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Anadromous (sea-run) male northern Dolly Varden Salvelinus malma malma from the Babbage River,
Yukon Territory, Canada in pre-spawning coloration; this salmonid is adapted to Arctic riverine habitats
in Beringia. Photo: Neil Mochnacz, Fisheries and Oceans Canada.
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	Local indigenous fishermen from Pokhodsk and
Nutendli report that muksun Coregonus muksun (a fresh
water fish) amounts have decreased. Fyodor Innoken
tyevich Sokorikov, former head of the fishing sovhoz
in Pokhodsk reports that muksun was caught in the
amounts of 1,500 tonnes annually in the 1980s but says
that in late 1980s and early 1990s there was overfishing
of muksun and that is why it has collapsed now.

	Mustonen 2007.
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SUMMARY
Having occupied Earth’s waters for about five hundred million years, fishes are the oldest group of living
vertebrates. Fishes have radiated to occupy most aquatic
habitats on the planet, and estimates of total biodiversity
range from 28,000 up to about 35,000 species. Fishes
are associated with both marine and freshwater habitats,
and some migrate between these biomes. Globally, about
16,000 species occupy marine waters, 12,300 are found
in fresh waters, and 225 use both habitats during their
lives. It is within this global diversity context that the
diversity of Arctic fishes must be assessed.
Freshwater fishes are those confined to low salinity
aquatic habitats; diadromous fishes are those which
regularly migrate between fresh and marine waters. The
latter occur as two major groups – anadromous fishes
spend much of their lives in marine waters migrating
to fresh water to reproduce, and catadromous fishes do
the converse. Anadromous fishes constitute the majority
of diadromous fishes in the Arctic. Between 17 and 19
families (3-4% of 515 worldwide) of freshwater and diadromous fishes occur in Arctic waters with about 123127 recognized species (1% of 12,547 extant freshwater
and diadromous species globally). Many of these taxa are
unresolved species complexes, consist of multiple types
that have differentiated in separate glacial refugia and/
or exist as multiple life history and/or ecophenotypic
forms. All these forms tend to function as, and may be
the equivalent of, taxonomic species. Accordingly, an
estimate of simple parameters such as species richness
and taxonomic and phylogenetic diversity is fraught with
problems and generally under-estimates the true diversity present. To facilitate this, we will use the upper estimate (127 species) herein.
Five families (salmonids – 50+ species of chars, whitefishes (sensu Coregonus), salmons; cyprinids – 25 minnows; cottids – nine sculpins; percids – eight perches;
and petromyzontids – six lampreys) account for most of
the freshwater taxonomic diversity present. Ecotones,
areas where distinct habitats or physiographic realms
meet, exhibit high local diversity, particularly in lake
and river deltas and the estuaries of the large Arctic river
basins. Similarly, large water bodies with complex habitats (e.g. deep lakes, large rivers) exhibit high diversity
that may be manifested at sub-specific levels. Geologically young landscapes experiencing active disturbance,
taxonomically labile fishes, generalist biological strategies and inherent capacity for rapid change in many key
groups result in the Arctic being an area where rapid
evolution of these fishes appears to occur. This underscores their significance in a global context.
Spatially, freshwater fish diversity decreases with
latitude (e.g. in North America species richness is 40 at
60° N, 31 at 70° N along the mainland margin, three
at 74° N and one farther north to the maximum extent
of fresh waters on land at about 84° N). Longitudinally, the greatest diversity is present in areas that were
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unglaciated during the last ice age (i.e. much of Siberia
and Beringia; see Fig. 2.2 in Payer et al., Chapter 2),
declining to low levels in the eastern Canadian Arctic
and Greenland that were deglaciated last and still retain
large ice sheets. Time lines are too short and monitored
sites too few to document temporal trends in species diversity in the Arctic. However, recent evidence suggests
northward colonizations by freshwater fishes along river
corridors and diadromous species into marine environments where climatic constraints have recently decreased. At present, no documented local extirpations
or extinctions of taxa are known in the Arctic, although
local population declines have occurred. Anthropogenic
stressors are increasing in importance as risk factors
both locally and throughout the Arctic. Local ‘hotspots’
of diversity and several globally significant water bodies
are present.
Arctic freshwater and diadromous fishes are of particular importance to humans both inside the Arctic and
elsewhere. Food fisheries by indigenous peoples (i.e.
subsistence fisheries) are extensive throughout the Arctic
and historically always have been.
Pervasive stressors such as climate change result in
significant and rapid habitat alterations (indirect effects)
as well as direct effects (e.g. thermal stresses) which
challenge these fishes. Productivity shifts associated
with climate change may create new opportunities (i.e.
increased population sizes, growth potential) for freshwater and diadromous fishes.
Localized stressors (e.g. fisheries, hydrocarbon development, industrial activities, mining, water withdrawals,
hydroelectric dams) affect populations either directly
(fisheries) or through habitat impacts.
Marine fishes reproduce and spawn in seawater although
juveniles and adults may occur also in the low salinity
waters of fjords, coastal areas and river deltas. Here, we
review the marine fishes across the Arctic Ocean and
adjacent Arctic seas (AOAS). Altogether 16 regions and
seas are examined for species richness, including the
main entrances i.e. ‘Arctic gateways’ that connect the
Atlantic and Pacific Oceans with the Arctic Ocean and
Arctic shelves. While nearly 250 marine fish species are
known from Arctic waters sensu stricto, the AOAS encompass pro tem 633 known fish species in 106 families.
Cartilaginous fishes such as sharks and skates are well
represented with about 8% of the species, whereas 92%
are bony fishes. From a zoogeographic point of view,
only 10.6% of the bony fishes are considered genuinely
Arctic and 72.2% are boreal.
The fish faunas of the Arctic gateways are relatively well
known compared with the Arctic seas as they support
some of the largest commercial fisheries in the world.
They are undeniably also the most species-rich regions
of the AOAS and include 385 species in the Bering Sea,
204 species in the Norwegian Sea and 153 species in
the Barents Sea. This is in stark contrast to the Arctic
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Ocean and Arctic shelves where only 13-87 species are
recorded to date.

cartilaginous fishes are exclusively marine, whereas the
bony fishes inhabit all aquatic environments.

Fishes of the AOAS may display extraordinary phenotypic variation, and the taxonomic status is still unsettled
and controversial for several fish species, particularly
within the most species-rich families: snailfishes (Liparidae), eelpouts (Zoarcidae) and sculpins (Cottidae).
Moreover, new fish species are described regularly,
mainly due to recent efforts in Arctic marine research,
whereas others are synonymized and lose their taxonomic rank following molecular and genetic studies.

The genuine freshwater fishes and most diadromous
fishes require freshwater for reproduction. Diadromous
fishes are those species that undertake regular migrations between freshwater and marine habitats, either
for refuge, feeding or reproduction (McDowall 1992).
Among these are the well-known fish families: lampreys
(Petromyzontidae), and whitefishes and salmonids (Salmonidae) as well as some lesser-known groups.

Species richness increases with sea-surface area for the
relatively well studied Arctic gateways, which is to be
expected. By contrast, there is no species-area relationship for the understudied Arctic seas, and they display
disproportionately low numbers of species. The paucity
of credible data and lack of time-series for fishes in the
Arctic Central Basin and Arctic shelves clearly preclude
trend analyses and elaborate studies on biodiversity.
Ocean warming in the marine Arctic has become increasingly critical for the fish fauna native to Arctic waters. The marked shifts in distribution patterns for many
targeted fishes, from sub-Arctic to high latitude seas,
will inevitably attract modern fishing fleets into hitherto
pristine areas, and may conflict with extant subsistence
livelihoods among indigenous peoples along the Arctic
coasts. Fishes native to Arctic marine waters are mainly
associated with the seabed, and they are particularly vulnerable to conventional bottom trawling as they end up
as unwanted and unprecedented bycatch. Although of no
commercial value, bycatch fishes include species that are
indispensable to structuring and functioning of Arctic
marine ecosystems.

The marine fish fauna, on the other hand, encompasses
species that spawn at sea: in the littoral zone along the
coastlines, in estuaries and fjords, on the shelves and
seaward. Several habitats are oligohaline (salinity < 5
practical salinity units (psu)), such as estuaries, but they
are still considered within the geographic realm of the
marine Arctic.
In the Arctic, the freshwater and diadromous fishes are
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). The evolutionary history of the marine fish fauna, on the other hand, dates back to the Neogene period
as the modern circulation in the Arctic Ocean began to
form some 14-17 million years ago (Krylov et al. 2008,
Polyak et al. 2010). For reasons of clarity and because of
the marked differences in habitat choice and evolutionary
history, this overview of Arctic fishes is organized into
two separate subchapters: (1) freshwater and diadromous
fishes of the Arctic and sub-Arctic (J.D. Reist), and (2)
marine fishes in the Arctic Ocean and adjacent seas (J.S.
Christiansen).

Credible assessments are the scientific link to legitimate
conservation actions. Scientific uncertainty is at present
a hallmark for the conservation of Arctic marine fishes,
and precautionary management policies are urgently
needed for future Arctic fisheries.

6.2. FRESHWATER AND DIADROMOUS
FISHES OF THE ARCTIC AND SUB-
ARCTIC

Significant gaps exist in the knowledge base for diversity
of Arctic fishes. Practical measures to document trends
and conserve diversity are thus compromised.

6.2.1. Focus of this section
Fishes are fundamental vertebrate components of most
aquatic ecosystems. Those found in fresh waters or that
move between fresh and marine waters (i.e. freshwater
and diadromous species; see Box 6.1) are prominent
components of northern aquatic ecosystems (e.g. freshwater ecosystems, nearshore marine ecosystems). The
focus of this sub-chapter is on the present diversity of
fishes at various levels within the Arctic. We also focus
upon key processes that have acted over recent time (i.e.
Holocene) and which are still acting to affect that diversity. Patterns of diversity in important groups of these
fishes are inextricably linked with these processes that
accrue and alter diversity.

6.1. INTRODUCTION
This chapter provides an up-to-date overview of the fish
species for which occurrence is scientifically confirmed
within the borders of the Arctic mainland and the
Arctic Ocean and adjacent seas. We use ‘fishes’ in the
wide sense of the word and include four fish and fishlike
vertebrate classes: the hagfishes (Myxini), the lampreys
(Petromyzontida), the cartilaginous fishes (Chondrichthyes) and the bony fishes (Actinopterygii) (Nelson
2006). In the Arctic, the four classes show some notable
differences in habitat choice: the lampreys are confined
to freshwaters for reproduction, the hagfishes and the
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6.2.1.1. Overview of northern freshwater and
diadromous fish diversity

Globally, using a conservative estimate, there are about
515 families, 4,494 genera and 28,000 species of described extant fishes (i.e. more than half of all the 54,711
living vertebrate species; Nelson 2006). Of these, about
12,300 (44%) fish species exclusively live in freshwater
areas of the globe (i.e. 1% of the Earth’s surface area
and only 0.01% of the water volume present). Including
diadromous species that occupy both marine and fresh
waters during life history, about 12,525 species actually occur in fresh waters. Over 225 species globally are
diadromous with most being anadromous (see Box 6.1).
These numbers (high diversity in small areas and volumes
of fresh water) emphasize the relevance of these fishes in
the context of overall biodiversity, ecosystem function
and ultimately to humans. Of course, these numbers are
estimates that change regularly due to taxonomic synonymy and/or inflation (i.e. subspecific taxa arbitrarily
raised to the species level due to adoption of a particular
species concept; Isaac et al. 2004), descriptions of new
taxa and better understanding of taxonomies within
groups. Nelson (2006) conservatively estimates that
32,500 species of fishes are extant, but points out that
such numbers depend both upon taxonomic effort and
how taxonomic levels such as species are defined for fishes; other estimates range as high as 35,000 species.
Freshwater and diadromous fishes experience a fundamental constraint relative to their marine counterparts. That is, the habitats utilized are discontinuously
distributed in comparison with marine habitats. In
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this respect, freshwater ecosystems represent ‘islands’
embedded within the terrestrial biome and thus have
many attributes in parallel with island biogeography.
This discontinuity in habitats has profound implications
for both diversification processes and the resulting
diversity that characterize freshwater and diadromous
fishes. Generally, historical discontinuities have fostered
evolutionary conditions (e.g. isolation, local adaptation)
which promote differentiation from ancestral forms and
diversification among contemporaneous lineages. This is
particularly so for higher latitude fishes of sub-Arctic and
Arctic regions, areas significantly affected by Pleistocene
glaciations. These geological events promoted isolation
and diversification in glacial refugia for several hundred
thousand years in some cases, recolonization and mixing
of semi-discrete lineages during deglaciation (which
continue today) and highly variable habitats in both space
and time (see Wrona & Reist, Chapter 13).
All these underlying processes, coupled with the characteristics inherent in the fish lineages (e.g. genetic diversity, developmental flexibility and facultative responses
within and among individuals, populations and lineages)
have enhanced diversity in northern freshwater and
diadromous fishes, especially at lower taxonomic levels.
Furthermore, these processes and diversification are
ongoing with two major implications. First, Arctic fish
taxa represent a wide range of stages of diversification,
much of which is recent, ranging from complete speciation (but often unrecognized as such) to ecological associations that may be the first stage of local speciation.
These complicate definition and enumeration of discrete
units such as species (see De Queiroz 2007). Second,

Box 6.1. Definitions and examples of northern freshwater and diadromous fishes
Habitats utilized, associated life histories, and physiological
tolerances differentiate three general groups of fishes: (1)
marine fishes pass their entire life histories in saline waters
in Arctic seas, although those tolerant of wide salinities
(euryhaline) may be found in estuaries and similar nearshore
freshened areas; (2) freshwater fishes pass their life histories
in non-saline waters (i.e. typical fresh waters including highly
freshened areas of estuaries); and (3) diadromous fishes, those
which during life history migrate between fresh and marine
waters. Diadromous fishes exhibit four major patterns
(McDowall 1988): (A) anadromous fishes which spend most
of their lives at sea and migrate to fresh water to breed (e.g.
Pacific salmon Oncorhynchus spp.); (B) catadromous fishes
which spend most of their lives in fresh water and migrate
to sea to breed (e.g. Atlantic eel Anguilla spp.); (C) amphidromous fishes which migrate between fresh and marine waters
for purposes other than breeding, in turn consisting of (i)
marine amphidromy (typically spawn in marine waters with
larval or juvenile stages in fresh water; e.g. osmerids, smelts),
and (ii) freshwater amphidromy (spawn in fresh water with
larval or juvenile stages in marine waters; e.g. salmonids,

salmons). The focus of the summary in the main text is on
freshwater and diadromous fishes present in the Arctic (i.e. 2,
3A, 3Cii above). Some species such as eels (3B above) are present in some Arctic waters, however, these are not primarily
Arctic taxa thus will be addressed only minimally.
Clarification of the species in categories 3A, 3B and 3Cii is
required for Arctic waters. Formation of winter sea ice results
in the extrusion of salt to the underlying water column
(Pease 1980). This and temperature decreases result in the
formation of water layers immediately below the ice which
are both hypersaline and typically below freezing (i.e. regular
salinity sea water freezes at -1.8 °C or lower if higher salt
content). Such environments are inhospitable to both anadromous and amphidromous fishes, both of which typically
vacate marine habitats during Arctic winters simply to overwinter in freshwater areas. Some Arctic anadromous species
may remain in the sea during winter but likely occupy areas
(i.e. migrate out of the area) or depths unaffected by surface
marine freezing. Amphidromous species appear to emigrate
from marine areas to fresh waters and/or to highly freshened
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the sensitivity of partially distinct taxa and processes of
diversification to anthropogenic influences in the Arctic
is extremely high (see Section 6.2.9.1), thus of conservation concern. Incomplete understanding and enumeration of the actual diversity present over wide areas of
the Arctic exacerbate these issues. Substantive under-estimation of the actual diversity of these fishes is thus the
overarching consequence, especially if attempted using
standard taxonomy and approaches. These issues further
reinforce the deficiencies of current approaches, the lack
of consensus among approaches (e.g. standard morphological vs. ecologically vs. genetically based taxonomies)
and the absence of a method which incorporates all
evidence to delineate species-level taxa.
Geographic differences throughout the Holarctic in
geological history, in the timing of major seasonal events
and in the suite of fishes originally present (i.e. ‘reservoirs’ in refugia or source areas), all contribute to high
regionality in both the processes and products of diversification. Consequences of the above are relevant to any
assessment of diversity and include the following: (1)
diversity at both the species and sub-specific levels are
relevant themes, (2) common definitions of taxonomic
levels and the associated taxa have to be established (and
underlying philosophies need consideration), (3) assessment of diversity and trends of change require a common and stable taxonomy, and thus, (4) nomenclature
and synonymies of fish taxa over space and time have to
be established or assumed. Finally, (5) taxonomic (e.g.
unresolved complexes) and zoogeographic uncertainties
must be considered. Processes of diversification yielding functionally, and in many cases biologically, distinct

entities equivalent to species have been and are pervasive
throughout the area. Moreover, many of these processes
appear to have occurred over relatively short evolutionary time frames (e.g. since deglaciation, < 6,000 years
ago in some cases) and are still occurring. The result
is difficulty in delimiting taxa within and among areas
that fit within specific taxonomic ranks, thus limiting
our ability to calculate meaningful diversity indices, for
example. These factors are discussed more fully below.
6.2.1.2. Geographic scope

The general geographic scope of this review includes the
Arctic and sub-Arctic as defined in this assessment (Fig.
6.1). The focus is on the circumpolar Arctic. Regions
south to approximately 60° N latitude are not included,
but are nonetheless important due to the presence of
several large northward-flowing rivers in the area, their
relevance as past and potential future sources of additional diversity and the difficulty of establishing a strict
southern boundary for mobile organisms such as fishes.
For example, heat transport and contiguity of habitats
within large northward-flowing rivers allows temperate species to penetrate well into areas geographically
defined as sub-Arctic and even Arctic. Moreover, some
more southerly head-water areas for large Arctic rivers
(e.g. Transbaikalia in eastern Siberia) characterized by
high elevations have local fish faunas similar to those
found farther north and may have been refugia with
complex patterns of interchange (e.g. Froufe et al. 2003
and Alekseyev et al. 2009). Within the Arctic, three
latitudinally based sub-divisions are made: sub-Arctic,
low Arctic and high Arctic (Fig. 6.1).

estuarine areas during winter, returning in spring to marine
habitats. These migrations occur annually at appropriate
seasons throughout life, thus Arctic amphidromous species
represent special cases and can, perhaps, be more appropriately termed as ‘semi-anadromous’ (see also Craig 1987, who
coined the term). The above definitions are both necessary
and relevant for a summary such as this in that first they reflect diversity in life history, which increases uses of habitats
(e.g. see Reist & Bond 1988, Harris et al. 2012), and, second
they reflect underlying functional forms which may ultimately underpin some aspects of taxonomic diversification.

ation is unresolved at present (and elements of both forces
may influence variation at this level). Life history variation
represents increased functional diversity in ecosystems and
thus is a significant factor in the overall diversity present in
Arctic aquatic ecosystems (Harris et al. 2012).

Definitions and the description above imply patterns
exhibited are constant. Generally, this is not the case within
and among species and is especially not so for these fishes
in the Arctic. That is, species that typically exhibit anadromy
as a life history mode almost always also exhibit a fraction
of individual populations or entire populations themselves
that do not migrate to marine waters. Whether this variation
has a direct genetic basis (i.e. is obligatory) or whether it is a
facultative (i.e. non-genetic) response to environmental vari-

Anadromy appears to confer growth, maturation and reproductive advantages to species/populations that exhibit it,
however, it reflects a balance (or a ‘trade-off’) between the
costs and benefits in terms of fitness (Gross 1987, Jonsson &
Jonsson 1993) associated with particular habitats. In northern
environments, anadromy appears to predominate allowing
individuals to exploit the high productivities of marine environments (Gross 1987), which typically are greater than those
encountered in fresh water (McDowall 1987, Gross et al. 1988).

Anadromy as a life history strategy is a relatively widespread
attribute (McDowall 1988) and is a common feature of fishes
from northern latitudes (Gross et al. 1988, McDowall 2008)
dominating in the Arctic (e.g. two of 41 amphidromous species exhibit catadromy vs. 39 anadromous taxa; Tab. 6.1).
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Figure 6.1. Sub-regions relevant to freshwater and diadromous fishes within the Arctic and sub-Arctic.

Longitudinally around the North Pole, a wide range of
sub-divisions of areas and regionality are possible. These
include those used in the Freshwater Ecosystems of the
World (Abell et al. 2008), which examines patterns on
the basis of individual (large) or combined (series of
proximate small) drainage basins, to the simple general
regionality followed in the Arctic Climate Impact Assessment (ACIA 2004, 2005). Alternatively, a country-based system can be used. Herein, we have divided
the circumpolar Arctic into seven regions (Fig. 6.1),
each of which is relatively homogeneous at present, has a
historical biogeographic basis (e.g. linked by Pleistocene
events) and/or represents distinct large-scale drainage
basins (see Section 6.2.3.2).

6.2.2. Diversity of freshwater and d
 iadromous
fishes in the Arctic
6.2.2.1. Overall biological diversity of freshwater and
diadromous fishes

Seventeen to nineteen (3.3-3.9%) families of fishes
(out of 515 recognized living families; Nelson 2006)
occur in the Arctic and sub-Arctic (Tab. 6.1). Using a
conservative taxonomy (i.e. most diversity considered
to be at sub-specific levels thus not enumerated), about
127 species are present (~ 1.0% relative to the global
estimate of 12,547). Of these 127 species, 32 (25%) do
not occur farther north than the sub-Arctic (Appendix
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Table 6.1. Families and numbers of species of Arctic and sub-Arctic freshwater and diadromous fishes (see also Appendix 6.1). Endemics are
defined as wholly or primarily Arctic in distribution at species or taxonomically distinct sub-specific levels. * indicates a family restricted to
the northern hemisphere (Berra 2001).
N species exhibiting
primary life history

Global N
genera/species
(Nelson 2006)

Arctic and subArctic species as % of
global species within
families

Catadromy

N species in the
Arctic and sub-Arctic/
endemics

Anadromy

Common name

Fresh water

Family

Petromyzontidae*

Lampreys

6/0

3

3

-

8/34

17.6

Acipenseridae*

Sturgeons

5/0

24

3

-

4/25

20.0

Hiodontidae*

Mooneyes

1/0

1

-

-

1/2

50.0

Anguillidae

Freshwater eels

2/0

-

-

2

1/15

13.3

Clupeidae

Herrings

2/0

2

-

-

57/188

1.1

Cyprinidae

Minnows

25/0

25

-

-

220/2820

0.9

Suckers

2/0

24

-

-

13/72

2.8

Cobitidae

Loaches

11/0

1

-

-

26/177

0.6

Balitoridae

River loaches

2/0

2

-

-

59/590

0.3

Osmeridae*

Smelts

32/0

-

3

-

11/31

9.7

Salmonidae*

Salmonids

48-521,2/17

224

28

-

11/66

75.7

Esocidae*

Pikes

1/0

14

-

-

1/5

20.0

Umbridae*

Mudminnows

1 (3?)5/1

1 (3?)5

-

-

3/5-8

20.0

Percopsidae*

Troutperches

1/0

1

-

-

1/2

50.0

Gadidae*

Cods

23/0

14

-

-

75/555

0.4

Gasterosteidae*

Sticklebacks

32/0

1

2

-

5/8

37.5

Cottidae*

Sculpins

91/0

94

-

-

70/275

3.3

---

11/0

1

-

-

Not a family

---

8/0

84

-

-

10/201

3.9

~123-127+/182

83

39

2

---

---

Catostomidae*

Cottocomephoridae6
Percidae*
Totals: 18-19

Perches

Notes:
1) Some taxa require confirmation of occurrence in the Arctic/sub-Arctic as defined herein.
2) Taxonomic issues preclude accurate counts (i.e. synonymies, species complexes and stable definitions of taxonomic ranks and taxa are all unresolved for many Arctic freshwater and diadromous fishes). Some areas are poorly surveyed as well which adds to taxonomic uncertainty and uncertain diversity estimates. For salmonids, n = 48 if lake whitefish Coregonus clupeaformis and humpback whitefish C. pidschian in North America,
sea trout Salmo t. trutta and fario forms, and Salvelinus murta, S. thingvallensis and Arctic char S. alpinus are each considered as a single taxon.
3) Only one gadid species (burbot Lota lota) is confined to freshwater while all others are marine in habit, however, populations of Atlantic cod Gadus
morhua occur as isolates trapped in marine layers overlain by fresh waters in some lakes in the Canadian Arctic (Hardie et al. 2008).
4) Some freshwater obligate species may briefly enter brackish estuaries but are considered herein to be wholly fresh water because that is their
primary habitat. Also, virtually all anadromous species exhibit freshwater-resident populations whereas most catadromous or freshwater species
do not exhibit alternative life history variants.
5) Absence of adequate surveys over large areas of the Arctic preclude accurate enumeration within many groups of these fishes. Newer surveys,
combined with variable taxonomic philosophies often result in description of new taxa with local distributions. The validity of these requires
additional work. Although relevant to most families here, the example is Umbridae – one umbrid (Alaska blackfish Dallia pectoralis) is typically
considered as the only Arctic member of the family, however, regional work has resurrected two taxa as species (D. admirabilis, D. delicatissima)
(Reshetnikov et al. 1997).
6) Nelson (2006) includes Cottocomephoridae with Cottidae; noted here because Russian synopses treat it as a distinct family (e.g. Reshetnikov
2002); counted as one species totalled with Cottidae in appendix materials.
Discrepancies between this table and numbers presented in the appendix materials are attributable to the above causes, widely disputed definitions
of taxonomic categories and limited knowledge over wide areas.
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6.1.1). As noted, these estimates are almost certainly
under-estimates of the true ‘species-level’ diversity
present (regardless of how one philosophically defines
the species level), thus the actual diversity is likely much
greater. Depending upon the criteria used for delineating species and combined with the huge gaps in surveys,
realistic estimates of diversity for this group of species
could be double or even triple this number.
Of the 127 species present (Tab. 6.1, Appendix 6.1.1),
83-85 (66.5%) are obligate freshwater forms, although
some members may occasionally enter brackish waters
in estuaries and along coasts. These are found in 17 of
the families present. An additional 39 (30.7%) exhibit
anadromous behaviour (found in five families), and two
species (1.6%) exhibit catadromy (found in one family);
41 species (~ 18%) of the global total of diadromous species (225) are present in Arctic and sub-Arctic waters
(see Box 6.1 for definitions and examples of these fish
behavioral types). In many families and even within species (or species complexes) several life history modes are
exhibited within and among populations which further
contributes to diversity. All typically marine species are
excluded from this summary except Atlantic cod Gadus
morhua, which has been documented as eight isolated
populations in several lakes in the Canadian Arctic (Nunavut) (Hardie et al. 2008) albeit likely in saline water
layers underlying fresh water.
Although there are relatively few freshwater and diadromous fish species in the Arctic, these species are disproportionately important for human activities and aquatic
ecosystems. In that respect, four families (trouts and salmons, perches (Percidae), pikes (Esocidae) and cods (Gadidae)) figure prominently with salmonids being by far
the most important due to wide geographic distribution
throughout many habitats over the entire area of consideration, relatively high local population sizes and ease of
exploitation. Salmonids also exhibit many types and high
levels of biodiversity below the species level, thus are
particularly relevant for biodiversity assessments.
6.2.2.2. Faunistic scope – diversity among families

Overall, of the 17-19 families, five (trouts and salmons,
carps and minnows (Cyprinidae), lampreys, sculpins
(Cottidae) and perches) account for most of the diversity (Tab. 6.1, Fig. 6.2). Considering diversity of only
freshwater species (n = 83-85) distinctly, the greatest
diversity (53% of all, or 79% of only freshwater fishes)
is represented by the following five families: carps and
minnows, trouts and salmons, sculpins, perches and
lampreys (Tab. 6.1, Fig. 6.2). For diadromous species,
diversity is represented primarily by one family (trouts
and salmons) with 22% of all, or 68% of diadromous
species). However, many of these species are only
marginally present in the area, may not be ‘true’ Arctic
species, or may not be taxonomically valid. Thus, these
numbers and percentages are neither fixed nor totally
accurate.

Arctic Biodiversity Assessment
Salmonidae (50)
Cyprinidae (25)
Petromyzontidae (6)
Cottidae (9)
Percidae (8)
Acipenseridae (5)
Osmeridae (3)
Clupeidae (2)
Gasterosteidae (3)
Catostomidae (2)
Anguillidae (2)
Balitoridae (2)
Esocidae (1)
Umbridae (1-3?)
Hiodontidae (1)
Gadidae (2)
Percopsidae (1)
Cobitidae (1)
Cottecomephoridae (1?)

Freshwater
0

10

20

30

Numbers

Diadromous
40

50

60

Figure 6.2. Numbers of diadromous and freshwater fish species in
the Arctic and sub-Arctic by family.

6.2.3 Patterns of diversity at the species level
6.2.3.1. Arctic diversity within fish families relative to
global diversity

Patterns of distribution and diversity of freshwater fishes
are relatively difficult to understand. Particular fish
families are associated with particular global regions
(Darlington 1957, Berra 2001). However, as with most
other faunistic groups, both the diversity and overall
abundance generally declines with latitude. This partially explains why some families are represented by
many species and others by few in the Arctic. Salmonids,
for example, are typically viewed as a northern group.
For some families (e.g. carps and minnows, mooneyes
(Hiodontidae), river loaches (Balitoridae) and loaches
(Cobitidae)) distribution is centred in southerly areas, with some species occurring only at the southern
fringes of the Arctic region. Diversity enumerated at the
southern limits of the Arctic does not include anthropogenically transplanted taxa, which in some areas may
be relatively numerous, particularly in large northward
flowing rivers (Wrona & Reist, Chapter 13). These species are, however, of relevance in that they may colonize
more northerly locations as conditions change. Colonizing species may affect or supplant Arctic species through
competition, predation and/or introduction of parasites
or diseases (Reist et al. 2006a, 2006b; see also Lassuy &
Lewis, Chapter 16). Consequent effects on local fisheries
may ensue (Reist et al. 2006c).
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Arctic and sub-Arctic diadromous and freshwater fish
species represent between 0.3% and 75.7% of their
respective global family-level diversity (see Tab. 6.1).
Percentages greater than 50, particularly for speciose
groups, suggest a ‘northern’ aspect to the respective
family. Thus, only one family, trouts and salmons with
75.7%, can be considered northern in the context of the
Arctic used herein. This rather simple analysis points
out the high diversity of salmonids across the Arctic. Of
course, most of the families listed represent northern
temperate fishes and thus may exhibit relatively higher
diversity in the Arctic in the future as conditions change.
6.2.3.2. Spatial patterns of freshwater and diadromous
fish diversity

Northern freshwater habitats are geologically relatively
young in many cases and have been much disturbed by
historical factors (e.g. Pleistocene glaciations and the
rates of deglaciation; Pielou 1991; see also Payer et al.,
Chapter 2). Accordingly, present-day broad-scale patterns are heavily influenced by this legacy. Regional and
local factors are superimposed upon these and progressively assume importance as smaller geographic scales
are encompassed. Tonn et al. (1990) and Heino (2011)
provide generalized models of aquatic diversity across
various scales. Specific patterns of diversity appear to
be related to the following factors: area, spatial criteria
and geomorphology (e.g. latitude and altitude), climate,
surficial geology of adjacent landscapes (e.g. bedrock vs.
tundra and associated nutrient and sediment loadings in
fresh waters), nature, complexity and size of the water
body which includes depth for lakes and order for rivers,
proximity to the marine environment (thus the addition
of diadromous species to local faunas and/or additional
routes for re-colonization) and diversity and stability of
habitats within large bodies of water (Tonn et al. 1990,
Schlosser 1995, Oswood et al. 2000, Griffiths 2006,
2010, Leveque et al. 2008, Heino 2011, Oberdoff et al.
2011). Generally, greater diversity is correlated with the
size of water body globally for freshwater fishes, with
larger rivers generally showing higher diversity than
smaller rivers (Darlington 1957).
Overall Palearctic and Nearctic species richness

Using the classical delineation of the Palearctic and
Nearctic realms (Darlington 1957), the associations
of the 127 species are as follows. Thirty-two species

representing 12 families are present in both realms. The
Palearctic exhibits greater species richness than does
the Nearctic (88 vs. 68). In terms of species unique to
each realm, greater richness is also found in the Palearctic than the Nearctic (56 vs. 36). Two (loaches and
river loaches) of the 18 families overall only occur in
the Palearctic and two (trout-perches Percopsidae and
mooneyes) are unique to the Nearctic. Within most other families there is typically a slight bias towards greater
species richness in the Palearctic. One exception to this
occurs: salmonids, which are heavily biased towards
the Palearctic – of a total of 50 species, 42 occur in the
Palearctic and 25 in the Nearctic; 25 and eight of these
are unique to the respective realms, and 17 are common
to both. The Palearctic occurrence of the shared species
is on the extreme eastern margin and reflects Beringian
historical associations (see Appendix 6.1.2).
Regional differences in the Arctic

To facilitate comparison, the Arctic and sub-Arctic
were divided into seven regions on the basis of historical
geomorphic processes (i.e. unglaciated areas that shared
faunal similarities), current barriers to dispersal and
geographic size (Fig. 6.1, Appendix 6.1.3).
Beringia and adjacent areas of northwestern Canada
exhibit the greatest species richness (15 families, 62 species) and by far the highest level of endemism (Tab. 6.2).
Russia, Scandinavia and western Siberia exhibit the next
highest levels of species richness (13 families, 47 species;
12 families, 45 species, respectively) and endemism (10
and three species, respectively), followed closely by eastern Siberia (13, 49 and 3). Central Siberia and eastern
North America exhibit similar but lower levels of species
richness (12 families each; 39 and 38 species, respectively; one endemic each; Tab. 6.2). The North Atlantic
region exhibits the lowest level of species richness (six
families, 13 species and no endemics).
These patterns are likely the result of several factors:
• Patterns of glaciation vary widely (e.g. no/little Pleistocene glaciations in much of Siberia, Chukotka and
Alaska; Flint 1971, Grosswald 1980, Andersen 1981,
Pielou 1991, Dyke et al. 2003).
• Time horizons since deglaciation similarly are highly
variable (e.g. deglaciation in Canada progressed
northeastwards). Thus northwestern Canada has
been available for fish colonization approximately

Table 6.2. Diversity of freshwater and diadromous fishes by regions of the Arctic and sub-Arctic.
Beringia and
northwestern
Canada

