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Key Findings

Food resources are being lost for many Arctic species

in Arctic marine environments. Many species have to
travel further and expend more energy to feed, leading to
concerns about individual health and potential effects at the
population level.

P Ivory gull declines coincide with reduction in their
sea ice feeding areas.

» Reduced ice cover has also led to increased polar
bear predation on ground-nesting common eiders
and cliff-nesting murres, potentially leading to
local population declines.

P Black guillemots in Alaska feed at the ice edge and
have been forced to travel greater distances to
foraging areas as sea-ice retreats, leading to lower
breeding success.

P Barents Sea harp seals have reduced body
condition associated with reduced food availability
as their travel time to the ice edge to feed and is
longer.

» Some Indigenous communities have noted a
change in walrus stomach contents, with more
open water fishes and less clams, indicating that
the distribution and availability of benthic resource
species are changing in some areas.

Some Arctic species are shifting their ranges northwards
to seek more favourable conditions as the Arctic warms.
These movements pose unknown consequences for Arctic
species and their interactions, such as predation and
competition.

» The northward expansion of capelin has led to
changes in seabird diet in northern Hudson Bay. It
also may affect marine mammals.

» Warming can have surprising and contradictory
effects on species e.g. rising temperatures in the
Chukchi Sea have been associated with an increase
in nutritious copepods with high fat content

Northward movement is easier for more mobile open-
water species. Open water species such as polar cod, are
more mobile compared to those linked to shelf regions, such
as benthic species including some fishes for which suitable
habitat may be unavailable if they move northward.

» Greenland halibut have the potential to expand
into the Arctic Basin with climate change, but
only given the availability of suitable prey and
topography.

Increasing numbers and diversity of southern species
are moving into Arctic waters. In some cases, they may
outcompete and prey on Arctic species, or offer a less
nutritious food source for Arctic species.

» The boreal copepod Calanus finmarchicus is
expanding north from the Atlantic and replacing
its more nutritious Arctic relatives C. glacialis and C.
hyperboreus.

» Complex patterns of benthic biomass change
in the Barents Sea are related to, amongst other
pressures, warming of the Barents Sea improving
conditions for boreal species to move further
north.

» The distribution of Atlantic cod is expanding in the
Atlantic Arctic and increasing predation pressure
on the polar cod, an important nutrient-rich prey
fish, important for other fishes, seabirds and
marine mammals, especially seals.

» The more temperate killer whale is expanding in
Arctic waters and may compete with other apex
predators for nutritious seals.

Current trends indicate that species reliant on sea ice for
reproduction, resting or foraging will experience range
reductions as sea ice retreat occurs earlier and the open
water season is prolonged.

P Since the 1980s, ice amphipod abundance has
declined around Svalbard and it is possible that sea
ice algal community structure has changed in the
central Arctic.

P Although there are no documented cases of
widespread population changes, some Arctic-
breeding seabirds and some resident marine
mammals have been observed shifting behaviours.

» Ducks breeding on the Siberian tundra and
wintering at sea have shortened migration in
response to declines in winter sea ice cover.

» Belugas in Hudson Bay varied timing of migration
in response to variations in temperatures. These
migrations may affect the ability of people to find
and use these resources.

» Changes in sea ice conditions are probably linked
to declines in the abundance of hooded seals,
lower reproduction rates of Northwest Atlantic
harp seals, reduced body condition of Barents Sea
harp seals, and changes in prey composition of
bearded seals.

P Extirpation of some stocks of ice-dependent
seals are possible, but is expected to vary locally
because of large regional variation in ice cover
decline.

P Early spring sea ice retreat also reduces suitable
breeding and pup rearing habitat for ringed seals.
This affects the ability for polar bears, which feed
on ringed seals, to rebuild energy stores after
fasting during their own breeding period.

P Historically, walruses rested on sea ice located
directly over prime feeding areas, but due to
late season ice formation are increasingly using
coastal haul-out sites instead of sea ice. In addition
to travelling further to access foods, this also
increases the risk of calf mortality due to stampede.
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Figure 1: Status of monitoring activities for each Focal Ecosystem Component (i.e., selected species groups) across each Arctic Marine Area as
included in this report.

Arctic marine species and ecosystems are undergoing
pressure from cumulative changes in their physical,
chemical and biological environment. Some changes
may be gradual, but there may also be large and sudden
shifts that can affect how the ecosystem functions. It is hard
to determine where and when these “tipping points” exist
because the Arctic marine environment experiences a variety
of stressors and subsequent reactions that can interact

in complex and surprising ways. For those charged with
managing natural resources and public policy in the region,
it is crucial to identify the combined effects of stressors and

potential thresholds to prepare effectively for an uncertain
future.

Increases in the frequency of contagious diseases are
being observed.

» Incidents of avian cholera have increased in the
northern Bering Sea and Arctic Archipelago.

P The first designated Unusual Mortality Event in the
U.S. Arctic occurred in 2011 and involved species
of seals and walrus—essential food resources—
affecting coastal community health, nutrition,
cultural and economic well-being in areas of
Canada, U.S., and Russia.



Advice for monitoring

Monitoring the status and trends of Arctic biodiversity and
attributing causes of change are challenging. Complexity,
logistics, funding, international coordination, natural
variability, and availability of expertise and technology
combine to limit available data and knowledge. These
limitations affect biotic groups unevenly.

Traditional and local knowledge (TLK) is a valuable source

of information for marine areas, and the CBMP Marine Plan
worked to address this issue by trying to engage and include
Traditional Knowledge (TK) and TK holders within its design
and implementation, a lack of funding, support, and capacity
hindered its effect within the Marine Expert Networks and
this report. With the understanding of the importance to
utlize both science and TLK in order to understand the
current state of the marine environment, examples are
provided of the type of information that TK holders have to
offer.

Coordination

Better coordination allows for increased value for investment
in monitoring programs, better opportunity to compare
results, and more ability to draw meaningful conclusions
from data.

P Strategically locate Arctic research stations
and monitoring vessels, and use all collected
specimens, to allow the collection and analysis of
as many CBMP FECs as possible.

P Ensure research stations operate all year to better
study FECs year round.

» Combine national monitoring with collaborative
approaches that allow for sufficient integration and
standardization to conduct syntheses across the
circumpolar region.

P Standardize how data are collected, managed
and made available. This is a key component in
ensuring circumpolar Arctic comparability and
should be an important consideration in the
implementation of monitoring plans.

P Encourage states to increase the implementation
of existing internationally coordinated monitoring
plans.

P Connect monitoring initiatives and report across
scales so that results are meaningful for local, sub-
national, national, regional and global decision-
makers.

P Continue to increase coordination between
CBMP and other regional and global monitoring
initiatives e.g., the Group on Earth Observations
Biodiversity Observation Network (GEOBON),
International Council for the Exploration of the
Sea (ICES) and the Intergovernmental Platform on
Biodiversity and Ecosystem Service (IPBES).

Ice divers
1 Photo: THe Hidden Ocean, NOAA

Methods

Increased attention to methodology allows for more precise
and comparable results, standardized data collection, and
ability to link regional monitoring to circumpolar efforts.

» Ensure that Arctic monitoring programs are
ecosystem-based and include as many CBMP
FECs as possible to include functionally important
taxonomic groups and improve our understanding
of how the ecosystem functions, and how its
components are related. Such monitoring
programs can serve to underpin management of
human activities in the Arctic marine environment.

» Standardize methodology, including taxonomic
identification in order to allow production of
comparable data and results.

P Ensure training of personnel performing sampling
and analyses.

Katrin Iken and Bodil Bluhm sift through deep _i_'ea mud for species samples.
Photo: Kevin Raskoff, California State UnivaA/Flickr.com
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An Inuit man observers the sea while hunting in Greenland.
Photo: Carsten Egevang/ARC-PIC.com -

Traditional and Local Knowledge (TLK)

Utilizing TLK and involvement of TK holders allows for
increased understanding of relationships and changes
underway in Arctic ecosystems, current and historical trends,
and serves to build valuable partnerships on the ground in
Arctic communities.

P Use TLK within the design and implementation of
monitoring plans. The TLK of people living along
and off the Arctic Ocean is an invaluable resource
for understanding changes in Arctic marine
ecosystems and its inclusion should be supported
by national governments.

P Increase engagement and partnerships with
local residents and easy to access technology in
monitoring programs. Indigenous communities
are important ‘first responders’ to catastrophic
events. More importantly, their knowledge systems
provide a wealth of knowledge that should be
involved in the analysis of collected data for
increased understanding of current trends and
filling historical gaps.

P There is a need for TLK on a range of FECs and to
engage networks of TLK holders and Indigenous
organisations.

P Use both TLK and scientific information on
the analysis of harvest levels and status when
evaluating overall population health and
managing hunts.

Community-based monitoring networks
and community relationship building

P Increase the span of networks in the CBMP to
include Community-based monitoring networks.

» Communicate information on changes and the
results of monitoring between scientists and the
public in both directions. This is crucial to the
development of effective management strategies
and human activities.

Looking for marine mammals in the Pacific Arctic
Photo: Josh London,Alaska Fisheries Science Center, NOAA

Knowledge gaps

Filling gaps in knowledge helps us better understand key
elements and functions of the ecosystem that can help
explain change and understand the system.

» Encourage the monitoring of relevant physical
parameters alongside some FECs that are
particularly sensitive to their effects, including sea
ice biota and plankton.

P> Expand monitoring programs to include important
taxonomic groups and key ecosystem functions.
These gaps are likely due to logistical challenges or
lack of expertise in specific fields.

» Expand monitoring programs to include those
utilizing both TK and science; involvement of
Indigenous organizations and build capacity to
provide a co-production of knowledge platform.

Under the Arctic ice.
Photo: Shawn Harper, University of Alaska Fairbanks




Marine Expert Networks

Proactive biodiversity monitoring can help anticipate and
provide future knowledge needs. Each CBMP Marine Expert
Network has provided advice for their area of expertise to

help Arctic biodiversity monitoring programs deliver relevant

information and advice for policy-makers.
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Seaice biota

P Establish an annual monitoring programme from
landfast sea ice at selected Arctic field stations
in Canada (Resolute, Cambridge Bay), Greenland
(Kobbefjord, Disko Bay, Zackenberg), Norway
(Kongsfjorden, Billefiorden, Van Mijenfjorden), and
the U.S. (Barrow).

P Establish a standardized monitoring protocol,
including sample collection, preservation,
microscopic and genetic analyses, taxonomic
harmonization, and data sharing.

» Establish opportunistic monitoring from drifting
sea ice during cruises of opportunity.

» Collect macrofauna samples in drifting sea ice via
ship-based activities, scuba diving, use of electrical
suction pumps, under-ice trawl nets, and remotely
operated vehicles.

.';;D"atgm
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Plankton

» Follow standardized protocols for monitoring
plankton, including sample collection and
preservation, microscopic and genetic analyses
with taxonomic harmonization.

P Ensure that full data sharing occurs between
scientists, and is deposited in publicly-accessible
national data centers. Continue to consolidate
older data.

P Train highly qualified personnel to perform
plankton sampling and species-level analyses,
including the use of molecular techniques.

P Establish long-term funded annual monitoring
programmes of plankton from selected Arctic field
stations or Arctic campaigns/cruises in Canada, the
U.S. and Russia, which together with the ongoing
monitoring in Greenland, Iceland and Norway will
secure a pan-Arctic coverage.

P Develop species indexes and if possible, identify
indicator taxa for monitoring.

In situ Gorgonocephalus.
Photo: Peter Bondo Christensen,Aarhus Ul

Benthos

» Develop a time- and cost-effective, long-term
and standardized monitoring of megabenthic
communities in all Arctic regions using regular
national groundfish assessment surveys.
Expanding monitoring on micro-, meio- and
macrobenthic groups is encouraged.

P Gather information from research programs in
regions without regular groundfish-shellfish trawl
surveys. These are usually short-term and do
not guarantee spatial consistency in sampling,
but provide valuable information on benthic
biodiversity and community patterns.

P Generate information on benthos from little-
known regions, such as the Arctic Basin and Arctic
Archipelago, on cryptic or difficult taxonomic
groups, and on biological “hotspots”.

P Systematic studies of macrobenthos (grab
investigations) and megabenthos (trawl bycatch
of regular fishery surveys including both annual
studies, as in the Atlantic Arctic, and periodic
studies as in the Northern Bering and Chukchi
Seas) are the most suitable and practical approach
to long-term monitoring.

» Standardize methodology, including taxonomic



identification, across regions to assist in regional Seabirds

comparisons. P Develop methods for assessing diet to increase our
> Recognize and support the use of TLK as an understanding of changes in the ecosystem and

invaluable resource for understanding of changes how they affect seabird populations.

in Arctic benthic communities. P> When selecting sites for new monitoring, consider

proximity to hotspots for marine activities, access
to the sea, and inclusion of plankton monitoring.
» Expand colony-based monitoring and strive to
include a more complete array of parameters, in
particular, diet and measures of survival.
P Consider a higher frequency of monitoring
as current levels make it difficult to identify
mechanisms or causes of change in populations.
P Conduct targeted surveys and individual tracking
studies of seabird interactions at sea to improve
our understanding of seabird interactions at sea,
where seabirds spend most of their time.
» Continue to conduct at sea surveys on an
opportunistic basis.

S
Bowﬁead whale.
fioto: Vicki Beaver
ﬁlaska Fisheries Science Center, NOAA

Marine fishes

» Conduct pan-Arctic taxonomic analyses to clarify
zoogeographic patterns that are important for
detecting and understanding change.

P Establish and conduct a monitoring plan that
is independent of fisheries-related programs to
assess changes in fish abundance and distributions.
Use information from non-commercial fish species
caught in groundfish surveys to provide a first step
in this direction.

P Use information from TK holders for monitoring
marine fishes.

P Connect monitoring initiatives across scales.

» Conduct laboratory studies to examine the
possible effects of abiotic and biotic changes (e.g.

temperature, salinity, acidity and diseases) on fish Marine mammals
species » Implement existing international monitoring plans
» Ensure that data on fisheries (commercial as such as those for ringed seals and polar bear, with
well as artisanal) are accurate and registered in adaptive management principles to address the
catch databases (such as the Food Agriculture eleven FEC marine mammal species.
Organisation of the United Nations). Information » Expand marine mammal monitoring efforts to
from logbooks is also relevant as it can be used to include parameters on health, passive acoustics,
estimate the bycatch and the effects of fisheries. habitat changes, and telemetry tracking studies.
P Obtain more knowledge about population
- - — Z sizes, densities, and distributions of marine
Comf;ﬂon eiders gathef togeffef'é'ynya near the Be"crhér J mammal populations in order to understand the

relationships between sea ice loss and climate
change and to manage Arctic marine mammal
populations in an appropriate manner.

P Involve indigenous and local peoples in the design
and implementation of monitoring programs so
that scientific knowledge and TLK holders are
working collaboratively.

» Pursue a multidisciplinary and multi-knowledge
approach and a high degree of collaboration
across borders and between researchers, local
communities and Arctic governments to better
understand complex spatial-temporal shifts in
drivers, ecological changes and animal health.




- Phytoplankton bloom in the Barents Sead..
Photo: Envirisat, European Space Agengcy
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This is the first Circumpolar Biodiversity Monitoring Program
(CBMP) report to summarize status and trends in key biotic
elements of the Arctic marine environment, what the CBMP
refers to as Focal Ecosystem Components (FECs). The results
are based on efforts to locate, gather, integrate and interpret
all available existing Arctic marine biodiversity monitoring
datasets to improve the detection and understanding of
changes in circumpolar marine biodiversity.

The process to produce this report has identified knowledge
gaps in circumpolar biodiversity monitoring and adjustments
to program design are needed to achieve additional
implementation of the Arctic Marine Biodiversity Monitoring
Plan (CBMP Marine Plan; Gill et al. 2011). The CBMP Marine
Plan has learned a lot from this process, which will inform
additional program development, as new knowledge,
improved conceptual models, new technologies and
adjustment in design feed back into the adaptive integrated
approach of the CBMP. This is just the beginning of a
continued effort to further advance work in circumpolar
biodiversity monitoring efforts and to understand the impact
of changes on Arctic marine ecosystems and life in the
oceans.

1.1 What is the Circumpolar Biodiversity
Monitoring Program (CBMP)

The CBMP is the cornerstone program of the Conservation
of Arctic Flora and Fauna (CAFF), the Arctic Council’s
biodiversity working group. The Arctic Council is the

leading intergovernmental forum promoting cooperation,
coordination and interaction among the Arctic States, Arctic
Indigenous communities and other Arctic inhabitants on
common Arctic issues, in particular, on issues of sustainable
development and environmental protection in the Arctic.

The CBMP is an international network of scientists,
governments, Indigenous organizations, and conservation
groups working to harmonize and integrate efforts to
monitor the Arctic’s living resources and aims to incorporate
Traditional Knowledge (TK) holders. Its goal is to facilitate
more rapid detection, communication and response to
significant biodiversity-related trends and pressures affecting
the circumpolar world while also establishing international
linkages to global biodiversity initiatives. The CBMP applies a
question-driven and integrated ecosystem-based approach
to long-term monitoring to describe ecosystem and
biodiversity change, and to identify important trends (Fig.
1.1).

It does this by:
compiling, harmonizing and enhancing Arctic
biodiversity monitoring efforts, thereby improving
the ability to detect and understand significant
trends; and
reporting to, and communicating with, key decision
makers and stakeholders, thereby enabling effective
conservation and adaptation responses to changes
in Arctic biodiversity.

The CBMP facilitates monitoring through the implementation
of four Arctic Biodiversity Monitoring Plans (marine, coastal,
freshwater and terrestrial). A State of the Arctic Biodiversity
Report will be created under each of these monitoring plans,

followed by regular combined reports in the future.

The approach adopted in these plans follows the steps
required for an effective and adaptive monitoring program
(Lindenmayer and Likens 2009) and includes a consideration
of what future priority questions and user needs the
program should cover. While much work remains to integrate
existing Arctic biodiversity monitoring, the continued
implementation of the CBMP is a major achievement (Barry
etal.2013).

1.2 What is the State of the Arctic Marine
Biodiversity Report (SAMBR)?

This State of the Arctic Marine Biodiversity Report (SAMBR) is
the first integrated reporting outcome from the CBMP Marine
Plan.

Where it has been possible, the SAMBR:
describes current and/or historical baseline status of
identified FECs;
evaluates historical and contemporary trends;
considers how changes in biodiversity may be linked
to stressors;
describes differences that have occurred within the
Arctic Marine Areas (AMAs);
describes status of Arctic biodiversity monitoring;
identifies research priorities, knowledge gaps; and
provides advice for monitoring and management.

The Arctic Biodiversity Assessment (ABA) (Meltofte 2013)
provides the fundamental baseline to make trend
assessments in SAMBR possible. Six Marine Expert Networks
(Sea ice biota, Plankton, Benthos, Fishes, Seabirds and Marine
mammals) provide the framework to implement the CBMP
Marine Plan and generate the information required for
SAMBR.

1.3 What is the Arctic Marine Biodiversity
Monitoring Plan (CBMP Marine Plan)?

The CBMP Marine Plan (Gill et al. 2011) is an agreement across
Arctic States to compile, harmonize and compare results from
existing Arctic marine biodiversity and ecosystem monitoring
efforts, across nations and oceans. The CBMP Marine Plan
developed conceptual ecological models and identified
recommended selected aspects of the environment to
monitor at various trophic levels using specific parameters,
methodologies and sampling designs.

This approach considers the integrity of ecosystems and their
interactions and focuses on a series of FECs defined in the
CBMP Marine Plan; these are subject to revisions based upon
outcomes of this report. This approach aligns with other
comparable initiatives, including the Essential Biodiversity
Variables (Pereira et al. 2013), developed by the Group

on Earth Observations Biodiversity Observation Network
(GEOBON). The resulting information contributes directly to
providing decision makers and other users with information
to inform effective conservation, mitigation and actions in an
Arctic context.

For the purposes of reporting and comparison, the CBMP
Marine Plan identified eight physically and biogeochemically
distinct AMAs (Fig. 1.2).



1.4 Traditional Knowledge (TK)

To have a thorough understanding of the state of the Arctic
and how it is changing, it is necessary to consider both TK'
and science. The CBMP Marine Plan endeavours to build a
network based on both sources of knowledge and bring
together TK holders and scientists to work collaboratively.
However, a lack of funding support and capacity has
hindered effective inclusion of TK holders within the CBMP
Marine Plan. 1t is important for Arctic States to support the
experts (both TK holders and scientists) needed to do this
work.

1 The Indigenous organisations who are Permanent Participants to the Arctic
Council have defined TK as “a systematic way of thinking and knowing that

is elaborated and applied to phenomena across biological, physical, cultural
and linguistic systems. TK is owned by the holders of that knowledge, often
collectively, and is uniquely expressed and transmitted through indigenous
languages. It is a body of knowledge generated through cultural practices,
lived experiences including extensive and multigenerational observations,
lessons and skills. It has been developed and verified over millennia and is
still developing in a living process, including knowledge acquired today and
in the future, and it is passed on from generation to generation” (Permanent
Participants of the Arctic Council 2015). Indigenous peoples’ organizations
have been granted Permanent Participant status in the Arctic Council. The
Permanent Participants have full consultation rights in connection with

the Council’s negotiations and decisions. The following organizations are
Permanent Participants of the Arctic Council: Aleut International Association
(AlA), Arctic Athabaskan Council (AAC), Gwich'in Council International (GCl),
Inuit Circumpolar Council (ICC), Russian Association of Indigenous Peoples of
the North (RAIPON) and the Saami Council (SC)

CIRCUMPOLAR BIODIVERSITY
MONITORING PROGRAM

Although it is an imperfect treatment, this report provides
examples to demonstrate the wealth and value of
information that may be provided by TK. These case studies
are derived from information found within published
literature. As the CBMP progresses in its work, there is a
continued effort and willingness to meaningfully engage
TK, recognize TK monitoring methodologies and include TK
holders throughout the process.

