 2016, Fig. 16). In spite of low male abundances, mature females in the Chukchi Sea did
not appear to be sperm-limited as they stored sperm in low to moderate amounts, comparable to the
Bering Sea and Canadian waters (Sainte-Marie et al. 2002, Stichert et al. 2013). This suggests a
reproductively active population in the northeast Chukchi Sea, which is also supported by the presence of
early zoea stages of snow crab on the northeast Chukchi Sea shelf (J. Weems, unpublished data).

Snow crab in the southern Chukchi Sea tend to be smaller than in the northern Chukchi Sea and may
primarily consist of juveniles emigrating from the northern Bering Sea after settling to the bottom in
Chirikov Basin (Kolts et al. 2015). Settlement of crab originating from the Southeast Bering Sea in
Chirikov Basin is supported by large abundances of late stage megalopae in plankton samples collected in
the area (A. Pinchuk and J. Weems, unplublished data). Whether these snow crab contribute to the
population in the northern Chukchi Sea through continued northward migration or by releasing larvae
which are then transported to the north, or both, is currently unknown.

5. Conclusions

The Arctic Ecosystem Integrated Survey has provided a much more comprehensive assessment of the
northern Bering Sea and Chukchi Sea ecosystem, with a focus on demersal and pelagic fishes and
invertebrates, than was previously available. The assessment includes new information on the
distribution, abundance, biology and population dynamics of plankton and fish populations in the
northern Bering Sea and Chukchi Sea to address project objectives. While major results have been
published in a special issue in Deep-Sea Research (Mueter et al. 2017), many laboratory studies are
ongoing and data collected during Arctic Eis continues to contribute to much work that is still in progress.
A major legacy of the project will be the databases and maps submitted to the Alaska Ocean Observing
System's Arctic Portal (http://portal.acos.org/arctic), as well as to national archives. In addition to the
databases and published studies, a major benefit of the project was the training that was provided for a
number of students and post-docs.

Some key scientific findings from the project include the surprising differences in oceanographic
conditions between 2012 and 2013 due to differences in local winds and in the flow of Pacific waters
through Bering Strait (Danielson et al., 2017). The observed differences between 2012 and 2013 are
consistent with the observation that in 2012 the distribution of biological communities from plankton
through seabirds, including epibenthic fish and invertebrates, was largely shaped by the distribution of
water masses. These relationships foretell potential effects of climate change on these communities,
which will be driven by changes in physical conditions that determine the thermal environment as well as
advection through Bering Strait and the resulting distribution of water masses in the Chukchi Sea.
However, understanding food web interactions is essential to predicting the ultimate consequences of
climate change, oil and gas development, fishing and other anthropogenic impacts on these marine
ecosystems as was Vividly demonstrated in the Southeast Bering Sea when walleye pollock populations
declined substantially as a result of unexpected changes in the food web (Hunt et al. 2011). In the
northern Bering Sea and Chukchi Sea, ocean temperatures and food conditions likewise influence the
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community composition and may shift the balance between quintessential Arctic (e.g. Arctic cod) and
subarctic (e.g. Pacific salmon) species in the future.
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Figure 1. Map of study region

Map of the Pacific Arctic with 200, 80, 45, 35, and 25 m isobaths, place nhames and inferred major current patterns.
Abbreviations for major landmarks include NI = Nunivak Island, SLI = St. Lawrence Island, WI = Wrangel Island, KS =
Kotzebue Sound, PB = Peard Bay. Mean flow pathways are color coded to denote current systems and/or typical
water mass pathways: Yellow = Bering Slope Current and Beaufort Gyre; Black = Alaskan Coastal Current; Brown =
Siberian Coastal Current; Purple = pathways of Bering shelf, Anadyr, and Chukchi shelf waters. Red circle denotes
location of mooring BC2. Adapted from Danielson et al. (2017, Appendix C).
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Figure 2. Grid of sampling stations

