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Chapter 1. Alaska Arctic Marine Fish Ecology Catalog—

Chukchi and Beaufort Seas

By Lyman K. Thorsteinson’

Abstract

The marine fishes in waters of the United States north of
the Bering Strait have received new and increased scientific
attention over the past decade (2005—15) in conjunction with
frontier qualities of the region and societal concerns about
the effects of Arctic climate change. Commercial fisheries
are negligible in the Chukchi and Beaufort Seas, but many
marine species have important traditional and cultural values
to Alaska Native residents. Although baseline conditions
are rapidly changing, effective decisions about research and
monitoring investments must be based on reliable information
and plausible future scenarios. For the first time, this
synthesis presents a comprehensive evaluation of the marine
fish fauna from both seas in a single reference. Although
many unknowns and uncertainties remain in the scientific
understanding, information presented here is foundational with
respect to understanding marine ecosystems and addressing
dual missions of the U.S. Department of the Interior for
energy development and resource conservation. This chapter
describes the Department’s information need with respect
to planned offshore oil and gas development, provides an
overview of the Alaska Arctic Marine Fish Ecology Catalog,
and presents regional background information, synthesis
methodologies, and definitions for commonly used terms and
concepts throughout the report.

Introduction

Accurate natural resource inventories and knowledge
of baseline conditions for Arctic resources and ecosystems
are essential for estimating effects of the U.S. Department of
the Interior (DOI) offshore oil and gas-leasing program. The
exploration and development of these offshore resources is
managed by the DOI Bureau of Ocean Energy Management
(BOEM). This document, Alaska Arctic Marine Fish Ecology

U.S. Geological Survey.

Catalog, addresses a specific need of BOEM to inform its
decision making with respect to the fisheries ecosystems in
Arctic Outer Continental Shelf (OCS) Planning Areas. This
report is a compilation of species accounts of the marine
fishes known from United States sectors of the Chukchi and
Beaufort Seas. Certain diadromous (for example, Pacific
salmon, char, and whitefishes) species are treated as marine
fishes (McDowall, 1987) because much of their life cycle
is in marine and brackish environments. This synthesis of
information is meant to provide current information and
understanding of this fauna and its relative vulnerability to
changing Arctic conditions.

The National Environmental Policy Act (NEPA) requires
the BOEM to prepare an Environmental Impact Statement
(EIS) for each offshore oil and gas lease sale area offered
through the DOI leasing program. The EISs provide an
assessment of the potential environmental effects associated
with major development proposals and communicate this
information to decision-makers and the broader public (Wood,
2008). In complying with the NEPA, the BOEM relies on
the best available science to evaluate potential effects on
regional ecosystems and living resources. Our objectives
were to review and synthesize current fish biology, ecology,
and fisheries information to assist BOEM’s NEPA analysts in
assessing environmental effects from planned future offshore
oil and gas development on the Arctic OCS.

BOEM’s NEPA analysts require detailed information
about the biodiversity, life history, and population ecology
of regional biota to assess adversity of impact in the EIS
process. For Arctic marine fishes, impact is evaluated in
terms of potential declines in abundance or changes in
geographic distribution and recovery of populations to pre-
impact status (thresholds of significance analysis, see Miner
and Rivasplata, 1994, and Musick, 1999). To illustrate,
adverse effects would require three of more generations for a
population to recover (Bureau of Ocean Energy Management
Regulation and Enforcement, 2011). The population
understanding required for a robust EIS analysis is similar
to what is required to assess Essential Fish Habitat under
provisions of the Magnuson-Stevens Fishery Conservation and
Management Act.
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The compilation of species information provides BOEM’s
NEPA analysts and others with a single, authoritative scientific
reference about the biology and ecology of marine fishes in
the United States Chukchi and Beaufort Seas. Biodiversity
is broadly assessed with respect to current understanding of
(1) classification and taxonomy, (2) abundance and geographic
distribution, and (3) life history and population ecology.

A focus of this study has been on new information and
discoveries about this fauna since the publication of Fishes of
Alaska (Mecklenburg and others, 2002). As such, the species
checklist, geographic distribution maps, and depth profiles
represent new biodiversity products to science. This synthesis
is unique because it is based on confirmed species occurrences
in United States sectors of the Chukchi and Beaufort Seas.
Confirmation is an important process because it assures the
reliability of resource information in management areas of
direct concern to decision makers. For most species, the link
between occurrence and abundance remains tenuous given the
nature of sampling conducted to date. As such, quantitative
aspects of the dynamics of fish populations and their
interactions with the Arctic marine environment are hindered
by inadequacies of existing data and relative lack of Alaskan
records. The emphasis on population dynamics and ecologic
relationships in the species accounts provides an important
basis for assessment of outstanding needs.

Although knowledge about the marine fish fauna in
the Alaska Arctic is among the poorest in the state, it has
been slowly improving over time. However, much life
history information presented in this report was acquired
from scientific observations outside Alaska. As such, basic

taxonomic science and population understanding is needed

to support modern assessments and potential fisheries in the
Acrctic high seas. The goals of this report are to present the
most current information about what is known about the
marine fishes in the Arctic area of the United States with a
special focus on geographic distributions, vertical structure,
abundance, and life history parameters of key populations.
The section, “Outline of Species Accounts” in chapter 3 serves
as a users’ guide to information presented in the individual
species descriptions.

Study Area

The primary geographical boundaries encompass Arctic
OCS Planning Areas (Bureau of Ocean Energy Management
(2012) in the U.S. Chukchi and Beaufort Seas (hereafter
Chukchi and Beaufort Seas, fig. 1.1) and the U.S. Exclusive
Economic Zone (EEZ) including the Arctic Management Area.
The eastern boundary of the Beaufort Sea EEZ extends to the
north and offshore of the Alaska-Canada Border. The Chukchi
Sea extends from Point Barrow in Alaska and the Beaufort Sea
in the east to the United States—Russia Maritime Boundary in
the west. The Bering Strait forms the southern boundary of
the Chukchi Sea. Some chapters, especially those addressing
species descriptions (chapter 3) and discussing species
diversity and possible geographic origins (chapter 4), include
comparative information from adjacent seas and broader basin
and ocean considerations, respectively.
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Figure 1.1. Bureau of Ocean Energy Management administrative boundaries for Outer Continental
Shelf oil and gas leasing in the Chukchi and Beaufort Seas, Alaska.
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Environmental Setting

Physical and biological components of the Arctic
marine environment as they relate to marine regional
descriptions of fish habitats and their use by fish and other
biota were described by DeGange and Thorsteinson (2011)2.
The descriptions of physical oceanography, substrates, and
biological productivity supporting marine fish habitats and
populations are primarily based on this review. Information
about the distribution of Arctic marine birds and mammals,
potential competitors and predators of marine fishes,
is not reported here but is available in DeGange and
Thorsteinson (2011).

Regional Oceanography

Large-scale features of the Chukchi and Beaufort Seas
oceanography were reviewed by Weingartner and others
(2008). Surface circulation in the Beaufort Sea is dominated
by the southern edge of the perpetual clockwise Beaufort Gyre
of the Canadian Basin (fig. 1.2). The subsurface Beaufort
Undercurrent Atlantic water masses and flows in the opposite
direction, to the east, over the shelf (fig. 1.2). Bering Sea
waters generally follow topography, moving north across
the Chukchi Sea shelf and to the east over the shelf edge and
slope (fig. 1.2). Currents in the shallower waters of the inner
Beaufort Sea Shelf (fig. 1.2) primarily are wind driven and,
thus, can flow either east or west. Because the predominant
wind direction during the summer ice-free season is from the
east, near-shore flow generally is from east to west.

Oceanographers have observed regional, seasonal, and
interannual variability in water mass properties in the Chukchi
and Beaufort Seas. Generally, the temperature and salinity
characteristics of the major water masses are:

 Alaska Coastal Water—warm (2—13 °C), low salinity
(to 32.2 practical salinity units [psu]);

* Bering Sea Water—warm (>0.0 °C); well-mixed and
moderate salinity (about 32.5 psu;

2This review of large-scale physical oceanography was guided by DeGange
and Thorsteinson (2011) who presented information previously reported in
Minerals Management Service (2008) and Weingartner and others (2008). The
summaries of primary and secondary levels of ecosystem production are from
Bluhm and others (2008), Hopcroft and others (2008), Stockwell and others
(2008), and Yager and others (2008). Other key references included Carmack
and Wassmann (2006); Grebmeier and Maslowski, 2014; Moore and Stabeno,
2015; and Grebmeier and others (2015).

* Anadyr Water—cold (<0.0 °C), marine salinities
(32.8-33.2 psu);

* Siberian coastal waters—cold (<0.0 °C), low salinity
(24 psu);

+ Atlantic Water (at depths > 220 m)—warm (>0 °C),
highly salinity (>34 psu); and

» Beaufort Gyre—cold (<0.0 °C), moderate to high
salinity (31-34 psu).

In the Chukchi Sea, the summer water masses are cold in the
east and warm in the west. Similarly, warm brackish waters
(5-10 °C, <15 psu) occur adjacent to Alaska’s north coast
during summer (to about 10 km off the coast) and cold marine
waters (<1 °C, 28 psu) farther offshore.

Under persistent east winds, bottom marine water
can move onshore, where it is forced to the surface. This
upwelling of marine water can cause some otherwise brackish
and warm areas along the coast to become colder and more
saline. This replacement of brackish with marine waters results
in the transport of warmer, less saline waters offshore.

The Chukchi Sea receives water that flows northward
through the Bering Strait, driven by the 0.5 m drop in sea level
between the Aleutian Basin of the Bering Sea and the Arctic
Ocean (fig. 1.2). Coachman and others (1975) provide a good
overview of the northward movement of Bering Sea waters
into the Chukchi Sea. Three distinct water masses, each of
different origin, move northward through the Bering Strait.
Anadyr Water, cold, high salinity, nutrient-laden oceanic
water that originates along the slope of the Bering Sea Shelf,
flows northward through Anadyr Strait, west of St. Lawrence
Island and into the central Chukchi Sea (fig. 1.2). As much
as 72 percent of the water transported through the Bering
Strait in the summer may come through Anadyr Strait.

Alaska Coastal Water originates in the Gulf of Alaska. This
low salinity, seasonally warm water hugs the Alaska coast

as it transits the Bering Sea into the Chukchi Sea. Alaska
Coastal Water is influenced by freshwater run-off from major
rivers in western Alaska. Bering Shelf Water is the resident
water mass of the central shelf region south of St. Lawrence
Island. This water mass is intermediate with respect to its
hydrographic properties when compared to Anadyr Water and
Alaska Coastal Water, is advected northward on both sides of
St. Lawrence Island, and then flows through the Bering Strait
where it mixes with the other water masses. These waters are
an important source of plankton and carbon in the Chukchi
and Beaufort Seas, and influence the seasonal distribution and
abundance of marine biota and migration behaviors of many
species (Piatt and Springer, 2003; Hopcroft and others, 2008;
Weingartner and others, 2008; Crawford and others, 2012).
The deep waters offshore in the northern Chukchi Sea also are
a potentially important source of nutrient-rich waters.
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Figure 1.2. Schematic circulation map of the northern Chukchi Sea and western Beaufort Sea. From Weingartner and

others (2008).

Bering Sea Cold Pool

Mecklenburg and others (2011) described the boundaries
of an “arctic region” to include the Arctic Ocean and its seas
and adjacent waters of the North Atlantic and North Pacific
southward to an ichthyofaunal boundary (Arctic—Boreal
species in chapter 2). Mecklenburg and others (2011, p. 110)
reported that, “...position of the boundary is reflected in
major differences in species composition associated with
seafloor topography, such as sills and canyons, and water
characteristics, such as temperature and salinity, that form
barriers against fish movements.” In the northern Bering
Sea, the location of the 2 °C isotherm during summer
months, generally south of St. Lawrence Island, demarks this
zoogeographic boundary and the northern edge, or ecotone,
of marine waters associated with the Bering Sea cold pool
(bottom temperatures < 2 °C) that relates to the seasonal
presence of sea ice (see chapters 4 and 5).

Sea Ice Dynamics

The presence of ice in the Arctic is one of the most
important physical conditions to deal with for developing
offshore OCS oil and gas resources. The seasonal sea ice
cycle is a pervasive force in the Arctic, influences human
activities and many aspects of the region’s natural history,
and demonstrates great seasonal and inter-annual variability
off the coast of Alaska. Generally, there are two forms of sea
ice: fast ice that is anchored along the shore and free-floating
pack ice that moves with winds and currents. Shore fast and
pack ice interact to cause an extensive, somewhat predictable,
system of flaw leads (swathes of open water in between ice)
and polynyas off the coasts of the Chukchi and Beaufort Seas
eastward to the Canadian Archipelago. These flaw leads and
polynyas become more prevalent in spring and are biologically
significant features with respect to the timing and location of
seasonal movements and northward migrations of wildlife
species, such as bowhead whales and marine birds.
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Maximum sea-ice cover occurs in March or early
April, lagging minimum insolation in late December by
3 months because of the heat capacity of the ocean and the
cold atmosphere. During these months, essentially all of the
Beaufort and Chukchi Seas are ice-covered (fig. 1.3). Winter
ice extent in the Arctic has decreased since the late 1970s
(fig. 1.3) along the southern margins of sea-ice extent, but
not severely (fig. 1.4). Maximum retreat of the sea ice occurs
in September, again lagging maximum insolation by about
3 months. The extent of sea-ice loss in Septembers since
the satellite record began has been remarkable (fig. 1.5).
By September, in normal years, the ice pulls away from the
Acrctic coasts of Canada, Alaska, and Siberia, leaving a nearly
continuous, relatively ice-free corridor that varies in width
around the permanent ice pack. In recent years (2010-15),
the ice-free corridor has expanded to hundreds of kilometers
in the East Siberian Sea and offshore of the northern Alaska

Sea Ice Extent
Mar 1980

median
ice edge

Total extent = 16.1 million sq km

coast. The contrasts between 1980, a representative year with
extensive ice cover, and 1987, when sea-ice extent in the
Arctic was at a record minimum, and the long-term median ice
edge are evident (fig. 1.5).

In addition to decreases in sea-ice extent during late
summer and autumn, the amount of multi-year compared
with summer sea ice in the Arctic also is changing; conditions
are moving toward an abundance of younger and thinner sea
ice (figs. 1.3-1.6). The longer sea ice remains in the Arctic
Ocean the thicker it becomes because of additional freezing
and deformation. The thinning of Arctic Ocean sea ice has
occurred largely because of the export of older, thicker sea ice
out of the Arctic through Fram Strait, east of Greenland. This
is important because young, thin ice is more vulnerable to the
melting that results from warm air and water temperatures,
perpetuating a feedback cycle because the open ocean absorbs
solar insolation.

Sea Ice Extent
Mar 2007

median

ice edge

Total extent = 14.6 million sq km

Figure 1.3. Extent of sea ice for single months and single years, using 1980 as an example of an extensive ice cover year, and 2007 as
the record minimum year—maximum winter extent. The border plots the long-term median ice edge based on data from 1979 to 2000.
From National Snow and Ice Data Center, 2011a, monthly sea ice extent for 1980 and 2007: National Snow and Ice Data Center database,

accessed April 15,2011, at http://nsidc.org/.
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Figure 1.4. Sea-ice extent anomalies for March (maximum sea-ice extent) and September (minimal sea-ice extent)
expressed as percentage-departure from average (that is, anomalies as compared to the 1979-2000 mean). From National
Snow and Ice Data Center (2011b).

Sea Ice Extent

Sea Ice Extent
Sep 1980

Sep 2007

median
ice edge

median
ice edge

Total extent = 7.8 million sq km Total extent = 4.3 million sq km

Figure 1.5. Extent of sea ice for single months and single years, using 1980 as an example of an extensive ice cover year, and 2007 as
the record minimum year. The border plots the long-term median ice edge based on data from 1979 to 2000. Source: National Snow and
Ice Data Center (2011a).
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February Median (1981-2009) XK. February 2009

Figure 1.6. 0ld and new ice in the Arctic for February. These maps show the median age of February sea ice from (A) 1981 to 2009 and
(B) February 2009. As of February 2009, ice older than 2 years accounted for less than 10 percent of the ice cover. Dark blue indicates
ice greater than 2 years old; medium blue indicates 2-year-old ice; pale blue indicates annual ice. From National Snow and Ice Data
Center (2011¢c), accessed April 15, 2011, at http://nsidc.org/sotc/sea_ice.html.

Seafloor Substrates Only two areas with hard substrates have been identified in
the entire region (Smith, 2010) (fig. 1.7)—one in Peard Bay,
Soft sediments dominate the sea floors of the continental southwest of Barrow, and the other in Steffanson Sound near

shelves of the Beaufort and Chukchi Seas. These are largely Prudhoe Bay that is known as the “boulder patch” (Dunton
combinations of muds, sands, and gravels (fig. 1.7). These and others, 1982). The boulder patch is characterized as
soft-sediment bottoms support high densities and biomass of sediment with greater than 10 percent boulder cover. It
benthic invertebrates, particularly in the extensive shallow provides attachment habitat for the endemic kelp Laminaria
shelf areas of the Chukchi Sea where productivity is high solidungula and other macroalgae, which are the primary

(for example, Hanna Shoal and Barrow Canyon [fig. 1.1]). carbon source for consumers living there.
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Benthos

Benthic food supply originates in surface waters and is
highly seasonal in the Arctic. Densities of sediment particles
and their nutritional values range vastly from the nutrient
rich waters of the northern Bering and Chukchi Seas to the
oligotrophic deep waters of the Arctic Basins. Less is known
about the benthos from the Beaufort Sea although preliminary
data from ongoing BOEM surveys suggest there is much less
biomass and diversity, and that different ecological processes
occur (appendix A). Generally, however, comparisons of
energy fluxes show that the benthic systems receive more
energy in the Arctic than from temperate and tropical systems.

Much of the broad, shallow shelf of the Chukchi Sea
is strongly influenced by northward flowing nutrient-rich
Pacific Ocean water through the Bering Strait, resulting in
high benthic biomass, which is among the highest worldwide
in soft-sediment macrofaunal communities (for example,
Grebmeier and Maslowski, 2014; fig. 1.8). Specifically, the
south-central Chukchi Sea has the highest algal and faunal
biomass on the combined Bering Sea and Chukchi Sea shelf
because of the high settlement rates of organic production that
is not grazed by microbes and zooplankton. These rich benthic
communities, tied to high pelagic production and advection,
serve as prey for various diving sea birds and marine
mammals, a key feature of the productive Chukchi Sea.
About 1,200 species are known from the Chukchi Sea fauna
to date with amphipods, clams, and polychaetes dominating
infaunal community. Important macrofauna prey species for
higher trophics include bivalves taken by walrus, in particular
Macoma spp. and Mya truncata, and benthic amphipods
used by gray whales and bearded seals. Within the epifauna,
ophiuroids dominate abundance and biomass in much of

the surveyed Chukchi Sea, and other patchily distributed
echinoderms (especially asteroids), gastropods, ascidians,
sponges, cnidarians, and bryozoans are locally abundant.

The comparatively narrow Beaufort Sea Shelf is
influenced by large freshwater inflow from numerous small
rivers and streams, the larger Colville and Mackenzie Rivers
(fig. 1.1), and permafrost resulting in estuarine conditions in
the nearshore. Because of this freshwater flow, non-marine
sources of carbon may play an increasingly important role
for the benthic food web in parts of the nearshore Beaufort
Sea. The Beaufort Sea floor is dominated by soft sediments
(fig. 1.7), but high ice cover and associated scouring, along
with glacial erratics, have left coarser sediments (gravel and
boulders) in various areas of the Beaufort Sea. The Alaskan
part of the Beaufort Sea coast is fringed by sandy barrier
islands forming numerous shallow lagoons with average
depths less than 5 m and ecological traits different from those
in the open water. Compared to the Chukchi Sea, productivity
and benthic biomass in the Alaskan Beaufort Sea are
dramatically lower. Consequently, benthic-pelagic coupling is
not as pronounced as in the Chukchi Sea and food chains are
shorter. Much less is known about the slopes of the Chukchi
Sea and especially the Beaufort Sea, and the adjacent basins
(Bluhm and others, 2008). The existing investigations of the
slopes and abyssal infaunal benthos in the western Arctic
revealed low abundances and biomass values relative to the
shelves, especially with increasing water depth and distance
from the shelves. At taxonomic levels of phylum and orders,
the soft-bottom deep Arctic macrofauna appear to be similar to
the shelf communities: polychaetes, bivalves, and crustaceans
are dominant, but on a family, genus, and species level,
inventories differ from the shelves.
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Primary and Secondary Production

In the Arctic, the combination of cold temperature, the
occurrence of sea ice, and the extreme seasonal variations in
light regimes controls phytoplankton growth and governs its
spatial and temporal growth patterns. The stabilizing effect
of sea ice allows production to occur near the surface under
low light intensities. A large number of planktonic algae
thrive in Arctic waters, but there seem to be relatively few
truly Arctic species. Estimates of phytoplankton biomass
vary widely depending on the region, with the highest
amounts in the Chukchi Sea. Algal production and biomass
in the Arctic primarily are controlled by light, stratification,
and nutrient fields. On the shelves, advection and turbulent
mixing of nutrients through the Bering Strait and local
nutrient remineralization sustain extremely high primary
production values on the Chukchi Sea Shelf (fig. 1.9). Much
of the production is not grazed, falls to the sea floor, and fuels
benthic communities. In addition to phytoplankton, ice algae
contribute to the total primary production of the Arctic Ocean
with higher production values in first-year ice compared to
multi-year ice. The contributions of ice algae to total primary
production range from less than 1 percent in coastal regions to
as much as 60 percent in the central Arctic Ocean.

Secondary producers include the microbes, protists,
and zooplankton that consume phytoplankton and algae.
Compared to phytoplankton and mesozooplankton, much less
is known about the composition, distribution, and rates of
activity of microbes and protists in the Arctic Ocean, and this
confounds the ability to estimate the effect of climate change
or other disturbances on food webs and basic biogeochemical
processes. Biomass of heterotrophic microbes in Arctic
surface waters shows a strong response to seasonal changes
in phytoplankton stocks. In the Chukchi Sea, concentrations
of bacteria are low in spring, increase over the course of the
bloom, and are highest in late summer. Heterotrophic protists
include nanoflagellates, ciliates, and dinoflagella.

Recent work in the Gulf of Alaska, the Bering Sea,
and shelf and slope regions of the western Arctic Ocean
has confirmed the role of these organisms, known as
microzooplankton, as consumers of phytoplankton in
sub-Arctic and Arctic food webs. Although it is likely that
phytoplankton and sea ice algae still represent a crucial food
source for the larger zooplankton, use of microzooplankton
as food is recognized as being of similar import, particularly
during periods when phytoplankton standing stock is low
or of poor quality. Because strong local pulses of primary
production are a frequent characteristic of high-latitude
oceans, including the Chukchi and Beaufort Seas, the
response of microbes (including both bacteria and protists) to
these pulses determines the rate of remineralization and the
fraction of total production exported to the benthos. Weak
microbial activity in the Arctic contributes to the high degree
of bentho-pelagic coupling in many shelf regions of the Arctic
and the consequent strength of demersal ecosystems.

Zooplanktons are the major grazers of the primary
production in the Arctic and determine the resources available
to many higher trophic levels, such as fishes, seabirds, and
marine mammals. In the Chukchi Sea, large quantities of
Pacific zooplankton enter the region through the Bering
Strait, in a complicated mixture of water masses. The influx
of the rich Pacific water determines the reproductive success
of both the imported and resident zooplankton communities.
Both inter-annual and long-term variation in climate will
affect the relative transport of these various water masses
and hence the composition, distribution, standing stock, and
production of zooplankton and their predators in the Chukchi
Sea. Zooplankton abundance and community structure also
affect the amount and quality of carbon exported to the benthic
communities in this region. In contrast, the Beaufort Sea
primarily is Arctic in character, with cross-shelf exchange
mechanisms more important in determining the relative
contribution of “oceanic,” “shelf,” and “estuarine” species.

In the Eastern Beaufort Sea, the outflow of the McKenzie
River has significant effect on both the composition of the
zooplankton and its productivity. Thus, the Beaufort Sea is
responding to a fundamentally different set of factors than
the Chukchi Sea, even if they are both driven by similar
climate-related variations and trends.

Although copepods typically predominate throughout the
Acrctic, there is a broad assemblage of other planktonic groups.
Euphausiids are less abundant and diverse in Arctic waters
than elsewhere, but can be important prey for higher trophic
levels such as bowhead whales, birds, and fishes. Larvaceans
(Appendicularians) have been shown to be abundant in Arctic
polynyas, and are transported in high numbers through the
Bering Strait into the Chukchi Sea. Similarly, important
and common predatory groups, such as the chaetognaths,
amphipods, ctenophores, and cnidarians have been reported
on in detail by only a few surveys. Hyperiid amphipods also
can be common in Arctic waters and, like chaetognaths, have a
potential to graze a large proportion of the Calanus population.
Relatively little is known of the abundance, composition,
or ecology of the delicate gelatinous zooplankton, such as
jellyfish. There are indications that climate change has resulted
in increased numbers of jellyfish in the Bering Sea in recent
years. Scientists have recorded jellyfish piled up several feet
deep along shorelines near Barrow, Alaska. The ecological
effect of these predators is substantial and underestimated in
polar waters.

The ongoing reduction of the sea-ice cover will have
major effects on the ecosystems and biogeochemical fluxes on
the extensive continental shelves of the Arctic Ocean. Many
processes involved in the regulation of the vertical and trophic
fluxes of particulate organic carbon, and the production of
dissolved organic carbon, are controlled by the zooplankton.
Knowledge of zooplankton community ecology, especially
the temporal and spatial distribution patterns of the different
classes of zooplankton, is needed to understand the role of
sea-ice variability in dictating fluxes of biogenic carbon on
and off the shelves.
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Environmental Context Within the
Pacific Arctic Region

The information summarized in the section,
“Environmental Setting” focused on the United States
Chukchi and Beaufort Seas, and included relevant physical
and biological information from the Pacific Arctic Region. The
description of the Pacific Arctic Region includes the northern
Bering Sea, Chukchi and Beaufort Seas, East Siberian Sea,
and western sectors of the Canadian Arctic Archipelago (for
example, Grebmeier and others, 2015). Regional information,
from data collections outside the United States, was included
because large scale understanding of physical and biological
processes (for example, the delineation of boundaries for
the Arctic Large Marine Ecosystem [Protection of the
Arctic Marine Environment, 2013] evaluates interactions
and connections at scales of the northeast Pacific and
Avrctic Ocean) is needed to address historical and ecological
biogeography objectives of this study (chapter 4). Additional
focus and synthesis on the environmental features of the
Pacific Arctic Region address scale issues by drawing special
attention to the importance of shelf geography and advection
on regional ecology (this chapter) as it pertains to marine fish
distributional patterns described in chapters 3 and 4.

Geographic relations between advection, sea ice, and
stratification properties were reviewed by Carmack and
Wassmann (2006) to classify shelf typologies and compare
regional connections between physical habitats and biota
in Arctic seas. Inflow, interior, and outflow shelves were
described for the Pacific Arctic Region and collectively
these shelf types were estimated to cover 2,145 x 10° km?
or approximately 35 percent of the entire shelf area of the
Avrctic Ocean (6,048 x 10° km?). Continental shelf area is
greatest in the East Siberian Sea (16 percent of total Arctic
Ocean shelf area) followed by the Chukchi Sea (10 percent),
Beaufort Sea (3 percent), and Canadian Arctic Archipelago
(about 2 percent). The total volume of seawater over Arctic
shelves is 829 x 10° km® of which 7 percent is associated with
the East Siberian Sea, 6 percent the Chukchi Sea, about 4-5
percent in the Canadian Arctic Archipelago, and 3 percent the
Beaufort Sea.

The northern Bering/Chukchi Sea is a shallow inflow
shelf (mean depth = 58 m) as the transport of Pacific water
through the Bering Strait connects Pacific and Arctic Oceans
(S ~ 32 psu, V, ~ 1 8v) (fig. 1.2; salinity and annual mean
volume as reported by Woodgate and others, 2015). As these
waters flow across the Chukchi shelf they are responsive to
atmospheric forcing and are strongly modified by geophysical
and physical processes before their subduction along the
break and upper slope. Freshwater transport from rivers, ice
(primarily first year ice), and stratified waters of the Bering
Sea is significant and supports strong seasonal stratification
and high primary productivity in the Chukchi Sea. The Bering
Sea inflows, especially from upwelled deep waters, are rich
in nutrients and biogenic materials such as phytoplankton,
zooplankton, and meroplankton. Large herbivores are not

abundant in the zooplankton community overlying shelf
waters and the grazing efficiency is low. The advection of
freshwater and suspended organic matter combined with high
primary production and inefficient cropping over shallow
depths results in tight pelagic-benthic coupling and high
standing stocks of benthic communities (Renaud and others,
2008). As a consequence of the large vertical flux of locally
and advected carbon, the Chukchi shelf (and southwestern
Beaufort Sea) are also the site of substantial denitrification and
high benthic biomass in offshore areas compared to the more
river-influenced central and eastern Beaufort Sea. Benthic
ecosystems and short food chains are adaptations to the fluxes
and cycling of carbon as evidenced in the composition and life
history traits of the benthos and seasonal migrations of large
numbers of benthic feeding animals in the Bering Strait and
Chukchi Sea each year.

The East Siberian Sea (mean depth = 48 m) and Beaufort
Sea are interior shelves (mean depth = 80 m). According to
Carmark and Wassman (20006), interior shelves are shallow
and characterized by strong effect of major Arctic rivers (for
example, Kolyma and Mackenzie Rivers). Interior shelves
exhibit a positive estuarine flow (plume spreading) in summer
and a negative estuarine circulation (brine release) in winter.
During summer, sediments and organic matter are transported
to the nearshore in a highly variable mix of riverine, estuarine,
and marine waters. The horizontal exchange of water masses
is thus considerable and variation in salinity is significant.
Carmack and others (2015) defined the brackish water
mass that forms near the coast (<30 m) as the River Coastal
Domain. In deeper waters beyond the shelf break, boundary
currents flow to the east and contain Arctic water derived from
Atlantic and Pacific origins. Interior shelf waters are turbid
(large terrigenous loads) and seafloors featureless except in
large river areas where small valleys continue across the bed.
The interior shelves are characterized by a predominance of
landfast ice that melts during summer and flaw polynyas in
winter. Primary production and the general biological activity
are low over offshore areas of the interior shelves due to high
turbidity, export of surface waters below the ice cover, and
nutrient limitation due to stratification. Suspended biomass
of planktonic organisms is thus low, but that of benthic
organisms is relatively high. This relates to benthic foods from
marine advection and local production and significant imports
from littoral and riverine sources. Shoreline erosion delivers
large amounts of peat to coastal waters and represents a major
source of carbon in lagoonal food webs (Dunton and others,
2005; 2006; 2012). During winter, the lagoons freeze to depths
about 2-5 m, often to the bottom, a disruption so great that
the epibenthic community at the base of their food webs must
re-colonize them annually.

The Beaufort Sea is a narrow interior shelf. The primary
production in some of the coastal lagoon ecosystems of the
United States Beaufort Shelf is less than 10 grams of carbon
per meter (g C m?/yr) as light penetration in spreading and
meandering river plumes is extremely limited. Land fast
ice cover is persistently strong and severely limits primary



production. Primary production on the adjacent Canadian
Beaufort Shelf with its mixture of land fast and multi-year ice,
flow polynyas, stamukhi, and higher light penetration outside
the river plumes, is high, in the range of 30 to 70 g C m?/yr.
High freshwater inputs from numerous rivers and streams
produce an environment that is decidedly estuarine in
character, especially during the late spring and the summer
months. Coastal erosion and river discharge are largely
responsible for introducing high concentrations of suspended
sediment from upland regions into the nearshore zone and
often trapped in nearshore lagoons. Shelf energetics are
characterized by a relatively low autochthonous production
and a rich terrestrial, allochthonous carbon supply, especially
in more productive regions. Benthic biomass is relatively rich
in terrestrial carbon. Zooplankton populations, however, are
poorly developed in the inner coastal region and the brackish
waters that form along the coast each summer allows access
to more marine foraging areas outside of the lagoons by
several species of amphidromous fishes of importance in
traditional economies.