Northeastern
North America

North Atlantic

Russia and
Scandinavia

Western
Siberia

Central
Siberia

Eastern
Siberia

Number of
families present

15

12

6

13

12

12

13

Number of
species present

62

38

13

47

45

39

49

Number/% of
Arctic endemics

10/16.1

1/2.6

0

5/10.6

4/8.9

1/2.6

3/6.1
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twice as long as has extreme northeastern Canada
(i.e. 12,000 vs. 6,000 years) although deglaciation is
still ongoing in the latter area.
• Multiple refugia combined with multiple re-colonization pathways (e.g. both marine and several freshwater pathways in some cases) result in increased
diversity at present in a region. Diversity in an area
is also related to the proximity of refugia, barriers
present within pathways and other complexities (e.g.
major drainage reversals during deglaciation such as
the Peel River area of the Mackenzie River basin in
Canada; Lindsey & McPhail 1986). Polar orientation (north-south) of many of the large freshwater
drainages has also influenced colonization ease of the
North in the past and likely will continue to do so
under current climate warming. Additionally, size
and habitat diversity within refugial areas also has
likely had an influence.
• Distance from refugia combined with intervening
barriers (e.g. marine inundations) has also influenced
present-day regional diversity. Thus, areas of the
North Atlantic described here have been colonized
wholly by anadromous species (e.g. Greenland, n = 7;
Iceland, n = 13) given that the last land connections
among these areas was in Eocene times (~ 40 million
years ago; McKenna 1975).
• Climatic parameters, especially thermal regimes and
associated productivities, have restricted colonizations of northern locales by many fishes. This is best
observed as latitudinal gradients in diversity discussed below.
Broad-scale latitudinal and longitudinal patterns

Specific studies of fish diversity associated with latitude
and longitude are generally lacking, particularly for high
northern latitudes. Continental-scale patterns for North
America indicate total species richness declines to the
north and west (McAllister et al. 1986, Griffiths 2010).
Compositional similarity across geographic distance
changed more slowly for northern areas than for southern areas (Griffiths 2010), indicating greater homogeneity over larger distances in the North. Northerly declines
in species richness were more rapid for resident than for
migratory species (Griffiths 2010), likely a reflection of
both potamodromy (migrations within freshwater) and
anadromy, the occurrences of which appear to increase
in the North. Diversity in northeastern Arctic North
America declines quickly as latitude increases and/or key
zoogeographic barriers (e.g. marine straits) are passed.
These patterns reflect the effects of glaciations which
covered most of Arctic North America, the nature, number and temporal sequence of post-glacial re-colonization
routes open to fishes, as well as the time since deglaciation (Crossman & McAllister 1986, Lindsey & McPhail
1986, McAllister et al. 1986, Power 2002). Habitat diversity also appears to be a factor in determining present
species diversity in particular areas (see below).
In Europe, a similar pattern emerges with species richness declining to the north and westwards from the
‘Ponto-Caspian’ area, which appears to be the primary
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refugial source (Griffiths 2006). Multiple routes were
available for re-colonizations of northern areas here also.
Life history patterns of fishes appear to affect geographical variation with diadromous species exhibiting no
trends with latitude, whereas in fresh water, taxa (potadromous and resident fishes) diversity declines towards
the north (Griffiths 2006). Note that similar species
richness across wide areas (e.g. for diadromous species)
does not mean that the complements of species present
are similar; simply that the numbers remain similar.
European sub-Arctic and Arctic areas are dominated by
an Atlantic fauna with overall richness of about 25 or
fewer species and with diadromous taxa comprising the
majority (Griffiths 2006).
Most regional analyses of Siberian fishes do not differentiate among sub-areas over this vast region nor
specifically focus upon the Arctic (e.g. Popov 2009).
For all of Siberia including headwater reaches of the
large basins and the Baikal area, 96 species and subspecies are present. Eighty of these are native to the area,
and 16 are categorized as non-native (i.e. resulting from
anthropogenic actions). These represent explicit underestimates – e.g. Arctic char Salvelinus alpinus was chosen
to represent all char forms found in the area, many of
which are likely valid endemic species (and considered
as such herein). Excluding endemics to Lake Baikal
drainages, the next most speciose group is the cyprinids
(carps and minnows). Thus, overall patterns in Siberia
are similar to those noted for the Arctic overall and
for other regions within the Arctic. Native species are
almost equally distributed among the large rivers albeit
with a slight decline to the east (i.e. Ob = 37, Yenesei =
38, Lena = 34 and Kolyma = 28 species; Popov 2009).
Inclusion of taxa not recognized by Popov (2009) would
increase the counts particularly in the western rivers.
Western basins also have the greatest influence of anthropogenic introductions (i.e. 15 in the Ob, eight in the
Yenesei and none in the Lena or Kolyma; Tab. 6.3).
As noted above, regionally specific high-latitude studies are generally lacking. However, examination of this
for the Canadian Arctic reveals that diversity declines
from south to north but this depends upon connectivities of freshwater habitats – i.e. 41 species declining to

Table 6.3. Numbers of fish species and subspecies reported for
Siberian river basins in 1949 and 2009, respectively, including the
number of invasive species. Summary of data presented in Popov
(2009) that shows both an increase in diversity related to increased
scientific study and anthropogenic impacts in the region and a loss
of species (Lena) related to probable anthropogenic impacts.
River basin

Reported in
1949

Reported in
2009

Number of
invasive species

Ob

36

52

15

Yenisei

39

46

8

Lena

35

34

0

Kolyma

27

28

0
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31 within the continental mainland in the Mackenzie
River basin, 16 to four in eastern Nunavut and Quebec
(J.D. Reist unpubl.). A further discontinuity is present
in the Canadian Arctic Archipelago at ~ 75° N with
only one freshwater/diadromous species occurring
north of the marine straits in this area. Regional differences between the western and eastern Canadian Arctic
areas are also apparent both overall and within families
(e.g. 61 vs. 16 species in the west and east, respectively;
J.D. Reist unpubl.). No one species occurs throughout
the areas, either latitudinally or longitudinally; rather,
compositional changes accompany declines in diversity
over space. Moreover, at least for the period from 1973
to 2003 and also likely to today, no substantive shifts in
overall diversity occurred – rather, the changes from
56 species overall to 61 primarily reflect nomenclatural
and/or taxonomic changes and/or introductions. Of
three ‘new’ taxa, two represent uncertain distributional
records for southern taxa that require confirmation, and
only one represents a new ‘natural’ occurrence in the
area. Similar to the Arctic overall, this regional fauna is
dominated by a few families – trouts and salmons, carps
and minnows, and sculpins (23 to three species present).
Altitude and faunal diversity

Generally, lower diversity is present within drainage basins at higher altitudes (Hammar 1998). This is likely the
result of several interacting factors including river order
(and size) given that smaller rivers have fewer taxa, presence of barriers (e.g. waterfalls, high-velocity reaches)
and historical colonization routes to higher elevations.
These are all combined with environmentally rigorous
conditions (i.e. colder, lower productivity waters in
higher elevations). Few studies exist within the Arctic;
however, the following examples illustrate some common features.
In the Ural Mountains, waters draining to Baidaratskaya Bay on the Arctic coast contain 35 freshwater and
diadromous fishes overall (Bogdanov & Mel’nichenko
2010). Mountain reaches (1000-1300+ m) contain nine
species, foothill areas 17, and 30 are present in tundra
plain areas only a few meters above sea level. Coastal
areas with direct marine influence house the additional
five species. Both lacustrine and riverine environments
exhibit parallel diversity shifts, with some populations
in higher elevations being isolated (and representing distinct forms). Within this area, species richness is a useful
predictor for categorizing lake types thus reflecting
habitat qualities relevant to species preferences. Similar
circumstances pertain in other areas.
Fish diversity with major habitat types

For lentic (standing water) environments, fish diversity
decreases with both altitude and depth, thus despite
being overall very speciose, deep-water areas of large
southern (non-Arctic) lakes in Europe typically have
Arctic char as the only or one of a few profundal fish
species; similarly lakes at high altitudes at similar latitudes also often have Arctic char as the only fish species.
Where comparable conditions exist in the Arctic, simi-

lar parallels are present, although the particular species
complement may shift (Hammar 1989). These situations
exactly parallel the trend in overall latitudinal diversity
with Arctic char being the most northerly distributed
and only fish species present in fresh waters along the
northern edges of Arctic land masses (i.e. the high
Arctic; see Fig. 6.1). These observations reinforce the
perspective that Arctic char is likely a generalist taxon
highly adapted to cold oligotrophic environments and
capable of colonizing and persisting in marginal environments (Power 2002, Reist et al. 2013; see Section 6.2.4).
Regional patterns of distributions of species within
families

Species distributions for speciose families generally
parallel those noted overall for the families. That is,
for salmonids, 28 species are present in Beringian/
northwestern Canadian waters compared with 18-24
in Siberian areas and 17 in Russia/Scandinavia. Northeastern North America and the Atlantic regions exhibit
the lowest salmonid diversity (10 and 7, respectively).
Some families are only represented by species specific
to particular regions – e.g. freshwater eels (Anguillidae) in areas bordering the Atlantic only, mooneyes in
northwestern North America only, suckers in eastern
Siberia, Beringia and North America only, loaches and
river loaches in Russia and Siberia only, mudminnows
(Umbridae) in Beringia only and trout-perches in Beringia and North America only. This likely represents a
combination of historical factors and taxonomic (and/
or diversification) patterns. Other species are much
more widely distributed, approaching the entire area
(see below). Total distribution is independent of species diversity within families. That is, several families
represented by only one or two species in the Arctic
are widely distributed (e.g. northern pike Esox lucius and
burbot Lota lota, Gadidae).
Patterns of diversity below species level
(habitat associations)

As noted, considerable diversity is present in Arctic
fishes below the species level (e.g. formal subspecies, life
history variants and ecologically differentiated forms).
Much of this diversity appears to be related to both the
size and complexity of the systems (and thus presumably
the associated habitat diversity). Thus, within complex
aquatic systems (e.g. large rivers) some species exhibit
substantive diversity. Broad whitefish Coregonus nasus,
a significant Arctic endemic distributed from extreme
eastern coastal Russia throughout Siberia, Beringia and
the North American Arctic eastwards to around the
Boothia Peninsula, has been documented as exhibiting
three major life-history variants: a typical anadromous
(or semi-anadromous) type, a form associated primarily with lakes and a form associated with rivers (Berg
1962, Reist & Chang-Kue 1997, Harris & Taylor 2010).
At least in North America (Mackenzie River basin) this
differentiation appears to be recent in origin (i.e. postglacial) and directionally developed (i.e. from the presumptive anadromous initial colonizer to local non-anadromous variants; Harris et al. 2012). Similar variation
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likely exists to varying degrees in other Arctic fishes. An
additional note of significance is that other than exhibiting this type of variation, broad whitefish is notably
invariant throughout its range unlike many closely
related congenerics such as the Siberian/lake whitefish
group (common whitefish Coregonus lavaretus, humpback
whitefish C. pidschian, and lake whitefish C. clupeaformis).
Thus, key aspects of diversity manifested at many levels
appear to be common characteristics of northern fishes.
Intriguingly, high variation appears to exist amongst taxa
in the nature by which levels of diversity are exhibited.
This topic is also relevant across higher taxonomic levels
(i.e. among families) of Arctic fishes (see below).
Diversity at more local scales also exists for many species. This is indicative of adaptability to wide ranges of
ecological conditions. For example, the northern form
Dolly Varden Salvelinus m. malma, typically present in
high-gradient rivers of the North American Arctic,
exhibits seasonal anadromy as the typical mode of life
history characteristic of large-bodied migrating males
and females. A residual (non-migratory) resident life
history type is also present comprised almost wholly
of small males, which remain in rivers throughout life,
mimic the coloration of pre-migratory juvenile fish and
reproduce with anadromous pairs by ‘sneaking’ fertilizations. Additionally, in rivers where impassable barriers exist to migration, isolated populations (small size,
both sexes) occur in mountain reaches above falls. Dolly
Varden and its close relatives also exhibit additional local
variants of uncertain status (e.g. Angayukaksurak char S.
anaktuvukensis of northern Alaska, a variant form differentiated by atypical spawning time; together with putative lake-dwelling populations; DeCicco 1985, Ayers
2010). Similar variants across multiple levels of organization (i.e. distinct subspecies, life history variants) exist
within the Dolly Varden complex of species in Chukotka, Kamchatka and drainages to the Sea of Okhotsk
(Chereshnev 1983). In some cases, these are recognized
at the species level (e.g. neiva S. neiva, Levanidov’s char
S. levanidovi), but much debate surrounds their validity as distinct species. Regardless, the presence of wide
diversity can not be disputed. Genetic evidence indicates
three lake-dwelling forms in Lake Kronotskoye (Kamchatka), where white char S. albus, S. kronocius and S.
schmidti, are derivatives of Dolly Varden. Distinct habitat
associations suggest species-level differentiation from
Dolly Varden whereas the genetic evidence suggests otherwise. Regardless, all forms and Dolly Varden itself are
widely differentiated from chars of the Arctic char group
(i.e. Taranetz’ char S. taranetzi from Chukotka and Arctic char). Reference to a taxonomic group as a complex
thus reflects incomplete resolution, major disagreements
amongst taxonomic experts and/or conflicting results
regarding taxonomic delineations. Northern fish groups
appear to be particularly prone to this (e.g. complexes
present in salmonids, sticklebacks (Gasterosteidae) and
lampreys; Vladykov & Kott 1979, Docker et al. 1999,
Kristjansson et al. 2002, Reshetnikov 2002, Reist et al.
2013), however, some aspects of this likely also reflect
ecological diversification.
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In northern lotic systems, Arctic char also exhibits
ecologically associated diversity typically referred to as
ecophenotypic diversity (Power et al. 2008, Reist et al.
2013). This diversity appears to be a complex outcome
of local habitat diversity, un-filled niches (i.e. low interspecific diversity) and some form of sympatric differentiation (Reist et al. 2013). Life history variation and multiple colonizations by allopatrically derived forms may
or may not be implicated as well (Alekseyev et al. 2009).
Regardless, the result is high adaptability (as reflected by
high local diversity) in some situations with two to four
forms being documented (e.g. Thingvallavatn, Iceland;
Snorrason et al. 1994). Although the greatest range of
this type of diversity is perhaps exhibited by Arctic char,
other northern taxa exhibit similar ecophenotypic diversity (e.g. sticklebacks, Kristjansson et al. 2002; lake trout
Salvelinus namaycush, Blackie et al. 2003; ciscoes, Vecsei et
al. 2012).
Based upon the various examples provided above, a wide
range of patterns of diversity exist in many groups of
freshwater and diadromous fishes throughout the Arctic.
These appear to result from a complex intermixing of
both contemporary (e.g. life history variation, ecophenotypic diversification) and historical (e.g. allopatric
origin) factors. The consequence is relatively high levels
of functional diversity present in northern freshwater
ecosystems despite seemingly low levels of taxonomic
diversity. Accounting for, and the conservation and
management of, this diversity represents a widespread
challenge throughout the Arctic.
A further complicating aspect is that of hybridization
and introgression. This likely occurs among lineages at
many of the levels of diversity noted above, although it is
poorly understood or documented below that of distinct
species. Consequences of this include blurring of lineage
boundaries and blending (extinction?) of lineages, taxonomic uncertainty, genomic exchange and replacement,
and practical difficulties differentiating taxa, linking
them to habitats and establishing conservation goals.

6.2.4. Zoogeography of particular taxa
Of the 17 families of fishes found in this area, only
members of the Salmonidae are distributed throughout
the entire area considered here as Arctic and sub-Arctic.
This is likely due to the high numbers of species in this
taxon present in the area, the northern nature of this
family (Berra 2001) and the extreme adaptability and
generalist strategies of some species (e.g. Arctic char),
which allow colonization and persistence in marginal
northern environments (Power 2002). An additional
factor contributing to high salmonid diversity, both generally and in the Arctic, is a genome duplication event
between 25 and 100 million years ago (Koop & Davidson 2008). That is, salmonids are tetraploid1 organisms
exhibiting great molecular and accompanying physiologi1 An individual or cell having four sets of chromosomes.
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Figure 6.3. General distribution of Arctic char. Dotted lines
indicate uncertain limits of
distribution.

cal diversity. The implications of this with respect to
morphological variability and environmental adaptability
are poorly investigated and understood, but presumably
mutations are enhanced at genetic loci for which selection is relaxed, and diversity and adaptability may thus
be increased. Newly available genomic methods may aid
in resolving our understanding of the implications of this
for salmonid adaptability and for the relationships among
genetic, ecological and taxonomic diversity.
Other families widely distributed in the area include
speciose ones (carps and minnows, lampreys, sculpins,
perches) as well as those of lower taxonomic diversity,
but whose individual species are widely distributed (i.e.
sticklebacks, suckers, pikes, cods; see Section 6.2.7).
No one species of freshwater/diadromous fish occurs
throughout the entire area of consideration here (whether delineated narrowly as Arctic, or including the subArctic). Several species, however, are distributed over
almost the entire area such as the Arctic char species
complex (including Dolly Varden and closely allied Siberian chars) and also Arctic char in a narrower taxonomic
sense (Fig. 6.3). The latter taxon is especially important
as the only fish present in fresh waters of the extreme
high Arctic (see Section 6.2.3.2).

6.2.5. Other diversity issues in northern
fishes
Diversity in northern freshwater and diadromous fishes
has significant species-level components. Embedded
within this are the unresolved species complexes noted
above. These complexes include most major groups:
trouts and salmons – Arctic char complexes at two levels
(see Reist et al. 2013), whitefishes and ciscoes; lampreys
– life history as well as taxonomic complexes; sticklebacks – threespine stickleback complexes. Within this
context some additional diversity issues are apparent.
These include:
• Why are some species taxonomically conservative
(e.g. northern pike, burbot), whereas others (e.g.
many salmonids) are highly diverse at many levels?
• Within some groups, why are some lineages highly
conservative (e.g. broad whitefish), whereas others
(e.g. lake-Alaskan-Siberian whitefishes) are highly
diverse both within and among nominal taxa?
• Ecological and morphological variants, particularly
chars in lakes (i.e. Arctic char and lake trout) are
widespread – are there a few dominant underlying
explanations that account for most, or is each situation unique thus worthy of high conservation effort?
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What is the functional and phylogenetic significance
of this variation?
• Significant philosophical differences underlie species
definitions as applied to northern fishes; these are
exacerbated by disparities among approaches using
different lines of evidence (i.e. classical taxonomic,
genetic, functional ecological) – how should these be
reconciled so as to yield a stable approach to enumerating and monitoring diversity in northern fishes?
Although extremely complex and difficult to resolve, addressing these questions is of paramount importance in
order to adequately understand diversity in these fishes.
Failure to address these questions undermines our ability
to effectively enumerate this biodiversity and thus to
detect change in it.

6.2.6. Areas of high diversity, endemism or
other significance
6.2.6.1. Hotspots

Comprehensive studies documenting high diversity associated with particular areas (e.g. so-called ‘hotspots’)
of Arctic freshwater and diadromous fish species are
lacking. Similarly, limited knowledge is available regarding local endemism, and that which is available tends
to focus upon groups of importance to humans (e.g.
salmonids). General examination of the knowledge base
suggests two conclusions.
1. Areas that were not glaciated during the Pleistocene
(e.g. Beringia, much of Siberia) generally exhibit
higher diversity and local endemism. Often this
diversity is manifested as subspecific forms that are
widely divergent from basal lineages, with the forms
being present only in limited areas. Poor zoogeographic knowledge and limited surveys again tend to
prevent generalizations.
2. Ecotones or other zones where both habitat diversity
and local species diversity is usually higher tend to
harbor greater fish diversity. Of particular note in
this context are the deltas and lower reaches of the
large Arctic rivers (Ob, Yenesei, Khatanga, Mackenzie, Yukon), which are characterized by mixtures of
southern freshwater taxa and northern anadromous
species; endemic diversity may be superimposed on
this in some systems. Combined effects of northward
displacement of temperate taxa along water courses,
complex post-glacial histories, mixes of suitable habitat and availability to anadromous taxa all contribute
to this enhanced local diversity.
6.2.6.2. Endemism

Best estimates suggest that only about 18 (~ 14%) of the
127 freshwater and anadromous species are endemic (i.e.
occur only in the Arctic and sub-Arctic; Tab. 6.1). These
include one blackfish Dallia and 17 salmonids. Endemism
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generally is higher in parts of Siberia and Chukotka
driven substantively by groups such as salmonids (i.e.
both freshwater whitefish and Salvelinus), which are
highly variable. Local endemics, particularly in Arctic
Siberia, often occupy a very narrow distribution occurring in only one or two lakes or river systems (e.g. see
Reshetnikov 2002) with the Taimyr area being particularly prominent. Low overall endemism is likely due
both to widespread geological upheaval of much of the
area during Pleistocene glaciations and the broad ecological associations of many Arctic taxa (i.e. most Arctic
fishes tend to be ‘generalists’). Additionally, Arctic
endemism is difficult to define given that high altitude
lakes and abyssal areas of deep southern lakes mimic
Arctic freshwater habitats (i.e. cold, low productivities;
Hammar 1989) and often harbor local populations of
northern fishes. Thus, relict populations of fish species
typically thought of as ‘Arctic’, such as Arctic char, also
occur well outside the geographic area considered here
(Fig. 6.3). As noted elsewhere, resolution of taxonomic
issues including the elevation to species rank of taxa
considered here to be below that level all affect estimates
of endemism. Limited survey information for many areas
further hampers estimates.
Endemics can also be defined regionally (i.e. endemism
is a conditional parameter defined in terms of the region
delimited). Thus, for the regions delimited here, Beringia and northwestern Canada exhibit the highest level of
endemism (i.e. 10 of 88 species; 16.1%; Tab. 6.2, Appendix 6.1.3). Other regions exhibit much lower levels
of endemism (0-10.6% of local fish faunas specific to
that region). Only the Beringian area, however, exhibits high levels of true local endemism. Most endemism
implied for other regions is the result of more widely
distributed southerly species at the northern extent of
their ranges.
As noted previously, endemism at least at a species level
is also contingent upon the taxonomy one uses. Accordingly, given the conservative taxonomy followed
here these levels of endemism are under-estimates of
the actual levels. Many variant forms within some taxa
(e.g. chars, whitefishes, ciscoes, lampreys, sticklebacks)
would be endemic under a less conservative taxonomy.
In addition to Chukotka, another area of high apparent
endemism is the Taimyr Peninsula of central N Siberia
(Pavlov et al. 1999). Moreover, endemism as an endpoint
associated with diversity is also linked to the diversification processes occurring in an area and the length of
time over which those processes have occurred unimpeded by geomorphic events (see Section 6.2.6.3).
As noted above, there are approximately 18 wholly
Arctic and sub-Arctic endemic species according to the
taxonomy and geographical delineation of the Arctic and
sub-Arctic used herein. The vast majority are salmonids
(17) and particularly chars (12) or freshwater whitefish
(4). Species include: Alaskan blackfish Dallia pectoralis,
Bering cisco Coregonus laurettae, humpback whitefish,
tugun Coregonus tugun, Arctic cisco Coregonus autumnalis
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(nearly so if Irish pollan excluded), Chukot char Salvelinus
andriashevi, Boganid char S. boganidae, Czerskii’s char S.
czerskii, smallmouth char S. elgyticus, Drjagin’s char S. drjagini, Yakutian char S. jacuticus, murta S. murta, Taimyr
Lake char S. taimyricus, Taranetz’ char, Thingvallensis
char S. thingvallensis, Esei Lake char S. tolmachoffi, longfin
char Salvethymus svetovidovi and East Siberian grayling Thymallus pallasii (McPhail & Lindsey 1970, Scott & Crossman 1973, Chereshnev 1992, 1996, Mecklenberg et al.
2002, Reshetnikov 2002, Chernova 2011). Again, these
are under-estimates given that some taxa are unresolved
complexes likely consisting of many distinct species (e.g.
sticklebacks). The distributional ranges of other taxa not
listed here as endemic but which are generally considered to be northern or Arctic species (e.g. Arctic char)
extend south, outside the Arctic, as well. Often this is
in habitats that have characteristics reminiscent of the
Arctic (e.g. oligotrophic, cold-water habitats such as high
altitude lakes in Europe). In such situations, Arctic char
can be considered as a relict species. Similar relicts often
occur in profundal habitats of deep lakes.
Local endemism, rarity and regional endemism all contribute to vulnerability of taxa to adverse circumstances
(e.g. stochastic environmental events, anthropogenic
stressors). Vulnerability is heightened by low population
sizes, which often are characteristic of local endemics, especially if they occur only in a limited number of
freshwater localities. Accordingly, Chereshnev (1992)
argued that many of the regional endemics present in
northeastern Asian waters deserved heightened levels
of local, regional, national and international protection.
The present status, levels of protection and circumstances for many of these are poorly known.
6.2.6.3. Significant areas

In the context of both hotspots and endemism, several locations deserve mention. Lake El’gygytgyn is an
ancient meteorite crater lake (3.6 million years old) situated in the low Arctic in central Chukotka. Five fish species occur in the lake, three of which are chars – longfin
char, smallmouth char and Boganid char (Chereshnev
& Skopets 1990, 1999, Skopets & Chereshnev 1991).
Other species include Arctic grayling Thymallus arcticus
and slimy sculpin Cottus cognatus. The first two chars are
endemic to this lake and represent well-differentiated
taxa, with the longfin char being so distinct that it
constitutes a distinct genus. Both forms appear to have
evolved in the lake, which has not been glaciated since its
origin. The Boganid char is found elsewhere only in Taimyr lakes suggesting these may be remnants of a much
more widely distributed taxon.
El’gygytgyn represents the endpoint of a long period of
isolated evolutionary history relatively undisturbed by
Pleistocene events. Accordingly, divergence to generic
and species levels has occurred in two taxa, along with
colonization by a well-differentiated third char taxon.
Other Arctic lakes represent the other extreme, that
is, short existence combined with subspecific diver-

207
gence. Thus, although poorly studied, Pingualuk Lake in
northern Quebec (a meteorite impact crater lake formed
about 1.4 million years ago but deglaciated about 6,000
thousand years ago) appears to have only a single form
of Arctic char present (Gantner et al. 2012). Between
these two extremes, several examples of differentiation
are known. Lake Hazen (northern Ellesmere Island,
Canada), again only recently deglaciated, supports three
ecophenotypes of Arctic char (pelagic, limnetic, profundal; Reist et al. 1995, 2013, W. Michaud & J.D. Reist
unpubl.). Thingvallavatn in sub-Arctic southern Iceland
supports four ecophenotypes (pelagic planktivorous
and pelagic piscivorous forms are likely size morphs of
a reproductive population and benthic large and benthic
small types differentiated from each other and the pelagic forms; Sandlund et al. 1992, Skúlason et al. 1999).
Taxonomic splitters claim these are three taxa distinct at
the species level (Kottelat & Freyhof 2007). Fjellfrosvatn
in sub-Arctic northern Norway has two distinct morphs
(littoral, profundal) present (Knudsen et al. 2006).
In-situ sympatric speciation is strongly suspected as
underlying these latter examples of differentiation, all
of which are under 10,000 years old. Accordingly, early
and rapid differentiation driven by niche expansion
(Knudsen et al. 2006) of chars when colonizing postglacial environments seems the norm. In the absence
of subsequent widespread disruption, incipient species
apparently can complete their differentiation to become
distinct species or even genera given sufficient time. This
aspect of diversity and the processes that drive it appear
to be key attributes of Arctic freshwater systems, thus
of conservation importance. It is very likely that many
additional examples of differentiation exist throughout
the Arctic in salmonids and other families of freshwater
fishes exhibiting high diversity; these are likely especially
pertinent in unglaciated areas of the Arctic. As noted
above, from the perspective of enumerating the diversity
the issue is ‘when is differentiation of freshwater fish
lineages sufficient to warrant taxonomic recognition as
species’. This is a fundamental problem for which no
adequate resolution has been forthcoming, and the range
of char situations above exemplifies the problem.
Ecological (primarily climatological and productivity
constraints) and historical (e.g. Pleistocene glaciations,
colonization routes and time since deglaciation) factors result in many southern taxa being present in the
southern margins of the sub-Arctic. These peripherally
distributed taxa are rare (i.e. occur as numerically small
populations) in the sub-Arctic but not so elsewhere.
Many of the local endemics noted above are also likely
rare. Similarly, a unique ecophenotype or taxon that occurs only in a single location can be considered rare, although limited information regarding absolute or limited
abundance generally precludes delineation of rare taxa.
Local endemics with limited distributions are likely to
be naturally rare, especially if they are habitat specialists. Chereshnev (1996), who considered the majority
of species recognized here, indicated 14 were rare in
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the Arctic (~ 11% of our total of 127); additional taxa
not recognized here would be rare if included (e.g. local
blackfish taxa – Dallia admirabilis and D. delicatissima).
Families with rare representatives included: lampreys (3
species), sturgeons (Acipenseridae 2), herrings (Clupeidae 1), carps and minnows (1), trouts and salmons (5),
cods (1) and sculpins (1). Conversely, using exploitation as a proxy of inherent abundance, 73 (57% of 127)
species are fished and therefore very likely not rare.
Approximate numbers of species fished by family are:
lampreys (1), sturgeons (3), freshwater eels (2), smelts
(3), mooneyes (1), carps and minnows (9), suckers (2),
pikes (1), trouts and salmons (42), cods (1), sticklebacks
(2) and perches (6) (Chereshnev 1996).

6.2.7. Taxonomic diversity within families
As noted above, 127 species of diadromous and freshwater fishes are distributed among about 18 families with
most of this diversity (n = 98 species) being accounted
in five families (trouts and salmons: 50 species; carps
and minnows: 25; sculpins: 9, perches: 8; lampreys: 6).
These especially diverse families and a few others of relevance (suckers, pikes, cods) are particularly important
in the Arctic. Short synopses follow; general references
to support this material include: McPhail & Lindsey
(1970), Scott & Crossman (1973), Coad et al. (1988),
Berra (2001) and Kottelat & Freyhof (2007).
Trouts and salmons (11 genera, 66 species conservatively globally): The Salmonidae is the most significant
northern fish family and geographically is distributed
throughout the entire area considered here (10 genera
and 50 species). Collectively, salmonids occupy virtually
all fish-bearing fresh waters of the sub-Arctic and Arctic
from the deepest lakes (e.g. pygmy whitefish Prosopium
coulteri) to the northernmost extent of land (e.g. Arctic
char; Fig. 6.3). Anadromous species occupy coastal and
offshore marine surface waters also. Multiple ecological
forms that function as species and multiple life history
types add to this diversity. Moreover, due to limited
taxonomic surveys over wide areas of the Arctic, it is
very likely that additional diversity is present but is currently inadequately documented.

Arctic Biodiversity Assessment

tems. High local abundances and large migratory runs
of salmonids form the basis of Arctic fisheries in coastal
marine and freshwater areas. Additional importance of
salmonids with respect to scientific principles of evolution and diversification results from their high diversity, adaptability and apparently rapid evolution in and
occupancy of marginal aquatic environments in extreme
locations. Some species grow to a large size (~ 200 cm
in taimen Hucho taimen) and are long-lived (e.g. >45
years in Arctic char and lake trout).
Carps and minnows (210 genera, > 2,000 species globally): 25 species are found in sub-Arctic and Arctic waters, all of which are obligate residents of fresh waters.
Individual species typically have narrow tolerances for
environmental conditions and in our region of interest
are mostly sub-Arctic, although several penetrate into
the Arctic along large northward-draining rivers. The
significance of the remaining species is their potential
for northward colonizations as the climate warms. Most
cyprinids (carps and minnows), especially small-bodied
species, are essential components of lotic and lentic
ecosystems as primary (algae) and secondary (benthos,
zooplankton) consumers and as primary detritus feeders. In turn, cyprinids are prey for larger fishes such as
northern pike and salmonids. Larger species, particularly carps, are commonly fished, although smaller species
may also be locally fished for use as bait.
Lampreys (8 genera, 34 species globally): Six species are
found in sub-Arctic and Arctic waters, three are wholly
freshwater and three anadromous in habit. Lampreys are
primarily found in Beringian, Siberian and northern European Arctic waters. Some species are parasitic on other fishes as adults; ammocoetes (untransformed young)
are benthic detritivores. Taxonomic issues are apparent, particularly the relationships of non-anadromous
and anadromous congeners (i.e. distinct species or life
history variants of the same taxon?). Usually lampreys
are small and short-lived (< 30 cm, 7 years); they are
not normally captured with typical fishing gear (unless
attached to other fishes), thus are not often encountered.
Lampreys are locally fished in Eurasian Arctic waters.

Major widespread lineages (recognized mostly as genera)
are chars (Salvelinus – 18 species), whitefishes and ciscoes
(Coregonus – 13, Prosopium – 3, Stenodus – 1) and graylings
(Thymallus – 3). Regionally, additional lineages include
Atlantic salmons (Salmo – 3), Pacific salmons (Oncorhynchus – 6), taimen (Hucho – 1), longfin char (Salvethymus
– 1) and lenok (Brachymystax – 1). The genus Coregonus is
recognized as a polyphyletic taxon consisting of several
lineages (i.e. whitefishes, Old-world ciscoes, New-world
ciscoes), thus levels of difference within taxa are greater
than implied by nomenclature.

Sculpins (70 genera, 300 species globally): Nine species occur in sub-Arctic and Arctic fresh waters distributed throughout much of the Holarctic. All are small
(< 25cm), generally short-lived (< 7 years) and prefer
benthic habitats of both lakes and rivers. Diet is primarily benthic invertebrates and eggs of bottom-spawning
fishes. Higher trophic-level predators such as burbot,
northern pike and lake trout consume sculpins, thus
they are pivotal in linking benthic and pelagic portions
of aquatic ecosystems. Taxonomic issues are problematic
in southern taxa but northern taxa appear to be mostly
resolved.

The majority of salmonids are migratory within fresh
water (potadromy) or to and from the sea (anadromy),
thus all life stages figure prominently in ecosystem
structure and function and in linkages among ecosys-

Perches (10 genera, 195 species globally): Eight species
occur mostly in southern portions of the sub-Arctic and
Arctic fresh waters. They are generally tolerant of a wide
range of conditions, and their northernmost extent is
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limited by thermal and productivity constraints. Paired
counterparts of perches and walleye/pike-perch recognized as distinct species occur in North American and
European waters. One species (ruffe Gymnocephalus cernuus) is widely distributed in Europe and Siberia. Fisheries
occur for all the larger-bodied species. Zooplankton and
other fishes form the diets of most, thus combined with
habitat associations (perches are nearshore generally
whereas walleyes and pike-perches are demersal in large
rivers and lakes), these fishes are central components of
aquatic ecosystems.

area defined here, are small-bodied forage fish, or are
otherwise less relevant to Arctic freshwater systems.
However, this does not mean that they are locally unimportant, especially the large-bodied groups (sturgeons,
goldeyes, eels).

Suckers (13 genera, 72 species globally): Two species
confirmed as present in the Arctic (longnose sucker Catostomous catostomous, white sucker C. commersoni) are distributed in mainland northeastern Siberia, Chukotka and
northwestern North America. A third taxon (largescale
sucker C. macrocheilus) requires confirmation of presence
in the Arctic. No taxonomic complexities or significant
sub-specific diversity are present. Suckers are benthic
feeders preying upon detritus, aquatic insects, crustaceans and molluscs, thus, likely function in coupling
benthic lower trophic levels of the ecosystem with higher
predators (e.g. freshwater fishes and mammals, piscivorous birds). Suckers may reach 75 cm in length and live
to age 25. They are often captured as a local food fish,
thus are important in subsistence fisheries.