Stations sampled during the 2012 and 2013 Arctic Eis surveys. Not all stations could be sampled each year due to
the presence of sea ice or inclement weather. All paired surface and bottom trawl stations (triangle, inset black circle)
occurred in the Chukchi Sea north of Bering Strait. An acoustic survey was conducted along east-west transects

between stations throughout the survey region. Midwater trawling (grey squares) was conducted to sample

aggregations of midwater fishes identified by the acoustic survey. Oceanography stations (black crosses) denote
stations where no fishing gear was deployed; however, oceanographic sampling (physics, chemistry, plankton) was
conducted at all main stations as well as the additional ‘Oceanography’ stations in the Chukchi Sea. Adapted from

Mueter et al. (2017).
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Figure 3. Surface and bottom water mass characteristics
Temperature (T, left panels) and salinity (S, right panels) near within 10 m of the surface (top row) and near the seafloor within 5 m of the deepest measurement
(bottom row) for 2012 and 2013. Adapted from Danielson et al. (2017, Appendix C).
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Figure 4. Zooplankton biomass and stage composition
Spatial distribution of the biomass (mg m-3) of Arctic zooplankton group (Column 1), Pacific zooplankton group (Column 2), and Calanus glacialis (copepodite

stages C3 and older are pooled, Column 3) on the northern Bering and Chukchi Sea shelves in late summer 2012-2013. Column 4 shows the spatial stage-
specific population structure of Calanus glacialis (abundance of copepodite stages C3, C4, and C5 normalized to total C. glacialis abundance) on the northern
Bering and Chukchi Sea shelves in late summer 2012—-2013. Data presented as a composite RGB color proportional to each stage contribution at each location.

— 2012, H — 2013. Adapted from Pinchuk and Eisner (2017, Appendix Q).
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Figure 5. Density of pelagic fishes

Density of pelagic age-0 Arctic cod, age-0 saffron cod, capelin, and Pacific herring estimated by acoustic trawl
methods in 0.5 nmi along-track intervals in 2012 and 2013. The 50 and 150m depth contours are shown as light gray
lines. From de Robertis et al. (2017, Appendix E).
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Figure 6. North-South gradient in fish abundance

Gradient in log-transformed catch-per-unit-effort (CPUE) of all fish species combined by latitude, based on bottom
trawl surveys conducted during the summers of 2009-2012. The Southeast Bering Sea has been surveyed annually
since 1982, while the northern Bering Sea and Chukchi Sea were each sampled once in 2010 and 2012, respectively.
Sampling extended from July through September and generally occurred earlier in the Southeast Bering Sea (July-
August) compared to the more northern regions (August-September). Back-transformed CPUE values range from
approximately 400 kg/ha at 57 °N to < 1 kg/ha at 73°N. Data from Lauth et al. (2011) and Goddard et al. (2016,
Appendix H).
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Figure 7. Map of fish and invertebrate communities

Map of the major mode of species composition as quantified by non-metric multi-dimensional scaling of fourth-root
transformed catch-per-unit-effort of fish and major invertebrate species sampled by bottom trawl on the eastern
Bering Sea shelf in 2010 and on the Chukchi Sea shelf in 2010, spanning a south to north range of 1800 km. Grey
dots denote sampling locations. The gradient reflects a turnover in species composition from a strictly subarctic
community on the Southeast Bering Sea shelf (tan to yellow) to a strictly Arctic community in the northern Chukchi
Sea (blue). Major species that are strongly correlated with and characteristic of the two ends of the gradient are
listed. Note the ‘footprint’ of the cold pool in the southeast Bering Sea middle shelf region.
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Figure 8. Map of major cross-taxa communities

Map showing polygons outlining regions of three cross-taxa communities. The three regions are Chukchi shelf
(green), Bering Strait and northward (red), and Alaska Coastal Current (blue). The regions are approximate and
based on non-metric multidimensional scaling analysis of four separate assemblages (macro-zooplankton, pelagic
fish and invertebrates, epibenthic fish and invertebrates, and seabirds). The dots represent station locations sampled
in 2012. Analyses were based on 2012 samples for all taxa and areas except 2010 samples for epibenthic taxa in the
northern Bering Sea. Adapted from Sigler et al. (2017, Appendix R).
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Figure 9. Least auklet and zooplankton abundance