In contrast the East Siberian Sea is a wide interior shelf.
The wide interior shelves may extend far offshore (about
800 km) before reaching the shelf break. Most of the trophic
dynamics in this sea remain to be resolved. This sea is heavily
covered by land fast ice, is shallow (<50 m), and is exposed
to most of the discharge of freshwater to the Arctic Ocean
when the Lena River is considered. As a consequence, total
primary production is low and the contribution from ice algae
is probably significant. Stratification is strong during the
productive season and the biota is dominated by benthos. High
chlorophyll a concentrations in the sediments indicate a tight
coupling between sympagic and pelagic primary production
and nutrient supply to the benthos throughout the entire
Laptev Sea. However, pronounced regional differences exist
in the magnitude of primary production. The shallow nature
of the ecosystem implies that the effect of zooplankton on
carbon flux is limited and may increase toward the shelf break.
Preliminary carbon budgets indicate that a high proportion
of primary production is channeled through the benthic food
web. As in the case of the narrow interior shelves input of
allochthonous organic carbon seems to be required to balance
the overall carbon demand. Despite its refractory nature, the
supply of riverine dissolved organic carbon and particulate
matter of terrestrial origin, mediated by microbial food webs,
may be significant for this shelf.

The Canadian Arctic Archipelago is a network outflow
shelf (mean depth = 124 m). Outflow shelves allow Arctic
Wiater to drain back into the North Atlantic. The Canadian
Arctic Archipelago is a complicated network of channels,
straits, and sounds, and water mass transit times are long
enough for thermohaline and biogeochemical changes to
occur en route. There are no large rivers in this system, but
moderately sized rivers enter from the Canadian mainland,;
there is other, local freshwater run-off. Stratification derives
primarily from ice melt. Land fast ice in the region is regular,
but strongly variable with regard to depth, time of melt, and
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snow-cover. The archipelago is ice-covered during most of
the year with extensive, but variable ice melt and stratification
observed during summer and early autumn. Primary
production on outflow shelves is spatially variable. Over the
southern parts of outflow shelves the primary production can
be significant and is highly seasonal, quickly nutrient limited,
and highly variable between years. The comparatively great
depth implies that much of the carbon flux is channeled
through plankton, with additional supplies from sympagic
biota. Existing measurements of total primary production in
the entire Archipelago suggest that it may support as much

as 32 percent of the total primary production of pan-Arctic
shelves. The zooplankton dynamics are even more variable,
probably because of irregular advection episodes through the
Archipelago. Ice fauna and flora are rich in the Archipelago
and close pelagic—benthic coupling results in rich benthic
communities in the shallow sections. However, primary
production is generally low and the transport of organic matter
(mostly of terrestrial origin) and ice biota by multi-year ice
and the Transpolar Drift is significant along longitudinal
outflow shelves. Interannual comparisons of ice algae
production in Barrow Strait (to the east of M’Clure Strait,
Canada) reveal strong year-to-year variability, ranging from
210 23 g C m? y* (Smith and others,1988). Thus, this outflow
shelf probably experiences similar significant variability in its
planktonic/sympagic primary production.

A conceptual model for the Pacific Arctic Region
relates observed patterns in ecosystem structure and function
to advection and related functional attributes (fig. 1.10;
Grebmeier and others, 2015). The patterns are consistent with
shelf processes described by Carmack and Wassman, (2006)
denoting significance to areas of convergence in the Chukchi
and Beaufort Seas and along the shelf break, large freshwater
influences from the Mackenzie River and through the Bering
Strait, and within different water masses of the Chukchi Sea.
The conceptual model also is consistent with information
about the physical environment and the marine resources in
this chapter and portrays the role of advection more clearly
with respect to seasonality and patterns in species distribution
and abundance and further description of biological
connections between Chukchi and Beaufort Sea shelves and
other Pacific Arctic environments (for example, northern
Bering Shelf and nearshore waters).

Two other conceptual models also inform current
understanding of the present state: (1) a food web model
linking physical factors to biological distribution and
abundance and food web relationships (Wiese and others,
2013); and (2) a marine-pulsed model focusing on the
seasonality of production cycles and biological activity as they
relate to connections between riverine exports, benthic-pelagic
coupling and remineralization, advection, winds and episodic
upwelling events, and sea ice coverage (Moore and Stabeno,
2015). The advection, food web, and marine-pulsed models
are complementary, building on the unifying constructs of
the contiguous domain, and depict current understanding
and suggest how energy pathways and efficiencies in benthic



16 Alaska Arctic Marine Fish Ecology Catalog

and pelagic communities could be affected by the changes
in meteorology (temperature, winds and cloudiness), sea
ice (timing and extent of open water) hydrology (freshwater
discharge), hydrography (stratification and halocline),
and plankton dynamics (timing, intensity, magnitude, and
production) and related ecological efficiencies (energy
transfers between trophic levels).

Advection is a key forcing function for the Arctic marine
environment in general and the Pacific Arctic Region in
particular (Grebmeier and others, 2015). In this conceptual

model, advection of water, ice, and biological constituents
through the Bering Strait creates the energetic pathways and
connections that affect much of the region and influence
regional productivity and abundance of biota. Sea ice is

a primary forcing factor in the region and is inherently
connected to advection. Because of a steep decadal decline
in seasonal sea ice coverage in the Chukchi Sea, it is thought
to be among the most vulnerable Arctic continental seas for
ecosystem change (Wiese and others, 2013; Grebmeier and
others, 2015).

Figure 1.10. Advective conceptual model for Pacific Arctic Region (emphasis on Chukchi and Beaufort Seas, Alaska.
(From Grebmeier and others, 2015). A 30-meter contour separates nearshore and offshore regions. The inflow of Pacific
water masses (Anadyr Water [AW], Bering Shelf Water [BSW], and Alaska Coastal Water [ACW]) is critical to ecosystem
dynamics, for example benthic ecosystem functioning, and transport processes in this conceptual framework. The East
Siberian Coastal Current, not shown, while important, may be of less significant to the United States Chukchi and Beaufort

Sea marine ecosystem dynamics.



Methods, Sources, and Terminology

Standard methods of literature review for published and
unpublished data sources were followed. The search process
for data and information included reviews of: current and
historical studies; peer-reviewed journal and monographs;
regional guides; museum specimens; technical reports and
survey databases; searchable Web-based databases; oral
communications; limited new data collection; and use of
defensible unpublished scientific data.

Unless otherwise noted we conformed with conventions
of scientific and common nomenclature used by Nelson
and others (2004), Nelson and Bouchard (2013), Love and
others (2005), Mecklenburg and others (2011), Maslenikov
and others (2013), and Mecklenburg and Steinke (2015).
This publication includes a key list of Arctic species
referred to as the Online Resource 1 (OR1). The American
Fisheries Society-American Society of Ichthyologists and
Herpetologists (AFS-ASIH) recently completed an update
to its list of common and scientific names (Page and others,
2013). In this report, Boreogadus saidi refers to Arctic Cod
instead of Polar Cod (Page and others, 2013). Arctogadus
glacialis is called Ice Cod. Other changes in nomenclature
as they pertain to differences in taxonomy since the Fishes
of Alaska (Mecklenburg and others, 2002) was published
are noted. The Fishes of Alaska is a critical companion
document to this report for the physical description of species
including the key diagnostic features of anatomy for proper
identifications.

Synthesis Methods

The preparation of species accounts involved several
interrelated tasks including (1) documenting marine fish
biodiversity; (2) defining terminology relative to the fauna
and environment; (3) developing a standard template
for information delivery (outline of species accounts);

(4) acquiring and reviewing biological, ecological, and
economic data and information; (5) producing species
accounts; (6) synthesizing environmental (physical, biological,
and ecological) information; and (7) managing the scientific
review. The second and third tasks were most challenging
because of limitations in existing data and the related need
for consistent, reliable information in each species account.
Pilot efforts involved the development of prototype species
accounts and their review and improvement in an iterative
process that introduced an evolutionary quality to product
formation and information portrayal. The pilots highlighted
the need for clarity in usage of standard terminologies being
applied to Arctic baselines.

The fifth synthesis task involved an in-depth analysis
of the collective body of the biological and ecological
information presented in the species accounts to give it proper
context to the biogeography of the fauna. Synthesis efforts
were framed using historical and ecological components of

Chapter 1 17

biogeography (Nelson, 2006) to describe patterns of species
occurrence, habitat and population relationships, and the
ecosystem processes that affect the distribution and abundance
of marine fishes in the Chukchi and Beaufort Seas. These
environmental influences reflect physical, biological, and
ecological attributes and interactions in the region and include
human uses, such as fisheries, that can affect the population
dynamics, community dynamics, and species presence in an
area. In addition to providing information about environmental
constraints (limiting factors) to marine fish populations, the
BOEM requested more generalized information about the
region’s physical setting, adaptation and acclimation, life
history strategies, marine fish assemblages, foraging and
feeding behaviors, seasonality, growth and reproduction,
predation and disease, population abundance and production,
and human uses. We were asked to consider potential effects
of climate change and, in light of all of the above, provide

our impressions of information needs and research directions.
Our opinions on potential effects of climate change should be
viewed as hypotheses and, our thoughts on information needs
are directed at the Arctic scientific community, in general, and
no single organization, in particular. In many instances, these
opinions were directed at deficiencies in understanding of
species biology and ecology and basic information needs for
any assessment or management action.

Biodiversity Assessment

The assessment of regional biodiversity included:
(1) developing and updating an Arctic marine fish checklist;
(2) reviewing recent (since Fishes of Alaska was published)
ichthyologic sampling and management documents;
(3) searching online databases; (4) systematic investigations
that include documenting current taxonomic understanding
with genetic information, historical museum collections, and
voucher specimens; (5) acquiring digital images (photographic
and line drawings); (6) creating visualization products that
include distribution maps and vertical species profiles; and
(7) conducting peer reviews.

Arctic Marine Fish Checklist

A provisional working list of marine fishes inhabiting
the Chukchi and Beaufort Seas was initially prepared.
This important first list incorporated new discoveries and
taxonomic resolutions from ichthyologic sampling, genetic
analysis, and museum studies conducted since the regional
monograph Fishes of Alaska (Mecklenburg and others,
2002) and checklist of fishes (Love and others, 2005)
were published. The list included only marine fish species
confirmed from the region and greatly benefited from recently
completed and ongoing field, laboratory, and museum research
establishing new baselines for marine fish in the Pacific Arctic
Region (Mecklenburg and Steinke, 2015). It was evident to
BOEM and the U.S. Geological Survey (USGS) that much
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new information on species distribution and occurrence had
been collected in the decade following publication of the
Fishes of Alaska and, as noted by Mecklenburg and Steinke
(2015), this reference is no longer complete for the region.

An important objective of this study was to illustrate the
relationship of the final checklist to Mecklenburg and others
(2002), which remains an important companion document and
primary source for taxonomic information and identification
guides for Alaskan fishes.

In addition to Mecklenburg and others (2002), other key
references included reviews and syntheses on the taxonomy
and zoogeography of Arctic marine fishes by Mecklenburg and
others (2007), Mecklenburg and others (2011, 2013, 2014),
Mecklenburg and Steinke (2015), and Maslenikov and others
(2013). A new atlas and identification guide for the marine
fishes of the Pacific Arctic Region is an important source of
information about the diversity, taxonomy, and geographic
distribution of marine fishes in the Chukchi and Beaufort Seas
(Mecklenburg and others, 2016).

Scientific Reviews

Recent publications, technical reports, and unpublished
data were reviewed for new species occurrences and
expansions in range. Survey results from fish sampling in
the Chukchi Sea (Mecklenburg and others, 2007, 2011;
Norcross and others, 2009, 2013a) and Chukchi Borderlands
(for example, Mecklenburg and others, 2013; Longshan and
others, 2014) and industry research (Gallaway and Norcross,
2011; Norcross and others, 2013b) were reviewed. Surveys
from the southwestern Beaufort Sea (Johnson and others,
2010; Parker-Stetter and others, 2011; Rand and Logerwell,
2011; and Johnson and others, 2012) were reviewed for new
information from nearshore and shelf waters. Additionally,
National Oceanic and Atmospheric Administration (NOAA),
University of Alaska-Fairbanks (UAF), and RUSALCA
scientists are involved in ongoing fishery investigations for
BOEM'’s Alaska OCS Region in the Chukchi and Beaufort
Seas. Taxonomic support provided to these studies and
other research (for example, Mecklenburg and Steinke,
2015) and analysis of previously unprocessed samples from
WEBSEC-71 (1971) (Hufford, 1974) was a source of new
records from the Beaufort Sea.

Relevant environmental analyses and Arctic resource
management plans done by the BOEM (Minerals
Management Service [MMS], 2008) and North Pacific
Fishery Management Council (NPFMC, 2009), respectively,
were reviewed in this assessment of biodiversity, human
uses, and environmental relationships. The DOI synthesis of
priority science needs for continued oil and gas development
in the Arctic was consulted for information about the
region’s environmental setting, living resource information,
and USGS-identified research needs (Holland-Bartels and

Pierce, 2011). A supplemental draft EIS addressing possible
offshore oil and gas development in the U.S. Chukchi and
Beaufort Seas was reviewed for species and community
assemblage information (National Oceanic and Atmospheric
Administration, 2013). A significant study of subsistence
use and traditional ecological knowledge of whitefish in

the southeastern Chukchi Sea (Georgette and Shiedt, 2005)
provided an important source of information about Ifiupiat
taxonomy and seasonal use of whitefishes in the Noatak,
Kobuk, and Selawik Rivers of Kotzebue Sound (fig. 1.7).

Searchable Databases

The exploration of the Arctic is at the forefront of
ecological research to document and understand marine
ecosystems and population ecologies with respect to climate
change, possible commercial fisheries, and other stressor
effects. In recent years, active research in conjunction with
RUSALCA, Census of Marine Life (CoML) programs [that
is, Pan-Arctic Inventory/Arctic Ocean Diversity (ArcOD) and
Marine Barcode of Life] has emphasized fishery objectives for
resource inventory. In this capacity, data for this report were
from the Global Marine Life Database, Census of Marine Life
Community Database, and CoML bibliographic database (for
example, Mecklenburg and others, 2007 and Mecklenburg
and Mecklenburg, 2009). Other searchable Web-based
databases used included: FishBase; BOEM Arctic Fisheries
Database; United Nations Ocean Biogeographic Information
System (OBIS Database); Encyclopedia of Life; World
Register of Marine Species; Catalogue of Life Species; and
Integrated Taxonomic Information System (ITIS). NOAA’s
on-line database services provide access to life history and
distributional information for nearshore atlases; offshore
fishery resources were accessed at the National Oceanic and
Atmospheric Administration Web site (http://alaskafisheries.
noaa.gov). The automated database at the University of
Washington School of Fisheries and Ocean Sciences provided
key access to type specimens and mapping tools.

The BOEM database, “Alaska Scientific and Technical
Publications” (http://www.boem.gov/Alaska-Scientific-
Publications/), was a significant resource for marine fishery,
subsistence, and socioeconomic data. A summary of ongoing
and recently completed BOEM fishery studies is provided in
appendix A. A major synthesis by Braund and Kruse (2009)
provided an authoritative review of subsistence harvest
patterns for fish and wildlife patterns over the past 30 years
(from the mid-1980s). During this period, the OCS subsistence
studies and this synthesis focused on coastal harvest patterns
in the Alaska North Slope villages of Wainwright, Barrow,
Nuigsut, and Kaktovik. An early study by Craig (1987)
provided important baseline documentation of subsistence
patterns and Ifiupiat taxonomy from the Chukchi and
Beaufort Seas.


http://alaskafisheries.noaa.gov
http://alaskafisheries.noaa.gov
http://www.boem.gov/Alaska-Scientific-Publications/
http://www.boem.gov/Alaska-Scientific-Publications/

Systematic Investigations

Recent information about the taxonomy and
biogeography of Alaskan Arctic fishes has come from
numerous analyses using field and museum studies, DNA
sequencing, and exhaustive literature review, as well as efforts
to synthesize the accumulated results for the Pacific Arctic
region; particularly the works of Mecklenburg and others
(2006, 2007, 2011, 2013, 2014, 2016), Mecklenburg and
Mecklenburg (2009), and Mecklenburg and Steinke (2015).
Voucher specimens provide a crucial link to historical data
sets, allowing determination of existing baselines and accurate
identification of new field collections. Museum collections
housing the specimens are globally located and managed
by many institutions. The following collections are some of
those studied for the works just cited: California Academy
of Sciences, San Francisco; Canadian Museum of Nature,
Gatineau, Quebec; Hokkaido University Museum of Zoology,
Hakodate, Japan; U.S. National Museum of Natural History,
Washington, D.C.; NOAA, Alaska Fisheries Science Center,
Auke Bay Laboratory, Juneau, Alaska; University of Alaska
Museum, Fairbanks, Alaska; University of British Columbia,
Vancouver, Canada; University of Washington, Seattle; and
Zoological Institute, St. Petersburg, Russia. Detailed data on
voucher specimens examined, including the authors’ verified
or redetermined identifications, have been published (for
example, Mecklenburg and others, 2006; Mecklenburg and
Mecklenburg, 2009; and Mecklenburg and others, 2011,
Online Resources 1 and 2) and the most recent results are
available from the museums’ online search databases. In
many instances, the museum studies have revealed previously
misidentified or unreported specimens and have led to
extensions or contractions in known patterns of distribution;
these results are reported here in abbreviated form from the
authors’ more detailed works. The origins, classification,
diversity, human uses, and vulnerabilities of circumpolar
freshwater and marine Arctic fishes were reviewed as part of
the most recent Arctic Biodiversity Assessment (Christiansen
and others, 2013).

Genetic Analyses

Mecklenburg and others (2011, 2014, 2016) and
Mecklenburg and Steinke (2015) described the DNA analyses
(barcoding) performed on Arctic fish specimens as part of
the CoML, RUSALCA, and other fisheries investigations.
This analytical tool has provided critical information to
ichthyologists to help resolve taxonomic problems, assist
difficult identifications, and, in many instances, generate
hypotheses about potential population structuring. Many of
the Arctic fishes that have been barcoded were collected in
the Chukchi and Beaufort Seas and in other parts of Alaska.
Online Resources 3 and 4 of Mecklenburg and others (2011)
provide museum catalog numbers and collection data for
barcoded specimens. That collection has been increased, and
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data on additional specimens may be found on the Barcode
of Life Data System (BOLD) Web site from links supplied by
Mecklenburg and Steinke (2015).

Other sources of genetic identification information
were found in the literature review. Research on Pacific
salmon has been extensive in Alaska including north through
Kotzebue Sound. BOEM and other organizations including
the North Pacific Research Board (NPRB) are funding new
research on the genetic diversity and population structure of
Arctic Gadidae (for example, Arctic, Saffron, and Ice cod)
and the new results and ongoing studies are, or will, assist in
addressing existing taxonomic complexities (for example, see
appendix A and Nelson and Bouchard, 2013).

Digital Images

Many recent high-quality images of marine fishes were
obtained from active Arctic researchers who photographed
freshly sampled specimens in the field. For example, most
of the images in this report are products of research of
Mecklenburg and others (2016). Each photograph is properly
attributed with names of providers and date and location of
sample collection.

Distribution Maps and Vertical Species Profiles

ArcGIS geographic range maps were developed for
each confirmed species from the Chukchi and Beaufort
Seas. Vertical distribution profiles were created in Adobe
software to portray specific information in a generalized life
cycle schemata depicting water column distributions of life
stages over continental shelf and slope habitats. The maps
and profiles depicting geographic distributions and vertical
distribution information are composite products from multiple
sources of data collection and observation. A BOEM study
with objectives of compiling existing fishery data sets for
the Chukchi and Beaufort Seas into an electronic format
was not completed in time for use herein. Although the data
were acquired through traditional sources, easier access to,
and manipulation of these data, in concert with the results of
ongoing fishery research, would improve the efficiency and
number of Alaskan records in future updates.

Peer Review

USGS standards for science quality (USGS Fundamental
Science Practices) were followed (http://www.usgs.gov/
fsp/) for this study and report. The USGS process includes
technical and policy reviews for technical reports and journal
publications. For this report, we relied on external subject
matter experts due to the diversity of species and ecological
topics addressed. The USGS reviews were supported by
BOEM technical reviews that included additional internal and
external scientists having appropriate ichthyologic expertise.


http://www.usgs.gov/fsp/
http://www.usgs.gov/fsp/
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Operational Definitions

In some cases, especially in the species accounts and
synthesis discussions, highly technical information relative
to various aspects of marine biogeography is presented.
In several disciplinary areas, especially those dealing with
quantitative population ecology, special attention to defining
the scientific terminology used was needed. To facilitate
consistency and understanding, a glossary of key terms was
developed as an aide for users. The glossary (chapter 7)
defines many of the more complex terms and quantitative
relationships used in the species accounts. Each definition
is appropriately cited so that, if they are not clear, additional
sources can be quickly accessed and referenced. Other
terms commonly used to describe spatial relationships in
biogeography, involve ecological scaling considerations of
importance to conservation and are described in the section,
“Geospatial Terminology.” The terms described in this chapter
are used widely throughout the report and, for that reason, are
introduced here. Abundance terminology represented a special
case where the derivation of a unique classification scheme for
the Arctic region was necessary and developed in chapter 2
with application to other chapters as well.

Geospatial Terminology

This study focuses on the biological geography of marine
fishes in Alaska’s Arctic Ocean and describes their distribution
and abundance using various spatial terms. Some have
zoogeographic meaning (for example, realm and province) and
others refer to common descriptions of a species occurrence
by scale (for example, region, area, and local). The mapping
classifications for biogeographic realms and faunal provinces
used herein are as described by Lourie and Vincent (2004) and
Spalding and others (2007), respectively. The Arctic region, as
described by Briggs and Bowan (2012), adds additional clarity
to the boundaries of marine provinces by considering the
zoogeography of fishes of fishes. For Alaska, Sigler and others
(2011) described three provinces that relate to conventional
management areas in the United States segments of the
northern Bering Sea and the Chukchi and Beaufort Seas.

In each case, the biogeographic concepts relate to
ecological patterns and processes, and thus to conservation.
Lourie and Vincent (2004, p. 1,005) noted that, “...biodiversity
exists on multiple scales biologically, spatially and temporally,
and these scales are, to some extent, independent of one
another.” They related spatial scales of conservation planning
to physical, temporal, and biological patterns and processes,
to mapping scale as follows (Lourie and Vincent (2004, p.
1,007):

(1) global approximate map scale 1:100 million

— ocean basin divisions, major currents, global
climate, historical biogeography, highly migratory
species, large marine ecosystems (LMEs);

(2) regional, 1:10 million — regional currents,

historical biogeography, genetic connectivity,
widespread species, individual LMEs or ecoregion,
(3) provincial, 1.1 million — small scale currents,
upwelling, genetic connectivity, major habitats
with LME or ecoregion restricted-range species,
bioregion, (4) local, 1:500,000 — local gyres and
eddies, watershed runoff, coastal geomorphology,
ecological connectivity, planning unit; (5) site,
1:10,000 — tides, watershed runoff, ecological
connections, habitat specialists, habitats within
planning unit, zoning for marine protected areas.

The scales are germane because they give additional texture

to how (unless otherwise specified) the concepts of realm and
province should be understood and, generally, the geographic
distinctions between “region” and “area” as used in this report.
Typically, “region” is used to refer to large-scale patterns and
process (for example, scale 3 in Lourie and Vincent [2004])
and “area” refers to local or site specific ecological conditions
(for example, scales 4 and 5).

The use of other geographical or habitat terms, including
inshore, coastal, nearshore, and offshore in this report are
somewhat more ambiguous with respect to meaning or area
involved. For example, in some instances “coastal” may have
a legal meaning with respect to a state’s territorial waters, or
meteorological and oceanographic meaning with respect to
wave influence. Similarly, “nearshore” also may have multiple
oceanographic meanings including reference to littoral zone
components, photic zones, or waters extending to the shelf
break. There can be considerable overlap in area with respect
to how these terms are applied with respect to the notion of
“close to shore.” In an attempt to reduce such ambiguity,
some practical distinctions are made for these terms based
on scientific knowledge of Arctic fish habitat characteristics
(depth, temperature and salinity influences, and distance from
shore) and realities of their sampling by proven fisheries
techniques:

* Inshore reflects the area from shoreline to depths of
2 m. This reflects the shallow water areas where much
of the historical fish baseline data were collected in the
Chukchi and Beaufort Seas surveys with fyke net and
gill net sampling techniques. Freshwater influences
typically are important seasonally, especially in the
Beaufort Sea.

 Coastal habitats can include lower reaches of rivers
and streams, deltas, inshore, and deep waters adjacent
to the coast. Lagoons and shallow waters adjacent
to outer coasts of barrier islands are included in
the category. Freshwater influences are seasonally
important in coastal habitats.

 Nearshore, or nearshore marine, as used herein,
generally refers to those waters located inside the
10-m isobath. This depth is often where large (class 1)
oceanographic vessels cease to operate for safety
reasons. Additionally, the presence of brackish water



can be a factor in describing the distance that nearshore
waters occur from the coast. For example, during
summer, brackish waters can extend more than 10 km
offshore and often overlay cold more saline water
masses deep in the water column. The nearshore
includes inshore and coastal habitats, but tend to
extend farther offshore.

« Offshore as used here describes shelf, slope, and
deep-water habitats located beyond the nearshore.

 Nearshore-Marine refers to a descriptive adaptive
model in this report as evidenced by those species
having distribution patterns that are widespread over
nearshore, shelf, and slope environments. An example
would be the distribution of Arctic Cod in the United
States Chukchi and Beaufort Seas.

A fish species can be distributed in one or more habitats
in time and space. This report provides a comprehensive
examination of how fish in Arctic environments have adapted,
which depending on life strategy adaptations, represents a
continuum of habitats on a gradient from freshwater to marine.
For each species, patterns of habitat use are multi-dimensional
with respect to areas and volumes occupied, space and time,
and life cycle requirements for reproduction, growth and
survival, dispersal, and other life functions. The distribution
and abundance of life stages for each species throughout
the water column are presented in chapter 3 to capture these
relationships in the context of life zones (Allen and Smith,
1988) that portray key aspects of reproductive ecology by
depth and location. Depictions in this report are unique for this
region because the shelf break is depicted at 75 m on the basis
of the bathymetry of the Chukchi and western Beaufort Seas.

Organization of the Catalog

The BOEM requested that the USGS conduct a synthesis
of available environmental information addressing Arctic
marine fish biology and ecology in the following areas:
environmental and biological constraints; oceanographic
overview; adaptation and acclimation; life history
strategies; fish assemblages; foraging and feeding behavior;
bioenergetics; use of time and space; growth and reproduction;
migration; predation, parasitism, competition, and mutualism;
dynamics of population abundance and production;
conservation; subsistence; climate change; and information
needs. The resultant Arctic Marine Fish Ecology Catalog is
organized in eight chapters, a glossary, and three appendixes.

Chapters 1-3 provide detailed characterizations of the
United States Arctic region’s environmental setting and
marine fish biodiversity and establish much of the physical
and biological background information supporting ecological
synthesis and management objectives of this project. Chapter 1
provides a broad overview of the Arctic marine environment
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and scientific goals and methods of this synthesis as it pertains
to BOEM information needs as well as other users. Additional
purposes are to describe the meaning of commonly used
oceanographic and zoogeographic terminologies to avoid
possible ambiguity associated with their use herein. Chapter 2
presents an inventory of the marine fish known from the
United States Chukchi and Beaufort Seas including an analysis
of changes resulting from new data and information acquired
from the region since the early 2000s. Chapter 3 includes more
than 100 species accounts and describes current knowledge
about the biology and ecology for each marine fish known
from the United States Arctic region using information from
studies in Alaska and elsewhere within the species ranges.
The species accounts are quick references to some topics (for
example, climate change) and are described in more detail in
chapters 5-6.
Chapter 4 provides a synthesis of information that, in
its entirety, addresses the ecological objectives requested by
BOEM. The USGS approach to this synthesis was to evaluate
data and information about the descriptive and interpretive
components of biogeography as described by Nelson (2006).
By necessity, much information is incorporated by reference
in this description of historical and environmental influences
on marine fish presence and patterns of distribution and
abundance in the United States Arctic marine environment.
Chapter 5 focuses on the modeling of climate change
effects on the distribution of Arctic and Saffron cod in the
Bering Sea. The Bering Sea was selected because of the
extensive fishery data that are available from this region.
Arctic and Saffron cod were selected because they are notably
important in Arctic food webs and subsistence fisheries north
of the Bering Strait. Our emphasis on modeling approach
and distributional effects represent an important potential
application to the Chukchi and Beaufort Seas as Arctic fishery
data become more widely accessible in electronic formats. The
results of modeling in the Bering Sea are considered in light of
potential warming effects in the Chukchi and Beaufort Seas.
Chapter 6 focuses on how scientific information about
the Arctic marine fish can inform policy and the conservation
and management of Arctic species. Information needs relate to
environmental assessment for OCS oil and gas development,
fisheries management, and understanding potential effects of
climate change. A traits-based approach can be used to assist
resource management until population-level information and
dynamics are better known. The information needs for high-
priority species identified in chapter 3 also are evaluated with
respect to future research and ecosystem-based management.
This report includes many descriptive and quantitative
terms and complex concepts common in scientific literature.
A “Glossary of Ecological Terms” is provided in chapter 7 to
reduce confusion about these terms and concepts as used in
this report. Chapter 8 provides a list of scientific references
cited in narrative sections of the report. Each species account
presented in chapter 3 includes a listing of the scientific
reports and articles used.
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Appendix A describes age, weight, and size relationships
for marine fish species where data are available. The
information supports life history and population dynamic
sections of the report in chapters 4 and 6. Appendix B provides
additional information about the availability of recent fishery
investigations supported by BOEM as well ongoing studies,
and topics where new information is anticipated. Appendix C
provides summaries of the models developed to examine
temperature effects on Arctic and Saffron cods in chapter 5.
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Summary

The need for reliable fishery information for National
Environmental Policy Act analysis related to offshore oil
and gas development in Chukchi and Beaufort Sea Planning
Avreas is described. The conduct of systematic surveys in these
areas has been hampered by environmental and budgetary
constraints and thus, in many respects, the existing data remain
scattered and fragmented and are difficult to access. Lack
of access to quantitative catch and observational data from
ongoing research precluded our full use of modern geospatial
technologies. Despite, this limitation, new information and
visualization products were developed for each species of
confirmed presence in the study area. The biological and
ecological information presented in this report is regional in
scale and, unless otherwise noted, local variations in seasonal
fish habitat and abundance can be found in the literature cited.
Given the spatial resolution of existing data, background
descriptions of the physical and biological environments of
the Chukchi and Beaufort Seas are presented at the landscape
scale. All methods, terminologies, and operational definitions
for this study are described. The organization of the report and
linkages between chapters are described as they relate to the
Bureau of Ocean Energy Management’s information need for
this synthesis.