Generally, Arctic freshwater fishes are significant
components of their ecosystems, exhibiting relatively
high local diversity, and also often attaining substantive
population abundances. Virtually all freshwater habitats
present are used throughout the year; exceptions being
seasonally ephemeral habitats to which no access is possible (e.g. tundra ponds < 2 m depths or those isolated
over the landscape). Generally, the larger the water
body (i.e. area of lakes or order of rivers) the greater the
complement of freshwater fish species, however, this is
mediated in many areas by Pleistocene glacial histories,
thermal regimes and various landscape filters (Tonn et
al. 1990). Thus, overall diversity decreases with latitude
such that north of about 75° N latitude the only fish
found in fresh waters is Arctic char. An additional factor
is that of habitat complexity of the water body with more
species (or ecological forms) being present in structurally more complex systems. Local ecological significance
of many taxa occurs due to pivotal ecological roles in
ecosystem structure and function (i.e. key forage or
predatory species) associated with key types of habitats.

Pikes (1 genus, 5 species globally): The only Arctic
representative, northern pike, is widely distributed in
freshwaters of the mainland of the Holarctic including
temperate areas. No taxonomic complexities exist, and
sub-specific diversity appears to be limited. Commonly
found in weedy slow areas of rivers and lake embayments, pike are voracious pelagic ambush predators at all
sizes (to 130+ cm) and ages (to 26+ in the North). Thus,
they are pivotal components of aquatic ecosystems. Pike
are easily captured, thus supporting all types of fisheries
where they occur.
Cods (Gadidae) (one genus and species, burbot, in
freshwater; remainder marine, but a relict population
of one marine species, Atlantic cod, occurs in eight
fresh water lakes in northern Nunavut; McLaren 1967,
Patriquin 1967, Hardie et al. 2006, 2008): Burbot is the
only freshwater cod distributed throughout much of the
mainland Holarctic. Similar to northern pike, neither
taxonomic complexities nor substantive sub-specific
diversity is present, but local habitat specialists appear to
occur. Burbot are primarily benthic and epibenthic feeders upon any food types present including fishes. Burbot
are thus a key component of freshwater ecosystems. As
with most higher-trophic level predators which are large
(i.e. 1.2 m, > 20 years of age), burbot are prominent in
local freshwater fisheries wherever they occur.
Remaining families: The remaining 10 families (sturgeons, mooneyes, freshwater eels, herrings, loaches,
river loaches, smelts, mudminnows, trout-perches and
sticklebacks) have few representatives in the Arctic,
occur only in the southern geographic margins of the

6.2.8. Importance of biodiversity of Arctic
freshwater and diadromous fish
6.2.8.1. Ecosystems

Ecosystem trophic structure, functional relationships
that transfer nutrients among ecosystem components and
different ecosystems, stability, resistance and resilience
of Arctic freshwater and nearshore marine ecosystems
are all enhanced by diversity within and among components (Hooper et al. 2005). In southern freshwater
systems, individual fish species specialize with respect to
different ecosystem functions. In relatively depauperate
Arctic systems, it appears that the various sub-specific
components and levels of diversity act as functional
equivalents to species. Accordingly, life history variants,
ecological morphs and other diversity below the species
level are disproportionately important in northern ecosystems (Reist et al. 2013). Taxonomic, functional and
ecological response afforded by this diversity enhances
resistance (i.e. ability to withstand perturbation) and
resilience (i.e. recovery rate and potential) (Hooper et
al. 2005, Vallina & Le Quéré 2011). This is particularly
relevant in situations of high rates and degrees of change
such as now pertain to the Arctic. Management and
conservation efforts thus require re-focusing to include
the wide scope of sub-specific diversity present in Arctic
freshwater and diadromous fishes as part of the overall
whole of the managed aspects of biota. Initial efforts
must also include increased documentation of the range
and nature of the diversity present in an integrated
fashion, particularly in poorly surveyed areas. Existing
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efforts to develop and implement ‘ecosystem-based management’ represent appropriate steps in this direction
(Essington & Punt 2011, Berkes 2012), but better understanding of sub-specific diversity is required in support.
These fishes are also keystone components (Jordán
2009) of Arctic aquatic ecosystems. Life stages of most
fish species undertake substantive movements among
habitats during ontogeny; sub-adult and adult individuals
also migrate among habitats seasonally both within fresh
waters and between fresh and marine waters. Thus,
fishes are responsible for both material and energy transfers among aquatic habitats. Transfer of marine-derived
energy and nutrients is perhaps best known for semelparous (i.e. reproduce only once throughout life) Pacific
salmons, which grow in marine systems but die upon
reproducing in fresh waters (Naiman et al. 2002, Jonsson & Jonsson 2003, Petticrew et al. 2011). Iteroparous
species (i.e. reproduce several times during life) such as
chars, whitefishes and ciscoes also transport nutrients
(e.g. as eggs) thus may substantively influence ultraoligotrophic northern freshwater systems. Sequestered longlived contaminants may also be transported coincidentally. Many freshwater species are ecological specialists.
For example, northern pike link terrestrial and aquatic
ecosystems through shoreline occupancy and predation
of organisms from both environments. Similarly, burbot,
a benthic predator and scavenger, links benthic, limnetic
and pelagic habitats within both lotic and lentic systems
(Cott et al. 2011).
6.2.8.2. Relevance to humans

Despite their relatively low diversity, freshwater and diadromous Arctic fishes are extremely important as food
to humans both within the Arctic and also outside it.
Four themes are relevant in the human context: fisheries, cultural importance to indigenous peoples, aquaculture and aesthetics.
Three types of Arctic fisheries can be delineated: those
for profit with product being sold (commercial), those
for sport (recreational) and those conducted by indigenous peoples (variously food, subsistence or artisanal)
(Clarke 1993, Reist & Treble 1998). Of these, subsistence fisheries are by far the most important because they
contribute both food and cultural services for indigenous
peoples. Management requirements to report catches
vary widely across Arctic jurisdictions and generally
are limited in nature, thus leading to false impressions
that these fisheries are relatively insignificant (Zeller et
al. 2011). Species harvested are typically large-bodied,
locally abundant in space (e.g. migratory corridors) and
time (i.e. seasonally concentrated) and accord with the
diversity present in a particular area. Many species are
long-lived, reproduce episodically and may have low survival of young, thus vulnerabilities to overfishing exist.
Species from most families are harvested – exceptions
are sticklebacks, sculpins, river loaches and trout-perches. Salmonids account for both the greatest diversity of
fish species harvested and the largest overall harvests,
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figuring prominently in all types of fisheries and areas
(Zeller et al. 2011). Arctic-wide statistical summaries are
not available, but reconstructed estimates are (Zeller et
al. 2011) and together with regional summaries will be
used to illustrate key points.
Diadromous species (or life history types) generally
support extensive commercial fisheries, and large local
migratory stocks predictably returning from summer
marine foraging support subsistence fisheries over large
areas of the Arctic (see also Huntington, Chapter 18).
Reconstructed catch estimates in FAO statistical area 18
(i.e. EEZ’s of Canada, USA and the Russian Federation
bordering the Arctic Ocean proper) revealed the following (Zeller et al. 2011):
• Virtually no harvesting of marine species occurred
(i.e. marine fisheries are all in gateway areas of subArctic seas); rather the focus of fisheries were species
harvested in coastal or estuarine areas;
• Reconstructed catches for the 1950-2005 period
in total were 950,000 tonnes (770,000 + 89,500
+ 94,000 tonnes respectively for Russia, USA and
Canada);
• Annual catches of 24,000 tonnes per year in the
1950s declined to 10,200 tonnes per year by the
mid-2000s, likely reflecting underlying demographic
(i.e. human emigrations in Siberia) and cultural (i.e.
switch from dog teams to snow machines for personal transport) changes; and
• High regionality occurred in species harvested,
however salmonids dominated in every sub-area with
whitefishes, ciscoes, salmons and chars predominating (e.g. freshwater whitefish constituted 65% of the
total catch for the 50+ year time period).
Species-specific migratory idiosyncrasies often result in
these fisheries occurring well inland, where catches may
be substantive (e.g. for broad whitefish in the Mackenzie
River of Canada historically to 400 tonnes per year) and
also may be a mixture of commercial and subsistence
fisheries (Reist & Treble 1998). Substantive fisheries also
target chars, particularly Arctic char wherever people
encounter them both as anadromous migratory populations and those restricted to fresh waters (e.g. Born &
Böcher 2001, Gudmundsson 2002). As noted previously,
adults of many fish species exhibit both migratory and
non-migratory co-occurring population components.
The basis for this diversity is unknown but may be genetic, facultative (e.g. based upon growth rates) or some
mixture of both. Fisheries as described here select for
larger, faster growing and migratory individuals. This is
likely a general aspect of all exploitation on these fishes,
thus long-term alteration of local fish biodiversity may
result (see below).
Inland fisheries on wholly freshwater species are also
widespread throughout the Arctic (e.g. Bodaly et al.
1989), but disentangling those specific to Arctic waters
is problematic, as overall statistics are typically examined on a country basis (e.g. Lehtonen et al. 2008), or
their importance is de-emphasized in comparison with
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other fisheries (e.g. Andrews 1989). Regardless, inland fisheries are important components of the overall
economy of the North.
Economic valuation, similar to quantification of fishery
statistics, is problematic for Arctic resource use, but
relative valuations are apparent. For example, in developing a fisheries strategy, the Government of Nunavut
in Canada estimated the annual value of Arctic char to
subsistence use at 4.4 million CAD, and that of commercial sales at 1.4 million CAD. Commercial quotas
of 523 tonnes were set in 2005 for sea-run char and 160
tonnes for land-locked char. An additional 400 tonnes is
harvested for domestic (subsistence) use. Relative valuations of char in various types of fisheries indicated that
recreational fisheries yielded about 55 CAD per kg of
harvested fish, subsistence food replacement value was
about 11 CAD per kg, and commercial value was about
3.30 CAD per kg. Sport fisheries also relied upon very
small numbers of harvested fish. Thus, from perspectives of overall conservation (limiting adverse selective
effects on biodiversity) and economics, sport fisheries in
the Arctic are a preferred strategy relative to commercial exploitation.
Benefits of fish biodiversity accrued to humans in the
Arctic, particularly indigenous peoples, also include
those associated with culture (e.g. shared experiences
on the land, food sharing with elders; Kristofferson &
Berkes 2005, Nuttall et al. 2005). Although difficult to
value and to distinguish from similar benefits accrued
from other biodiversity components and the overall
Arctic environment contributing to cultural well-being,
positive effects of freshwater and diadromous fisheries
in a cultural context are estimated to be extremely high
(see Huntington, Chapter 18).
Some species of Arctic freshwater and diadromous fishes
are extensively cultured particularly in Norway (Arctic
char and Atlantic salmon Salmo salar), Russia (northern
whitefishes), Alaska (Pacific salmons) and to a lesser extent, Canada (Arctic char) (Johnston 2002, Vilhjálmsson
et al. 2005, Paisley et al. 2010, FAO 2012). Operations
occur in both fresh and coastal marine waters and involve hatchery supplementation of wild stocks as well as
rearing of penned fishes to marketable sizes, though the
activities that are allowed vary by jurisdiction. Aquacultural operations also often focus upon non-native species
and/or lineages not natal to the area, thus accidental
releases and establishment of populations in an area are a
threat to local diversity. Reliance upon wild populations
and their inherent diversity underscores the linkage of
biodiversity in providing human benefits in the Arctic.
Regardless, aspects of these activities represent threats
to native Arctic biodiversity if not properly managed (see
Section 6.2.9.2).
Although less well known than many Arctic iconic species, some Arctic fish species can be considered as Arctic
icons. Arctic char in particular has high aesthetic value
globally, and while direct appeal to southern tourists is
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low, its appeal to recreational fishers and as a northern
delicacy is considerable. Arctic char also serves as a
sentinel species useful in documenting and understanding changes in the Arctic system (e.g. Sawatzky & Reist
2008, 2009, Reist & Sawatzky 2010, Culp et al. 2011).

6.2.9. Drivers, stressors and threats to Arctic
freshwater and diadromous fishes
6.2.9.1. Vulnerabilities of freshwater fishes in the Arctic

Freshwater fishes are often tightly associated with particular habitats both as species and during various life
history stages. Thus, stressors that affect their habitats
will inevitably affect the fishes. Lakes can be considered
‘islands’ of appropriate habitat within which effects may
be focused; as such, lacustrine fishes may be unable to
emigrate or move to avoid the effects of stressors. Rivers
act differently in that they ‘export’ effects downstream,
thus stressors that are spatially remote may affect Arctic
fishes particularly in large northward flowing river
basins. Moreover, many stressors typically cumulate
over the course of the river, thus the total effects may be
greater on fishes occurring in downstream areas. Given
the number and size of northward flowing rivers in the
Arctic and the significance of freshwater and diadromous species to both ecosystems and people in the area,
cumulative impacts represent real and present threats to
fishes (see also Wrona & Reist, Chapter 13). Moreover,
impacts of cumulative stressors are exacerbated by the
following: iteroparous2 nature of life history of most of
the very important fishes, greater ages/longevities (e.g.
Spromberg & Birge 2009), differential habitat usages
(typically seasonal) which may involve several different
stressors (e.g. Reist & Bond 1988), and differential ecological roles (e.g. planktivores vs. piscivores) associated
with multiple ecophenotypes within populations that
may also act to cumulate some stressors (e.g. bioaccumulating contaminants; Kallenborn et al. 2011) and migratory aspects of life history.
Arctic freshwater fish species differ with respect to their
sensitivities to perturbations, but many populations are
adversely affected by anthropogenic activities. This is
especially so with respect to local habitat disruption or
disturbance. Hydrocarbon development activities including physical disturbances (e.g. seismic, construction and
production activities; temporary or permanent blockages), direct habitat impacts (e.g. spills into fresh waters)
or indirect habitat impacts (e.g. sediment, toxicant
inputs) will all ultimately affect aquatic biota including
fishes. Vulnerability to such effects depends upon species or life stage sensitivities, the nature, duration and
severity of stressors (usually a function of proximity to
sources), biomagnification factors (e.g. propagation of
increasing effect through trophic processes) and barriers
to (or the ease of) movements or emigrations coupled
2 An organism that produces offspring more than once during
its lifetime.
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with the ability of the fish to do so. An additional, often
under-appreciated factor associated with hydrocarbon
development on land results from the necessary construction of access corridors and roads. Thus, increased
access to fresh waters afforded by seismic lines, road development and pipeline construction all may have their
own direct consequences to freshwater fishes (e.g. dewatering of habitats for winter ice road construction) but
may also result in additional stressors (e.g. exploitation,
sediment loading from poor crossings) upon previously
pristine populations.
Effects from hydrocarbon development as outlined
above are, of course, integrated into the milieu of other
stressors affecting northern freshwater ecosystems and
fishes. These include effects from climate change (e.g.
productivity shifts, habitat changes, effects of colonizing
species; Wrona et al. 2005), contaminant loadings (e.g.
metals, persistent organic pollutants, acidification; see
Moles et al. 1979), exploitation and barriers to migration (e.g. dams, thermal effluents). Thus, potential
effects of hydrocarbon development on Arctic freshwater
fishes must be viewed in a context of cumulative effects
scenarios resulting from multiple stressors additively and
synergistically impacting the populations.
Within the above context, the following generalizations
can be made with respect to vulnerabilities of Arctic
freshwater fishes. Species which mature late, live longer,
exhibit habitat specializations, have low survival of young
(or produce fewer young) and migrate among wide ranging habitats will likely be more vulnerable to anthropogenic activities than species which exhibit the converse
traits. Species that do not move widely during life may
be vulnerable to local point source impacts. Conversely,
migratory behavior results in increased probability of
exposure to multiple stressors. Migratory behavior also
typically results in fish being concentrated both spatially
and temporally into a few key habitats. Such concentrations increase vulnerability to some anthropogenic
impacts (e.g. exploitation, local industrial development).
Because fishes are central to the functioning of Arctic
aquatic ecosystems and to the well-being of northern
peoples, it is essential to ensure that a healthy diversity
of fishes remains in these freshwater environments.
6.2.9.2. Stressors and threats

Anthropogenic stressors constitute threats to Arctic
freshwater and diadromous fishes in four linked ways.
• Large-scale pervasive stressors delivered over wide
areas to large degrees – e.g. climate change and pervasive persistent contaminants delivered atmospherically and/or via northward flowing water courses
may affect fish biodiversity at many levels.
• Local-scale stressors scaled up through numerous
delivery events – e.g. exploitation of many populations spatially, sequentially and/or temporally alters
populations locally, and the collective effects can be
substantive and integrated over space and time.
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• Local-scale stressors delivering limited, mostly local
effects – e.g. many industrialization activities (e.g.
hydroelectric, oil and gas and mining developments;
aquaculture and introductions), although mitigated
locally, have many residual effects. Similarly, increase
of human populations in the Arctic, whether ephemerally associated with industrial developments or
more permanently through demographic processes or
immigration will accompany and interact with both
exploitation and developmental activities. In some
areas, aquaculture – i.e. ‘farmed’ biota, introductions of species and/or artificial supplementation of
natural populations (e.g. Pacific salmon in western
Siberia; Gordeeva & Salmenkova 2011) – is a stressor.
Non-native species, genotypes or forms typically have
detrimental influences on native biodiversity.
• Cumulative stressors and concomitant effects from
multiple exposures and/or multiple stressors – e.g.
overall human development and population growth in
the Arctic.
Of course, some stressors may affect targeted organisms
through multiple pathways to also cumulate consequences.
A detailed analysis of these stressors and their threats/
effects on Arctic fish biodiversity requires extensive
study beyond the scope possible here. Thus, an overview
of threats and possible effects on Arctic freshwater and
diadromous fishes includes the following:
Climate change

Both direct (e.g. thermal and hydrological changes)
and indirect (e.g. habitat changes, colonizing species)
effects are highly likely to affect diversity of these fishes
at many organizational levels. Differential effects on
different diversity levels are likely (e.g. shift in balances
of life history types), as is the scale and significance of
this stressor. Over time, population extirpations and
ultimately extinctions of vulnerable Arctic endemic
fishes are possible. Overall local diversity, however, is
likely to increase through northward range extensions
of sub-Arctic taxa (i.e. natural colonizations and range
extensions). Conversely, many aspects of sub-specific
diversity associated with key northern fishes (e.g. Arctic
char; Reist et al. 2013) are very likely to be adversely
affected by all aspects of climate change. For chars, these
may include population extirpation at southern margins
of the range, switching from anadromy to resident life
histories and loss of ecophenotypic forms (see Reist et al.
2013 and references therein).
One of the over-arching consequences of climate change
upon Arctic freshwater ecosystems and by extension
the fishes which occupy them will be increased heating,
which, if accompanied by increased nutrient inputs,
will likely result in overall increased productivity of
all levels of the ecosystem (Reist et al. 2006a, 2006b,
2006c, Finstad & Hein 2012). This will be manifested
as increased growth and perhaps population abundance
of Arctic fishes, but how this will be explicitly observed
for particular locations or for levels of diversity be-
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low that of species remains uncertain. Eutrophication
in southern latitude lakes mimics these productivity
effects of climate change, thus understanding of the
effects of eutrophication on functional (and taxonomic)
diversity offers insight to potential impacts in northern
ecosystems. Vonlanthen et al. (2012) document the
loss of ecological opportunity (which drives diversification within lakes) associated with eutrophication in
Swiss high altitude lakes and in turn, associate that with
patterns of lost diversity in freshwater whitefish forms
unique to individual lakes. Accordingly, a likely direct
but hidden effect of climate change on diversity of key
northern fishes (e.g. salmonids) will be to truncate or
reverse existing processes and products of diversification. This will be in addition to other effects, which may
include altered patterns of life history, extirpation from
particular areas, changes in geographical ranges and/
or timing of habitat usages (phenological shifts). Eutrophication effects on fish biodiversity analogous to those
examined here and documented for southern lakes serve
as analogues of likely long-term shifts for Arctic fishes
and ecosystems (Vonlanthen et al. 2012). Effects of this
stressor on Arctic fishes, their ecosystems and fisheries
are further documented in Wrona et al. (2005), Reist
et al. (2006a, 2006b, 2006c), Furgal & Prowse (2008),
Moss et al. (2009), AMAP (2011) and Wrona & Reist
(Chapter 13).
Climate-change driven alteration of the cryosphere
affects aquatic habitats through decreased durations
and coverage of ice, altered break-up and ice formation
regimes, altered water delivery (more snow fall, greater
melting of glacial ice stores) and permafrost degradation with concomitant alteration of drainage patterns
(AMAP 2011). Cryospheric change also alters contaminant storage, pathways and mobilization in biota (AMAP
2011). These indirect effects of climate change will have
substantive ecological effects on aquatic ecosystems and
their biota (Reist et al. 2006c). Many of these will also
cumulate with other stressors to exert greater effects;
some effects are likely to be positive with respect to
population abundances and growth, persistence and
thus overall diversity. Many, however, are likely to be
negative. For example, although detailed documentation
is sparse, the existing productivity differential (low in
Arctic fresh waters, relatively high in adjacent marine
waters) is believed to underlie the behavior of facultatively migratory species such as Arctic char. Increased
freshwater productivity weakens this differential, thus
may result in greater tendencies towards non-anadromy
(Finstad & Hein 2012, Reist et al. 2013). Follow-on effects on fisheries may then ensue.
Contaminants

The Arctic is characterized by the long-range transport
and deposition of many long-lived contaminants originating from southern areas (MacDonald et al. 2005,
MacDonald 2006, Kallenborn et al. 2011). Persistence
of these and their mobilization in ecosystems often leads
to biomagnification (i.e. increase in relative concentrations in target tissues) at higher trophic levels in Arctic

foodwebs. Accordingly, fishes such as chars that feed at
higher trophic levels bioaccumulate these contaminants
which may represent threats to both humans (from
consumption) and the health of the individual fish. The
effects of contaminants as stressors at the organismal
level and subsequent effects on biodiversity are virtually
unstudied, especially so for Arctic fishes, and thus represent a gap in knowledge. Similarly, although documented in boreal regional contexts as an industrial impact,
acidification of Arctic fresh waters is poorly understood.
Thus, effects might be possible on native biodiversity, so
that lake-specific stocks of northern fishes are at risk and
some even being lost (e.g. see Tammi et al. 2003). Fish
diversity in combination with the nature of the aquatic
habitats, however, is known to affect bioaccumulation
processes and thus contaminant concentrations. For
example, for mercury within Arctic char, lacustrine
(non-migratory) forms exhibit higher concentrations
than do anadromous (migratory) forms (Swanson et al.
2010). This appears to result from exposure (greater in
freshwater) and perhaps chemical processes that make
mercury biomobile.
Exploitation

As noted above, Arctic freshwater and diadromous fishes
are widely exploited throughout the Arctic and sub-Arctic. In the case of highly migratory diadromous species,
this may be in marine areas well outside the Arctic or
in Arctic ‘gateway’ seas. Harvesting results in genetic
changes that affect biodiversity (Allendorf et al. 2008).
Sequential and cumulative harvesting of the largest individuals and anadromous life history types may thus alter
population levels of biodiversity for Arctic fishes particularly if commercial quantities are taken. Populations of
key species (e.g. Arctic char) are vulnerable to overexploitation and in some local situations have been heavily
and perhaps overexploited. However, management of
these fisheries is often hampered by lack of detailed
harvest data, complex stock structures, wide distributions and high levels of diversity below the species level.
These factors similarly complicate the demonstration of
significant overexploitation. Management protocols that
do not consider biodiversity implications of harvest at all
levels of biodiversity require appropriate alteration.
Industrialization

The wide range of industrial development and associated human activities in the Arctic is well documented
elsewhere, thus will not be addressed here (e.g. AMAP
2004, 2009). The vast majority of effects are upon
habitat attributes relevant to Arctic fishes (e.g. sedimentation, water withdrawals, shift in flow regimes and
fragmentation of habitats). Altered habitats, in turn,
affect biodiversity in ways parallel to those discussed
above for climate change (e.g. local shifts in species
complements, life history types, population viability and
altered productivities). While most industrial effects on
biodiversity are local in scope and scale, widespread and
increasing occurrences may collectively affect diversity
at large scales. Strengthening of the documentation and
control of impacts is required.
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Habitat fragmentation

As noted above, many Arctic freshwater and diadromous
fishes are highly migratory. For many species this is an
obligatory, mostly genetically encoded strategy essential
to life (e.g. Pacific salmon), whereas for others, it appears
to be facultative and to depend upon local environmental
and phenotypic drivers including individual fish growth
(e.g. Arctic char). Regardless, sequentially displaced habitat use by different ontogenetic components within populations is a norm for fishes in both lotic and lentic ecosystems (and reaches its epitome in anadromous species).
Factors that isolate habitats thus fragment overall habitat
usage and affect population abundance and viability.
These factors include direct interference with migrations
(e.g. physical barriers), as well as those that fragment
habitat in more insidious ways (e.g. dewatering of river
reaches, chemical or thermal barriers from contaminants
or sediments). Habitat fragmentation overall in the Arctic
is likely low at present, albeit somewhat more substantive
in the sub-Arctic, but industrial development and climate
change will tend to increase this stressor in the future.
Introduced species as threats

Popov (2009) lists 96 species of fishes present in Siberian
waters (including temperate Lake Baikal), 38 of which
occur within the ABA sub-Arctic and Arctic boundary. Overall, 80 species are native to the area with 16
being introduced through human activities (15 to the Ob
River basin, eight to the Yenesei and none to Lena and
Kolyma river basins; Tab. 6.3) with some species being
introduced to multiple Siberian basins. Two additional
Siberian species have been moved among basins. Of the
38 northern species, 34 are native and four are introduced from Europe. The extent of introductions overall
(20% of native fauna, 11.8% of northern fishes) belies
the high potential for negative effects on native species.
Although many of these introductions were presumably
into the non-Arctic portions of the respective basins,
warming climates make northward invasions possible
in the future. Given that many northern fish species
are generalists and tend to be poor competitors, heightened concern is merited. Introduced and/or colonizing
species may also introduce new parasites or diseases to
native faunas and may also become predators in addition
to competitors (Reist et al. 2006a).
Threats to native species – introduced populations

Another aspect related to introductions is that of the
introduction of non-native lineages or genotypes. This
is most commonly associated with aquaculture efforts
either to introduce new or to supplement existing native
populations. Extensive coastal aquaculture in N European boreal fjords (e.g. Norway) and escapees of, for
example, Arctic char are an unknown overall threat to
native Arctic fishes (e.g. Naylor et al. 2005, Hutchings
& Fraser 2008). Stocking manipulations in fresh waters
are also significant in some areas (e.g. > 52,000 lakes in
Fennoscandia; Tammi et al. 2003). Artificially increased
species diversity, often with undocumented or unknown
effects on native diversity, represents a greater threat
than does acidification (Tammi et al. 2003).
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Cumulative effects

Perhaps the greatest unstudied and unknown threat to
Arctic fish biodiversity is that associated with the cumulation of the above stressors. Cumulative effects may be
additive as described for both industrial development and
sequential exploitation above. Alternatively, stressors can
interact to result in multiplicative cumulative effects (i.e.
the total is greater than the sum of the parts). It is highly
likely that in many areas of the Arctic many of the stressors discussed above are cumulatively affecting fish biodiversity in unknown and undocumented ways. Appropriately designed and implemented monitoring programs
are thus required to document this and where possible
disentangle the various stressors and their effects.
The vulnerabilities, the suite of individual and cumulative stressors and thus the effects on biodiversity of
freshwater and diadromous fishes in the Arctic are
unevenly distributed. It is reasonable to assume that
most local stressors (e.g. exploitation, mining) are
concentrated near human settlements, whereas others
(e.g. all aspects of hydrocarbon development) are distant
and widespread. Still other stressors (e.g. contaminants,
acidification, climate change) are pervasive throughout
the Arctic. It is further highly likely that most populations of Arctic fishes are affected to some degree; however, the effects, resistance and resilience of the recipient ecosystems and the responses by the diverse forms of
fishes are virtually unknown. Research and monitoring
programs to address these knowledge gaps are required
throughout the Arctic.

6.2.10. Present status and trends
Overall formal assessments of status are available on a
country basis and, in some cases, by political regions
within countries. These generally, however, do not
differentiate Arctic regions from those farther south. Accordingly, the synthesis of a taxon-by-taxon search of the
status is presented in Appendix 6.1.4.
Two taxa, European eel Anguilla anguilla and sturgeon
Acipenser sturio, are critically imperiled throughout their
areas of distribution within the Northeast Atlantic Arctic
nations including European Russia (i.e. listed as such on
one or more of the International Union for the Conservation of Nature (IUCN) or European Red lists). The
sturgeon has actually been extirpated from most of its
historic range (which extended into the sub-Arctic), with
only one small population remaining in the Gironde River (France) (Williot et al. 2002). Although not assessed
nationally, two additional Arctic taxa are locally critically
imperiled in the Yukon Territory (humpback whitefish, Arctic char) due primarily to their very restricted
occurrence in the area. Four Eurasian taxa are listed as
imperiled in sub-Arctic Finland (Atlantic salmon) and the
Arctic and sub-Arctic of the Russian Federation (Siberian
sturgeon Acipenser baerii, Esei Lake char and taimen).
Locally in the Arctic and sub-Arctic of Yukon Territory,
three species (white sucker Catostomus commersonii, Arctic
cisco and ninespine stickleback Pungitius pungitius) are im-
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periled. One species in sub-Arctic Sweden (burbot) and
three species in sub-Arctic Finland (brown trout Salmo
trutta (both forms), Arctic char and grayling Thymallus
thymallus) are ranked as near threatened. Twenty-four
species, 19 of which are not regionally included in the
above categories, are assessed as vulnerable in Russia,
Siberia, Chukotka, Alaska or Canada.
Thus, of 127 taxa in total, 36 (approximately 28%) are
assessable at some level of risk in at least one jurisdiction
in the Arctic. Notably, all five sturgeons, several endemic forms of chars and whitefishes and two lampreys
fall into these categories. Some taxa are undoubtedly so
listed due to their restricted occurrence in particular
regions; similarly, some may be listed based on their
occurrence in the Arctic (but may be secure in southern
areas). Regardless, in terms of overall diversity it appears
that the ‘at risk’ status of Arctic and sub-Arctic freshwater and diadromous fishes is proportionately relatively
high given the species-level diversity of the fauna. Natural rarity and marginal distributions within jurisdictions
aside, it is likely that many of the stressors noted previously are significantly impacting the overall diversity
of those fishes. Many of these species are exploited and
exhibit vulnerabilities during extensive migrations, thus
likely cumulate stresses over space and time and/or exhibit life history traits making them vulnerable. Moreover, as noted previously, the taxonomy used herein is
conservative at the species level. Recognition and assessment of additional taxa would likely increase the number
of ‘at risk’ forms simply as a result of incrementing the
numbers of local endemics. Conversely, most species are
secure or apparently so, although approximately 20%
have not been assessed in any fashion.
6.2.10.1. Trends

As with many of the topics already considered, information on trends over time in diversity of Arctic freshwater
and diadromous fishes is limited at best. This appears
to be primarily the result of limited effort exerted to
collect necessary information particularly in circumstances that appear to be problem free. Accordingly, in
many cases trends are directly associated with stressors,
thus addressed in that section. Two aspects of temporal
trends are addressed here: biodiversity itself and trends
within key species; that associated with conservation
status is addressed above.
Biodiversity

Given high taxonomic uncertainty and varying philosophies (e.g. taxonomic ‘splitters’ vs. ‘lumpers’), as well as
poorly surveyed regions, temporal shifts in biodiversity
may be superficially apparent. These are, however, likely
the result of increased accrued information, taxonomic
revisions and/or shifts in taxonomic philosophies. Accordingly, apparent increases in Arctic diversity are
likely to be falsely implied (e.g. Canadian Arctic; see
Section 6.2.3.2), thus root causes should be determined
with care. This issue aside, real shifts in Arctic diversity
are becoming apparent. First, as climatic constraints are

lessened, limits on taxa relax, and distributional and/or
abundance changes ensue. Thus, Pacific salmon species
in the western Canadian Arctic (i.e. west of Hudson
Bay) are currently more frequently encountered than in
the recent past (Babaluk et al. 2000, Nielsen et al. 2012),
which likely represents both increased local abundance
of natal species (i.e. chum salmon Oncorhynchus keta), as
well as increased exploratory behavior and vagrancy by
non-natal anadromous species. Due to generally poorly
detailed distributional data to date, no clear documentation exists of northward colonizations of the Arctic by
freshwater species within the large northward flowing
river basins; however, this is anticipated and may become
apparent as studies are initiated. As noted previously,
however, human actions such as introductions are affecting local fish diversity.
Key species

Virtually the only information available on trends in key
fish species results from studies on exploitation or other
stressors. For example, temporal assessment of lake
trout prior to and following a period of angling indicated
reduced median lengths and weights and a reduction in
size at reproduction (McDonald & Hershey 1989). Given
that large lake trout ‘control’ recruitment and community structure (particularly relative abundances of
prey taxa as well as conspecifics; Johnson 1975, 1976,
McDonald & Hershey 1989), continued exploitation will
alter lake trout population parameters, dynamics of cooccurring species and thus fish community structure.
Long-term habitat alterations appear to effect shifts in
the trophic ecology of Arctic char in alpine Lake Windermere, temperate northwest England (Corrigan et al.
2011), which may alter relative abundances of particular
ecomorphotypes (i.e. shift subspecific diversity within
highly variable taxa). Time frames associated with these
shifts are multi-decadal (i.e. 60 years in this example),
thus within the temporal horizons of recent anthropogenic impacts on the Arctic. Longer-term monitoring
reveals declines in char population abundances and
catches of Arctic char in sub-Arctic Lake Mývatn (Iceland) over 100 years proximately related to shifts in prey
species (Gudbergsson 2004), but ultimate cause-effect
relationships remain uncertain. Although documentation is limited, early findings for a Svalbard population
of Arctic char suggest that life history diversity is being
altered (i.e. shift away from anadromy to residency),
and this may accompany climate-driven ecosystem shifts
(Reist et al. 2006a, M. Svenning unpubl.). Finstad &
Hein (2012) documented this in Norwegian Arctic char.
Numerous, discrete and often small population sizes of
diadromous species of fish permits analyses of trends in
status and, indirectly, diversity (i.e. through numbers
of populations over time; Limburg & Waldman 2009).
Documented findings indicate that most Atlantic species lost populations, abundances (or harvest proxies)
declined and conservation statuses increased (i.e. more
assessed as ‘at risk’). Factors which contributed to these
changes include habitat loss, overfishing, pollution,
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climate change, invasive species and/or aquaculture
(Limburg & Waldman 2009). Although some Arctic
species are represented in this study, widespread similar
documentation for Arctic taxa is generally lacking. It is
likely though that at least some Arctic taxa are relatively
resilient as, for example, centrally located Arctic char
populations exhibited high resilience to both intense exploitation and climate-induced habitat shifts (Dempson
et al. 2008).
Traditional knowledge studies by the Snowchange Cooperative and local indigenous communities of Northeastern Sakha-Yakutia, Siberia have also documented
trends in Arctic freshwater and anadromous fishes. For
example, in the Kolyma River inconnu are reported to
be decreasing in both abundance and size, the Siberian
sturgeon Acipenser baeri and muksun Coregonus muksun
subsistence fisheries have reportedly collapsed, while
chum salmon abundance has increased significantly
(Mustonen 2007). Causation was not investigated and is
therefore unknown and may be ambiguous.
As noted above, much of the diversity present in northern freshwater and diadromous fishes appears to be
functionally relevant and linked to ecology. Accordingly,
altered abundances of particular ecophenotypes, life
history types and/or other sub-specific levels of diversity
are likely occurring but poorly documented. The importance of addressing this gap in the context of increasing
rates of change is obvious.
Other than the comprehensive baselines of status of taxa
summarized above and elaborated in Appendix 6.1, no
information is available regarding trends in the status of
Arctic fishes. Taxonomic lability, philosophical disagreements and poor geographical and temporal coverages exacerbate this, thus precluding effective analyses
of trends. Redress of this gap and underlying factors is
required; this should include development of relevant
circumpolar monitoring networks.