1.5 Arctic Biodiversity Data Service
(ABDS)

Datasets compiled for SAMBR are available on the Arctic
Biodiversity Data Service (ABDS), the online interoperable
system for managing data generated via CAFF projects

and activities. The goal of the ABDS is to facilitate access,
integration, analysis and display of biodiversity information
for scientists, managers, policy makers and others working
to understand, conserve and manage the Arctic’s wildlife
and ecosystems. It ensures that biodiversity data provided to
CAFF are organised to guarantee a legacy in a manner that
facilitates: data discovery; increased understanding; informed
and rapid decision-making; and ongoing research.

N

Figure 1.1: Work flow of the Circumpolar Biodiversity Monitoring Program (CBMP).



Box 1.1 Focal Ecosystem Components (FECs)

The CBMP uses the term FECs to describe biological elements that are considered central to the functioning of an
ecosystem, of major importance to Arctic residents, and/or are likely to be good proxies of change in the environment.

Marine FECs addressed in the SAMBR are:

Marine mammal

Beluga
Narwhal
Bowhead whale
Spotted seal
Ringed seal
Bearded seal
Ribbon seal
Harp seal
Hooded seal
Walrus

Polar bear

Delphinapterus leucas
Monodon monoceros
Balaena mysticetus
Phoca largha

Pusa hispid
Erignathus barbatus
Phoca fasciata

Phoca groenlandica
Cystophora cristata
Odobenus rosmarus
Ursus maritimus

Seabirds

Glaucous gull

Ivory gull

Least auklet

Little auk

Common murre
Thick-billed murre
Black-legged kittiwake
Common eider

Larus hyperboreus
Pagophilia eburnea
Aethia pusilla

Alle alle

Uria aalge

Uria lomvia

Rissa tridactyla
Somateria mollissima

Capelin  Mallotus villosus spp.
Polar cod Boreogadus saida
Greenland halibut Reinhardtius hippoglossoides

Benthos
Macrobenthos
Megabenthos

Phytoplankton and larger protists
Microbial eukaryotes

Bacteria and Archaea
Zooplankton

Sea ice biota
Prokaryotic microbes, including Archaea and Bacteria
Ice algae and other single-celled eukaryotes
Ice meiofauna
Macrofauna: Under-ice amphipods




I Beaufort I Arctic Archipelago
~ Atlantic Arctic [l Hudson Complex
) Arctic Basin |11 Davis-Baffin

B Pacific Arctic I Kara-Laptev

— CAFF Border

Figure 1.2. Arctic Marine Areas (AMAs) as defined in the CBMP Marine Plan.

1.6 Global linkages

The size and nature of Arctic ecosystems make them critically
important to the biological, chemical and physical balance
of the globe (Meltofte 2013). CAFF makes significant efforts
to develop strategic partnerships and ensure that Arctic
biodiversity information contributes to other Arctic Council
activities and to the attainment of global biodiversity goals,
targets and commitments of biodiversity-related Multilateral
Environmental Agreements (MEAs) and other relevant
international biodiversity fora

2 CAFF has signed Resolutions of Cooperation with the Global Biodiversity
Information Facility (2016), the East Asian-Australasian Flyway Partnership
(2013), the Ramsar Convention on Wetlands (2012), the United Nations
Convention on Migratory Species (2013), the African-Eurasian Waterbird
Agreement (2012), United Nations Convention on Biological Diversity (2010)
and the Association of Polar Early Career Scientists (2009).

The CBMP has been endorsed by the Arctic Council and the
United Nations Convention on Biological Diversity (CBD) (CBD
2010, 2012, Barry et al. 2013, Arctic Regional Workshop 2014,
Arctic Council 1996-2015) and is the biodiversity component
of the Sustaining Arctic Observing Networks (SAON). The
CBMP is the official Arctic Biodiversity Observation Network
(Arctic BON) of GEOBON and a partner to the Global
Biodiversity Indicators Partnership (BIP).

The outputs of the SAMBR will contribute to these
partnerships—for example, by helping to measure progress
towards the CBD Aichi Biodiversity Targets®* —and will ensure
that relevant and reliable information on Arctic biodiversity
informs regional and global processes that affect Arctic
biodiversity.

3 The Aichi targets were agreed at the 10" meeting of the UN CBD
Conference of the Parties, October 2010. These targets are a means to
evaluate progress towards halting biodiversity loss by 2020



Box 1.2 Marine sensitive and significant areas in the Arctic

Several recent initiatives have focused on the identification of marine areas of ecological importance and/or sensitive
to pressures from specific activities. In 2013, the Arctic Council identified ecologically and culturally significant marine
areas vulnerable to marine vessel activities changing climate conditions and increasing multiple marine uses (AMAP/
CAFF/SDWG, 2013) as a follow up to the Arctic Marine Shipping Assessment (PAME 2009). This process entailed
compiling existing information and identification of significant areas, which were then overlapped with existing
information on Arctic marine vessel activity to assess their vulnerability. The outcomes informed consideration of
“Specially Designated Marine Areas in the Arctic High Seas” (Det Norske Veritas 2014), which explored the need for
internationally designated areas that might warrant protection from risks posed by international shipping activities,
such as the potential application of Special Areas (SA) and Particularly Sensitive Sea Area (PSSA) measures under the
International Maritime Organisation (IMO) (Barry et al. 2016).

Informed by these efforts, and as part of a global effort to identify Ecologically or Biologically Significant Marine

Areas (EBSAs), in 2014 the CBD convened a workshop to identify Arctic EBSAs and focus future conservation and
management efforts. This process collected a broad range of data in differing formats, scales and details relevant to
identifying areas meeting the criteria to qualify as EBSAs (Arctic Regional Workshop, 2014). These data were analysed
and used to identify and define Arctic EBSAs (Box. Fig. 1.1). The outcomes will be relevant in any subsequent steps of
selecting conservation and management measures by states and intergovernmental organizations, for example, within
the United Nations Convention on the Law of the Sea (UNCLOS) (Barry et al. 2016).
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Box figure 1.1: Arctic Ecologically and Biologically Significant Areas (EBSAs) and Arctic Marine Areas of Heightened Ecological and Cultural
Significance as identified in the Arctic Marine Shipping Assessment (AMSA) IIC report.
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A crane lands researchers onto the sea ice.
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2.1 Arctic marine ecosystems

The processes that control Arctic marine ecosystems differ
from other ocean environments. The absence of light during
winter months limits primary production, which then bursts
into action upon the return of the spring sun. Large areas

of sea ice also characterize Arctic Marine Areas (AMAs),

and appear seasonally over extensive shelves and more
permanently as a large central area of multi-year pack ice.

Marine areas in the Arctic are often highly stratified because
freshwater flows from rivers and melting ice make the upper
layer of the ocean less salty compared with other oceans.
Currents from Atlantic and Pacific water masses mix elements
such as nutrients, organic matter, plankton, and larvae of

fish and invertebrates at different depths and in different
patterns. Relatively warm and salty Atlantic water enters

the Arctic through the eastern part of Fram Strait and less
salty Pacific water enters through the Bering Strait, while the
western Fram Strait acts as the major outflow from the Arctic
Ocean (Eamer et al. 2013, Meltofte 2013; Figure 2.1). Arctic
marine biodiversity is linked to these dynamic patterns of
ocean conditions. Fish species associated with warm Atlantic
waters thrive in the Barents and Greenland Seas, while
bottom-dwelling invertebrates of Pacific origin are found

in the Chukchi, Beaufort and northern East Siberian Seas
(Eamer et al. 2013). Other related physical features, including
polynyas, leads, marginal ice zones and upwelling zones have
major impacts on Arctic marine ecosystems.

Some key elements that determine the diversity of species
and ecosystems in the Arctic marine environment are the
high degree of seasonality in environmental conditions,
critical influence of the large continental shelves and sea ice,

Box 2.1 Some features of the sea ice environment

Marine areas seasonally or permanently covered by sea ice are a globally unique habitat. Ice edges and open water
areas favour wind-driven mixing of the seawater that enhances local production and can create biological hotspots.

Some key features of the sea ice environment in the Arctic include:

Polynyas: areas of permanently or frequently open water in winter surrounded by sea ice
Leads: linear stretches of open water in sea ice, often between landfast ice and pack ice

Marginal ice zones: transition areas from pack ice to open water

with bathymetry

These and other features of the sea ice environment are illustrated below:

Upwelling zones: where deep, often nutrient-rich water rises to the surface due to wind or currents interacting

Meltwater
pond

Marginal ice
ane

Polynya Marginal ice

Snow

Pack ice

A

Thin seasonal ice

Thick
multi-year

Shelf break

biological hotspots. Adapted from Eamer et al. (2013).

Box figure 2.1. Some features of the sea ice environment. Marine areas seasonally or permanently covered by sea ice are a globally unique
habitat. Ice edges and open water areas favour wind-driven mixing of the seawater that enhances local production and can create




and the connection to other oceans via‘corridors’ (Meltofte
2013, Hunt et al. 2016). Despite extreme environmental
conditions, Arctic marine ecosystems support a great
diversity of life, including species found nowhere else on
Earth. The Arctic marine environment supports over 5,000
animal species, including commercially valuable fish species,
large populations of migratory birds and some of the world’s
largest seabird colonies, and unique and iconic Arctic species
such as polar bear (Ursus maritimus), walrus (Odobenus

rosmarus) and narwhal (Monodon monoceros) (Meltofte 2013).

There are also tens of thousands of less understood, but
vitally important species of bacteria, microbes, algae, single-
celled organisms and parasites, with many more species to
be discovered (Meltofte 2013). Zooplankton represent key
links between primary producers and middle trophic levels
(e.g., fish and seabirds), with Calanus copepods and pelagic
or ice-associated amphipods as the most important groups in
the Arctic for lipid production and transfer to higher trophic
levels as well as to the benthos though vertical flux (Falk-
Petersen et al. 2009, Sareide et al. 2013).

When sufficient light penetrates the ice packin spring, it
kick-starts the development of ice algae in early spring.

A phytoplankton bloom will usually take place later in

the summer in the water column. These events deliver
energy and materials to zooplankton and other trophic
levels, resonating throughout the food web (Eamer et al.
2013). Most Arctic marine species are highly seasonal and
specialized when it comes to feeding, reproduction and
migration patterns, so the timing and duration of sea ice
retreat and ice-free ocean determine when, where and for
how long species can accomplish activities that are vital to
survival.

The food web extends well beyond just the transfer of
energy to encompass diverse cultural and social benefits that
humans derive from their environment. Importantly, Arctic
marine ecosystems support human life. Indigenous peoples
of the Arctic have lived with the polar environment for
thousands of years, and many marine species are important
not just for food and clothing, but hold special significance
for spiritual and cultural meaning and purpose (Raymond-
Yakoubian et al. 2014, ICC-Alaska 2015, Slavik 2015). Non-
indigenous Arctic residents also hold a special relationship to
the sea, recognizing it as a force that shapes their individual
livelihoods, as well as economies and cultures (Einarsson et
al. 2011, Schweitzer 2014).

2.2 Physical drivers

The Circumpolar Biodiversity Monitoring Program’s (CBMP)
Arctic Biodiversity Marine Monitoring Plan (CBMP Marine Plan)
identifies several priority drivers that influence the chosen
Focal Ecosystem Components (FECs) (Gill et al. 2011). What
follows are descriptions of key physical parameters that
influence Arctic marine ecosystems. This section addresses
physical drivers (i.e. natural variability parameters) that result
in change over time, whereas Chapter 2.3 summarizes some
anthropogenic drivers. The most relevant climate system
parameters are included in the physical driver’s section,
although climate change is also an anthropogenic driver.
Physical or anthropogenic drivers that have particular effects
on FECs will be revisited in Chapter 3.

Box 2.2: Key physical drivers of
change

Physical drivers are identified in the CBMP Arctic
Marine Biodiversity Monitoring Plan (CBMP Marine
Plan; Gill et al. 2011). The physical drivers were further
developed during the implementation of the CBMP
Marine Plan, and do not strictly follow the categories
used in the CBMP Marine Plan.

These are:
Sea surface temperature

Ocean currents and frontal boundaries
Sea surface salinity

Ocean acidification

Nutrients

Sea ice, including

o ice cover

O ice concentration
o ice dynamics

o marginal ice zones
o landfastice

o polynyas and leads

Monitoring temperature, light, sea ice cover, storm events
and other abiotic drivers, including those described in Box
2.2, are outside the scope of the CBMP, although information
on key abiotic parameters is important to correctly interpret
and analyse biodiversity and ecosystem information in a
comprehensive way.

Most of the drivers mentioned in Box 2.2 can be linked with
climate system parameters. When considering physical
drivers, the CBMP distinguishes between variability and
change. Variability can be regarded as the short-term, non-
directional shift in parameter values, usually within some
reasonably predictable range of limits, whereas change is a
long-term, directional trend or shift in some aspect of the
climate system (or other recipient systems) due to external
forcings or internal feedback. Climate change embodies
both alterations in parameter variability as well as changes in
those parameters.

Arctic Ocean sea surface temperature have been recorded
during many research and monitoring projects. According
to the IPCC (2013) and NOAA (2015), the available data are
insufficient to reliably calculate long-term trends for the vast
majority of the Arctic marine environment (Fig. 2.3). However,
existing monitoring in some areas suggests that the Arctic
marine environment is undergoing a rapid warming trend,
which follows a general documented warming trend in
global ocean temperatures over the past 30 years (AMAP
2013). For example, temperatures recorded for the Barents
Sea has increased since the 1970s (Johannesen et al. 2012,
Smedsrud et al. 2013). As the world’s oceans absorb more
heat, sea surface temperatures will increase and ocean
circulation patterns that transport warm and cold water



around the globe will change. A rise in seawater temperature
of up to 4°C is expected in the Atlantic sector of the Arctic
Ocean, which is expected to have direct and indirect impacts
on marine biodiversity (Mller et al. 2009, Meltofte 2013,
Hunt et al. 2016). Such changes in temperature can affect any
and/or all aspects of species life cycles, including breeding,
rearing, feeding, predator-prey relations, population cycles,
and timing and duration of migration (Meltofte 2013).

Large ocean currents encircle the world like a conveyor belt
and are highly connected to the atmosphere, playing a major
role in global weather patterns and affecting ocean life. The
Arctic plays a key role in the global climate system through
the production of North Atlantic Deep Water, which helps
drive the circulation of the world’s oceans. Simplified Arctic
Ocean currents (Fig. 2.1) show that the main circulation
patterns follow the continental shelf breaks and margins

of the basins in the Arctic Ocean. Different global models
predict different types of changes, which can cause changes
to Arctic ecosystems (AMAP 2013, Meltofte 2013).

Ocean frontal boundaries separate two distinct water masses.
With sharp gradients in parameters such as temperature and
nutrient richness, ocean frontal boundaries often create hot
spots for biological production (Meltofte 2013). These frontal
boundaries can shift location from year to year depending
on physical parameters such as river inputs and salinity, and
temperature in water masses advected from other areas. The
area of the Barents Sea where cold, less saline Arctic water
meets warm, saline Atlantic water (i.e., the Polar Front) is
known to be an area of high biological production. Arctic
and more southern species tend to meet in this area because
of increased food availability and because thermal barriers
prevent further distribution northwards for southern species.
There are similar patterns in other places in the Arctic,
including in the Bering Sea (Meltofte 2013).

Changes in sea surface salinity can alter the physical
and chemical environment, affecting ocean currents
and potentially altering marine food webs (Carmack and
Wassmann 2006). Pacific water enters the Arctic Ocean

Warm currents
Cold currents
Riverine inflow
CAFF Border

A

Figure 2.1. Bathymetric features, warm currents (red arrows), cold currents (blue arrows) and riverine inflow in the Arctic. Adapted from

Jakobsen et al. (2012).
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Figure 2.2a. Conventional conceptualization of energy flow in the High Arctic marine environment. The Arctic marine food web includes the
exchange of energy and nutrition, and also provides cultural, social and spiritual meaning for human communities. Adapted from Darnis et al.
(2012) and the Inuit Circumpolar Council-Alaska (2015).
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Figure 2.2b: Changes expected or underway in the energy flow in the High Arctic marine environment. The Arctic marine food web includes the
exchange of energy and nutrition, and also provides cultural, social and spiritual meaning for human communities. Adapted from Darnis et al.
(2012) and the Inuit Circumpolar Council- Alaska (2015).



through the shallow and narrow Bering Strait (Fig. 2.1). Pacific
water is less saline and therefore less dense than Atlantic
water, and forms a distinct layer on top of the Atlantic water.
Furthermore, freshwater enters the Arctic Ocean from river
basins and glaciers, mainly from Russia and Canada—
countries that contain some of the largest freshwater
systems in the world. This input of freshwater contributes to
stratification, making the top 45 m or so of the Arctic Ocean
less saline than the water below. Warming, combined with
increased precipitation, has caused an increase in freshwater
discharge into the Arctic Ocean (Dyurgerov et al. 2010), for
example, increased melting from the Greenland Ice Sheet has
increased freshwater inflow to areas in the North Atlantic.

Alkalinity is a fundamental chemical property of the
carbonate system for seawater. Oceans have been
increasingly absorbing carbon dioxide (CO,) because of

the rising levels of CO, in the atmosphere (Freely et al.

2004, Pelejero et al. 2010, AMAP 2013). The resulting higher
concentration of CO, in the world’s oceans causes ocean
acidification, a phenomenon that changes the chemical
carbonate balance of the sea water, and thus the living
conditions for biota. The Arctic is especially vulnerable to this
acidification since CO, dissolves more easily in colder water.

Less alkaline waters may dissolve the materials that some
organisms need to build their skeletons and shells (Orr et

al. 2005, AMAP 2013), although organisms in many cases
will still be able to construct their skeletons at the cost of
increased energy requirements (Browman 2016). Calcium
carbonate crystalizes in two forms, calcite and aragonite,
which have different solubilities in relation to pH. Organisms
using the more soluble form, aragonite, are most sensitive
to acidification. Pelagic snails (pteropods) are an important
component of zooplankton and experimental studies have
shown that they are highly vulnerable to dissolution of their
aragonite shells at close to current pH levels (Bednarsek et
al. 2014). On the other hand, organisms incorporating the
less soluble calcite, such as the abundant planktonic algae
belonging to the group coccolithophores, may be better
able to adapt to increasing acidity at the cost of expending
more energy on constructing their skeletons (Beaufort et

al. 2011). Arctic copepods, such as Calanus glacialis, are less
affected by increased seawater pCO,, even at the younger life
stages (Bailey et al. 2017). However, lowered pH may increase
metabolic cost for this species at the expense of growth
performance (Thor et al. 2016).

Nutrient-rich areas stimulate growth of ice algae,
phytoplankton and invertebrates and serve as important
feeding grounds for larger animals such as fish, seals, whales
and seabirds (Chapter 2.3). Nutrient-rich waters can be found
in areas of sea-ice melt, ice edges, upwelling zones and
throughout nutrient-rich currents such as the Anadyr Current,
which moves northward into the Arctic Ocean via the Pacific
Arctic Bering Strait region (Codispoti et al. 2005). Changes in
nutrient supply related to changes in physical parameters,
such as sea ice and current alteration, could dramatically alter
ocean ecosystems (Meltofte 2013).

Timing, distribution and characteristics of sea-ice cover define
and drive the conditions in many Arctic marine ecosystems,
affecting seasonal cycles of light availability, water
temperature, nutrients and the flow of energy through the

food web. Some of the features of the sea ice environment
are illustrated Box 2.1.

Average summer sea-ice extent and thickness is decreasing
(AMAP in press a, b; Fig. 2.4), which can have major impacts
on sea-ice dependent species and ice-associated ecosystems.

The presence of sea ice impedes surface water mixing, and
influences freshwater and heat fluxes, which, in combination
with snow cover, reduces light availability for primary
producers. Therefore, snow cover and sea-ice melt/break-up
appear to control the timing of ice-associated (i.e., ice algae)
and pelagic (i.e., phytoplankton) blooms (Michel et al. 2006,
Lavoie et al. 2009).

Most of the Arctic Ocean is projected to be virtually ice-free in
summer within 30 years, with multi-year ice persisting mainly
in the Arctic Archipelago, the narrow straits between Canada
and Greenland, and north of Greenland (Wang and Overland
2012, Eamer et al. 2013, Meltofte 2013). Multi-year ice is very
low in the straights between Greenland and Canada, with
the high productivity surface water historically in Northern
Baffin Bay moving north. The most obvious negative impacts
of rapid changes in sea ice are on species that depend on

the ice as habitat, such as polar cod (Boreogadus saida), ivory
gull (Pagophilia eburnea), ice seals and polar bear (Chapter 3).
Together with more extreme weather events, such as storms,
changes in sea ices are also likely to have direct or indirect
effects on many other species and on productivity (Meltofte
2013).

Polynyas and leads play an important role in the productivity
and biodiversity of Arctic marine ecosystems. Polynyas are
pockets of recurrent open water areas amidst ice-cover

and are distinguished from leads by being broad openings
rather than long, narrow fractures. They occur throughout
the Arctic and are associated with circumpolar flaw lead
systems that form along the edge of landfast ice areas
(where ice is frozen to the coast and does not move with
wind or currents). Polynyas can be sites of enhanced or early
season productivity, making them important biological
hotspots (Bursa 1963, Hirche et al. 1991, Stirling 1997,
Moore and Laidre 2006). In summer, the region of the North
Water Polynya in Baffin Bay supports some of the largest
concentrations of seabirds anywhere in the Arcticand is a
critical habitat to several populations of marine mammals
(Stirling 1997, Christensen et al. 2012, Heide Jgrgensen et al.
2013).