Chapter 2. Alaska Arctic Marine Fish Inventory

By Lyman K. Thorsteinson’

Abstract

Several other marine fishery investigations, including
efforts for Arctic data recovery and regional analyses of range
extensions, were ongoing concurrent to this study. These
included Bureau of Ocean Energy Management-sponsored
research in the Chukchi Sea and nearshore and transboundary
surveys in the Beaufort Sea. New collections in the Chukchi
Sea and Chukchi Borderland also were being obtained
through National Oceanic and Atmospheric Administration’s
multidisciplinary Russian-American Long-term Census of the
Arctic (RUSALCA) program. These were major exploratory
efforts and represented potential sources of new marine
species information. Building on the “Fishes of Alaska,” an
updated checklist was constructed of known and probable
marine fishes with catch data obtained in these studies. There
are 109 known species from 24 families of marine fish from
the United States High Arctic, with 97 species reported
from the Chukchi Sea and 83 from the Beaufort Sea. As this
synthesis was being done, changes in the confirmation process,
based on morphological and genetic analysis, were captured
as information became available in scientific publications.
The known species are reviewed with respect to taxonomic,
geographic, and large-scale abundance considerations.

Each species’ zoogeographic pattern with respect to our
understanding of broadly defined evolutionary origins is noted.
Changes in species nomenclature are described as they relate
to newly described standards.

U.S. Geological Survey.

Introduction

A large number of Arctic fisheries studies were
started following the publication of the Fishes of Alaska
(Mecklenburg and others, 2002). Although the results of
many of these efforts are not yet available, those involving
field sampling are important new sources of biodiversity
information including voucher specimens and genetic
confirmation of a species existence and phylogenetic
relationships. The addition of new morphological data and
genetic analyses is important because despite many efforts,
systematic sampling in the Chukchi and Beaufort Seas has
been logistically difficult due to ice, storms, and platform
limitations. Further variations in research missions and
sampling methods have hampered regional assessments of
diversity, relative abundance, and habitat importance because
the resulting database is sparse and fragmented in time and
space. Quantitative evaluations of abundance based on catch
data are difficult, although local variability and persistent hot
spots are known to exist. This chapter builds on the species
inventory established by the Fishes of Alaska by incorporating
new species information obtained primarily in Bureau of
Ocean Energy Management (BOEM)-sponsored (appendix A)
and National Oceanic and Atmospheric Administration
(NOAA) Russian-American Long-term Census of the Arctic
(RUSALCA) surveys (Mecklenburg and Steinke, 2015).
This information is complemented with a uniformly applied
assessment of relative abundance and qualitative analysis
of population viability based on present day understanding
of endemism.
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Checklist of Marine Fish

The updated checklist of confirmed occurrences is
significant because it incorporates the new knowledge gained
since the publication of the Fishes of Alaska (Mecklenburg and
others, 2002). It includes the most recent information from the
Pacific Arctic Region including the Chukchi and Beaufort Seas
from Mecklenburg and Steinke (2015). Unlike Mecklenburg
and Steinke (2015), this checklist includes diadromous species
from the family Salmonidae as these species spend significant
portions of their lives in the marine environment and have
great importance in subsistence lifestyles. Even though this list
represents a significant advance, many uncertainties remain
about the true composition of the marine fish assemblage.

For this reason, information about probable occurrences of
marine fishes is included in this chapter. The uncertainties
result in part because the taxonomy of Arctic fishes was

still in its infancy at the turn of the 21st century, with many
species misidentified in historical literature and others not
recognized from the region due to sampling inadequacies
(Mecklenburg and others, 2011). The scientific improvements
in knowledge about the Arctic region’s biodiversity reflect
new data collection and, importantly, advances in taxonomic
and zoogeographic understanding that have resulted from
genetic resolution of issues that morphological studies failed to
notice or resolve (for example, Mecklenburg and others, 2011;
Lynghammar and others, 2012; Mecklenburg and Steinke,
2015). The Arctic marine fish inventory, presented in table 2.1,
is a major biodiversity achievement, which documents

known (verified) marine fish species from the Chukchi and
Beaufort Seas.

Although advances have been significant in recent years,
the taxonomy, including naming of Arctic marine fishes
remains a source of inconsistency and confusion between
leading authorities such as the American Fisheries Society
(AFS), California Academy of Sciences Catalog of Fishes,
Integrated Taxonomic Information Systems, and World
Register of Marine Fishes, for members of several families.
This is especially true for common names associated with
different languages (Mecklenburg and others, 2013). Changes
in nomenclature are not uncommon in the classification
process, especially for lesser-studied species, and can
affect the regional use of scientific and common names in
literature (Eschmeyer and others, 2010). Thus, in creating
checklists, it is important to cite the authority used and
rationale for inclusion or naming of a particular species where

disagreement occurs. In this report, the marine fish inventory
presented in table 2.1 reflects the editors’ understanding of
the classification and nomenclature of marine Arctic fishes.

In most instances, the scientific and common names are those
listed by Page and others (2013) and Eschmeyer and others
(2015). However, in several instances where differences exist,
we relied on the work of contemporary Arctic specialists and
note areas of transitional change with respect to common
names for species.

The nomenclature of a small number of fish species from
four families (Squalidae, Gadidae, Liparidae, and Zoarcidae)
are in transition and reflect areas where we disagree with the
AFS nomenclature (Page and others, 2013). For purposes of
this report, we decided to agree with the AFS nomenclature
for Boreogadus saida due to the species’ significance to the
region’s marine ecology. Although, we acknowledge that
Polar Cod is emerging as the widely accepted common name
for B. saida, we decided to use Arctic Cod (as recommended
by Page and others [2013]) to avoid any confusion with
new and historical Alaska literature. In contrast, we decided
to use Ice Cod, not Polar Cod, as the common name for
Arctogadus glacialis. This decision was made to avoid any
potential ambiguity and confusion with B. saida. The use of
Ice Cod is emerging nomenclature in scientific literature (for
example, Arctic Council’s Conservation of Arctic Flora and
Fauna) and clarification of the vernacular name is supported
by genetic analysis (Nelson and Bouchard, 2013). Regarding
other families and species, we recognize (1) Spotted Spiny
Dogfish instead of Pacific Spiny Dogfish as the common
name for Squalus suckleyi (Squalidae, see Lynghammar and
others [2012]); (2) Estuarine Eelpout, not Polar Eelpout as
the common name for L. turneri (Mecklenburg and others,
2002); and (3) Arctic Sand Lance for Ammodytes hexapterus
following Orr and others (2015) and Mecklenburg and others
(2016). Other more recent changes (for example, Mecklenburg
and others, 2016) include changes in the scientific names for
Capelin (now Mallotus catervarius) and Arctic Flounder (now
Liopsetta glacialis). In every case, the scientific name of a fish
is conclusive for the species being described.

One hundred nine (109) species from 24 families are
confirmed with 97 verified occurrences from the Chukchi
Sea and 83 from the Beaufort Sea (table 2.1). Mecklenburg
and others (2002) suggested other species (<20) also might
be present and it remains likely that the total number will
change with additional field sampling, examination of existing
voucher specimens, and with shifts in range due to climate
warming. Mecklenburg and others (2007, 2011, 2014, 2016)



and Mecklenburg and Steinke (2015) have recently confirmed
the presence of at least 18 species in the Alaskan Chukchi and
Beaufort Seas that were not previously verified to be present:
Somniosus pacificus, Amblyraja hyperborea, Bathyraja
parmifera, Myoxocephalus polyacanthocephalus, Triglops
nybelini, Hypsagonus quadricornis, Careproctus reinhardti,
Liparis bathyarcticus, Paraliparis bathybius, Lycenchelys
kolthoffi, Lycodes adolfi, L. frigidus, L. jugoricus, L. marisalbi,
L. pallidus, L. reticulatus, Anarhichas denticulatus, and
Zaprora silenus. The status of three of these species was
previously described as being of “probable” occurrence in the
provisional checklist developed for this study:

* Pacific Sleeper Shark (Somniosus pacificus): Benz
and others (2004) reported a new occurrence of
the species from an animal found washed onshore
at Point Hope, Alaska. The animal remains were
highly decomposed; this occurrence was reviewed
by Lynghammar and others (2012), who determined
that the physical condition of the shark suggested
its death from outside the Chukchi Sea. In 2014,
a Pacific Sleeper Shark was taken alive by a seal
hunter in a southeastern Chukchi Sea lagoon. Parts
and photographs were archived in the University of
Alaska Museum. This is a mesobenthopelagic shark
species recorded as deep as 2,205 m. It is abundant in
the southern Bering Sea and the Gulf of Alaska, and
reaches 4.4 m TL or more (Mecklenburg and others
(2016).

+ Alaska Skate (Bathyraja parmifera): Mecklenburg
and others (2011 Online Resource 1) reported that two
specimens were found washed ashore in the Chukchi
Sea. Examination of one of the specimens indicated
advanced deterioration and possible death elsewhere
in the northern Bering Sea. Later, Mecklenburg
and others (2016) reported that in 2012 an adult
specimen was taken alive in the southern Chukchi
Sea. Mecklenburg and others (2016) also reported the
collection locations of other beachcast specimens and
spent egg cases from the Chukchi and Beaufort Sea.
The authors noted the species can reach a size of 135
cm TL. They also reported that the occurrences of
the Alaska Skate in the Chukchi Sea could indicate a
northerly shift in its distribution.
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* Pale Eelpout (Lycodes pallidus): Mecklenburg and
others (2016) identified this species in a collection
made in 1971 in the Beaufort Sea and confirmed
presence in the Beaufort Sea again in voucher
collections from 2012 and 2013. Common at least
in the Greenland, Barents, and Kara Seas, otherwise
found nearly circumpolar. It is epi-meso-bathybenthic
and lives on muddy substrate at depths of 11-1,750 m
and temperatures of -1.8-3.7 °C. Maximum size is
28.9 cm SL or more (Mecklenburg and others, 2016).

The updated checklist was examined with respect to
new species occurrences and differences in the geographic
distributions reported in the Fishes of Alaska (Mecklenburg
and others, 2002) for the Chukchi and Beaufort Seas
(table 2.2). Our decision to include two species, Artediellus
ochotensis and Lumpenus sagitta, on the checklist was made
recognizing that uncertainty exists about their occurrence
in the Chukchi Sea (Mecklenburg and others, 2016). As
an example, Mecklenburg and others (2016) state “Many
of the specimens that had been previously identified as
“A. ochotensis” on further investigation have been found
to be A. scaber.” However, not all of the identifications
were refuted. In the case of L. sagitta, Mecklenburg and
others (2011) described a range extension for this species
into the Chukchi Sea based on a single specimen. Presently,
Mecklenburg and others (2016) raise doubts “The provenance
of a specimen reported to be a possible record of L. sagitta
from the Chukchi Sea...is uncertain.” The uncertainty stems
from conflicting issues in the 1960s field collection data and
location of sampling (possibly not Chukchi Sea), and not
with species identification. Until these issues can be resolved
with species confirmations with new specimens, we chose
to retain them on the checklist. As a final note, we recognize
Icelus spiniger as a valid species from the Chukchi Sea noting
that genetic similarities with . spatula specimens from the
region raise questions about relationships. Other technical
and unresolved issues for the marine fishes in the Chukchi
and Beaufort Seas are described in Mecklenburg and Steinke
(2015) and Mecklenburg and others (2016).
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Table 2.1. Inventory of confirmed species of Arctic marine fish in the United States Chukchi and Beaufort Seas, Alaska.

[Blank cells indicate that the species occurrence has not been confirmed in that sea. Marine waters out to the U.S. Exclusive Economic Zone (200-mile limit) are

included]

. o Confirmed occurrence

Family Scientific name Common name
Chukchi Sea Beaufort Sea

Petromyzontidae Entosphenus tridentatus Pacific Lamprey X
Petromyzontidae Lethenteron camtschaticum Arctic Lamprey X X
Squalidae Squalus suckleyi Spotted Spiny Dogfish X
Somniosidae Somniosus pacificus Pacific Sleeper Shark X
Rajidae Amblyraja hyperborea Acrctic Skate X
Rajidae Bathyraja parmifera Alaska Skate X
Clupeidae Clupea pallasii Pacific Herring X X
Osmeridae Hypomesus olidus Pond Smelt X
Osmeridae Mallotus catervarius Pacific Capelin X X
Osmeridae Osmerus dentex Arctic Smelt X X
Salmonidae Coregonus autumnalis Axrctic Cisco X X
Salmonidae Coregonus laurettae Bering Cisco X X
Salmonidae Coregonus nasus Broad Whitefish X X
Salmonidae Coregonus pidschian Humpback Whitefish X X
Salmonidae Coregonus sardinella Least Cisco X X
Salmonidae Oncorhynchus gorbuscha Pink Salmon X X
Salmonidae Oncorhynchus keta Chum Salmon X X
Salmonidae Oncorhynchus kisutch Coho Salmon X X
Salmonidae Oncorhynchus nerka Sockeye Salmon X X
Salmonidae Oncorhynchus tshawytscha Chinook Salmon X X
Salmonidae Salvelinus malma Dolly Varden X X
Salmonidae Stenodus leucichthys Inconnu X
Myctophidae Benthosema glaciale Glacier Lanternfish X
Gadidae Arctogadus glacialis Ice Cod X X
Gadidae Boreogadus saida Axrctic Cod X X
Gadidae Eleginus gracilis Saffron Cod X X
Gadidae Gadus chalcogrammus Walleye Pollock X X
Gadidae Gadus macrocephalus Pacific Cod X X
Gasterosteidae Gasterosteus aculeatus Threespine Stickleback X X
Gasterosteidae Pungitius pungitius Ninespine Stickleback X X
Hexagrammidae Hexagrammos stelleri Whitespotted Greenling X X
Cottidae Artediellus ochotensis Okhotsk Hookear Sculpin X
Cottidae Artediellus scaber Hamecon X X
Cottidae Enophrys diceraus Antlered Sculpin X X
Cottidae Gymnocanthus tricuspis Axrctic Staghorn Sculpin X X
Cottidae Hemilepidotus papilio Butterfly Sculpin X
Cottidae Icelus bicornis Twohorn Sculpin X X
Cottidae Icelus spatula Spatulate Sculpin X X
Cottidae Icelus spiniger Thorny Sculpin X
Cottidae Megalocottus platycephalus Belligerent Sculpin X X
Cottidae Microcottus sellaris Brightbelly Sculpin X
Cottidae Myoxocephalus jaok Plain Sculpin X X
Cottidae Myoxocephalus polyacanthocephalus Great Sculpin X
Cottidae Myoxocephalus quadricornis Fourhorn Sculpin X X
Cottidae Myoxocephalus scorpioides Arctic Sculpin X X
Cottidae Myoxocephalus scorpius Shorthorn Sculpin X X
Cottidae Trichocottus brashnikovi Hairhead Sculpin X X
Cottidae Triglops nybelini Bigeye Sculpin X X
Cottidae Triglops pingelii Ribbed Sculpin X X
Hemitripteridae Blepsias bilobus Crested Sculpin X
Hemitripteridae Nautichthys pribilovius Eyeshade Sculpin X X
Psychrolutidae Cottunculus microps Polar Sculpin X
Psychrolutidae Eurymen gyrinus Smoothcheek Sculpin X
Agonidae Aspidophoroides monopterygius Alligatorfish X X
Agonidae Aspidophoroides olrikii Arctic Alligatorfish X X
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Table 2.1. Inventory of confirmed species of Arctic marine fish in the United States Chukchi and Beaufort Seas, Alaska.—Continued

Confirmed occurrence

Family Scientific name Common name
Chukchi Sea Beaufort Sea

Agonidae Hypsagonus quadricornis Fourhorn Poacher X
Agonidae Leptagonus decagonus Atlantic Poacher X X
Agonidae Occella dodecaedron Bering Poacher X
Agonidae Pallasina barbata Tubenose Poacher X
Agonidae Podothecus veternus \eteran Poacher X X
Cyclopteridae Eumicrotremus andriashevi Pimpled Lumpsucker X
Cyclopteridae Eumicrotremus derjugini Leatherfin Lumpsucker X X
Liparidae Careproctus reinhardti Sea Tadpole X X
Liparidae Liparis bathyarcticus Nebulous Snailfish X X
Liparidae Liparis fabricii Gelatinous Seasnail X X
Liparidae Liparis gibbus Variegated Snailfish X X
Liparidae Liparis tunicatus Kelp Snailfish X X
Liparidae Paraliparis bathybius Black Seasnail X X
Zoarcidae Gymnelus hemifasciatus Halfbarred Pout X X
Zoarcidae Gymnelus viridis Fish Doctor X X
Zoarcidae Lycenchelys kolthoffi Checkered Wolf Eel X
Zoarcidae Lycodes adolfi Adolf’s Eelpout X
Zoarcidae Lycodes eudipleurostictus Doubleline Eelpout X
Zoarcidae Lycodes frigidus Glacial Eelpout X X
Zoarcidae Lycodes jugoricus Shulupaoluk X
Zoarcidae Lycodes marisalbi White Sea Eelpout X
Zoarcidae Lycodes mucosus Saddled Eelpout X X
Zoarcidae Lycodes palearis Wattled Eelpout X X
Zoarcidae Lycodes pallidus Pale Eelpout X
Zoarcidae Lycodes polaris Polar Eelpout X X
Zoarcidae Lycodes raridens Marbled Eelpout X X
Zoarcidae Lycodes reticulatus Acrctic Eelpout X
Zoarcidae Lycodes rossi Threespot Eelpout X
Zoarcidae Lycodes sagittarius Archer Eelpout X
Zoarcidae Lycodes seminudus Longear Eelpout X X
Zoarcidae Lycodes squamiventer Scalebelly Eelpout X
Zoarcidae Lycodes turneri Estuarine Eelpout X X
Stichaeidae Acantholumpenus mackayi Blackline Prickleback X
Stichaeidae Anisarchus medius Stout Eelblenny X X
Stichaeidae Chirolophis snyderi Bearded Warbonnet X
Stichaeidae Eumesogrammus praecisus Fourline Snakeblenny X X
Stichaeidae Leptoclinus maculatus Daubed Shanny X X
Stichaeidae Lumpenus fabricii Slender Eelblenny X X
Stichaeidae Lumpenus sagitta Snake Prickleback X
Stichaeidae Stichaeus punctatus Acrctic Shanny X X
Pholidae Pholis fasciata Banded Gunnel X
Anarhichadidae Anarhichas denticulatus Northern Wolffish X X
Anarhichadidae Anarhichas orientalis Bering Wolffish X X
Zaproridae Zaprora silenus Prowfish X
Ammodytidae Ammodytes hexapterus Acrctic Sand Lance X X
Pleuronectidae Hippoglossoides robustus Bering Flounder X X
Pleuronectidae Hippoglossus stenolepis Pacific Halibut X
Pleuronectidae Limanda aspera Yellowfin Sole X X
Pleuronectidae Limanda proboscidea Longhead Dab X X
Pleuronectidae Limanda sakhalinensis Sakhalin Sole X
Pleuronectidae Liopsetta glacialis Acrctic Flounder X X
Pleuronectidae Platichthys stellatus Starry Flounder X X
Pleuronectidae Pleuronectes quadrituberculatus Alaska Plaice X
Pleuronectidae Reinhardtius hippoglossoides Greenland Halibut X X

Totals: 109 97 83
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Table 2.2. Changes in occurrence and geographic distribution of Arctic marine fishes in the Chukchi and Beaufort Seas since 2002.

[Changes were made since publication of Mecklenburg and others (2002)]

Geographic distribution

Scientific name Common name New occurrence
Range change No change
Entosphenus tridentatus Pacific Lamprey X
Lethenteron camtschaticum Arctic Lamprey X
Squalus suckleyi Spotted Spiny Dogfish X
Somniosus pacificus Pacific Sleeper Shark X X
Amblyraja hyperborea Acrctic Skate X X
Bathyraja parmifera Alaska Skate X X
Clupea pallasii Pacific Herring X
Hypomesus olidus Pond Smelt X
Mallotus catervarius Pacific Capelin X
Osmerus dentex Avrctic Smelt X
Coregonus autumnalis Axrctic Cisco X
Coregonus laurettae Bering Cisco X
Coregonus nasus Broad Whitefish X
Coregonus pidschian Humpback Whitefish X
Coregonus sardinella Least Cisco X
Oncorhynchus gorbuscha Pink Salmon X
Oncorhynchus keta Chum Salmon X
Oncorhynchus kisutch Coho Salmon X
Oncorhynchus nerka Sockeye Salmon X
Oncorhynchus tshawytscha Chinook Salmon X
Salvelinus malma Dolly Varden X
Stenodus leucichthys Inconnu X
Benthosema glaciale Glacier Lanternfish X
Arctogadus glacialis Ice Cod X
Boreogadus saida Arctic Cod X
Eleginus gracilis Saffron Cod X
Gadus chalcogrammus Walleye Pollock X
Gadus macrocephalus Pacific Cod X
Gasterosteus aculeatus Threespine Stickleback X
Pungitius pungitius Ninespine Stickleback X
Hexagrammos stelleri Whitespotted Greenling X
Artediellus ochotensis Okhotsk Hookear Sculpin X
Artediellus scaber Hamecon X
Enophrys diceraus Antlered Sculpin X
Gymnocanthus tricuspis Arctic Staghorn Sculpin X
Hemilepidotus papilio Butterfly Sculpin X
Icelus bicornis Twohorn Sculpin X
Icelus spatula Spatulate Sculpin X
Icelus spiniger Thorny Sculpin X X
Megalocottus platycephalus Belligerent Sculpin X
Microcottus sellaris Brightbelly Sculpin X
Myoxocephalus jaok Plain Sculpin X
Myoxocephalus polyacanthocephalus ~ Great Sculpin X X
Myoxocephalus quadricornis Fourhorn Sculpin X
Myoxocephalus scorpioides Acrctic Sculpin X
Myoxocephalus scorpius Shorthorn Sculpin X
Trichocottus brashnikovi Hairhead Sculpin X
Triglops nybelini Bigeye Sculpin X X
Triglops pingelii Ribbed Sculpin X
Blepsias bilobus Crested Sculpin X
Nautichthys pribilovius Eyeshade Sculpin X
Cottunculus microps Polar Sculpin X
Eurymen gyrinus Smoothcheek Sculpin X
Aspidophoroides monopterygius Alligatorfish X
Aspidophoroides olrikii Arctic Alligatorfish X
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Table 2.2. Changes in occurrence and geographic distribution of Arctic marine fishes in the Chukchi and Beaufort Seas since 2002.—
Continued

Geographic distribution

Scientific name Common name New occurrence

Range change No change

Hypsagonus quadricornis Fourhorn Poacher X X
Leptagonus decagonus Atlantic Poacher X
Occella dodecaedron Bering Poacher X
Pallasina barbata Tubenose Poacher X
Podothecus veternus \eteran Poacher X
Eumicrotremus andriashevi Pimpled Lumpsucker X
Eumicrotremus derjugini Leatherfin Lumpsucker X
Careproctus reinhardti Sea Tadpole X X
Liparis bathyarcticus Nebulous Snailfish X X
Liparis fabricii Gelatinous Seasnail X
Liparis gibbus Variegated Snailfish X
Liparis tunicatus Kelp Snailfish X
Paraliparis bathybius Black Seasnail X X
Gymnelus hemifasciatus Halfbarred Pout X
Gymnelus viridis Fish Doctor X
Lycenchelys kolthoffi Checkered Wolf Eel X X
Lycodes adolfi Adolf’s Eelpout X X
Lycodes eudipleurostictus Doubleline Eelpout X
Lycodes frigidus Glacial Eelpout X X
Lycodes jugoricus Shulupaoluk X X
Lycodes marisalbi White Sea Eelpout X X
Lycodes mucosus Saddled Eelpout X
Lycodes palearis Wattled Eelpout X
Lycodes pallidus Pale Eelpout X X
Lycodes polaris Polar Eelpout X
Lycodes raridens Marbled Eelpout X
Lycodes reticulatus Arctic Eelpout X X
Lycodes rossi Threespot Eelpout X
Lycodes sagittarius Archer Eelpout X
Lycodes seminudus Longear Eelpout X
Lycodes squamiventer Scalebelly Eelpout X
Lycodes turneri Estuarine Eelpout X
Acantholumpenus mackayi Blackline Prickleback X
Anisarchus medius Stout Eelblenny X
Chirolophis snyderi Bearded Warbonnet X
Eumesogrammus praecisus Fourline Snakeblenny X
Leptoclinus maculatus Daubed Shanny X
Lumpenus fabricii Slender Eelblenny X
Lumpenus sagitta Snake Prickleback X X
Stichaeus punctatus Acrctic Shanny X
Pholis fasciata Banded Gunnel X
Anarhichas denticulatus Northern Wolffish X X
Anarhichas orientalis Bering Wolffish X
Zaprora silenus Prowfish X X
Ammodytes hexapterus Acrctic Sand Lance X
Hippoglossoides robustus Bering Flounder X
Hippoglossus stenolepis Pacific Halibut X
Limanda aspera Yellowfin Sole X
Limanda proboscidea Longhead Dab X
Limanda sakhalinensis Sakhalin Sole X
Liopsetta glacialis Acrctic Flounder X
Platichthys stellatus Starry Flounder X
Pleuronectes quadrituberculatus Alaska Plaice X
Reinhardtius hippoglossoides Greenland Halibut X

Totals: 109 20 59 50
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Species Range Extensions

Comparing Arctic marine fish distributions as described
by recent studies to similar historical information reveals some
significant changes. Some of the changes in distributional
patterns relate to increased sampling and new discovery and
others to changes in species classifications and nomenclature.
Since 2002, 20 new species were confirmed from the Chukchi
and Beaufort Seas. By family, the new Alaska records were
reported from Somniosidae (1), Rajidae (2), Cottidae (3),
Agonidae (1), Liparidae (3), Zoarcidae (7), Stichaeidae (1),
Anarhichadidae (1), and Zaproridae (1). The new Alaskan
records are valid range extensions resulting from BOEM-
sponsored surveys by NOAA (Logerwell and others, 2009;
Rand and Logerwell, 2011) and University of Alaska-
Fairbanks (UAF) and NOAA’s RUSALCA (Mecklenburg and
others, 2014; Mecklenburg and Steinke, 2015) or changes
in taxonomy and distribution reported by Mecklenburg and
others (2011, 2015, 2016).

Extensions to the known ranges for five marine species
were reported from trawl collections in the Beaufort Sea
by Rand and Logerwell (2011): Walleye Pollock (Gadus
chalcogrammus), Pacific Cod (G. macrocephalus), Festive
Snailfish (Liparis marmoratus), Bigeye Sculpin (Triglops
nybelini), and Eyeshade Sculpin (Nautichthys pribilovius).
Apparently, Rand and Logerwell (2011) did not notice that the
Antlered Sculpin (Enophrys diceraus) listed in their tables also
was an extension of this species’ known range in the Beaufort
Sea. This extension was confirmed by Maslenikov and others
(2013).

Additional information about the Rand and Logerwell
(2011) collection includes:

* Walleye Pollock (Gadus chalcogrammus): This
probably was the first published record from the
Beaufort Sea for G. chalcogrammus, since the previous
record from Elson Lagoon (near Barrow, Alaska) was
shown to pertain to Boreogadus saida (Mecklenburg
and others, 2011, Online Resource 1, p. 15). Rand and
Logerwell (2011, p. 484) reported this occurrence from
Elson Lagoon incorrectly.

* Pacific Cod (Gadus macrocephalus): “Major changes
in the composition of gadine genera in recent years
mean patterns of species distribution are different”
(Mecklenburg and others, 2011, Online Resource
1, p. 120). Historically, G. macrocephalus from the
Beaufort Sea were identified as G. ogac (Mecklenburg
and others, 2002). Owing to recent DNA studies
and similarity in morphology, and the consequent
synonymization of G. ogac in G. macrocephalus, this

2Mecklenburg and others (2011) questioned the validity of collection
records for L. marmoratus from the Beaufort Sea. DNA barcoding indicate the
species is not valid from the Chukchi or Beaufort Seas but may be found in
the Sea of Okhotsk (Mecklenburg and Steinke, 2015).

species is now recognized to have a broad distribution
from the Chukchi Sea and continuing eastward in the
Arctic across Canada to Greenland and the White Sea
(Mecklenburg and others, 2011, Online Resource 1,

p. 120). Given this information, the range extension
reported by Rand and Logerwell (2011) was not truly
an extension of known range.

* Bigeye Sculpin (Triglops nybelini); From Maslenikov
and others, 2013, p. 12): “An Arctic species reported
from northwest of Alaska in the international waters
of the Chukchi Borderland (Mecklenburg et al., 2011),
the Beaufort Sea off Alaska (eastward to 71.21836N,
149.90316W by benthic trawl in 2011; C.W.
Mecklenburg, personnel [sic.] communication), and
from western Canada in Mackenzie Bay and Amundsen
Gulf eastward around the Arctic to the Laptev Sea
(Pietsch, 1993). Captured in a midwater tow, the
specimens reported here from the Beaufort Sea east of
Point Barrow are vouchers for the 1st Alaskan records
cited by Rand and Logerwell (2011).”

» Eyeshade Sculpin (Nautichthys pribilovius); From
Maslenikov and others, 2013, p. 12) “Known from
the Chukchi Sea off Wainwright south through the
western and eastern Bering Sea, Sea of Okhotsk,
and Sea of Japan, and the Aleutian and Commander
Islands to southeastern Alaska, the record cited here
provides a voucher for the northern range extension of
Nautichthys pribilovius into the Beaufort Sea cited by
Rand and Logerwell (2011).”

As an additional note, the single specimen reported by
Rand and Logerwell (2011) from their 2008 cruise is the first
record from the Beaufort Sea, as described by Mecklenburg
and others (2011, Online Resource 1, p. 27). Others have
been collected in the same area since then (Mecklenburg and
others, 2016).

* Festive Snailfish: Reports of L. marmoratus in
the Bering Sea and the Alaskan Arctic have been
questioned because the voucher specimens are similar
morphologically and genetically to L. tunicatus
(Mecklenburg and others, 2011, 2016; Mecklenburg
and Steinke, 2015). The DNA sequences from all
specimens collected in the Bering and Chukchi Seas
in recent years with the external appearance described
for L. marmoratus (Mecklenburg and others, 2002), are
identical to sequences from L. tunicatus. Mecklenburg
and others (2011) did not count this species among
those considered valid in their review and list of Arctic
marine fishes. The specimens reported by Rand and
Logerwell (2011), which would be the only records
from the U.S. Arctic, look morphologically the same as
the barcoded specimensz.



 Longear Eelpout (Lycodes seminudus); from
Maslenikov and others (2013): L. seminudus is an
Arctic species known from the Beaufort Sea and the
Chukchi slope north of Alaska (Mecklenburg and
others, 2011), as well as the Norwegian and Kara Seas.
The record cited here extends the range 200 km west
in the Beaufort Sea and represents only the second
Alaskan record.

Mecklenburg and others (2016, p. 197) reported a
significant extension in the northern distribution of the
Bearded Warbonnet in sampling conducted off Pt. Barrow:

« Bearded Warbonnet (Chirolophis snyderi): “The
northernmost documented locality is Point Barrow,
Alaska, at 71°23'N, 156°29'W, where juvenile
specimens were taken in a beach seine in 2012
(e.g., CAS 237946, 2 specimens, each 31 mm). The
previously reported northernmost record was from
northwest of Point Franklin in the eastern Chukchi Sea
(Mecklenburg et al., 2002, 2011; UAM 4582).”

These descriptions highlight the dynamic nature and
taxonomic issues associated with documenting or confirming
range extensions from the Arctic. In many instances, Alaska
records seem to be new because there has been so little
previous sampling. Researchers often are not able to review
historical collections in light of new taxonomic knowledge.

In fairness, the historical data are often difficult to access and
interpret because of documented changes in taxonomy and
geographical distribution. To illustrate, Rand and Logerwell
(2011) noted that Bering Flounder (Hippoglossoides robustus)
was not reported in Arctic fish sampling by Frost and Lowry
(1983) in 1977, nor was it reported north of Point Barrow by
Mecklenburg and others (2002). However, additional research
by Mecklenburg and others (2011) discovered that this species
was distributed eastward through the Beaufort Sea to Bathurst
Inlet (Canadian Arctic) as early as 1965.