6.2.11. Gaps and issues
Specific gaps in knowledge and issues that preclude or
affect assessments of Arctic freshwater and diadromous
species are noted in several places in the text. Here, the
most significant of these will be emphasized.
1. Unresolved taxonomic issues are present in many
taxa at many levels (Reist et al. 2013). Recent declines in disciplinary experts will impede the resolution of these.
2. Linked to 1) above are underlying philosophical disagreements as to both the approach and the relevance
of particular types and degrees of variation (i.e. an
agreed-to taxonomy that identifies taxa to a common
level and standard).
3. Widespread gaps in surveys and documentation of
diversity exist throughout much of the Arctic (e.g.
Canada, Siberia). This lack of knowledge links to
both 1) and 2) above.
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In combination, the above three issues result in a significant under-estimation of the true diversity present in
this group of fishes in the Arctic. These are exacerbated
by the following:
4. The absence of comprehensive monitoring regimes
for Arctic fish biodiversity further precludes effective
documentation or timely warnings regarding shifts in
fish diversity. This gap includes both spatial components as well as temporal monitoring of diversity at
key locations or for key populations.
5. Synoptic re-assessments of the status of taxonomic
groups are necessary. These should be developed
within jurisdictions on the basis of common criteria
but should also be applied in a pan-Arctic context to
gather an accurate understanding of the true status.
6. Aspects of all the points above affect the comprehensive development of trend information from which
understanding of proximate causation and remedial
actions can be developed.
Redress of these gaps and issues is necessary to underpin
effective future assessments.

6.2.12. Conclusions and recommendations
6.2.12.1. Conclusions

1. The documentation, delineation, synonymization,
uniqueness and nature of taxonomic, functional
and biological types of diversity are poorly known
throughout much of the Arctic and sub-Arctic for
freshwater and diadromous fishes. Remote and geographically large diverse areas are particularly poorly
studied. Basic information such as specific occurrences and distributional limits is generally lacking
for most areas. Taxonomic confusion and unresolved
complexities of diversity are apparent in many groups
of these fishes and across all levels from local population structuring to that of the species.
2. Similarly, both natural and anthropogenic factors
that maintain (or promote), truncate or differentially affect diversity within and among these levels
are poorly known. Generally, anthropogenic factors
appear to affect diversity directly (e.g. specific taxa
or forms exploited in fisheries) and indirectly by
altering processes by which diversity is maintained
(e.g. climate change affecting productivities of water
bodies). Effects of cumulative interactions are particularly problematic.
3. Association of various types and levels of diversity with
particular ecosystem types, specific ‘hotspots’ and/or
geographic scales is somewhat better understood, but
large gaps remain. Additionally, although some distinctive types of diversity have been documented and/or
locations with unique diversity are known, it is likely
that many undocumented situations exist.
4. Rates of anthropogenically driven change (e.g. resource extraction, climate variability) in the Arctic
suggest that much diversity will likely be lost before
it is adequately understood or documented.
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5. Understanding of roles and relative importance of
both the types of diversity and the various levels
within those types is generally required.
6. Documentation of the nature and consequences of
anthropogenic effects on diversity is required.
7. Documentation of ecosystem roles (e.g. stability/
resiliency) and services that accrue from these fishes
and their varying levels of diversity are required in
terms of those directly accrued by humans (especially
indigenous peoples locally) and for other valuable
ecosystem components (e.g. as key prey items for
marine biota).
8. Better documentation of cultural and traditional
uses and relevance of fishes to indigenous peoples is
required. These, and levels of use for food (7 above)
and selectivity for particular forms, require better
documentation.
9. Better documentation is required of local commercial
and sport fisheries, both of which are often underreported.
10. Development of protected areas for aquatic biota,
particularly for areas where unique or highly diverse
groups are present, is in its infancy (in comparison
with that for terrestrial biota). Most efforts at conservation are directed towards taxonomic diversity, rather than to functional diversity or dynamic
habitats, which might change over time, or to key
processes which maintain diversity. Adapting existing
models to a dynamic, more variable and changing
world is required.
11. Development and implementation of relevant and
rapidly assessed indicators of effects of change on fish
biodiversity are required.
12. A multitude of definitions of species coupled with
highly variable taxonomic philosophies result in wide
inter-regional disparity of practical definitions at the
species level. This undermines spatial and temporal
assessments of diversity, changes therein and linkages
to causation.
13. Although many species of Arctic endemic or Arcticcentric fish species can be considered iconic, this diversity is unknown and/or under-appreciated by most.
6.2.12.2. Recommendations

Based upon the above conclusions, the following five
recommendations are made regarding research and management of Arctic freshwater and diadromous fishes:
1. Concerted and coordinated effort to document and
understand the roles of diversity of Arctic freshwater
and diadromous fishes is rapidly required throughout
much of the Arctic, at a wide range of geographic
scales using a range of techniques. This includes
active research to resolve taxonomic complexes and
relationships among levels of diversity, issues which
are especially prevalent in these fishes.
2. Development and implementation of comprehensive circumpolar monitoring of freshwater and key
diadromous fish populations and their supporting
ecosystems (e.g. through a dispersed observatory network) is required across the range of ecosystem and

diversity types present. This needs to include parallel
monitoring of key locally originating and pervasive
anthropogenic stressors.
3. Ecosystem-level research programs are required across
the Arctic, and these must include all aspects of human interaction with the fishes and their ecosystems.
Programs should be explicitly linked with stressors
impinging upon biodiversity, key ecosystems and processes which maintain biodiversity, endemism or areas
of high diversity. Research linking ecosystem processes
to diversification of forms is a priority given the overall
relevance of such understanding to global issues.
4. Alternative approaches are required which realistically reflect conservation of diversity, habitats currently
used (and those possibly used in the future as change
is effected) and processes relevant to maintaining
and/or promoting diversity.
5. Development of clear, workable circumpolar definitions of taxonomic diversity at various levels for
these fishes and their relevance to human activities is
required. Communication and outreach both among
taxonomic experts and between these experts, users
of their information and the public (both within and
outside the Arctic) is required to enhance awareness,
importance and conservation actions for this group of
fishes.

6.3. MARINE FISHES IN THE ARCTIC
OCEAN AND ADJACENT SEAS
Here, we address biodiversity and conservation issues
for the entire marine fish fauna in the Arctic Ocean and
adjacent seas (hereafter AOAS). Further, we touch upon
the status and prospects for species targeted by industrial
fisheries and the role of management in Arctic fisheries.
This overview is largely based on a recent synthesis by
Mecklenburg et al. (2011) together with annotated fish
checklists for specific AOAS regions, for example Alaska
(Mecklenburg et al. 2002), Canada (Coad & Reist 2004),
Greenland (Møller et al. 2010), parts of the Greenland
Sea, including the waters off Jan Mayen Island (Wienerroither et al. 2011a, Christiansen 2012), the Barents Sea
(Byrkjedal & Høines 2007, Karamushko 2008), the Norwegian Sea (Pethon 2005) and the seas of Arctic Russia
(Andriashev & Chernova 1994, Karamushko 2012). A
recent biogeographic overview of northern fishes at large
was also consulted (Chernova 2011).
To date, nearly 250 marine fish species are known from
Arctic waters sensu stricto, i.e. excluding larger parts
of the sub-Arctic Bering, Barents and Norwegian Seas
(Mecklenburg et al. 2011). However, if one includes
the adjacent sub-Arctic seas the number of species rises
considerably. The marine fish groups (i.e. taxa) assessed
here are listed in a species inventory (Appendix 6.2) that
covers the AOAS with 16 regions (Fig. 6.4 and Section
6.3.3). Altogether, we evaluate 633 marine fish species
in 313 genera, 106 families (suffix: -idae), 31 orders (suffix: -iformes) and three classes. Subcategories, including
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Figure 6.4. The Arctic Ocean and
adjacent seas (AOAS) with the
approximate delineation of the 16
regions examined for the occurrence of marine fish species. The
Arctic gateways are shown in yellow
and the Arctic seas in deep blue.
Regional codes are:
ACB = Arctic Central Basin
BAF = Baffin Bay
BAR = Barents Sea
BEA = Beaufort Sea
BER = Bering Sea
CAN = Canadian Arctic Archipelago
CEG = Coastal E Greenland
CWG = Coastal W Greenland
CHU = Chukchi Sea
GRS = Greenland Sea
HUD = Hudson Bay complex
KAR = Kara Sea
LAP = Laptev Sea
NOR = Norwegian Sea
SIB = East Siberian Sea
WHI = White Sea.
Physical properties for the specific
regions are given in Tab. 6.4 (cf.
Section 6.3.3). Note that a stricter
definition of Arctic waters, which
excludes larger parts of the subArctic seas, is given by Mecklenburg
et al. (2011). See text for further
information.

subspecies, populations of a species and gene pools, are
discussed briefly where appropriate (Sections 6.3.4.3
and 6.3.7.3). The study of fish taxonomy and classification is a continuing, diligent and dynamic activity, and
two acknowledged and authoritative sources are consulted: the Catalog of Fishes, which is the most comprehensive
and thorough account on the Internet (Eschmeyer online) and the printed classic monograph Fishes of the World
by Joseph S. Nelson (2006) in its 4th edition. Other
useful online sites include: FishBase, GBIF, ICZN, ITIS,
OBIS, WoRMS and ZooBank (cf. References for acronyms and web-addresses).
In Appendix 6.2, fish families are numbered and listed
in phylogenetic order according to Nelson (2006). The
scientific names of genera and species are listed alphabetically and authorships (following Eschmeyer online),
and zoogeographic affiliations (Section 6.3.1) are shown.
Vernacular names are given for families according
to Nelson (2006) and Mecklenburg et al. (2011). For
reasons given in Section 6.3.2, we outline primarily the
actual numbers of species (species richness), genera and
families for given AOAS regions and do not attempt to
employ sophisticated measures of biodiversity (Magurran 2004, Tuomisto 2010). In this sub-chapter, being a
grand overview of the marine fishes in the AOAS, single
species will not be accounted for. However, taxa that deserve particular attention, such as keystone species that
are important for ecosystem structuring and processes

and species with a complex and controversial taxonomy,
are highlighted in Section 6.3.5.
Several marine fish species that inhabit the main entrances (‘gateways’) to the Arctic seas, i.e. the Norwegian Sea and the Barents Sea in the NE Atlantic and the
Bering Sea in the N Pacific, are of high socioeconomic
importance and support some of the largest industrial
fisheries worldwide. Targeted species are indicated in
the fish checklist (Appendix 6.2), and their status and
trends are briefly discussed in Section 6.3.7.3.

6.3.1. Distribution and zoogeography
The term ‘distribution’ is ambiguous, and we distinguish
zoogeographic patterns from phylogeographic processes
of fish distribution. Whereas zoogeography simply provides the total geographic range for a given taxon (the
pattern), phylogeography reflects the origin, evolutionary history and the putative dispersal routes of taxa
through space and time (the underlying processes). Obviously, the study of phylogeography is much more multifaceted and requires ample information both on genetic
lineages among fish taxa and populations and on temporal dynamics in environmental barriers that give rise to
certain zoogeographic patterns (cf. Sections 6.3.2.3 and
6.3.4.3; Briggs 1974, Chen & Mayden 2010, Hardy et
al. 2011). In the following, we use ‘distribution’ in the
zoogeographic context unless stated otherwise.
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The study of distribution patterns for marine fishes in
the AOAS is of utmost importance due to ocean warming and observed northward shifts in latitudinal range
for a number of boreal species in recent years (Perry et
al. 2005, Rose 2005, Rijnsdorp et al. 2009, Chen et al.
2011, Wienerroither et al. 2011a, Hollowed et al. 2013).
Our definition of zoogeographic affiliations largely
follows Andriashev & Chernova (1994), Karamushko
(2008) and Mecklenburg et al. (2011). All marine fish
species encountered in the AOAS are classified in this
overview into one of four indicative categories determined mainly by the nature of ambient water masses and
the thermal habitat of reproduction:
• Arctic (A): species that are distributed in Arctic waters and which spawn solely at sub-zero temperatures
and are only infrequently found in boreal waters.
• Arctic-boreal (AB): species that are distributed in
Arctic and boreal waters and which may spawn at
both sub-zero and positive temperatures.
• Boreal (B): species that are distributed in boreal
waters and which spawn solely at positive temperatures. Boreal fishes are only occasionally found in the
border regions of Arctic waters.
• Widely distributed (WD): species that are common
in boreal and subtropical waters and also in or below
the warm waters of at least two oceans (or are known
from the southern hemisphere). They occur only
rarely in the Arctic. Many deep-sea and migratory
fishes belong to this category.
A credible account of the actual number and distribution
of Arctic marine fish taxa must be founded on a common
understanding and definition of the spatial delineation of
the Arctic region past and present to include or exclude
fish taxa of concern. From an ecological point of view,
the southern border of the marine Arctic is far from static, and transitional zones (sensu Chernova 2011) between
Arctic and boreal waters may vary in conjunction with
seasonal and long-term fluctuations in climate. Several
definitions of the marine Arctic have been proposed. For
example, based on major shifts in the Arctic and boreal
faunas, Ekman (1953) placed the Arctic marine eco-region within the summer isotherm of maximum 5-7 °C at
25-75 m depth. Glacial ice and sea ice are dynamic and
essential environmental structures of the Arctic seas,
and our account mainly comprises those species which
are associated with ice-laden waters either seasonally
or perennially. The geographic delineations for the 16
AOAS regions employed here are shown in Fig. 6.4 and
further descriptions are given in Section 6.3.3.

6.3.2. Status of knowledge
6.3.2.1. The roots of Arctic ichthyology

The roots of Arctic ichthyology can be ascribed to the
eminent Danish priest (by trade) and polyhistor Otto
Fabricius (Othonis Fabricii, 1744-1822). Equipped with
his volume of Systema Naturae (10th edition, Linnaeus
1758), Fabricius initiated the study of the Arctic fauna,
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and was the first to develop a scientific and annotated
account of the Arctic fishes in his treatise Fauna Groenlandica (Fabricius 1780). In this work, he described
no less than 473 invertebrate and vertebrate species
of which he categorized 36 as fishes (Pisces) and nine
species of cartilaginous fishes (Chondrichthyes) and
lumpsuckers (Cyclopterus) as Amphibia [sic]. Altogether,
Fauna Groenlandica contains comprehensive descriptions
of 45 fish species. Several of Fabricius’s descriptions of
the approximately 130 species new to science, however,
were published a few years earlier in Zoologiae Danicae
Prodomus (1776) by his contemporary countryman, the
renowned zoologist Otto F. Müller (1730-1784). Fabricius is unquestionably a pioneer of Arctic zoology, and
many of his scientific contributions are still valid (Kapel
2005). Moreover, Fabricius broke new ground during
his stay in W Greenland (Paamiut district 1768-1773),
since he fully appreciated the value of and extensively
employed traditional ecological knowledge (TEK) in his
scientific work (Jensen 1923). Prominent zoologists and
ichthyologists of the 19th century and the first half of the
20th century, mainly from Denmark – J.C.H. Reinhardt
(1776-1845), C.F. Lütken (1827-1901) and A.S. Jensen
(1866-1953) – and Russia and the Soviet Union – L.S.
Berg (1876-1950), G.U. Lindberg (1894-1976), A.N.
Svetovidov (1903-1985) and A.P. Andriashev (19102009) – invigorated Fabricius’s work and developed the
classification and zoogeographic knowledge of Arctic
fishes even further.
6.3.2.2. Uses and abuses of fish data from the AOAS

The ice-covered Arctic seas are little studied, and despite the efforts of outstanding ichthyologists, knowledge
of the Arctic fishes sensu stricto remains scarce compared
with other areas, such as the fish fauna in the Southern
Ocean (Kock 1992, Eastman 1993, Piepenburg 2008).
Besides logistical constraints, the most serious hindrance
to a comprehensive understanding of species richness
and species distributions in the AOAS lies in the fact that
our information, by and large, is based on opportunistic
and fragmentary observations accumulated over periods
of time and reveals no coherent time series.
Marine fish species have been described scientifically
in the AOAS since the publication of Carl von Linné’s
(Linnaeus, 1707-1778) Systema Naturae in 1758 (Fig. 6.5,
Appendix 6.2). The growth in the cumulative number of described non-Arctic species (cf. Section 6.3.1)
from 1758 until the present day follows a fairly typical
S-shaped function (May 1990, Gaston & Spicer 2004).
That is, the rate of describing new non-Arctic species
(n = 570) was rapid at first and then slowed down, and
75% of these species were known to science as early
as 1912. By contrast, Arctic species (n = 63) have been
described at a consistently slower pace, and 75% were
known as recently as 1976. The periods 1780-1824 and
1944-1975 completely lack descriptions of new Arctic
species. Three periods, however, are particularly conspicuous with several new descriptions: 1874-1881 and
1902-1914, following the great Arctic marine research
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Figure 6.5. Cumulative numbers of marine fish diversity
(n = 633, Appendix 6.2) in the
Arctic Ocean and adjacent
seas (AOAS) from 1758 to the
present. Species are broadly
grouped according to zoogeographic pattern (cf. Section
6.3.1): Arctic (A, blue symbols)
and non-Arctic (Σ AB, B, WD,
red symbols). Grey bars denote
periods with many descriptions of new Arctic species.
Note that 75% of the non-Arctic
species known to science were
described by 1912, whereas the
same proportion for Arctic species was only reached in 1976.
See text for further information.
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expeditions (Sandbeck 2007, Møller et al. 2010) and the
first International Polar Year (IPY 1881-1884) and the
present-day 1991-2010 in light of the fourth IPY (Fig.
6.5). It should be noted that there can be a considerable
time lag between the actual year of sampling and the
year of scientific description. For example, the gadoid
fish, Theragra finnmarchica Koefoed, 1956 (now classified Gadus chalcogrammus Pallas, 1814), was discovered
in 1932 but was scientifically described almost 25 years
later (cf. Section 6.3.4.3; Christiansen et al. 2005).
Therefore, type specimens in museum research collections should be consulted to establish the exact date of
first occurrence of a species.
The effort of investigations and the efficiency of gear
deployed in fish sampling vary considerably both among
regions and in time. For example, knowledge of the fish
faunas near shore (< 20 m) and in deep waters (> 1,500
m) is limited compared with the Arctic shelves. The
Arctic seas of central Russia and the Arctic Central Basin
have barely received any scientific attention (Andriashev
1954, Karamushko 2012). In recent years, investigations of regional Arctic marine fish faunas have been
conducted in the Chukchi Sea through the ‘RussianAmerican Long-term Census of the Arctic’ research
initiative (RUSALCA, Mecklenburg et al. 2007, Bluhm
et al. 2010), on the shelf of the Beaufort Sea (Rand &
Logerwell 2011) and in the fjords and on the shelves of
NE Greenland through the TUNU-Programme (Christiansen 2012). The fish fauna of the nearly landlocked
White Sea, NW Russia, has been extensively studied and
supports a regional fishery (Lajus et al. 2007, Zhitniy
2007). The fish faunas of the adjacent Norwegian, Barents and Bering Seas are obviously well described due
to their socioeconomic importance for centuries (e.g.
Wienerroither et al. 2011b). It is critical, therefore, to
distinguish ‘true’ and ‘apparent’ numbers of fish spe-

cies in comparisons of species richness across the AOAS
regions (cf. Section 6.3.4.2).
The actual count of species within a particular geographic area, i.e. species richness, is often referred to as alpha
(α) diversity. However, biodiversity sensu stricto and its
numerous derived indices require quantitative information (biomass or number of individuals) for single species
(Hurlbert 1971, Henderson & Magurran 2010, Tuomisto
2010, Green & Chapman 2011, Magurran et al. 2011; see
also Oecologia 167: 885-911, 2011 for further discussion). With the exception of the relatively well-studied
fishes that are targeted by industrial fisheries (cf. Section 6.3.7.3), AOAS fish species are known largely by
presence-absence data, and a lack of abundance estimates
precludes the use of demographic analyses and most
measures of biodiversity except species richness (Beck
& Schwanghart 2010, Tuomisto 2010). It is striking that
nearly 95% of the 63 marine fish species designated
Arctic (cf. Section 6.3.4.4) have not been assessed by the
IUCN (IUCN online) or any other scientific body.
Moreover, the species concept per se is far from trivial
(Marris 2007, Ereshefsky 2011), and taxonomic controversies can be ascribed to the level of taxonomic resolution employed (Kullander 1999) and traditions and preferences for specific taxa among taxonomists (Gaston &
May 1992, Clark & May 2002; see also Section 6.2). The
implementation of molecular techniques (e.g. barcoding;
Ward et al. 2009) has altered the perception of valid fish
species to an ever-increasing degree (Nellen & Dulčič
2008, Hausdorf 2011), and species may be synonymized
faster than new ones are described (Nelson 2006,
Byrkjedal et al. 2007, Scheffers et al. 2012). Obviously,
given the temporal hiatus in observations and the lack
of abundance data, species turnover cannot be deduced,
trends and changes in the AOAS fish communities can-
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not be revealed, and importantly, correlations cannot be
made between past snapshots of species occurrences and
present environmental changes. Muddling of historical and modern observations of species occurrences are
clearly fallacious, although recent developments in statistics and modelling attempt to bridge the empirical gaps
(Tingley & Beissinger 2009). Consequently, we report
accumulated and conservative estimates of numbers and
patterns of distribution for marine fish species in the
AOAS rather than the dynamic processes underpinning
those patterns.

not affect our current perception of polar fish evolution, however, in view of the fact that the Arctic and
Antarctic regions differ significantly in invasion history,
biogeographic isolation and climate stability (Turner
& Overland 2009; see also Box 1.3 in Meltofte et al.,
Chapter 1). Bipolar comparisons, therefore, are particularly valuable for grasping the evolutionary history and
prospects of polar marine fishes at large, cf. the international research programme Evolution and Biodiversity
in the Antarctic–The Response of Life to Change (EBA;
www.scar.org).
The Norwegian and Barents Seas in the Atlantic sector
and the Bering and Chukchi Seas in the Pacific sector
are the two main marine entrances to the Arctic Ocean
(cf. Section 6.3.3), but their relative importance in the
interchange of fishes between Arctic and lower latitude
regions differs on a geological time scale. The Norwegian and Barents Seas constitute an open gateway in the
NE Atlantic (Fig. 6.4). The area between the Bering
Sea and the Chukchi Sea, on the other hand, may in
turn have acted as a natural passage (Bering Strait) or a
natural barrier (Bering Land Bridge; O’Neill 2004) for
marine organisms as a result of Neogene and Quaternary fluctuations in sea level and glaciation (Vermeij &
Roopnarine 2008, Hardy et al. 2011, Fraser et al. 2012).
Episodic interchanges of marine fishes via the Bering
Strait are well illustrated by the fact that several genera
and species show remarkable disjunctive distributions

6.3.2.3. Arctic-Antarctic comparisons

There is a general consensus that the Arctic marine fish
fauna was established relatively recently (2-3 million
years ago) compared with its counterpart in the Southern Ocean, Antarctica, which may have evolved under
cold environmental conditions over the past 10-17
million years ago (Clarke & Johnston 1996, DeVries &
Steffensen 2005, Patarnello et al. 2011). A recent study
on ocean floor sediments disputes this view and suggests
that the modern circulation in the Arctic Ocean actually
dates back about 17 million years ago, and that a perennial sea ice cover was formed about 13-14 million years
ago (Krylov et al. 2008, Polyak et al. 2010). Given this
perspective, Arctic and Antarctic regions underwent
a coeval freeze, and their polar marine faunas should
be viewed on the same geological time scale. This may

Table 6.4. ID codes and physical properties for the Arctic Ocean and adjacent seas (AOAS). Estimated sea-surface area (1,000 km2), mean
depth (m) and other bathymetric features are from Jakobsson (2002). Major rivers and freshwater sources are from Gordeev (2006) and McClelland et al. (2012).
ID codes

AOAS regions

Area

Mean
depth

Rivers and other freshwater
sources

Comments

ACB

Arctic Central Basin

4,737

2,418

WHI

White Sea

85

56

KAR

Kara Sea

873

114

LAP

Laptev Sea

654

552

Lena

Shelf

SIB

East Siberian Sea

895

52

Indigirka, Kolyma

Shelf

BEA

Beaufort Sea

447

1,420

Colville, Mackenzie

Shelf & deep

CAN

Canadian Arctic Archipelago

na

177

HUD

Hudson Bay complex (HB)

1,035

103

BAF

Baffin Bay

516

845

Arctic seas
Deep basins, Chukchi borderlands
Severnaya Dvina

Shelf

Ob, Yenisey

Shelf

Shelf, Northwest Passages
HB Watershed

Shelf, incl. Hudson Strait & Labrador coast
Deep basin

CWG

Coastal W Greenland

na

< 50

River runoff, glacial and sea ice

Shelf & fjords, S of Arctic Circle

CEG

Coastal E Greenland

na

< 50

River runoff, glacial and sea ice

Shelf & fjords, S of Arctic Circle

GRS

Greenland Sea

898

1,580

Glacial and sea ice

Shelf & deep

Atlantic Arctic gateway
NOR

Norwegian Sea

1,301

1,816

Alta, Namsen

Shelf & deep, Atlantic & Arctic waters

BAR

Barents Sea

1,399

198

Kola-Tuloma, Pechora, Tana

Shelf, Arctic & Atlantic waters

2,292

1,547

Anadyr, Kuskokwim, Yukon

Shelf & deep, Pacific & Arctic waters

347

41

Kobuk, Noatak

Shelf

Pacific Arctic gateway
BER

Bering Sea

CHU

Chukchi Sea

na = not applicable or imprecise estimates.
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and occur both in the Pacific and Atlantic sector of the
AOAS, but with a huge geographic gap in between (cf.
Section 6.3.4.3).
The marine Arctic is strongly influenced by the large
rivers of the Palearctic and Nearctic continents (Tab.
6.4; McClelland et al. 2012) and the seasonal melt of sea
ice (marginal ice zone). Arctic marine fishes are, thus,
exposed to all aquatic environments ranging from the
pure freshwaters of river mouths to brackish and strictly
marine waters and even brine from sea ice. The fishes
of the Southern Ocean, on the other hand, are environmentally isolated by the stable Antarctic Polar Front
(Fraser et al. 2012), although eddy fields in the Drake
Passage may break this oceanographic barrier (Clarke
et al. 2005). The freshwater runoff from the Antarctic
continent is negligible, and consequently the Antarctic
biogeographic realm is devoid of freshwater and diadromous fishes (Lévêque et al. 2008).
The Arctic seas sensu stricto are inhabited by nearly 250
fish species (Mecklenburg et al. 2011). In the Antarctic, new species in the families Liparidae (snailfishes),
Zoarcidae (eelpouts), Harpagiferidae (plunderfishes) and
Nototheniidae (Antarctic ‘cods’) have been described
resulting in a total of about 275 Antarctic species (Eastman 2005). The number of undescribed Antarctic species
is estimated to be 30-60, presumably in the family of
snailfishes (Liparidae) and other deep-sea fish families,
and the level of Antarctic endemism is extreme (> 80%)
compared with the fish faunas in other isolated marine
habitats (Eastman 2005). The numbers of polar fish species are thus conservative, and new polar species are yet
to be discovered, but pro tem the overall number of Arctic
and Antarctic fish species appears relatively similar.
Based on the zoogeographic borders and the annotated
fish checklist by Møller et al. (2005), polar fishes sensu

Number of families

20

Antarctic
Arctic
Bipolar

15

stricto are represented by 33 Arctic and 28 Antarctic
families. In addition, 10 families are encountered in both
the Arctic and Antarctic regions, i.e. the bipolar fish
families. Given 515 fish families globally (Nelson 2006),
polar fishes thus represent nearly 14% of the known fish
families. There is a striking difference between polar
hemispheres in the number of families represented by
only a single species, i.e. the monotypic families (Fig.
6.6). The Antarctic fish fauna has 17 monotypic families, which correspond to about 45% of all the Antarctic
families. By contrast, the Arctic monotypic families
constitute nine or about 21% of all the Arctic families. The numerical dominance of Antarctic monotypic
families suggests a phylogenetically more diverse fish
fauna. If one employs a higher taxonomic rank, however,
about 75% of the Antarctic fish species have probably
evolved as a result of adaptive radiation (‘species flock’;
Rutschmann et al. 2011) within one suborder, the
Notothenioidei (Eastman 2005, Patarnello et al. 2011).
Some families, on the other hand, are species-rich with
33 species of Antarctic notothens (Nototheniidae) and
40 species of Arctic sculpins (Eastman 2005). None of
the bipolar families are monotypic, and they are among
the most species-rich with eelpouts (Zoarcidae) and
snailfishes (Liparidae) being represented by 64 and 86
species, respectively (Fig. 6.6; Section 6.3.5.1). But see
Stein (2012) for an update on the Antarctic snailfishes
since Eastman (2005).

6.3.3. Regional considerations
Topographic and oceanographic peculiarities across the
AOAS structure species richness and distribution. Our
definition of the AOAS largely follows the geographic
limits proposed by the International Hydrographic
Organization (IHO online), Large Marine Ecosystems
(LME online) and Jakobsson (2002). Our delineations
of the southern border of the AOAS and its 16 regions
are shown in Fig. 6.4. The key physical properties for
each region are given in Tab. 6.4. Note that the entire
southern AOAS border can be regarded as a transitional
zone between boreal and Arctic waters where the interchange of marine fishes may occur (Chernova 2011). For
operational reasons we depict the AOAS by two major
subdivisions: the Arctic gateways and the Arctic seas.
We refer also to the overview of Arctic marine ecosystems at large by Michel (Chapter 14).
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60

Lip

80

100

Species per family

Figure 6.6. Relationship between number of Antarctic, Arctic and
bipolar fish families and number of species within given families.
Monotypic families include only one species. Not = Nototheniidae,
Cot = Cottidae, Zoa = Zoarcidae and Lip = Liparidae. Data from
Møller et al. (2005).

The oceanographic significance of the two Arctic gateways differs markedly. About 90% of the total inflow of
temperate waters into the Arctic Ocean takes place via
the Atlantic Arctic gateway (Blindheim 2004), whereas
just about 10% enter the Bering Strait which separates
the southern and northern parts of the Pacific Arctic
gateway (Roach et al. 1995).
The Arctic Ocean proper embraces the marginal seas
of the Palearctic and Nearctic continents and the Arctic
Central Basin (Fig. 6.4). The Arctic seas are mainly
confined to the shallow shelves surrounding the abyssal
plains and ridges of the Arctic Central Basin. The Arctic
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Central Basin is largely covered with sea ice throughout
the year, and it is the largest region of the Arctic Ocean
with an estimated surface area of about 4.7 million km2
and depths > 5,000 m.
Moreover, some of the biggest rivers in the world enter
the Arctic Seas resulting in large regional deposits of
fluvial sediments and low salinity waters (Tab. 6.4;
Gordeev 2006, McClelland et al. 2012). In light of
climate change, it might be tempting to examine the
consequence of river discharges on regional gradients
in species richness, but fragmentary and opportunistic
species data (cf. Section 6.3.2.2) clearly impede credible correlations with modern increases in river runoff
(Peterson et al. 2002).
The adjacent and nearly landlocked Baltic Sea in NE
Europe and the Sea of Okhotsk in the Far East (Fig. 6.4)
are seasonally covered with sea ice and may be considered sub-Arctic. They are both excluded from this overview due to their complex and in many ways atypical
natural history. We refer to previous accounts of the fish
faunas for the Baltic Sea (Urho & Lehtonen 2008) and
the Sea of Okhotsk through the classic works by G.U.
Lindberg (Ivankov 2000).

6.3.4. Species richness and zoogeographic
patterns
6.3.4.1. Species richness

In their recent synthesis, Mecklenburg et al. (2011) reported nearly 250 fish species in the marine Arctic sensu
stricto (see Fig. 6.4). We employ a broader geographic
definition, including entire seas and, obviously, count
more species than did Mecklenburg et al. (2011).
The 633 marine fish species in 312 genera, 106 families,
31 orders and three classes encountered in the AOAS
are shown in the fish checklist (Appendix 6.2). Given
a grand total of about 28,400 extant fish species in 515
families worldwide (Nelson 2006), the marine fishes in
the AOAS make up 2.2% of the species and about 20%
of the families worldwide. The 633 AOAS species and
the corresponding number of marine fish species worldwide are shown in Tab. 6.5. In the AOAS, the hagfishes
embody only a single species, Myxine glutinosa, whereas
the cartilaginous fishes (Class Chondrichthyes) constitute 49 species or 7.7% of the total species. Bony fishes
(Class Actinopterygii) are by far the principal taxon with
583 or 92.1% of the AOAS species.
The proportion of hagfishes in the AOAS appears much
lower than worldwide (Knapp et al. 2011). However, the
biological significance is doubtful since the overall number of hagfish species is low. The proportions of cartilaginous and bony fishes in the AOAS and those worldwide,
on the other hand, are quite similar (Tab. 6.5). This
suggests that these fish classes are equally successful at
colonizing cold marine waters. The mere number of spe-

Table 6.5. Numbers (N) and proportions (%) of marine fish species
in the Arctic Ocean and adjacent seas (AOAS, this study) and those
worldwide (Nelson 2006). All AOAS taxa are listed in Appendix 6.2.
Class

AOAS

Hagfishes

Worldwide

N

%

N

%

1

0.2

70

0.4

Cartilaginous fishes

49

7.7

945

5.9

Bony fishes

583

92.1

15,000

93.7

Total

633

100

16,015

100

Table 6.6. Estimated numbers of marine fish taxa for the 16 regions in the Arctic Ocean and adjacent seas (AOAS). Note: the same
species may occur in more than one region.
Code

AOAS regions

Species

Genera

Families

Arctic seas
ACB

Arctic Central Basin

13

7

4

WHI

White Sea

49

40

23

KAR

Kara Sea

60

39

18

LAP

Laptev Sea

50

30

15

SIB

East Siberian Sea

32

24

12

BEA

Beaufort Sea

66

41

17

CAN

Canadian Arctic Archipelago

57

35

16

HUD

Hudson Bay complex

87

55

26

BAF

Baffin Bay

81

49

24

CWG

Coastal W Greenland

59

42

24

CEG

Coastal E Greenland

40

33

19

GRS

Greenland Sea

57

36

20

Atlantic Arctic gateway
NOR

Norwegian Sea

204

157

75

BAR

Barents Sea

153

110

52

Pacific Arctic gateway
BER

Bering Sea

385

194

58

CHU

Chukchi Sea

75

52

19

633

313

106

Entire AOAS

cies, however, does not necessarily signify their ecological importance and, although they are few in numbers,
several of the cartilaginous fishes are top predators and
trophic key regulators (Baum & Worm 2009). Cartilaginous fishes are well represented in most of the AOAS
regions, and this is consistent with the predominance of
ecological top-down control in northern shelf ecosystems (cf. Section 6.3.5.3; Frank et al. 2007).
The numbers of AOAS fish species, genera and families
in the 16 regions are shown in Tab. 6.6. There are huge
regional differences, and the Arctic gateways are among
the largest regions and, unquestionably, also the most
species-rich with 75-385 species in 19-75 families. By
contrast, species richness for the Arctic seas is markedly
lower with only 13-87 species in 4-26 families.