2.3 Human drivers

Many Arctic regions have seen little or no direct human-
induced habitat change compared with other parts of the
world. Some historical examples can be found in activities
such as hunting, commercial fishing, oil spills and others
where human-induced impacts have had direct effects on
Arctic marine ecosystems (Meltofte 2013). The CBMP Marine
Plan identifies several important drivers that influence the
FECs (Gill et al. 2011).

Overharvest has not only caused depletion of some target
populations, but in some cases, it has had cascading
ecosystem effects. For example, the elimination of large
whales by commercial whaling may have been followed
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Figure 2.3: It has not been possible to identify available trend data for Arctic Ocean sea surface temperatures because there is not enough data to
calculate reliable long-term trends for much of the Arctic marine environment (IPCC 2013, NOAA 2015). Here, sea surface temperature for July 2015
is shown from CAFF’s Land Cover Change Index. MODIS Sea Surface Temperature (SST) provided a 4 kms spatial resolution monthly composite
snapshot made from night-time measurements from the NASA Aqua Satellite. The night-time measurements are used to collect a consistent
temperature measurement that is unaffected by the warming of the top layer of water by the sun.



by increasing populations of smaller marine mammals
together with some seabirds (Springer et al. 2003). Another
example is the depletion of large populations of predatory
fish (Smetacek and Nicol 2005) that may have resulted in
reduced genetic variability of some species (Meltofte 2013).
The impact of historical harvest of marine mammals, fish and
seabirds on current structure and function of Arctic marine
ecosystems is not well documented, but the removal of such
a large biomass of targeted species would have affected

the flow of energy and trophic interactions. Overharvest
was historically the primary human impact on many Arctic
species, but sound management has successfully addressed
this problem in most, but not all, cases. However, there

have been management failures and high harvest pressure
continues for some fish stocks and seabird populations
(Meltofte 2013).

Fisheries in some Arctic regions play a significant role in
the economy (AMAP in press a). For example, Greenlandic
commercial fisheries produce over half of the total service
and goods export value for the country, amounting to 57%
in 2011 (AMAP in press a). Commercial fisheries are also
rapidly expanding in the waters off Nunavut, Canada, with
an increase in total value from 38 million to 86 million CAD
during the period 2006-2014 (AMAP in press a). Up to 1,600
vessels may be active at times in the ice-free sections of the
Barents Sea (PAME 2009).

Conventional bottom trawl fisheries for groundfishes are
highly efficient, but can be damaging to the environment, as
they can change the composition of benthic communities.
Fishing practices such as bottom trawling may pose serious
threats to benthic communities and remain an important
stressor in some areas (Thurstan et al. 2010, Meltofte

2013). The most harmful effects of trawling have been
demonstrated for hard-bottom habitats dominated by large
sessile (immobile) fauna (Lyubin et al. 2011, Jergensen et al.
2015, AMAP in press a).

The recent levels of mercury and persistent organic
pollutants (POPs) in some areas are believed to exceed the
threshold for biological effects in some species, in particular,
top predators in Davis Strait-Baffin Bay, East Greenland

and Svalbard (Letcher et al. 2010, AMAP 2011, Fauchald

et al. 2015). It is anticipated that mercury concentration

will increase in the environment and wildlife, while legacy
POPs controlled by or subject to national and international
regulations will likely decrease (AMAP in press a). However,
new and emerging compounds (such as such as brominated
and fluorinated compounds and siloxanes) with unknown
effects on biodiversity will likely continue to be found in the
environment.

The extraction and use of oil, gas and minerals is probably
the single most important human-induced contributor

to pollution, both locally in the form of release of toxic
compounds and accidents (AMAP 2009, Meltofte 2013)
and globally in the form of greenhouse gases, black carbon
and mercury emitted when fossil fuels are combusted.

This is particularly relevant for the Arctic, not only because
the region potentially holds one-fifth of the world’s yet
undiscovered hydrocarbon resources, but also because it
experiences globally disproportionate and amplified effects
of warming (Bird et al. 2008, Meltofte 2013).

Box 2.3. Key anthropogenic drivers of
change

- Harvest and fisheries

o direct impacts: mortality, population
demographic shifts

o indirect impacts: bycatch, habitat loss,
disturbance (displacement from important
habitats; some hunting activities, alteration
(trawling) and changes/reduction of prey
availability and size.

- Persistent, bio-accumulative and toxic
contaminants: impact of persistent organic
pollutants (POPs) and toxic metals (e.g.,
methylmercury), originating primarily from non-
Arctic sources.

- Industrial development: habitat loss, alteration,
disturbance, seismic activity, oil spills, pollution,
garbage, noise, etc.

- Shipping: oil spills, chemical discharges, waste,
noise over and under the water, collisions with
marine mammals, introduction of invasive alien
species, etc.

« Invasive alien species

Environmental impacts from exploring and extracting raw
materials may change with a changing climate, requiring a
call for flexible and adaptive management actions (AMAP in
press a). Overall, warming will increase access to resources
and this may increasingly expose vulnerable areas to
resource exploration activities.

Projected losses of Arctic sea ice are likely to influence future
shipping activities as natural resource development, regional
trade, transportation of goods, tourism and research activities
are developing in relation to climate change. Climate change
and resulting changes in sea ice extent are recognised as
important drivers for future shipping in the Arctic (PAME
2009, AMAP, in press a). In relation to transit shipping, the
Northeast Passage will likely be an important gateway from
the Pacific to the Atlantic in the future. However, other drivers
outside the Arctic such as market constraints, as well as
geopolitics, including the deepening of the Panama Canal
and Suez Canal will also affect the transit and destinational
shipping in the Arctic, and are therefore important drivers for
future Arctic shipping activities.

If not regulated properly, shipping and industrial
development activities are likely to have serious
consequences for the Arctic environment (Reeves et al. 2014)
and for those living in the region that continue to rely on
the environment for food security and livelihoods. Impacts
include accidental or regular discharge of oil, noise, air
emissions, garbage discharge, invasive species introduction,
light disturbance, whale strikes and more. However, a large
oil spill is probably the most serious hazard to the Arctic
marine environment (Skjoldal et al. 2009) and is a major
concern to communities, fishers and hunters, politicians,
environmentalists, and the scientific community.
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Figure 2.4. Average September sea ice extent in 1979 (blue) compared with 2016 (white) and the median sea ice extent (yellow line) from 1981 to

2010 (Data: NSDIC 2016).

Invasive alien species have been recognized as one of the
greatest biological threats to the planet’s ecological and
economic well-being (McNeely et al. 2001) and the adverse
impacts of invasive alien species recognised as constituting
one of the most significant stressors facing Arctic biodiversity
(CAFF 2017).

2.4 Cumulative effects

A single driver may put relatively little pressure on the
environment, but in combination, multiple repeated drivers
can create cumulative effects in the environment with
surprising and hard-to-predict results. Different drivers act
on different elements within the ecosystem and different
pressures may have either synergistic or antagonistic effects
on particular ecosystem components. Drivers may also
have direct and indirect effects on the ecosystem, further

complicating relationships between drivers and change.
Worldwide there is an increasing awareness of cumulative
effects and the need to take a holistic and integrated
approach to management to ensure the sustainability of
marine ecosystems (ICC-Alaska 2015, Ottersen et al. 2011,
O’Boyle and Jamieson 2006). Little is known about the
patterns of cumulative effects and the changes these effects
may cause. There currently exists no method or standardized
approach for determining the impacts of cumulative effects.
However, knowledge about causalities in the ecosystem,
spatial data on important areas for species and ecosystems,
and data on the distribution and intensity of human
activities in marine areas are all essential in establishing a
more adaptive and ecosystem-based approach to marine
environmental management (Halpern et al. 2008, 2015,
Ottersen et al. 2011).
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Figure 2.5 Circumpolar map of known polynyas. Note that polynyas are dynamic systems and some may no longer exist in the form known from
their recent history. Adapted from Meltofte (2013) and based on Barber and Massom (2007).

Inuit understanding of the environment also places strong
recognition and consideration on the need to monitor
connections between components of the ecosystem and
how systems interlink (ICC-Alaska 2015). This approach is
important to contribute towards a better understanding

of cumulative effects (ICC-Alaska 2015). For example, Inuit
walrus hunters consider not just the walrus, but also the
connections between the animal and sea ice thickness,
benthic food supply, ocean currents and more, as these
drivers shape the appearance, location and health of the
walrus (ICC-Alaska 2015). Collaboration and co-production
of knowledge between scientists and Traditional Knowledge
(TK) holders can foster important relationships, meaningful
engagement and understanding, thus increasing collective
knowledge about cumulative effects and points of resilience
and vulnerability (ICC-Alaska 2015).

Ecosystem-based management (EBM) has been identified

by Arctic States as key to an adaptive way to sustainably
manage Arctic ecosystems. Its interdisciplinary approach
considers the political, regional and cultural contexts of an
area and provides a flexible means to manage the effects of
multiple pressures on Arctic ecosystems (Arctic Council 2013).
An important goal of EBM is to consider the cumulative
environmental effects of important pressures and impacts on
the environment.



Box 2.4 Looking at cumulative effects and ecosystem-based management

Critical to the successful implementation of ecosystem-based mangement (EBM) in the Arctic is the existence of
a cohesive circumpolar approach to the collection and management of data and the application of compatible
frameworks, standards and protocols that this entails.

Many examples demonstrate how more intensive use of spatial data has been applied in a national context to
implement a marine spatial planning exercise in support of marine EBM. For instance, EBM regimes are introduced
for Norwegian Sea areas. These can be regarded as large-scale spatial management tools and are coordinated by a
management forum led by the Norwegian Environment Agency, and an advisory forum for monitoring, led by the
Institute of Marine Research. EBM also requires an ecosystem-based approach to the monitoring of effects. One
example is the plan for the Barents Sea (Olsen et al. 2007). In the Barents Sea example, monitoring effects is a stepwise
process. Firstly, information on environmental conditions, commercial activities in the sea areas and value creation
are compiled to provide a common factual basis for impact assessments. Secondly, impact assessments are carried
out for all main activities that may affect the environment and relevant indicators to monitor are identified. An inter-
ministerial steering committee carries out the environmental targets, based on the scientific advice. The monitoring
program is regularly updated according to new knowledge and research (Ottersen et al. 2011).

Another recent example from Greenland demonstrates how different parameters, including species and

ecosystem distribution, and human induced effects, were compared spatially to identify areas in need of special
management attention. In response to the potential impacts from shipping and other activities in Disko Bay and

Store Hellefiskebanke, the Danish Ministry of Environment conducted an extensive spatial analysis and modelling
exercise to inform the development of appropriate management initiatives (Christensen et al. 2015). Abundance,
occurrence and migration routes for over 65 species in the region were mapped focusing on the spatial distribution

of important marine species and ecosystem components. These map layers were then combined to identify the most
biologically important areas according to a set of criteria informed by the Convention on Biological Diversity to identify
Ecologically and Biological Sensitive Areas (EBSAs) and by the International Maritime Organization (IMO) to identify
Particular Sensitive Sea Areas (PSSA). This method was inspired by impact-mapping approaches used in marine regions
outside the Arctic, as described by Halpern et al. (2008). Each of the biological features was assessed and ranked
according to its specific sensitivity to potential environmental effects caused by shipping. This analysis found that
several smaller areas around Disko Bay and Store Hellefiskebanke are sensitive or very sensitive to the environmental
impacts that shipping may cause. Five sub-areas were identified (Box Fig. 2.2) where heightened awareness is needed
in relation to impacts from shipping.

W 95-100 % (0 - 2026)

[ 90-95 % (2027 - 2138)
B 85-90 % (2139 - 2142)
M 80-85 % (2143 - 2992)
[ 75-80 % (2993 - 3205)
[T 70-75 % (3206 - 3391)
[7] 65-70 % (3392 - 3829)
[] 60-65 % (3830 - 4309)
[] 55-60 % (4310 - 5113)
[] 50-55 % (5114 - 6986)
[] 45-50 % (6987 - 9559)
["] 40-45 % (9560 - 11943)
[] 35-40 % (11944 - 14147)
[] 30-35 % (14148 - 16674)
[7] 25-30 % (16675 - 18376)
[T 20-25 % (18377 - 19913)
[ 15-20 % (19914 - 23402)
[ 10-15 % (23403 - 29074)
M 5-10 % (29075 - 37985)
W 0-5 % (37986 - 419714)

Box figure 2.2. Relative environmental sensitivity of areas in Disko Bay and Store Hellefiskebanke, western Greenland including five sub-
areas (1 - 5) where there may be need for heightened awareness in relation to shipping. The colours indicate sensitivity in 2.5 x 2.5 km?
grids, based on an assessment of existing species and ecosystem-component sensitivity to environmental impacts from shipping (oil,
noise/ disturbance, organic garbage). Grids are divided into 5% fractiles with the relatively most sensitive in red. Adapted from Christensen
etal. (2015).




References

Arctic Council. 2013. Ecosystem Based Management in the Arctic:
Report submitted to Senior Arctic Officials by the Expert Group
on Ecosystem-Based Management. Arctic Council, Tromsg,
Norway.

Arctic Monitoring and Assessment Programme (AMAP). 2009. Arctic
Pollution 2009: Persistent Organic Pollutants, Radioactivity,
Human Health. Arctic Monitoring and Assessment Programme,
Oslo, Norway.

Arctic Monitoring and Assessment Programme (AMAP). 2011.

Snow, Water, Ice and Permafrost in the Arctic (SWIPA): Climate
Change and the Cryosphere. Arctic Monitoring and Assessment
Programme, Oslo, Norway.

Arctic Monitoring and Assessment Programme (AMAP). 2013.

Arctic Ocean Acidification. Arctic Monitoring and Assessment
Programme, Oslo, Norway.

Arctic Monitoring and Assessment Programme (AMAP). In press
a. Adaptation Actions for a Changing Arctic (AACA): Baffin
Bay-Davis Strait (BBDS). Arctic Monitoring and Assessment
Programme, Oslo, Norway.

Arctic Monitoring and Assessment Programme (AMAP). In press b.
Arctic Cryosphere Change: Snow, Water, Ice and Permafrost
in the Arctic (SWIPA). Arctic Monitoring and Assessment
Programme, Oslo, Norway.

Bailey, A, Thor, P, Browman, H.l,, Fields, D.M., Runge, J., Vermont, A.,
Bjelland, R., Thompson, C., Shema, S., Durif, C.M.F. and Hop, H.
2017. Early life stages of the Arctic copepod Calanus glacialis are
unaffected by increased seawater pCO. . ICES Journal of Marine
Science, fsw066.

Barber, D.G. and Massom, R.A. 2007. Chapter 1: The role of sea ice in
Arctic and Antarctic polynyas. In: W.O. Smith Jr. and D.G. Barber
(eds.). Polynyas: Windows to the world, Elsevier Oceanography
Series, 74, Elsevier Science, pp 1-54.

Beaufort L., Probert, ., de Garidel-Thoron, T., Bendif, E.M., Ruiz-

Pino, D., Metzl, N., Goyet, C., Buchet, N., Coupel, P, Grelaud,
M., Rost, B., Rickaby, R.E.M. and de Vargas, C. 2011. Sensitivity
of coccolithophores to carbonate chemistry and ocean
acidification. Nature. 476: 80-83.

Bednarsek N., Tarling, G.A., Bakker, D.C.E,, Fielding S. and Feely, R.A.
2014. Dissolution dominating calcification process in polar
pteropods close to the point of aragonite undersaturation. PLoS
One 9:1-14.

Bird, K.J., Carpentier, R.R., Gautier, D.L., Houseknecht, D.W., Klett,

T.R., Pitman, J.K, Moore, T.E., Schenk, C.J., Tennyson, M.E. and
Wandrey, C.J. 2008. Circum-Arctic resource appraisal: estimates
of undiscovered oil and gas north of the Arctic Circle. United
States Geological Survey Fact Sheet, 2008-3049.

Browman, H.I. 2016. Applying organized scepticism to ocean
acidification research. ICES Journal of Marine Science, 73(3):
529-536.

Bursa, A.S. 1963. Phytoplankton in coastal waters of the Arctic Ocean
at Point Barrow. Arctic, 16: 239-262.

Conservation of Arctic Flora and Fauna (CAFF). 2017. The Arctic
Invasive Alien Species (ARIAS) Strategy and Action Plan.
Conservation of Arctic Flora and Fauna, Akureyri, Iceland.

Carmack, E. and Wassmann, P. 2006. Food webs and physical-
biological coupling on pan-Arctic shelves: Unifying concepts
and comprehensive perspectives. Progress in Oceanography, 71
(2-4): 446-477.

Christensen, T, Falk, K., Boye, T,, Ugarte, F.,, Boertmann, D. and
Mosbech, A. 2012. Identifikation af sarbare marine omrader i
den grgnlandske/danske del af Arktis. Scientific Report from
DCE - Danish Centre for Environment and Energy No. 43. Aarhus
University, Danish Centre for Environment and Energy.

Christensen, T., Mosbech, A., Geertz-Hansen, O., Johansen, K.L.,
Wegeberg, S., Boertmann, D., Clausen, D.S., Zinglersen, K.B.
and Linnebjerg, J.F. 2015. Analyse af mulig gkosystembaseret
tilgang til forvaltning af skibstrafik i Disko Bugt og Store
Hellefiskebanke. Aarhus University, Technical Report from DCE

- Danish Centre for Environment and Energy No. 61. Aarhus
University, Danish Centre for Environment and Energy.

Codispoti, L.A,, Flagg, C., Kelly, V. and Swift, J.H. 2005. Hydrographic
conditions during the 2002 SBI process experiments. Deep-Sea
Research Part II, 52 (24-26): 3199-3226.

Darnis, G., Robert, D., Pomerleau, C., Link, H., Archambault, P, Nelson,
R.J., Geoffroy, M., Tremblay, J.E., Lovejoy, C., Ferguson, S.H., Hunt,
B.PV. and Fortier, L. 2012. Current state and trends in Canadian
Arctic marine ecosystems: Il. Heterotrophic food web, pelagic-
benthic coupling, and biodiversity. Climatic Change, 115(1):
179-205.

Dyurgerov, M., Bring, A. and Destouni, G. 2010. Integrated
assessment of changes in freshwater inflow to the Arctic Ocean.
Journal of Geophysical Research Atmospheres, 115 (D12): 116.

Eamer, J., Donaldson, G.M., Gaston, A.J., Kosobokova, K.N., Larusson,
K.F., Melnikov, I.A., Reist, J.D., Richardson, E., Staples, L. and
von Quillfeldt, C.H. 2013. Life Linked to Ice: A guide to sea-
ice-associated biodiversity in this time of rapid change. CAFF
Assessment Series No. 10. Conservation of Arctic Flora and
Fauna, Akureyri, Iceland.

Einarsson, N., Beach, H. and van Ginkel, R. 2011. Culture, Conflict and
Crises in the Icelandic Fisheries: An Anthropological Study of
People, Policy and Marine Resources in the North Atlantic Arctic.
Uppsala University, Humanities and Social Sciences, Faculty of
Arts, Department of Cultural Anthropology and Ethnology.

Falk-Petersen, S., Mayzaud, P, Kattner, G. and Sargent, J.R. 2009. Lipids
and life strategy of Arctic Calanus. Marine Biology Research,
5(1): 18-39.

Fauchald, P, Anker-Nilssen, T., Barrett, R.T., Bustnes, J.O., Bardsen, B.J.,
Christensen-Dalsgaard, S., Descamps, S., Engen, S., Erikstad,
K.E., Hanssen, S.A., Lorentsen, S.-H., Moe, B., Reiertsen, TK.,
Strem H. and Systad, G.H. 2015. The status and trends of
seabirds breeding in Norway and Svalbard. NINA Report 1151,
Norwegian Institute for Nature Research, Tromsg, Norway.

Freely, R.A, Sabine, C.L, Lee, K., Berelson, W., Kleypas, J., Fabry, V.J.
and Milero, F.J. 2004. Impact of Anthropognic CO, on the CaCO__
System in the Ocean. Science, 305(5682): 362-366.

Gill, M.J,, Crane, K., Hindrum, R., Arneberg, P, Bysveen, |., Denisenko,
N.V,, Gofman, V., Grant-Friedman, A., Gudmundsson, G.,
Hopcroft, R.R., Iken, K., Labansen, A., Liubina, O.S., Melnikov,

I.A., Moore, S.E., Reist, J.D., Sirenko, B.l., Stow, J., Ugarte, F,,
Vongraven, D. and Watkins, J. 2011. Arctic Marine Biodiversity
Monitoring Plan. CAFF Monitoring Series Report No. 3,
Conservation of Arctic Flora and Fauna International Secretariat,
Akureyri, Iceland.

Halpern, B.S., Frazier, M., Potapenko, J., Casey, K.S., Koenig, K., Longo,
C., Stewart Lowndes, J., Cotton Rockwood, R., Selig, E.R., Selkoe,
K.A. and Walbridge, S. 2015. Spatial and temporal changes
in cumulative human impacts on the world’s oceans. Nature
Communications, 6(7615).

Halpern, B.S., Walbridge, S., Selkoe, K.A., Kappel, C.V., Micheli, F,,
D'Agrosa, C.,, Bruno, J.F, Casey, K.S., Ebert, C., Fox, H.E., Fujita, R.,
Heinemann, D, Lenihan, H.S., Madin, E.M.P, Perry, M.T,, Selig,
E.R., Spalding, M., Steneck, R. and Watson, R. 2008. A Global Map
of Human Impact on Marine Ecosystems. Science, 319(5865):
948-952.