The Walleye Pollock catches reported by Logerwell and
others (2011) were to the north of all larval, age-1, and adult
pollock catches depicted by Wyllie Echeverria (1996) for the
northeastern Chukchi Sea and the geographic distributions
described by Mecklenburg and others (2002). The new
Alaskan records, and size of fish captured, raise the possibility
that this species, particularly juvenile pollock, may have been
misidentified in earlier Beaufort Sea surveys as Polar Cod. It
also raises questions about their potential origins and dispersal
into this part of the Arctic Ocean. Walleye Pollock are
captured off Norway and thus their dispersal into the Beaufort
Sea with possible genetic interchange along the upper slope
is plausible. Cold temperatures are constraints to northerly
movements and abundance of pollock; therefore, large
expansions and swarms, such as those reported for Arctic Cod

3This is a common misidentification in museum collections (Mecklenburg
and others, 2011; Mecklenburg and Steinke, 2015).
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(Boreogadus saida) by Crawford and others (2012), would not
be expected under present environmental conditions.

Other range extensions are reported in Love and others
(2005), Mecklenburg and others (2011), Maslenikov and
others (2013), Mecklenburg and Steinke (2015), or evaluated
more conventionally in the Pacific Arctic Marine Fishes guide
(Mecklenburg and others, 2016). In addition to the species
discussed from the Rand and Logerwell (2011) collection, an
annotated list of range extensions provides new distributional
information with supporting documentation as available, or
appropriate, for citation at this time. The new information
results from an increased Arctic research sampling emphasis
in offshore marine habitats in the Chukchi and Beaufort
Seas. The annotated list of extensions is represented by
lesser-known marine fishes having no commercial value that
researchers are aware of and are presented as they relate to
the (1) Beaufort Sea, (2) Chukchi Sea, and (3) Chukchi and
Beaufort Seas:

1. From the Beaufort Sea:

* Arctic Skate (Amblyraja hyperborea): Mecklenburg
and others (2016) report this species to be circumpolar;
found in polar basins southward to Beaufort Sea
of Alaska and Western Canada at depths ranging
from 92 to 2,925 m. Size information is reported in
Wienerroither and others (2011).

* Plain Sculpin (Myoxocephalus jaok): New record
identified from the Beaufort Sea in 2011 (Mecklenburg
and others, 2016).

* Alligatorfish (Aspidophoroides monopterygius):
Identified by Catherine W. Mecklenburg from a
specimen voucher in the NOAA RACE groundfish
surveys 2012 survey collections (Mecklenburg and
others, 2016).

* Black Seasnail (Paraliparis bathybius): Previously
reported from the western Arctic Canada Basin north
of Alaska in 2005 (Mecklenburg and others, 2016).
Alaskan collections were from slope and deep waters
of the Beaufort Sea in 2011.

* Checkered Wolf Eel (Lycenchelys kolthoffi): One
specimen was taken in the Alaskan Beaufort Sea near
the U.S.—Canada border at 70°28'N, 141°09'W at
a depth of 500 m (Mecklenburg and others, 2016).
Otherwise, the species lives eastward from that point
to Greenland and on to the Kara Sea. It is common
at least around Greenland. It is mesobenthic, lives
on sandy or muddy or mixed soft-stony sea floors, at
depths of 202-930 m and temperatures of -0.9-4.1 °C.
Maximum size is 29 cm TL.
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At least five new occurrences of eelpout species (table
2.2) from the Beaufort Sea sampling were confirmed in
the processing of voucher specimens from University of
Alaska Fairbanks fishery collections between 2010 and 2011
(Mecklenburg and Steinke, 2015; Mecklenburg and others,
2016). Specimens collected from the WEBSEC-71 survey in
the Beaufort Sea (U.S. Coast Guard Cutter [USCGC] Glacier;
Hufford, 1974) were evaluated in 2007 and new information
gleaned from the specimens was reported by Mecklenburg
and others (2016). Additional records and information on the
following species may also be found in Mecklenburg and
others (2016):

» Adolf’s Eelpout (Lycodes adolfi): A voucher specimen
collected in the Beaufort Sea in University of Alaska
Fairbanks surveys conducted between 2010 and 2012
(Mecklenburg and others, 2016). This species was also
sampled on Chukchi slope, outside the 200-mi limit,
by 2009 RUSALCA (Russian-American Long-term
Census of the Arctic, 2009); no other records near or in
the Chukchi Sea); see Mecklenburg and others (2011,
Online Reference 1).

* Glacial Eelpout (Lycodes frigidus); From
Mecklenburg and others (2011, Online Resource 1,
p. 39): “dretic; Makarov Basin northwest of Ellesmere
Island, deep slopes and basins of Greenland and
Norwegian Seas, Nansen to Canada basins off Laptev,
East Siberian, Chukchi, and Beaufort Seas. Benthic,
at depths of 475 m to 3,000 m, rare in depths less than
1,000 m. The first vouchered collection from north of
Alaska (California Academy of Sciences, Department
of Ichthyology, San Francisco, USA CAS 230372,
2 specimens, 53—76 mm) was made by remotely
operated vehicle (ROV) and suction sampler in 2005
north-northwest of Point Barrow at a depth of about
2,500m.”

* Shulupaoluk (Lycodes jugoricus): The University of
Alaska Fairbanks Beaufort Sea 2012 voucher specimen
collection includes several L. jugoricus. (Mecklenburg
and others, 2016).

* White Sea Eelpout (Lycodes marisalbi); From
Mecklenburg and others (2011, Online Resource 1),
p. 40: “Arctic; White Sea and Beaufort Sea. Benthic,
at depths of 6—335 m. Records from the Beaufort Sea
off Alaska identified as L. pallidus (e.g., Mecklenburg
et al. 2002) are L. marisalbi (Canadian Museum of
Nature, Ottawa, Canada CMNFI 1974-279, 1974-285,
1974-287, 1978-302; CWM, 15 May 2008).”

* Arctic Eelpout (Lycodes reticulatus): Mecklenburg
and Steinke (2015) investigated the validity of species
in the family Lycodes from the Pacific Arctic Region
using morphological observations and DNA barcoding
sequences (http://dx.doi.org/10.5883/DS-LY CODES).
Their genetic analysis revealed that specimens
identified as L. rossi always fell into the Beaufort Sea
clade for L. reticulatus.

* Threespot Eelpout (Lycodes rossi): The inclusion
of this species is based on information presented in
Mecklenburg and others (2016).

* Longear Eelpout (Lycodes seminudus): Based on
UAF’s fishery surveys in the Beaufort Sea (2011-12
records), an offshore pattern reflects a geographic
distribution along the shelf deeper than 200-300 m to
about 1,400 m. The species occurs only in the offshore-
most tracts in the Beaufort Sea lease area.

* Scalebelly Eelpout (Lycodes squamiventer): Catherine
W. Mecklenburg tentatively identified this species from
specimens collected from the Beaufort Sea in 2012
(Mecklenburg and others, 2016).

2.  From the Chukchi Sea:

* Ice Cod (Arctogadus glacialis): Identified from
samples collected from the Chukchi Sea (Mecklenburg
and others, 2016).

 Sea Tadpole (Careproctus reinhardti): Geographic
distribution from Baffin Bay and Davis Strait, off
eastern Greenland, off northern Russia (Kara, and
Laptev Seas), and Chukchi Sea slope and northern
Bering Sea (Mecklenburg and others, 2016). Benthic,
at depth of 100-1,840 m. Preliminary genetic data
suggest the sea tadpole could be a species complex
(Mecklenburg and others, 2016).

* Great Sculpin (Myoxocephalus polyacanthocephalus):
Okhotsk Sea and eastern Japan Sea to Commander—
Aleutian Island chain to Chukchi Sea, 70°20'N,
163°06'W (Mecklenburg and others, 2016) to southern
Puget Sound, Washington. Benthic; intertidal and to
825 m.

 Prowfish (Zaprora silenus): Hokkaido, Japan, and
Sea of Okhotsk to Bering Sea (Mecklenburg and
others, 2002) and to southeastern Chukchi Sea (west
of Kivalina, 67°32'N, 165°54'W) (Mecklenburg and
others, 2011) and Aleutian Islands (Mecklenburg and
others, 2002) to San Miguel Island, southern California
(Allen and Smith, 1988). At depths of 10-801 m.
Adults found near bottom, young fish often collected
near surface (Mecklenburg and others, 2002).


http://dx.doi.org/10.5883/DS-LYCODES

3. From the Chukchi and Beaufort Seas:

* Bigeye Sculpin (Triglops nybelini): Arctic Ocean,
practically circumpolar, Chukchi Sea north of Alaska,
western Beaufort Sea slope between 152°W and
155°W (Mecklenburg and others, 2011). Benthic, at
depths of 30-1,354 m, usually deeper than 200 m
(Mecklenburg and others, 2016).

» Nebulous Snailfish (Liparis bathyarcticus):
Circumpolar, Beaufort and Chukchi Seas to
southeastern Bering Sea (Mecklenburg and others,
2016). Benthic at depths of about 12-510 m
(Mecklenburg and others, 2016).

Probable Occurrences in Alaska Arctic

More species are known to occur in the study area than
are described in the species accounts in this catalog because
the taxonomic examinations of these fish are in an early
stage, and valid identifications are not possible without all
results from the multi-faceted research (that is, meristic,
morphological, and molecular genetic). The ongoing research
approach will include formal descriptions of new species
and documentation of significant distributional changes.

For instance, Mecklenburg and others (2011) reported an
unidentified sculpin, Icelus sp., from the Chukchi Sea (editor’s
note: recently confirmed by Mecklenburg and Steinke, 2015),
and Rand and Logerwell (2011) reported an unidentified
snailfish, Careproctus sp. cf. rastrinus, from the Beaufort Sea.
For this study, we determined that the biological information
available for these two species to be too scant and preliminary
to permit construction of dependable species accounts. Species
accounts were not developed for Sominiosus pacificus,
Bathyraja parmifera, or Lycodes pallidus due to their recent
confirmation from the Chukchi Sea (December 2015);
information about these species is available in the Fishes of
Alaska and species accounts are presented in the Pacific Arctic
Marine Fishes guide (Mecklenburg and others, 2016).

The additional species identified here are likely to be
confirmed from Alaska waters. The information presented was
primarily from an ongoing effort by several authors of this
report to update Love and others (2005):

 Atlantic Hookear Sculpin (Artediellus atlanticus);
From: Mecklenburg and others, (2011, Online
Resource 1, p. 20): Arctic—Boreal; to southern
Baffin Island, northwest and northeast Greenland,
Iceland, Jan Mayen, Faroe Islands, Norway, and
Barents Sea, northern Kara Sea, and northwestern
Laptev Sea; upper slope off the Chukchi Sea; south
to Cape Cod, the Skagerrak, Irish Sea, and coasts of
Ireland (Fedorov, 1986, p. 1,245; Mecklenburg and
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others, 2011, fig. 2; this study). Benthic, at depths of
11-1,366 m. Found on the Chukchi slope (Chukchi
Sea Borderlands, outside U.S. EEZ) in 2009: two at
74°29'N, 165°58'W, depth 365-370 m (California
Academy of Sciences, Department of Ichthyology,
San Francisco, USA CAS 228530, fig. 3; Zoological
Institute of the Russian Academy of Sciences, St.
Petersburg, Russia ZIN 54840); and five at 74°07'N,
166°00"W, depth 227-236 m (CAS 228533, University
of Alaska Museum, University of Alaska Fairbanks
5534). This is the first record from the East Siberian-
Chukchi-Beaufort region. The specimens fit the
description of 4. a. corniger (Andriashev, 1954) from
the Kara and Laptev Seas, Russia, with large parietal
spines, but the most recent review of the species in
the western Atlantic (Van Guelpen, 1986) determined
this character not to discriminate between taxonomic
groups and did not recognize any subspecies of

A. atlanticus. Parietal spine size resembled a cline,
with the most strongly developed found in northern
parts of the range. The large size fish length (Total
Length) of specimens from the Chukchi Sea (as long
as 153 mm) agrees with Van Guelpen’s determination
that the largest specimens are found in the north. The
four Co-1 (Cytochrome C Oxidase 1) gene sequences
from the Chukchi Sea slope specimens match those of
three specimens from southern Baffin Bay (Canadian
Museum of Nature, Ottawa, Canada CMNFI 2002-
0028.3,2002-0031.1, 2002-0033.1; 68°26'-69°37'N).
The species was confirmed from the Chukchi
Borderland by Mecklenburg and others (2014).

Spinyhook Sculpin (4rtediellus gomojunovi): From
Mecklenburg and others (2011, Online Resource 1)—
Boreal Pacific north to Gulf of Anadyr, Russia,

and Bering Strait. Benthic, at depths of 37-380 m
(Mecklenburg and others, 2002). Bering Sea records
are no deeper than 90 m. A specimen collected in

1950 near Point Barrow (Smithsonian National
Museum of Natural History, Washington, D.C., USNM
152901) and tentatively identified as A. gomojunovi
(Andriashev, 1961 as cited by Mecklenburg and others,
2011 Online Resource 1) was misplaced (Mecklenburg
and others, 2002), but was found in 2005, and
subsequently identified as 4. scaber. The current
northernmost record of 4. gomojunovi is a specimen
caught in 1933 at Bering Strait (ZIN 33093).

* Hookhorn Sculpin (4rtediellus pacificus): From

Mecklenburg and others, (2011, Online Resource 1)—
Boreal Pacific north to southern Gulf of Anadyr and
northeast of St. Lawrence Island, Bering Sea. Benthic,
at depths of 15-250 m (Mecklenburg and others,
2002). The northern records are not recent: Zoological
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Institute of the Russian Academy of Sciences,

St. Petersburg, Russia ZIN 33657, Gulf of Anadyr at
63°53'N, 178°48'W, depth 87 m, collected in 1952;
and University of Washington Fish Collection at the
Burke Museum, Seattle, WA UW 11740, at 63°40'N,
167°28'W, depth 2240 m, in 1949.

Leister Sculpin (Enophrys lucasi): Mecklenburg
and others (2016, p. 55) described the distribution

as “Southeastern Kamchatka, Commander Islands,
Aleutian Islands, Gulf British Columbia, Bering Sea
north to Bering Strait. The distribution is difficult to
assess due to misidentifications in the literature and
museum collections, and the distribution depicted on
our map may not be accurate north of the Aleutian
Islands and Gulf of Alaska.”

Threaded Sculpin (Gymnocanthus pistilliger):
Mecklenburg and others (2016) suggested this species
to be common from Bering Strait. The northernmost
record is CAS 230370, taken in 2006 west of Port
Clarence at 65°21'N, 167°41'W. Records from Port
Clarence include CAS 230369, CAS 230370, CMNFI
1958-0093, UAM 1201, and UW 41676). The several
records from Port Clarence and nearby suggest it also
occurs in the southeastern Chukchi Sea and there

are reliable identifications northward to Kotzebue
Sound, but distribution in the Chukchi Sea has not
been documented with voucher specimens. Historical
records from the Chukchi Sea remain unverified or

have been reidentified (Mecklenburg and others, 2016).

Yellow Irish Lord (Hemilepidotus jordani): From
Mecklenburg and others, (2011, Online Resource 1)—
Boreal Pacific north to Bering Strait, perhaps to
southeastern Chukchi Sea. Benthic, at depths of
15-400 m or more, typically shallower than 150 m.
Reported from Chukchi Sea (Allen and Smith, 1988),
but voucher specimens are lacking. A specimen from
the Chukchi Sea southwest of Kivalina identified as
H. jordani (University of British Columbia, Vancouver,
B.C., UBC 61-0064) is H. papilio (Mecklenburg and
others, 2016). The northernmost verified record is
CAS 230368, two juveniles (77-82 mm) caught in
2006 near eastern Bering Strait at 64°59°N, 168°30°W,
by bottom trawl in 25 m of water.

* Frog Sculpin (Myoxocephalus stelleri): This species,
once believed to possibly be present rarely in Alaskan
waters (Mecklenburg and others, 2002), has been
determined from evaluation of all pertinent literature
and voucher records identified as this species to be
absent from the eastern Pacific and Alaskan waters
(Mecklenburg and others, 2011, 2016). See also
Mecklenburg and Steinke (2015, p. 176).

* Polar Sculpin (Cottunculus microps): One record
is from the Arctic Ocean on the slope north of the
Chukchi Sea, outside the 200-mi limit. Taxonomic
revision is in progress; confirmed from the Chukchi
Borderland (Mecklenburg and others, 2014).

* Threaded Sculpin (Gymnocanthus pistilliger):
Mecklenburg and others (2016) extended the range for
this species into the southeastern Chukchi Sea based on
“reliable” identifications but not confirmed specimen
vouchers. Although this species is likely to occur in the
region, our list includes only species whose presence is
known from voucher specimens.

» Northern Sand Lance (Ammodytes dubius):
Predominantly in boreal western Atlantic; Canadian
Arctic from Beaufort Sea to Baffin Bay, and Davis
Strait. Benthic, shallows to 108 m (Coad and Reist,
2004). These authors also listed Alaska but provided
no specific locality.

Other Changes in Species Distributions

In addition to the new occurrences and range extensions
in table 2.2, mapping for this study (chapter 3) documents
expansions in the known geographic distributions of another
45 species in this updating of information presented in the
Fishes of Alaska (Mecklenburg and others, 2002). These shifts
in range result from the new information and knowledge
gained from recent field surveys and discoveries, improved
identification techniques, evaluation of museum collections,
and the wide-ranging search of data and literature for this
study. In light of the recent field sampling, some changes in
geographic, depth, or both, were realistic expectations. Marine
ecosystems are dynamic and fish distributions may contract
and expand due to various factors including, but not limited to,
temperature changes, current patterns, changes in population
size, and changes in predator and prey distribution.
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in table 2.3 relate to the greater resolution in phylogenetic
understanding that presently exists than was available at the
time when the Fishes of Alaska (Mecklenburg and others,
2002) was published.

Many species relationships require further study and
additional changes in synonymy are expected. As an example,
the relationship between Hippoglossiodes robutus (Bering
Flounder) and H. elassodon (Flathead Sole) are currently
being investigated (Kartavtsev and others, 2008; Mecklenburg
and Steinke, 2015; Mecklenburg and others, 2016);
preliminary results suggest the two species are the same.

Nomenclature and Previous
Misidentifications

Genetic analysis, in concert with other species
identification techniques, has greatly assisted ichthyological
efforts to clarify and resolve existing taxonomic uncertainty
surrounding many Arctic species. This work has resulted in
several important changes in scientific and common names,
which must be continually tracked for natural resource
inventories to remain current. The changes in nomenclature

Table 2.3. Changes in scientific and common names of Arctic marine fishes in the Chukchi and Beaufort Seas since 2002.

[Changes were made since publication of Mecklenburg and others (2002). Reference: Information is critical for users. In some instances, specialists may
disagree (“not clearly distinguishable” as supporting genetic information may not be available; for example, Liparis herchelinus not clearly distinguished from
L. tunicatus), or species may be part of an evolving complex (for example, Lycodes rossi and L. reticulatus)]

Common or Change in common or scientific name
Family e Reference
scientific name From To

Squalidae Spotted Spiny Dogfish Squalus acanthias Squalus suckleyi Lynghammar and others, 2012

Osmeridae Capelin Mallotus villosus Mallotus catervarius Mecklenburg and Steinke, 2015

Osmeridae Mallotus catervarius Capelin Pacific Capelin Mecklenburg and Steinke, 2015

Osmeridae Arctic Smelt Osmerus mordax Osmerus dentex Mecklenburg and others, 2011

Gadidae Arctogadus glacialis Polar Cod Ice Cod Jorgen Schou Christiansen, oral
commun, 2013t

Gadidae Walleye Pollock Theragra chalcogramma Gadus chalcogrammus Mecklenburg and others, 2011;
Page and others, 2013

Gadidae Pacific Cod Gadus ogac Gadus macrocephalus Mecklenburg and others, 2011;
Page and others, 2013

Psychrolutidae  Polar Sculpin Cottunculus sadko Cottunculus microps Byrkjedal and others, 2014

Agonidae Arctic Alligatorfish Ulcina olrikii Aspidophoroides olrikii Mecklenburg and others, 2011;
Page and others, 2013

Ammodytidae ~ Ammodytes hexapterus  Pacific Sand Lance Arctic Sand Lance Orr and others, 2015

Pleuronectidae

Arctic Flounder

Pleuronectes glacialis

Liopsetta glacialis

Eschmeyer and others, 2015;

Mecklenburg and others, 2016

'From Jorgen Schou Christiansen, University of Tromse, Norway, written commun., May 12, 2013, regarding common names for 4. glacialis and B. saida:
“The scientific name is conclusive and should follow the vernacular name at first mention for these species. Whenever vernacular names are used, we suggest
‘ice cod’ for Arctogadus glacialis (Latin: glacialis = ice; Russian: n1edosas mpecka) and ‘polar cod’ for Boreogadus saida. Fish names lists representing the
official stand of national and international organizations such as the American Fisheries Society and American Society of Ichthyologists and Herpetologists
(Nelson et al. 2004) and the Fisheries Society of the British Isles (Wheeler 1992) differ and, thus, preclude establishment of universal common names.
Fortunately, use of scientific names at first mention allows preferential use of vernacular names.” We acknowledge that our of use Ice Cod is different from other
North American nomenclature (Page and others, 2013; Hoff and others, 2015; Mecklenburg and others, 2016). Mecklenburg and others (2013) list Ice Cod as
one of the “English” names for 4. glacialis.
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Zoogeographic Patterns

Definitions of zoogeographic pattern are from
Mecklenburg and others (2011, Online Resource 1) and
relate to species endemism and ranges of their population
viability:

« Arctic—Species that live and reproduce in Arctic

waters and are not found, or only infrequently found,
in adjacent boreal waters.

» Predominantly Arctic—Species that are usually
found in Arctic waters.

» Predominantly Boreal—Species that are
characteristic of boreal waters and common in the
border regions of the Arctic (for example, eastern
Barents Sea, Gulf of Anadyr [Russia], Norton
Sound [Alaska]). Can be more specific, such as
predominantly Boreal Pacific or predominantly
Boreal eastern Atlantic.

 Boreal—Species that are characteristic of boreal
waters and only rarely or temporarily found in the
border regions of the Arctic. Can be more specific,
such as Boreal Pacific or Boreal eastern Atlantic.
Includes subtropical, southern boreal category of
Andriashev and Chernova (1994).

* Arctic-Boreal—Species are distributed and spawn in
both Arctic and Boreal waters.

 Widely Distributed—Species common in the
temperate, boreal, and subtropical zones and in the
warm waters of at least two oceans or known from
the southern hemisphere, and occurring only rarely
in the Arctic.

“The decision to use three abundance categories used by Miller and Lea
(1976) relates to the lack of consistent, long-term data sets needed for more
precise estimates.

SMarine fishes are not uniformly distributed in time or space. This analysis
was unable to capture seasonal and locality differences but rather portrays
regional patterns in abundance.

5“Acceptable,” as used here, refers to the precision of existing data with
respect to the seasonal, geographic, and taxonomic qualities of data collection
and how accurately they describe baseline conditions.

Abundance Terminology

Species distribution and abundance was determined from
the reports of a large number of reconnaissance surveys and
research expeditions. The wide variation in sampling times,
areas, and collection methods reported raised issues of data
comparability, which required reviewing existing abundance
measures, defining appropriate relative abundance terms, and
consistently applying operational definitions. Many methods
and descriptors have been used to express fish abundance in
Arctic studies. Relative abundance terms such as abundant,
common, fairly common, present, occasional, uyncommon, or
rare are commonplace in the reported literature (for example,
Coad and Reist, 2004). Existing baselines for Arctic marine
fishes are not consistent for sampling in time, space, or
methods to support a quantitative, multi-scaled classification
that might be suggested by the definitions from Mecklenburg
and others (2011) and Mecklenburg and Steinke, 2015). The
challenge was to define a simple, but robust classification
system that would have broad regional application.

Four ecological principles guided the definition process:

(1) abundance is a continuum between rare and abundant,
(2) abundance is scale dependent, (3) sampling bias affects
estimates of abundance, and (4) environmental influences on
species abundance are taxon-specific.

“Rare,” “uncommon,” and “common” terms are defined
in this report to classify relative abundance in the species
accounts. These terms also were used by Miller and Lea
(1976) to describe the coastal marine fishes of California®.
For the Arctic ichthyofauna, abundance was classified using
the same terms but with different operational definitions
determined by species compositions and capture rates of
marine fishes. These descriptive statistics are commonly
used to characterize catch and, with respect to a regional
classification scheme, meet pragmatic criteria related to
acceptability (are ecologically sound and reliable), practicality
(are applicable to existin% records), and effectiveness (are
realistic with broad-scale” patterns). Species composition
(percentage of occurrence of a species with respect to total
number of individuals in the catch) provides a simple and
scale dependent quantification of an assemblage on an
acceptable6 continuum. Capture rates are a lower resolution
measure of abundance based on the presence or absence
of a species detected per sampling session and frequency
of capture (or rate) over sampling period and survey area.



Detection rates allow a higher order, less precise comparison
of abundance across gear-types and habitats and are a more
subjective index. With respect to gear bias and comparability
issues, the resultant abundance categories represent semi-
quantitative composite metrics from descriptive analyses of
catch and expert opinion about relative abundance across at
the large-scales of distributional patterns (table 2.4).

Table 2.4. Relative abundance of Arctic marine fishes in the
Chukchi and Beaufort Seas.

[Symbols: >, greater than or equal to; >, greater than; <, less than; <, less than or

equal to]

Relative
abundance term
(ecological science)

Species composition

(by geographic locale) catch records)

Frequency of capture
(encounter rates in

Common Regularly collected Constant rate of capture
(comprise >10 to (>10 to 25 percent of
50 percent of catch in records)
terms of total numbers
of individuals)

Uncommon Infrequently observed or Low rate of capture
collected (<10 percent (<10 percent of
of records)
catch in terms of total
numbers of individuals)

Rare Seldom reported 20 or fewer records

in Arctic (or 1to 2
captures per cruise)
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Endemism and Relative Abundance

Mecklenburg and others, (2011) describe the
zoogeographic pattern of 242 marine fish species from the
Arctic zoogeographic province. This province includes the
northern Bering Sea and North Atlantic Ocean at latitudes
far south of this study area. These authors reported 41
percent of the zoogeographic patterns of the marine fauna
were Arctic (that is, Arctic, Predominantly Arctic, and
Arctic-Boreal zoogeographic patterns) and 59 percent were
Boreal (that is, Predominantly Boreal, Boreal, and Widely
Distributed zoogeographic patterns). Applying this approach
to just the United States area of the Arctic Province, we
determined that the Arctic pattern in 58 percent (n = 92) of
the marine fishes was from the Chukchi Sea and 73 percent
(n = 80) was from the Beaufort Sea. (Editors note: Analysis
does not include newly confirmed species to the region—
Somniosus pacificus, Bathyraja parmifera, lcelus spiniger,
and Lycodes pallidus.) The Boreal pattern comprised 42 and
26 percent of the marine faunas, respectively. The ratio of
Arctic to Boreal patterns for marine fish found in the U.S.
Chukchi and Beaufort Seas is about 60:40 (table 2.5).
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Table 2.5. Relative abundance and zoogeography of Arctic marine fishes in the Chukchi and Beaufort Seas.