224

Arctic Biodiversity Assessment

Notably, the number of species differs markedly within
and between the Atlantic and Pacific Arctic gateways.
The species richness of the Barents Sea (n = 153) is 75%
that of the Norwegian Sea (n = 204) and reflects well
the open nature of the Atlantic Arctic gateway. Within
the Pacific Arctic gateway, on the other hand, the
number of species in the Chukchi Sea (n = 75) plummets to less than 20% of the number in the Bering Sea
(n = 385). The flooded Bering Land Bridge may act as a
biogeographic filter for the overall interchange of fishes
between the North Pacific and the Arctic seas (Tab. 6.6;
Sections 6.3.2.3 and 6.3.4.3).
6.3.4.2. Species-area relationships

Intuitively one would expect the number of species to
increase with the size of the area investigated. Indeed,
strong and positive species-area relationships (SARs)
have been demonstrated for a number of taxa ranging
from plants to vertebrates across ecosystems (Gaston &
Spicer 2004, Drakare et al. 2006). Water volume, and

800
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Arctic seas
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Figure 6.7. Panel A: number of marine fish species (S) vs. surface
area (A) for 13 regions in the Arctic Ocean and adjacent Seas (AOAS)
(Tabs. 6.4 and 6.6). The regression line denotes a strong relationship
for the well-studied Arctic gateways and the White Sea: S = 0.151A,
R2 = 0.906 (α = 0). Panel B: density of marine fish species (number of
species per 1,000 km2) vs. surface area for the same regions. Arctic
gateways = yellow triangles, Arctic seas = blue circles, White Sea
= open circle. Note that the same species may occur in more than
one region. See text for further information.

not surface area, may seem a more appropriate variable
when examining species richness in 3D aquatic environments. However, most of the AOAS fishes are associated
with the seabed rather than the water column (Karamushko 2012), and a study from NE Greenland suggests
that ~ 95% of the species are found at or near the bottom (see Fig. 6.12; Christiansen 2012). The relationship
between the number of marine fish species and surface
area for 13 AOAS regions (excl. CAN, CWG & CEG) is
shown in Fig. 6.7A (data from Tabs. 6.4 and 6.6).
We presume that the numbers of marine fish species are
reliable and ‘true’ for the relatively well-studied Arctic
gateways and the White Sea compared with the other
AOAS regions (cf. Section 6.3.2.2). Hence, these five
seas closely fit an anticipated species (S, number)-area
(A, 1,000 km2) relationship as shown in Fig. 6.7A. By
contrast, the numbers of species inhabiting the Arctic
seas are completely decoupled from surface area and the
largest and least studied region, the Arctic Central Basin, has a disproportionately low taxa richness compared
with all the other AOAS regions with only 13 species in
four families (Tab. 6.6, Fig. 6.7A).
Fig. 6.7A illustrates well the innate problem of lumping
‘true’ and ‘apparent’ numbers of fish species from wellstudied and little known regions. The lack of SARs for
most of the Arctic seas would suggest that the numbers
of species either are underestimated (i.e. ‘apparent’)
due to poor sampling, low abundances and unresolved
taxonomy or a biological reality of unknown causes (cf.
the idea of ‘dark diversity’ by Pärtel et al. (2011); Section
6.3.5.3). This clearly calls for further scientific attention.
Spatial scaling, that is regional differences in surface
area (Tab. 6.4), is eliminated in Fig. 6.7B and the use of
species density (i.e. concentration) changes the pattern
of Fig. 6.7A radically. Apart from the White Sea, the
number of species per 1,000 km2 lies between 0.003
(Arctic Central Basin) and 0.216 (Chukchi Sea), with a
mean value of 0.107 species, and reveals no clear relationship with surface area. The White Sea, on the other
hand, displays a species density fivefold that of the other
seas, with 0.576 species per 1,000 km2. The concept
of ‘biodiversity hotspots’ is usually confined to terrestrial ecosystems that are characterized by high levels of
endemic species (Myers et al. 2000). Marine biodiversity
hotspots are much less investigated and are identified almost solely from tropical waters (Roberts et al. 2002). If
we employ a simplified definition and take into account
only numbers of registered species in the specific AOAS
regions, the Bering Sea is indeed a marine ‘hotspot’ in
terms of mere species richness (Fig. 6.7A), whereas the
White Sea is undeniably a true Arctic marine ‘hotspot’
in terms of species density (Fig. 6.7B; Section 6.3.4.4).
6.3.4.3. Rare and disjunctive taxa

Fifteen marine fish species are considered extremely rare
(i.e. rarely encountered) and endemic to the AOAS (Tab.
6.7). Holotypic species are known only from singletons

225

Chapter 6 • Fishes
Table 6.7. Extremely rare marine fish species known only from
holotypes (singletons) or less than five specimens. All listed species
are endemic to the Arctic Ocean and adjacent seas (AOAS).
Taxon and authority
Family Cottidae

Comments

(sculpins)

Archistes plumarius
(plumed sculpin)
Jordan & Gilbert, 1898

BER

Porocottus quadrifilis
Gill, 1859

Bering Strait – holotype in poor
condition, controversial

Family Liparidae

(snailfishes)

Careproctus attenuatus
Gilbert & Burke, 1912

BER – holotype

Careproctus opisthotremus
Gilbert & Burke, 1912

BER – holotype

Careproctus solidus
(thickset tadpole)
Chernova, 1999

LAP – holotype

Crystallichthys cameliae
Nalbant, 1965

BER – holotype, controversial

Gyrinichthys minytremus
Gilbert, 1896

BER

Liparis grebnitzkii
Schmidt, 1904

BER – holotype, controversial

Liparis mednius
Soldatov, 1930

BER – holotype, controversial

Lopholiparis flerxi
(hardhead snailfish)
Orr, 2004

BER – 4 specimens,
Aleutian Islands

Paraliparis violaceus
Chernova, 1991

ACB – holotype

Family Zoarcidae

(eelpouts)

Gymnelus taeniatus
Chernova, 1999

BAR – holotype, controversial

Lycenchelys alta
Toyoshima, 1985

BER – holotype, controversial

Lycenchelys rosea
Toyoshima, 1985

BER

Lycenchelys volki
Andriashev, 1955

BER – holotype

kept in museum research collections and, interestingly,
they are all bony fishes. Of these, eight species were
described after 1955, twelve are encountered in the
Bering Sea, and all belong to the three most species-rich
families in the AOAS, namely snailfishes (Liparidae),
eelpouts (Zoarcidae) and sculpins (Cottidae) (cf. Section
6.3.5.1). The taxonomy is still unresolved for several of
these rare species.
One group of AOAS fish taxa attracts particular scientific attention due to their peculiar disjunctive geographic
distribution, i.e. the amphi-boreal taxa sensu Berg (1934)
(Tab. 6.8). Disjunctive taxa result from phylogeographic
events and reveal the historical biogeography and transArctic dispersal of genetically related taxa (cf. Section
6.3.1; Hardy et al. 2011). The genuine disjunctive taxa
comprise those genera and species which occur both in
the Atlantic and the Pacific sector but are absent from

the seas in between. Acknowledging the poor data on
species occurrences (Section 6.3.2.2), two scenarios
may be envisaged for the disjunctive species: either
they have performed a trans-Arctic passage and finally
relocated in the Arctic gateways (dispersal events), or
they represent the marginal remnants of a distribution
continuum which eventually broke up and disappeared
from the intervening seas as the Arctic cooled (vicariance events; see Mecklenburg et al. 2011 and references
therein).
Several genera of cartilaginous and bony fishes – e.g.
sleeper sharks (Somniosus), dogfish sharks (Squalus), herrings (Clupea), cods (Eleginus, Gadus), wolffishes (Anarhichas), sand lances (Ammodytes) and righteye flounders
(Limanda) – are each represented by sister species in the
Atlantic and Pacific sectors of the AOAS (Tab. 6.8).
Three species occur in both sectors and may, thus, be
regarded as populations: Pacific herring Clupea pallasii,
Alaska pollock (or walleye pollock in North America)
Gadus chalcogrammus and alligatorfish Aspidophoroides
monopterygius. Note that for some species, subspecies are
listed (Tab. 6.8), although genetic support for maintaining this taxonomic rank is as yet inconclusive. The use
of the subspecies rank for marine fishes has decreased
markedly in modern ichthyology (see Eschmeyer et al.
2010 for further discussion).
The number of taxa exhibiting amphi-boreal distribution patterns was believed to be much higher (e.g.
Andriashev 1954) than is shown on the current list (Tab.
6.8), but recent studies have revealed that most of them
have populations and continuous or nearly continuous
distributions in the AOAS, e.g. Atlantic poacher Leptagonus decagonus, daubed shanny Leptoclinus maculatus and
Greenland halibut Reinhardtius hippoglossoides (Mecklenburg et al. 2011).
A few species display exceptional distribution patterns.
The Pacific population of Alaska pollock supports one
of the largest whitefish fisheries in the world, whereas
a minuscule Atlantic population along the northern
coast of Norway is known to science from less than 70
specimens since its discovery in 1932 (Christiansen et
al. 2005, Byrkjedal et al. 2008). Most interestingly,
genetic lineages of the Pacific herring also occur in the
Barents Sea, the White Sea (Clupea pallasii marisalbi)
and in a small population from the secluded Balsfjord
in northern Norway (Jørstad et al. 1994, Jørstad 2004,
Laakkonen et al. 2013). The White Sea eelpout Lycodes
marisalbi also displays a remarkable disjunctive distribution with occurrences in the White Sea and the Beaufort Sea (Møller 2000). However, this species may be
considered amphi-Arctic since it is not known south
of Bering Strait. Atlantic cod reveals another example
of peculiar distribution patterns among Arctic marine fishes. Isolated Atlantic cod populations occur in
coastal meromictic lakes which are highly stratified with
freshwater at the surface and a deep saline layer. Thus
far, eight lacustrine Atlantic cod populations have been
recorded across the Arctic (Hardie et al. 2008; see also
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Table 6.8. Disjunctive marine fish genera and species occurring in both the Atlantic and Pacific sectors of the Arctic Ocean, but not in the
intervening Arctic seas (cf. Section 6.3.4.3). Disjunctive populations of the same species are highlighted. See text for further information.
Atlantic sector
Family Lamnidae

Pacific sector
(mackerel sharks)

Lamna nasus
(porbeagle)
Family Squalidae

L. ditropis
(salmon shark)
(dogfish sharks)

Squalus acanthias
(spiny dogfish)

S. suckleyi
(spotted spiny dogfish)

Family Somniosidae

(sleeper sharks)

Somniosus microcephalus
(Greenland shark)
Family Clupeidae

S. pacificus
(Pacific sleeper shark)

(herrings)

Clupea harengus
(Atlantic herring)

C. pallasii
(Pacific herring)

C. pallasii marisalbi
(White Sea herring)
C. p. suworowi
(chosa herring)

C. pallasii
(Pacific herring)

Family Gadidae

E. gracilis
(saffron cod)

Gadus chalcogrammus
(Berlevågfisk)

G. chalcogrammus
(Alaska pollock, walleye pollock)

Gadus morhua
(Atlantic cod)

G. macrocephalus
(Pacific cod, ogac)

L. marisalbi
(White Sea eelpout)

Family Stichaeidae (pricklebacks)
Chirolophis ascanii
(Atlantic warbonnet)

C. decoratus
(decorated warbonnet)
C. nugator
(mosshead warbonnet)

Lumpenus lampretaeformis
(snakeblenny)

L. sagitta
(snake prickleback)

Family Anarhichadidae

(wolffishes)

Anarhichas denticulatus
(northern wolffish)
A. lupus
(Atlantic wolffish)
A. l. marisalbi
(Atlantic wolffish)

A. orientalis
(Bering wolffish)

Ammodytes marinus
(lesser sand-eel)
Family Pleuronectidae

A. hexapterus
(Pacific sand lance,
stout sand lance)
(righteye flounders)

Hippoglossoides platessoides
(American plaice)

H. elassodon
(flathead sole)
H. robustus
(Bering flounder)

Hippoglossus hippoglossus
(Atlantic halibut)

H. stenolepis
(Pacific halibut)

Limanda ferruginea
(yellowtail flounder)

L. proboscidea
(longhead dab)

Microstomus kitt
(lemon sole)

M. pacificus
(Dover sole)

Platichthys flesus
(flounder, European flounder)

P. stellatus
(starry flounder)

Pleuronectes platessa
(plaice)

P. quadrituberculatus
(Alaska plaice)

(poachers)

Aspidophoroides monopterygius
(alligatorfish)
Family Cyclopteridae

A. monopterygius
(alligatorfish)

(lumpsuckers)

Eumicrotremus spinosus
(Atlantic spiny lumpsucker)

Family Zoarcidae

Pacific sector

Lycodes marisalbi
(White Sea eelpout)

Family Ammodytidae (sand lances)

(cods)

Eleginus nawaga
(navaga)

Family Agonidae

Atlantic sector

E. andriashevi
(pimpled lumpsucker)
E. orbis
(Pacific spiny lumpsucker)

(eelpouts)

Lycodes lavalaei
(Newfoundland eelpout)

L. raridens
(marbled eelpout)

Section 6.2.2.1). From points of colonization history and
dispersal processes of fishes, it is interesting to note that
some of these populations apparently persist outside the
extant range of ocean-dwelling Atlantic cod (Hardie et
al. 2008). Recently, however, Atlantic cod in the Barents
Sea has become abundant north and east of the Svalbard
archipelago (IMR online). Finally, the extraordinary
occurrence of a single specimen of Patagonian toothfish
Dissostichtus eleginoides off Greenland may represent the
first evidence of trans-equatorial migration from the
Southern Ocean (Møller et al. 2003).
6.3.4.4. Zoogeographic patterns

A grand overview of the three marine fish classes in the
AOAS and their zoogeographic affiliations are shown in
Tab. 6.9. Given our delineation of the AOAS and definitions of zoogeographic categories (cf. Section 6.3.1), about
72% of the 633 marine fish species are considered boreal
(B, 457 species) and only 10% Arctic (A, 63 species).

There are, however, some notable zoogeographic traits
among the AOAS fish classes. Nearly 11% of the 583
bony fish species are Arctic, whereas only a single
cartilaginous species (2%), the Arctic skate Amblyraja
hyperborea, belongs to this zoogeographic category. Cartilaginous fishes, on the other hand, dominate among the
widely distributed (WD) species with a twofold higher
proportion (24.5%) compared with bony fishes (11.9%).
This is unsurprising since most sharks are large-bodied
species capable of long-distance migrations across seas.
The actual numbers and proportions of species and the
corresponding zoogeographic category across the AOAS
regions are shown in Tab. 6.10 and Fig. 6.8, respectively.
In Fig. 6.8, the AOAS regions are ranked according to
the proportion of marine fish species with an Arctic zoogeographic pattern. There are huge regional differences,
and zoogeographic gradients are evident across the entire AOAS from genuinely Arctic (A), via Arctic-boreal
(AB) to the pure boreal (B) species. The proportion of
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Table 6.9. Proportions (%) of marine fish classes in the Arctic
Ocean and adjacent seas (AOAS) associated with zoogeographic
patterns: A = Arctic, AB = Arctic-boreal, B = boreal, WD = widely
distributed (cf. Section 6.3.1). The number of species in each class is
shown in brackets and in Tab. 6.5.
Class
Hagfishes (1)

Zoogeographic pattern (%)

Table 6.10. Estimated number of marine fish species in the Arctic
Ocean and adjacent seas (AOAS, Tab. 6.6) associated with zoogeographic patterns: A = Arctic, AB = Arctic-boreal, B = boreal and WD
= widely distributed (cf. Section 6.3.1). Note that the same species
may occur in more than one region.
Code

A

AB

B

WD

0

0

100

0

AOAS regions

Zoogeographic pattern (N)
A

AB

B

WD

Total

Arctic seas

Cartilaginous fishes (49)

2.0

2.0

71.5

24.5

ACB

Arctic Central Basin

12

0

1

0

13

Bony fishes (583)

10.6

5.3

72.2

11.9

WHI

White Sea

15

1

28

5

49

All classes (633)

10.0

5.1

72.2

12.7

KAR

Kara Sea

35

3

21

1

60

LAP

Laptev Sea

37

4

8

1

50

SIB

East Siberian Sea

20

7

5

0

32

BEA

Beaufort Sea

31

22

13

0

66

CAN

Canadian Arctic
Archipelago

29

21

7

0

57

HUD

Hudson Bay Complex

24

24

36

4

88

BAF

Baffin Bay

33

22

21

5

81

CWG

Coastal W Greenland

16

16

24

3

59

CEG

Coastal E Greenland

12

10

15

3

40

GRS

Greenland Sea

31

13

10

3

57

Atlantic Arctic gateway
NOR

Norwegian Sea

21

16

126

41

204

BAR

Barents Sea

41

3

89

20

153

16

21

313

35

385

Pacific Arctic gateway
BER

Bering Sea

CHU

Chukchi Sea

Entire AOAS

A

AB

B

20

22

33

0

75

63

32

457

81

633

WD

ACB
LAP
SIB
KAR
GRS

Unsurprisingly, the Arctic gateways per se are completely
dominated by boreal species with the Bering Sea having
81.3% boreal and only 4.2% Arctic marine fish species.
Moreover, the Atlantic Arctic gateway (NOR & BAR)
has the highest proportion of widely distributed (WD)
marine fish species (~ 13-20%) which is consistent with

CAN

AOAS region

Arctic species within the Arctic seas (cf. Section 6.3.3)
ranges from 92.3% in the Arctic Central Basin (ACB)
to about 27% along the Greenland west coast (CWG)
and exceeds 50% for all the central Russian seas (KAR,
LAP, SIB), the Greenland Sea (GRS) and the Canadian
Arctic Archipelago (CAN). The Arctic seas that border
the Arctic gateways (cf. Section 6.3.3) and the temperate waters of the Atlantic Ocean proper (Fig. 6.4) reveal
relatively high proportions of Arctic-boreal and boreal
species. For example, the secluded White Sea acts as a
biological backwater and trap for boreal species with a
proportion similar to that of the Barents Sea (57-58%;
Fig. 6.8).

BEA
BAF
WHI
CEG
CWG
CHU
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HUD
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BER
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Zoogeographic pattern (%)
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Figure 6.8. Proportions of marine fish species in the Arctic Ocean
and adjacent seas (AOAS) associated with certain zoogeographic
patterns: A = Arctic, AB = Arctic-boreal, B = boreal and WD = widely
distributed (cf. Section 6.3.1, Tab. 6.10). Regional codes are given
in Fig. 6.4. Note that the same species may occur in more than one
region.
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the relatively high numbers of migratory cartilaginous
fishes in these seas (Fig. 6.8; Section 6.3.5.3).

Polar cod (Boreogadus saida)

6.3.5. Prominent fish taxa
This section addresses the most speciose fish families, sensu Hart (2008), cartilaginous fishes and other key-stone
species that deserve particular attention. Comprehensive
descriptions of single species and taxa are beyond the
scope of this overview, and we suggest Mecklenburg et al.
(2011) and references therein for further information.
6.3.5.1. Top 10 species-rich families

Nearly 60% (n = 360) of the 633 marine fish species
in the AOAS are found in only 10 of the 106 families
(Fig. 6.9; Appendix 6.2). Nine of the top 10 families are
bony fishes, and only skates (family Rajidae) represent
the cartilaginous fishes, with 27 species (cf. Section
6.3.5.3). Three families are disproportionally speciesrich: the snailfishes (Liparidae, 77 species), the eelpouts
(Zoarcidae, 72 species) and the sculpins (71 species).
Two families also include the most species-rich genera:
Careproctus (32 species) and Liparis (20 species) in family
Liparidae (snailfishes) and Lycodes (31 species) in family
Zoarcidae (eelpouts). It is noteworthy that these genera
are also considered to be the most complex and controversial from a taxonomic point of view (e.g. Kai et al.
2011). Most species within the top 10 families are classified boreal (Section 6.3.1).
6.3.5.2. Arctic cods

Two gadoids (family Gadidae) are endemic to the AOAS
with each genus being represented by just a single species:
ice cod Arctogadus glacialis (Jordan et al. 2003) and polar
cod Boreogadus saida (Fig. 6.10). These species are the
only cryopelagic fishes, sensu Andriashev (1970), in the
northern hemisphere as they utilise sea ice as habitat and
spawning substrate. The polar cod is beyond doubt a keystone species in the marine Arctic, both in terms of mere

Liparidae
Zoarcidae
Cottidae

Family

Pleuronectidae
Rajidae
Stichaeidae
Scorpaenidae
Gadidae
Cyclopteridae
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Figure 6.9. Numbers of marine fish species in the 10 most speciesrich families in the Arctic Ocean and adjacent seas (AOAS, n = 370).
Families are ranked according to number of species and zoogeographic patterns are indicated as: A = Arctic, AB = Arctic-boreal, B =
boreal and WD = widely distributed (cf. Section 6.3.1, Appendix 6.2).

Ice cod (Arctogadus glacialis)

Figure 6.10. Endemic gadoids of the Arctic Ocean and adjacent
seas (AOAS) (Christiansen 2012). The specimens are adults with a
body size of 20-25 cm.

abundance and its role as a trophic ‘wasp-waist’ species,
sensu Bakun (2006). It is the only marine fish species that
is widespread throughout the entire AOAS, including the
Arctic Central Basin (Christiansen & Fevolden 2000).
The elusive ice cod, on the other hand, is much less abundant and is primarily associated with fjords and Arctic
shelves (Aschan et al. 2009, Christiansen et al. 2012). The
two species are readily distinguished using simple morphological features for juveniles and adults and genetic
markers for the larval stages (Madsen et al. 2009).
Use of vernacular names in scientific communication has
led to taxonomic confusion. There are several unfortunate examples from the scientific literature where the
identification of these Arctic cods has been mixed up due
to lack of consistency in the use of local common names.
Hence, Boreogadus saida is known both as ‘polar cod’ and
‘Arctic cod’ and vice versa for Arctogadus glacialis. To add
further confusion, the migratory population of Atlantic
cod (Norwegian: skrei, from Old Norse ‘skríða’ = to
wander) is known also as ‘North East Arctic cod’, and it
has been mistaken for Boreogadus 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:
ледовая треска) 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.
6.3.5.3. Cartilaginous fishes

The cartilaginous fishes in the AOAS comprise 49 species in toto with 21 shark species in 13 families, 27 skate
species in family Rajidae and a single species of rabbit
fish Chimaera monstrosa in family Chimaeridae (Lynghammar et al. 2013). The taxonomic subdivision Batoidea
comprises skates and rays (Nelson 2006). Rays are as-
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sociated with tropical and subtropical waters, whereas
skates are highly successful cold-water fishes. The extant
Antarctic cartilaginous fish fauna is represented solely by
skates, as fossil records suggest that sharks and rays became extinct there during the Paleogene 23-65 million
years ago (Long 1994).
Cartilaginous fish species are well represented in the
AOAS (Tab. 6.5, Fig. 6.11). However, there are marked
regional differences with the Atlantic Arctic gateway
(Section 6.3.3) being the most species-rich (12-14%).
Note that the disproportionately high proportion of
cartilaginous fishes in the Arctic Central Basin (ACB,
15.4%) is strongly biased by the overall small number of
recorded species in this area. The proportions of cartilaginous fishes in the Arctic seas of central Russia (KAR,
LAP & SIB) and North America (BEA & CAN), on the
other hand, are all well below the AOAS mean of 7.7%
(Tab. 6.5, Fig. 6.11).
The Chukchi Sea is practically devoid of cartilaginous
fishes with only a single record of a live specimen of the
shark species, the spotted spiny dogfish Squalus suckleyi.
This is intriguing as two skate species, Arctic skate
Amblyraja hyperborea and thorny skate Amblyraja radiata,
are present in the adjoining Arctic seas: LAP, SIB, BEA,
CAN and ACB (Fig. 6.4). One would expect, therefore,
skates to occur also in the intervening Chukchi Sea.
This peculiar lack of cartilaginous fishes may represent
a genuine example of ‘dark diversity’ as coined by Pärtel
et al. (2011). Furthermore, it demonstrates that the now

ACB
NOR

About 57% of the sharks and 33% of the skates are classified Near Threatened (category NT), Vulnerable (category
VU) or Critically Endangered (category CR) according
to the IUCN Red List criteria (IUCN online). This is
clearly a cause for concern (Caro & Sherman 2011).
Ironically, even the common skate Dipturus batis species
complex has become critically endangered (Dulvy &
Reynolds 2009, Griffiths et al. 2010). We refer to Lynghammar et al. (2013) for a detailed account on the AOAS
cartilaginous fishes.

6.3.6. Status and trends
For reasons given in Section 6.3.2.2, accounts on status and trends for most fishes in the AOAS are as yet
speculative. Even simple measures of biodiversity are
tentative, and data on population sizes are virtually nonexistent except for those few species that are targeted by
commercial fisheries (Section 6.3.7.3). Species richness
and zoogeographic patterns for marine fishes in the
AOAS are outlined in Section 6.3.4. Trend analyses, on
the other hand, are futile for most marine fish species
native to Arctic waters due to a lack of basic biological
knowledge and fragmentary time series for specific Arctic regions. In other words, studies of the biodiversity of
Arctic marine fishes are still exploratory, and unresolved
taxonomic issues, lack of standardized sampling methods
and inconsistent use of indices (Tuomisto 2010, Scheffers
et al. 2012) clearly hamper comparisons across spatial
and temporal scales (Merilä 2012; Section 6.3.2.2).
Currently, less than 10% of the marine fish species in
the AOAS are harvested. These species are monitored
and assessed by national and international research
bodies, which also provide relevant and credible advice
for management and policy makers (Section 6.3.7.3).
By contrast, there is a dearth of biological knowledge
for the remaining 90% of the AOAS fish species, and
legitimate risk assessments that address vulnerability and
responses to climate change and human intervention are
clearly timely and imperative for this group of fishes.
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submerged Bering Land Bridge within the Pacific Arctic
gateway is an effective barrier against the dispersal of
cartilaginous fishes into the Arctic Ocean.
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Figure 6.11. Proportions of cartilaginous fish species (n = 49) in
the Arctic Ocean and adjacent seas (AOAS). Bars show the Arctic
gateways (dark blue) and Arctic seas (light blue). Regional codes are
given in Fig. 6.4. Cartilaginous fishes in the Chukchi Sea are known
only from a single live specimen of spotted spiny dogfish Squalus
suckleyi. The vertical line denotes the world mean (cf. Tab. 6.5). The
inserted artwork shows Greenland shark Somniosus microcephalus
(courtesy of Campagno 1984). Note that the same species may occur in more than one region.

As mentioned, the taxonomy of many Arctic marine
fishes is unsettled and controversial, and in light of the
molecular revolution, putative species-rich families are
ripe for major revisions include the sculpins (Cottidae
and Psychrolutidae), snailfishes (Liparidae) and eelpouts
(Zoarcidae) (Section 6.3.5.1). Genomic barcoding has become a major analytical tool in fish species identification
(Ward et al. 2009, Hanner et al. 2011), but molecular
techniques are no substitute for conventional morphological studies. For example, strong intra-specific phenotypic
variations exist among Arctic fishes (Rees & Byrkjedal
2013), and in at least one instance, barcoding has revealed
that two supposedly distinct species are actually males
and females of one and the same species (Byrkjedal et al.
2007). The combination of classic taxonomy (the pheno-
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type) and a molecular approach (the underlying genotype)
will provide not only information but also knowledge
about the phylogeny of Arctic marine fishes and their
environments (Naish & Hard 2008, Deans et al. 2012).
Polar seas are usually considered species-poor compared
with lower latitudes. Recent investigations of marine
invertebrates in the Southern Ocean, however, reveal
a much higher biodiversity than was previously thought
(Brandt et al. 2007, Rogers et al. 2012). This illustrates
well that the paradigm of declines in species richness
towards higher latitudes is probably overly simplistic
for marine ecosystems (Clarke 1992; see also Josefson
& Mokievsky, Chapter 8 and Michel, Chapter 14). The
exercise of uncovering patterns in biodiversity is often
regarded as unfashionable and even nonscience compared
with strict hypothesis-driven studies and sophisticated
modelling (Crisp et al. 2011; but see Boero 2009). Given
this somewhat presumptuous view, it might be worth
noting that the very root of ‘evolution’ is an inductive
and meticulous recognition of patterns. The premises for
deductive reasoning are largely absent for the Arctic marine fish fauna, as real-world data and knowledge are still
at a level that hardly justifies making sensible hypotheses. Once credible patterns and trends start to emerge,
rational questions may be asked and hypotheses tested,
for example: phenotypic plasticity vs. genetic makeup,
the apparent lack of SARs for the Arctic seas and the
‘missing’ cartilaginous fishes in the Chukchi Sea (cf. Sections 6.3.4.2. and 6.3.5.3). Key questions comprise:
• Do the observed phenotypes within taxonomically
complex fish families represent few valid species or do
they include cryptic species and species flocks, each
with explicit requirements for conservation actions?
• Is species richness of the Arctic seas simply underestimated due to poor and incomplete sampling or a
biological phenomenon of yet unknown causes?