Least Auklet density along Arctic Eis survey transects in 2012 (left) with sea surface salinity (center) and total zooplankton biomass (right). (Figures provided by

Kathy Kultez and A. Catherine Pham).
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Figure 10. Juvenile chum salmon stock composition

Stock composition estimates for juvenile chum salmon samples from the 2012 and 2013 U.S. BASIS/Arctic Eis
research surveys. Estimates are from analyses that used a coastwide baseline (top panel), and a more localized
western Alaska baseline (bottom panel). GOA = Gulf of Alaska, PNW = Pacific Northwest, NEBB = northeastern

Bristol Bay. From Kondzela et al. (Appendix L).
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Figure 11. Food web diagram for the eastern Chukchi Sea food web.

Functional groups (boxes) are arranged vertically by trophic level (a few groups moved up or down to improve readability). The height of the box is roughly
proportional to the log biomass of the group. The width of the line between groups is proportional to the magnitude in mass flow. Blue boxes highlight benthic basal
resource, and green boxes highlight pelagic sources, with varying shades in between. Adapted from Whitehouse and Aydin (Appendix W)
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Figure 12. Diet similarity among major fish species
NMDS ordination constructed from the B—C matrix of diet dissimilarities. Four guilds identified by cluster analysis are highlighted. Loading vectors of significant
prey types (p < 0.01) are included (blue vectors and prey names) to aid interpretation of ordination results. From Whitehouse et al. (Appendix X).
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Figure 14. Upper Yukon Chinook salmon returns

The relationship between juvenile and adult return abundance for the Canadian-origin stock group of Chinook salmon
in the Yukon River, 2003 to 2010. Adult abundance is the number of returning adults by juvenile year. Numbers
associated with each data point indicate the juvenile year. From Murphy et al. (2017, Appendix O).

49



i ——— —
A) YWbinton nrkvww\ R ,., B)
; Wi d.“)l{ u)‘,‘v ,‘n m"k‘l’l
i = - L 100
100 g T
£ |-
war 528 &
= I pou
o )
o N =
) 707 @
O 200 4 N L 500
ST Temp. || 300
Salinity
28 32 36
Salinity

Figure 15. Echogram of Arctic cod in Barrow Canyon

Echogram showing the Arctic cod near-surface layer (age-0) and the deep layer (age-1+) observed during offshore
exploratory survey near Barrow Canyon (left). The color scale is shown as an inset. Temperature and salinity profiles
from this location show that the age-1+ fish layer coincides with warmer and more saline Atlantic water. From De
Robertis et al. (2017b, Appendix E).

50



® 0s | Males, Chukchi Sea Trawl Selectivity
5, 0.9 - w===fBT  ====pSBT
2% 0.8 1
E 80
0.7 1 Size Frequency
00
.- 2 . K T T 06 - (absolute frequency) 60
10 ¥ immature females (N = 1032)
. B mature females (N = 897) 40
E 06 I
£ 04 -
g TTTTTT r
® 02 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100
00 4 carapace width (mm)

T T T T 26 mm | T
10 20 30 40 50 60

Carapace Width (mm)

Figure 16. Snow crab maturity at size and selectivity at size

Estimated proportion of mature male and female snow crab in the Chukchi Sea with size at 50% maturity (left) and
size frequency distributions of immature and mature female snow crab with estimated logistic selectivity at size of 83-
112 Eastern Bottom Trawl (EBT) relative to Plumb Staff Beam Trawl (PSBT). Modified from Divine et al. (Appendix
F).
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Table 1. Estimated total abundances (N) of Arctic Cod (Boreogadus saida), Saffron Cod (Eliginus
gracilis), Capelin (Mallotus villosus), Pacific Herring (Clupea pallasi), and snow crab (Chionoecetes
opilio) from bottom trawl (BT, Britt et al. 2016, Divine et al. 2016), acoustic-trawl (AT, Robertis et al.
2016), and zooplankton tows (ZT, Busby et al. 2016, Weems unpubl.) in 2012 and 2013.