[Zoogeographic pattern: Main references, Mecklenburg and others (2011) Online Resource 1, Mecklenburg and Steinke (2015), and Mecklenburg and others
(2016). Blank cell indicates the species is unreported or unknown from the area]

Scientific name

Common name

Confirmed occurrence

Zoogeographic pattern

Chukchi Sea Beaufort Sea

Entosphenus tridentatus Pacific Lamprey Rare Boreal Pacific
Lethenteron camtschaticum Arctic Lamprey Common Common Arctic-Boreal
Squalus suckleyi Spotted Spiny Dogfish Rare Boreal Pacific
Somniosus pacificus Pacific Sleeper Shark Rare Boreal Pacific
Amblyraja hyperborea Acrctic Skate Rare Acrctic
Bathyraja parmifera Alaska Skate Rare Boreal Pacific
Clupea pallasii Pacific Herring Common Uncommon Arctic-Boreal Pacific
Hypomesus olidus Pond Smelt Rare Predominantly Boreal Pacific
Mallotus catervarius Pacific Capelin Common Common Avrctic-Boreal
Osmerus dentex Arctic Smelt Common Common Arctic Boreal Pacific
Coregonus autumnalis Axrctic Cisco Rare Common Arctic
Coregonus laurettae Bering Cisco Common Common Predominantly Arctic
Coregonus nasus Broad Whitefish Common Common Predominantly Arctic
Coregonus pidschian Humpback Whitefish Common Common Predominantly Arctic
Coregonus sardinella Least Cisco Common Common Predominantly Arctic
Oncorhynchus gorbuscha Pink Salmon Common Uncommon Predominantly Boreal Pacific
Oncorhynchus keta Chum Salmon Common Uncommon Predominantly Boreal Pacific
Oncorhynchus kisutch Coho Salmon Uncommon Uncommon Predominantly Boreal Pacific
Oncorhynchus nerka Sockeye Salmon Uncommon Uncommon Predominantly Boreal Pacific
Oncorhynchus tshawytscha Chinook Salmon Uncommon Uncommon Predominantly Boreal Pacific
Salvelinus malma Dolly Varden Common Common Arctic-Boreal Pacific
Stenodus leucichthys Inconnu Common Arctic-Boreal*
Benthosema glaciale Glacier Lanternfish Rare Avrctic-Boreal Atlantic
Arctogadus glacialis Ice Cod Rare Arctic
Boreogadus saida Arctic Cod Common Common Arctic
Eleginus gracilis Saffron Cod Common Common Arctic-Boreal Pacific
Gadus chalcogrammus Walleye Pollock Uncommon Uncommon Predominantly Boreal Pacific and Atlantic
Gadus macrocephalus Pacific Cod Uncommon Uncommon Arctic-Boreal Pacific and western Atlantic
Gasterosteus aculeatus Threespine Stickleback ~ Common Rare Predominantly Boreal
Pungitius pungitius Ninespine Stickleback Common Common Predominantly Boreal
Hexagrammos stelleri Whitespotted Greenling  Uncommon Rare Predominantly Boreal Pacific
Artediellus ochotensis Okhotsk Hookear Sculpin Rare Boreal Pacific
Artediellus scaber Hamecon Common Common Acrctic
Enophrys diceraus Antlered Sculpin Common Uncommon Predominantly Boreal Pacific
Gymnocanthus tricuspis Acrctic Staghorn Sculpin -~ Common Common Arctic
Hemilepidotus papilio Butterfly Sculpin Common Predominantly Boreal Pacific
Icelus bicornis Twohorn Sculpin Rare Uncommon Predominantly Arctic
Icelus spatula Spatulate Sculpin Common Common Arctic-Boreal
Icelus spiniger Thorny Sculpin Rare Predominantly Boreal
Megalocottus platycephalus Belligerent Sculpin Common Rare Predominantly Boreal Pacific
Microcottus sellaris Brightbelly Sculpin Rare Predominantly Boreal Pacific
Myoxocephalus jaok Plain Sculpin Rare Rare Predominantly Boreal Pacific
Myoxocephalus Great Sculpin Rare Boreal Pacific

polyacanthocephalus
Myoxocephalus quadricornis Fourhorn Sculpin Common Common Predominantly Arctic
Myoxocephalus scorpioides Acrctic Sculpin Uncommon Uncommon Acrctic
Myoxocephalus scorpius Shorthorn Sculpin Common Common Arctic-Boreal
Trichocottus brashnikovi Hairhead Sculpin Common Uncommon Predominantly Boreal Pacific
Triglops nybelini Bigeye Sculpin Uncommon Uncommon Arctic
Triglops pingelii Ribbed Sculpin Common Uncommon Avrctic-Boreal
Blepsias bilobus Crested Sculpin Uncommon Boreal Pacific
Nautichthys pribilovius Eyeshade Sculpin Common Rare Predominantly Boreal Pacific
Cottunculus microps Polar Sculpin Rare Arctic-Boreal Atlantic
Eurymen gyrinus Smoothcheek Sculpin Rare Predominantly Boreal Pacific
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Scientific name

Common name

Confirmed occurrence

Zoogeographic pattern

Chukchi Sea Beaufort Sea
Aspidophoroides monopterygius  Alligatorfish Common Common Predominantly Arctic
Aspidophoroides olrikii Arctic Alligatorfish Common Common Predominantly Arctic
Hypsagonus quadricornis Fourhorn Poacher Rare Boreal Pacific
Leptagonus decagonus Atlantic Poacher Uncommon Uncommon Arctic-Boreal
Occella dodecaedron Bering Poacher Rare Boreal Pacific
Pallasina barbata Tubenose Poacher Rare Predominantly Boreal Pacific
Podothecus veternus Veteran Poacher Common Common Arctic-Boreal Pacific
Eumicrotremus andriashevi Pimpled Lumpsucker Rare Arctic-Boreal Pacific
Eumicrotremus derjugini Leatherfin Lumpsucker Rare Uncommon Arctic
Careproctus reinhardti Sea Tadpole Rare Rare Acrctic
Liparis bathyarcticus Nebulous Snailfish Common Common Predominantly Arctic
Liparis fabricii Gelatinous Seasnail Common Common Arctic
Liparis gibbus Variegated Snailfish Common Uncommon Arctic-Boreal
Liparis tunicatus Kelp Snailfish Common Common Avrctic
Paraliparis bathybius Black Seasnail Rare Rare Arctic
Gymnelus hemifasciatus Halfbarred Pout Common Common Arctic-Boreal
Gymnelus viridis Fish Doctor Common Common Predominantly Arctic
Lycenchelys kolthoffi Checkered Wolf Eel Rare Arctic
Lycodes adolfi Adolf’s Eelpout Rare Acrctic
Lycodes eudipleurostictus Doubleline Eelpout Uncommon Arctic
Lycodes frigidus Glacial Eelpout Rare Rare Arctic
Lycodes jugoricus Shulupaoluk Rare Arctic
Lycodes marisalbi White Sea Eelpout Rare Acrctic
Lycodes mucosus Saddled Eelpout Common Uncommon Acrctic
Lycodes palearis Wattled Eelpout Common Uncommon Predominantly Boreal Pacific
Lycodes pallidus Pale Eelpout Rare Arctic
Lycodes polaris Polar Eelpout Common Common Arctic
Lycodes raridens Marbled Eelpout Common Common Arctic-Boreal Pacific
Lycodes reticulatus Acrctic Eelpout Common Acrctic
Lycodes rossi Threespot Eelpout Rare Arctic
Lycodes sagittarius Archer Eelpout Common Arctic
Lycodes seminudus Longear Eelpout Rare Rare Arctic
Lycodes squamiventer Scalebelly Eelpout Rare Acrctic
Lycodes turneri Estuarine Eelpout Uncommon Uncommon Predominantly Arctic Pacific
Acantholumpenus mackayi Blackline Prickleback Uncommon Predominantly Boreal Pacific
Anisarchus medius Stout Eelblenny Common Uncommon Arctic-Boreal
Chirolophis snyderi Bearded Warbonnet Uncommon Predominantly Boreal Pacific
Eumesogrammus praecisus Fourline Snakeblenny Uncommon Uncommon Arctic-Boreal Pacific and western Atlantic
Leptoclinus maculatus Daubed Shanny Common Common Arctic-Boreal Pacific and Atlantic
Lumpenus fabricii Slender Eelblenny Common Common Arctic-Boreal
Lumpenus sagitta Snake Prickleback Rare Boreal Pacific
Stichaeus punctatus Acrctic Shanny Common Common Arctic-Boreal Pacific and western Atlantic
Pholis fasciata Banded Gunnel Uncommon Rare Acrctic-Boreal
Anarhichas denticulatus Northern Wolffish Rare Rare Arctic-Boreal
Anarhichas orientalis Bering Wolffish Uncommon Uncommon Predominantly Boreal Pacific
Zaprora silenus Prowfish Rare Boreal Pacific
Ammaodytes hexapterus Arctic Sand Lance Common Common Arctic-Boreal Pacific
Hippoglossoides robustus Bering Flounder Common Common Arctic-Boreal Pacific
Hippoglossus stenolepis Pacific Halibut Rare Boreal Pacific
Limanda aspera Yellowfin Sole Common Rare Predominantly Boreal Pacific
Limanda proboscidea Longhead Dab Uncommon Rare Predominantly Boreal Pacific
Limanda sakhalinensis Sakhalin Sole Uncommon Predominantly Boreal Pacific
Liopsetta glacialis Acrctic Flounder Common Common Predominantly Arctic
Platichthys stellatus Starry Flounder Uncommon Uncommon Arctic-Boreal Pacific
Pleuronectes quadrituberculatus Alaska Plaice Uncommon Predominantly Boreal Pacific
Reinhardtius hippoglossoides Greenland Halibut Uncommon Uncommon Arctic-Boreal Pacific and Atlantic

tAuthor determination.



40 Alaska Arctic Marine Fish Ecology Catalog

Acknowledgments

The personal observations and ichthyologic data and
insights provided by Catherine W. Mecklenburg (California
Academy of Sciences, San Francisco and Point Stephens
Research, Auke Bay, Alaska) were critical during early
planning and review phases of this study. Her participation in
RUSALCA, BOEM, Conservation of Arctic Flora and Fauna,
U.S. Fish and Wildlife Service, National Park Service, NOAA
Auke Bay Laboratories, and other Arctic research provided
biogeographic expertise, taxonomic and diversity insights, and
critical scientific reviews of developing project information.
Her scientific contributions to and review of chapter 2 were
especially significant with respect to development of a
provisional checklist of valid marine fishes from the Chukchi
and Beaufort Seas as well the identification of probable and
questionable species occurrences. Special appreciation is
extended to Jergen Schou Christiansen (University of Tromsg,
Norway) and Robert Lea (formerly of State of California)
for their thoughtful insights on the consistent nomenclature
(vernacular names) for Boreogadus saida and Arctogadus
glacialis.

Summary

One hundred nine (109) marine fishes from 24 families
are described and compared regarding their occurrence in
the United States Chukchi and Beaufort seas. Ninety-seven
(97) species are confirmed from the Chukchi Sea and 83
from the Beaufort Sea. Twenty species are newly confirmed
to the U.S. Arctic since the publication of Fishes of Alaska
in 2002. The taxonomy of Arctic marine fishes has improved
since 2002, but issues in the naming and acceptance and
validity of several species in the Liparidae and Zoarcidae
require additional resolution. Many of the common species
are benthic or demersal in their habitat orientation. Small-
sized marine species such as those representing Cottidae,
Liparidae, Stichaeidae, and Zoarcidae families, were common
to both seas. The diversity of Salmonidae species reflects
the plasticity of this group of fishes and its adaptive linkage
to freshwaters. Our analysis supports high rates of Arctic
endemism in both seas, especially in the Beaufort Sea.
Numerous range extensions and their sources are noted. The
estimates of species diversity can be expected to increase
with new sampling, with greater reliance on genetic and
molecular identification aids, and in response to large-scale
effects of changing environmental conditions on present
patterns of regional fish distribution and abundance. Fishes of
Alaska remains an important reference for species taxonomy
and identification of more than 600 species from the Gulf of
Alaska and Bering Sea to the Arctic but is not complete with
respect to species in the Chukchi and Beaufort Seas.



Chapter 3. Alaska Arctic Marine Fish Species Accounts

By Milton S. Love', Nancy Elder?, Catherine W. Mecklenburg?®, Lyman K. Thorsteinson?, and

T. Anthony Mecklenburg*

Abstract

Species accounts provide brief, but thorough descriptions
about what is known, and not known, about the natural life
histories and functional roles of marine fishes in the Arctic
marine ecosystem. Information about human influences on
traditional names and resource use and availability is limited,
but what information is available provides important insights
about marine ecosystem status and condition, seasonal patterns
of fish habitat use, and community resilience. This linkage has
received limited scientific attention and information is best
for marine species occupying inshore and freshwater habitats.
Some species, especially the salmonids and coregonids, are
important in subsistence fisheries and have traditional values
related to sustenance, kinship, and barter. Each account is an
autonomous document providing concise information about a
species zoogeography, western and Alaska Native taxonomy,
life history, niches, and life requirements. Each account is
fully referenced with the identification of the most critical
literature for Alaska and a more comprehensive listing of
referencing from which biological and ecological information
was drawn. New-to-science narratives, distributional maps,
and vertical profiles, provide quick, reliable sources of
information about fish life history and habitat requirements for
this segment of the Arctic fauna.

Purpose and Design of Species
Accounts

Individual species accounts were prepared for 104 of the
109 confirmed marine fishes for which adequate biological
information was available from the U.S. Chukchi and
Beaufort Seas. These descriptions are an important source
of documentation about Arctic Alaska’s marine fish fauna.

*University of California, Santa Barbara.
2U.S. Geological Survey.

SCalifornia Academy of Sciences, San Francisco, and Point Stephens
Research, Auke Bay, Alaska.

“Point Stephens Research, Auke Bay, Alaska.

Although tailored to address the specific needs of BOEM
Alaska OCS Region NEPA analysts, the information presented
in each species account also is meant to be useful to other
users including state and Federal fisheries managers and
scientists, commercial and subsistence resource communities,
and Arctic residents. Readers interested in obtaining additional
information about the taxonomy and identification of marine
Arctic fishes are encouraged to consult the Fishes of Alaska
(Mecklenburg and others, 2002) and Pacific Arctic Marine
Fishes (Mecklenburg and others, 2016). By design, the species
accounts enhance and complement information presented in
the Fishes of Alaska with more detailed attention to biological
and ecological aspects of each species’ natural history

and, as necessary, updated information on taxonomy and
geographic distribution.

Each species account includes a concise summary of
the natural history, population dynamics, functional roles,
and traditional and economic values of the marine fish found
off Alaska. An initial organizational task was to create a
standard format for effective information delivery. The species
descriptions by Ehrlich and others (1988) were provided to
the USGS by BOEM as an example of a creative template for
information transfer. Four pilot species accounts, representing
well known to poorly known species, were developed,
reviewed, and repeatedly revised for improvements,
interagency approval, and selection of the final layout and
design. Final decisions about content represented the priority
needs of BOEM.

More than 1,200 individual scientific publications
relevant to Arctic marine fishes were reviewed in preparation
of the species accounts. In each species account, the most
relevant literature for each species is cited. A shorter list
(about 5-10 articles) identifies key Alaskan information
sources that, in our opinion, have had the greatest scientific
effect on understanding the species of the Arctic area of the
United States.
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Limitations of Data

The species accounts reveal many gaps in the biological
information needed to conduct vulnerability assessments
of the marine fishes of the Beaufort and Chukchi Seas to
human interventions. Part of this problem relates to the
geographic coverage of existing research and surveys in
Alaska as, in many instances, we were required to incorporate
the results of investigations conducted outside the region.
This raises an important caution because, even though the
best available information was used in preparing the species
accounts, our reliance on data and information from outside
Alaska will introduce uncertainty to EIS expectations.

Ideally, and with respect to oil and gas activities, baseline
information for fishery resources should be collected from
the potentially affected environment to appropriately evaluate
the potential effects of oil spills or other possible industrial-
related disturbances. However, as has been widely noted

(for example, Bluhm and others, 2011), systematic and
methodologically comparable data typically are not available
from Arctic Alaska marine ecosystems. Evaluating change in
populations and communities from natural and anthropogenic
stressors is limited by the variable quality and lack of
quantitative reports on abundance, distribution, community
structure, and demographics for Arctic marine fishes.

In each species account, an attempt was made to
incorporate the most reliable baseline information available
and offer impressions of information needs. Important ongoing
studies sponsored by BOEM, and others, may be addressing
some of these needs. The needs assessments for this study
considered these efforts to the extent that oral and (or) written
communications and preliminary results allowed. The focus
of this study was on impressions of the population parameters
(Williams and others, 2002) and environmental measurements
needed to detect changes in marine fish populations (Reist
and others, 2006; Wassmann and others, 2011) and their
resilience to a variable and rapidly changing environment
(Holland-Bartels and Pierce, 2011). For key marine fish
species, examples might include changes in range, community
structure, abundance, phenology, behavior, and population
growth and survival.

Each species account is designed as a self-contained
article; therefore, no references to other accounts are included.
Additionally, to reduce complexity in the presentations, only
common names were used to identify the major predator
and prey species for the marine fish described. Because this
document was meant to be a companion document to the
Fishes of Alaska (Mecklenburg and others, 2002), interested
readers are encouraged to consult this book or Page and others
(2013) and Mecklenburg and others (2016) for more complete
information about the scientific authorities and literature
citations associated with the original descriptions of each
species. Readers are directed to the references cited in each
species account for additional information on the species.

Operational Definitions

In chapter 1, several concepts about the temporal and
spatial habitat requirements for Arctic marine fish were
introduced. More information is presented in this chapter to
explain the vertical distribution and the location of shelf break,
as used in this report.

Vertical Distribution

The conceptual design of the species depth profiles
(vertical structure by life history stage) was patterned after
the “coastal marine life zones” of Allen and Smith (1988).
The goal of the profiles is to visualize what is known about
a species occurrence and reproductive ecology by depth and
location. An idealized characterization of Arctic shelves was
designed to visualize these relationships. Additional detail
about origins of data was included in the depth profiles to
reflect Alaskan records or collections from other Arctic
regions. This is important because actual field collections and
observations are limited from this region. In many instances,
the actual presence of a life stage remains unverified by field
sampling. Thus, for many of species, the depth of a fish’s life
cycle should be considered untested hypotheses in need of
additional testing.

Location of Shelf Break

Early versions of the depth profiles were modified at
the request of BOEM with respect to the depiction of the
continental shelf break. As a special effect for the Arctic,
the species depth profiles were redrawn to depict the change
in bathymetry that typically occurs at depths of about 75 m
throughout the Chukchi and western Beaufort Seas. This
depiction is not an attempt to redefine the oceanographic
definition of shelf break. Instead, it highlights the relatively
sharp gradient in depths that often occurs near 70- to 80-m
contours over much of the region. Although species depth
profiles in this report depict an apparent “break” at 75-m, three
factors were considered: (1) this is a generalization and the
actual shelf break may be geographically close but at a slightly
greater depth; (2) shelf edge effects on fish distribution at
depths occurring between 75-, 150-, or 200-m are likely
negligible due to the gradient and area involved; and (3) the
conceptual depictions of depth distributions by life history
stage are consistent with accepted oceanographic conventions
for continental shelf and slope (despite the magnified view at
75-m) and thus are compatible to the import of biological data
obtained elsewhere.



Keystone Species

The concept of keystone species describes the critical
role certain organisms are perceived to have in maintaining
the structure of biological communities and resilience of
ecosystem dynamics (Paine, 1966). Arctic Cod (Boreogadus
saida) are widely distributed in the Arctic Ocean and by virtue
of their abundance and intermediate trophic position between
invertebrates and higher-level predators are integral to the
movement of nutrients in marine food webs. For this reason,
Arctic Cod are considered a keystone species in the Arctic
marine (Bradstreet and others, 1986; Walkusz and others,
2011). Arctic Cod are common in United States waters of
the Beaufort and Chukchi Seas being considered for energy
exploration and development and are an ecological focus of
BOEM fishery studies to understand potential effects on the
species (Maule and Thorsteinson, 2012).

Outline of Species Accounts

The species accounts are scientifically accurate
descriptions of the life histories, populations, habitats, and
community values of individual species in the Arctic marine
ecosystem. The mix of quantitative and qualitative information
presented reflects state-of-the-art knowledge, a faunal
assessment of information gaps, and prioritization of priority
needs for population and process understanding. Limited
information for many Alaskan species required that relevant
observations from other geographic locales be included. Each
species account attempts to be clear about the geographic
origins of data and information, through scientific referencing
or special notations in graphics. As an example, italics are
used in the species accounts to highlight data collections from
the Alaska study area. In several instances, species information
was so lacking that inferences from a closely related species
were required.

The generic species account includes a comprehensive
accounting of scientific and cultural information in a standard
format. The scientific information addresses multiple
disciplinary areas including taxonomy, life history and
habitats, ecological relationships including predator-prey
interactions and environmental preferences, and population
ecology. The population information is critical to evaluations
of population status and health, resilience, and vulnerability to
natural and anthropogenic changes in the marine environment.
Each species account includes a photograph of an adult
specimen (or line drawing if an image was not available);
distribution maps (horizontal and vertical); and concise
descriptions of abundance, life history, and ecology (11 life
history categories); major stressors; research needs; and
key references. To assist users, a suite of easily recognized
icons was developed to provide quick access to specific life
history information. In addition, some species attributes
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regarding life history, population dynamics, and biological
interactions are defined in the Glossary (chapter 7).

Information presented in each species account is outlined
and described as:

Taxonomic—Scientific and Common Names

The format of the species accounts was, by design,
intended to link the biologic and ecologic information
presented in this document directly to the species identification
guides contained in the “Fishes of Alaska.” This connection
was established by adherence to naming conventions as
described by Mecklenburg and others, 2002 (p. 25 and 26).
The common names of each marine fish are presented first,
followed by scientific and family names. Each scientific name
includes a reference to the name of the person (author) who
formally described and named the species in the ichthyological
literature. The bibliographic data for the authors and dates of
publication of scientific names can be found in Eschmeyer’s
Catalog of Fishes online (http://researcharchive.calacademy.
org/research/ichthyology/catalog/fishcatmain.asp) and are
not reported here. In some instances, a Note (italicized) has
been included to describe exceptional details about existing
biological data, morphology, nomenclature, taxonomic status,
life history strategy, or occurrence of a species in the United
States Chukchi and Beaufort Seas.

Iiupiat Name

The existence of colloquial Ifiupiat (Ifiupiag) names for
the Arctic’s marine fish fauna by indigenous peoples is an
important component of traditional ecological knowledge.
Relatively few marine fish species are abundant or
susceptible enough to subsistence fisheries to have received
special names. For those species having Ifiupiat names, this
information is reported to assure that a common vocabulary
can facilitate future exchanges of ideas and knowledge across
disciplinary boundaries. In this manner, colloquial names
can provide a cultural link between local marine resources
and science supporting sustainability of Arctic communities
and ecosystems.

Ecological Role

Fishes play a pivotal role in marine ecosystems as
secondary and higher-level consumers in many marine food
webs. In many instances, information about predator-prey
relationships is so limited that only preliminary, qualitative
assessments of the relative role of each species are possible.
The ecological niche describes how an organism or population
responds to resources and competitors. Importance or
significance descriptors do not diminish the fact that all
organisms contribute in ways large or small to the provision
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of ecosystem goods and services. These descriptors however,
may provide useful information about the relative importance
of a particular species as an indicator of ecosystem condition
and trajectories of change associated with climate change,
habitat fragmentation, ecosystem stress, effect of pollutants, or
other anthropogenic effects.

Physical Description/Attributes

A brief physical description of the species is summarized
from information presented by Mecklenburg and others,
(2002) in the Fishes of Alaska; the relevant page number
is included for quick referral to more comprehensive
morphological information. An image of the adult form of
each fish is presented with appropriate attribution. High-
quality images were selected to highlight the key identifying
features of a particular species.

Information about the presence of a swim bladder and
antifreeze glycoproteins is included because of its relevance
to geo-seismic oil and gas exploration, climate change issues,
and evolutionary life history.

The geographic occupancy of the species in United States
sectors of Chukchi and Beaufort Seas and adjacent waters is
presented in brief narratives and depicted on maps. Known
occurrence in the Arctic OCS Planning Areas is highlighted by
symbols indicating locations of valid species identifications
from properly archived voucher specimens on each map.
Although the symbols on the maps may suggest that some
of the species are rare in the region, the study of historical
collections from the United States and Canadian sectors of
the Beaufort Sea, as well as the collections from BOEM
surveys in the Beaufort in 2011 and 2012, is still in progress
and may reveal that these species are more abundant in deep
sectors of the study area than the maps suggest. Definitions
of zoogeographic pattern are from the Online Resource 1
(electronic supplemental to Mecklenburg and others, 2011),
Mecklenburg and Steinke (2015), and Mecklenburg and others
(2016) and relate to ranges of population viability (see chapter
2).

Depth profiles in each species account graphically
summarize existing information about the benthic and
reproductive distributions of each marine fish. In both
depth profiles, the width of areas depicted confers species
information about horizontal (onshore-offshore) patterns
of distribution. The italicized captions in the depth profiles
highlight species information germane to the study area.

Avreas in the graphs denoted by the orange coloration represent
understanding from data collection within the United States
Chukchi and Beaufort Seas; olive colors represent data
collection outside the study area. For benthic distributions,

solid lines in the depth profiles represent species for which
no specific information is available about its preferred depth
range. Solid lines represent a synthesis of understanding that
includes information not necessarily specific to the study area.
In some instances, only one record of a species occurrence by
depth was available and coding in orange was not meaningful.
In these cases, an explanatory comment, in italicized font, with
a line pointing to the appropriate depth was included in the
graph (for example, see the species account for Megalocottus
platycephalus). Highlighted depths as indicated through
“bolded” (dark black) and dashed segments, represent most
common depths where the species has been detected, and
depth distribution as has been reported throughout the species
range, respectively. Areas denoted with diagonal cross-
hatching represents depth distribution of juveniles (immature);
adult distributions are not cross-hatched and age-related
habitat overlaps, are informed by captioning in the figures.
For reproductive distribution, eggs and larvae
(pre-juvenile life stages) of marine fishes are represented
with respect to depth and distance from the coast. Orange
areas in the reproductive distribution profiles represent data
collection in the study area. In many instances, information
about spawning habitats and egg and larval distributions is
summarized from information reported from throughout a
species range. In these cases, dark blue represents species
distributions in spawning habitats; light blue represents
the geographic distributions of eggs and larvae; and light
green is used to highlight areas of substantial habitat overlap
(for example, see the species account for Hippoglossus
stenolepsis). Distribution patterns of eggs and larvae are
symbolized by “dots” and “horizontal dashes,” respectively,
in the graphs. As for benthic distribution, solid lines represent
species-specific information from data collections from
throughout the species entire range. Highlighted (dark black
lines) segments of solid lines indicate the most common
depths where egg and larvae samples have been collected.
Dashed lines represent areas of hypothesized distributions
for species for which no information is available about egg
or larval occurrence. In these instances the hypothesized
distributions are based on known patterns for closely related
species; the lack of data is stated in captions above the graph.

Relative Abundance

Relative abundance refers to the contribution a species
makes to the total abundance of the fishery community. It is a
measure that provides an index of the number of individuals
present, but not the actual numbers. Relative abundance terms,
such as “common,” “uncommon,” or “rare” often are used
to express the general population status of a given species,
but are most useful when they are defined by something
that is measured or estimated in a manner that makes
comparison meaningful.



Depth Range

Benthic distribution refers to the spatial arrangement
of a particular species at different depths over continental
shelf and slope waters. The life cycle of fishes occurs in
multiple dimensions in time and space and generally reflects
genetically determined life history or behavior that has
evolved to maximize fitness (life time reproductive success,
see Gross [1987]). Benthic distribution profiles for each
species represent the location of important habitats as they are
presently known for juvenile and marine fishes. Reproductive
distributions depict important habitats for spawning and early
life history development.

Life History, Population Dynamics, and
Biological Interactions

Life history theory holds that the schedule and duration
of key events in a species’ lifetime are shaped by natural
selection to produce the largest possible number of surviving
offspring. These events, notably juvenile development, age
of sexual maturity, first reproduction, number of offspring
and level of parental investment, senescence, and death,
depend on the abiotic and biotic environment of the organism.
Specific information about these traits informs understanding
of a species’ adaptive capacity including major influences
on population abundance. A number of fisheries models use
basic length-weight and age-at-size relationships to describe
the growth and dynamics of fishery populations (for example,
von Bertalanffy and Gompertz, growth models and derivatives
[Ricker, 1975]). Ecological models estimate transfer of
energy or matter along the trophic chain (Gamito, 1998). The
parameters that are estimated in these models are individually
important indicators of population condition and may be
used with other indicators to derive quantitative information
about compensatory responses and resilience. Much of this
information, including population parameters, has been
compiled in FishBase for the Arctic marine fish (Froese and
Pauly, 2012).

Habitats and Life History—Basic
information about the life history (for example,
body size, reproductive ecology, growth) and
ecology (for example, mobility, growth,
habitat) of a species and the environmental area
inhabited by that species is foundational to
effective resource management. Habitat is the natural
environment that influences and is used by a species
population. Information about abiotic (that is, temperature,
salinity, other physiochemical factors, depth, and substrate
types) and biotic (that is, type and abundance of food,
presence of other biota) often are used to describe fish habitats
and provide insights about a species environmental
preferences and habitat associations (for example, water
masses). Maximum body size often is reported and can be an
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important surrogate of different life history traits (for example,
age at maturity, growth, and reproductive output). In population
dynamics studies, the relationships between length and weight
and size and age form the basis for population growth and
production models and quantitative analysis of environmental
effects. Length measurements are reported as standard length
(SL), total length (TL), and fork length (FL) in fisheries studies.

- Behavior (see also Glossary [chapter 7]).—
- »} Behavior is the manner in which a fish operates
e or functions within its environment (that is,
_/_ﬁt_ home range, terrlltorlallty, apd many .others) to
procure food, orient to specific locations, or

relate to other organisms. Knowing how
individuals respond to the environment (physical, chemical, and
biological cues) is critical to understanding population
processes such as distribution, survival, and reproduction and
recruitment and for managing fisheries. Many behaviors are
evolutionary adaptations to the physiological and reproductive
requirements for a species’ survival. For example, migration
involves the regular movement of animals between different
geographic locations. Migrations can be extensive in terms of
time and distance involved (anadromous model) or seasonal
(amphidromous and marine models). Each of these models
reflects a life strategy adapted for age and growth at sea. Diel
relates to daily changes in water column position due to changes
in light, temperature, and food supply.

Migratory behaviors are rooted in physiological
requirements for food, growth, reproductive, and survival
(“scope for growth”). Movement behaviors are more tactical
responses to local environmental conditions (for example,
variable hydrographic conditions in the nearshore Beaufort
Sea). Fish movement can be active or passive and involve large
distances in search of suitable habitats and foods. The seasonal
nature of migration and movement behaviors are typically
related to life history stage, predator-prey distributions, or
energetic requirements for growth.

Schooling (that is, social structure of fish of the same
species moving in more or less harmonious patterns in the sea)
often is related to survival and reproduction. Schooling confers
physical benefits to fish movement, safety against predators,
search behaviors (for example, foods), population immunology,
and reproduction.

The functional feeding morphology of a fish relates to its
anatomical adaptations (for example, body size, gape sizes,
shape, and body form) to environmental conditions especially
food preferences. The adage “function determines morphology
and morphology determines way of life” is an important
evolutionary concept as it applies to fish feeding behavior,
dietary preferences, habitat selection, and trophic stature.
Trophic position (within categories of trophic levels) expresses
the “tendency of larger (less abundant) fishes feeding on smaller
(more abundant) fishes, which themselves feed on zooplankton
and all these animals resting upon primary producers” (from
Pauly and Watson, 2005). Categories of trophic levels are:
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 Trophic level 1 (T1), plants and animals make their
own food and are called primary producers;

« Trophic level 2 (T2), herbivores eat plants and are
called primary consumers;

« Trophic level 3 (T3), carnivores eat herbivores and are
called secondary consumers;

« Trophic level 4 (T4), carnivores eat other carnivores
and are called tertiary consumers; and

* Trophic level 5 (T5), apex consumers, which have no
predators, are at the top of the food chain.

$

Populations or Stocks—A population often is
defined as a group of organisms of the same
species occupying a particular space at a
particular time with the potential to breed with
each other (Williams and others, 2002). Stocks
are subpopulations of a particular species of
fish that result from reproductive isolation and subdivisions
within the biological range. The current state of knowledge
about local stocks and their genetic population structure is
reported. Grossberg and Cunningham (2001) described the
combined effects of demographic, behavioral, genetic,
oceanographic, climate, and tectonic processes as major
determinants of population structure. These mechanisms act
across a range of temporal and spatial scales to determine the
rates and patterns of dispersal of different life stages of marine
fishes. Dispersal, combined with the successful reproduction
and survival of immigrants, control the scale and rate of
processes that build or erode structure within and among

groups of individuals.
\-2 marine fishes. What is known is drawn largely
from observations from populations studied
outside the United States. For most Arctic marine fish species,
there is no information about population or stock structure (for
example, age structure, reproductive behavior, sex ratios,
age-at-maturity, fecundity, and genetic). These are key
population parameters needed for understanding reproductive
ecology, population dynamics (for example, growth, survival,
and mortality), and assessments of resiliency (response
to disturbance).

Reproduction Mode—Little information is
available about the spawning times and
locations, mating behaviors (breeders or
nonbreeders), and genetic diversity of Arctic

Food and Feeding—Dietary information is
summarized from literature and, unless in
italics, is reported from other regions. Fish
communities can affect the ecological
characteristics of marine ecosystems in

o

response to productivity and abundance patterns, the mobility
and migratory behavior of species, and through food
influences in different habitats (for example, Grebmeier and
others, 2006b). Trophic Index (T) values are reported from
FishBase (Froese and Pauly, 2012). The T values for Arctic
marine fishes are largely derived from stomach contents
analyses, which have correlated well with stable isotopes of
nitrogen in tissues. The fractional values (between 1 and 5)
realistically address complexities of consumer feeding
behaviors (omnivory and feeding across multiple trophic
levels) and predator-prey relationships. For example, the mean
T value for Blackline Prickleback (Acantholumpenus mackayi)
is 3.1 (£0.31). This mid food web value is indicative of a
primary carnivore that feeds across trophic levels, in this case
on lower level herbivores.

Biological Interactions.—The effects

E7®% organisms in a community have on one
’?C& another. Competition and consumption

7@:@ (predation, herbivory, or cannibalism) are the
best known of the major ecological processes
affecting resource abundance, community
composition, and ecosystem function. Competition involves
interactions between individuals of the same species
(intraspecific) or different species (interspecific) in which the
fitness of one is lowered by the presence of another.
Competition often is related to food and habitat requirements
and reproductive behavior. Interspecific competition for foods
is greatest for species occupying similar trophic positions in
relatively short food chains and for animals living in regions
of low biological productivity.

Resilience—In ecology, resilience traditionally
refers to the ability of a population or biotic
community to sustain or return to its former
state after a disturbance. The rate of recovery is
a measure of resilience determined by the
population processes involved in restoring
abundance to healthy, sustainable, or pre-disturbance levels.
Four categories of productivity (high, medium, low, and very
low) are used to classify reliance in marine fish populations
(Musick, 1999). These categories are based on a combination
of population parameters for intrinsic rate of growth, growth
coefficient, fecundity, age at maturity, and maximum age.
Because population parameters were unavailable, resiliency is
defined here based on estimated population doubling time
where high = <15 months, medium = 1.4-4.4 years, and

low = 4.5-14 years.