6.3.7. Drivers and prospects
The ongoing loss of summer sea ice (Walsh 2008, Polyak
et al. 2010, Cressey 2011; see Fig. 1.5 in Meltofte et al.,
Chapter 1) has brought attention to the marine Arctic.
Currently, geopolitics and economics are boosting the
transition from fragmentary scientific knowledge into
full-scale commercial exploitation of minerals and living
resources in hitherto pristine parts of the Arctic seas:
petroleum exploitation has begun, new commercial
fisheries are imminent, aquaculture is pushing its limits
northward, and shipping routes across the Arctic Ocean
are in operation with novel pollutants such as antifouling, ballast water and noise in their wake. Recently,
elevated atmospheric carbon dioxide (CO2) levels and
the putative effects and consequences of ocean acidification on marine biota have attracted particular attention
(Quesne & Pinnegar 2011, Schmidt & Ridgwell 2011,
Anderson & Mackenzie 2012, Briffa et al. 2012, AMAP
2013; see also Josefson & Mokievsky, Chapter 8 and
Michel, Chapter 14). Legitimate grounds for concern
can be ascribed to marine bioprospecting enterprises,
which eagerly extract commercially valuable compounds
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and patent genomes from otherwise little-known Arctic
organisms (Leary 2008).
It is an intricate task to disentangle the consequences of
large-scale climate drivers from those of direct human
interventions. Regardless of the contribution of the
respective stressors, the combination of the two will inevitably affect the Arctic ecosystem profoundly, although
the magnitude of impact is as yet speculative. Given the
warming of the AOAS (Cressey 2011, Reid & Beaugrand
2012), forthcoming Arctic fisheries will broadly affect
two groups of fishes: species that are already commercially harvested and of boreal origin, and fishes that are
native to Arctic waters. Three topics deserve further
attention: functional biodiversity, climate change and the
effects of human interventions, such as modern fisheries
and petroleum exploitation.
6.3.7.1. Functional biodiversity

Biodiversity should not be limited to a mere inventory of
species richness but also needs to address the functional
role, e.g. trophic positions and interactions, of species
in Arctic fish communities (Boero & Bonsdorff 2007).
Diadromous fishes often constitute a significant part of
coastal fish faunas, particularly in regions where large
rivers enter the Arctic seas (Tab. 6.4; McClelland et al.
2012). Therefore, it is important to recognise and integrate this group of fishes in future assessments of AOAS
fish communities at large (Karamushko 2012).
Due to a harsh environment and seasonal food shortage,
Arctic marine fishes are thought to grow and reproduce slowly, but even fundamental data on demographic
structuring (e.g. von Bertalanffy growth functions),
body size spectra, longevity and life history traits are
lacking. Some Arctic fish species, such as Greenland
shark Somniosus microcephalus, may be extremely longlived (J.F. Steffensen pers. comm.), and single specimens
may display a life span that corresponds to about 100
generations (~ 300 years) of capelin Mallotus villosus.
Given ages of ‘Methuselah’, it is not the species per se,
but the personality traits of the individual animal (Tinbergen
1963, Budaev & Brown 2011, Wolf & Weissing 2012)
that play an exceptional and dominating role in shaping the ecosystem. Longevity and age structuring are
neglected key demographic factors that can underpin the
functioning and stability of Arctic marine ecosystems.
Vertical fluxes of bio-energy driven by pelagic-benthic
couplings low in the food chain are moderately well
studied in Arctic waters (Wassmann 2011). Most Arctic
marine fish species are thought to be bottom dwelling and substrate spawning (Fig. 6.12; Christiansen et
al. 1998, Christiansen 2012, Karamushko 2012). The
abundant polar cod, on the other hand, constitutes a
cryopelagic wasp-waist species between zooplankton
and a range of top predators (Section 6.3.5.2). It is
important to realise therefore that polar cod is presently the only true Arctic fish species that undertakes
long-distance migrations (Ponomarenko 1968) and thus
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Figure 6.12. Spatial habitat and zoogeographic affiliation (pie
chart) as exemplified by fish species (n = 47) from the Greenland
Sea (Christiansen 2012). Cryopelagic fishes use sea ice as habitat (cf.
Section 6.3.5.2). A = Arctic, AB = Arctic-boreal, B = boreal.

drives horizontal energy fluxes across distinct Arctic
marine ecosystems, e.g. from fjords to shelves and vice
versa. Moreover, it uses the sea ice as habitat for feeding,
protection from predators and as a spawning substrate
for pelagic eggs. The diminishing sea ice cover will most
likely have severe adverse effects on the survival of this
important species and will probably initiate a regime
shift, sensu Lees et al. (2006), in the marine Arctic
(Wassmann et al. 2011).
Patterns of biodiversity are transitional and dynamic,
and turnover in species numbers and abundances is
a continuous process and a natural part of evolution
(Boero & Bonsdorff 2007). Crises in marine ecosystems
are associated with abrupt losses of species, and the
focus for conservation actions are directed accordingly
(Worm et al. 2006). This is a debated view, however
(cf. Kavanagh 2007). High species richness per se is not
necessarily a positive attribute for the stability and wellbeing of an ecosystem (Węsławski et al. 2008, Rooney
& McCann 2012). In contrast, the removal of dominant
species through overharvesting (Karamushko 2012) and
invasions of boreal fishes and other marine organisms
may temporarily increase species richness in the AOAS.
This will likely perturb ecosystem functioning as extant
trophic links are disrupted and novel links formed (cf.
Section 6.3.7.3). Key questions are:
• Are native Arctic marine fishes specialized or opportunistic feeders, and how does that reflect their
demographic structuring? In other words, what are
the trophic positions and species interactions through
ontogenesis, and which are the key-stone species that
depict the strength of interactions?
• How will boreal newcomers interact with polar cod
and other fishes that are native to Arctic waters,
and, ultimately, how will they affect pelagic-benthic
couplings and the flow of bio-energy and matter in
Arctic marine ecosystems at large?
6.3.7.2. Climate change

The indisputable warming of the northern seas during the past two decades (Reid & Beaugrand 2012) has
resulted in significant ecological regime shifts in the

sub-Arctic Barents (Johannesen et al. 2012) and Bering
Seas (Grebmeier et al. 2006). Rapid evolutionary adaptations may to a certain extent counteract or delay putative
adverse effects of environmental stressors (Hendry et al.
2000, Hoffmann & Sgrò 2011). Polar bony fishes (Arctic
and Antarctic) have evolved an array of exceptional
physiological and biochemical adaptations, e.g. biological antifreezes, to tackle environmental constraints
(DeVries & Cheng 2005). These life supporting adaptations, however, may also truncate genetic variability
(Patarnello et al. 2011) and so compromise their flexibility to overcome novel stressors, such as ocean warming
and pollutants (Christiansen et al. 2010 and references
therein).
The thermal zone of Arctic waters is narrow with ambient temperatures spanning from the freezing point of sea
water (-1.9 °C) to just a few degrees above zero. Still,
the thermal habitat among Arctic marine fishes is strongly structured. That is, some species occur only close to
the freezing point of sea water, others only between -1
°C and zero, whereas a few species such as polar cod
thrive across the entire thermal zone (Schurmann &
Christiansen 1994, Christiansen et al. 1997). Two focal
points should be noted: (1) fishes are extremely susceptible to changes in ambient temperature, and their spatial
distribution will shift accordingly, and (2) fishes (species
and life stages) respond differently to ocean warming,
precluding uncritical extrapolation from one species and
life stage to another (Christiansen et al. 1997, Perry et al.
2005).
In addition to compressing the thermal habitat of stenothermal AOAS fishes, a warmer ocean will inevitably
raise standard metabolism and so reduce aerobic scope
and physiological performance (Pörtner & Knust 2007,
Pörtner & Farrell 2008, Dillon et al. 2010). Other key
physiological properties may decline exponentially by a
change from sub-zero to positive ambient temperatures
(Christiansen et al. 1995). For this reason, even a slight
rise in sea temperature may have disproportionately
large consequences for the overall fitness of Arctic marine fishes compared with lower latitude counterparts.
The biological impacts of ocean acidification are believed
to be particularly pertinent in the AOAS due to the
increased solubility of atmospheric CO2 in frigid waters
(Fabry et al. 2009). Experimental studies on inland silverside Menidia beryllina, a boreal fish, show that embryonic tissue damages and high egg mortality are directly
linked to CO2 concentrations from the modern-day ~
400 ppm to the projected level of ~ 1000 ppm by the
late 21st century (Baumann et al. 2011). Similar investigations on fishes native to Arctic waters are lacking. Key
questions are:
• What are the realized thermal habitats (niches), and
what are the putative long-term effects of ocean
warming on species richness, species composition
and the stability of native Arctic fish communities?
• Arctic surface waters appear particularly prone to
ocean acidification (Fabry et al. 2009). Polar cod
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deposits its pelagic eggs in surface waters beneath the
sea ice (cf. Section 6.3.5.2). Therefore, is this keystone species likely to be a principal target of ocean
acidification?
6.3.7.3. Human intervention

History has repeatedly shown that large-scale commercial exploitation of our seas moves faster than scientific
insights and often with unforeseen and infamous consequences (Jackson et al. 2001, Palkovacs 2011). The expanding fisheries and petroleum industries are becoming
the major human stressors in Arctic waters and, consequently, a strict precautionary approach towards the
native Arctic fauna should be employed. For this reason,
an Open Letter signed by more than 2,000 scientists,
and broadcast at the International Polar Year Conference
(IPY) in Montréal 22 April 2012, expresses justified
alarm and strongly advocates for a fisheries moratorium
in unregulated Arctic waters (PEG 2012).
Fisheries broadly comprise the small-scale artisanal and
recreational catches of local importance and the hightech commercial fishing fleets that support fishing industries worldwide. The latter activity has a long history of
overexploitation and depleted fish stocks (Worm et al.
2009), although the state and future of modern fisheries
and the recovery potential of exploited marine animals
may seem less bleak than was previously anticipated
(Daan et al. 2011, Lotze et al. 2011, Worm & Branch
2012). The terms ‘stock’ and ‘population’ are often used
synonymously for groups of fish species, though the for-

mer refers to a harvestable management unit based upon
legitimate and socioeconomic issues and the latter to a
strict biological entity demarcated by population genetics
and other biological features (Reiss et al. 2009). Politics
and fisheries sciences are clearly intertwined (Froese
2011), and there may be marked discrepancies in total allowable catches (TACs) between scientific recommendations and those finally set by political decisions. Hence,
a study of 11 European fish stocks showed that TAC
advisories from science were typically raised by 33% following political adjustments (O’Leary et al. 2011).
This brief account is limited to fish species directly targeted by large-scale industrialized fisheries in the AOAS.
Targeted species of southern origin that occur only occasionally or in low abundances in the AOAS are excluded.
Moreover, some species are harvested in certain AOAS
regions and not in others. For example, the polar cod is
abundant throughout the AOAS but harvested only by
Russia in the Barents Sea (Sunnanå & Christiansen 1997,
IMR online).
In light of ocean warming, invasions of fish species are
projected to be most intensive for the Arctic Ocean
(Cheung et al. 2009), and the AOAS fisheries are expected
to adjust accordingly (Dalpadado et al. 2012, Johannesen
et al. 2012). Boreal seas house large stocks of fishes, and
many of these are now moving into yet unexploited AOAS
regions (Rose 2005, Wienerroither et al. 2011a, Renaud
et al. 2012, Hollowed et al. 2013). Huge biomasses of
targeted species dominate the Atlantic Arctic gateway, and
their abundances in Arctic waters are likely to increase

Table 6.11. Selected commercial fisheries in the Arctic Ocean and adjacent seas (AOAS). Species are shown in phylogenetic order (Nelson
2006). Note: data are regularly updated by national and international advisory bodies (see text). Biomass is spawning stock including both
sexes (sex ratio ~ 1:1) unless stated otherwise. Current trends in biomass for the specific stocks are depicted as positive (↑), negative (↓) or
highly variable (↑↓). P = pelagic, D = demersal (cf. Section 6.3.7.3 for further information).
AOAS region

Habitat

Biomass (× 1,000 tonnes)

Trend

Atlantic herring

NOR & BAR

P

7,900

↓

Barents Sea capelin

BAR

P

2,100

↑↓

Boreogadus saida

Polar cod

BAR

P&D

~1,000; uncertain

↑↓

Gadus chalcogrammus

Alaska pollock

BER

D&P

8,400

↑ (↓)a

Gadus macrocephalus

Pacific cod

BER

D

345

↑

Taxa
Family Lamnidae

Stock
(mackerel sharks)

Clupea harengus
Family Osmeridae

(smelts)

Mallotus villosus
Family Gadidae (cods)

Gadus morhua

Northeast Arctic cod

BAR

D

2,100; historical high

↑

Melanogrammus aeglefinus

Haddock

BAR

D

350

↓

Micromesistius poutassou

Blue whiting

NOR

P

3,000

↓ (↑)b

Pollachius virens

Saithe

NOR & BAR

P

375

↓

NOR

P

3,000

↑

BAR

deep P

40-90 (females only); uncertain

↑

Family Scombridae

(mackerels and tunas)

Scomber scombrus
Family Pleuronectidae

Atlantic mackerel
(righteye flounders)

Reinhardtius hippoglossoides

Greenland halibut

a) See Morell 2009.
b) Surveys in autumn 2012 indicate new strong year classes for this species (IMR online; but see Payne et al. 2012).
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Figure 6.13. Number and distribution of commercially targeted
fish species (n = 59) in the Arctic Ocean and adjacent seas (AOAS).
Regional codes are given in Fig. 6.4. Arctic gateways are shown
in dark blue and Arctic seas in light blue. The inserted illustration
shows the Alaska pollock Gadus chalcogrammus – one of the most
important fisheries resources in the Bering Sea and the world.

Figure 6.14. Number of commercially targeted fish species (n =
59) by family in the Arctic Ocean and adjacent seas (AOAS). The
inserted illustration shows the red-listed golden redfish Sebastes
norvegicus (family Scorpaenidae) – one of the most vulnerable
fisheries resources in the NE Atlantic.

considerably in coming years: Atlantic cod, Atlantic herring Clupea harengus, blue whiting Micromesistius poutassou,
mackerel Scomber scombrus and capelin (Tab. 6.11).

rockfishes (Scorpaenidae, n = 9) (Fig. 6.14). Some families, on the other hand, comprise only a single targeted
species. For example, the Barents Sea capelin (family
Osmeridae) is the largest capelin stock in the world and
may reach almost eight million tonnes in top years (Tab.
6.11; Gjøsæter 1998).

The AOAS stocks are regularly surveyed and monitored
by several national and intergovernmental bodies as well
as a range of non-governmental organizations (NGOs).
We refer to the websites of FAO and WWF (worldwide),
ICES and NAFO (North Atlantic sector), PICES (North
Pacific sector), NOAA and VNIRO (North Atlantic and
North Pacific sectors), GINR (Greenland), IMR (Atlantic Arctic gateway) and MRI (Iceland) for detailed online
accounts of status, statistics and advisory procedures
for these stocks (cf. References for acronyms and webaddresses). Currently, the targeted AOAS fishes count 59
species (~ 9%) in 14 families (~ 13%) (Appendix 6.2).
They all belong to the bony fishes, although cartilaginous
fishes, e.g. the sleeper sharks Somniosus spp., constitute
a significant but largely unreported bycatch (Rusyaev &
Orlov 2013). There are huge regional differences in the
AOAS. By far the largest fisheries are found in the Bering Sea (n = 30 stocks) and the Atlantic Arctic gateway
(n = 21-24 stocks; Fig. 6.13). Significant fisheries also
take place along the west coast of Greenland, in Baffin
Bay and around Iceland, whereas the remaining AOAS
regions are characterized by small-scale subsistence
fisheries among indigenous peoples mainly for freshwater
and diadromous fishes (Zeller et al. 2011).
The most important AOAS fish families in terms of
number of targeted species are the righteye flounders
(Pleuronectidae, n = 18), the cods (n = 14) and the

The cods are without doubt the most highly prized species for human consumption in the AOAS. The Alaska
pollock (Fig. 6.13) in the eastern Bering Sea supports the
world’s largest whitefish fishery with annual landings of
about 1.3 million tonnes. Its sister species, the Atlantic
cod, in the Barents Sea is presently at a historical high
with a spawning stock of 2.1 million tonnes (Tab. 6.11).
The cod quota shared between Norway and Russia also
makes history and was recently set to 1 million tonnes
for 2013 (IMR online). The large fisheries for Atlantic
cod along the west coast of Greenland collapsed in the
early 1970s, but a positive trend in recruitment has been
observed in inshore waters since 2005 (Fig. 6.15; GINR
online).
The infamous collapse of the Atlantic herring stock in
the Norwegian Sea in the late 1960s (Toresen & Østvedt 2000) and that of the NW Atlantic cod stock off
Newfoundland in the early 1990s (Frank et al. 2011) had
severe and lasting socioeconomic consequences. Both
Atlantic herring and Atlantic cod are long-lived species,
and depleted stocks recover only slowly. Despite strict
regulations, the herring stock remained depleted for
almost 20 years, and just recently the NW Atlantic cod
has shown signs of recovery (Frank et al. 2011).
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Figure 6.15. A socioeconomic transition from hunting to industrial
fisheries took place in W Greenland around 1920. Subsequent
principal fisheries are shown by the dramatic shift from a harvest
founded on Atlantic cod Gadus morhua (~ 1920-1970) to the present-day harvest of northern shrimp Pandalus borealis (Smidt 1983).
The harvest levels of these stocks are projected to switch again in
coming years as a consequence of ocean warming (ACIA online).

The redfish stocks (Sebastes spp.) in the Atlantic Arctic
gateway are at a historical low reinforced by recruitment failures during 1991-2005. Slow growth and late
maturation in these species makes their stocks particularly vulnerable to overfishing and as bycatch in other
commercial fisheries. A fishing moratorium is presently
in effect, and beaked redfish Sebastes mentella and golden
redfish Sebastes norvegicus (Fig. 6.14) are now included in
the Norwegian Red List (Gjøsæter et al. 2010). Furthermore, legitimate management is confounded by the fact
that redfishes are controversial both in terms of species
identification and the demarcation of populations (cf.
Cadrin et al. 2011 for further discussion). Surprisingly,
the genetic population structuring of Atlantic cod is still
disputed (Nordeide et al. 2011), although convincing and
acknowledged genetic markers have been developed and
employed to discriminate between stocks, for example
between the migratory NE Atlantic cod stock and the
resident coastal cod stocks of northern Norway (cf. Section 6.3.5.2; Sarvas & Fevolden 2005, Fevolden et al.
2012 and references therein).
Demersal or groundfish fisheries harvest near the seabed, whereas pelagic fisheries harvest the water column.
Several technologies are employed in the AOAS fisheries, but bottom trawls for groundfishes together with
purse seine nets and midwater trawls in the pelagic
fisheries are undoubtedly among the most widely used
gears. Bottom trawls are almost the sole gear used by
Russia in the fisheries for groundfishes in the Barents
Sea (Wienerroither et al. 2011b). Abundance trends for
selected AOAS stocks are shown in Tab. 6.11. In general, the pelagic stocks show negative or highly variable
trends. By contrast, groundfishes in both the Atlantic and Pacific sectors seem to be in a strong positive
development. Given these prospects, intensified bottom
trawling for groundfishes in upcoming Arctic fisheries
will inevitably have a direct and instant effect on the sea

bed and will boost the bycatch of non-targeted native
fishes. Importantly, the term ‘bycatch fishes’ is exclusively anthropocentric and comprises species and sizes of
no immediate commercial interest. But ‘bycatch fishes’
also includes species that are indispensable to the structuring and functioning of marine ecosystems.
Abrupt shifts in biodiversity and abundance trends are
signs of ecosystem perturbation. Unfortunately, bycatch
statistics from commercial fisheries are notoriously poor.
In Greenland, the fishery for northern shrimp Pandalus
borealis forms the local socioeconomic base, and in 2011
the scientific TAC was set to 120,000 tonnes (Fig. 6.15;
GINR online). Bycatches are estimated to be about 1%
of the shrimp catches and consist almost solely of the
vulnerable redfishes. In the Bering Sea, there are no
targeted fisheries for spotted spiny dogfish and Pacific
sleeper shark Somniosus pacificus. Nevertheless, these
cartilaginous fishes constitute a significant part of the
bycatch in the fisheries for Alaska pollock and Pacific cod
Gadus macrocephalus.
The Kamchatka or red king crab Paralithodes camtschaticus
is a valuable fisheries resource and a natural component
of the Bering Sea biota. In the Barents Sea, on the other
hand, the red king crab is an alien species that was effectively introduced by the former Soviet Union in 1961 to
establish a regional fishery along the Murman coast and
the eastern Barents Sea (Orlov & Ivanov 1978). Since
then, the red king crab has successfully invaded the
coastal waters of Troms and Finnmark counties, northern Norway, on the west (Falk-Petersen et al. 2011).
In Norway, the management strategy for red king crab
is ambivalent, because the species is handled both as
an asset and a pest: the fisheries for crab are regulated
by quotas in the eastern part of Finnmark, and a free
fishery is encouraged outside the regulated areas on
the west. On one hand, to serve socioeconomic demands the crab is considered an important commercial
resource for the coastal fleet and, therefore, the stock
should be maintained at a sustainable level. On the other
hand, to serve conservation aims for native fauna, the
crab is viewed as a potentially harmful alien invasive
species that should be eradicated or the population minimized outside the regulated areas (see Lassuy & Lewis,
Chapter 16). Red king crab is omnivorous, and recent
studies show that predation from the crab has significant
adverse effects on the Barents Sea bottom fauna, including egg clusters from demersal fishes (Oug et al. 2011;
see also Josefson & Mokievsky, Chapter 8 and Michel,
Chapter 14). Among the fishes at risk from additive
and harmful stressors are the species-rich snailfishes,
sculpins and eelpouts (Section 6.3.5.1), which are all
likely to be severely affected both by upcoming Arctic
fisheries, as unwarranted and unprecedented bycatch,
and regionally, as prey for the invasive red king crab.
In essence, an alleged benthic and resident life-style
combined with a long generation time (Section 6.3.7.1;
Hildebrandt et al. 2011) adds a completely new dimension to the vulnerability of the native Arctic marine fish-
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es and the harmful effects that will stem from bycatch
fisheries and habitat destruction caused by conventional
fishing operations.
Fisheries also elicit biological phenomena that are less
obvious and that may have direct and lasting implications
for both targeted and non-targeted AOAS fishes. Fluctuation in abundance is a natural trait among fish populations. However, harvesting per se apparently amplifies
abundance variability, leading to destabilized populations (Anderson et al. 2008, Stenseth & Rouyer 2008).
Furthermore, fisheries target the phenotype and also
truncate gene pools, which again may cause irreversible
changes in life history traits, i.e. ‘fisheries-induced evolution,’ among populations (Kuparinen & Merilä 2007,
Enberg et al. 2012, Borrell 2013).
The ecological effects of oil spills in Arctic waters are
practically unknown (Sutherland et al. 2013), and studies
of the toxicity of petroleum in Arctic marine fishes are
scarce (Christiansen et al. 2010 and references therein).
The implications of seismic activities in sub-zero waters
are of particular concern, because exposure to air-guns
and other human-generated noises may change migration
patterns and cause species-specific physiological responses in fishes, ranging from negligible to massive tissue
damage (Popper & Hastings 2009, Malakoff 2010, Slabbekoorn et al. 2010). This clearly calls for caution against
making uncritical generalizations across fish species and
marine eco-zones.
The Arctic is a sink for man-made pollutants (Macdonald
et al. 2005), and negative consequences of human activity are demonstrated even in the remote Antarctic region
(Aronson et al. 2011). It is noteworthy, therefore, that
the highly adapted physiologies that have evolved in polar
fishes in pristine environments may turn out to be disadvantageous as novel pollutants enter the Arctic Ocean
(Christiansen et al. 1996). The seasonal build-up of large
energy-rich lipid stores will inevitably boost the binding
of lipophilic pollutants, and long life spans are likely to
promote the accumulation of mercury and other detrimental metals (Dietz et al. 2009, Kirk et al. 2012).
To sum up the repercussions of human intervention for
Arctic fisheries in particular, one should bear in mind
the divergent assumptions of management practitioners
and conservation biologists (Redpath et al. 2013). The
former group regards fishes mainly as a commodity (i.e.
targeted species) whereas conservationists consider the
entire range of biodiversity (i.e. non-targeted and targeted species alike). Also, it is essential to acknowledge
that the Arctic region is neither ‘remote’ nor a ‘frontier’
but the very centre of livelihood for indigenous peoples
and, in light of the poleward displacement of commercial fish stocks, conflicts between subsistence and
high-tech fisheries are imminent. For obvious legitimate
reasons, Arctic indigenous peoples demand due respect
for their perception and utilization of natural resources,
and calls for joining traditional knowledge and science
have increased (Huntington 2011). Traditional ecolog-

ical knowledge (TEK) is not science per se but holds
important complementary information to conservation
biology, as it often detects local changes in climate and
wildlife much faster than does science. Furthermore,
TEK integrates knowledge of species, ecosystems and
environments across and beyond scientific disciplines
(Chapman 2007). Examples of TEK-derived information of vital scientific value include timing of biological
events (phenology; Høye et al. 2007), changes in habitats and species distributions and identification of sites
in biodiversity monitoring (cf. CAFF-Circumpolar Biodiversity Monitoring Program (CBMP); Saslis-Lagoudakis & Clarke 2013).

6.3.8. Conclusions and possible conservation
actions
6.3.8.1. Key knowledge gaps

Once patterns of biodiversity emerge, it is essential to
identify the underlying processes to counteract negative trends. Still, patterns remain fragmentary for the
majority of fishes in the Arctic Ocean and adjacent seas
(AOAS). The following issues are suggested to increase
present knowledge to a point where sensible hypotheses
may be proposed and tested, credible forecasts made and
legitimate actions executed (Christiansen et al. 2013):
1. Long-term time series of real-world and diagnostic
data are essential for forecasting biological and environmental trends. Therefore, key sites and baseline
transects for long-term studies of functional biodiversity should be identified in the AOAS (cf. CBMP
online).
2. Natural history collections (NHC) hold essential
information for studies of biodiversity (Harrison et
al. 2011, Lister et al. 2011), and information from
fishery logbooks has proven valuable in historical
analysis of population trends (Alexander et al. 2009).
Therefore, NHCs should be continuously upgraded
and archival data critically examined and employed
to reconstruct long-term time series for specific
AOAS regions.
3. Taxonomy and conservation are two sides of the same
coin. Classic taxonomy is a critically endangered science and a craft that cannot be substituted by DNA
profiles and gigabytes (Bacher 2012, Deans et al.
2012, Scotland & Wood 2012). Therefore, training
programs in taxonomy sensu lato and biogeography for
young researchers should be encouraged.
4. Habitats of particular significance for conservation,
such as breeding grounds and biodiversity hotspots,
should be identified in time and space and protected
accordingly, cf. the debate on Marine Protected
Areas (MPAs) (Henriksen 2010, Barry & Price 2012,
Rice et al. 2012).
5. Fishing gear technology designed for sustainable
fisheries in Arctic waters is poorly developed. Multidecadal datasets from the North Sea unequivocally
demonstrate that conventional bottom trawl fisheries for groundfishes are extremely efficient but also
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highly damaging to the environment, as they impoverish, perturb and change the functional composition
of benthic communities (Tillin et al. 2006, Thurstan
et al. 2010). Arctic fish species are largely bottomliving and territorial (Karamushko 2012), and since
Arctic groundfish fisheries are expected to increase
in coming years, less harmful fishing technologies
should be developed and used to minimize bycatch
and seabed destruction.
6. Abrupt shifts in abundance trends are warning
signals for conservation. Therefore, accurate bycatch
statistics in upcoming Arctic fisheries are crucial
and call for adaptive monitoring plans and policies to
meet conservation aims (Lindenmayer et al. 2012).
A range of management policies for marine fisheries
are in operation worldwide (Pitcher & Lam 2010),
and fisheries founded on balanced rather than selective harvesting are currently debated (Garcia et al.
2012, Borrell 2013). No single harvesting practice
is foolproof. But any management policy would be
desireable if it relies on the principle of full accountability – that is a procedural change from the
present-day selective fishing and fixed landing quotas
of targeted species to catch quotas that embrace the
entire biomass extracted from the sea, i.e. targeted
and non-targeted species alike. For example, catch
quota management (CQM) seems a promising policy
that has been tentatively implemented in the North
Sea fisheries (Kindt-Larsen et al. 2011, Schou 2011).
Combined with taxonomic expertise on non-targeted
Arctic species, CQM may well be the immediate
and first step toward obtaining credible and urgently
needed bycatch data as a precautionary measure for
upcoming Arctic fisheries.
7. Traditional ecological knowledge (TEK) and citizen science (Hochachka et al. 2012) would generate
valuable and complementary information that should
be critically scrutinized to increase the legitimacy of
biodiversity assessments across the marine Arctic.
This would require a completely new setting, and a
designated forum of TEK-informants and scientists is
called for, to ensure that trust-building and respectful and equal sharing of information and methods are
also put into practice.
8. An ambitious interdisciplinary science plan should
be outlined and implemented as a precautionary and
fundamental measure to meet large-scale human
intervention in understudied Arctic waters (cf. PEG
2012).
6.3.8.2. Other key messages

Taxonomic inventories for marine fishes (cf. Appendix
6.2) are not mere ‘stamp collections’ but an absolute
necessity for biodiversity and conservation biology. However, their completeness differs vastly both geographically and among marine habitats (Mora et al. 2008). Arctic
societies are based on living natural resources, and any
socioeconomic progress is inevitably rooted in sound
ecosystems. The data available for the AOAS fishes
are admittedly precarious, and lack of proper species
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identifications, demarcations of populations, and data
on functional biodiversity are the most severe shortcomings for conservation and credible management of the
Arctic seas. Hence, scientific uncertainty (Dankel et al.
2011) is a key factor in Arctic marine biodiversity assessments and underlines the importance of precautionary
approaches. Issues of marine biodiversity, conservation
and the ecological effects of climate change and human intervention are addressed by several international
forums such as the Arctic Council, ICES, PICES, Census
of Marine Life, Ramsar Convention on Wetlands and
numerous NGOs (Bluhm et al. 2011). A much stronger
coordination among and within these bodies is needed to
harmonize assessments and facilitate the transition from
general principles to operational conservation actions for
the AOAS fishes.

ACKNOWLEDGEMENTS
We thank the members of the TUNU-Programme, I.
Byrkjedal in particular, M. Jobling and J.W. Orr for
valuable discussions and references. S. Adams at Blå
Rock provided suitable working conditions for JSC.

REFERENCES
Abell, R., Thieme, M.L., Revenga, C., Bryer, M., Kottelat, M.,
Bogutskaya, N. et al. 2008. Freshwater ecoregions of the
world: a new map of biogeographic units for freshwater biodiversity conservation. BioScience 58: 403-414.
ACIA 2004. Impacts of a warming Arctic – Arctic Climate Impact
Assessment overview report. Cambridge University Press,
New York.
ACIA 2005. Arctic Climate Impact Assessment. Cambridge University Press, New York.
Aikio, S., Itkonen, E. & Sammallahti, P. 1974. Tulia kaamoksessa –
Sámalaisen kirjallisuden antologia. Otava. [in Finnish]
Alekseyev, S.S., Bajno, R., Gordeeva, N.V., Reist, J.D., Power,
M., Kirillov, A.F. et al. 2009. Phylogeny and sympatric differentiation of the Arctic charr Salvelinus alpinus (L) complex in
Siberia as revealed by mtDNA sequence analysis. Journal of
Fish Biology 75: 368-392.
Alexander, K.E., Leavenworth, W.B., Cournane, J., Cooper, A.B.,
Claesson, S., Brennnan, S. et al. 2009. Gulf of Maine cod in
1861: historical analysis of fishery logbooks, with ecosystem
implications. Fish and Fisheries 10: 428-449.
Allendorf, F.W., England, P.R., Luikart, G., Ritchie, P.A. &
Ryman, N. 2008. Genetic effects of harvest on wild animal
populations. Trends in Ecology and Evolution 23: 327-337.
AMAP 2004. Persistent toxic substances, food security and
indigenous peoples of the Russian North, Final Report. Arctic
Monitoring and Assessment Programme, Oslo.
AMAP 2009. AMAP assessment 2009: Human health in the Arctic. Arctic Monitoring and Assessment Programme, Oslo.
AMAP 2011. Snow, water, ice and permafrost in the Arctic (SWIPA): Climate change and the cryosphere. Arctic Monitoring
and Assessment Programme, Oslo.
AMAP 2013. Arctic Ocean Acidification Assessment: Summary
for Policymakers. Arctic Monitoring and Assessment Programme. amap.no [accessed 7 June 2013]
Andersen, B.G. 1981. Late Weichselian ice sheets in Eurasia and
Greenland. In: G.H. Denton & T.J. Hughes (eds.). The Last
Great Ice Sheets, pp 1-65. John Wiley & Sons, New York.

Chapter 6 • Fishes

Anderson, A.J. & Mackenzie, F.T. 2012. Revisiting four scientific
debates in ocean acidification research. Biogeosciences 9: 893905.
Anderson, C.N.K., Hsieh, C-h., Sandin, S.A., Hewitt, R., Hollowed, A., Beddington, J. et al. 2008. Why fishing magnifies
fluctuations in fish abundance. Nature 452: 835-839.
Andrews, E.F. 1989. A low-profile subsistence fishery: Pike fishing in Minto Flats, Alaska. Arctic 42: 357-361.
Andriashev, A.P. 1954. Fishes of the northern seas of the USSR.
Publication AS USSR. Moskow Leningrad. [in Russian]
Andriashev, A.P. 1970. Cryopelagic fishes of the Arctic and
Antarctic and their significance in polar ecosystems. In: M.W.
Holdgate (ed). Antarctic Ecology, pp 297-304. Academic
Press.
Andriashev, A.P. & Chernova N.V. 1994. Annotated list of fishlike
vertebrates and fish of the Arctic seas and adjacent waters. Voprosy Ikhtiologii 34: 435-456. [in Russian, English translation,
Journal of Ichthyology 35: 81-123.]
Aronson, R.B., Thatje, S., McClintock, J.B. & Hughes, K.A.
2011. Anthropogenic impacts on marine ecosystems in Antarctica. Annals of the New York Academy of Sciences 1223:
82-107.
Aschan, M., Karamushko, O.V., Byrkjedal, I., Wienerroither, R.,
Borkin, I. & Christiansen, J.S. 2009. Records of the gadoid fish
Arctogadus glacialis (Peters, 1814) in the European Arctic. Polar
Biology 32: 963-970.
Ayers, S.D. 2010. A review of the species status of the Angayukaksurak charr (Salvelinus anaktuvukensis) of northern Alaska:
Perspectives from molecular and morphological data. M.Sc.
Thesis, University of Alaska Fairbanks.
Babaluk, J.A., Reist, J.D., Johnson, J.D. & Johnson, L. 2000.
First records of sockeye (Oncorhynchus nerka) and pink salmon
(O. gorbuscha) from Banks Island and other records of Pacific
Salmon in Northwest Territories, Canada. Arctic 53: 161-164.
Bacher, S. 2012. Still not enough taxonomists: Reply to Joppa et
al. Trends in Ecology and Evolution 27: 65-66.
Bakun, A. 2006. Wasp-waist populations and marine ecosystem
dynamics: navigating the “predator pit” topographies. Progress
in Oceanography 68: 271-288.
Barry, T. & Price, C. 2012. Arctic protected areas: conservation in
a time for change. The Circle 3:6-11.
Baum, J.K. & Worm, B. 2009. Cascading top-down effects of
changing oceanic predator abundance. Journal of Animal Ecology 78: 699-714.
Baumann, H., Talmage, S.T. & Gobler, C.J. 2011. Reduced early
life growth and survival in a fish in direct response to increased
carbon dioxide. Nature Climate Change 2: 38-41.
Beck, J. & Schwanghart, W. 2010. Comparing measures of species
diversity from incomplete inventories: An update. Methods in
Ecology & Evolution 1: 38-44.
Berg, L.S. 1934. On the amphiboreal (discontinuous) distribution of marine fauna in the northern hemisphere. Izvest. Gos.
Geogr. Obshch. 66: 69–78. [in Russian]
Berg, L.S. 1962. Freshwater fishes of the USSR and adjacent
countries, Vol. 1. Translated by Israel Program for Scientific
Translation, Jerusalem. Oldbourne Press, London, UK.
Berkes, F. 2012. Implementing ecosystem-based management:
evolution or revolution? Fish and Fisheries 13: 465-476.
Berra, T.M. 2001. Freshwater Fish Distribution. Academic Press,
San Diego, California. xxxviii + 604 p.
Blackie, C.T., Weese, D.J. & Noakes, D.L.G. 2003. Evidence for
resource polymorphism in the lake charr (Salvelinus namaycush)
population of Great Bear Lake, Northwest Territories, Canada.
Ecoscience 10: 509-514.
Blindheim, J. 2004. Oceanography and climate. In: H.R. Skjoldal
(ed.). The Norwegian Sea Ecosystem, pp 65-96. Tapir Academic Press.
Bluhm, B.A., Iken, K. & Hopcroft, R.R. 2010. Observations and
exploration of the Arctic’s Canada basin and the Chukchi Sea:
The Hidden Ocean and RUSALCA expeditions. Deep-Sea
Research II 57: 1-4.
Bluhm, B.A., Gebruk, A.V., Gradinger, R., Hopcroft, R.R.,
Huettmann, F., Kosobokova, K.N. et al. 2011. Arctic marine

237
biodiversity: An update of species richness and examples of
biodiversity change. Oceanography 24: 232-248.
Bodaly, R.A., Reist, J.D., Rosenberg, D.M., McCart, P.J. &
Hecky, R.E. 1989. Fish and fisheries of the Mackenzie and
Churchill River basins, northern Canada. In: D.P. Dodge (ed.).
Proceedings of the International Large River Symposium, pp
128-144. Canadian Special Publication of Fisheries and Aquatic
Sciences 106, Ottawa, Canada.
Boero, F. 2009. Recent innovations in marine biology. Marine
Ecology 30 (Suppl. 1): 1-12.
Boero, F. & Bonsdorff, E. 2007. A conceptual framework for marine biodiversity and ecosystem functioning. Marine Ecology
28: 134-145.
Bogdanov, V.D. & Mel’nichenko, I.P. 2010. European and Asian
freshwater fish fauna in the Arctic part of the Polar Urals.
Ekologiya 13: 372-377.
Born, E.W. & Böcher, J. 2001. The Ecology of Greenland. Ministry of Environment and Natural Resources. Ilinniusiorfik,
Nuuk, Greenland. 429 p.
Borrell, B. 2013. Ocean conservation: A big fight over little fish.
Nature 493: 597-598.
Brandt, A., Gooday, A.J., Brandão, S.N., Brix, S., Brökeland, W.,
Cedhagen, T. et al. 2007. First insights into the biodiversity and
biogeography of the Southern Ocean deep sea. Nature 447:
307-311.
Briffa, M., de la Haye, K. & Munday, P.L. 2012. High CO2 and
marine animal behaviour: Potential mechanisms and ecological
consequences. Marine Pollution Bulletin 64: 1519-1528.
Briggs, J.C. 1974. Operation of zoogeographic barriers. Systematic Zoology 23: 248-256.
Budaev, S. & Brown, C. 2011. Personality traits and behaviour. In:
C. Brown, K. Laland, and J. Krause (eds.). Fish Cognition and
Behaviour, pp 135-165. Blackwell Publishing Ltd.
Byrkjedal, I. & Høines, Å. 2007. Distribution of demersal fish in
the south-western Barents Sea. Polar Research 26: 135-151.
Byrkjedal, I., Rees, D.J. & Willassen, E. 2007. Lumping lumpsuckers: Molecular and morphological insights into taxonomic
status of Eumicrotremus spinosus (Fabricius, 1776) and Eumicrotremus eggvinii Koefoed, 1956 (Teleostei: Cyclopteridae).
Journal of Fish Biology 71: 111-131.
Byrkjedal, I., Rees, D.J., Christiansen, J.S. & Fevolden, S.-E.
2008. The taxonomic status of Theragra finnmarchica Koefoed,
1956 (Teleostei : Gadidae): Perspectives from morphological
and molecular data. Journal of Fish Biology 73:1183-1200.
Cadrin, S.X., Mariani, S., Pampoulie, C., Bernreuther, M.,
Daníelsdóttir, A.K., Johanssen, T. et al. 2011. Counter-comment on: Cadrin et al. (2010) “Population structure of beaked
redfish, Sebastes mentella: evidence of divergence associated
with different habitats. ICES Journal of Marine Science, 67:
1617-1630.” ICES Journal of Marine Science 68: 2016-2018.
Campagno, L.J.V. 1984. FAO species catalogue. Vol. 4. Sharks of
the world. FAO Fisheries Synopsis 125: 103.
Caro, T. & Sherman, P.W. 2011. Endangered species and a threatened discipline: behavioural ecology. Trends in Ecology and
Evolution 26: 111-118.
CBMP (The Circumpolar Biodiversity Monitoring Programme):
caff.is/monitoring [accessed 10 October 2012]
Census of Marine Life: www.comlsecretariat.org/ [accessed 10
January 2012]
Chapman, P.M. 2007. Traditional ecological knowledge (TEK)
and scientific weight of evidence determinations. Marine Pollution Bulletin 54: 1839-1840.
Chen, I-C., Hill, J.K., Ohlemüller, R., Roy, D.B. & Thomas, C.D.
2011. Rapid range shifts of species associated with high levels
of climate warming. Science 333: 1024-1026.
Chen, W.-J. & Mayden, R.L. 2010. A phylogenomic perspective
on the new era of ichthyology. BioScience 60: 421-432.
Chereshnev, I.A. 1983. Fauna, systematics and phylogenetic relationships of freshwater fish of the eastern Chukchka Pennisula.
In: Ekologiya I sistematika presnovodnykh organizmov dai
nego vostoka (Ecology and systematics of Freshwater Organisms of the Russian Far East). Dal’nevast, pp 89-108. Nauch.
Tsentr Akad. Nauk SSSR, Vladivastok.