Heide-Jgrgensen, M.P, Burt, M.L,, Hansen, R.G., Nielsen, N.H.,
Rasmussen, M., Stern, H. and Fossette, S. 2013. The significance
of the North Water Polynya to Arctic top predators. Ambio,
42(5): 596-610.

Hirche, H-J., Baumann, M.E.M., Kattner, G. and Gradinger, R. 1991.
Plankton distribution and the impact of copepod grazing on
primary production in Fram Strait, Greenland Sea. Journal of
Marine Systems, 2(3-4): 477-494.

Hunt Jr, G.L, Drinkwater, K.F,, Arrigo, K., Berge, J,, Daly, K.L.,
Danielson, S., Daase, M., Hop, H., Isla, E., Karnovsky, N., Laidre,
K., Murphy, E.J., Mueter, F.J.,, Renaud, P.E., Smith Jr., W.O,, Trathan,
P, Turner J. and Wolf-Gladrow, D. 2016. Advection in polar and
sub-polar environments: Impacts on high latitude marine
ecosystems. Progress in Oceanography, 149: 40-81.

Intergovernmental Panel on Climate Change (IPCC). 2013. Climate
change 2013: The physical science basis. Working Group, |




contribution to the IPCC Fifth Assessment Report. In: T.F. Stocker,
D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, A.
Nauels, Y. Xia, V. Bex and PM. Midgley (eds.). Intergovernmental
Panel on Climate Change. Cambridge University Press, New
York, U.S.A.

Inuit Circumpolar Council-Alaska (ICC-Alaska). 2015. Alaskan Inuit
Food Security Conceptual Framework: How to Assess the Arctic
from an Inuit Perspective. Technical Report, Inuit Circumpolar
Council-Alaska, Anchorage, U.S.A.

Jakobsson, M., Mayer, L.A., Coakley, B., Dowdeswell, J.A., Forbes, S.,
Fridman, B., Hodnesdal, H., Noormets, R., Pedersen, R., Rebesco,
M., Schenke, H.-W., Zarayskaya, Y., Accettella, D., Armstrong, A.,
Anderson, R.M., Bienhoff, P, Camerlenghi, A., Church, I., Edwards,
M., Gardner, J.V,, Hall, J.K., Hell, B., Hestvik, O.B., Kristoffersen, Y.,
Marcussen, C,, Mohammad, R., Mosher, D., Nghiem, S V., Pedrosa,
M.T., Travaglini, P.G. and Weatherall P. 2012. The International
Bathymetric Chart of the Arctic Ocean (IBCAQ) Version 3.0.
Geophysical Research Letters, 39(L1209): 1-6.

Johannesen, E., Ingvaldsen, R.B., Bogstad, B., Dalpadado, P, Eriksen, E.,
Gjgsaeter, H., Knutsen, T. and Skern-Mauritzen, M. 2012. Changes
in Barents Sea ecosystem state, 1970-2009: climate fluctuations,
human impact, and trophic interactions. ICES Journal of Marine
Science, 69: 880-889.

Jorgensen, L.L., Planque, B., Thangstad, T.H. and Certain, G. 2015.
Vulnerability of megabenthic species to trawling in the Barents
Sea. ICES Journal of Marine Science, 73(suppl. 1): i84-i97.

Lavoie, D., Macdonald R.W. and Denman K.L. 2009. Primary
productivity and export fluxes on the Canadian shelf of the
Beaufort Sea: A modelling study. Journal of Marine Systems,
75(1-2):17-32.

Letcher, R.J,, Bustnes, J.O., Dietz, R, Jenssen, B.M., Jargensen, E.H.,
Sonne, C., Verreault, J., Vijayan, M.M. and Gabrielsen, G.W. 2010.
Exposure and effects assessment of persistent organohalogen
contaminants in arctic wildlife and fish. Science of the Total
Environment, 408(15): 2995-3043.

Lyubin, PA., Anisimova, N.A., and Manushin, L.E. 2011. Chapter 14.6
Long-term effects on benthos of the use of bottom fishing
gears. In:T. Jakobsen and V.K. Ozhigin (eds.). The Barents
Sea - ecosystem, resources and management. Half a century
of Russian-Norwegian cooperation. Tapir Acadmeic Press,
Trondheim, Norway, pp 768-775.

McNeely, J.A., Mooney, H.A., Neville, L.E., Schei, P.J.,, and Waage J.K.
(eds.). 2001. A Global Strategy on Invasive Alien Species. IUCN
Gland, Switzerland, and Cambridge, UK.

Meltofte, H. (ed.). 2013. Arctic Biodiversity Assessment Status and
Trends in Arctic Biodiversity. Conservation of Arctic Flora and
Fauna, Akureyri, Iceland.

Michel, C., Ingram, R.G. and Harris, L. 2006. Variability of
oceanographic and ecological processes in the Canadian Arctic
Archipelago. Progress in Oceanography, 71(2-4): 379-401.

Moore, S.E. and Laidre, K. 2006. Trends in sea ice cover within habitats
used by bowhead whales in the Western Arctic. Ecological
Applications, 16(3): 932-944.

Mdiller, J., Massé, G., Stein, R. and Belt, S.T. 2009. Variability of sea-ice
conditions in the Fram Strait over the past 30,000 years. Nature
Geoscience, 2: 772-776.

National Oceanic and Atmospheric Administration (NOAA). 2015.
Merged Land-Ocean Surface Temperature Analysis: Global
Gridded 5° x 5° Data. National Centers for Environmental
Information, National Oceanic and Atmospheric Administration.

National Snow and Ice Data Center (NSDIC). 2016. Monthly Sea Ice
Extent Images. National Snow and Ice Data Center.

O’'Boyle, R. and Jamieson, G. 2006. Observations on the
implementation of ecosystem-based management: experiences
on Canada’s east and west coasts. Fisheries Research, 79: 1-12.

Olsen E., Gjgseeter, H., Rottingen, I., Dommasnes, A., Fossum, P.
and Sandberg, P. 2007. The Norwegian ecosystem-based
management plan for the Barents Sea. ICES Journal of Marine
Science, 64: 599-602.

Orr, J.C., Fabry, V.J.,, Aumont, O., Bopp, L., Doney, S.C,, Feely, R.A.,
Gnanadesikan, A., Gruber, N., Ishida, A., Joos, F.,, Key, R.M.,

Lindsay, K., Maier-Reimer, E., Matear, R., Monfray, P,, Mouchet,
A., Najjar, R.G,, Plattner, G.K, Rodgers, K.B., Sabine, C.L.,
Sarmiento, J.L,, Schlitzer, R,, Slater, R.D., Totterdell, .J., Weirig,
M.F., Yamanaka, Y. and Yool, A. 2005. Anthropogenic ocean
acidification over the twenty-first century and its impact on
calcifying organisms. Nature, 437: 681-686.

Ottersen, G., Olsen, E., van der Meeren, G.I., Dommasnes, A. and
Loeng, H. 2011.The Norwegian plan for integrated ecosystem-
based management of the marine environment in the
Norwegian Sea. Marine Policy, 35(3): 389-398.

Protection of the Arctic Marine Environment (PAME). 2009. Arctic
Marine Shipping Assessment Report. Protection of the Arctic
Marine Environment, Akureyri, Iceland.

Pelejero C., Calvo, E. and Hoegh-Guldberg, O. 2010. Paleo-
perspectives on ocean acidification. Trends in Ecology &
Evolution 25(6): 332-344.

Raymond-Yakoubian, B., Kaplan, L., Topkok, M. and Raymond-
Yakoubian, J. 2014.“The World has Changed": Inalit Traditional
Knowledge of Walrus in the Bering Strait. North Pacific Research
Board Project Final Report. Revised 2015. Kawerak, Inc. Social
Science Program, Nome, Alaska.

Reeves, R.R., Ewins, PJ., Agbayani, S., Heidi-Jorgensen, M.P,, Kovacs,
K.M,, Lydersen, C., Suydam, R., Elliott, W., Polet, G., van Dijk, Y.
and Blijleven, R. 2014. Distribution of endemic cetaceans in
relation to hydrocarbon development and commercial shipping

in a warming Arctic. Marine Policy, 44: 375-389.

Schweitzer, P. 2014. Cultures and identities. In: J. Nymand Larsen and
G. Fondahl (eds.). Arctic Human Development Report, regional
processes and global linkages, pp 105-150, Nordic Council of
Ministers, Copenhagen, Denmark.

Skjoldal, H.R., Cobb, D., Corbett, J., Gold, M., Harder, S., Low, L.L.,
Noblin, R., Robertson, G., Scholik-Schlomer, R., Sheard, W., Silber,
G., Southall, B., Wiley, C., Wilson, B. and Winebrake, J. 2009. Arctic
Marine Shipping Assessment. Background Research Report on
Potential Environmental Impacts from Shipping in the Arctic.
Protection of the Arctic Marine Environment, Tromsg, Norway.

Slavik, D. 2015. Inuvialuit Knowledge of Nanug: Community
and Traditional Knowledge of Polar Bears in the Inuvialuit
Settlement Region. Inuvialuit Settlement Region Hunters and
Trappers Committees, the Wildlife Management Advisory
Councils for the North Slope and Northwest Territories and the
Inuvialuit Game Council.

Smedsrud, L.H., Esau, ., Ingvaldsen, R.B., Eldevik, T., Haugan, PM,, Li,
C, Lien, V.S, Olsen, A, Omar, A.M,, Ottera, O.H., Risebrobakken,
B., Sandg, A.B., Semenov, V.A. and Sorokina, S.A. 2013.The role
of the Barents Sea in the Arctic climate system. Reviews of
Geophysics, 51(3): 415-449.

Smetacek, V. and Nicol, S. 2005. Polar ocean ecosystems in a
changing world. Nature, 437: 362-368.

Springer, A.M,, Estes, J.A., van Vliet, G.B., Williams, T.M., Doak, D.F,
Danner, E.M,, Forney, K.A. and Pfister, B. 2003. Sequential
megafaunal collapse in the North Pacific Ocean: An ongoing
legacy of industrial whaling? PNAS, 100(21): 12223-12228.

Stirling, I. 1997. The importance of polynyas, ice edges, and leads to
marine mammals and birds. Journal of Marine Systems, 10(1-4):
9-21.

Sereide, J.E., Carroll, M.L., Hop, H., Ambrose Jr.,, W.G., Hegseth, E.N. and
Falk-Petersen, S. 2013. Sympagic-pelagic-benthic coupling in
Arctic and Atlantic waters around Svalbard revealed by stable
isotopic and fatty acid tracers. Marine Biology Research, 9(9):
831-850.

Thor, P, Bailey, A., Halsband, C., Guschelli, E., Gorokhova, E. and
Fransson, A. 2016. Seawater pH predicted for the year 2100
affects the metabolic response to feeding in copepodites of the
Arctic copepod Calanus glacialis. PLoS ONE, 11(12): e0168735.

Thurstan, R.H., Brockington, S. and Roberts, C.M. 2010. The effect
of 118 years of industrial fishing on UK bottom trawl fisheries.
Nature Communications, 1(15).

Wang, M. and Overland, J.E. 2012. A sea ice free summer Arctic within
30 years: An update from CMIP5 models. Geophysical Research
Letters, 39(L18501).







3.1 Sea ice biota

Bodil A. Bluhm', Haakon Hop'?, Igor A. Melnikov?, Michel Poulin® Mikko Vihtakari?, R. Eric Collins®, Rolf Gradinger’,

Thomas Juul-Pedersen®, Cecilie von Quillfeldt?

"UIT - The Arctic University of Norway, Tromse, Norway, 2Norwegian Polar Institute, Tromsa, Norway, > P.P. Shirshov
Institute of Oceanology, Moscow, Russia, * Canadian Museum of Nature, Ottawa, Canada, ® University of Alaska

Fairbanks, U.S., ¢ Greenland Institute of Natural Resources, Nuuk, Greenland

3.1 Seaice biota

33

3.1.1 Introduction

3.1.2 Current monitoring

34
38
42

3.1.3 Status and trends of FECs
3.1.4 Drivers of observed trends

46

3.1.5 Knowledge and monitoring gaps

48

3.1.6 Conclusions and key findings

50

51

Appendix 3.1.1: Meiofauna References

53

Appendix 3.1.2: Macrofauna References
References

57




Snapshot

about.

conditions.

methodology are required.

« Multi-year sea ice is disappearing and will be replaced by first-year sea ice, which will cause shifts in ice algal
communities with cascading effects on the ice-associated ecosystem.

- Seasonal duration of first-year sea ice is expected to become shorter, with more snow on the ice, which may
decrease the growth season for ice algae, with unknown consequences for biodiversity.

- Seaiceis an important Arctic habitat that supports a rich diversity of species—many of which we know little

Itis possible that sea ice algal community structure has changed in the central Arctic between the 1980s and
2010s. This change probably occurred when sea ice extent and thickness declined, but also when sampling
efforts and regions shifted, so it is difficult to attribute change.

- lce amphipod abundance has declined around Svalbard since the 1980s, coinciding with declining seaice

- Changes in sea ice biota are very challenging to detect because sea ice is a dynamic system that has large
natural variability, and there has been a lack of consistent sea ice biota monitoring.

- Seaice biota are affected by temperature and salinity, nutrient and space limitations and the ephemeral nature
of the ice habitat, therefore making them very susceptible to climate change.

- Seaice biota monitoring has occurred most frequently in the central Arctic, Svalbard, Barrow (Alaska) and the
Canadian Arctic, with new sites developing in Greenland. Consistent monitoring protocols, equipment and

3.1.1 Introduction

The sea-ice related food web and biodiversity are critical
components of the Arctic marine ecosystem. Higher trophic
levels are directly or indirectly supported by over 2,000
species of small algae and animals that are associated

with sea ice, but are often inconspicuous to the naked eye.
These species inhabit a wide range of microhabitats inside
the brine channel system, on top of the ice in melt ponds,
immediately underneath the ice at the ice-water boundary
and including extensive pressure ridges (Figure 3.1.1). The
spatial distribution of sea ice biota (hereafter referred to as
sympagic or ice biota, cf. Legendre et al. 1992) is shaped by
dynamic properties of the sea ice. Spatial scales range from
the micrometre dimension of the brine channel network to
the metre scale that defines ice thickness and horizontal floe
extent, to the hundreds of kilometre scale of ice drift patterns
across the entire Arctic Ocean. The origin and age of sea ice
are important factors which impact the resulting community
composition of sea ice biota, with pronounced differences
among biota and living conditions in annual landfast sea ice,
offshore annual pack ice and multi-year pack ice (also called
drift ice).

The hallmark of climate change is the drastic decline in

the sea ice cover over at least the past 40 years since the
satellite record has allowed accurate observation and
interannual comparisons (e.g., Perovich et al. 2015). The
Arctic ice cover has declined during all seasons of the year
and, concomitantly, the proportion of multi-year sea ice has
decreased while the share of first-year sea ice has increased
(Nghiem et al. 2007, Barber et al. 2015). Shifts are expected
in ice-associated biota composition, abundance, biomass
and the timing of the seasonal development (referred to as
phenology) (Gradinger et al. 2010, Leu et al. 2011). Without
sufficient monitoring, such changes will be impossible, or

at best difficult to detect until effects are dramatic or until
they are detected in other parts of the ecosystem due to
the coupled processes between sea ice, water column and
benthic biota. Higher trophic levels, including seabirds

and marine mammals, can also function as indicators of
changes in the lower part of marine food webs because
their diets, conditions and survival depend on availability of
suitable prey (e.g., Mehlum and Gabrielsen 1993, Bluhm and
Gradinger 2008).

Close association of living organisms with Arctic sea ice has
already been reported ~160 years ago by Ehrenberg (1853)
and related knowledge has expanded extensively since

then by several authors including, for example, Grunow
(1884), Nansen (1906), Hsiao (1983), Horner (1985), Melnikov
(1997) and others. As a result of international research in
largely independent projects, a total of several thousand
species of auto-, mixo- and heterotrophs encompassing
viruses, bacteria, fungi, microalgae, and other protists and
multicellular animals have been recorded (overviews in
Poulin et al. 2011, Daniéls et al. 2013, Josefson and Mokievsky
2013, Lovejoy 2013, Bluhm et al. 2017). These include a
combination of ice-endemic species, and taxa of pelagic or
benthic origin as well as larval (meroplanktonic) stages of
benthic fauna. The inventory of ice biota is still incomplete

as new species of bacteria, microalgae, fungi and animals
continue to be described from the sea ice environment,
partly due to the advances of molecular methods during the
last decade (Brinkmeyer et al. 2003, Piraino et al. 2008, Collins
et al. 2010, Collins 2015). In addition to studies focusing on
diversity and phenology in taxonomic composition, the
ecology and physiology of selected ice-related organisms
have also received increased focus (Arndt and Swadling 2006,
Werner 2007, Fuhrmann et al. 2011, Leu et al. 2015).

Data on sea ice biota diversity have been collected as part

of scientific expeditions over many years, and we present




these here in a pan-Arctic context based on a comprehensive
approach of data assimilation and integration. The choice

of Focal Ecosystem Components (FECs) considered is based
on the Arctic Marine Biodiversity Monitoring Plan (Gill et al.
2011; CBMP Marine Plan), with some modifications. The

CBMP Sea Ice Biota Expert Network has included here: (1)
Bacteria and Archaea, assessed by molecular methods; (2)

ice algae and other protists, referring to photosynthesizing
single-celled eukaryotes, and hetero- and mixotrophic
protists, assessed by morphological characters through
optical and electron microscopy; (3) ice meiofauna, referring
to multicellular organisms larger than ~20 pm to ~500 um
living inside the ice brine channel network and primarily
assessed by morphological characters; and (4) under-ice
macrofauna, typically larger than ~500 um, here exclusively
represented by ice amphipod crustaceans. Sea ice associated
fish, specifically polar cod (Boreogadus saida; referred to as
Arctic cod in North America) and ice cod (Arctogadus glacialis;
referred to as polar cod in North America), are included in the
Fish chapter (Chapter 3.4). Viruses and fungi are excluded in
this report, although they may occur in very high abundances
in sea ice (Maranger et al. 1994, Hassett et al. 2016a). Virus
occurrence exhibits strong seasonal variability, but their hosts
(eukaryotes or bacteria) have not yet been identified. Fungi
are dominated by Chytridiomycota and Dikarya, and those
chytrids parasitizing on diatoms are most abundant during
the ice algal spring bloom (Hassett et al. 2016b).

In this report, we consider some aspects of the diversity
(here defined as taxon richness and taxonomic composition),
abundance, biomass and distribution of these FECs in
different ice types, seasons and years, on pan-Arctic
distribution scales. In compiling the relevant information,
however, it became apparent that such data were not
consistently available for all targeted ice biota FECs. Thus,
attention is given to the following four topics. First, the
CBMP Sea Ice Biota Expert Network presents the taxonomic
composition and species richness of organism groups for
which at least moderate to high taxonomic resolution is
available; these include Bacteria and Archaea, ice algae

and ice amphipods. Second, the CBMP Sea Ice Biota Expert
Network summarizes the composition and abundance of
sympagic meiofauna at the pan-Arctic scale, but at coarser
taxonomic resolution. Third, the CBMP Sea Ice Biota Expert
Network gives two examples of the sparse data sets available
on seasonal trends in ice biota, here on the abundance

of sympagic meiofauna. Finally, interannual trends — for
which data are even sparser — in community structure of ice
algae (and other protists) and densities of ice amphipods

are shown, with interpretations reflecting that these are
composite data sets rather than monitoring data. Other, more
advanced indicators mentioned in Gill et al. (2011), such as
ratios between certain taxa, are not included.
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Box 3.1.1: Technical terms related to sea ice biota and plankton communities

Algae: phototrophic eukaryotes, especially those associated with surfaces (‘ice algae’)

Autotrophs: organisms that produce energy-rich organic compounds from inorganic molecules using an
external energy source, either sunlight (phototrophy) or additional inorganic molecules (chemotrophy)

Bacteria and Archaea: the largest taxonomic groups of single-celled microbes lacking a nucleus.

Biological Carbon Pump: the mechanism by which carbon dioxide (CO,) is sequestered to the deep sea.
Phototrophs fix CO, into biomass and contribute to the biological carbon pump when they sink out of the
surface ocean or are consumed by zooplankton that produce fecal pellets that sink out of the surface ocean. The
effectiveness of the biological carbon pump is uncertain and relies on a dominance of microalgae.

Copiotrophs: heterotrophs that prefer environments rich in organic matter

Eukaryotes: organisms with a nucleus and other organelles (mitochondria, chloroplasts etc.), including plants,
animals, fungi and protists

Flagellates: microbial eukaryotes that have whip-like tails called flagella. Most are either photosynthetic or
predators of bacteria

Heterotrophs: organisms that use organic compounds as their energy source, including predators.
Macrofauna: animals visible to the naked eye, generally larger than 500 um

Marine Alveolates (MALVs): diverse groups of mostly uncultured protists. MALVs mostly occur as parasites or
parasitoids of other marine protists and zooplankton

Meiofauna: microscopic animals, between 62 um and 500 pm in size

Meroplankton: animals that are planktonic for only part of their life cycle (usually larvae)

Microbes: microscopic organisms

Micro- (plankton, phytoplankton, flagellate, algae): microbes between 20 um and 200 pm in size.