Traditional, Cultural, and Economic Values

In August 2009, the U.S. Secretary of Commerce
approved a Fishery Management Plan for the Arctic
Management Area. The plan covers U.S. Arctic waters in the



Chukchi and Beaufort Seas, and acknowledges that changing
climate may potentially favor the development of commercial
fisheries. However, until adequate fisheries resource
assessments are completed, the region remains closed to
commercial fishing in federal waters. A small salmon fishery
exists in Kotzebue Sound; in 2010, a small commercial fishery
for Arctic Ciscoes in the Colville River was terminated.

Traditional and Cultural Importance.—
Several species of nearshore marine fishes are
important in subsistence fisheries. The
protection of traditional lifestyles and
economies, including these subsistence
fisheries, is a responsibility of the Federal
government. Subsistence relates to resource use patterns (for
example, seasonal round) and values (that is, sustenance,
kinship, and barter) in coastal communities of northern Alaska.
distributions of species in response to warming
suggest that there may be fisheries in the
future. A precautionary approach by fishery managers has been
adopted that requires the collection of reliable baseline
information for decision-making and ecosystem management
(North Pacific Fishery Management Council [North Pacific

Fishery Management Council, 2009; Wilson and
Ormseth, 2009]).

Commercial Fisheries.—Currently (2016)
there are no offshore marine fisheries in the
U.S. Chukchi and Beaufort seas. Changing
Acrctic environmental conditions and shifting

Climate Change

Alaska’s climate is changing at more than twice the rate
of the rest of the United States (Mellilo and others, 2014).
Year-to-year and regional variability in air temperatures are
evident and the warming trend currently is being moderated
by large-scale cooling associated with the Pacific Decadal
Oscillation. Even so, climate effects are pronounced and
are being seen in changes in sea ice, timing of snowmelt,
widespread glacier retreat, and changes in hydrology (runoff)
and coastal processes, such as erosion (Markon and others,
2012). The effects of rising ocean temperatures and ocean
acidification on marine food webs are of growing regional
concern with respect to the condition and trends in marine
ecosystems and human community resilience are of concern.
Climate changes potentially can affect marine fish in
numerous ways, leading to distributional changes, increased
or decreased mortality rates, changes in growth rates, and by
altering the timing in reproduction (Clow and others, 2011).

Potential Effects of Climate Change.—A
pole-ward shift of many fish distributions is
i possible as is a reduction or extinction of
species that are narrowly adapted to Arctic
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environments. Generally, the species are expected to increase
in abundance if they are currently present in the Bering Sea
and decrease if they have very low tolerance for temperatures
greater than 1.5-2.0 °C. However, it is hypothesized in current
climate projections that temperatures near the ocean floor in
the northern Bering Sea will remain cold (<2 °C) due to
persistence of winter sea ice (Sigler and others, 2011).
Cold-water conditions and other marine ecosystem effects
related to seasonal sea ice extent and timing of retreat may
effectively block northward migrations and production of
exploitable quantities of species, such as pollock and cod, for
several decades. Shifts in range and other possible climate-
related effects, such as increased predation or competition for
food, are identified in the species accounts. Only “loose
qualitative generalizations” are presently possible (Reist and
others, 2006).

Research Needs

The compilation and review of species information
for species in U.S. Arctic waters revealed many gaps in life
history understanding and environmental relations. These
are evaluated on the basis of a species current fishery and
community values and ecological significance in marine
ecosystem structure and function. The needs reflect the
researcher’s perceptions and their understanding that new
fishery information is becoming available for the Arctic region
and that, although Arctic research is currently a national
priority, some aspects of population ecology will take many
years of data collection to accurately assess.

Areas for Future Research.—The preparation
of individual accounts led to the identification
of many information gaps in knowledge about
the biology and ecology of marine species
including life history, population dynamics,
and community associations. Generally,
species life history and ecology gaps are most pronounced
with respect to: (1) depth and location of pelagic larvae;

(2) depth, location, and timing of young-of-the-year habitats;
(3) preferred depth ranges for juveniles and adults;

(4) spawning seasons; (5) seasonal and ontogenetic
movements; (6) population genetics and dynamics; (7) prey—
predator relationships and food web relationships; and

(8) environmental health (multiple stressor effects on fitness).
Behavioral studies for all life stages are virtually non-existent.
New information is being developed and, for the lesser-known
species, gaps may be slowly addressed over time. Priority
needs, for species having special significance in subsistence
fisheries and marine food webs or that may be indicator
species are emphasized in the species accounts. One of two
categories of identified research need is identified for each
species. The meaning of the categories [A] and [B] is

as follows:

SN
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[A] Many gaps in our understanding of the species life
history and ecology remain in Alaska (for example,
research areas | through 8). These are high profile
species in terms of ecological, subsistence, or potential
fisheries values. Specific research priorities are

briefly discussed.

[B] Most aspects of the species life history and ecology
are unknown for Alaska (for example, research areas 1

through 8). Species information will likely accumulate
over time and focused studies are not warranted at

this time.

References Cited and Bibliography

A thorough review of scientific literature was done in
the preparation of the species account. A list of references
(References Cited [chapter 8]) is provided for each species for
readers seeking additional information. This list identifies key
sources of information that make the greatest contributions
to current knowledge (2014) and understanding. The
Bibliography section provides a full accounting of all scientific
literature cited in each species account. For a small number
of species from the family Cottidae, only a Bibliography
was possible to provide and this is indicative of the lack of
information available. Citations are not always in numerical
order in species accounts because new information became
available during the production phase of this publication and
were incorporated into the species accounts as appropriate.
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Summary

The species accounts are a major biodiversity milestone
confirming the presence of 109 marine fishes in 24 families
in the U.S. Chukchi and Beaufort Seas. One hundred four
(104) species accounts are presented. Full species accounts
for the Alaska Skate, Pacific Sleeper Shark, Thorny Sculpin,
Checkered Wolf Eel, and Pale Eelpout were not prepared
due to their very recent confirmation and general lack of
information from the region. Each account describes what
is presently known about the biology and ecology of each
species from observations from Alaska, adjacent seas, and
other locations. A species account summarizes current
information about geographic distribution, abundance, life
history and habitats, community relationships and population
ecology, and ecological roles. The listing of Ifiupiag names
for some species, but not others, provides an important
measure of traditional values of these fish. Each species
account represents an autonomous review of relevant data
and information; each is scientifically documented with
key literature sources so that users will have easy access to
additional detail from the studies reviewed. Collectively,
this treatment is the most comprehensive inventory of
species information undertaken for this segment of Alaska’s
marine fish fauna to date. The species accounts present
thorough information, some of which reflects quantitative
depictions of complex ecological concepts and population
understanding. Information about life cycle requirements,
trophic position, and population resilience are essential to
National Environmental Policy Act assessments of potential
effects from offshore energy development at population and
ecosystem levels of biological organization.
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Chapter 4. Synthesis of Arctic Alaska Marine Fish Ecology

By Lyman K. Thorsteinson' and Milton S. Love?

Abstract

The compilation of data and information, its review,
and the synthesis processes leading to the development of
individual species accounts focused on descriptive elements
of Arctic Alaska’s marine fish fauna. The species accounts
reflect the compilation and review of a large body scientific
information about the marine fishes off Alaska in United
States waters in the northern Bering Sea, north of the Bering
Strait, and throughout the circumpolar Arctic. The purpose
of this synthesis is to interpret the whole of this biological
and ecological information in the context of the marine
biogeography of the Chukchi and Beaufort Seas. This
interpretive approach provides historical and contemporary
perspectives to our descriptions of (1) patterns of species
occurrence, habitat and population relationships, and
(2) functional ecosystem processes that affect the distribution
and abundance of marine fishes, and, with respect to the
present, (3) conceptual understanding and information needed
for resource management and conservation. The objectives
of this synthesis focus on environmental relationships
including physio-chemical factors (for example, temperature,
salinity, dissolved oxygen, and turbidity), mechanisms
(for example, currents, migrations, and movements), and
biological processes (for example, competition, predation,
colonization, and reproduction) that collectively have limited
the distribution, abundance, and productivity of marine fish
populations through adaptations to Arctic conditions.

Introduction—A Biogeographic
Emphasis

Individual species accounts present a large amount of
information about the biology, geography, and environmental
factors affecting large-scale patterns of distribution and
abundance. Collectively, this compilation of environmental
information is foundational for an improved understanding
of the descriptive and interpretive components of this
region’s biogeography (Nelson, 2006). Our focus on the

*U.S. Geological Survey.

2University of California, Santa Barbara.

interpretive component (historical and ecological elements
of biogeography) provides a meaningful approach for
explaining the observed diversity relationships, synthesizing
the information presented, and expressing our impressions
about outstanding needs. Historical biogeography addresses
the origins of distributional patterns as determined from
systematic studies. The paleoceanographic record is not
well-developed from this part of the Arctic and here

we explore species origins in light of possible dispersal

and vicariance events as suggested by paleontology and
geologic records, climatic histories, and known phylogenetic
relationships. Ecological biogeography addresses the
environmental relationships including physiochemical factors
(for example, temperature, salinity, dissolved oxygen, and
turbidity), mechanisms (for example, currents, migrations,
and movements), and biological processes (for example,
competition, predation, colonization, and reproduction) that
limit the distribution, relative abundance, and productivity of
a species. Information about body size and trophic position
also are reviewed because they are important parameters that
correlate with metabolic processes and other life history traits
(Romanuk and others, 2011).

The descriptive component of biogeography is addressed
in project tasks leading to an updated checklist of marine
fishes, presentation of information in the species accounts,
and special analyses related to (1) new species occurrences
and range extensions, (2) large-scale patterns of abundance
from past and ongoing studies, and (3) identification of species
likely to occur, but yet-to-be confirmed from the Chukchi
and Beaufort Seas. The visualization of species information
in new maps and depth profiles provides another dimension
to evaluation of the status of baseline information than was
previously available. This is especially relevant as it applies to
availability of age- or stage-specific information and related
habitat relationships. Quantitative relationships between
age-and-length and size-at-length have been described for
several dominant species, but this information is dated. For
almost all species, information about stock structure and
population dynamics (that is, differential mortalities between
life stages or age classes) remains to be described. Although
many science gaps exist, compiling and integrating descriptive
and interpretive information-types allows a more detailed
examination of linkages between geographic distributions,
evolutionary processes (patterns of life history variations),
ecological factors, genetic diversity, and population dynamics
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for the fauna as an initial approach to estimating effects of
environmental change (Winemiller, 2004; Benton and others,
2006). This approach illustrates why the information presented
in the species accounts is relevant to decision making and, for
potential indicators species, a rationale for research priorities.

Historical Biogeography

The Chukchi and Beaufort Seas occupy a relatively small
region within the zoogeographic realm (Mecklenburg and
others, 2011) that has been used by classical ichthyologists
to describe the taxonomy and composition of the Arctic
marine fishes (Briggs, 1974; Andriashev and Chernova 1994;
Eastman, 1997; and Mecklenburg and others, 2011). In Alaska,
the Arctic Realm includes the northern Bering Sea and marine
environments beyond the EEZ3. As such, it does not directly
correspond to conventional natural resource management areas
in the Alaskan Arctic. The southern boundary of the province
in the Bering Sea is ecologically significant because the
area demarks a sharp gradient in diversity and abundance of
Arctic and Boreal marine fishes that is defined by temperature
(<2 °C). As such, a natural rather than administrative faunal
separation is represented. For example, NOAA collected 86
species of marine fishes in the northern Bering Sea in 1981
(Thorsteinson and others, 1984) compared to the 300 species
reported from the southeastern Bering Sea (Wilimovsky,
1974). The zonation is important to contemporary Arctic
issues with respect to extralimital species and northerly
shifts in distributions and range expansions associated with
climate change and potential fisheries. The importance of the
Bering Strait with respect to geologic and climatic history
and origins and exchanges of fishes, especially during the late
Pleistocene, has been shown to be critical to understanding
Pacific influences on Arctic fauna (for example, Mecklenburg
and others, 2011).

A systematic comparison of the marine fishes reported
from the Arctic province, marginal seas of the Arctic Ocean,
and Bering Sea provides clues and insights about the
evolutionary processes (origins, rates of endemism) underlying
current patterns of taxonomic representation (zoogeographic
patterns, chapter 2). The comparison of marine fish faunas
from adjacent waters also is instructive with respect to origins
(distribution centers), expectation of probable occurrence,
or in some instances, understanding founding sources of
confirmed species from the U.S. Arctic (table 4.1, additional
Aurctic seas in Christiansen and others, 2013).

3The three provinces described in Sigler and others (2011) relate to Bering,
Chukchi, and Beaufort Seas and relate more directly to smaller ecological
units in a conservation context. For this discussion, the classical definition for
a province is used based on endemism. In this case, the provincial boundaries
correspond with the geography of shelf areas of the Arctic Region described
by Briggs and Bowan (2012).

The estimates of marine fish diversity (occurrence) in
table 4.1, was from published literature or acquired through
reliable sources of written communications, and represent
“working” totals from a field of ichthyology that is rapidly
changing. These changes relate to new discoveries, increased
sampling, and new genetic tools for identification and better
understanding of evolutionary relationships. The presence
of 15 new marine fishes from the U.S. Arctic not reported
in the Fishes of Alaska (Mecklenburg and others, 2002)
has been confirmed for this report (table 2.2). Many of the
authors cited reported significant problems associated with
species identifications (related these to unresolved taxonomic
issues), deficiencies in geographic sampling coverage,
or access to existing data and information. Despite these
issues, the systematic comparisons help to begin to explain
large-scale patterns of biodiversity including origins of
species distributions.

Biogeographic research has shown that fish species in
the Pacific and Atlantic Oceans have similar zoogeographic
patterns with respect to latitudinal gradients, but not diversity
(Christiansen and others, 2008; Christiansen and others,
2013). In each ocean, species richness peaks in the tropics
with sharp gradients between tropical and temperate waters.
There is leveling off in decline of richness toward the poles
(Roy and others, 1998). Using marine gastropod diversity
data, Roy and others (1998) examined latitudinal gradients
in the Atlantic Ocean with respect to ecological traits (that
is, range size, habitable area, and input of solar energy). The
greatest correlation reported was between diversity and sea
surface temperature (a proxy for solar input) suggesting that,
if the relation was causal, it probably was linked through some
aspect of production. Because the physical mechanisms of
dispersal for marine invertebrates and fishes are similar (or
the same), process effects—such as production cycles and
events—would similarly influence geographic distribution and
abundance patterns.

In areas where regional faunas are relatively well known,
Briggs and Bowen (2012) described a high concordance
between levels of endemism in fishes, molluscs, and other
biota. However, Roy and others (1998) could not explain
latitudinal gradients in the North Atlantic based on recent
geologic history. By contrast, Vermeij (1991) and Briggs
(1995, 2003) described the biogeographic consequences
of the opening of the Bering Strait and the Great Trans-
Acrctic Biotic Exchange (3.5 million years ago [Ma]) on the
dispersal of Arctic molluscs and marine fishes, respectively
(see table 4.2 for geologic periods). Prior to this opening,
the marine barrier formed by Beringia had isolated Pacific
and Atlantic faunas for millions of years. Vermeij (1991)
determined that of the 295 mollusc species that participated in
the interchange, almost 90 percent (n=261) had Pacific origins
or were descended from taxa with Pacific origins. Briggs
(2003) hypothesized an asymmetrical invasion of marine
fishes from a North Pacific evolutionary center (“centres
of origin” hypothesis) and that at least one species from



Table 4.1.

U.S. Chukchi and Beaufort Seas.
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Systematic comparisons of marine fishes occurring in the Arctic marine and adjacent seas or marine areas bordering the

[Regions: Arctic Realm (as defined in this chapter), Arctic Zoogeographic Region described by Mecklenburg and others (2011). OCS, Outer Continental Shelf;
~, approximately; —, not applicable]

Geography relative to

Estimated total number of

Regions References
U.S. study area Orders Families Genera Species
Acrctic Realm Encompasses circumpolar Arctic 22 45 126 242  Mecklenburg and others (2011)
including the northern Bering Sea
U.S. Beaufort Sea Beaufort Sea OCS Planning Area 9 19 44 83 This report
U.S. Chukchi Sea Chukchi Sea OCS Planning Area 11 22 56 97 This report
Chukchi Borderland North U.S. Chukchi Sea 4 7 11 12 Mecklenburg and others (2014);
Longshan and others (2014)
Canadian Beaufort Sea!  East of U.S. Beaufort Sea 21 48 115 189 Coad and Reist (2004)
Yukon Adjacent to U.S. Beaufort Sea and 9 14 28 44-46 Coad and Reist (2004)
north of Yukon Territory, Canada
Russian Chukchi Sea West of U.S. Chukchi Sea 11 26 68 112  Parin (2004); Parin and others
(2014); Datsky (2015)
East Siberian Sea Northern Russia east of Chukchi Sea 9 14 33 65 Pauley and Swartz (2007)
U.S. Bering Sea U.S. territorial marine waters south of 21 64 190 ~375 Mecklenburg and others (2002);
Chukchi Sea Mecklenburg and others (2011
OR1); Maslenikov and others
(2013); Love and others, written
commun. (2015)?
Northern Bering Sea Bering Sea from the Bering Strait to - - - (@) 128 (a) OBIS database (http:/www.
the south of St. Lawrence Island iobis.org/);
(b) 136 (b) Chernova (2011);
(c) 165 (c) Datsky and Andronov (2007)
Bering Sea Entire Bering Sea south of Chukchi - - - (a) 385 (a) Christiansen and others (2013);
Sea (b) 418 Mecklenburg and Steinke

(2015)
(b) Greenwald and others (2006)

This estimate does not include brackish water species.

2Love and others, written commun. (2015) refers to an ongoing updating of Love and others (2005).

Salmonidae, Osmeridae, Hexagrammidae, Cottidae, Agonidae,
Liparidae, Stichaeidae, and Pholidae contributed to the Arctic-
North Atlantic fauna. The Capelin (Mallotus catervarius)
is an example of such a Trans-Arctic dispersal during the
Pleistocene (Dodson and others, 2007). Similarly, the cod
family, Gadidae, is thought to have developed in the North
Atlantic and contributed two species to the North Pacific.
Large segments of an ancient fauna of boreal origins
are believed to have gone extinct during the late Miocene
(Mecklenburg and others, 2011). The opening of the Bering
Strait, prevailing ocean conditions and currents probably
favored the dispersal of new North Pacific species into
habitable Arctic shelf areas during the Pliocene (Eastman,
1997; Briggs, 2003). Ocean connections to the Arctic during
this period are hypothesized to have been primarily through
the Fram (North Atlantic) and Bering (North Pacific) Straits.

The relatively small number of species in the Arctic suggests
that widespread dispersal processes were constrained by the
separation of basins and absence of a circumpolar current.

Christiansen and others (2013, p. 195) noted that (Arctic)
freshwater and diadromous fishes were “significantly molded
by glaciation, deglaciation and geological events during the
late Pleistocene and Holocene epochs (i.e. ~ 126,000 and
12,000 years ago, respectively)” and that (citing Krylov and
others, 2008 and Polyak and others, 2010) the evolutionary
history of the marine fish fauna “dates back to the Neogene
period as the modern circulation in the Arctic Ocean began
to form some 14—17 million years ago.” The Great Exchange
occurred during a period of ice-free, boreal conditions. The
greater success of Pacific invaders was hypothesized by
Briggs (1995) to be related to their “superior competiveness”
(for example, behavioral, reproductive rate, individual


http:/www.iobis.org/
http:/www.iobis.org/
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Table 4.2. Geologic and climatic history of the Arctic.

Recent geologic history

Era(s) (millions of years ago)

Geologic and climatic significance

Late Cretaceous 80

Beringia (Bering Land Bridge) forms and separates North Pacific
and Arctic-North Atlantic faunas.

Paleocene-Oligocene 66-23.03

The Arctic Region was in high latitude position and the climate
was temperate with water temperatures of 10—15 °C. Water
temperatures gradually cooled during the Eocene and ligocene
eras (56-23.03 million years [Ma] ago)

Miocene 23.03-5.3

Arctic land masses reached their present positions and water
temperatures dropped below freezing (1015 Ma). The Bering
Strait may have opened during the Cenozoic (6-12 Ma)
allowing for limited passage (Briggs, 2003). Additional
cooling, ice sheet expansion, lower sea levels, and shallow
Bering Strait, limit exchanges between Arctic and Pacific
Oceans. Ocean circulation was latitudinal with limited
Arctic-North Atlantic exchanges. The southward movement
of the warm-temperate zone and its replacement by the
cold-temperate zone are hypothesized to have caused mass
extinctions of boreal families during the late Miocene.

Pliocene 3.5-3

The opening of Bering Strait allowed many Pacific species to
invade the Arctic. Ocean circulation changed with the closure
of the Isthmus of Panama (about 3.2 Ma), which strengthened
the Gulf Stream, increased precipitation at high latitudes, and
contributed to further glaciation in the northern hemisphere.
The Atlantic and Pacific Oceans had oceanic connections to
the Arctic during the late Pliocene and faunal interchange was
possible.

2.588-0.0117
(11,700 years ago)

Pleistocene

The early Pleistocene was a time of glacial advances and retreats,
periodic freshwater inputs into the Arctic Basin, and cooling
leading to the formation of Arctic sea ice. Permanent ice cover
has been present for at least 0.7 Ma and possibly intermittently
as long as 2.0 Ma. Some components of the Arctic marine
fauna may have persisted from the Miocene and Pliocene eras
and exchanges with the Atlantic and Pacific were also possible
as the Bering Strait remained open.

size, or vulnerability to predators or parasites) resulting

from their evolution in a highly diverse marine ecosystem.
Extended cooling between 2.9 and 2.4 Ma is postulated to
have led to the extinction of the truly boreal species and given
rise to the modern Arctic fauna (table 4.2; see Eastman, 1997,
Mecklenburg and others, 2002, 2011; Briggs, 1974, 1995,
2003, 2004). This fauna is characterized by relatively few
(numbers) endemic species when compared to the diversity
of marine fish fauna from lower latitudes. The low amount of
endemism has been hypothesized to be related to evolutionary
effects of ocean continuity and lack of geographic isolation
over recent time. Briggs (1995) indicated that the Arctic
climate repeatedly warmed and cooled until about 3 Ma when
present cold conditions stabilized.

In Alaska, the species richness of the marine fish fauna
from the high Arctic (includes northern Bering Sea as used
here) is similarly low when compared to lower latitudes
(chapter 2). Interestingly, the number of endemic species
relative to total number of marine fishes reported from
the U.S. Chukchi and Beaufort Seas is relatively high. We
propose that this relates to the geographic isolation of this
region during the last glacial period resulting from a lack of
connection between Pacific and Arctic oceans through the
Bering Strait, and the absence of shelf environment between
openings with the Nordic Seas.



Geographic Perspectives of Marine
Fish Diversity

Mecklenburg and others (2011) examined the faunal
composition of marine fishes in the Arctic region and
confirmed earlier characterizations of the young phylogenetic
age of dominant families (for example, Zoarcidae and
Stichaeidae) and the apparent lack of successful invaders
from the Atlantic (for example, Gadidae and Anarhichadidae).
Data in this report support these findings as they extend to
Alaska. As an example, the two largest families (Zoarcidae
with 17 species and Cottidae with 17 species) were determined
to contain almost one-third of the total number of species
reported. They were followed, in order of decreasing species
numbers, by Salmonidae (12), Pleuronectidae (9), Stichaeidae
(8), Agonidae (7), and Liparidae (6). Collectively, seven
(7) families accounted for nearly 68 percent of the region’s
confirmed marine fish diversity. In the western Chukchi Sea,
Datsky (2015) noted a similar pattern (without Salmonidae),
with members of the Cottidae, Zoarcidae, Pleuronectidae,
Stichaeidae, and Agonidae accounting for 66 percent
(73 species) of the total number of species identified.

Regional comparisons of the diversity of fishes reported
from marine waters adjacent to the U.S. Arctic are qualitative?;
however, the distributional patterns suggested by presence-
absence data suggest dispersal processes. With respect to the
U.S. Arctic, the Bering Sea, with more than 400 marine fishes,
represents the largest regional source of potential colonizing
species. The same is true of the North Atlantic for the Barents
and Eastern Siberian Seas. When the species information
is examined in the context of prevailing ocean currents and
transport processes, a northerly dispersal of species in Pacific
Waters, notably in Alaska Coastal Water, seems to be the most
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probable (with respect to likelihood of success) historical and
contemporary mechanism for large-scale colonization of the
U.S. Chukchi and Beaufort Seas. The distribution of shared
species in the Chukchi Sea (United States and Russian),
Chukchi Borderlands, and southeastern Beaufort Sea (United
States and Yukon) would seem to reinforce the Pacific
transport hypothesis (table 4.2). However, Mecklenburg
and others (2014) noted that all 12 species collected from
the Chukchi Borderland occur, and many are common in
northern Atlantic sectors of the Arctic. Their findings support
an Atlantic transport hypothesis in subsurface currents
associated with Atlantic water masses. Alternatively, as the
authors suggest, the species could have been in the region for
thousands of years but simply not discovered until recently
because of the previous lack of sampling.

A regional comparison of the presence data indicates
a high percentage of shared species between United States
sectors of the Chukchi and Beaufort Seas (table 4.3). Although
this could be an artifact of existing data collection, it supports
a major dispersal pathway in Alaska Coastal Water. The
regional data as a whole further support the existence of an
inter-regional gradient of declining species richness with
increasing latitude. This pattern was reported previously for
the U.S. Arctic (Craig, 1984) and was related to the lack of
expatriate species from the Bering Sea found in the Beaufort
Sea (Crawford and others [2012] citing others). In this case,
the transport of Alaska Coastal Water to the east and north
of Point Barrow (fig. 1.1) may impede larval dispersal and
colonization processes. Cold temperatures, availability of
foods, and other physical and biotic prerequisites of the
Beaufort Sea coastal habitats could be major constraints to
successful colonization.

Table 4.3. Estimated numbers of common or shared species in the U.S Arctic and adjacent marine areas.

[Russian Chukchi Sea: Total estimate of 67 assumes Arctic Cod and Pacific Cod occur in the area, but were not reported by Pauly and Swartz (2007). Arctic:

Includes Chukchi and Beaufort Seas in waters of the United States]

United States

Regions Chukchi Russian Yukon
Borderland Chukehi Sea Chukchi Sea Beaufort Sea Arctic
Chukchi Borderland 12 4 7 9 7 3
Russian Chukchi Sea 67 46 42 39 22
U.S. Chukchi Sea 97 68 68 31
U.S. Beaufort Sea 83 68 34
U.S. Arctic 109 30
Yukon 44-46

“Comparisons are problematic due to differences in sampling, problems
associated with field identifications and nomenclature, and taxonomic
uncertainties.
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Understanding the diversity of marine fishes in adjacent
areas also provides information about extralimital occurrences
and a basis for reasoned expectations about probable species
occurrences (not yet recorded) and possible founding sources
of new species into Alaska waters (table 4.3). Mecklenburg
and others (2011) reported the presence of 242 species of
marine fishes in a circumpolar Arctic study area that, for
Alaska, extends into the northern Bering Sea. Mecklenburg
and Steinke (2015) report 122 marine fishes from the Pacific
Marine Region, a smaller region that includes northern
Bering, Chukchi, Beaufort, and East Siberian Seas. They do
not include amphidromous species in their tally of marine
fishes. The Center of Biodiversity reports the occurrence of
418 species of marine fish in the Bering Sea (Greenwald and
others, 2006) and although this number could not be verified,
it is indicative of the high diversity of fishes found south of the
Bering Strait. With respect to the U.S. EEZ in the Bering Sea,
Mecklenburg and others (2002) reported about 350 species.
As part an ongoing effort to update a checklist of marine and
estuarine fishes in United States waters by Love and others
(2005), the current estimate is between 375 and 400 species
for this part of the Bering Sea.

An examination of regional oceanographic and
zoogeographic patterns in light of known phylogenetic
relations provides additional support for hypotheses regarding
the ancestry of Arctic marine fishes. For the United States, the
updated list of fishes is indicative of both widespread (Pacific
and Atlantic) and endemic (Arctic Ocean) origins. The species
derived from Atlantic and Pacific origins further suggest
the role of ocean currents on dispersal and the hypothesized
importance of the continuity of Arctic shelves to colonization
(Eastman, 1997). To illustrate the concept, Carmack and
Wassman (2006), estimated that the flow of Atlantic Water into
the Arctic Ocean is, on average, more than five times larger
than inflow of Pacific Water. This difference was considered to
be responsible for the dominance of Atlantic-derived species
over much of the northern Russian shelf.

The analysis herein of zoogeographic patterns revealed
that Atlantic-derived species account for less than 10 percent
of the diversity (n=9 species) of marine fishes confirmed from
United States waters. This includes species from Stichaeidae
(Eumesogrammus praecisus, Leptoclinus maculatus, and
Stichaeus punctatus), Gadidae (Gadus chalcogrammus and
Gadus macrocephalus), Psychrolutidae (Cottunculus microps),
Osmeridae (Hypomesus olidus), Myctophidae (Benthosema
glaciale) and Pleuronectidae (Reinhardtius hippoglossoides).
Interestingly, only two stichaeids (E. praecisus and S.
punctatus) are found in both Chukchi and Beaufort Seas
suggesting a discontinuous dispersal for members of this
family. A slightly broader examination of the distribution of
Atlantic-derived species that included marine areas adjacent to
Alaska revealed four species from four families in the Russian
Chukchi Sea (G. chalcogrammus, E. praecisus, L. maculatus,
and R. hippoglossoides); five species from five families in
the Chukchi Borderland (G. chalcogrammus, Artedellius

atlanticus, C. microps, L. maculatus, and R. hippoglossoides);
and one species from the Yukon (Ammodytes dubius) and the
possibility of a longitudinal gradient along the shelf break.

Paleontological Connections

Knowledge of the paleoceanographic conditions and
how these conditions affect the evolution of Arctic marine
fishes is limited. It seems clear from the inventory of known
marine fishes from U.S. Arctic waters that endemic species
(that is, Arctic, predominantly Arctic and Arctic Boreal
fauna) are significant components of Chukchi (58 percent)
and Beaufort (>74 percent) assemblages. How the opening
and closing of the Bering Strait, interglacials, and formation
of shelf ecosystems affected dispersal and speciation
processes and faunal distinctions must be related to observed
differences in regional oceanography, dispersal corridors,
and energy pathways (Barber and others, 1997; Carmack and
Wassmann, 2006; Dunton and others, 2006; Cui and others,
2009; Norcross and others, 2010). For example, Pacific
water influences on the Chukchi Sea shelf are more direct
than advection of regional water masses onto the Beaufort
Sea shelf. The hydrography of the Beaufort Sea shelf is
affected by winds, upwelling, and river inputs, and presents a
variable environment for its fishery occupants (Carmack and
Wassman, 2006). Biogeographic data are indicative of Pacific
influences on recent (<3 Ma) colonization processes. Regional
differences in shelf environments (topographic, bathymetric,
hydrographic, hydrologic, currents, and biologic) correspond
to broad patterns of observed diversity in adaptive strategies
between the Chukchi (greater than numbers/abundance of
marine species) and Beaufort (greater than numbers/abundance
of amphidromous species) Seas. The latitudinal gradient that
forms the southern boundary of the Arctic province is evident
in the data presented. A less pronounced subregional gradient
is near Point Barrow (Chukchi Sea greater than numbers of
Bering Sea species less than Beaufort Sea).

Adaptations in Marine Arctic Fishes

Environmental conditions in the Chukchi and Beaufort
Seas pose numerous substantial challenges to their fish
populations. As noted by Power (1997, p. 16), “Fish living
in arctic marine waters have to adapt to low temperature, in
most places below the usual freezing point of teleost blood;
seasonally constrained low productivity, perpetual or long
periods of darkness; and an ice-affected shoreline.” In
contrast to waters of Antarctica, Arctic waters may also have
substantial annual changes in salinity (Eastman, 1997). The
Arctic challenges extend to how, where, and when research
has been conducted, and the resulting ecological information is
much better for coastally occurring species and for those taken
in subsistence fishing, than for truly marine fishes. As a result,



Arctic marine fishes are a current emphasis of BOEM research
including physiological studies in laboratory and field studies
(appendix A) as sea ice retreats and technological advances
allow greater access to offshore marine environments for
scientists and industry alike.