238
Chereshnev, I.A. 1992. Rare, endemic and endangered freshwater
fishes of Northeast Asia. Journal of Ichthyology 32: 110-124.
Chereshnev, I.A. 1996. Vertebrate animals of North-east Russia.
Institure of Biological Problems of the North FEB RAS. Vladivostok:dalnauka. 308 p. [in Russian]
Chereshnev, I.A. & Skopets, M.B. 1990. Salvethymus svetovidovi
genus et species nova. A new endemic fish of the subfamily
Salmoninae from the Lake El’gygytgyn (Central Chukotka).
Journal of Ichthyology 30: 87-103.
Chereshnev, I.A. & Skopets, M.B. 1999. New data on the morphology and biology of charrs of El’gygytgyn Lake (Central
Chukotka). International Society of Arctic Char Fanatics Information Series 7: 93-99.
Chernova, N.V. 2011. Distribution patterns and chorological
analysis of fish fauna of the Arctic region. Journal of Ichthyology 51: 825-924.
Cheung, W.W.L., Lam, V.W.Y., Sarmiento, J.L., Kearney, K., Watson, R. & Pauly, D. 2009. Projecting global marine biodiversity
impacts under climate change scenarios. Fish and Fisheries 10:
235-251.
Christiansen, J.S. 2012. The TUNU-Programme: Euro-Arctic
Marine Fishes – diversity and adaptation. In: C. Verde and G.
di Prisco (eds.). Adaptation and Evolution in Marine Enviroments: From Pole to Pole, pp 35-50. Springer-Verlag, Berlin
Heidelberg.
Christiansen, J.S. & Fevolden, S.-E. 2000. The polar cod of Porsangerfjorden, Norway; revisited. Sarsia 85: 189-193.
Christiansen, J.S., Chernitsky, A.G. & Karamushko, O.V. 1995.
An Arctic teleost with a noticeably high body fluid osmolality
– a note on the navaga, Eleginus navaga (Pallas 1811), from the
White Sea. Polar Biology 15: 303-306.
Christiansen, J.S., Dalmo, R.A. & Ingebrigtsen, K. 1996. Xenobiotic excretion in fish with aglomerular kidneys. Marine
Ecology Progress Series 136: 303-304.
Christiansen, J.S., Schurmann, H. & Karamushko, L.I. 1997.
Thermal behaviour of polar fish: A brief survey and suggestions
for research. Cybium 21: 353-362.
Christiansen, J.S., Fevolden, S.-E., Karamushko, O.V. & Karamushko, L.I. 1998. Maternal output in polar fish reproduction. In:
G. di Prisco, E. Pisano, and A. Clarke (eds.). Fishes of Antarctica: A biological overview , pp 41-52. Springer-Verlag, Milano.
Christiansen, J.S., Fevolden, S.-E. & Byrkjedal, I. 2005. The
occurrence of Theragra finnmarchica Koefoed, 1956 (Teleostei,
Gadidae), 1932-2004. Journal of Fish Biology 66: 1193-1197.
Christiansen, J.S., Karamushko, L.I. & Nahrgang, J. 2010.
Sub-lethal levels of waterborne petroleum may depress routine
metabolism in polar cod Boreogadus saida (Lepechin, 1774).
Polar Biology 33: 1049-1055.
Christiansen, J.S., Hop, H., Nilssen, E.M. & Joensen, J. 2012.
Trophic ecology of sympatric Arctic gadoids, Arctogadus glacialis
(Peters, 872) and Boreogadus saida (Lepechin, 1774), in NE
Greenland. Polar Biology 35:1247-1257.
Christiansen, J.S., Mecklenburg, C.W. & Karamushko, O.V. 2013.
Arctic fishes and their fisheries in light of global change. Global Change Biology, doi: 10.1111/gcb.12395.
Clark, J.A. & May, R.M. 2002. Taxonomic bias in conservation
research. Science 297: 191-192.
Clarke, A. 1992. Is there a latitudinal diversity cline in the sea?
Trends in Ecology and Evolution 7: 286-287.
Clarke, R.McV. 1993. An overview of Canada’s Arctic marine
fisheries and their management with emphasis on the Northwest Territories. In L.S. Parsons and W.H. Lear (eds.). Perspectives on Canadian Marine Fisheries Management, pp 211-241.
Canadian Bulletin of Fisheries and Aquatic Sciences 226.
Clarke, A. & Johnston, I.A. 1996. Evolution and adaptive radiation of Antarctic fishes. Trends in Ecology and Evolution 11:
212-218.
Clarke, A., Barnes, D.K.A. & Hodgson, A. 2005. How isolated is
Antarctica? Trends in Ecology and Evolution 20: 1-3.
Coad, B.W. & Reist, J.D. 2004. Annotated list of the marine
fishes of Canada. Canadian Manuscript Report of Fisheries and
Aquatic Sciences 2674: 112 p.

Arctic Biodiversity Assessment

Coad, B.W., Waszczuk, H. & Labignan, I. 1998. Encyclopedia of
Canadian Fishes. Canadian Museum of Nature and Canadian
Sport Fishing Productions Inc., Ottawa, ON. 928 p.
Conservation of Arctic Flora and Fauna [CAFF] 2000. The CAFF
boundary species list. Unpublished table prepared by CAFF.
Convention on Wetlands of International Importance especially
as Waterfowl Habitat. Ramsar (Iran), 2 February 1971. UN
Treaty Series No. 14583. As amended by the Paris Protocol, 3
December 1982, and Regina Amendments, 28 May 1987.
Corrigan, L.J., Winfield, I.J., Hoelzel, A.R. & Lucas, M.C. 2011.
Dietary plasticity in Arctic charr (Salvelinus alpinus) in response
to long-term environmental change. Ecology of Freshwater
Fish 20: 5-13.
Cott, P.A., Johnston, T.A. & Gunn, J.M. 2011. Food web position of burbot relative to lake trout, northern pike, and lake
whitefish in four sub-Arctic boreal lakes. Journal of Applied
Ichthyology 27(Suppl. 1): 49-56.
Craig, P.C. 1987. Anadromous fishes in the Arctic environment –
a precarious or relatively stable existence? Biological Papers of
the University of Alaska. University of Alaska, Juneau. Juneau,
Alaska.
Cressey, D. 2011. Open water. As the ice melts, fresh obstacles
confront Arctic researchers. Nature 478: 174-177.
Crisp, M.D., Trewick, S.A. & Cook, L.G. 2011. Hypothesis
testing in biogeography. Trends in Ecology and Evolution 26:
66-72.
Crossman, E.J. & McAllister, D.E. 1986. Zoogeography of freshwater fishes of the Hudson Bay drainage, Ungava Bay and the
Arctic Archipelago. In: C.H. Hocutt and E.O. Wiley (eds.).
The Zoogeography of North American Freshwater Fishes, pp
53-104. John Wiley and Sons, New York.
Culp, J., Gantner, N., Gill, M., Reist, J.D. & Wrona, F. 2011.
Development of an Arctic Freshwater Biodiversity Monitoring
Plan: Framework Document. Circumpolar Biodiversity Monitoring Programme, CAFF Monitoring Series Report 4: 14p.
Daan, N., Gislason, H., Pope, J.G. & Rice, J.C. 2011. Apocalypse
in world fisheries? The reports of their death are greatly exaggerated. ICES Journal of Marine Science 68: 1375-1378.
Dalpadado, P., Ingvaldsen, R.B., Stige, L.C., Bogstad, B., Knutsen, T., Ottersen, G. & Ellertsen, B. 2012. Climate effects
on Barents Sea ecosystem dynamics. ICES Journal of Marine
Science 69: 1303-1316.
Dankel, D.J., Aps, R., Padda, G., Röckmann, C., van der Sluijs,
J.P., Wilson, D.C. & Degnbol, P. 2012. Advice under uncertainty in the marine system. ICES Journal of Marine Science
69: 3-7.
Darlington, P.J. 1957. Zoogeography: The Geographical Distribution of Animals. J. Wiley and Sons, Inc., New York. 675 p.
De Queiroz, K. 2007. Species concepts and species delimitation.
Systematic Biology 56: 879-886.
Deans, A.R.,Yoder, M.J. & Balhoff, J.P. 2012. Time to change how
we describe biodiversity. Trends in Ecology and Evolution 27:
78-84.
DeCicco, A.L. 1985. Inventory and cataloging of sport fish and
sport fish waters of western Alaska with emphasis on Arctic
char life history studies. Alaska Department of Fish and Game,
Federal Aid in Fish Restoration, Annual Performance Report
1984-1985. Project F-9-17, (G-I): 41-134.
Dempson, J.B., Shears, M., Furey, G. & Bloom, M. 2008. Resilience and stability of north Labrador Arctic charr, Salvelinus
alpinus, subject to exploitation and environmental variability.
Environmental Biology of Fishes 82: 57-67.
DeVries, A.L. & Cheng, C.-H.C. 2005. Antifreeze proteins and
organismal freezing avoidance in polar fishes. In: A.P. Farrell
and J.F. Steffensen (eds.). The Physiology of Polar Fishes, pp
155-201. Elsevier Academic Press.
DeVries, A.L. & Steffensen, J.F. 2005. The Arctic and Antarctic
polar marine environments. In: A.P. Farrell and J.F. Steffensen
(eds.).The Physiology of Polar Fishes, pp 1-24. Elsevier Academic Press.
Dietz, R., Outridge, P.M. & Hobson, K.A. 2009. Anthropogenic
contributions to mercury levels in present day Arctic animals –
a review. Science of the Total Environment 407: 6120-6131.

Chapter 6 • Fishes

Dillon, M.E., Wang, G. & Huey, R.B. 2010. Global metabolic
impacts of recent climate warming. Nature 467: 704-707.
Docker, M.F.,Youson, J.H., Beamish, R.J. & Devlin, R.H. 1999.
Phylogeny of the lamprey genus Lampetra inferred from mitochondrial cytochrome b and ND3 gene sequences. Canadian
Journal of Fisheries and Aquatic Science 56: 2340-2349.
Drakare, S., Lennon, J.J. & Hillebrand, H. 2006. The imprint of
the geographical, evolutionary and ecological context on species-area relationships. Ecological Letters 9: 215-227.
Dulvy, N.K. & Reynolds, J.D. 2009. Skates on thin ice. Nature
462: 417.
Dyke, A.S., Moore, A. & Robertson, L. 2003. Deglaciation of
North America. Geological Survey of Canada Open File, 1574.
Eastman, J.T. 1993. Antarctic Fish Biology: Evolution in a unique
environment. Academic Press, San Diego. 322 p.
Eastman, J.T. 2005. The nature of the diversity of Antarctic fishes.
Polar Biology 28: 93-107.
Ekman, S. 1953. Zoogeography of the Sea. Sidgwick & Jackson,
London. 417 p.
Enberg, K., Jørgensen, C., Dunlop, E.S., Varpe, Ø., Boukal, D.S.,
Baulier, L. et al. 2012. Fishing-induced evolution of growth:
Concepts, mechanisms and the empirical evidence. Marine
Ecology 33: 1-25.
Ereshefsky, M. 2011. Mystery of mysteries: Darwin and the species problem. Cladistics 27: 67-79.
Eschmeyer, W.N. (ed.). Catalog of Fishes, California Academy of
Sciences: research.calacademy.org/research/ichthyology/catalog/fishcatmain.asp. [accessed 21 May 2012]
Eschmeyer, W.N., Fricke, R., Fong, J.D. & Polack, A. 2010. Marine fish diversity: history of knowledge and discovery (Pisces).
Zootaxa 2525: 19-50.
Essington, T.E. & Punt, A.E. 2011. Implementing ecosystem-based fisheries management: Advances, challenges and
emerging tools. Fish and Fisheries 12: 123-124.
Fabricius, O. 1780. Faunae Groenlandica: www.archive.org/details/faunagroenlandi00fabrgoog. [accessed 9 November 2012]
Fabry, V.J., McClintock, J.B., Mathis, J.T. & Grebmeier, J.M.
2009. Ocean acidification at high latitudes: the bellwether.
Oceanography 22: 160-171.
Falk-Petersen, J., Renaud, P. & Anisimova, N. 2011. Establishment and ecosystem effects of the alien invasive red king crab
(Paralithodes camtschaticus) in the Barents Sea - a review. ICES
Journal of Marine Science 68: 479-488.
FAO (Food and Agriculture Organization of the United Nations):
www.fao.org/ [accessed 10 January 2012]
FAO (Food and Agriculture Organization of the United Nations).
2012. The State of World Fisheries and Aquaculture: 2012.
Food and Agriculture Organization of the United Nations
Fisheries and Aquaculture Department, Rome, Italy. www.
fao.org/docrep/016/i2727e/i2727e00.htm [accessed 16
November 2012]
Fevolden, S.-E., Westgaard, J.-I., Pedersen, T. & Præbel, K. 2012.
Settling depth-genotype and size-genotype correlations at the
Pan I locus in 0-group Atlantic cod (Gadus morhua L.). Marine
Ecology Progress Series 468: 267-278.
Finstad, A.G. & Hein, C.L. 2012. Migrate or stay: terrestrial
primary productivity and climate driven anadromy in Arctic
charr. Global Change Biology 18: 2487-2497.
Flint, R.F. 1971. Glacial and Quarterly Geology. John Wiley &
Sons, New York. 892 p.
Frank, K.T., Petrie, B. & Shackell, N.L. 2007. The ups and downs
of trophic control in continental shelf ecosystems. Trends in
Ecology and Evolution 22: 236-242.
Frank, K.T., Petrie, B., Fisher, J.A.D. & Leggett, W.C. 2011. Transient dynamics of an altered large marine ecosystem. Nature
477: 86-89.
Fraser, C.I., Nikula, R., Ruzzante, D.E. & Waters, J.M. 2012.
Poleward bound: Biological impacts of Southern Hemisphere
glaciation. Trends in Ecology and Evolution 27: 462-471.
Froese, R. 2011. Fishery reform slips through the net. Nature
475: 7.
Froufe, E., Alekseyev, S., Knizhon, I., Alexandrino, P. & Weiss, S.
2003. Comparative phylogeography of salmonid fishes (Salmo-

239
nidae) reveals late to post-Pleistocene exchange between three
now-disjunct river basins in Siberia. Diversity and Distributions 9: 269-282.
Furgal, C. & Prowse, T.D. 2008. Northern Canada. In: D.S.
Lemmen, F.J. Warren, J. Lacroix and E. Bush (eds.). From
Impacts to Adaptation: Canada in a Changing Climate 2007, pp
57-118. Government of Canada, Ottawa, ON.
Gantner, N., Veillette, J., Michaud, W.K., Bajno, R., Muir, D.,
Vincent, W.C. et al. 2012. Physical and biological factors
affecting mercury and perfluorinated contaminants in Arctic
char (Salvelinus alpinus) of Pingualuit Crater Lake (Nunavik,
Canada). Arctic 65: 195-206.
Garcia, S.M., Kolding, J., Rice, J., Rochet, M.-J., Zhou, S.,
Arimoto, T. et al. 2012. Reconsidering the consequences of
selective fisheries. Science 335: 1045-1047.
Gaston, K.J. & May, R.M. 1992. Taxonomy of taxonomists. Nature 356: 281-282.
Gaston, K.J. & Spicer, J.I. 2004. Biodiversity – an Introduction.
Second Edition. Wiley – Blackwell Publishing. 208 p.
GBIF (Global Biodiversity Information Facility): www.gbif.org/
[accessed 10 January 2012]
GINR (Greenland Institute of Natural Resources): www.natur.gl/
en/ [accessed 10 January 2012]
Gjøsæter, H. 1998. The population biology and exploitation of
capelin (Mallotus villosus) in the Barents Sea. Sarsia 83: 453496.
Gjøsæter, J., Hesthagen, T., Borgstrøm, R., Braband, Å, Byrkjedal, I., Christiansen, J.S. et al. 2010. Fish. In: J.A. Kålås,
Å. Viken, S. Henriksen, and S. Skjelseth (eds.). The 2010 Norwegian Red List for Species. Artsdatabanken, Norway, pp 403412. www.biodiversity.no/Article.aspx?m=207&amid=8737
[accessed 06 December 2012]
Gordeev, V.V. 2006. Fluvial sediment flux to the Arctic Ocean.
Geomorphology 80: 94-104.
Gordeeva, N.V. & Salmenkova, E.A. 2011. Experimental microevolution transplantation of pink salmon into the European
North. Evolutionary Ecology 25: 657-679.
Grebmeier, J.M., Overland, J.E., Moore, S.E., Farley, E.V., Carmack, E.C., Cooper, L.W. et al. 2006. A major ecosystem shift
in the Northern Bering Sea. Science 311: 1461-1464.
Green, R. & Chapman, P.M. 2011. The problems with indices.
Marine Pollution Bulletin 62: 1377-1380.
Griffiths, A.M., Sims, D.W., Cotterell, S.P., Nagar, A.E., Ellis,
J.R., Lynghammar, A. et al. 2010. Molecular markers reveal
spatially segregated cryptic species in a critically endangered
fish, the common skate (Dipturus batis). Proceedings of the
Royal Society B 277: 1497-1503.
Griffiths, D. 2006. Pattern and process in the ecological biogeography of European freshwater fish. Journal of Animal Ecology
75: 734-751.
Griffiths, D. 2010. Pattern and process in the distribution of
North American freshwater fish. Biological Journal of the
Linnean Society 100: 46-61.
Gross, M.R. 1987. The evolution of diadromy in fishes. American
Fisheries Society Symposium 1: 14-25.
Gross, M.R., Coleman, R.M. & McDowall, R.M. 1988. Aquatic
productivity and the evolution of
diadromous fish migration. Science 239: 1291-1293.
Grosswold, M.G. 1980. Late Weichselian ice sheet of northern
Euarasia. Quarterly Research 13: 1-32.
Gudbergsson, G. 2004. Arctic charr in Lake Myvatn: the centennial catch record in the light of recent stock estimates. Aquatic
Ecology 38: 271-284.
Gudmundsson, H. 2002. A Guide to Mývatn and its Surroundings.
Folagið, Iceland. 72 p.
Hammar, J. 1989. Freshwater ecosystems of polar regions: Vulnerable resources. Ambio 18: 6-22.
Hammar, J. 1998. Evolutionary ecology of Arctic char (Salvelinus
alpinus (L.)): Intra- and interspecific interactions in circumpolar populations. Doctoral Thesis, Uppsala University, Faculty of
Zoology. Acta Universitatis Upaliensis, Uppsala. 31 p.

240
Hanner, R., Desalle, R., Ward, R.D. & Kolokotronis, S.-O. 2011.
The fish barcode of life (FISH-BOL) special issue. Mitochondrial DNA 22: 1-2.
Hardie, D.C., Gillett, R.M. & Hutchings, J.A. 2006. The effects
of isolation and colonization history on the genetic structure of
Atlantic cod (Gadus morhua) in the Canadian Arctic. Canadian
Journal of Fisheries and Aquatic Sciences 63: 1830-1839.
Hardie, D.C, Renaud, C.B., Ponomarenko, V.P., Mukhina, N.V.,
Yaragina, N.A., Skjæraasen J.E. & Hutchings, J.A. 2008. The
isolation of Atlantic cod, Gadus morhua (Gadiformes), populations in northern meromictic lakes – a recurrent Arctic
phenomenon. Journal of Ichthyology 48: 230-240.
Hardy, S.M., Carr, C.M., Hardman, M., Steinke, D., Corstorphine, E. & Mah, C. 2011. Biodiversity and phylogeography
of Arctic marine fauna: Insights from molecular tools. Marine
Biodiversity 41: 195-210.
Harris, L.N. & Taylor, E.B. 2010. Pleistocene glaciations and
contemporary genetic diversity in a Beringian fish, the broad
whitefish, Coregonus nasus (Pallas): Inferences from microsatellite DNA variation. Journal of Evolutionary Biology 23: 72-86.
Harris, L.N., Loewen, T.N., Reist, J.D., Halden, N.M., Babaluk,
J.A. & Tallman, R.F. 2012. Migratory variation in Mackenzie
River system broad whitefish: Insights from otolith strontium
distributions. Transactions of the American Fisheries Society
141: 1574-1585.
Harrison, I.J., Chakrabarty, P., Freyhof J. & Craig, J.F. 2011. Correct nomenclature and recommendations for preserving and
cataloguing voucher material and genetic sequences. Journal of
Fish Biology 78: 1283-1290.
Hart, M.W. 2008. Speciose versus species-rich. Trends in Ecology
and Evolution 23: 660-661.
Hausdorf, B. 2011. Progress toward a general species concept.
Evolution 65: 923-931.
Heino, J. 2011. A macroecological perspective of diversity
patterns in the freshwater realm. Freshwater Biology 56:
1703-1722.
Henderson, P.A. & Magurran, A.E. 2010. Linking species
abundance distributions in numerical abundance and biomass
through simple assumptions about community structure. Proceedings of the Royal Society B 277: 1561-1570.
Hendry, A.P., Wenburg, J.K., Bentzen, P., Volk, E.C. & Quinn, T.P.
2000. Rapid evolution of reproductive isolation in the wild:
Evidence from introduced salmon. Science 290: 516-518.
Henriksen, T. 2010. Conservation and sustainable use of Arctic
marine biodiversity. Arctic Review on Law and Politics 1, 2:
249-278.
Hildebrandt, N., Bergmann, M. & Knust, R. 2011. Longevity and
growth efficiency of two deep-dwelling Arctic zoarcids and
comparison with eight other zoarcid species from different
climatic regions. Polar Biology 34: 1523-1533.
Hochachka, W.M., Fink, D., Hutchinson, R.A., Sheldon, D.,
Wong, W.-E. & Kelling, S. 2012. Data intensive science applied
to broad-scale citizen science. Trends in Ecology and Evolution
27: 130-137.
Hoffmann, A.A. & Sgrò, C.M. 2011. Climate change and evolutionary adaptation. Nature 470: 479-485.
Hollowed, A.B., Planque, B. & Loeng, H. 2013. Potential
movement of fish and shellfish stocks from the sub-Arctic
to the Arctic Ocean. Fisheries Oceanography. doi:10.1111/
fog.12027.
Hooper, D.U., Chapin, F.S. III, Ewel, J.J., Hector, A., Inchausti,
P., Lavorel, S. et al. 2005. Effects of biodiversity on ecosystem
functioning: A consensus of current knowledge. Ecological
Monographs 75: 3-35.
Høye, T.T., Post, E., Meltofte, H., Schmidt, N.M. & Forchhammer, M.C. 2007. Rapid advancement of spring in the High
Arctic. Current Biology 17: R449-R451.
Huntington, H.P. 2011. The local perspective. Nature 478: 182183.
Hurlbert, S.H. 1971. The nonconcept of species diversity: A critique and alternative parameters. Ecology 52: 577-586.

Arctic Biodiversity Assessment

Hutchings, J.A., and Fraser, D.J. 2008. The nature of fisheries- and farming-induced evolution. Molecular Ecology 17:
294-313.
ICES (International Council for the Exploration of the Sea): ices.
dk/indexfla.asp. [accessed 10 January 2012]
ICZN (International Commission on Zoological Nomenclature):
iczn.org/ [accessed 10 January 2012]
IHO (International Hydrographic Organization): www.iho.int/
srv1/ [accessed 10 January 2012]
IMR (Institute of Marine Research): www.imr.no/en [accessed 10
January 2012]
ITIS (Integrated Taxonomic Information System): www.itis.gov/
[accessed 10 January 2012]
IUCN (International Union for Conservation of Nature): www.
iucn.org/ [accessed 10 January 2012]
Isaac, N.J.B., Mallet, J., & Mace, G.M. 2004. Taxonomic inflation:
Its influence on macroecology and conservation. Trends in
Ecology and Evolution 19: 464-469.
Ivankov, V.N. 2000. G.U. Lindberg and the ichthyology on the
Russian Far East. Russian Journal of Marine Biology 26: 72-75.
Jackson, J.B., Kirby, M.X., Berger, W.H., Bjorndal, K.A., Botsford, L.W., Bourque, B.J. et al. 2001. Historical overfishing
and the recent collapse of coastal ecosystems. Science 293:
629-637.
Jakobsson, M. 2002. Hypsometry and volume of the Arctic Ocean
and its constituent seas. Geochemistry, Geophysics and Geosystems (G3) 3: 1-18.
Jensen, Ad.S. 1923. Naturforskeren Otto Fabricius. Meddelelser
om Grønland 42: 331-399. [in Danish]
Johannsen, E., Ingvaldsen, R.B., Bogstad, B., Dalpadado, P.,
Eriksen, E., Gjøsæter, H. et al. 2012. Changes in the Barents
Sea ecosystem state, 1970-2009: Climate fluctuations, human
impact, and trophic interactions. ICES Journal of Marine
Science 69: 880-889.
Johnson, L. 1975. Distribution of fish species in Great Bear Lake,
Northwest Territories, with reference to zooplankton, benthic
invertebrates, and environmental conditions. Journal of the
Fisheries Research Board of Canada 32: 1989-2004.
Johnson, L. 1976. Ecology of Arctic populations of lake trout,
Salvelinus namaycush, lake whitefish, Coregonus clupeaformis, Arctic char, S. alpinus, and associated species in unexploited lakes
of the Canadian Northwest Territories. Journal of the Fisheries
Research Board of Canada 33: 2459-2488.
Johnston, G. 2002. Arctic charr aquaculture. Fisheries News
Books, Blackwell Publishing, Oxford.
Jonsson, B. & Jonsson, N. 1993. Partial migration: niche shift
versus sexual maturation in fishes. Reviews in Fish Biology and
Fisheries 3: 348-365.
Jonsson, B. & Jonsson, N. 2003. Migratory Atlantic salmon as vectors for the transfer of energy and nutrients between freshwater and marine environments. Freshwater Biology 8: 21-27.
Jordán, F. 2009. Keystone species and food webs. Philosophical
Transactions of the Royal Society B 364: 1733-1741.
Jordan, A.D., Møller, P.R. & Nielsen, J.G. 2003. Revision of
the Arctic cod genus Arctogadus. Journal of Fish Biology 62:
1339–1352.
Jørstad, K.E. 2004. Evidence for two highly differentiated herring
groups at Goose Bank in the Barents Sea and the genetic
relationship to Pacific herring, Clupea pallsi. Environmental
Biology of Fishes 69: 211-221.
Jørstad, K.E., Dahle, G. & Paulsen, O.I. 1994. Genetic comparison between Pacific herring (Clupea pallasi) and a Norwegian
fjord stock of Atlantic herring (Clupea harengus). Canadian
Journal of Fisheries and Aquatic Sciences 51(Suppl.1): 233239.
Kai,Y., Orr, J.W., Sakai, K. & Nakabo, T. 2011. Genetic and
morphological evidence for cryptic diversity in the Careproctus
rastrinus complex (Liparidae) of the North Pacific. Ichthyological Research 58: 143-154.
Kallenborn, R., Borgå, K., Christensen, J.H., Mowdall, M.,
Evenset, A., Odland, J.Ø. et al. 2011. Combined effects of
selected pollutants and climate change in the Arctic envi-

Chapter 6 • Fishes

ronment. Arctic Monitoring and Assessment Programme
(AMAP), Oslo. 108 p.
Kapel, F.O. 2005. Otto Fabricius and the seals of Greenland.
Meddelelser om Grønland: Bioscience 55. Danish Polar Center, Copenhagen. 150 p.
Karamushko, O.V. 2008. Species composition and structure of
the ichthyofauna of the Barents Sea. Journal of Ichthyology 48:
277-291.
Karamushko, O.V. 2012. Structure of ichthyofauna in the Arctic
seas of Russia. Berichte zur Polar- und Meeresforschung 640:
129-136.
Kavanagh, E. (ed.). 2007. Letters. Science 316: 1281-1285.
Kindt-Larsen, L., Kirkegaard, E. & Dalskov, J. 2011. Fully documented fishery: A tool to support a catch quota management
system. ICES Journal of Marine Science 68: 1606-1610.
Kirk, J. L., Lehnerr, I., Andersson, M., Braune, B.M., Chan, L.,
Dastoor, A.P. et al. 2012. Mercury in Arctic marine ecosystems: sources pathways and exposure. Environmental Research
119: 64-87.
Knapp, L., Mincarone, M.M., Harwell, H., Polidoro, B., Sanciangco, J. & Carpenter, K. 2011. Conservation of the world’s
hagfish species and the loss of phylogenetic diversity and ecosystem function. Aquatic Conservation: Marine and Freshwater Ecosystems 21: 401-411.
Knudsen, R., Klemetsen, A., Amundsen, P.-A. & Hermansen, B.
2006. Incipient speciation through niche expansion: an example from the Arctic charr in a subarctic lake. Proceedings of
the Royal Society B – Biological Sciences 273: 2291-2298.
Kock, K.-H. 1992. Antarctic Fish and Fisheries. Cambridge University Press, Cambridge, New York. 359 p.
Koop, B.E. & Davidson, W.S. 2008. Genomics and the genome
duplication in Salmonids. In: K. Tsukamoto, T. Kawamura, T.
Takeuchi, T.D. Beard, Jr. and M.J. Kaiser (eds.). Fisheries for
Global Welfare and Environment, 5th World Fisheries Congress
2008, pp 77-86. Terrapub, Tokyo, Japan.
Kottelat, M & Freyhof, J. 2007. Handbook of European Freshwater Fishes. The World Conservation Union (IUCN). Delémont,
Switzerland.
Kristjánsson, B.K., Skúlason, S. & Noakes, D. 2002. Morphological segregation of Icelandic threespine stickleback (Gasterosteus
aculeatus L.) Biological Journal of the Linnean Society 76:
247-257.
Kristofferson, A.H. & Berkes, F. 2005. Adaptive co-management
of Arctic Char in Nunavut Territory. In: F. Berkes, R. Hubert, H. Fast, M. Manseau, & A. Diduck (eds.). Breaking Ice:
Renewable Resource and Ocean Management in the Canadian
North, pp 249-268. University of Calgary Press, Calgary.
Krylov, A.A., Andreeva, I.A., Vogt, C., Backman, J., Krupskaya, V.V., Grikurov, G.E. et al. 2008. A shift in heavy and clay
mineral provenance indicates a middle Miocene onset of a
perennial sea ice cover in the Arctic Ocean. Paleoceanography
23: PA1S06.
Kullander, S.O. 1999. Fish species – how and why. Reviews in
Fish Biology and Fisheries 9: 325-352.
Kuparinen, A. & Merilä, J. 2007. Detecting and managing fisheries-induced evolution. Trends in Ecology and Evolution 22:
652-659.
Laakkonen, H.M., Lajus, D.L., Strelkov, P. & Väinölä, R. 2013.
Phylogeography of amphi-boreal fish: tracing the history of
the Pacific herring Clupea pallasii in North-East European seas.
BMC Evolutionary Biology 13: 67.
Lajus, D.L., Alekseeva,Y.I. & Lajus, J.A. 2007. Herring fisheries
in the White Sea in the 18th – beginning of the 20th centuries:
Spatial and temporal patterns and factors affecting catch fluctuations. Fisheries Research 87: 255-259.
Leary, D. 2008. Bioprospecting in the Arctic. United Nations University Institute of Advanced Studies (UNU-IAS),Yokohama.
50 p.
Lees, K., Pitois, S., Scott, C., Frid, C. & Mackinson, S. 2006.
Characterizing regime shifts in the marine environment. Fish
and Fisheries 7: 104-127.
Lehtonen, H., Rask, M., Pakkasmaa, S. & Hesthagen, T. 2008.
Freshwater fishes, their biodiversity, habitats and fisheries in