Mixotrophs: microbes that are both autotrophic and heterotrophic, including some Bacteria and Archaea, and
eukaryotic microbes that can both photosynthesize and consume organic matter or other microbes

Nano- (plankton, phytoplankton, flagellate): microbes between 2 ym and 20 pm in size
Oligotrophs: microbes that prefer environments with low nutrient concentrations
Phytoplankton: phototrophic microbes that live in the water column

Photosynthesis: the process of producing energy-rich organic compounds from inorganic molecules using
sunlight as an energy source

Phototrophs: organisms that photosynthesize
Pico- (plankton, phytoplankton, flagellate): organisms between 0.2 um and 2 um in size
Plankton: free-floating organisms that cannot swim against currents

Protists: single-celled microbial eukaryotes

Sympagic: ice-associated biota

Bottom of ice core with algae.
Photo: Michel Poulin, Canadian Museum of Nature




Table 3.1.1. Current estimates of species richness and peak abundances of the four FECs reviewed in this chapter. OTU - operational taxonomic
unit (approximately at the “genus” level in this analysis). Relative to the Arctic Marine Biodiversity Monitoring Plan (Gill et al. 2011), Bacteria and
Archaea were included for consistency with the plankton FECs, while ice-associated fishes are covered in Chapter 3.4.

Taxon group (FEC) Estimated number of Bloom (peak) abundance Key references
species/OTUs
Bacteria and Archaea > 120 at 95% similarity > 210 cells m? This chapter
Microalgae and other protists | 1,276 <109 cells m? Philippe 2013; this chapter
Sympagic multicellular > 60 > 400,000 ind. m? Bluhm et al. 2017; this
meiofauna chapter
Under-ice macrofauna > 40 (@mphipods: 6-17) < 5,590 ind. m3 (.A. Melnikov | Arndt and Swadling 2006;
unpubl. data) this chapter

Algal lumps.

Bacteria and the nuclei of single celled eukaryotic plankton.
Photo: Peter Leopold, Norwegian Polar Institute

Photo: Connie Lovejoy

Nauplii, a young stage of copepod and an example of meiofauna.
Photo: Julia Ehrlich, Alfred Wegener Institute
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" The amphipod Gammarus wilkitzkii, an under ice macrofauna.
Photo: Shawn Harper, University of Alaska Fairbanks
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Figure 3.1.2 Bacteria and Archaea across five Arctic Marine Areas (AMAs) based on number of operational taxonomic units (OTUs), or molecular
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aggregated by the CBMP Sea Ice Biota Expert Network. Data source: National Center for Biotechnology Information’s (NCBI 2017) Nucleotide and

PubMed databases.
3.1.2 Current monitoring

Sea ice biota is not monitored regularly at any location and
our description is, therefore, based on synthesis of available
data from a series of research projects. For each FEC, a brief
background and description of data sources and analysis
approach is provided. Note that the available historical data
sources go back much further in time for morphologically
identifiable taxa than for microbial diversity due to
morphological studies preceding the development of DNA
(or protein) sequencing methodology.

Bacteria and Archaea

Single-celled microorganisms belonging to the domains
Bacteria and Archaea are highly diverse and make up a

large fraction of the biomass in the global ocean, including
the sea ice habitat. These microbes are principal actors in
carbon and nitrogen cycling, making nutrients available

to other organisms. DNA (or protein) sequence similarity is
the only reliable way to measure the taxonomic diversity of
these communities. The most widely used marker for this
purpose is found in the ribosome (the cellular structure
used for protein synthesis), specifically the small subunit
ribosomal RNA gene (16S rRNA gene for Bacteria and
Archaea, 18S rRNA gene for Eukarya). Modern phylogenetics
highlighting evolutionary relationships of microbes have
mostly been developed during the last two decades (e.g.,
Junge et al. 2002, Collins et al. 2010, Deming 2010, Collins
2015). The relatively few studies available indicate that sea
ice harbours an active microbial food web, which comprises
high abundances of cold-adapted, halophile (thriving at high
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Figure 3.1.3 Numbers and taxonomic composition of five single-celled eukaryote groups for the regional divisions of the Arctic Marine Areas
(AMAs, pie charts), as well as the number of data sources reviewed across the Arctic (red circles). Total number of taxa is given in parenthesis
after each region. Flagellates include: chlorophytes, chrysophytes, cryptophytes, dictyochophytes, euglenids, prasinophytes, prymnesiophytes,
raphidophytes, synurales, and xanthophytes, and- for practical purposes though not flagellates - cyanophytes. Heterotrophs include:
choanoflagellates, kinetoplastea, incertae sedis. Updated from Poulin et al. (2011).

salt concentrations) bacteria that typically are most abundant
in high concentrations of organic matter. Most of these sea
ice-associated bacteria are heterotrophs utilizing organic
substances released from the primary producers (autotrophic
taxa) at the base of the food web. Patterns in bacterial
community composition in Arctic sea ice differ from those

of the underlying water column for both first-year (Collins

et al. 2010) and multi-year ice (Bowman et al. 2012). Species
richness in Bacteria and Archaea is often indicated by the
number of operational taxonomic units (OTUs, or molecular
species). Typical values of the number of OTUs in sea ice are
about half of that in the underlying water column (Bowman
et al. 2012). Bacterial abundances in sea ice, however, vary
with season and at times exceed those of the water column
by three orders of magnitude, when scaled to the brine
channels they inhabit within the ice. Ice bacterial biomass

contributes substantially (a third or more) to particulate
organic matter produced in sea ice (Gradinger et al. 1999).
The ratio between bacterial and primary production in sea
ice varies between 10 and 38% (Nguyen et al. 2011).

Synthesis of available data was performed by using searches
conducted in the National Center for Biotechnology
Information’s (NCBI) Nucleotide and PubMed databases.
Aligned DNA sequences were clustered into OTUs by
maximum likelihood phylogenetic placement, a method
that uses the most probable assignment to a reference
phylogenetic tree showing the relationship among
genetically identified units. The genetic resolution of OTUs in
this analysis is approximately at the genus level.
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Figure 3.1.4 Sea ice meiofauna composition (pie charts) and total abundance (red circles) across the Arctic, compiled by the CBMP Sea Ice Biota
Expert Network from 27 studies between 1979 and 2015. Scaled circles show total abundance per individual ice core while pie charts show average
relative contribution by taxon per Arctic Marine Area (AMA). Number of ice cores for each AMA is given in parenthesis after region name. Note

that studies were conducted at different times of the year, with the majority between March and August (see 3.1 Appendix). The category ‘other’
includes young stages of bristle worms (Polychaeta), mussel shrimps (Ostracoda), forams (Foraminifera), hydroid polyps (Cnidaria), comb jellies
(Ctenophora), sea butterflies (Pteropoda), marine mites (Acari) and unidentified organisms.

Ice algae and other single-celled eukaryotes

Different types of biotic communities, namely surface,
interior, bottom and sub-ice, have been described for Arctic
sea ice based on their vertical occurrence and dominance in
the ice matrix (Syvertsen 1991, Horner et al. 1992). However,
the bulk of the standing stock and taxonomic diversity is
mainly found in the bottom 10 cm of the ice matrix, generally
in the lowermost 3-4 cm of the ice during springtime
(Rézanska et al. 2009, Duarte et al. 2015, Leu et al. 2015).
Often, ice algae and other protists are entrapped in newly
formed sea ice during autumn and remain dormant over the
winter (Gradinger and lkavalko 1998, Rozanska et al. 2008).
In the spring, increasing light levels trigger the first sign of

growth, which is often followed by rapid ice-algal growth

in the dense network of brine pockets and channels in the
bottom section of the ice matrix, sustained by nutrient-rich
underlying water (von Quillfeldt et al. 2003, Rézanska et al.
2009). These ice algal communities provide early food for
sympagic and pelagic herbivorous grazers such as copepod
and amphipod crustaceans and contribute to carbon cycling
(Michel et al. 2002, 2006, Tamelander et al. 2009, Sereide et al.
2010). The colonial centric diatom, Melosira arctica, can form
2 m long strands attached to the underside of the seaice
matrix in densely packed filamentous rows of cells hanging
in the water column like curtains (Melnikov 1997, Boetius

et al. 2013). This sub-ice community may serve as host
substrate for epiphytic algae, such as the diatoms Attheya




septentrionalis, Synedropsis hyperborea, Pseudogomphonema
arcticum (von Quillfeldt 1997, von Quillfeldt et al. 2003,
Poulin et al. 2014). Ice algae can also form aggregates, which
had already been observed during the Norwegian Fram
Expedition in 1894 (Gran 1900, Nansen 1906) and the Russian
North Pole drift ice station NP-23 in 1977 (Melnikov 1997).
Such aggregates of ice-associated pennate diatoms have
been found floating below the ice (Assmy et al. 2013) or in
melt ponds (Lee et al. 2015). Aggregation of organic material
from the ice may also promote the vertical export of material
towards the benthos, thus strengthening ice-pelagic-benthic
coupling (Tamelander et al. 2006, Renaud et al. 2007, Juul-
Pedersen et al. 2008, Morata et al. 2011).

For a pan-Arctic assessment of biodiversity (here as

species richness based on presence/absence), the first
comprehensive assessments of this FEC from a few years
ago (Poulin et al. 2011, Daniéls et al. 2013) have been
updated with 134 documents and databases screened and
mapped following the eight regional divisions of the Arctic
Marine Areas (AMAs) (Gill et al. 2011; Fig. 3.1.4), including
standardization of taxonomic names and nomenclature
based on original literature. For the analysis of possible
interannual trends in the ice algal community, we used a
data set from the Arctic Basin, the area most consistently
and frequently sampled (Melnikov et al. 2002, I.A. Melnikov
unpubl. data). Multivariate community structure was
analysed based on a presence-absence matrix of ice protists
(autotrophs) from sections of ice cores taken from 1980 to
2013 and mostly identified to species level. The analysis

is biased by the varying number of analysed cores taken
annually ranging from 1 to 24, with ice thickness varying
between 0.6 and 4.2 m, and including both first-year as well
as multi-year sea ice. Sampling locations were confined
within 74.9 to 90.0°N and 179.9°W to 176.6°E and exact
locations varied among years, depending on the drift
patterns of the ice stations.

Ice meiofauna

Arctic ice meiofauna is comprised of multi-cellular taxa
including flatworms (of the phyla Acoelomorpha and
Platyhelminthes), round worms (Nematoda), copepods
(Crustacea), wheel animals (Rotifera), and less frequent taxa
such as polyps (hydrozoan Cnidaria) and ribbon worms
(Nemertea) (e.g., Marquardt et al. 2011, Bluhm et al. 2017).
Single-celled ciliates are included in some studies, but are

in others referred to as microfauna (< 62 pm; Carey 1985),
and are not included in this synthesis. In addition to ice
endemic species, both pelagic and benthic meiofauna
species occur in sea ice and are included here. Ice meiofauna
settle in sea ice through active migration, are scavenged
during ice formation, disperse from multi-year ice, or are
recruited from resting stages (Carey and Montagna 1982).
Many ice meiofauna taxa graze on the abundant and highly
concentrated ice algae early in the season (Grainger and
Hsiao 1990), allowing for higher growth rates than under
concurrent phytoplankton bloom concentrations (McConnell
et al. 2012). Yet, meiofauna grazing does not appear to limit
ice algal growth despite their seasonally high abundance:
estimated ingestion rates by multicellular meiofauna are
generally < 10% of ice algal biomass (Gradinger 1999, Michel
et al. 2002). The small size of the brine channel system, mostly
<1 mm in a given channel, may restrict some meiofauna from
exploiting niches with high ice algal growth (Krembs et al.

2000). This limitation rapidly changes during the onset of
melting when brine channels become connected (Gradinger
et al. 2010). Direct ingestion of ice-produced dissolved
organic matter is an alternative feeding mode suggested for
ice meiofaunal nematodes (Tchesunov and Riemann 1995).
Meiofaunal predators, however, appear to be rare (Bluhm et
al. 2007, Siebert et al. 2009).

Here, the CBMP Sea Ice Biota Expert Network synthesized

27 studies across the Arctic conducted between 1979 and
2015. This extensive effort includes several unpublished
sources (see Appendix 3.1.1 and 3.1.2). These studies sampled
landfast sea ice and offshore pack ice, both first-year and
multi-year ice, using ice cores. Meiofauna abundances from
ice cores were converted to individuals m? of sea ice. Due

to the generally low taxonomic resolution in the reviewed
studies, ice meiofauna were grouped into: copepods
(Copepoda), nauplii (i.e., young stages of copepods as well as
other taxa with naupliar stages), round worms (Nematoda),
bristle worms (Polychaeta) (mostly juveniles, but also the
larval stage, trochophores), flatworms (Acoelomorpha and
Platyhelminthes; these phyla have mostly been reported

as one category), Rotifera and others. The category ‘others’
includes typically rare groups such as meroplanktonic

larvae other than Polychaeta, mussel shrimps (Ostracoda),
forams (Foraminifera), hydroid polyps (Cnidaria), comb

jellies (Ctenophora), sea butterflies (Pteropoda), marine
mites (Acari) and unidentified organisms. Percentage of total
abundance for each group was calculated for each ice core,
and these percentages were used for regional averages.
Maximum available ice-core length was used in data analysis,
but 50% of these cores included only the bottom 10 cm of
the ice profile, 12% the bottom 5 cm, 10% the bottom 2 cm
and 11% the entire ice profile. Data from 728 cores were used.
In addition to showing composition and peak abundance
ranges, the phenology of ice meiofauna is illustrated over the
ice-covered season in data sets from landfast ice near Barrow,
Alaska, and in drifting pack ice north of Svalbard.

Under-ice macrofauna

The most prominent members of the under-ice community
typically include the gammarid amphipods Apherusa glacialis,
Gammarus wilkitzkii, Onisimus glacialis and O. nanseni, as

well as the polar cod and ice cod (Lenne and Gulliksen 1989,
Gradinger and Bluhm 2004, Mecklenburg et al. 2011, Hop
and Gjgsaeter 2013). All inhabit the under-ice realm for at
least part of their lives (Gulliksen and Lanne 1991, Melnikov
1997, Poltermann et al. 2001). The amphipods have different
feeding preferences and longevities, with G. wilkitzkii being
the most predatory and long-lived, at six to seven years
(Poltermann 2000, Beuchel and Lanne 2002). The ice-
associated fishes primarily eat crustaceans including under-
ice amphipods, copepods, hyperiid amphipods and mysids
with proportions varying regionally (Lanne and Gulliksen
1989, Christiansen et al. 2012, Dalpadado et al. 2016). Dozens
of other taxa, such as copepods, ctenophores and pteropods,
also inhabit the under-ice realm (Arndt and Swadling 2006,
Bluhm et al. 2017), but are not included here. Gelatinous
zooplankton (ctenophores and jellyfish) have been observed
at high densities just below the ice by remotely operated
vehicles and scuba divers (Raskoff et al. 2005, 2010, Purcell

et al. 2010, H. Hop unpubl. data), where they congregate in
turbulence areas created by ridges.



This summary includes 47 data sources of under-ice
amphipods published between 1977 and 2012. When
available, the CBMP Sea Ice Biota Expert Network collected
information on their abundance (individuals m?, or
individuals m-3 that were converted to individuals m2) and
biomass (g m?, wet weight). If abundance or biomass data
were not available, presence/relative abundance information
was included. Frequency of occurrence was calculated

for regions across the Arctic using integrated data for all
available years. Due to large variability, medians and median
absolute deviations (MAD) were used to present abundance
and biomass data.

The only available time-series of sympagic fauna is based on
composite data of ice-amphipod abundance and biomass
estimates from 1981 to 2012 for the Svalbard and Fram Strait
region (Hop et al. 2013). Samples were obtained by scuba
divers that collected amphipods quantitatively with electrical
suction pumps under the seaice (Lanne 1988, Lenne and
Gulliksen 19914, b, Hop and Pavlova 2008).

3.1.3 Status and trends of FECs

Bacteria and Archaea

Forty-five data sets in the NCBI Nucleotide database were
analysed for the present synthesis. They included a total of
1,146 sequences of the target gene (small subunit ribosomal
RNA) from Arctic sea ice. On average, these sequences
consisted of 1,256 base pairs (i.e., the building blocks) and the
mean number of sequences per study was 25 (median= 3).
These sequences represented 120 bacterial and two archaeal
OTUs, of which 95 (81% of sequences) were at the genus level
and the remainders were not represented in the database or
at higher taxonomic levels. The analysed data sets revealed
different groups of species, with an overlap of only one third
of the 43 OTUs found to occur in two or more studies.

The total diversity of Bacteria and Archaea found in sea ice
spans the phylogenetic tree, but the dominant taxa are
concentrated within the Gram-negative bacterial groups
Gammaproteobacteria, Bacteroidetes, and to a lesser
extent the Alphaproteobacteria (Fig. 3.1.2). Biodiversity was
highly dominated by a few taxa: the five most common
taxa represented 50% of all sequences in the dataset
(Pseudoalteromonas, Colwellia, Shewanella, Marinomonas
and Pelagibacter). There are no known bacterial or archaeal
genera unique to sea ice, and at more refined taxonomic
levels there is not enough information to determine to what
extent microbes found in sea ice are endemic to the ice
(Collins 2015).

Ice algae and other single-celled eukaryotes

The species richness of microalgae and other protists

in sea ice is high. As with ice microbes, the inventory of
these single-celled eukaryotes is incomplete, which makes
assessment of temporal changes challenging. A few years
ago, a first inventory found 1,027 single-celled eukaryotes
inhabiting Arctic sea ice (Poulin et al. 2011, Daniéls et al.
2013). The present synthesis by the CBMP Sea Ice Biota
Expert Network documented that increased effort still
increases the inventory, which now includes more than

200 additional taxa for a total of 1,276 sympagic algae and
other protists (Figure 3.1.3) Cyanobacteria (phototrophic
Bacteria) and five supergroups of eukaryotes (cf. Adl et al.
2012) are present in Arctic sea ice (Poulin et al. 2011). Most
of this sea ice biota inventory, however, consists of large
diatom and dinoflagellate cells (>20 um) that are relatively
easily identified through light microscopy (von Quillfeldt et
al. 2003, Rézanska et al. 2009, Poulin et al. 2011). Large cells
contributed 82% of the known pan-Arctic species numbers,
with 82% for the Hudson Bay Complex and Atlantic Arctic,
83% for the Arctic Archipelago, 89% for the Beaufort Sea,
949% for Davis Strait-Baffin Bay, 95% for both the Pacific Arctic
and Arctic Basin, and 96% for the Kara-Laptev. The highest
inventory, and reporting effort, of sea ice microalgae and
other protists has been recorded for the Atlantic Arctic, with
an almost two-fold higher number of taxa (700) compared to
the other seven regional divisions of the AMAs (Figure 3.1.3).

The Arctic Archipelago and Pacific Arctic had intermediate
species richness (>350), whereas the lowest (< 300) was
reported for the Kara-Laptev Seas, the Hudson Bay Complex
and the Arctic Basin. High research effort in the Atlantic
Arctic also resulted in the identification of a significant
contribution of 18% small-sized cells (<20 pm), an otherwise
morphologically poorly documented size group. During the
algal bloom, the bottom ice communities are predominantly
represented by colonial diatoms, e.g., Nitzschia frigida and
Fragilariopsis cylindrus, while some solitary cells are also
frequently encountered, e.g., Cylindrotheca closterium and
Navicula directa. Pennate diatoms are the most abundant
single-celled eukaryotes across the Arctic, contributing a low
50% in Atlantic Arctic to a high 79% in Davis Strait-Baffin Bay
of the eukaryote community in sea ice (Figure 3.1.3).

Standard microcopy counts do not take into account the
diversity of smaller mixotrophic and heterotrophic microbial
eukaryotes in ice. Molecular techniques indicate these groups
in ice may be as diverse as in the water column (Comeau et
al., 2013).

Ice meiofauna

On a coarse taxonomic level, most meiofauna taxa occur
rather consistently across the Arctic, although their
proportions vary with region and season of sampling
(Figure 3.1.4). Total abundance of meiofauna can be

higher close to land compared to offshore locations. This is
partly explained by the contribution of meroplankton, the
frequently abundant larval stages of benthic organisms,
and the fact that most studies there were conducted during
spring. In offshore drift ice, the proportion of species of
pelagic origin within the ice meiofauna is higher than in
shallow areas where adults of taxa of benthic origin are

also found (e.g., Friedrich and De Smet 2000). Regional
comparisons are limited by differences in seasonal and
taxonomic coverage, but available data indicate that rotifers,
for example, dominate in some areas such as the Bering

Sea in the Pacific Arctic and the Kara-Laptev. Rotifers can

be abundant in these areas, although they are small and
therefore contribute much less to the total in-ice meiofauna
biomass than other taxa (Friedrich 1997). By comparison,
nematodes dominate in Davis Strait-Baffin Bay, Hudson

Bay Complex and the Greenland Sea—part of the Atlantic
Arctic (Fig. 3.1.4). Copepods are reported in all regions



(although their composition may vary which we do not show ~ Macrofauna: under-ice amphipods
here) and their nauplii cause large seasonal fluctuations in

meiofauna abundance (Figure 3.1.5). Separating seasonal A handful of gammarid amphipod species are found in the
fluctuations from geographical differences is difficult due under-ice habitat across the Arctic (Figure 3.1.6). Apherusa
to the low number of studies, and because most studies glacialis is the most frequent ice amphipod, which is likely
take place during the spring when copepod nauplii are the related to its herbivorous feeding style and short, two-
most abundant. Nauplii, however, appear to be particularly year life cycle in drift ice (Beuchel and Lanne 2002, Arndt
common in the Atlantic-advective inflow area. In coastal et al. 2005). Though most abundant, this ice amphipod

fast ice of the Beaufort Sea, in turn, the positive influence of contributes little to the total under-ice amphipod biomass
meroplanktonic stages of primarily Polychaeta and Mollusca  due to its small size (Figure 3.1.7). Gammarus wilkitzkii is
on diversity and abundance during spring months has been  also a frequently occurring ice-amphipod with circumpolar

documented (Nozais et al. 2001, Gradinger et al. 2009). distribution. Due to its large size (5 cm as adults), G.
wilkitzkii dominates the ice-amphipod biomass, but tends
The few studies that provide identification of ice meiofauna to occur in lower frequencies than A. glacialis (e.g., Hop and
taxa beyond the order level suggest nearly pan-Arctic Pavlova 2008; Figure 3.1.7). This predatory and omnivorous
distribution ranges for those taxa (examples shown in crustacean preys on smaller ice amphipods, such as A.