Many investigations show how large-scale oceanographic
processes over coastal, shelf, and slope environments of the
Arctic Ocean and marginal seas relate to observed differences
in regional productivity and transfer of energy to benthic
and pelagic components of the marine ecosystem. These
affect the form (anatomical and morphological, for example,
Mecklenburg and others, 2002) and function (ecological
niche) of individual species and, collectively, the suite of life
strategies for marine fishes occupying these waters (chapter 3).
Arctic shelves are shallow and often are characterized by the
richness and biomass of their benthos. With respect to the U.S.
Acrctic, Carey and Ruff (1977) and Carey (1987) hypothesized
the predominance of benthic- and pelagic-dominated
ecosystems in the Chukchi and Beaufort Seas, respectfully, as
suggested by the distribution and abundance of infaunal and
epifaunal invertebrates. Subsequent research (for example,
Grebmeier and others, 2006a) related observed patterns of
distribution to ocean features and to the cropping efficiency
of herbivorous zooplankton and transport of organic matter
to the benthos. The tight coupling (low efficiency) between
pelagic and benthic ecosystems reported by Grebmeier and
others (2006a) support the Carey (1987) hypothesis for the
Chukchi Sea shelf, but the effects of shelf-slope exchange in
deeper waters and the Beaufort Sea (Forrest and others, 2007)
are far less clear. The low diversity and biomass of benthic
invertebrates reported in ongoing benthic surveys (Katherine
Wedemeyer, BOEM Alaska OCS Region, Anchorage, Alaska,
oral commun., 2015) may lend further support to the pelagic
hypothesis especially in eastern sectors of the U.S. Beaufort
Sea. Coastal processes and food webs in the nearshore marine
(<10 m depths) are affected by terrestrial, freshwater, and
marine influences. Marine exposures and influences generally
are relatively greater along the U.S. Chukchi Sea coast than
the Alaska Beaufort Sea.

The role of sea ice as a substrate for algal production
and marine food webs represents a specialized flow of energy
in the Arctic marine environment (Alexander, 1992). The
composition, low relative abundance, and low trophic position
of the marine fish assemblage reported from the Chukchi Sea
are indicative of an invertebrate-dominated benthic ecosystem
over shelf waters. The suspected occurrence of large
concentrations of Arctic cod in deep waters of the Chukchi
and Beaufort Seas (Crawford and others, 2012) suggests more
pelagic processes may be occurring over the slope. Nearer
shore, the role of terrestrial peat in coastal food webs of the
Alaska Beaufort Sea represents a conceptually different but
important source of organic matter in coastal food webs and
in the adaptation, and interactions of marine fish in ephemeral
brackish waters that annually form along the coast (Dunton
and others, 2006). As new data from BOEM studies on the
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distribution and abundance of marine fish and invertebrates
from offshore marine areas of the Chukchi and Beaufort Seas,
including food habits and bioenergetics become available,
greater insights into more specific Arctic adaptive strategies
will be possible.

Descriptions of the survival strategies of cold-water
fishes in the Arctic environment are provided herein along
with considerations of adaptations gleaned from known
information about marine fishes living in other polar regions
and, to a lesser extent, more temperate waters. However, there
is a shortage of research on the physiology and behavior of
the fishes of the Chukchi and Beaufort Seas. Although some
studies were conducted on taxa like Arctic Cod and Shorthorn
Sculpin in other parts of their ranges, most physiological
research has been on Antarctic species from a region quite
different from the Arctic. At high latitudes particularly,
Antarctic waters have been covered in an ice sheet for
10—15 million years. Its inshore waters have been isolated
from lower latitudes for about 25 million years (leading to
a suite of endemic and closely related species), and it has
both temperatures and salinities that are quite stable over the
course of a year (Eastman, 1997; DeVries and Steffensen,
2005; Verde and others, 2006). Additionally, the water beneath
this ice sheet is super-cooled, leading to the formation of ice
crystals to depths of more than 30 m. In contrast, a permanent
ice cover has existed in the Arctic for only 0.7-3 million years,
so there are no barriers to immigration into the region (leading
to a relatively diverse fish assemblage). Water temperatures
can vary as much as 15 °C during a year, and at least in some
nearshore environments, the variability in salinity is significant
(Eastman, 1997; DeVries and Steffensen, 2005; Whiteley and
others, 2006). There is no super-cooled water in the Arctic.

As an example, over the course of a year, conditions for the
nearshore fish assemblage in Simpson Lagoon, Beaufort Sea,
included temperatures from at least -2 to 14 °C, freshwater to
marine conditions, and clear to extremely turbid waters (Craig
and Haldorson, 1981).

Because most of the research on physiological and
behavioral adaptations of fishes to polar conditions has been
conducted on Antarctic fishes, some of the results of this
research should be cautiously extrapolated to Arctic taxa. As
noted by Wells (2005, p. 302), “There is no a priori reason
that their [Antarctic fishes] adaptations should parallel those
seen in the Arctic fishes.”

Physical and Sensory Adaptations

Particularly in comparison to fish physiology and
biochemistry, physical adaptations to Arctic environments,
if any, are poorly understood. Seasonal changes in light and
sea ice effect in concert with cold temperatures, geographic
vagaries in productivity and coupling of marine pelagic-
benthic ecosystems, and the general low abundance of
marine fishes are evident in their physical structure and
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functional morphology. These adaptations relate to how
fishes interact and navigate Arctic marine waters in search
for prey, potential mates, and optimum habitats. Examples

of physical adaptations have been described with respect

to sensory organs such as eyes, lateral lines, and barbels;
skeletal and musculature structures; egg and larval conditions;
and patterns of coloration. The physical placement of eyes
and mouth, shape and size of mouth, and arrangement of
teeth, reflect examples of morphological adaptations to
dietary requirements and evolved predator-prey relationships
(for example, piscivores, plankivores, benthivores, and
generalists). Collectively, the adaptations relate to various
search, capture, and ingestion strategies related to life (that is,
moving, feeding, growing, maturing, and reproducing) in the
Arctic marine environment.

Little is known about the direct selective effects of cold
on sensory organs, although there has been some research
on adaptations of the nervous system to lower temperatures
(see section, “Physiological and Biochemical Adaptations™).
Some work has examined the role that low light levels (either
seasonal or during summer under ice cover) might have
on sensory system function. McAllister (1975) discussed a
number of potential sensory adaptations to low light levels in
Arctic fishes. He compared eye diameters between five pairs
of closely related fishes— one pair from the genera Eleginus,
Gadus, Triglops, Aspidophoroides, and Liopsetta). In each
comparison, one species of the pair was taken from the Arctic;
the other species were from boreal or subarctic waters. In
each case, the northern representative had larger eyes. He also
noted that Arctic-caught Pacific Cod (Gadus microcephalus;
identified as Greenland Cod, G. ogac) and Arctic-caught
Atlantic Cod (G. morhua) had barbels that were longer (when
standardized against orbit length) than those of Atlantic Cod
taken in boreal waters. Similarly, the barbels of the Arctic-
dwelling Arctic Alligatorfish (Aspidophoroides olrikii) are
prominent, whereas those of the congeneric and, arguably
more boreal-dwelling Alligatorfish are small. McAllister also
generalized that the lateral line systems of a number of Arctic
gadids and sculpins are composed of exposed filaments rather
than filaments inside of canals, a trait found in other members
of these families that lived in more southerly waters.

Since McAllister’s (1975) review, no research has been
done in Arctic waters that attempted to verify his hypothesis.
Work on Antarctic fishes has shown that there are some,
but not extreme, adaptations to low-light environments
in visual, lateral line, chemosensory, and tactile systems.

For instance, and apparently similar to some Arctic fishes,
many nototheniids have relatively large numbers of free
neuromasts, perhaps in response to feeding and avoiding
predation at low light levels (Montgomery and Sutherland,
1997; Macdonald and Montgomery 2005). However, it may be
difficult to assign the reason for the evolution of this trait. As
an example, Coombs and Montgomery (1994) examined the
frequent occurrence of free neuromasts on the ventral trunks
of Antarctic notothenioid fishes. They argued that this may

not be a response to living in low light levels. Rather, it may
be a non-adaptive, paedomorphic trait, essentially a holdover
from larval structures. However, it is not clear whether a
midwater lifestyle or a low-light environment selected for
this morphology. McAllister also made the generalization
that, with few exceptions, Arctic fishes tend to be drably
colored and suggested that the relatively low light levels

of that environment might favor species that blend in with
that environment.

Numerous attempts have been made to link increasing
vertebral number, and its possible ramifications, with
adaptation to Arctic conditions. This was first presented by
Jordan (1891) as “in certain groups of fishes the northern or
cold-water representatives have a larger number of vertebrae
than those members which are found in tropical regions” and
is now called “Jordan’s Rule.”(McDowall, 2008, p. 502).
Nikolsky (1963), McAllister (1975), and other subsequent
authors have speculated that greater numbers of vertebrae
would be selected for in cold-water species. They noted that
the additional myomeres associated with those vertebrae
would aid in swimming through more viscous cold waters
and help overcome a putative lowered efficiency of colder
muscles. However, McDowall (2008) questions whether
“Jordan’s Rule,” as well as several other generalities (that is,
“Bergmann’s Rule,” “Lindsey’s Rule,” and “Williston’s Rule”)
regarding the interrelationships among water temperature,
size of individuals, and number of vertebrae, have any
evolutionary significance. McDowall’s (2008) position is that
(1) there are many exceptions to these “rules,” (2) it remains
unclear what drives these relationships in an adaptive sense,
and (3) there is a lack of understanding regarding whether
variation in vertebrae number is under genetic and (or)
environmental control.

An additional generalization, summarized in varying
degrees in Rass (1941, 1989) and Marshall (1953) is that
species living in Arctic waters have larger and fewer eggs
(with larger yolks) than do those living in boreal waters.
Marshall (1953) suggests that larger and yolkier eggs may be
most adaptive in polar waters, where prey may be available
only over a short plankton season. The advantages of the
larger larvae that emerge from these eggs are “the smaller
food requirements in relation to size combined with increased
powers of swimming, leading to a widening of the range of
search for suitable food...Hatching at an advanced stage with
a shortening of the period leading to metamorphosis is likely
to be advantageous in high arctic [sic] and Antarctic waters
with a short seasonal plankton production...an increased
supply of yolk leads to increased rates of growth of embryos
and larvae, thus counteracting the retarding influence of low
temperatures...” (Marshall, 1953, p. 340). Since that time, only
a few studies have examined this phenomenon. Miller and
others (1991) determined that among 13 species of flatfishes
in the Atlantic, the 3 species in Arctic waters had the largest
eggs. The operative factor(s) selecting for this trend remain
somewhat unclear. Rass (1941) considered water temperature



alone responsible, whereas Marshall (1953) considered both
physical factors (such as temperature) and biological factors
(such as a short planktonic production season) important. The
results of several studies imply that, at least in some groups,
larger eggs are attributable to differences in spawning seasons
rather than directly to temperature clines (Chambers, 1997).
Lastly, we note the observations of Miller and Kendall
(2009, p. 439): “It’s interesting to note that on the Arctic and
Antarctic shelves, fish eggs are mainly demersal. A review
of maternal output in polar fishes (Christiansen et al. 1998)
revealed that while there was a pattern of relatively few and
large eggs in polar versus boreal fishes this difference did not
exist in substrate spawning species with large yolk reserves
and long incubation periods (e.g., Greenland cod [Gadus
ogac] and arctic flounder [Liopsetta glacialis], whereas
most other cods and right eye flounders [Pleuronectidae]
have pelagic eggs. It's possible that spawning demersal
eggs may protect the eggs against the risk of freezing and/
or also against the low salinity of the surface water (where
osmoregulation is difficult) during the melting of the ice.”

Physiological and Biochemical Adaptations

Adaptations related to living at low temperatures
generally relate to the “scope for growth” bioenergetics
processes that occur at molecular and cellular levels of fish
physiology. Much of the available research has focused
on antifreeze proteins (AFPs) in fishes from Polar regions.
These proteins and other properties of blood chemistry are
important adaptations to how Arctic marine fishes may avoid
freezing or respond to below freezing conditions (for example,
specializations in the nervous system).

Below freezing conditions represent a significant
environmental threat to fish species living in polar regions,
as the blood plasma of most marine teleosts freezes at about
-0.7 t0 -0.9 °C (Holmes and Donaldson, 1969), well warmer
than the freezing point of sea water (that is, -1.9 °C). In
response, many fish species that inhabit Arctic waters have
evolved the ability to lower the freezing point of their body
fluids. Of particular importance to a fish living in subfreezing
waters is the ability to prevent the ice crystals that occur in
these waters from growing larger, either on that fish’s external
surface or, after ingestion, within the body (DeVries and
Cheng 2005; Cheng and others, 2006).

The freezing point of aqueous solutions, such as those in
fishes, can be depressed through elevating the concentrations
of dissolved solutes. These solutes include such plasma
electrolytes as sodium (Na*) and chloride (CI-) (O’Grady
and DeVries, 1982). However, high concentrations of these
ions can interfere with a range of biological processes, such
as enzyme activity, protein subunit assembly, and protein
solubility (Somero, 1992). Fishes also depress their freezing
points with a number of organic compounds that have less
disruptive effect on these processes (Raymond, 1997). These
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compounds include glycerol (Raymond, 1992; Driedzic and
Short, 2007), trimethyamine oxide (Raymond, 1994; Raymond
and DeVries, 1998), urea (Raymond, 1994; Raymond and
DeVries, 1998), and glucose (Benziger and Umminger,
1973). All of these ions and compounds depress the freezing
point colligatively (acting through the number of ions or
molecules in a given amount of solvent and not on their size
or mass). Serum-ion concentrations in marine teleosts living
in very cold waters generally are relatively high, typically,
40 percent higher than in fishes from more temperate waters
(Raymond, 1997).

The concentrations of dissolved solutes in many cold-
water dwelling marine fishes (that is, Shorthorn Sculpin, Hew
and others [1980]; Sea Raven [Hemitripterus americanus],
Fletcher and others [1984]; Atlantic Wolffish [Anarhichas
lupus], Desjardins and others [2006]; see also O’Grady and
DeVries [1982]) increase during the winter, probably in
response to decreasing temperature and photoperiod (Driedzic
and others, 2006). Dissolved solute concentrations may
provide sufficient or near-sufficient antifreeze protection
for only a few species (for example, Navaga [Eleginus
navaga), Christiansen and others [1995] and Arctic Smelt,
Raymond [1992]), whereas for all others the amount of
freezing protection afforded is likely limited (Fletcher and
others, 1985b).

All cold-water dwelling fish species exposed to ice
protect themselves from freezing by synthesizing AFPs. There
are five distinct molecular groups of antifreeze proteins (AFP
Types I-1V and antifreeze glycoproteins (AFGPs) (Fletcher
and others, 2001); for the purposes herein all antifreeze
proteins are referred to as AFPs. The five AFP types (among
only distantly related taxa) are sufficiently structurally
different from each other as to have evolved independently
(Davies and others, 1988; Fletcher and others, 2001). The
evolution of AFPs in Northern Hemisphere Arctic teleost
fishes (table 4.4) likely occurred within the last 3 million
years. This was the first time that these waters were glaciated
(ice crystals formed) since the last ice age about 280 million
years ago before the rise of teleosts (see Kennett, 1982; Scott
and others, 1986; Fletcher and others, 2001; Davies and
others, 1988).

Each type of AFP likely is coded for by a gene family
(Hew and others, 1988; Scott and others, 1988; Shears and
others, 1993; Desjardins and others, 2006). For instance, the
number of gene copies of Type III AFP in the Atlantic Wolfish
and Ocean Pout (Zoarces americanus) is estimated to be 85
and 150, respectively (Desjardins and others, 2006). Although
the adult fish ability to inhibit freezing in the presence of ice
through the production of AFPs is well documented, there
is growing evidence that this ability also is in embryos and
larvae of some species (Murray and others, 2002, 2003;
Robles and others, 2005; Desjardins and others, 2007) and
perhaps in their eggs (Desjardins and others, 2007).
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Table 4.4. Species known to have antifreeze-protein or antifreeze-glycoprotein activity in the U.S. Chukchi-Beaufort Sea

region.

[All studies listed used fishes taken outside the U.S. Chukchi-Beaufort Sea region. Families are arranged in phylogenetic order (Nelson and

others, 2004)]

Source

Family Common name
Clupeidae Pacific Herring?
Gadidae Arctic Cod
Saffron Cod
Pacific Cod?
Osmeridae Arctic Smelt
Cottidae Atlantic Hookear Sculpin®
Acrctic Staghorn Sculpin
Acrctic Sculpin
Shorthorn Sculpin®
Liparidae Kelp Snailfish®
Stichaeidae Arctic Shanny
Zoarcidae Polar Eelpout®
Pholidae Banded Gunnel

Pleuronectidae Alaska Plaice®

Power (1997)

Denstad and others (1987); Enevoldsen and
others (2003); Nahrgang and others (2010)

Raymond and others (1975)

Van Voorhies and others (1978);
Enevoldsen and others (2003)

Raymond (1992)

Enevoldsen and others (2003)
Enevoldsen and others (2003)
Enevoldsen and others (2003)

Raymond and others (1975); Hew and
others (1980); Denstad and others (1987);
Enevoldsen and others (2003)

Enevoldsen and others (2003)
Enevoldsen and others (2003)
Davenport (1992)
Enevoldsen and others (2003)
DeVries (1980)

'Enevoldsen and others (2003) reported antifreeze proteins (AFPs) from “Pygmy Snailfish” now known as “Kelp Snailfish.”

2As Greenland Cod, Gadus ogac.

3Scientific name for Atlantic Hookear Sculpin is Artediellus atlanticus.

“Raymond and others (1975), reported AFPs from “Myoxocephalus verrucosus” from Saint Lawrence Island, Bering Sea. This is a synonym

of M. scorpius (Mecklenburg and others, 2002).

Enevoldsen and others (2003) reported AFPs from “Canadian Eelpout” now known as “Polar Eelpout.”

DeVries (1980) reported AFPs from “Arctic Plaice” now known as “Alaska Plaice.”

AFPs may be produced in several parts of the body.
In many species, AFPs are primarily (or solely) produced
in the liver (Davies and others, 1988). However, in at least
some species (for example, Shorthorn Sculpin, Longhorn
Sculpin (Myoxocephalus octodemspinosus), Winter Flounder
(Pseudopleuronectes americanus), and Ocean Pout) AFPs are
produced in the liver and in the epidermis of structures such
as the gills, skin, scales, and fins (Gong and others, 1992;
Fletcher and others, 2001; Low and others, 2002; Murray
and others, 2002, 2003). The exocrine pancreas appears to be
the sole site of AFP production in all Antarctic notothenioid
fishes (Cheng and others, 2006); such pancreatic production
has not yet been detected in Arctic taxa. Praebel and Ramlov
(2005) determined that, in some species, AFPs also are
derived from food sources. They examined levels of AFPs in
the gastrointestinal tracts of Arctic Cod (Boreogadus saida)

feeding either on AFP-containing Arctic Cod or on crustaceans
that did not produce AFPs. They determined that Ice Cod
(Arctogadus glacialis) that had fed on Arctic Cod contained
significantly higher levels of AFPs in their digestive fluids.
Praebel and Ramlev (2005) hypothesized that partly digested,
but still functioning, AFPs could be absorbed into the bodies
of Arctic Cod.

AFPs do not prevent the creation of ice crystals within
the fish; rather they retard the growth of ice crystals that have
entered the fish (Raymond and DeVries, 1977; Evans and
others, 2011). Each AFP molecule binds preferentially (and
likely permanently) to well-defined sites on newly formed ice
crystals (rather than to the surrounding water), thus altering
their structure and inhibiting their growth (Fletcher, 1977;
Fletcher and others, 2001; Davies and others, 2002; Goddard
and Fletcher, 2002; Howard and others, 2010). The different



types of AFP molecules bind to different surface planes on
an ice crystal (Knight and others, 1991; Fletcher and others,
2001). In at least some species, “chaperone molecules,”
such as glycerol, enhance AFP activity (Gong and others,
2011). Compared to dissolved solutes, AFP molecules act
noncolligatively; that is they have little effect on the osmotic
balance within a fish (because the action of AFP molecules is
not proportional to the number of molecules present).
Preventing the buildup of ice crystals is a two-step
process involving preventing ice crystals in the environment
from entering the body through the skin and preventing those
crystals that do enter the body from growing larger. For fishes
encountering freezing temperatures and ice, the first barrier is
through prevention of ice crystals entering the body through
the epithelium. Fishes living in Antarctic waters (few studies
have targeted Arctic fishes) have ice on their skin, gills, and in
their gastrointestinal tract, but not in the body fluids, muscles,
and most organ systems, except for the spleen (Praebel and
others, 2009; Evans and others, 2011). Fish skin appears to
be an effective barrier to ice crystal penetration into the fish,
with gill epithelium perhaps less so (Valerio and others, 1992).
How do fish prevent ice crystals that form on the mucous
covering the skin (Praebel and others, 2009) from gaining
access to the body interior? Although it is possible that larger
ice crystals fall off through frictional forces as the fish moves
through the water or as currents pass over the body, it is more
likely that these ice crystals are prevented from growing by the
AFPs in the mucous covering the skin. Ice crystals also have
been found in the gastrointestinal tract, which were carried
along with ingested food and as fishes drink seawater (to
maintain osmotic balance). Here, these crystals are prevented
from enlarging by AFPs in the esophagus and stomach as
well as pancreatic secretion into the intestine where the fluid
becomes hyposmotic to seawater (Cheng and others, 2006).
In some species, these mechanisms are not sufficient
to completely prevent the entry of all ice crystals into the
body. When this occurs at least some fish sequester these
crystals in the spleen. Evans and others (2011) studied the
process by which ice crystals are lodged in the spleen. Using
nanoparticles as proxies for ice crystals, they found evidence
that (1) AFP-coated ice crystals were removed from the
circulatory system and stored by spleen phagocytes and that
(2) these phagocytes were able to recognize the difference
between AFP molecules alone (which they ignored) and
those molecules attached to ice crystals (a process seen in
crystallizable [Fc] receptor-mediated phagocytosis induced by
immunoglobin-bound foreign particles [Swanson and Hoppe,
2004]). Evans and others (2011) note that there remain several
areas of uncertainty. First, it is unclear how high levels of
AFP (all of which are first discharged into the intestinal tract)
are maintained in the blood and lymph systems. Second, the
fate of the stored splenic ice crystals is unknown. If fish find
themselves in waters above freezing temperatures, as happens
to some Antarctic species (Hunt and others, 2003), these
crystals could be removed through passive melting.
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Seasonal changes in AFPs in Arctic fishes are poorly
understood and vary among species. For instance, although
high AFP levels in Arctic Sculpin from the Canadian Arctic
do not vary appreciably over the course of a year ([Fletcher
and others, 1982], a pattern was observed in numerous
Antarctic fishes [DeVries and Lin, 1977]). Arctic Cod
taken off Svalbard, Norway (Nahrgang and others, 2010)
and Shorthorn Sculpin (location unknown; DeVries, 1980)
exhibited reduced AFP activity during summer and increased
activity during winter. Generally, seasonal changes in AFP
production seem to be widespread in fishes exposed to
freezing winter temperatures and warmer summer waters
(for example, Winter Flounder [Fletcher, 1981]; Atlantic Cod
[Fletcher and others, 1987]; Ocean Pout [Fletcher and others,
1985b]; Eelpout [Lycodes spp.; Sorenson and Ramlov, 2001];
and Atlantic Wolffish and Spotted Wolfish [Anarhichas minor;
Desjardins and others, 2006]), although there is considerable
interspecific variation in the timing of this cycle (Fletcher and
others, 2001). Given that Arctic waters, particularly relatively
nearshore, exhibit considerable summer warming, it might be
expected that many species will exhibit seasonal changes in
AFP production. However, the degree of seasonal variation of
AFP produced by skin cells is much less than that produced by
liver cells (Low and others, 2002).

Two environmental parameters, photoperiod and water
temperature (sometimes working together), help control
annual cycles in AFP production, although the importance
of each parameter may vary with species. Photoperiod
(mediated through the hypothalamus), for instance, is likely
a major controlling factor in Winter Flounder, although
water temperatures must be less than 8 °C for a buildup of
AFP mRNA in the liver and subsequent production of AFP
(Fourney and others, 1984; Davies and others; 1988, Fletcher
and others, 1989). However, even in Winter Flounder, water
temperature does influence the maintenance of AFPs in the
body through controlling its removal from the blood stream
and controlling the levels of AFP mRNA in the liver (Davies
and others, 1988). On the other hand, Fletcher and others
(1987) determined that changes in water temperature alone
were primarily responsible for boosting AFP production in
Atlantic Cod, because manipulating day length did not affect
antifreeze production, whereas lowering water temperature to
0 °C did. Finally, based on laboratory studies, it is likely that
both seasonal changes in water temperature and photoperiod
play a role in the timing of increases and decreases in AFP
production in Atlantic and Spotted Wolffishes (Desjardins
and others, 2006; Duncker and others, 2006). The timing
of AFP production seems to be at least partially genetically
fixed (Fletcher and others, 1985a), although these previously
mentioned environmental cues, working through the central
nervous system and the pituitary gland (particularly through
the release of growth hormone), act to “fine tune” the precise
timing of the onset and decrease of AFP production (Davies
and others, 1988; Fletcher and others, 2001).
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Within a species, concentrations of AFP may vary
considerably, even among individuals living close together.
As an example, juvenile Atlantic Wolffish hatched together
from eggs collected in a single bay in Newfoundland, varied
in their blood plasma AFP concentrations between a high of
18.1 mg/mL and a low of 8.5 mg/mL (Desjardins and others,
2007) and similar between-individual variability was observed
in sympatric adults of that species (Dejardins and others,
2006). In these two wolffish studies, juveniles and adults
harbored similar concentrations of AFPs.

Conspecifics taken from geographically separated areas
commonly produce different amounts of AFP. For instance,
Ocean Pout living off Newfoundland contained higher levels
of AFP than did their conspecifics living off warmer-water
New Brunswick, differences linked to the New Brunswick fish
having only one-quarter the number of AFP genes than did
those from Newfoundland (Hew and others, 1988). Similarly,
in a comparison of plasma AFP from Ocean Pout from
Denmark and Newfoundland, fish from both areas reportedly
had high levels during the winter. However, the warmer-water
Danish fish lost most of their plasma AFP during the summer,
whereas levels in fish from Newfoundland remained relatively
high (Fletcher and others, 1985b; Sorenson and Ramlov,
2001). Similar variability occurs in, among other species,
Atlantic Cod and Winter Flounder (Fletcher and others, 1985a;
Goddard and others, 1999).

There are differences in AFP production within closely
related species. Desjardins and others (2006) compared AFP
production in the Atlantic Wolffish and Spotted Wolffish. They
determined that although both species produced AFPs only
the Atlantic Wolffish produced sufficient AFP to protect an
individual down to the freezing point of seawater. Likely of
significance is that, although both species encounter subzero
water temperatures, the more shallow-dwelling Atlantic
Wollffish has more of a chance of encountering ice and
freezing conditions.

Even at temperatures greater than freezing, AFPs may
protect cells (including perhaps fish cells) against damage.

As an example, cells require the ability to expel calcium

ions through active transport (thus balancing the passive ion
transport that is continually occurring). It is thought that low
temperatures may damage a cell’s ability to actively transport
these ions out of the cell. Studies by Negulescu and others
(1992) determined that AFPs “inhibited passive Ca entry
across the cell membranes” without inhibiting such normal
cell functions as active transport. Antifreeze proteins may also
interact with various constituents of cell membranes to inhibit
cell leakage and death (Rubinsky and others, 1990; Wu and
Fletcher, 2000; Wu and others, 2001).

Lastly, the mechanism(s) of freezing protection in fish
eggs are poorly understood. Davenport (1992) reported
that the eggs of Capelin can survive as much as 6 hours at
temperatures as low as -5.2 °C. He noted that the chorion of
these eggs had a “sticky, thick extra outer layer, not found
in other species, which appears to have the dual effect of
slowing ice crystal penetration” thus implying that there is a

morphological component to fish egg protection. However,
Goetz and others (2005) determined evidence of what they
believed to be an antifreeze protein in the eggs of Atlantic
Cod and significant amounts of AFPs exist (and significant
resistance to ice propagation exists) in the newly spawned
eggs of Antarctic notothenioids (for example, Ploughfish
(Gymnodraco acuticeps, Cziko and others, 2006).

Cellular and Metabolic Adaptations

Evidence for one long-proposed adaptation, called
Metabolic Cold Adaptation (MCA), has been effectively
undercut by a relatively recent series of studies. MCA holds
that fishes adapted to cold waters appear to have evolved
a higher metabolic rate “when corrected for differences
in measurement temperature” that is 2—4 times that of
temperate species (Steffensen and others, 1994, p. 49). The
hypothesis was based on fish respiration experiments by
Ege and Krogh (1914) and Krogh (1916) and later followed
by those of Scholander and others (1953) and Wohlschlag
(1960). However, studies on a number of Arctic and Subarctic
species (for example, Arctic Cod, Arctic Staghorn Sculpin
(Gymnocanthus tricuspis), Spatulate Sculpin (Icelus spatula),
Shorthorn Sculpin, Fish Doctor (Gymnelus viridis), Greenland
Cod [now known to be Pacific Cod]) strongly imply that MCA
is almost certainly an artifact caused by insufficient laboratory
acclimation time for fishes in respiration experiments
(Holeton, 1974; Mikhail and Welch, 1989; Steffensen and
others, 1994; Hop and Graham, 1995; Steffensen, 2002;
Karamushko and others, 2004).

Much of the experimental research on the cold-adapted
performance of fishes has focused on the selective forces
on energy production, particularly on how these forces have
influenced mitochondria. Cold temperatures affect the aerobic
capacity of mitochondria; the respiration rates of isolated
mitochondria generally decrease with decreasing temperature
(Johnston and others, 1998). In response, and to maintain
sufficient aerobic activity, cold-water species harbor higher
volumes and densities of mitochondrial clusters than do more
temperate taxa; these may reach 50 percent of the muscle fiber
volume in the Antarctic Icefish ([Champsocephalus esox]
see Johnston and others, 1998; Portner and others, 2005).
However, several factors limit the amount of mitochondria
produced by Arctic fishes. First, there is a maximum limit
to mitochondrial densities beyond which there is not
space for myofibrils, thus muscle function suffers, and the
greater volumes of mitochondria in cold-water fishes only
partially compensate for the reduced oxidative capacity the
mitochondria afforded at low temperatures (Johnston and
others, 1998). Second, an increase in mitochondrial density
causes an increase in oxygen demand even under resting
conditions and, as noted by Portner and others (2001, p. 1,992)
this particularly becomes “detrimental during warming
when [oxygen demand] can no longer be covered by oxygen
uptake through ventilation and circulation.” As an example,



an increase in ambient water temperatures of only 2.3 °C
results in large increases in oxygen consumption in Arctic

Cod (Hop and Graham, 1995). Additionally, a comparison

of the mitochondrial enzyme capabilities (citrate synthase,
cytochrome c oxidase, and the electron transport system) of
Acrctic and boreal populations of Atlantic Cod demonstrate that
there also have been cold adaptations in these systems (Lannig
and others, 2003).