Gear  Year Region N (millions) Year Region N (millions)
Arctic Cod
Adults BT 2012  N. Chukchi Sea 1,487 ;2,257 2013 N. Chukchi Sea -
S. Chukchi Sea 796 ; 541 S. Chukchi Sea -
N. Bering Sea - N. Bering Sea -
Adults & AT 2012  N. Chukchi Sea 80,000 2013  N. Chukchi Sea 240,000
Age-0 S. Chukchi Sea 190 S. Chukchi Sea 2,300
N. Bering Sea 6,500 N. Bering Sea 0.00014
Larvae & ZT 2012  N. Chukchi Sea Present 2013 N. Chukchi Sea Present
Eggs S. Chukchi Sea - S. Chukchi Sea Present
N. Bering Sea - N. Bering Sea -
Saffron Cod
Adults BT 2012  N. Chukchi Sea 11;192 2013 N. Chukchi Sea -
S. Chukchi Sea 194 ;511 S. Chukchi Sea -
N. Bering Sea - N. Bering Sea -
Adults & AT 2012  N. Chukchi Sea 690 2013  N. Chukchi Sea 1,600
Age-0 S. Chukchi Sea 780 S. Chukchi Sea 4,400
N. Bering Sea 50 N. Bering Sea 15
Larvae & T 2012  N. Chukchi Sea Present 2013 N. Chukchi Sea Present
Eggs S. Chukchi Sea - S. Chukchi Sea Present
N. Bering Sea - N. Bering Sea -
Capelin
Adults & AT 2012  N. Chukchi Sea 810 2013  N. Chukchi Sea 1,200
Age-0 S. Chukchi Sea 310 S. Chukchi Sea 27
N. Bering Sea 330 N. Bering Sea 740
Larvae & ZT 2012  N. Chukchi Sea - 2013 N. Chukchi Sea Present
Eggs S. Chukchi Sea Present S. Chukchi Sea Present
N. Bering Sea Present N. Bering Sea Present
Pacific Herring
Adults & AT 2012  N. Chukchi Sea 9.4 2013 N. Chukchi Sea 0.09
Age-0 S. Chukchi Sea 170 S. Chukchi Sea 40
N. Bering Sea 1,300 N. Bering Sea 7,500
Larvae & T 2012  N. Chukchi Sea - 2013 N. Chukchi Sea -
Eggs S. Chukchi Sea - S. Chukchi Sea -
N. Bering Sea Present N. Bering Sea -
Snow Crab
Adults BT 2012 N. Chukchi Sea 2,045;72,631 2013 N. Chukchi Sea -
S. Chukchi Sea 1,904 ; 343,122 S. Chukchi Sea -
N. Bering Sea - N. Bering Sea -
Larvae ZT 2012  N. Chukchi Sea 1.05 2013 N. Chukchi Sea -
S. Chukchi Sea 0.44 S. Chukchi Sea -
N. Bering Sea 1.80 N. Bering Sea -

* BT Gear Type: Adult Arctic Cod, Saffron Cod, and snow crab are demersal or benthically-oriented and caught best

in bottom trawls. Adult catch-per-unit-effort (#/km2) estimates were taken from the 83-112 Otter Trawls and the
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Plumb-Staff Beam Trawls in 2012 respectively, standardized by number of stations sampled per region, and multiplied
by approximate survey area (N. Chukchi = 150,000 km2; S. Chukchi = 50,000 km2 or N. Bering = 150,000 km2).

* AT Gear Type: See De Robertis et al. 2016 for description.

* ZT Gear Type: Larval snow crab catch-per-unit-effort (#/m3xdepth) were taken from the 505um Bongo Net,
standardized by number of stations sampled per region, and multiplied by approximate survey area (N. Chukchi =
150,000 km2; S. Chukchi = 50,000 k