Bluhm et al. 2017). A few ice meiofauna species appear to be  glacialis and Onisimus glacialis, as well as zooplankton and
endemic to the ice, such as the hydroid polyp Sympagohydra  detritus (Poltermann 2001). Gammarus wilkitzkii is often

tuuli and the nematode Theristus melnikovi (Riemann and associated with structurally complex multi-year sea ice,
Sime-Ngando 1997, Bluhm et al. 2007), although these taxa where it can frequently be found hiding in large brine
may have been overlooked in benthic habitats so far. channels and crevices (Hop et al. 2000). This synthesis,

however, indicates that G. wilkitzkii also frequently inhabits
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Figure 3.1.5 Seasonal abundance (1000 individuals m-?) of sea ice meiofauna at landfast sea ice (Barrow, 2005-2006, A and C) and pack ice (North
of Svalbard, 2015, B and D). A and B show larval stages (polychaete juveniles and nauplii, respectively), while C and D show nematodes and
harpacticoid copepods, respectively. Circles represent individual cores (n = 107 for A and C, and 39 for B and D), shading the extent of minimum as
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Figure 3.1.6 Sea ice amphipod (macrofauna) distribution and abundance across the Arctic aggregated from 47 sources between 1977 and 2012 by
the CBMP Sea Ice Biota Expert Network. Bar graphs illustrate the frequency of occurrence (%) of amphipods in samples that contained at least one
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annual landfast and drift ice, although at lower frequencies
than it occurs in the Arctic Basin and the East Siberian Shelf
break of the Pacific Arctic (Figure 3.1.6). Onisimus nanseni
and O. glacialis are difficult to distinguish from samples
preserved in alcohol and therefore were not separated in
most reviewed studies. Genetically, these species are also
difficult to separate because of low genetic divergence

(Ki et al. 2011). They occur frequently below sea ice but

are generally much less abundant than A. glacialis and G.
wilkitzkii (Hop and Pavlova 2008; Fig. 3.1.7). It is noteworthy
that no under-ice amphipods were encountered on the
Bering and Chukchi Seas and adjacent shelves of the Pacific
Arctic, where some of the authors have done extensive sea
ice work (R. Gradinger, K. Iken, B.A. Bluhm unpubl.). However,
high amphipod abundances have been recorded on the shelf

of the East Siberian Sea as well as in the Beaufort Sea, with
values an order of magnitude higher than those recorded in
the Atlantic Arctic (Figs. 3.1.6, 3.1.7). High abundance values
likely reflect large contributions of newly hatched juveniles
and benthic amphipods.

Benthic amphipods are also occasionally encountered

under sea ice, particularly over shallow water (e.g., Pike

and Welch 1990, Gradinger and Bluhm 2010). Even though
their distributions are related to distance to land and water
depth, some benthic amphipods drift with sea ice across

the Arctic Basin and are present in sea ice far from its origin
(Figure 3.1.6). In Rijpfjorden, Northern Svalbard, the benthic
amphipods Anonyx spp. utilize sea ice as a reproductive
habitat during spring (Werner et al. 2004, Nygard et al. 2012).




Most frequently occurring benthic amphipods were Anonyx
spp. (8% of all samples), Metopa spp. (8%), Gammaracanthus
loricatus (4%), Weyprechtia pinguis (2%) and Gammarus
setosus (2%).

Seasonality in the meiofauna community

Biological communities in the sea ice system exhibit strong
seasonality linked to the annual cycle in both sea ice
formation and light. Few studies, however, actually cover
full seasonal cycles; here two examples of meiofaunal
communities are given. Seasonal increase in meiofaunal
abundances occurs during spring (Figure 3.1.5), linked to
the increase in day light that facilitates the onset of the ice
algal bloom, which consequently progresses temporally
with increasing latitude (Leu et al. 2015). Nearshore fast

ice typically harbours the highest densities of meiofauna
during spring peaks in ice algal production (up to 250,000
ind. m Nozais et al. 2001, Gradinger et al. 2009; Figure
3.1.5a, ¢), followed by density peaks observed in shelf pack
ice (Gradinger 2009, Marquardt et al. 2011), with the lowest
abundances in offshore drift ice and ice pressure ridges
(<10,000 ind. m; Friedrich 1997, Gradinger et al. 2005, 2010,
Schiinemann and Werner 2005; Figure 3.1.5b, d). Different

For example, meroplanktonic polychaetes and copepod
nauplii peak earlier during ice algal blooms (Figure 3.1.5a, b)
than nematodes, which spend their entire life cycle in sea ice,
and harpacticoid copepods peak even later (Figure 3.1.5¢,

d). Large variability in abundance indicates patchiness in

the spatial distribution of meiofauna, which is related to ice
properties, snow depth and sediment load in the ice, known
as dirty seaice (Nirnberg et al. 1994, Gradinger et al. 2009).

Interannual trends in ice algal community
structure in the central Arctic Basin

Assessment of interannual changes of the ice-algal
community in the central Arctic Basin is challenging,
because of introduced biases due to variations in ice
types, ice thickness, sampling date, region and number
of ice cores collected. Keeping in mind this bias, species
numbers recorded and community composition appear
to have changed during three periods: early 1980s, late
1990s and the recent period of 2005-2013 (Fig. 3.1.8). This
involved a major decrease from 50-70 species in 1980-2006
to <30 in recent years. However, the sampling effort was
much greater in the earlier decades, which likely resulted
in detection of more species. Community structure also

taxonomic groups show abundance peaks at different times.
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appears to have shifted from the 1980s to the 2010s (Figure
3.1.8), although it, too, is somewhat influenced by sampling
effort. Analysis of similarity' suggests that the sampling
period had the strongest influence on the similarity of

algal community structure followed by ice type, which was
moderately influential, with less effect of region or month
of sampling. The top characteristic sympagic species in the
1980s, the period where multi-year ice was more abundant
than in later decades, included Thalassiosira nordenskioeldii,
Fragilariopsis oceanica, Chlamydomonas nivalis, Trochiscia
cryophila and Nitzschia spp. The cores from the 1990s were
characterized by Groenlandiella brevispina, Cylindrotheca
closterium, Fragilariopsis cylindrus and Navicula vanhoeffenii.
After the year 2000 when perennial ice declined strongly,
mostly Nitzschia frigida, N. polaris, F. cylindrus, F. oceanica
and Navicula transitans characterized the community. For
decades, the dominant multi-year ice in the central Arctic
Ocean was a relatively stable ecological system with a rather
consistent species composition of flora and fauna (Melnikov
1997). The ice thickness of the multi-year pack ice was
maintained in equilibrium, with summer melt of the upper
layers of ice from above and compensating winter ice growth
from below. During the early period of observation (1975-
1981), pennate diatoms dominated (56 species) in multi-year
ice, while centric diatoms and dinoflagellates were species
poor. Dinoflagellate species increased after the mid-1990s
despite lower sampling effort, while diatom species numbers
(in particular pennate form) declined. In conclusion, the
results are not unequivocal, but provide some evidence that
ice algal communities have undergone some changes in
taxonomic composition in multi-year sea ice.

Ice amphipods around Svalbard: decadal trends

Under-ice amphipod abundance demonstrates large
seasonal and interannual variability, partly due to the
patchiness of their habitats and heterogeneous distribution
below ice floes (Lenne and Gulliksen 1991a, b, Werner and
Gradinger 2002; Figure 3.1.7). Despite the variability, a decline
in ice-amphipod abundance and biomass is apparent, from
high values until mid-1990s and to lower values during
recent years, and very low values after 2010 (Figure 3.1.7).
This trend is equally evident from regional observations:

in the 1990s, the area north of Svalbard was dominated by
multi-year sea ice and quantitative ice-amphipod sampling
was possible to conduct at most ice stations. After mid-2000,
the amount of multi-year ice in the Arctic Ocean including
the area north of Svalbard declined dramatically (Polyakov
et al. 2012, Perovich et al. 2015), and quantitative collections
of ice amphipods are no longer possible at many ice stations
in that area because of extremely low abundances of these
crustaceans, with typical catches of < 1 ind. m? (H. Hop pers.
obs.).

Ice-amphipod abundance seems to be connected to the
amount of ice structures and the age of the ice. As shown,
with decreasing extent of multi-year sea ice, abundance and
biomass of ice amphipods have declined in the Eurasian
Arctic. The same trend has been independently observed

in the central Arctic (.A. Melnikov pers. comm.). Multi-year
sea ice is described as preferred habitat of the long-lived

G. wilkitzkii (Lenne and Gulliksen 1991b), although this

1 Analysis of similarity (ANOSIM) was done in the software package PRIMER
(Clarke, K.R., Gorley RN (2006) PRIMER v6: user manual/tutorial PRIMER-E Ltd.,
Plymouth)

species also occurs in other ice types, as well as planktonic

or benthic habitats for some parts of the summer season
(Poltermann 1998, Werner et al. 1999; Fig. 3.1.6). Interestingly,
some researchers have reported A. glacialis deep (100-2000
m) in the Arctic Basin (Berge et al. 2012), indicating that
these organisms are capable of inhabiting the water column
in absence of sea ice, at least for part of the year. Future
projections for the under-ice associated fauna are uncertain.
The multi-year ice ecosystem is capable of supporting a
relatively constant species composition of permanent ice
biota, while the species composition of the biota of the
seasonal sea ice ecosystem largely depends on the biota of
the water column for recruitment. In the current sea ice cover
situation in the Arctic, these two situations co-exist.

3.1.4 Drivers of observed trends

Abundance and biomass, diversity and distribution of sea ice
biota are highly variable in space and time. This variability
can largely be attributed to the physical and chemical
conditions in and under the sea ice. Light availability,

ice and snow conditions, ice temperature, brine salinity,
nutrient concentrations (for primary producers), carbon
sources (for heterotrophic Bacteria and Archaea) or general
food availability (for heterotrophic eukaryotes) are among
the main drivers that explain the horizontal and vertical
patchiness of sympagic biota. Biodiversity studies should
therefore provide auxiliary information for at least the
aforementioned variables. At a minimum, ice temperature as
well as bulk salinity of melted samples should be determined.
On larger spatial scales, ice (extent, thickness, type) and

snow cover data are desirable. Below we describe briefly the
influences of critical environmental factors on ice biota under
the current conditions.

Light conditions under the ice are modulated by day length
(i.e,, seasonally) as well as by snow depth, ice thickness

and particle content in the ice (Leu et al. 2015). During the
melt season, ponds develop on top of the ice and increase
light transmission from 5-15% to 40-70% (Ehn et al. 2011).

A continuation of the observed decline in sea ice extent
and thickness will increase the amount of light penetrating
into the Arctic Ocean, which will further enhance melting
and alter the upper ocean ecosystem (Nicolaus et al. 2012).
Thinner ice may facilitate higher production and biomass of
ice algae in the Arctic Ocean, but because some areas will
have less ice and stratification of the upper water column
may increase, the net effect for the Arctic is uncertain (Barber
et al. 2015, Leu et al. 2015).

Ice properties, such as thickness, structure, drift, age and
stage of freezing/melting, largely influence the seasonal
occurrence of sea ice biota (Barber et al. 2015). Ice and snow
properties as well as seasonal development of melt ponds
on the ice are important for the energy budget of sea ice
(Hudson et al. 2013). On larger scales, the ice extent, ice type
(first-year versus multi-year ice, landfast ice versus. drift ice)
and ridging influence the abundance and distribution of sea
ice biota. Snow layer thickness and duration on top of the ice
are important for light transmission and onset of the primary
production of ice algae, since snow blocks out to > 80% of
the radiation whereas bare ice reflects < 70% and ponded ice
< 40% (Gerland et al. 2007).
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Figure 3.1.8 Ice algal community similarity of central Russian Arctic drifting stations from the 1980s to 2010s based on unpublished data by I.A.
Melnikov, Shirshov Institute of Oceanology. The closer two samples (symbols) are to each other in this multi-dimensional scaling plot, the more
similar their algal communities were, based on presence/absence of algal species. Samples from the same year tend to be similar and group
together on the plot, with some exceptions. Dispersion across the plot suggests that community structure has changed over the decades, although
sampling locations in the central Arctic have also shifted, thus introducing bias. An analysis of similarity (PRIMER version 6) with a high Global
R=0.80 indicates strong community difference among decades (global R=0 indicates no difference, R=1 indicates complete dissimilarity). Regional
differences were low (global R=0.26) and difference by ice type moderate (global R=0.38). Grey arrows point to the very different and only two

samples from 2013.

Spatial scales in the ice structure relevant for ice biota range
from the size of a brine channel to the extent of the pan-
Arctic ice cover. At small scales, the sea ice brine channel
network with dimensions < 1 um to several mm, depending
on temperature, influences biotic distributions (Krembs

et al. 2000; Figure 3.1.1). Sea-ice pressure ridges provide
niches where larger biota, including fishes, find refuge from
predatory vertebrates (Hop et al. 2000, Gradinger and Bluhm
2004). In areas with multi-year ice floes, sea ice fauna can
complete their life cycles in the ice habitat, allowing for the

evolution of sea-ice endemic taxa (Arndt and Swadling 2006).

In coastal Arctic fast ice, however, ice-endemic fauna appears
to be sparser due to the habitat loss during the ice-free
period.

Temperature, salinity and inhabitable space within sea ice
are closely related (Mundy et al. 2011). Temperatures in the
sea ice decrease from the ice-water towards the ice-snow
interface, with concurrent decrease in brine volume and
increase in brine salinity (Ehn et al. 2011). Temperature and
brine salinity are similar to open water conditions near

the sea water-ice interface. The coldest ice (<-10°C) and
highest brine salinities (> 100 psu) occur near the snow-ice
interface of Arctic multi-year ice floes; this ice type with
extreme salinity conditions has been decreasing during the
last decades. Very low salinities (1 to 2 psu, near freshwater

conditions) are found in melt ponds and the upper part

of melting ice floes, and a thin meltwater layer of 30 to 50
cm brackish water (salinity 5 to 25 psu) typically develops
below the ice during early summer (Hop et al. 2011). Melt
ponds with variable salinity conditions have become more
common and may occur for a longer time during the year.
They harbour characteristic biota depending on their salinity
(Lee et al. 2011). Adaptations to low temperatures and high
and variable brine salinities are already prerequisites for

the survival of sympagic organisms in sea ice and influence
their biodiversity (Gradinger and Schnack-Schiel 1998). Very
low salinities are only tolerated by few marine taxa, but ice
amphipods show low osmotic response to hyposmotic stress
indicating that they are tolerant to salinity fluctuations in
melting sea ice environment (e.g., Aarset and Aunaas 1987).
Riverine influence also reduces the salinity so that typical
brackish-water (rather than marine) species thrive in some
coastal ice areas when the ice is formed (von Quillfeldt et al.
2003).

Water depth and distance from land affect the community
types recorded in sea ice. The presence of a large number
of typically neritic (shallow water) species and freshwater
species (e.g., Asterionella formosa and Tabellaria flocculosa)
indicates a coastal formation of the ice (von Quillfeldt et
al. 2003). Comeau et al. (2013) also found differences in



the microbial flagellates in landfast versus drift ice. Water
depth and distance from land also affect the contribution

of benthic taxa to the under-ice habitat (von Quillfeldt et

al. 2003, Nygard et al. 2012, Bluhm et al. 2017; Figure 3.1.4,
3.1.6). Some of the fauna associated with drifting sea ice may
also stay in shallow benthic areas during the ice-free season
(Poltermann 1998). The temporary ice fauna, which may
include larvae and juveniles of benthic taxa, can drift with sea
ice far from shallow regions and increase the diversity and
biomass of sea ice biota, although such organisms are most
frequently found nearshore.

Nutrient concentrations available to sea ice biota

are primarily a function of three factors: (1) nutrient
concentrations in the ice and underlying water masses

after the winter; (2) nutrients supplied by advection; and

(3) biological uptake and remineralization processes
(Gradinger 2009). Nutrient concentrations in surface water
of a given region thus constitute a reservoir for ice algal
growth (Tremblay et al. 2011). Accumulation of high ice-
algal biomass (measured as chlorophyll a) within sea ice
cannot be explained by the initial nutrient concentrations
during ice formation alone, which are typically ~30% of
surface water concentrations (Gradinger and lkédvalko 1998).
Rather, advection of underlying, nutrient-rich water or
upwelling is required to achieve high accumulation of ice
algae. Upwelling of nutrient-rich water along the shelf break
towards surface water layers has become more common in
parts of the Arctic as ice retreats and can result in increased
nutrient supplies supporting algal blooms (Carmack and
Chapman 2003, Tremblay et al. 2011). Autumn blooms have
also become more common through this process (Ardyna et

al. 2014). Continued supply of nutrients can result in a thick
layer of bottom ice algae, particularly in the shallow region
of the Laptev Sea and the shelf break in the western sector of
the Canadian Arctic Archipelago (Boetius et al. 2013).

Several of the above described environmental variables are
currently changing in the Arctic. Sea ice extent and thickness
have declined, and, with this change, the light regime is
changing. Thinner ice, or more leads in the ice, result in

more light available for ice algae and under-ice blooms, and
therefore the potential for higher production (Arrigo et al.
2011, 2012), provided that nutrients are available and snow
thickness does not increase substantially. Other processes
may counteract increased algal production including the
shorter ice-covered period, less extensive ice extent as well as
increased stratification through increased freshwater content
resulting in diminished vertical mixing, as for example in the
Canada Basin (Tremblay et al. 2015).

3.1.5 Knowledge and monitoring gaps

No monitoring program currently exists for sea ice biota,
and the figures presented here are based on amalgamated
data collected by many different researchers. Various
research groups around the Arctic, however, have regular
field activities involving select sampling of one or several
FECs as part of short-term funded projects. The accumulated
knowledge base in this chapter can serve as a baseline for
monitoring of sea ice biota. However, monitoring requires
coordinated plans for sampling at set locations, with
consistent sampling and analyses to ensure comparability

1
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(Gill et al. 2011). For sea ice, standardized sampling
techniques have for example been summarized by Eicken
et al. (2009, 2014) and Miller et al. (2015). Proper monitoring
requires seasonal and annual field campaigns as well as
sufficient, long-term financial support.

Most (but not all) sea ice sampling for ice biota living within
the brine channels has been done using ice cores (methods
described for example in Gradinger and Bluhm 2009).

The thickness of the ice sections studied in this synthesis,
however, showed high variation, depending on the goals

of each study, time constraints and ambient ice thickness

to name a few, resulting in different thickness horizons
sampled. Often the bottom 0-4 cm or 0-10 cm were sampled
(with 0 cm representing the ice-water interface), sometimes
the bottom 20-30 cm and occasionally whole cores. Here, a
recommendation is given to sample (at least) the bottom 10
cm of ice cores (which can be split into the lowermost 3-4

c¢m bottom ice and the next 6-7 cm of the core), because the
bottom 10 cm often includes the majority of the biomass and
abundance of ice biota (~65 % of ice meiofauna, up to 95%
for algae based on the here compiled data sets). The CBMP
Sea Ice Biota Expert Network also recommends the 10-30 cm
section be included (separately) where feasible, as an average
12% of the meiofauna have been observed in this ice section.
Microbes, particularly bacteria, are distributed ubiquitously
throughout the ice column and are generally sampled

in 10 -cm increments using sterile procedures to avoid
contaminating the ice cores (e.g., Collins et al. 2010). Ice algal
communities and biomass (chlorophyll a) are concentrated in
the bottom few centimeters, but have in some studies been
determined in 20 cm sections up to the surface of the ice
(e.g., Mundy et al. 2011). The need for sampling the entire ice
column will depend on project goals, which may also include
modelling aspects of biota in sea ice (Duarte et al. 2015).

Under-ice sampling has been more variable in approach.
Regularly used tools have included (1) SCUBA-operated
suction pumps (Lenne 1988), (2) under-ice in situ or surface-
operated still photos (Mundy et al. 2007), (3) video in a fixed
location or video transects (SCUBA diver or ROV operated)
(Gradinger and Bluhm 2004), (4) under-ice traps (Nygard

et al. 2012) and (5) under-ice trawl nets (David et al. 2016;
approaches summarized by Gradinger and Bluhm 2009).
The most quantitative samples appear to be based on
SCUBA-operated sampling of squares with electrical suction
pump (Hop et al. 2000) and the under-ice trawl net SUIT
(van Franeker et al. 2009), as well as imagery with sufficient
resolution.