With greater mitochondrial densities in Arctic fishes has
come a shift from carbohydrate to lipid (fatty acid) catabolism
by these mitochondria. Although the rationale for this shift
and the process by which it occurs remains somewhat obscure,
one possible reason is that fatty acids are transported across
cell membranes composed of fatty acids at a lower energy
cost than those with high levels of carbohydrates (Portner,
2002). As a consequence, lipid accumulations in Arctic fish
tend to be higher than in many temperate taxa. Additionally,
the mitochondrial membranes of Arctic fishes tend to have
elevated levels of polyunsaturated fatty acid phospholipids,
probably because this type of fat supports efficient energy
release rates (proton leakage) through the inner mitochondrial
membrane (Brand and others, 1992; Portner and others,
2005). This increase in polyunsaturates, combined with the
aerobic generation of high-energy phosphates, increases
the opportunity for damage by free radicals and, likely in
response, Antarctic fishes have high levels of the antioxidants
vitamin E and C (Ansaldo and others, 2000; Gieseg and
others, 2000; Davison, 2005).

In cold-water fishes, mitochondrial proliferation and
associated adaptations come with physiological tradeoffs, as
energy demands for these adaptations can be relatively high
and would be shifted away from growth and reproduction
(Lannig and others, 2003). Portner and others (2001) gave an
indication of what these tradeoffs might entail. Their work
was conducted on Atlantic Cod and Ocean Pout at a number
of sites ranging from the European Arctic through the more
temperate Baltic and North seas. They determined that in both
species growth rates and fecundity declined with increasing
latitude (that is, decreasing ambient water temperatures).

Selection for greater metabolic efficiency at fluctuating
lower temperatures also may have led to intraspecific
polymorphisms in the hemoglobin molecule. Functional
differences in polymorphic hemoglobin molecules are
known from Arctic Cod (Boreogadus saida) and Ice Cod
(Arctogadus glacialis) (Verde and others, 2006) as well as
in Spotted Wolffish, Ocean Pout, and in several Antarctic
taxa (Hjorth, 1974; Verde and others, 2002). As an example,
some hemoglobin molecules of both Boreogadus saida and
Arctogadus glacialis show a low oxygen affinity and a low
Root effect, probably linked to the high concentrations of
oxygen in cold marine waters (Verde and others, 2006).
Polymorphic hemoglobins, labeled HbI(I) and HbI(2), have
been most intensively studied in the Atlantic Cod. First
described by Frydenberg and others (1965) and Sick (1965),
the frequency of the two alleles shows a north-south cline
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along the Norwegian and eastern North American coasts.

In both instances, a greater proportion of fishes living in

cold more northerly, waters carry the HBI(2) alleles. Since
that time, a range of studies has demonstrated that the

two polymorphisms function most efficiently at different
temperatures (Karpov and Novikov, 1981; Portner and others,
2001; Brix and others, 2004). For instance, HbI(2) is better
fitted to cold temperatures through its ability to transport more
oxygen to the tissues by superior oxygen binding capabilities
at low temperatures. This, in turn, seems to be responsible

for differences in a number of life history parameters. For
instance, Atlantic Cod living off northern Norway and
carrying the homozygotic HBI(2) allele exhibit faster growth,
earlier maturation, and earlier spawning season than do fish
carrying the homozygotic HBI(1) allele (Mork and others,
1983). Laboratory studies have also shown that Atlantic Cod
held at low temperatures grew faster when carrying the HBI(2)
gene (Imsland and others, 2004). Additionally, fish behavior
also may be influenced by hemoglobin type as juvenile cod
that carry the HbI(2) form seem to preferentially inhabit
significantly lower temperatures than do fish carrying the
HbI(1) variant (Petersen and Steffensen, 2003). Although few
studies have examined the handful of cartilaginous species
that inhabit polar waters, the hemoglobin of the Arctic Skate
(Amblyraja hyperborea) and the Antarctic Eaton’s Skate
(Bathyraja eatonii) seem to be (1) similar to one another and
(2) functionally different from those of temperate cartilaginous
species (\Verde and others, 2005).

Hibernation

Small to moderate levels of reduced activity, feeding, and
growth in winter are widespread among fishes, largely because
metabolism is directly coupled to environmental temperature.
However, true hibernation among fishes has been perhaps
best documented in the Antarctic species Black Rockcod
([Notothenia coriiceps]; Johnston and Battram, 1993; Coggan,
1996; Campbell and others, 2008). These studies determined
that in natural habitats during winter (or in testing situations
that simulated winter conditions) Black Rockcod had
(1) greatly reduced feeding rates (even when additional food
was available) and increased mobilization of lipid reserves,
(2) a negative growth rate (the loss of body mass), (3) a
58 percent suppression in total metabolic rate and 29 percent
in standard metabolic rate, and (4) a 20-fold reduction in
activity and a 6-fold reduction in home range. Thus, despite
living in a thermally stable environment where food was
readily available throughout the year, N. coriiceps exhibits
a number of the characteristics of terrestrial hibernators. It
is likely that the trigger for hibernation in this fish species is
decreasing light levels rather than decreasing temperatures. As
Campbell and others (2008, p. 7) note: “The winter dormancy
we have documented...is distinct from the facultative
dormancy observed in temperate fish species by the levels, and
duration of the reduced physiological state...”
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Hibernation in fishes is likely a continuum (Campbell
and others, 2008) ranging from small amounts of metabolic
depression in some species to the extreme examples of
physiological and behavioral adaptations noted in Black
Rockcod. What evidence for hibernation is there in Arctic
fishes? To date, no studies have directly addressed this issue
in fishes living in the Chukchi and Beaufort Seas. However,
results from other research imply that hibernation, or at least
dormancy, is a likely strategy for many Arctic species. For
example, in the Subarctic waters of Newfoundland Cunner
(Tautogolabrus adspersus) display numerous attributes
suggestive of dormancy (Green and Farwell, 1971; Green
1974; Valerio and others, 1990). At temperatures less
than 5 °C, Cunner become extremely torpid and shelter
in the rocks and boulders of shallow, nearshore waters (at
water temperatures as low as -1 °C). Here they remain,
without feeding, throughout winter and spring, until water
temperatures increase in May or June. Additionally, Cunner
produces a thick mucus coat that likely hinders contact
between ice crystals and skin and that skin produces
antifreeze. Unlike Antarctic fishes, however, these survival
mechanisms are imperfect, as extremely stormy winter
conditions can drive ice crystals with sufficient force against
sheltering fishes that they freeze to death. In the cold waters
of laboratory experiments, a North Atlantic species, Winter
Flounder, burrow into soft bottom, perhaps to avoid ice
crystals (Fletcher, 1975).

Hibernation has not been directly investigated in Arctic
fishes. However, the winter behavior of young Arctic Cod
in Franklin Bay, southeastern Beaufort Sea off Canada, led
Benoit and others (2010) to speculate that these fish were
hibernating. During this hibernation period, these fish form
extremely dense midwater schools and make only occasional
vertical excursions, likely for feeding. Noting the slow
digestion rates in this species (about 17 days), Benoit and
others (2010) speculated that fish remained for the most part in
a torpid state, leaving that state only when sufficiently hungry.
Amphidromous species, such as Arctic Cisco (Coregonus
autumnalis) and Least Cisco (C. sardinella), overwintering in
the Sagavanirktok River and Colville River deltas in Alaska
may become torpid during winter, as feeding ceases or is much
reduced (Schmidt and others, 1989). However, during winter
these fishes will migrate upstream away from the more saline
conditions that occur as winter progresses, so hibernation is
not complete. On the other hand, the marine Fourhorn Sculpin
(Myoxocephalus quadricornis), a dominant benthic species
in the nearshore of the Beaufort and Chukchi Seas, shows no
sign of hibernation, as it actively feeds throughout the year
(Schmidt and others, 1989). Fishes including Arctic Cisco and
Least Cisco, Humpback Whitefish (C. pidschian) and Broad
Whitefish (C. nasus), Arctic Cod, Saffron Cod (Eleginus
gracilis), Fourhorn Sculpin (M. quadricornis), and Arctic
Smelt (Osmerus dentex) are all captured in winter fisheries,
implying enough individual activity for them to become
entangled in gillnets or to strike hooks (Craig, 1989b).

Other Functional Adaptations

As water temperatures decrease, blood viscosity
increases in Antarctic fishes. For instance, blood viscosity
in the Emerald Rockcod (Trematomus bernacchii) at 0 °C is
about 40 percent higher than at 10 °C, thus increasing cardiac
workload (Axelsson, 2005). To compensate for this added
viscosity, a major adaptation in the circulatory system of
Antarctic fishes in extremely cold water has been a reduction
in haematocrit (packed red blood cell volume) and mean cell
hemoglobin concentration (Egginton, 1996; Davison and
others, 1997). Interestingly, there is no evidence for increased
flexibility of red blood cells, although this would also reduce
the effect of increased viscosity (Lecklin and others, 1995).
Additionally, the gross anatomy of Antarctic fish hearts
appears to be similar to those of more temperate-water taxa,
although the diameter of Antarctic fish heart myocytes (muscle
cells) are slightly larger, due to an increased number of
mitochondria (Axelsson, 2005). There is no evidence for cold
adaptation of vascular control as measured by branchial artery
contractility in polar compared with temperate fishes (Hill and
Egginton, 2010).

Most research addressing possible adaptations to the
nervous system of Arctic fishes also has studied Antarctic
species. These studies demonstrate that polar fishes have
evolved a number of adaptations to this cold environment.
Among these, alterations in the cell membrane to maintain
fluidity is one of the most important and is accomplished
through an increase in unsaturated fatty acids, thus lowering
viscosity that would normally attend ambient lower
temperatures (Morris and Schneider, 1969; Macdonald, 1981).
Work on Shorthorn Sculpin from the northern Bering Sea
demonstrates that at low temperatures this trend of increasing
membrane fluidity declines or ceases (Cossins and Prosser,
1978). Conductivity within the axoplasm of nerve cells also
has adapted to lower temperatures through an increase in
ion concentrations within and around these cells (Dobbs and
DeVries, 1975; MacDonald, 1981). The brain gangliosides
(molecules in the cell plasma membrane that influence
membrane fluidity and are involved in cell signal transduction)
of Antarctic fishes seem to be cold adapted through an increase
in their concentrations and polarity (Becker and others, 1995).
However, this variety of adaptations leads to only a partial
compensation for low temperatures. Overall, the nervous
systems of Antarctic fishes transmit impulses at a slower rate
than in fishes living in warmer environments (Macdonald,
1981; Pockett and Macdonald, 1986), a phenomena also found
in the peripheral nerves of Arctic species such as Arctic Cod,
Snakeblenny (Lumpenus lampretaeformis), and an unidentified
eelpout (Lycodes sp.) (Moran and Melani, 2001).

Similar to the nervous system, the musculature of
cold-water fishes has seen a series of adaptations to maximize
function under Arctic conditions. These adaptations include
(1) changes in myosin structure (Johnson and Johnston, 1991)
and the abilities of cross bridges to generate force (Johnston,



1985; Johnston and Altringham, 1985), (2) increases in rates
of Ca* accumulations in sarcoplasmic reticulum (McArdle and
Johnston, 1980), (3) and changes in the activation enthalpies
of the sarcoplasmic reticulum ATPase (McArdle and Johnston,
1980). All these adaptations have helped bolster the force
generation, muscle contraction speed, and twitch duration

of cold muscles beyond what might be expected. Within the
Antarctic notothenioid fishes, there has also been a marked
trend toward large white and red muscle fibers (Davison,
2005). However, this may represent an ancestral trait within
the group, rather than an adaptation to cold water. As with the
nervous system, these compensations (including the changes
in aerobic capacity due to increases in mitochondrial densities
are relatively modest and muscle function of fishes living

in Arctic conditions is significantly impaired compared to
those of fishes living in warmer waters (Montgomery and
Macdonald, 1984; Johnson and Johnston, 1991). For instance,
power output for the Antarctic Icefish at -1 °C is about

60 percent that of the Pacific Blue Marlin (Makaira nigricans)
at 20 °C (Johnston and Altringham, 1985). Together, this
translates to generally lower maximum swimming speeds and
low maximum tail-beat frequencies in polar fishes (Johnson
and Johnston, 1991) and to relatively poor burst swimming
performance in at least some of these species (Archer and
Johnston, 1989).

Despite a range of compensatory adaptations, cold-
water dwelling fishes remain incapable of maintaining the
metabolic rates and active life styles of most temperate species
(Macdonald and Montgomery, 1982; Johnson and Johnston,
1991; Lannig and others, 2003). This is true both for the
Antarctic (Steffensen, 2005) and for northern Arctic and
subarctic fishes, which have the additional burden of coping
with significant annual changes in temperature (Lannig and
others, 2003). Inevitably, many Arctic species have a relatively
sluggish (that is, lowered mobility) lifestyle and shift a
significant amount of their energy budgets away from growth
and reproduction (summarized in Steffensen, 2005).

Life Strategy Adaptations

Arctic fishes have evolved numerous life strategies for
coping with low temperatures, long periods of diminished
light conditions, and brief periods of marine production
that generally favor benthic-dwelling species (for example,
Mecklenburg and Steinke, 2015). These strategies relate
to a fish’s environmental requirements for food, growth,
and reproduction. These requirements involve multiple life
history stages, habitats, and behaviors that optimize life
processes and opportunities for successful reproduction.
Diadromous (migratory) patterns that involve amphidromy
or anadromy are common life strategies that link the fish to
stable conditions in freshwater and marine environments
and, at the species level, are characterized by species that
vary widely in their tolerance to salinity, exhibit variable
freshwater residencies in immature fish, older ages at first
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reproduction, and widespread differences in their fidelity,

or suspected fidelity, to known spawning and overwintering
areas (for example, DeGraaf and Machniak,1977; and Craig,
1989a). The amphidromous species (for example, charr and
whitefishes) are iteroparous and generally long-lived, typically
living 20 years or more. They tend to mature at 7-8 years and,
after their first spawning event, tend to spawn every other year
thereafter. Anadromous species (for example, Pacific salmon
and lampreys) are semelparous, spending most of their lives at
sea. The anadromous fishes tend to live between 2 and 7 years
and die shortly after spawning. These species tend to be much
larger and more fecund than the amphidromous fishes. Both
are conspicuous members of the Chukchi and Beaufort Sea
nearshore fish assemblages during summer months. Existing
information for many marine fish species suggests shorter life
cycles, earlier maturation, and greater relative investments of
energy in the production of young (for example, large numbers
of eggs). There are exceptions such as sharks, rays, and
Pacific Halibut. The location of important seasonal habitats,
reproductive ecologies, and life histories of most species from
Arctic Alaska remain largely undescribed. It is known that
many populations, or segments of populations have important
life history linkages to coastal waters for food, reproduction,
and migration between seasonal habitats. Examples include
all of the amphidromous and anadromous species as well as
other coastal dominants such as Arctic Cod, Arctic Flounder,
Capelin, Arctic Smelt, and several sculpin species such as the
Fourhorn Sculpin. Generally, onshore-offshore movements
such as those related to ontological development of species
like Pacific Herring and Arctic Smelt, or feeding or spawning
of Arctic Cod remain to be described because winter surveys
are lacking.

Reproductive Ecology

Although patterns of reproductive ecology (for example,
timing of reproduction) vary considerably among species,
the spawning seasons and incubation periods of some Arctic
fishes, particularly anadromous or amphidromous species,
are timed to take advantage of the late spring-early summer
breakup of ice and the concomitant increases in photoperiod
and temperatures and in primary and secondary production
of prey. This synchrony is a “hedge betting” strategy that has
evolved to increase the probability for early recruitment. For
instance, although many amphidromous species (for example,
charr, ciscoes, and other whitefishes) spawn under ice in
autumn (Craig, 1989a), the eggs remain in gravel beds for
7—-8 months and larvae emerge from April to July (McCart
and others, 1972; Yoshihara, 1973; Craig and McCart, 1974;
Griffiths and others, 1975; Burns, 1990). In the Beaufort and
Chukchi Seas, both juvenile and adult Arctic Smelt overwinter
under ice in brackish river deltas and coastal waters; many
of the river mouths along the Beaufort and Chukchi Seas
harbor overwintering populations (Bond, 1982, Schmidt
and others, 1987; Bond and Erickson, 1989, Craig, 1989a;
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Sekerak and others, 1992). As winter progresses, fish gather
near spawning grounds (Haldorson and Craig, 1984) and
spawning occurs in spring, just prior to ice break-up with most
spawning occurring in the lowermost, but still fresh, parts of
rivers (Belyanina, 1968; Burns, 1990). Compared to autumn-
spawning fishes, however, Arctic Smelt eggs hatch quickly, in
10-30 days depending on water temperature (Belyanina, 1968;
Morrow, 1980; Gritsenko and others, 1984; Burns 1990).
Saffron Cod spawn under ice from December to at least May
(Andriyashev, 1954; Stewart and others, 1993) and Arctic
Flounder from March to June (Ratynski, 1983; Lawrence and
others, 1984). However, the spawning seasons of other marine
fishes appear to be less tightly linked to seasonal productivity
and are perhaps tied to pelagic-benthic coupling of energy to
benthic organisms that comprise the diets of the juveniles of
some species. For instance, in the Chukchi and Beaufort Seas,
Pacific Herring spawn from June to September (Ratynski,
1983; Gillman and Kristofferson, 1984; Lawrence and others,
1984; Stout and others, 2001), Capelin primarily in July and
August (Kendel and others, 1975; Fechhelm and others, 1984;
Stewart and others, 1993), and Polar Eelpout (Lycodes polaris)
likely in autumn or early winter (Andriyashev, 1954; Frost
and Lowry, 1983). In some instances, at least part of the adult
population spawns during a season where few larvae survive.
As an example, Fortier and others (2006) demonstrated that
most of the Arctic Cod larvae produced during the relatively
cold spring die soon after. However, early spawning persists

in this species because the few larvae that survive are larger
and better able to survive the following winter than the larvae
produced later in the year.

Synchrony

The regional bathymetry of the Chukchi and Beaufort
Seas indicates small-scale local variability in the physical
location of the shelf break relative to average conditions across
larger scales. In many areas, the gradient between 75- and
200-m is relatively sharp, occurs over a short distance, and
the corresponding surface area and volume is relatively small.
The effects of small-scale physical and biological features
resulting from shelf-slope interactions along a shallower, but
sharper gradient, especially in the northeastern Chukchi and
western Beaufort Seas, could be seasonally important to many
species having evolved life history and reproductive ecologies
linked to, or concentrated in these environments (Crawford
and others, 2012). For marine fishes occupying shelf and slope
habitats, this is important because the ecological processes
operating over short times and small spatial scales, such
as food or prey concentrations, may be especially critical
to early life history success (for example, match-mismatch
survival of larval fish predators). For instance, it is common
that wind forcing at the shelf break of both seas frequently
drives upwelling events that lift nutrient-rich water from
the depths to the shelves (from Crawford and others [2012,

p. 180], citing Weingartner [1997] and Carmack and Kulikov
[1998]). We hypothesize that shelf-slope processes in areas

of sharp gradients are important oceanographically to life
history processes. However, from a practical view, the spatial
extent of existing data relative to this narrow depth interval is
coarse at best. For analytical purposes, this scale of resolution
limits our predictive capability and, although we know from
many studies (for example, Norcross and others, 2009) that
temperature and depth are important determinants of fish
distribution, only broad hypotheses are currently possible
regarding the relative importance of habitats near shelf break
and slope areas in the U.S. Arctic (for example, Crawford
and others, 2012). At the population level (for example,
reproduction, immigration, and emigration processes), the
importance of shelf-slope processes are further suggested by
newer biogeographic information presented herein.

Life History and Behavioral Adaptations

Unlike the small number of well-studied nototheniid
species of Antarctica that live in a stable environmental
regime, the behavioral adaptations of Chukchi and Beaufort
Seas fishes to seasonally fluctuating temperature, salinity,
turbidity, and variable food conditions are quite poorly
understood. Much research, especially in the coastal waters
of the Beaufort Sea indicates the existence of many adaptive
responses to seasonally dynamic hydrographic and biological
properties of nearshore ecosystems and coastal lagoons.
Examples include fish migration (for example, bathymetric,
between freshwater and marine), reduced activity and potential
hibernation, and reproductive specialization (for example,
Arctic Cod and sea ice). How reproduction and early life
history in marine fishes (that is, timing, habitat locations,
and spawning behaviors) have evolved with respect to being
in synchrony with biological production events, sea ice,
hydrological and meteorological conditions remains to be
described. For most species, studies of genetic diversity and
population structure are needed to understand the variability
in patterns of age and growth that have been observed and
genetic relationships in the regional fauna.

Migration is an evolved process that reflects the regular
movement of fish populations between habitats important
to the completion of their life cycle. Movement, although
related, generally describes the immediate tactical responses
of fish to environmental surroundings. During winter, ice
covers the marine waters of the Chukchi and Beaufort Seas
and in some coastal areas freezing occurs throughout the
water column. In response, fishes move into unfrozen parts
of rivers (that is, amphidromous and anadromous taxa), into
river mouths (euryhaline species), into unfrozen, near-shore
marine refuges, or perhaps into deeper, more-offshore marine
waters. Arguably, seasonal-linked coastal migrations of many
amphidromous species (whitefishes) are reasonably well
understood. However, there have been few winter studies of
Arctic nearshore or, particularly offshore, marine fish species.
Thus, the behavior of the generally sluggish, benthic species
that occupy these waters is little understood.



With that caveat, examples of life strategy models of
known or inferred seasonal movement patterns of some
of the most conspicuous or ecologically and traditionally
important species inhabiting the Chukchi and Beaufort seas
are presented. This focus, illustrated with several prominent
species, or groups of species, serves to model key features of
the life history strategies and regional variations in migratory
patterns in order to explain the range of behaviors and habitat
dependencies that have evolved. The models described reflect
adaptive strategies for life processes that occur in Arctic
marine fishes across the continuum of freshwater, estuarine,
and marine habitats:

Amphidromous/Anadromous Model.—This segment
of the nearshore fish community is important in subsistence
fisheries throughout Arctic Alaska. Prior to the 1990s, most
technical reports and publications did not distinguish between
the two life strategies and referred only to anadromous
species. Craig (1989a) examined the evolution of anadromy
in the Arctic as an adaptation related to differences in food
quality and availability and energetic benefits conferred by
coastal migrations. Most young fish reside in fresh water for
1-3 years prior to their first coastal excursion, the exception
being the Arctic Cisco in the Alaska Beaufort Sea. However,
although the species undertakes a coastal migration during its
first year of life, once re-entering freshwaters in and around
the Colville River, they resume the variable residency strategy.
Overwintering habitats in freshwaters may be limiting and,
where studied, strong density dependence is evident in their
population dynamics.

Amphidromy Example: Dolly Varden.—All Dolly
Varden (Salvelinus malma) overwinter in fresh water habitats.
Amphidromous Dolly Varden must return to rivers and
streams during summer or early autumn and timing or return
often varies with whether they will spawn that year (Craig and
McCart, 1975; Griffiths and others, 1975). Except for the rare
and small habitat areas kept free of ice by perennial springs
(taliks), the upper parts of rivers draining into the Beaufort
Sea and southeastern Chukchi Sea freeze solid during winter.
Perennial springs are located in rivers and streams flowing
from the eastern Brooks Range into the Beaufort Sea (Craig
1989a; Wiswar, 1994). Both spawning and overwintering
occurs in those tributaries where perennial springs prevent
freezing throughout the water column (Craig and McCart,
1974; Griffiths and others, 1988; Burns, 1990), whereas in
rivers flowing to the Chukchi Sea, the lower parts of the
waterways also may be partially ice-free (DeCicco,1996;
DeCicco, 1997). It is likely that spawning does not occur in
low-lying coastal plain rivers of the southwestern Beaufort Sea
west of the Colville River because they tend to be connected
to lakes and lack the perennial springs that prevent freezing
(Burns, 1990; Gallaway and Fechhelm, 1997). Thus, in some
waterways, a large segment of a population may be found in a
small stretch of water (Burns, 1990).
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In Beaufort Sea drainages, most Dolly Varden are thought
to overwinter in their natal drainages. For instance, in the
Sagavanirktok River, one study determined that an estimated 86
percent of overwintering fish had originated in that river (Crane
and others, 2005). In the rivers flowing into the southeastern
Chukchi Sea, fish do not show overwintering fidelity to natal
waterways and stocks from various rivers share ice-free zones
(Armstrong and Morrow, 1980; DeCicco, 1997; Crane and
others, 2005).

As they make their return migrations into fresh waters,
the timing and behavior of Dolly Varden is quite complex and
varies with location, reflective of variable water temperature
regimes and states of maturity (DeCicco, 1997; Crane and
others, 2005). Spawning occurs in autumn. During those
years when a fish will spawn, some spawners will remain
in freshwater; others will undertake an abbreviated coastal
migration and return to their spawning habitats as early as
late June (Armstrong and Morrow, 1980). The lack of, or
short-term nature of, the coastal migration of an individual may
be an adaptive strategy that allows these fish to occupy and
defend premium spawning sites. Additionally, size and bright
coloration helps them attract mates and, by remaining resident,
or almost resident, allows them to spawn during most optimal
times. However, although many Dolly Varden begin returning
in July, in most instances most Dolly Varden are thought to
return to freshwaters from mid-August and early-September.
The environmental trigger for this migratory behavior is
unknown but is thought to relate to changing light and
hydrographic properties. A return migration may occur as late
as October (after ocean freeze-up) before fish move into river
systems (Yoshihara, 1973; Kendel and others, 1974; Bendock,
1977; Craig and Haldorson, 1981; Griffiths and others, 1988;
Burns, 1990; Thorsteinson and others, 1990).

The migratory behaviors of fish in the southeastern
Chukchi Sea drainages are more complex than in the Beaufort
Sea drainages and regional differences in summer and autumn
spawning populations may be related to differences in thermal
regimes and summer durations of open water periods (DeCicco,
1997). There is apparently a greater incidence of summer
spawning in Chukchi Sea drainages. Summer spawning fish
do not seem to migrate to sea during the spawning year.
Rather, in June and early July, they ascend rivers, spawn, and
then descend to lower river over-wintering grounds. Summer
spawning fish that have overwintered in non-natal rivers move
into the Chukchi Sea in June, migrate directly to the spawning
grounds, and descend to lower-river overwintering areas. In
both instances, fish do not feed in the sea during the spawning
year. Fish that spawn in autumn behave more like their Beaufort
Sea congeners, migrating to sea in summer, feeding, and then
returning to fresh waters in autumn. Recent satellite telemetry
studies of Dolly Varden from the Wulik River reconfirm the
extensive ocean migrations by adult fish (Courtney, 2014),
whereas previous, limited tagging indicated transboundary
movements between Alaska and Russia (DeCicco, 1992).
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Amphidromy Example: Whitefishes.—The seasonal
movements of all of the whitefishes of the U.S. Arctic (Arctic
Cisco, Bering Cisco, and Least Cisco, Broad and Humpback
Whitefish) have much in common. The degree of tolerance for
salinity varies by species and affects the extent of intrusions
into marine waters. The Least Cisco life cycle model is
broadly representative of most whitefishes and generally
illustrates the migratory pattern of this group.

Juvenile Least Cisco may remain in rivers for several
years before entering the sea (variable residence). During
feeding migrations in coastal waters, Least Cisco schools
can maintain this integrity for months (Craig and Haldorson,
1981). Juvenile fishes do not migrate as far away from natal
origins as larger adults and tend to remain in brackish habitats
(5-10 °C, 10-25 practical salinity units [psu]). Older fishes
are more tolerant of both colder temperatures and increased
salinity (27-32 psu), and disperse farther along the coast. Most
Least Cisco stay within the brackish water lens, although they
have been found in river plumes as much as 20-30 km (12-19
mi) off shore (Kendel and others, 1975; Griffiths and others,
1988; Burns 1990, Schmidt and others, 1991; Philo and others,
19934, 1993b). Most Least Cisco found along Alaska’s south
central Beaufort Sea are thought to originate from spawning
and over wintering grounds in the Colville River (Griffiths
and others, 1988). Generally, the extent of coastal migrations
is affected by prevailing summer winds (for example, wind
direction and speed). Least Cisco from the Colville River
migrate farther east in years of persistent westerly winds.
Similarly, fish from the Mackenzie River benefit from
wind-aid migrations and move farther to the west in years
of prevailing easterly winds (Griffiths and others, 1988;
Fechhelm and others, 1996; Gallaway and Fechhelm, 1997).

Along Alaska’s North Slope, larger fish can swim faster
and reach distant feeding grounds before smaller individuals
(Fechhelm and others, 1996). Given the short summer season,
Least Cisco can travel substantial distances when conditions
are favorable. For instance, a fish tagged in Simpson Lagoon
was recaptured off Barrow, 300 km to the west (Craig and
Haldorson 1981). However, fish leaving the Colville River
generally migrate eastward along the coast of the Alaska
National Wildlife Refuge because marine waters bathing the
nearshore between Smith Bay and Cape Halkett appear to
retard westward movement (Gallaway and Fechhelm, 1997;
L. Moulton, MJM Research, oral commun., 2012). Most of
the fish emigrating from the Mackenzie River travel westward
perhaps as far as Phillips Bay (Kendel and others, 1975) and
eastwards to the Tuktoyaktuk Peninsula (Percy, 1975).

Between July and September, Least Cisco begin to
return to freshwater spawning and overwintering grounds
(Jones and Den Beste, 1977; Craig and Haldorson, 1981;
Griffiths and others, 1988; Fechhelm and others, 1996). At
least in some areas (for example, Prudhoe Bay), the initiation
of this migration may be linked to the onset and intensity
of the coastal marine water intrusion or to food availability
(Gallaway and Fechhelm, 1997). Several researchers have

noted that the fish that will spawn in a given year are the first
to leave coastal waters, followed by non-spawning adults and
juveniles (Mann, 1974; Kendel and others, 1975; Jones and
Den Beste, 1977). Both juveniles and adults overwinter in the
brackish waters of river deltas (the Colville and Mackenzie
Rivers are the largest over wintering areas along the Beaufort
Sea), open coast (for example, Tuktoyaktuk Harbor), and the
freshwater lakes of the Tuktoyaktuk Peninsula, Canada (Percy,
1975; Bond, 1982; Fechhelm and others, 1996). Except for
the Sagavanirktok River (where some overwintering occurs
in delta waters), Least Cisco do not seem to either spawn
or overwinter in any waterway between the Colville and
Mackenzie Rivers (Fechhelm and others, 1996). Although
water temperature and food availability likely trigger most
of the movements in this species, Schmidt and others
(1989) observed that during their under-ice sojourn in the
Sagavanirktok River Delta these fish also moved upstream
when saline waters increased over the course of the season.
Anadromy Example: Pacific Salmon.—Although all
five species of Pacific salmon spawn in rivers entering the
Chukchi Sea (Craig and Haldorson, 1986; Craig, 1989b;
Healey, 1991, Mecklenburg and others 2002; Stephenson,
2006), currently only Pink Salmon and Chum Salmon are
likely to spawn in significant numbers in the rivers of the
Beaufort Sea (Stephenson, 2006; Irvine and others, 2009). All
of the salmon species spend at least one winter at sea. Given
the harsh conditions in the marine nearshore, the location
of where Beaufort Sea salmon overwinter while at sea is
of increasing interest. Irvine and others (2009) posit three
options: (1) Bering Sea Refuge—during their marine sojourn,
young salmon migrate westward and live in the Bering Sea
and perhaps Gulf of Alaska; (2) Atlantic Layer Beaufort
Refuge—salmon remain in the Beaufort Sea, but winter deep
under the pack ice; (3) Freshwater Beaufort Refuge—salmon
remain in the Beaufort Sea region, overwintering in river
plumes. Irvine and others (2009) examined the strontium
(Sr):calcium (Ca) microchemistry signatures of otoliths of
Chum Salmon from the Colville River (emptying into the
Beaufort Sea) and the Tanana River, a tributary