241
the Nordic countries. Aquatic Ecosystem Health and Management 11(3): 298-309.
Lévêque, C., Oberdorff, T., Paugy, D., Stiassney, M.L.J. & Tudesco, P.A. 2008. Global diversity of fish (Pisces) in freshwater. Hydrobiologia 595: 545-567.
Limburg, K.E. & Waldman, J.R. 2009. Dramatic declines in
North Atlantic diadromous fishes. BioScience 59: 955-965.
Lindenmayer, D.B., Likens, G.E., Haywood, A. & Miezis, L. 2012.
Adaptive monitoring in the real world: Proof of concept.
Trends in Ecology and Evolution 26: 641-646.
Lindsey, C.C. & McPhail, J.D. 1986 Zoogeography of fishes of the
Yukon and MacKenzie basins. In: C.H. Hocutt and E. O. Wiley
(eds.). The Zoogeography of Freshwater North American
Fishes, pp 53-104. Wiley & Sons, New York.
Lister, A.M. & Climate Change Research Group. 2011. Natural
history collections as sources of long-term datasets. Trends in
Ecology and Evolution 26: 153-154.
LME (Large Marine Ecosystems of the World): www.lme.noaa.
gov/ [accessed 10 January 2012]
Long, D.J. 1994. Quaternary colonization or Paleogene persistence?: Historical biogeography of skates (Chondrichthyes:
Rajidae) in the Antarctic ichthyofauna. Paleobiology 20: 215228.
Lotze, H.K., Coll, M., Magera, A.M., Ward-Paige, C. & Airoldi,
L. 2011. Recovery of marine animal populations and ecosystems. Trends in Ecology and Evolution 26: 595-605.
Lynghammar, A., Christiansen, J.S., Mecklenburg, C.W., Karamushko, O.V., Møller, P.R. & Gallucci, V.F. 2013. Species
richness and distribution of chondrichthyan fishes in the Arctic
Ocean and adjacent seas. Biodiversity 14: 57-66.
MacDonald, R. 2006. Contaminants, global change and cold
regions. In: J.B. Ørbæk, R. Kallenborn, I. Tombre, E. NøstHegseth, S. Falk-Petersen, and A.H. Hoel (eds.). Arctic Alpine
Ecosystems and People in a Changing Environment, pp 305328. Springer Verlag, Berlin.
Macdonald, R.W., Harner, T. & Fyfe, J. 2005. Recent climate
change in the Arctic and its impact on contaminant pathways
and interpretation of temporal trend data. Science and the
Total Environment 342: 5-86.
Madsen, M.L., Fevolden, S.-E. & Christiansen, J.S. 2009. A
simple molecular approach to distinguish between two Arctic
gadoid fishes Arctogadus glacialis (Peters, 1874) and Boreogadus
saida (Lepechin, 1774). Polar Biology 32: 937-939.
Magurran, A.E. 2004. Measuring Biological Diversity. Blackwell
Science Ltd., Oxford, UK. 215 p.
Magurran, A.E., Khachonpisitsak, S. & Ahmad, A.B. 2011. Biological diversity of fish communities: Pattern and process. Journal
of Fish Biology 79: 1393-1412.
Malakoff, D. 2010. A push for quieter ships. Science 328:15021503.
Marris, E. 2007.The species and the specious. Nature 446: 250253.
May, R.M.1990. How many species? Philosophical Transactions:
Biological Sciences 330: 293-304.
McAllister, D.E., Platania, S.P., Shueler, F.W., Baldwin, M.E. &
Lee, D.S. 1986. Ichthyofaunal patterns on a geographic grid.
In: C.H. Hocutt and E.O. Wiley (eds.). The Zoogeography of
North American Freshwater Fishes, pp 18-50.Wiley and Sons,
New York.
McClelland, J.W., Holmes, R.M., Dunton, K.H. & Macdonald,
R.W. 2012. The Arctic Ocean Estuary. Estuaries and Coasts 35:
353-368.
McDonald, M.E. & Hershey, A.E. 1989. Size structure of a lake
trout (Salvelinus namaycush) population in an Arctic lake: Influence of angling and implications for fish community structure.
Canadian Journal of Fisheries and Aquatic Sciences 46: 21532156.
McDowall, R.M. 1987. The occurrence and distribution of diadromy among fishes. American Fisheries Society Symposium
1: 1-13.
McDowall, R.M. 1988. Diadromy in fishes: migrations between
marine and freshwater

242
environments. Croom Helm, London, United Kingdom. 308
p.
McDowall, R.M. 1992. Diadromy: Origins and definitions of
terminology. Copeia 1: 248-251.
McDowall, R.M. 2008. Why are so many boreal freshwater fishes
anadromous? Confronting
‘conventional wisdom’. Fish and Fisheries 9: 208-213.
McKenna, M., 1975. Fossil mammals and early Eocene North Atlantic land continuity. Annals of the Missouri Botanical Garden
62: 335-353.
McLaren, I.A. 1967. Introduction to biological studies on Ogac
Lake, a landlocked fiord on Baffin Island. Journal of the Fisheries Research Board of Canada 24: 975-980.
McPhail, J.D. & Lindsey, C.C. 1970. Freshwater Fishes of Northwestern Canada and Alaska. Bulletin of the Fisheries Research
Board of Canada 173: 381 p.
Mecklenburg, C.W., Mecklenburg, T.A. & Thorsteinson, L.K.
2002. Fishes of Alaska. American Fisheries Society, Bethesda,
MD. xxxvii + 1037 p.
Mecklenburg, C.W., Stein, D.L., Sheiko, B.A., Chernova, N.V.,
Mecklenburg T.A. & Holladay, B.A. 2007. Russian-American
long-term census of the Arctic: Benthic fishes trawled in the
Chuckchi Sea and Bering Strait, August 2004. Northwestern
Naturalist 88: 168-187.
Mecklenburg, C.W., Møller, P.R. & Steinke, D. 2011. Biodiversity
of Arctic marine fishes: Taxonomy and zoogeography. Marine
Biodiversity 41: 109-140.
Merilä, J. 2012. Evolution in response to climate change: In pursuit of missing evidence. Bioessays 34: 811-818.
Moles, A., Rice, S.D. & Korn, S. 1979. Sensitivity of Alaskan
freshwater and anadromous fishes to Prudhoe Bay crude oil
and benzene. Transactions of the American Fisheries Society
108: 408-414.
Møller, P.R. 2000. Restoration of the taxon Lycodes marisalbi, with
notes on its disjunct Arctic distribution. Journal of Fish Biology
57: 1404-1415.
Møller, P.R., Nielsen, J.G. & Fossen, I. 2003. Patagonian toothfish
found off Greenland. Nature 421: 599.
Møller, P.R., Nielsen, J.G. & Anderson, M.E. 2005. Systematics
of polar fishes. In: A.P. Farrell and J.F. Steffensen (eds.). The
Physiology of Polar Fishes, pp 25-78. Elsevier Academic Press.
Møller, P.R., Nielsen, J.G., Knudsen, S.W., Poulsen, J.Y., Sünksen, K. & Jørgensen, O.A. 2010. A checklist of the fish fauna
of Greenland waters. Zootaxa 2378: 1-84.
Mora, C., Tittensor, D.P. & Myers, R.A. 2008. The completeness
of taxonomic inventories for describing the global diversity
and distribution of marine fishes. Proceedings of the Royal
Society B 275: 149-155.
Morell, V. 2009. Can science keep Alaska’s Bering Sea Pollock
fishery healthy? Science 326: 1340-1341.
Moss, B., Hering, D., Green, A.J., Aidoud, A., Becares, E.,
Beklioglu, M. et al. 2009. Climate change and the future of
freshwater biodiversity in Europe: A primer for policy makers.
Freshwater Reviews 2: 103-130.
MRI (Marine Research Institute): www.hafro.is/index_eng.php
[accessed 10 January 2012]
Mustonen, T. 2007. Report on the biodiversity observations of
the Indigenous communities of the ECORA Model Area lower
Kolyma River, Sakha-Yakutia, Russia. A conference speech in
Snowchange 2007: Traditions of the North, held in April 2007
in Neriungri and Iengra, Sakha-Yakutia, Russia. Available from
the Snowchange Cooperative, Finland (www.snowchange.
org).
Myers, N., Mittermeier, R.A., Mittermeier, C.G., de Fonceca,
G.A.B. & Kent, J. 2000. Biodiversity hotspots for conservation
priorities. Nature 403: 853-858.
NAFO (Northwest Atlantic Fisheries Organization): www.nafo.
int/ [accessed 10 January 2012]
Naiman, R.J., Bilby, R.E., Schindler, D.E. & Helfield, J.M. 2002.
Pacific salmon, nutrients, and the dynamics of freshwater and
riparian ecosystems. Ecosystems 5: 399-417.

Arctic Biodiversity Assessment

Naish, K.A. & Hard, J.J. 2008. Bridging the gap between the genotype and the phenotype: Linking genetic variation, selection
and adaptation in fishes. Fish and Fisheries 9: 396-422.
Naylor, R., Hindar, K., Fleming, I.A., Goldburg, R., Williams, S.,
Volpe, J. et al. 2005. Fugitive salmon: Assessing the risks of escaped fish from net-pen aquaculture. BioScience 55: 427-437.
Nellen, W. & Dulčič, J. 2008. Evolutionary steps in ichthyology
and new challenges. Acta Adriatica 49: 201-232.
Nelson, J.S. 2006. Fishes of the World, 4th Edition. John Wiley
and Sons, Hoboken, New Jersey. xix + 601 p.
Nelson, J.S., Crossman, E.J., Espinosa-Pérez, H., Findley, L.T.,
Gilbert, C.R., Lea, R.N. & Williams, J.D. 2004. Common and
Scientific Names of Fishes from the United States, Canada, and
Mexico. American Fisheries Society, Special Publication 29,
Bethesda, MD. 386 p.
Nielsen, J.L., Ruggerone, G.T. & Zimmerman, C.E. 2012. Adaptive strategies and life history characteristics in a warming climate: Salmon in the Arctic? Environmental Biology of Fishes.
DOI: 10.1007/s10641-012-0082-6
NOAA (National Oceanic and Atmospheric Administration):
www.noaa.gov/ [accessed 10 January 2012]
Nordeide, J.T., Johansen, S.D., Jørgensen, T.E., Karlsen, B.O.
& Moum, T. 2011. Population connectivity among migratory
and stationary cod Gadus morhua in the Northeast Atlantic – a
review of 80 years of study. Marine Ecology Progress Series
435: 269-283.
Nuttall, M., Berkes, F., Forbes, B., Kofinas, G., Vlassova, T. &
Wenzel, G. 2005. Hunting, herding, fishing and gathering:
Indigenous peoples and renewable resource use in the Arctic.
In: ACIA – Arctic Climate Impact Assessment, pp 660-702.
Cambridge University Press, Cambridge.
Oberdorff, T., Tedesco, P.A., Hugueny, B., Leprieur, F., Beauchard, O., Brosse, S. & Durr, H.H. 2011. Global and regional patterns in riverine fish species richness: A review. International
Journal of Ecology, ID 967631. www.hindawi.com/journals/
ijeco/2011/967631/ [accessed 04 April 2013]
OBIS (Ocean Biogeographic Information System) : www.iobis.
org/ [accessed 10 January 2012]
O’Leary, B.C., Smart, J.C.R., Neale, F.C., Hawkins, J.P., Newman, S. & Roberts, C.M. 2011. Fisheries mismanagement.
Marine Pollution Bulletin 62: 2642-2648.
O’Neill, D. 2004. The Last Giant of Beringia: The Mystery of the
Bering Land Bridge. Westview Press, Cambridge, MA. 240 p.
Orlov,Yu.I. & Ivanov, B.G. 1978. On the introduction of Kamchatka king crab Paralithodes camtschatica (Decapoda: Anomura:
Lithodae) into the Barents Sea. Marine Biology 48: 373-375.
Oswood, M.W., Reynolds, J.B., Irons, J.G., III & Milner, A.M.
2000. Distributions of freshwater fishes in ecoregions and hydroregions of Alaska. Journal of the North American Benthological Society 19: 405-418.
Oug, E., Cochrane, S.K.J., Sundet, J.H., Norling, K. & Nilsson, H.C. 2011. Effects of invasive red king crab (Paralithodes
camtschaticus) on soft-bottom fauna in Varangerfjorden, northern Norway. Marine Biodiversity 41: 467-479.
Paisley, L.G., Ariel, E., Lyngstad, T., Jónsson, G., Vennerström, P.,
Hellström, A. & Østergaard, P. 2010. An overview of aquaculture in the Nordic countries. Journal of the World Aquaculture
Society 41: 1-17.
Palkovacs, E.P. 2011. The over-fishing debate: An eco-evolutionary perspective. Trends in Ecology and Evolution 26: 616-617.
Pärtel, M., Szava-Kovats, R. & Zobel, M. 2011. Dark diversity:
shedding light on absent species. Trends in Ecology and Evolution 26: 124-128.
Patarnello, T., Verde, C., di Prisco, G., Bargelloni L. & Zane, L.
2011. How will fish that evolved at constant sub-zero temperature cope with global warming? Notothenioids as a case study.
BioEssays 33: 260-268.
Patriquin, D.G. 1967. Biology of Gadus morhua in Ogac Lake,
a landlocked fiord on Baffin Island. Journal of the Fisheries
Research Board of Canada 24: 2573-2594.
Pavlov, K.A., Savvaitova, K.A., Gruzdeva, M.A., Maksimov, S.V.,
Mednikov, S.V., Mednikov, B.M. et al. 1999. The diversity of
fishes from Taimyr Peninsula: Systematics, ecology, species

Chapter 6 • Fishes

structure as the basis of biodiversity at high latitudes, the modern status under anthropogenic influence. Nauka, Moscow.
208 p.
Payne, M.R., Egan, A., Fässler, S.M.M., Hátún, H., Holst, J.C.,
Jacobsen, J.A. et al. 2012. The rise and fall of the NE Atlantic
blue whitting (Micromesistius poutassou). Marine Biology Research 8: 475-487.
Pease, C.H. 1980. Bering Sea ice processes. Monthly Weather
Review, December (1980): 20152023.
PEG (Pew Environment Group). 2012. An Open Letter from
International Scientists, Montréal 22 April 2012. www.arcticfisheries-letter.com [accessed 08 February 2013).
Perry, A.L., Low, P.J., Ellis, J.R. & Reynolds, J.D. 2005. Climate
change and distribution shifts in marine fishes. Science 308:
1912-1915.
Peterson, B.J., Holmes, R.M., McClelland, J.W., Vörömarty,
C.J., Lammers, R.B., Shiklomanov, A.I. et al. 2002. Increasing
river discharge to the Arctic Ocean. Science 298: 2171-2173.
Pethon, P. 2005. Aschehougs store fiskebok, 5th edition. H. Aschehoug & Co. (W. Nygaard). [in Norwegian]
Petticrew, E.L., Rex, J.F. & Albers, S.J. 2011. Bidirectional delivery of organic matter between freshwater and marine systems:
The role of flocculation in Pacific salmon streams. Journal of
the North American Benthological Society 30: 779-786.
PICES (North Pacific Marine Science Organization): www.pices.
int/ [accessed 10 January 2012]
Pielou, E.C. 1991. After the Ice Age: The Return of Life to
Glaciated North America. The University of Chicago Press,
Chicago. ix + 366 p.
Piepenburg, D. 2008. As time goes by: Polar biology over the
years 1982-2008. Polar Biology 32: 3-7.
Pitcher, T.J. & Lam, M.E. 2010. Fishful thinking: Rhetoric, reality and the sea before us. Ecology and Society 15: 12 [online]
www.ecologyandsociety.org/vol15/iss2/art12/ [accessed 04
March 2013]
Polyak, L., Alley, R.B., Andrews, J.T., Brigham-Grette, J., Cronin, T.M., Darby, D.A. et al. 2010. History of sea ice in the
Arctic. Quaternary Science Reviews 29: 1757-1778.
Ponomarenko, V.P. 1968. Some data on the distribution and migrations of polar cod in the seas of the Soviet Arctic. Rapports
et Proces-verbaux des Réunions. Conseil International pour
l’Éxploration de la Mer 158: 131-135.
Popov, P.A. 2009. Species composition and pattern of fish distribution in Siberia. Journal of Ichthyology 49: 483-495.
Popper, A.N. & Hastings, M.C. 2009. The effects of anthropogenic sources of sound on fishes. Journal of Fish Biology 75:
455-489.
Pörtner, H.O. & Farrell, A.P. 2008. Physiology of climate change.
Science 322: 690-692.
Pörtner, H.O. & Knust, R. 2007. Climate change affects marine
fishes through the oxygen limitation of thermal tolerance.
Science 315: 95-97.
Power, G. 2002. Charrs, glaciations and seasonal ice. Environmental Biology of Fishes 64: 17-35.
Power, M., Reist J.D. & Dempson, J.B. 2008. Fish in high latitude
Arctic lakes. In: W.F. Vincent and J. Laybourn-Parry (eds.).
Polar Lakes and Rivers – Limnology of Arctic and Antarctic
Aquatic Ecosystems, pp 249-268. Oxford University Press,
Oxford, U.K.
Quesne, W.J., Le, F. & Pinnegar, J.K. 2011. The potential impacts
of ocean acidification: Scaling from physiology to fisheries. Fish
and Fisheries 13: 333-344.
Rand, K.M. & Logerwell, E.A. 2011. The first demersal trawl
survey of benthic fish and invertebrates in the Beaufort Sea
since the late 1970s. Polar Biology 34: 475-488.
Redpath, S.M.,Young, J., Evely, A., Adams, W.M., Sutherland,
W.J., Whitehouse, A. et al. 2013. Understanding and managing
conservation conflicts. Trends in Ecology and Evolution 28:
100-109.
Rees, D. & Byrkjedal, I. 2013. Lack of taxonomic information
from parietal spine size invalidates subspecies in the Atlantic

243
hookear sculpin Artediellus atlanticus. Journal of Fish Biology
82: 277–285.
Reid, P.C. & Beaugrand, G. 2012. Global synchrony of an accelerating rise in sea surface temperature. Journal of the Marine
Biological Association of the United Kingdom 92: 1435-1450.
Reiss, H., Hoarau, G., Dickey-Collas, M. & Wolff, W.J. 2009. Genetic population structure of marine fish: Mismatch between
biological and fisheries management units. Fish and Fisheries
10: 361-395.
Reist, J.D. & Bond, W.A. 1988. Life history characteristics of migratory coregonids of the lower Mackenzie River, Northwest
Territories, Canada. Finnish Fisheries Research 9: 133-144.
Reist, J.D. & Chang-Kue, K.C.K. 1997. The life history and
habitat usage of broad whitefish in the lower Mackenzie River
basin. In: R.F. Tallman and J.D. Reist (eds.). The Proceedings
of the Board Whitefish Workshop: The Biology, Traditional
Knowledge and Scientific Management of Broad Whitefish
in the Lower Mackenzie River, pp 44-62. Canadian Technical
Report of Fisheries and Aquatic Sciences 2193.
Reist, J.D. & Treble, M.A. 1998. Challenges facing northern
Canadian fisheries and their co-managers. In: J. Oakes and
R. Riewe (eds.). Issues in the North, Volume III, Occasional
Publication 44, pp 155-165. Canadian Circumpolar Institute,
University of Alberta, Edmonton, Alberta.
Reist, J.D. & Sawatzky, C.D. 2010. Indicator No. 6: Arctic char.
In: Arctic Biodiversity Trends 2010 – Selected Indicators of
Change, pp 41-44. CAFF International Secretariat, Akureyri,
Iceland. www.arcticbiodiversity.is/images/stories/report/
pdf/Arctic_Biodiversity_Trends_Report_2010.pdf [accessed
14 November 2012]
Reist, J.D., Gyselman, E., Babaluk, J.A., Johnson, J.D. & Wissink,
R. 1995. Evidence for two morphotypes of Arctic char (Salvelinus alpinus) from Lake Hazen, Ellesmere Island, Northwest
Territories, Canada. Nordic Journal of Freshwater Research
71: 396-410.
Reist, J.D., Wrona, F.J., Prowse, T.D., Power, M., Dempson, J.B.,
King, J.R., & Beamish, R.J. 2006a. An overview of effects of
climate change on selected Arctic freshwater and anadromous
fishes. Ambio 35: 381-387.
Reist, J.D., Wrona, F.J., Prowse, T.D., Power, M., Dempson, J.B.,
Beamish, R.J. et al. 2006b. General effects of climate change
on Arctic fishes and fish populations. Ambio 35: 370-380.
Reist, J.D., Wrona, F.J., Prowse, T.D., Dempson, J.B., Power, M.,
Köck, G. et al. 2006c. Effects of climate change and UV radiation on fisheries for Arctic freshwater and anadromous species.
Ambio 35: 402-410.
Reist, J.D., Power, M. & Dempson, J.B. 2013. Arctic charr (Salvelinus alpinus): A case study of the importance of understanding
biodiversity and taxonomic issues in northern fishes. Biodiversity 14: 45-56.
Renaud, P.E., Berge, J., Varpe, Ø., Lønne, O.J., Nahrgang, J.,
Ottesen C. & Hallanger, I. 2012. Is poleward expansion by Atlantic cod and haddock threatening native polar cod, Boreogadus
saida? Polar Biology 35: 401-412.
Reshetnikov,Yu. S. 2002. Atlas of Freshwater Fishes of Russia, 2
volumes. Nauka, Moscow. [in Russian]
Reshetnikov,Yu. S., Bogutskaya, N.G., Vasileva, E.D., Dorofeeva,
E.A., Naseka, A.M., Popova, O.A. et al. 1997. An annotated
checklist of the freshwater fishes of Russia. Journal of Ichthyology 37: 687-736.
Rice, J., Moksness, E., Attwood, C., Brown, S.K., Dahle, G.,
Gjerde, K.M. et al. 2012. The role of MPAs in reconciling
fisheries management with conservation of biological diversity.
Ocean & Coastal Management 69: 217-230.
Rijnsdorp, A.D., Peck, M.A., Engelhard, G.H., Möllmann, C. &
Pinnegar, J.K. 2009. Resolving the effect of climate change on
fish populations. ICES Journal of Marine Science 66: 15701583.
Roach, A.T., Aagaard, K., Pease, C.H., Salo, S.A., Weingartner,
T., Pavlov, V. & Kulakov, M. 1995. Direct measurements of
transport and water properties through the Bering Strait. Journal of Geophysical Research 100: 18443-18457.

244
Roberts, C.M., McClean, C.J., Veron, J.E.N., Hawkins, J.P.,
Allen, G.R., McAllister, D.E. et al. 2002. Marine biodiversity
hotspots and conservation priorities for tropical reefs. Science
295: 1280-1284.
Rogers, A.D, Tyler, P.A., Connelly, D.P., Copley, J.T., James,
R., Larter, R.D. et al. 2012. The discovery of new deep-sea
hydrothermal vent communities in the Southern Ocean and
implications for biogeography. PLoS Biology 10: 1-17.
Rose, G.A. 2005. On distributional responses of North Atlantic
fish to climate change. ICES Journal of Marine Science 62:
1360-1374.
Rooney, N. & McCann, K.S. 2012. Integrating food web diversity,
structure and stability. Trends in Ecology and Evolution 27:
40-46.
Rusyaev, S.M. & Orlov, A.M. 2013. Bycatches of the Greenland
shark Somniosus microcephalus (Squaliformes, Chondrichthyes)
in the Barents Sea and adjacent waters under bottom trawling
data. Journal of Ichthyology 53: 111-115.
Rutschmann, S., Matschiner, M., Damerau, M., Muschick, M.,
Lehman, M.F., Hanel, R. & Salzburger, W. 2011. Parallel
ecological diversification in Antarctic notothenioid fishes as
evidence for adaptive radiation. Molecular Ecology 20: 47074721.
Sandbeck, Th. 2007. Danske havforskningsskibe gennem 250 år.
Skib Forlag. [in Danish]
Sandlund, O.T., Gunnarsson, K., Jónasson, B., Lindem, T.,
Magnússon, K.P., Malmquist, H.J. et al. 1992. The Arctic charr
Salvelinus alpinus in Thingvallavatn. Oikos 64: 305-351.
Sarvas, T.H. & Fevolden, S.E. 2005. Pantophysin (Pan I) locus divergence between inshore v. offshore and northern v. southern
populations of Atlantic cod in the north-east Atlantic. Journal
of Fish Biology 67: 444-469.
Saslis-Lagoudakis, C.H. & Clarke, A.C. 2013. Ethnobiology: the
missing link in ecology and evolution. Trends in Ecology and
Evolution 28: 67-68.
Sawatky, C.D. & Reist, J.D. 2008. The state of char in the Arctic.
In: Arctic Report Card 2008, pp 55-60. www.arctic.noaa.gov/
reportcard [accessed 28 September 2012]
Sawatzky, C.D. & Reist, J.D. 2009. The state of Char in the Arctic.
In: Arctic Report Card 2009, pp 71-75. www.arctic.noaa.gov/
reportcard [acessed 28 September 2012]
Scheffers, B.R., Joppa, L.N., Pimm, S.L. & Laurance, W.F. 2012.
What we know and don’t know about Earth’s missing biodiversity. Trends in Ecology and Evolution 27: 501-510.
Schlosser, I.J. 1995. Critical landscape attributes that influence
fish population dynamics in headwater streams. Hydrobiologia
303:71-81.
Schmidt, D.N. & Ridgwell, A. 2011. Ocean acidification in the
freezer. Antarctic Science 23: 417-417.
Schou, M. 2011. Developing science for result-based management
in fisheries – a digression? ICES CM 2011/P:12. ICES ASC
Gdansk, September 2011.
Schurmann, H. & Christiansen, J.S. 1994. Behavioural thermoregulation and swimming activity of two Arctic teleosts
(subfamily Gadinae) – the polar cod (Boreogadus saida) and the
navaga (Eliginus navaga). Journal of Thermal Biology 19: 207212.
Scotland, R.W. & Wood, J.R.I. 2012. Accelerating the pace of
taxonomy. Trends in Ecology and Evolution 27: 415-416.
Scott, W.B. & Crossman, E.J. 1973. Freshwater fishes of Canada.
Fisheries Research Board of Canada Bulletin 184: 966 p.
Skopets, M.B. & Chereshnev, I.A. 1991. The unique charr ichthyogenesis of the ancient Lake El’gygytgyn (Central Chukotka).
Proceedings of the sixth ISACF Workshop on Arctic char,
1990. ISACF Information series 5: 157-160.
Skúlason, S., Snorrason, S.S. & Jónsson, B. 1999. Sympatric
morphs, populations and speciations in freshwater fish with
emphasis on Arctic charr. In: A.E. Magurran and R.M. Roberts
(eds.). Evolution of Biological Diversity, pp 71-92. Oxford
University Press, Oxford, UK.
Slabbekorn, H., Bouton, N., van Opzeeland, I., Coers, A., ten
Cate, C. & Popper, A.N. 2010. A noisy spring: The impact

Arctic Biodiversity Assessment

of globally rising underwater sound levels on fish. Trends in
Ecology and Evolution 25: 419-427.
Smidt, E.L.B. 1983. Om overgangen fra fangst til fiskeri i Vestgrønland. Grønland 5: 125-144. [in Danish]
Snorranson, S.S., Skúlason, S., Jonsson, B., Malmquist, H.J.,
Jonasson, P.M., Sandlund O.T. & Linden, T. 1994. Tropic specialization in Arctic charr Salvelinus alpinus (Pisces; Salmonidae): Morphological divergence and ontogenetic niche shifts.
Biological Journal of the Linnean Society 52: 1-18.
Spromberg, J.A. & Birge, W.J. 2009. Modeling the effects of
chronic toxicity on fish populations: The influence of life-history strategies. Environmental Toxicology and Chemistry 24:
1532-1540.
Stein, D.L. 2012. Snailfishes (Family Liparidae) of the Ross Sea,
Antarctica, and closely adjacent waters. Zootaxa 3285. 120 p.
Stenseth, N. Chr. & Rouyer, T. 2008. Destabilized fish stocks.
Nature 452: 825-826.
Sunnanå, K. & Christiansen, J.S. 1997. Kommersielt fiske på polartorsk – erfaringer og potentiale. Fiskeriforskning Rapport
1. [in Danish and Norwegian]
Sutherland, W.J., Bardsley, S., Clout, M., Depledge, M.H.,
Dicks, L.V., Fellman, L. et al. 2013. A horizon scan of global
conservation issues for 2013. Trends in Ecology and Evolution
28: 16–22.
Swanson, H.K., Kidd, K.A., Babaluk, J.A., Wastle, R.J.,Yang,
P.P., Halden N.M. & Reist, J. D. 2010. Anadromy in Arctic
populations of lake trout (Salvelinus namaycush): Otolith microchemistry, stable isotopes, and comparisons with Arctic char
(Salvelinus alpinus). Canadian Journal of Fisheries and Aquatic
Sciences. 67: 842-853.
Tammi, J., Appelberg, M., Beier, U., Hesthagen, Lappalainen,
T.A. & Rask, M. 2003. Fish status survey of Nordic lakes:
Effects of acidification, eutrophication and stocking activity on
present fish species composition. AMBIO 32: 98-105.
Thurstan, R.H., Brockington, S. & Roberts, C.M. 2010. The effect of 118 years of industrial fishing on UK bottom trawl fisheries. Nature Communications 1: 15 [online] DOI: 10.1038/
ncomms1013. www.nature.com/naturecommunications
[accessed 05 April 2013]
Tillin, H.M., Hiddink, J.G., Jennings, S. & Kaiser, J.M. 2006.
Chronic bottom trawling alters the functional composition of
benthic invertebrate communities on a sea-basin scale. Marine
Ecology Progress Series 318: 31-45.
Tinbergen, N. 1963. On aims and methods of ethology. Zeitschrift für Tierpsychologie 20: 410-433.
Tingley, M.W. & Beissinger, S.R. 2009. Detecting range shifts
from historical species occurrences: new perspectives on old
data. Trends in Ecology and Evolution 24: 625-633.
Tonn, W.M., Magnuson, J.J., Rask, M. & Toivonen, H. 1990.
Intercontinental comparison of small-lake fish assemblages:
The balance between local and regional processes. American
Naturalist 136: 345-375.
Toresen, R. & Østvedt, O.J. 2000. Variation in abundance of
Norwegian spring-spawning herring (Clupea harengus, Clupeidae) throughout the 20th century and the influence of climatic
fluctuations. Fish and Fisheries 1: 231-256.
Tucker, D.W. 1959. A new solution to the Atlantic eel problem.
Nature 183: 495-501.
Tuomisto, H. 2010. A consistent terminology for quantifying
species diversity? Yes, it does exist. Oecologia 164: 853-860.
Turner, J. & Overland, J. 2009. Contrasting climate change in the
two polar regions. Polar Research 28: 146-164.
Urho, L. & Lehtonen, H. 2008. Fish Species in Finland. Finnish
Game and Fisheries Research Institute, Helsinki. 36 p.
Vallina, S.M. & Le Quéré, C. 2011. Stability of complex food
webs: Resilience, resistance and the average interaction
strength. Journal of Theoretical Biology 272: 160-173.
Vecsei, P., Blackie, C.T., Muir, A.M., Machtans, H.M. & Reist,
J.D. 2012. A preliminary assessment of cisco (Coregonus spp.)
diversity in Yellowknife Bay, Great Slave Lake, Northwest Territories. Advances in Limnology 63: 299-322.
Vermeij, G.J. & Roopnarine, P.D. 2008. The coming Arctic invasion. Science 321: 780-781.

Chapter 6 • Fishes

Vilhjálmsson, H., Hoel, A.H., Agnarsson, S., Arnason, R., Carscadden, J.E., Eide, A. et al. 2005. Fisheries and aquaculture.
In: ACIA, Arctic Climate Impact Assessment, pp 691-780.
Cambridge University Press, New York.
Vladykov, V.D. & Kott, E. 1979. Satellite species among the
holarctic lampreys (Petromyzontidae). Canadian Journal of
Zoology 57: 860-867.
VNIRO (Russian Federal Research Institute of Fisheries and
Oceanography): www.vniro.ru/en/ [accessed 10 January
2012]
Vonlanthen, P., Bittner, D., Hudson, A.G.,Young, K.A., Müller,
R., Lundsgaard-Hansen, B. et al. 2012. Eutrophication causes
speciation reversal in whitefish adaptive radiations. Nature
482: 357-362.
Walsh, J.E. 2008. Climate of the Arctic marine environment.
Ecological Applications 18: S3-S22.
Ward, R.D., Hanner, R. & Hebert, P.D.N. 2009. The campaign
to DNA barcode all fishes, FISH-BOL. Journal of Fish Biology
74: 329-356.
Wassmann, P. 2011. Arctic marine ecosystems in an era of rapid
climate change. Progress in Oceanography 90: 1-17.
Wassmann, P., Duarte, C.M., Agusti, S. & Sejr, M.K. 2011.
Footprints of climate change in the Arctic marine ecosystem.
Global Change Biology 17: 1235-1249.
Węsławski, J.M., Kwaśniewski, S. & Stempniewicz, L. 2008. Warming in the Arctic may result in the negative effects of increased
biodiversity. Polarforschung 78: 105-108.
Wheeler, A. 1992. A list of the common and scientific names of
fishes of the British Isles. Journal of Fish Biology 41(Suppl.
sA): 17-26.
Wienerroither, R., Nedreaas, K.H., Uiblein, F., Christiansen,
J.S., Byrkjedal, I. & Karamushko, O.V. 2011a. The marine fishes of Jan Mayen Island, NE Atlantic – past and present. Marine
Biodiversity 41: 395-411.
Wienerroither, R., Johannesen, E., Dolgov, A., Byrkjedal, I., Bjelland, O., Drevetnyak, K. et al. 2011b. Atlas of the Barents Sea
Fishes. IMR/PINRO Joint Report Series 1-2011. 272 p.
Williot, P., Arlati, G., Chebanov, M., Gulyas, T., Kasimov, R.,
Kirschbaum, F. et al. 2002. Status and management of Eurasian
sturgeon: An overview. International Review of Hydrobiology
87: 483-506.
Wolf, M. & Weissing, F.J. 2012. Animal personalities: consequences for ecology and evolution. Trends in Ecology and Evolution
27: 452-461.
Worm, B. & Branch, T.A. 2012. The future of fish. Trends in Ecology and Evolution 27: 594-599.
Worm, B., Barbier, E.B., Beaumont, N., Duffy, J.E., Folke, C.,
Halpern, B.S. et al. 2006. Impacts of biodiversity loss on ocean
ecosystem services. Science 314: 787-790.
Worm, B., Hilborn, R., Baum, J.K., Branch, T.A., Collie, J.S.,
Costello, C. et al. 2009. Rebuilding global fisheries. Science
325: 578-585.
WoRMS (World Register of Marine Species): www.marinespecies.org/ [accessed 10 January 2012]
Wrona, F.J., Prowse, T.D., Reist, J.D., Beamish, R., Gibson, J.J.,
Hobbie, J. et al. 2005. Freshwater ecosystems and fisheries.
In: Arctic Climate Impact Assessment, ACIA, pp 353–452.
Cambridge University Press, Cambridge, UK.
WWF. www.worldwildlife.org/ [accessed 10 January 2012]
Zeller, D., Booth, S., Pakhomov, E., Swartz, W. & Pauly, D. 2011.
Arctic fisheries catches in Russia, USA, and Canada: baselines
for neglected ecosystems. Polar Biology 34: 955-973.
Zhitniy, B.G. 2007. Biological resources of the White Sea and
their commercial usage. Petrozavodsk, KarCS RAS. [in Russian]
ZooBank (The Official Online Registry for Zoological Nomenclature): zoobank.org/ [accessed 10 January 2012]
Appendix 6: www.abds.is/aba-2013-appendix-6

245