In terms of seasonal and annual sampling at selected stations,
the most frequently sampled locations (and ice types) in the
past have included: (1) Central Arctic pack ice during Russian
ice drifting stations, historically in multi-year sea ice and more
recently increasingly in first-year ice; (2) Barrow area, landfast
ice; (3) Resolute Bay area, landfast ice, and; (4) Svalbard

fjords and offshore pack ice (Figure 3.1.3, 3.1.4, 3.1.6). Not

all of these locations, however, may be the most promising
locations to implement monitoring at, because both the ice
cover and research arenas are changing rapidly. The central
Arctic Russian ice-drift stations are no longer regular events
because ice conditions have become less stable. The ice
camp Barneo near the North Pole, however, is still active,
though partly used as a tourist location. The use of Resolute

Dive photographer.
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Bay facility may be shifting towards the newly constructed
Canadian High Arctic Research Station (CHARS) in Cambridge
Bay planned to open in 2017. However, Resolute Bay offers
better conditions for sampling of Arctic ice biota based

on the higher diversity of sea ice organisms at this more
northern location, combined with access to a laboratory

run by the Canadian Polar Continental Shelf Program. Thus,
the Resolute station should be maintained as a Canadian
monitoring site for sea ice biota. In Greenland, new research
activities and facilities may provide opportunities to monitor
ice biota in the future at Station Nord (north Greenland),
Zackenberg Station (northeast Greenland) or Arctic Station
(west Greenland). At Svalbard, much recent sampling has
focused on fast ice in fjords, with seasonal sampling in e.g.,
Billefjorden. Norwegian research cruises will likely continue
in the areas north of Svalbard and in the Arctic Ocean, with
possibilities to incorporate monitoring elements in their
sampling programs.

Regarding the choice of taxa, communities or habitats to
monitor, the studies reviewed have usually focused either
on a sub-habitat (e.g., ice biota inside brine channels) or on
a taxonomic group (e.g., ice meiofauna), a particular method
(e.g., morphological taxonomy or genetic analysis), or a
combination of the three. Ice biota has rarely been studied
as a whole at a given location and time period. The Russian
ice-drift studies have likely been the most extensive and
comprehensive studies (Melnikov 1997), and there has also
been coordinated sampling of ice biota and sea ice physics
at some locations in Arctic Canada and Alaska (e.g., Ehn et al.




2011, Hop et al. 2011, Mundy et al. 2011), and more recently
during the N-ICE2015 campaign by the Norwegian Polar
Institute to the Arctic Ocean. Indicator taxa are sometimes
useful and the following could be suitable for monitoring:
(1) the arborescent colonial endemic Nitzschia frigida, which
regularly occurs in bottom sea ice and has been recorded
all across the Arctic (R6zanska et al. 2009, Poulin et al. 2011);
(2) the diatom Melosira arctica based on its ability to grow
to long curtains under the ice under favourable conditions;
(3) the under-ice amphipod Gammarus wilkitzkii due to

its association with multi-year ice (although certainly not
exclusively, as this synthesis demonstrates). This species may
be gradually replaced by the more pelagic, but also ice-
associated amphipod Eusirus holmi, which is of similar large
size as adult. Both amphipod species should therefore be
monitored, since changes in their relative abundance may
reflect changes in sea ice conditions.

Main challenges for monitoring include the relatively low
number of people working on sea ice biota and the loss of
taxonomic expertise for groups such as ice algae and other
protists, but also ice-associated fauna (e.g., meiofauna and
ice-associated zooplankton). Another great challenge in
attempting to monitor sea ice biota is the large variability
of the dynamic sea ice habitat. Ice biota composition and
abundance are, as detailed above, highly dependent upon
light availability (modulated by day length, ice and snow
thickness, sediments in ice, etc.), nutrient availability,
temperature, salinity and location. These factors modify the
habitat seasonally, even in the same place or the same ice
floe. This variability, in combination with historic variability in
sampling approach and timing, obscure potential temporal
trends. Thus, actual changes in ice biota diversity and
community structure need to be substantial enough to rise
beyond the existing variability in order to be detected.

Eusirus homi.
Photo: Peter Leopold, Norwegian Polar Institute

3.1.6 Conclusions and key findings

Temporal trends in sea ice biota diversity and/or abundance/
biomass are very challenging to detect for two main reasons:
the large natural variability within the sea ice system and the
lack of systematic and consistent sea ice biota monitoring.
The data sets aggregated in this synthesis suggest that
changes in community structure of ice algae have occurred
in the central Arctic since the 1980s, although this suspected
change is coincident with a shift in the region sampled

and decreased sampling effort. Over a similar period, ice
amphipod abundance and biomass appear to have declined
in at least the Svalbard region and perhaps elsewhere in the
Arctic. Sea ice biota in general, however, is able to cope with
extreme environmental conditions inherent to their habitat
in terms of large variations in temperature and salinity,
nutrient and space limitations and the ephemeral nature

of the habitat. Regular ice biota sampling of the four FECs
analysed here should be conducted in the future.

Key findings are:

- Seaiceis a species-rich habitat.

- Inventories of sea ice biota are incomplete.

- Many sea ice biota taxa are widespread across the
Arctic ice cover.

- Seaice houses some species endemic to the Arctic
and species endemic to sea ice. Other taxa occur
more widely.

+ Theice biota generally copes with extreme
conditions, although little is known about the
tolerance limits and preferences of individual species
in this habitat.

- Seaice algal community structure has possibly
changed in the central Arctic between the 1980s
and 2010s. Identified shifts in community structure
in decadal time series are confounded by shifts in
sampling region and effort. Simultaneously, this shift
occurred when ice conditions changed, i.e. both
multi-year sea ice and ice extent declined.

- lce amphipod abundance and biomass have declined
in the Svalbard area since the 1980s. Amphipods
appear to have been more abundant in the late
1970s to mid-1990s than afterwards.

+ The occurrence and distribution of ice biota is highly
variable in time and space related to a suite of
environmental conditions. Consequently, monitoring
the biota in this variable habitat is challenging.

- Regions with most frequent or consistent sampling
over time (though for different FECs) include the
central Arctic, Svalbard, the Barrow, Alaska area
and the Canadian Arctic. New sites are evolving in
Greenland. These locations are recommended for
monitoring ice biota in the future.

- Consistent methodology is required for monitoring
of ice biota. Available protocols need to be more
widely implemented for monitoring. Monitoring
should be standardized with regard to gear,
collections, timing, sample preservation and
processing, storage, and data management. A central
receiving place as well as long-term funding for
monitoring should be considered. Data should be
deposited in existing databases and made available
to researchers and beyond.



A-8£01-110 0061 ‘| ISWIBM B D Jeuse) €3S Hojneag ueipeuel ayy L10C
800¢ -00€£00S/£001°01L -/88l | ¥E| LLOT “IN 4wty “|\ ‘lpsenbiely | U131 e3s Ul eunejodw di6edwAs Jo UOINGUISIP [eD1IAA ‘e 13 3psenbiepy
Z-1160-010 809 sueozelaw aupew
£00¢ -00€£00S/£00L°0L -€09 | vE| LLOC ‘loig Jejod Y ONIY 3 " UdWIeNY | 1OJ JelICeY MU B—>3D] BIS DIIDIY UO Spuodijaw ysipdeg | L LOT ONIN 1§ Jdwely
JpdesTdorow
701/sdaw/sspnie /91 BEIS spodadod uo siseydwa yum ueadQ 21301y 10Ysieau ay}
0861 7WO SOI-JUT MMM 651 | OL| €861 ‘boid '|0d3 uepy DD “If MAIPUY R D[ ‘UIDY ul 921 B3S |eUOSEaS bullqeyul abejquiasse [euneyay] | €861 A31e) R UIY
8-98006(88)1LLL (R4} RYIELS Aeg uospny uJ1a3se3-YInos uj
€861 -¢LT0/910L°0L -LEL | LT | 886l "Jseo) 'enisy "H'3 49buleID | BUNBJOISIN SD1-BSS 3Y3 UO SWN|d JSAIY € JO 3dUSN|U| dY | 8861 JobuleIn
7861 "I 'KAOT R Y'Y
-1861 | €0LTA12Ie/0EhL0L 0¢€-€¢ | 8¢ | S86l o101y ‘pawiweyoly “H'3 abuless epeue) 21324y ‘Aeg JaYsiqoi JO euney D) e3s YL G861 1abutern
80080°600C°C4sp 11" d ) ua| }dw 91 Bwa1Ixd Jo spouad buunp oLoc
500Z /910101 $6-98 | /S| olLOT 'soy eas-dasag 3 °y'g ‘wyn|g “yy ‘19buipein eUNE} 9D1-83S U0} SUSARIY 9)eS—SaBPLI 9D1-83S d1IDIY ‘e 39 J2bulpeID
€00Z 49 vgwynig g ©10Iq 92! 358} D132y 2I0Ys-Jesu Jo Juswdolansp 600C
-Z00T | 07€80SdaW/ySEE0L €9-6¥ | ¥6€ | 600C "Boid |03 Jey | "Y' ‘uewyney Yy 4abuipeln [euoseas dyj Ul SUSWIPSs 931 ©3S JO 9]0J [BJ0Ald ‘|e 33 Jobulpesn
1oday swijeal 21yauaq pue dibejad ay1 yum ad1
€00C |euly ¢90-500¢ 35 Jo Buljdnod |es16ojolg ;| dseyd 'eas Jiojneag mojjeys S00T
-700t L8 SWW ApMis SO0 "v'g wynig g 4y 1obuipeln Y3 Ul 2dueQUN}SIP 03 B30I 3| €3S Jo ANIqRdadsns | wyn|g g Jabuipess
'v'e €00¢C Pue £00C
€00¢ S-¥£90-700 181 ‘wynig g ‘o ‘bueyz "o “Aojwnig Jawwins ul 314D 110jneag 3y} Jo D1 3jded d10ys-Ho ul S00¢
-200¢ -00£00s/£00L°0L -LZL | 8T | S00C ‘loig Jejod “) ‘sIBURW ‘Y'Y ‘19buipeln BUNEJOISW 331-83S BY} JO UONISOdWOd pue duepUNgY ‘|e 33 J9bulpesn
7661 £05€06690t001:V ©3S pUR|UIAID pue BIS AdYdeT 0002
-€661 /€0l ol 68-€/ | CE¥V | 000C e1b6o|o1qoIpAH "H'M 1PWS @ 8 "D “Yd1pali] 'e3G sjuaieg a3 WOJ) 31 8IS D11D4e JO BUNRYISI0ISYL | IBWIS 30 YdHpaLy
yoseasay
aule|\ pue Jejod (Yyoieasay
1o} 23n}IsU| Jejod uo spoday) 921-835 D132y 9y}
661 vTvoz/op 19uabap pasyy Bbunydsioyiejod JO euney ay) uo suonebiisaul [ed160]013 = SISIDIBN
-€661 TMesIda//dny ‘uaneyIdwlg k4 1661 Inz ayypuag D ‘Ydupaly | usydsIpiIe sap euned Jnz usbunydnsiaun aydsibojoQ /661 YoupaL4
JpdT00d800wW
78/sdaw/sspnie BEIS BUNEJOIDW S1I3PUN BY} JO 924N0S pue uoidudsap 861
6.6l 7W0D S9I-JUIMMM 8-l 8| 786l ‘6oid '|0d7 Jey 'Y d ‘eubejuop g ' 'y ‘Aaied) 0} yoeoudde 151y :9be|qUISSSE BUNEY 31 BIS D111y | eubeluO 1B Ao1eD)
£00Z ‘[gndun
£00T ‘gndun d'y J9buipein g y'g wyn|g £00¢ Apn1s eunejolsw |euoseas molleg | Jabuipeln g wynig
900C $00¢ ‘|[gndun
-5002 ‘gndun d'y J9buipein g y'g wyn|g 500 Apnis eunejolaw |euoseas moileg | Jabuipeln 1 wyn|g
oLoc ‘gndun Y'Y 19buipein B y'g wynig 010Z A3AIns w)sAs0d3 eas Bullag 0L0Z 1539
600¢ ‘gndun Yy J9buipein B y'g wynig 600C A3AINs W)sAs013 eas Bullag 600¢ 1539
8007 ‘gndun 4y J9Buipein B y'g wynig 800€ AoAIns wiisAs0d3 eas buliag 8007 1534

abeianod

o
2
o
)
)
5
n
)

S92U343J9Y eunejold| :1° L € xipuaddy




£00C £-11S1-¥00 011 921 3ded 21321y Ul eUNRJOIRW S00T Ui
-2002 -/7T00S/2001°0L -160L | 9¥L | sooz ‘loig 1ey ‘| 19U 8 “H ‘Uuewiaunyds | d1bedwAs jo suialied UoINGUASIP Ul SUOIIRLIBA [RUOSEIS 13 UURWIAUNYDS
600C paysigndun d'Y J9buipeln g y'g wyn|g elep BUNRJOISW SSINJD B3S 1J0jneag 600Z V3ISd
/0SC-SECA/LLTA Keg uyjeg
6661 Jsdswi/sioensae 0se 495 DRI W UI3YLIOU I93BA YLION Sy} Ul BUNBJOIDW 3D1-83S DY} JO
-8661 70 S3I-JUT MMM -ssz | 12| 1002 *601d "|033 IR\ | ‘[DYDIN “I ‘UljassoD “D ‘siezoN | 1oedwi buizesb pue uoiisodwod ‘ssewolq ‘@duepungy 00T '|e 33 SsiezoN
paystigndun "H ‘doH ejep eunejolaw 5107 IDI-N $10Z IDI-N

a4

[a]
=]
<
m
=
Y
Q
m

ERTEYETES]




uiseg
epeue) 21324y YBIH 3Y3 4O 91 e3s 3y} JSpun (bpIbs

¥-0€90-00 €09 snppboaiog) pod 51121y pue spodiydwe jo Joineyaq 00T

200z | zwe‘d | -00€00S /£00L0L -66S /2 | ¥00T Kbojoig Jejod ‘g ‘wynig 'y “4ebuipesn pue uoiNQUISIP Y} UO SUOIIBAIDSAO NHS-U| 13buipein
661 JO JSWIWINS BY) Ul

/bio pueT J3SO[ ZURI4 JBIU PAIID||0D) DD BIS DIIDIY WO | 661 pue

661 d SIGOTrMMM//-CTIY 661 aseqeiep S|go| SO0V/A021Y spodiydwy d16ejadoAi) jo A6ojod3 pue ABojolg |  jasor zuely

/610 (3ens weid) d1321y 3y Ul 1661

/661 | gwe‘d SIQOTMMM/7:d13y zioz aseqeiep S|90| SOOV/A024Y | 3d1)2ed mo|aq euney 931-gns JO SOIWRUAp [eUOSESS |  HellS welq
21321y UeIpRUR) ‘PUNOS J3)sedueT pue ‘seAukjod

/610 133\ YHON pue 3sinyieg aded ayj ui uopjueidooz | /007 2101y

£00T | €we‘d SIqQOrMMM//:dnYy cloz aseqejep S|gol SO0V/A02Y 4O UoIINQUASIP [B211I9A £00T J23uIm-31d By | uelpeue)

/610 200 uiseg

200t d slqormmm/7.any zLoz aseqelep S|gol SO0V/A03Y uiseg epeue) spodiydwe 3 epeue)
pJeq|eAs Jo ypiou a1

8-62£0-100 0S¢ ©3S 9Y3 Ul Siip1dp]b psniaydy pue HzyjIm snipwwpo 00T

8661 d | -00£00s /£00L°0L -1vT sz | zooz Abojoig tejod ‘'O auuo 74 ‘pydnag | spodiydue sibedwiAs sy jo sorweudp uonejndog [3yanag
L/61

/610 D3SFIM "BSS 110jneag uI1sa/ SY3 JO 21n3dNILS 1/61 €3S

161 | cwe‘d SIqQOrMMM//:dnYy cloz aseqeiep S|gol SO0V/A03Y Ajunwwiod uopjue|dooz ay3 Jo sisk|eue uy Hojnesg

o \Ov__v_ u._>_ ;wEm‘_v_

£00z | zwe'd paysiigndun S "HIGRIS 1| 1B £00T 439030 OL-AINM 8T Z/TTHHY | L0OT IMY

L6611 cwe paysigndun | I9UISM 1661 335 67- ke 71 dSINID BL/E LYYY £661 IMY

5soL0gsdaw S9149S ssa1boid eale pJeq|ens qs00¢

200C | cwe‘d /PSEE0L 99-59 LoE | S00C ABojod3 suLey ‘0 "enOjAed D IpuUlY pue 1/ealS Wel4 3Y3 Ul euney 31 JO 33ey pue uIbUO puly
K60|0d3 Bulpasy pue ABojoydiow

00T ‘0002 [4% % Kbojoig v 1edyinow uo paseq uonesedas aydiu diydouy e500C

‘8661 d -10¥ G2z | S00Z | ueadeisni) jo jewanor | ‘ypueig “r ‘obiag D 1puly --spdiydwe d16edwAs d1321y Jo sejje-Jedinopy 1puly

/610 £961-9961 | £961 UeadQ

£961 | gwe‘d SIQOrMMM//:d1Yy 4104 aseqeiep S|gol SOO0V/A02Y puejs| ] g1 uopjuejdooz podadod-uou 12y oIy
1y234)im snupwwps podiydwe
/17850sdaw vTe S9149S ssa1boid J16edWAS d1301y B4} JO UOIIBIIXS BIUOWWE pUR

8861 ‘9861 d JPSEE0L -/1T 85 | 0661 K60j0d3 aune ‘] ‘seeuny “A'Y ‘19siey uondwnsuod UsbAXO UO SS343S D1IOWSO JO S19944F | 0661 19SIeY
S191eM D321y W04 DINj[aql| 0ISIWYIDID] pue
SLl¥/870044 €61 SIpIDIB snWiISIUQ ‘Iz im snipwwps spodiydwy

861 d /200101 -681 /| /861 Kbojoig Jejod '] ‘seeuny “A'Y ‘19siey 9y} Ul ssais d13owosodAH 03 sasuodsay dowsQ | /861 19siey

abeianod

adfjy ejeqg

E
2
o
2]
o
3
n
®

S9JUI3J9Y eunejoudel) :Z°' L € xipuaddy




MM ¢80¢€¢0049 LLy pieqjeas qle6l
8861 ‘0861 | ‘cwe‘d /200101 VA4 1L | 1661l Kbojoig sejod *g ‘'uUasyI||ND “["O ‘auu0T | Jeau 931-eas Jeaki}nw woly euney-oidew dibedwAs auuo
8861 ‘9861
‘G861 MM 180€€20049 69 3G SjuUdIRg P3ISA0D | A|[BUOSESS Y} 21661
‘egpl | ‘cwed /£00L°0L -/Sy 1L ] 1661l Kbojoig Jejod *g ‘'uUasyI|IND "0 ‘duuo’ ul euneyj-ooew d16edwAs Jo uonNGLISIP 3Y3 UQ auuo
Bunds-1a3uIm
60T ul 3G Jlojneag aJ0ysieau 3y} ul uopjuejdooz 5861
086l | swe’d -10C 8¢ | ¢861 o104y ‘q ‘Aydanpy -y Jsuloy J0 duepunge pue uonisodwod saads JOUIOH
sueadQ R ysi4
1dag uoibay d1ouy
/bI1o epeued pue [eua) ‘S jenby "g'a ezsdiyd T 9861L97€dVDONUOP|UR|dO0Z ‘986 L JI3YS qv00¢
9861 d SIQOIrMMM//:dRY ‘6adiuuip €76 | Y007 ysi4 yoday eyeq ued ‘duaime -3’9 ‘AydoH | eas 1iojneag ueipeue) sy} Woly eyeq uopjuejdooz AjdoH
sueadQ 9 Ysi4
1daq uoibay 11y
/610 epeue) pue [eua) ‘dS jenby ‘g'a Mezisdiyd “r'w TdVDONeasHojneaguopue|dooz ‘9861 J|2Ys ar66L
/861 | swe‘d SIQOrMMM//0RY ‘6adiuuip €26 | 661 ysi4 yoday eyeq ued ‘aduaime 3 ‘AydoH | eas 1Iojneag ueipeue) syl woiy eleq uopjuejdooz AsydoH
sueadQ R ysi4
1daq uoibay >y LdVOON
/610 epeued pue [eua) ‘S jenby ‘a'a ezsadiyd W 35 1I0jneag uopjue|dooz ‘5861 PUe 861 JI9YS o661
G861 ‘¥861 | swe’d SIQOTMMM//-01Y ‘Badiuuipy 26 | 661l ysi4 poday eyeqg ued ‘duaime] 3’9 ‘AydoH | eas 1ojneag ueipeue?) sy} woy elep uopjuejdooz AydoH
‘o' ‘I9gJeg Ty epeue)
¥-1660-110 8561 ‘|abeussoy | ‘uljsson 21324y }ND uasSpunwy 3Y3 ul 921 e3s burydsw
8007 | cwe‘d | -00£00S /£00L°0L -Lv61 ve | LLOC Abojoig sejod "D Apun “H ‘doH | mojaq 1sng podiyduwie 831 pue wooq uopjuejdooz 110z doH
€200
MM '800C ¢spf 10€T pJeg|eAs punode 331 eas buiyup ul spodiydwe
S00Z-€00¢ | ‘cwe‘d /9L0L°0l 444 S5 | 800¢ Il Yo1easay eas daag ‘0 ‘enojaed “H ‘doH 921 40 Jodsues} ssewolq pue uonnguisia 800¢ doH
‘M ‘[19bpng “Y ‘sausioy S eag
MM 95+0S0000£00S 19¢€ ‘u0SID19d-Y|ed “r"Q ‘PuuoT | sjualeg uidyuou ay) ut Aydeibodoy adl1-19pun pue
9661 | ‘gwe’d /£001°0L -LS€ €2 | 000C ABojoig Jejod | “W ‘UueWISYOd “H ‘dOH Aysuap 921 0} aAlRe[2. uonNqsip podiydwe 8] | 000Z doH
0861-8/61 buuds-sa3uim
/b1o Ul B3S Jojneag aioysieaN ay3 uj uopjuejdooz
0861 '8/61 | cwe’d SIQOIrMMM//:dRY G861 aseqeiep S|9o| 'q ‘Aydan -y “4suoH JO dduepuNqy pue uolsodwo) sa1dads | G86| JQUOH
§850C¥0L
MM | ¥861°£78Y9€00 861
7861 | ‘cwe‘d /080101 €C-LL 69 | ¥861 elsieg "g ‘ussyI|InD S191eM pleq|eAS Wolj euney 93l-1spun ussylfino
/610 TW (epeue) S|90) saIaS L10T
1S61-/¥61 d SIQOrMMM /701y 1102 aseqeiep S|g0| ‘lequn( “H'J “4aburein snupjp) dY] :suonebIISIAU| D11y udlsed gy4 Jabuiein
I
mm £€01gondse "A3inoT "y'y ‘pawiweyoly 5861
z86L'L86lL | ‘Twed /0EVYL0L 0€-€C 8¢ | S861 221y “H3%ebuleld | epeueddnoly ‘Aeg Jaysiqoi] jo euneydreasdyL | Jeburess

n
-]
<
[
=
o
Q
m

ad£j} ejeq

ERITESETEN




dd

paysiigndun 19buipesn B y'g wynig ejep paysiigndun asinid> 600¢ e3S Hoyneag | 600¢ VISd
££1000000£00s s91b33eI)S pUE S32IN0S POO) 1002
7661 ‘€661 d /£001°0L 96-68 ¥Z | 100z ABojolg Jejod ‘W ‘uuewiRlod | --spodiydwe 1oy punoib Buipaay se 331 e3S D1IDIY | UUBWIR} O]
siip1dDI6 DsnIaYdy PUe IYZIYJIM SPIPWWDD) ‘s3139ds
£0€0000£2200S 0¢6 'S 'UasIa19d-|e4 podiyduwe (pajerosse-ad1) dibedwAs omy jo q000¢
661 d /£001°01L €16 9cL | 000Z ABojoig aulepy H ‘doH I\ ‘uuewayjod s91631e415 UOIIdNPOIDI - 3] BIS D13DIY JSPUN AT | UUBWIYOd
60L€61sdaw gLl $9149G ssalboid 1yziyim snipwwps podiydwe sibedwAs 0007
661 d /PSEE0L -601 €61 | 000C A60]0>3 suney ‘I ‘uuewWIR}Od | D114y 3Y3 Jo ANAdNpold pue uodnpold ‘Ymoldn | uuewalod
(on21y) eale
MM | /820S0000£00S 8¢ pue josor zuel4 ay3 ul spodiydwe di6e[adokid jo 8661
661 | ‘cwe’d /200101 -pEl 0z | 8661 Abojoig Jejod ‘I ‘uuew.ayjod uolINQSIP 9]eds-||ews pue sSewolq ‘aduepungy | uuew.aijod
ERIETRIN S91I0}1UI3)
Jirenby pue sauaysi4 1S9MU1JON ‘ealy HeliS molleg Yl Ul eunejoldew
/861-5861 mm‘d | 800-064/6€LL0L 16-18 Ly | 0661 4O [euinof uelpeued I'H YdI9M A ‘Miid 921-gns 4o uonnquisip [esodwa) pue |eneds 0661 9!d
'S 'U9SIDId-Y|ed suoljdelalul
¥6£009®8 9T "IN ‘LeXRIYIA “T[ ‘Op1aIos | d1ydoal pue aduepunge ‘suoiielieA [eUOSeas [SpIol) 10T
800€ '£00T d /PSEE0L -L¥T vl | TL0z Abojoig onnenby “‘abiag “H ‘p1gbAN 21324y om ul pinb buibuaaeds podiydwe ay | p1ebAN
mm ejep paysiigndun (4104
z10Z | ‘gwed paysiigndun "H ‘doH 3SINID ZLOTZ FSOW 3Insul Jejod ueibamioN fSOW dN
MM eyep paysijgndun
zLoz | ‘cwed paystigndun ‘H ‘doH 3SINID Z1L0T 3DI dINdIsul Jejod uelbdamION | Z10Z 3D1 dN
MM ejep paysijgndun
Loz | ‘cwed paysijgndun "H ‘doH 8SINID | LOZ IDI dINMISUL IR|Od URIGAMION | L 10T 3DIdN
769PPLY1695E
110¢-£00¢C -2059-9j0%
‘000Z -7089-52q0719¢
‘8661 /19selep
‘1661 Jouejodu 1 10T 03 SO/61 W01y ueadQ d13d1y dY3 ui sasinid diys 10T
‘1861-//61 | cwe'd Byep//Sadny ¥10Z | eyeqlejod ueibamioN VIAONIURW | YdJeasal pue suoljeys JLp Wolj ejep ejolg 30| eas AOYIUIDIN
siaded yoieasay 'S
0-2000(20)££90 6v91 slydesboueadQ ;| Med BUIMYZ “TH 'YIIPM 7DF | UBDQ d1IdIY DY} JO Uiseg epeur) dy3 Ul sdlweukp 200t
8661 'L661 d| -£960S/9L0L°0L -€791L 6v | T00C Yoseasay eas daaq 'eA0S0|0Y Y| ‘NOYIUISN JUSLINU pue S3IHUNWIWOD [e3160[01q 93] B35 AOYIUIPN
('spa 'y | ‘Ao IUlBIN
3|\ ‘Aopeibouip)
4SSN ‘MOdSO LLL uiseg 21101y [e4Ud) 0861
/161 | zwe'd ‘exneN -/6 0861 ay1 jo Abojoig :u| | Sy ‘AoqIINY Y| ‘AONIUIBIN uiseg 213124y |e43UdD) Y3 Jo euned dibejadohi) AOYIUBIN
V'Y ‘Bleg 1L
/b1o ‘enodeby vy ‘enoy1|0D G861
€/61-0/61 | swe’'d SIQOTMMM/7:d13y 5861 aseqejep S|gol| 73 "enaseydjle|y | uopjue|dooz seas d112Jy Y3 JO SPAIYDIY | eAdseyde|y

n
(=]}
<
(]
4
o
Q
(]

ad£j} ejeq

ERITESETEN




‘lgndun

S661 | zwed paysiigndun | IBUIIM S661 3d9S0z-1INf £ 3SINID /L LYNY SETVIETY)
(£00T Y24 J33UIM €] Ul (911D 'B3S Slualeg
1-8£90-700 8lE uJI9)saM) eale plofju03S SY) Ul BUNEY ADI-IDPUN 500C
£00¢ d | -00£00S /200101 -LLE 8z | sooz Kbojoig Jejod ‘| IUIDM JO SSRWOIq puUB dURPUNQE ‘SUOIIPUOD BUIAL JETIETT
000Z ‘2661
'S661 6-9L£0-C00 (0139 "D ‘Youpauy myzipyim snipwwpn podiyduwie 331-19pun ¢00¢
‘v66l | zwe'd | -00£00S/£00L°0L -€7S sz | zooz Kbojoig Jejod “H‘lany ] ‘1auIap 21301y 9Y3 Jo uonelidsas pue buipas) snoloAluied JETIETY
MM | 9€€0S0000€00S G661 JaWWINS Ul URIDQ 114y Judde(pe 6661
S661 | ‘zwed /200101 6/-LL 17| 6661 AbBojoig Jejod ‘Wd ‘NZIGIY | 43U a3 pue eas A31deT B3 JO euney 331-Ns 3y L JuIM
'S ‘lepyay
KemioN .SINN 38 3s1n0D “IN ‘Wpsenbiey 4 'H'| ueadQ d1321y Y3 Ul oM pooy
[4X0r4 d ‘uakqueafbuo 6< TL0T | 0g£g-9Vv Jo poday, u| “AA3jiey “ ‘ploymisg | d1bedwiAs ay3 ul suondelsiul aisyy pue spodiydwy | Z10Z SINN
1@ ‘Uss|aIN )3 ABo|0d3 dIseq pue uoiNquUisIp
KemioN ,SINN 38 3SIN0D | ‘uweysoT "y ‘@smazoeg | ‘Awouoxe} uo Buissndoy siajem jusde(pe pue spiol)
8002 d ‘uakaueakbuo 9 8007 | 0ZE-gv jo Hoday, 'y ‘yreuelpuiqey pieqgeas ui euney d16edwAs pue uopjue|dooz | 800Z SINN
KemioN .SINN 3e 3s1n0D
900¢ d ‘ushqueakbuot 900¢ 0z€-gv Jo 1oday, u| 900¢ Hoda1 SINN 0ZEgY 900¢ SINN
KemioN 4SINN 38 8sino)
00T d ‘uakqueskbuo 00¢C 0z€-9v Jo woday, u| 007 Hoda1 SINN 0ZEaY 00¢ SINN
"H ‘WIdYISaA
MM KemioN .SINN e 3sin0) ) ‘uexaponT 'y ‘kaiy
200z | ‘zwed ‘uakqueakbuo | zz-S 00T 0l€-gv jo poday, uj “IN ‘919 T ‘uewdeg | Ssi191em pled|eas pue jiesis weldq ul euney dibedwAs | ZoozZ SINN
Y ‘ddesy 'y
MM KemioN LSINN e 3sino) | ‘abnpy ‘d ‘tejiddiyiedeuey SUOIIPUOD 321 3y} BULISPISUOD pleq|eAs
000C | ‘gwe’d ‘ushqueakbuot vl 000 | 0ZE-9V jo Hoday, u| 1D ‘puly 40 yuiou spodiydwie s16edwis Jo duepunqy | 000Z SINN
NOT
}INeaLIdA “'H ‘pun|boys sia1em
KemioN 0L .SINN 3e 951n0D YNV ‘UOSHIDMIS g pJieg|eAS uIa1saMm-yiou ul euney dibedwAs pue
6661 d ‘uakaueakbuon 6L 6661 | TOT-gV 40 Moday, uj ‘uossurepy “ ‘aseeq | uopjue|dooz o uonNGLISIP [IUOZLIOY pue [BIILBA | 6661 SINN
MM KemioN LSINN 38 3sIN0D | "D ‘|epy@3)|1T 'S ‘UOSS|Iey pJeq|eAS JO Y1IOoU SUOIIRD0]| JUSISYIP
8661 | ‘cwe’d ‘uahkqueakbuo | Le-L 866l | 0LE-gV 4o Hoday, uj ) "gbiog 4 ‘;Pyanag 931y} e euney di6edwiAs ay3 Jo uonnquisia | 98661 SINN
KemioN ,SINN e 351n0) W'S s191eMm pieq|eas ul euney dibedwAs
8661 d ‘uakqueskbuo | gg-1T 8661 70Z-9V 40 1oday, u| Bruoy L |yeq 1 ‘waoH pue uopjuejdooz jo aduepunge pue uoinguisig | 8661 SINN
/6io 0002
000 d slqormmm//:any 000¢ aseqelep S|gol SO0V/A02Y 000¢ ‘preqjens spodiydwy 2 pieqjeas
uol3d9||0d uopjueld
-00Z 0josWes 900¢-£961
/bI1o 1wiaydolg "suoida||0d W Aads s Aads a|dwes paads ybiy dipuelad| ue pue buu ssjdwes €10T
€861 °0861 | cwe‘d SIGOrMMM//-01Y €107 [eubiq epeued 5|90 | ‘Apsuusy “@'g ‘o3oswes | SSINOIF Y3 buisn pa1ds||od s1aselep uopjue|dooz ojoaWwes

abeianod

ad£j} ejeq

ERITESETEN




References

Aarset, A.V. and Aunaas, T. 1987. Osmotic responses to hyposmotic
stress in the amphipods Gammarus wilkitzkii, Onisimus glacialis
and Parathemisto libellula from Arctic waters. Polar Biology, 7:
189-193.

Adl, S.M,, Simpson, A.G.B., Lane, C.E., Lukes, J., Bass, D., Bowser,

S.S., Brown, M\W., Burki, F., Dunthorn, M., Hampl, V., Heiss,

A., Hoppenrath, M., Lara, E., Gall, L.L., Lynn, D.H., McManus,

H., Mitchill, E.A.D., Mozley-Stranridge, S.E., Parfrey, LW.,
Pawslowski, J., Rueckert, S., Shadwick, L., Schoch, C.L.,
Smirnov A. and Spiegel, FW. 2012. The revised classification of
eukaryotes. Journal Eukaryotic Microbiology, 59(5): 429-493.

Ardyna, M., Babin, M., Gosselin, M., Devred, E., Rainville, L. and
Tremblay, J.-E. 2014. Recent Arctic Ocean sea ice loss triggers
novel fall phytoplankton blooms. Geophysical Research Letters,
41(17): 6207-6212.

Arndt, C.E. and Swadling, K.M. 2006. Crustacea in Arctic and
Antarctic sea ice: Distribution, diet and life history strategies.
Advances in Marine Biology, 51: 197-315.

Arndt, C.E., Berge, J. and Brandt, A. 2005. Mouthpart-atlas of Arctic
sympagic amphipods—Trophic niche separation based on
mouthpart morphology and feeding ecology. Journal of
Crustacean Biology, 25: 401-412.

Arrigo, K., Matrai, PA. and van Dijken, G.L. 2011. Primary productivity

in the Arctic Ocean: Impacts of complex optical properties
and subsurface chlorophyll maxima on large-scale estimates.
Journal of Geophysical Research Oceans, 116: C11022.

Arrigo, KR, Perovich, DK, Pickart, R.S., Brown, ZW., van Dijken, G.L.,
Lowry, K.E., Mills, M., Palmer, M.A., Balch, W.M., Bahr, F., Bates,
N.R., Benitez-Nelson, C.,, Bowler, B., Brownlee, E., Ehn, J.K,, Frey,
K.E., Garley, R, Laney, S.R.,, Lubelczyk, L., Mathis, J., Matsuoka, A.,
Mitchell, B.G., Schieber, B., Sosik, H.M., Stephens, M. and Swift,
J.H.2012. Massive phytoplankton blooms under Arctic sea ice.
Science, 336(6087): 1408.

Assmy, P, Ehn, J.K., Fernandez-Méndez, M., Hop, H., Katlein, C.,
Sundfjord, A., Bluhm, K. and Wiktor, J. 2013. Floating ice-algal
aggregates below melting Arctic sea ice. PLoS ONE, 8: €76599.

Barber, D.G., Hop, H., Mundy, C.J, Else, B., Dmitrenko, |.A., Tremblay,
J-E. Ehn, J K., Assmy, P, Daase, M., Candlish, L.M. and Rysgaard,
S. 2015. Selected physical, biological and biogeochemical
implications of a rapidly changing Arctic Marginal Ice Zone.
Progress in Oceanography, 139: 122-150.

Berge, J,, Varpe, @, Moline, M.A,, Wold, A., Renaud, PE., Daase, M. and
Falk-Petersen, S. 2012. Retention of ice-associated amphipods:
possible consequences for an ice-free Arctic Ocean. Biology
Letters, 8:1012-1015.

Beuchel, F.and O.J. Leanne. 2002. Population dynamics of the
sympagic amphipods Gammarus wilkitzkii and Apherusa
glacialis in sea ice north of Svalbard. Polar Biology, 25: 241-250.

Bluhm, B. and Gradinger, R. 2008. Regional variability in food
availability for Arctic marine mammals. Ecological Applications,
18(sp2): S77-596.

Bluhm B.A., Gradinger, R. and Piraino, S. 2007. First record of
sympagic hydroids (Hydrozoa, Cnidaria) in Arctic coastal fast
ice. Polar Biology, 30: 1557-1563.

Bluhm, B.A.,, Swadling, K. and Gradinger, R. 2017. Chapter 16: Sea ice
as habitat for macrograzers. In: D.N. Thomas (ed.). Sea ice 3¢
edition, Wiley Blackwell, pp 394-414.

Boetius, A., Albrecht, S., Bakker, K., Bienhold, C,, Felden, J., Fernandez-
Mendez, M., Hendricks, S., Katlein, C., Lalande, C., Krumpen,

T, Nicolaus, M., Peeken, I., Rabe, B., Rogacheva, A., Rybakova,
E., Somavilla, R, Wenzhofer, F. and RV Polarstern ARK27-3-
Shipboard Science Party. 2013. Export of algal biomass from
the melting Arctic sea ice. Science, 339(6126): 1430-1432.

Bowman, J.S., Rasmussen, S., Blom, N., Deming, J.W., Rysgaard, S.
and Sicheritz-Ponten, T. 2012. Microbial community structure
of Arctic multiyear sea ice and surface seawater by 454
sequencing of the 16S RNA gene. The ISME Journal, 6(1): 11-20.

Brinkmeyer, R., Knittel, K., Jirgens, J., Weyland, H., Amann, R.
and Helmke, E. 2003. Diversity and structure of bacterial

communities in Arctic versus Antarctic sea ice: a comparison.
Applied and Environmental Microbiology, 69(11): 6610-6619.

Carey, A.G. 1985. Marine ice fauna: Arctic. Sea ice biota. CRC Press,
Boca Raton: 173-190.

Carey, A.G. and Montagna, PA. 1982. Arctic sea ice fauna
assemblage: first approach to description and source of the
underice meiofauna. Marine Ecology Progress Series, 8: 1-8.

Carmack, E. and Chapma, D.C. 2003. Wind-driven shelf/basin
exchange on an Arctic shelf: The joint roles of ice cover and
shelf-break bathymetry. Geophysical Research Letters, 30(14):
1778.

Christiansen, J.S., Hop, H., Nilssen, E.M. and Joensen, J. 2012. Trophic
ecology of sympatric Arctic gadoids, Arctogadus glacialis (Peters,
1872) and Boreogadus saida (Lepechin, 1774), in NE Greenland.
Polar Biology, 35(8): 1247-1257.

Clarke K.R. and Gorley, R.N. 2006. PRIMER v6: user manual/tutorial
PRIMER-E, Plymouth: 1-126.

Collins, R.E. 2015. Microbial Evolution in the Cryosphere. In:

C. Bakermans (ed.). Microbial Evolution Under Extreme
Conditions, De Gruyter: 31-55.

Collins, R.E., Rocap, G. and Deming, J.W. 2010. Persistence of
bacterial and archaeal communities in sea ice through an Arctic
winter. Environmental Microbiology, 12(7): 1828-1841.

Comeau, A.M,, Philippe, B., Thaler, M., Gosselin, M., Poulin, M. and
Lovejoy, C. 2013. Protists in Arctic drift and land-fast sea ice.
Journal of Phycology, 49(2): 229-240.

Dalpadado, P, Hop, H., Renning, J., Pavlov, V., Sperfeld, E., Buchholz,
F., Rey, A. and Wold, A. 2016. Distribution and abundance of
euphausiids and pelagic amphipods in Kongsfjorden, Isfiorden
and Rijpfijorden (Svalbard) and changes in their importance as
key prey in a warming marine ecosystem. Polar Biology, 39(10):
1765-1784.

Daniéls, F.J.A,, Gillespie, L.J. and Poulin, M. 2013. Plants. In: H.
Meltofte (ed.). Arctic Biodiversity Assessment. Status and trends
in Arctic biodiversity, Conservation of Arctic Flora and Fauna,
Akureyri, Iceland, pp 310-353.

David, C,, Lange, B., Krumpen, T., Schaafsma, F., van Franeker, J.A. and
Flores, H. 2016. Under-ice distribution of polar cod Boreogadus
saida in the central Arctic Ocean and their association with sea-
ice habitat properties. Polar Biology, 39(6): 919-994.

Deming, J.W. 2010. Sea ice bacteria and viruses. In: D.N. Thomas and
G. Dieckmann (eds.). Sea ice, 2" edition, Wiley Blackwell pp
247-282.

Duarte, P, Assmy, P, Hop, H., Spreen, G., Gerland, S. and Hudson,

S.R. 2015.The importance of vertical resolution in sea ice algae
production models. Journal of Marine Systems, 145: 69-90.

Ehn, J.K., Mundy, C.J., Barber, D.G., Hop, H., Rossnagel, A. and Stewart,
J. 2011. Impact of horizontal spreading on light propagation
in melt pond covered seasonal sea ice in the Canadian Arctic.
Journal of Geophysical Research, 116(C9): C00G02.

Ehrenberg, C.G. 1853. Uber neue Anschauungen des kleinsten
nordlichen Polarlebens. Berichte uber die zur Bekanntmachung
geeigneten Verhandlung. Kéniglich-PreuBischen Akademie der
Wissenschaften zu Berlin: 522-533.

Eicken, H., Bluhm, B.A,, Collins, R.E., Gradinger, R.R., Haas, C., Ingham,
M., Mahoney, A., Nicolaus, M. and Perovich, D. 2014. Field
techniques in sea ice research. In: H. Shen (ed.). Cold Regions
Science and Marine Technology in Encyclopedia of Life Support
Systems (EOLSS), UNESCO, Paris, France.

Eicken, H., Gradinger, R., Salganek, M., Shirasawa, K., Perovich, D. and
Lepparanta M. (eds.). 2009. Handbook on field techniques in
sea ice research (a sea ice system services approach). University
of Alaska Press, Fairbanks.

Friedrich, C. 1997. Okologische Untersuchungen zur Fauna des
arktischen Meereises. Reports on Polar Research, Alfred
Wegener Institute for Polar and Marine Research, 246: 1-211

Friedrich, C. and De Smet, W.H. 2000. The rotifer fauna of arctic
sea ice from the Barents Sea, Laptev Sea and Greenland Sea.
Hydrobiologia, 432(1): 73-89.

Fuhrmann, M.M., Nygard, H., Krapp, R.H., Berge, J. and Werner, I.
2011.The adaptive significance of chromatophores in the




Arctic under-ice amphipod Apherusa glacialis. Polar Biology,
34(6): 823-832.

Gerland, S., Aars, J., Bracegirdle, T., Carmack, E., Hop, H., Hovelsrud,
G.K., Kovacs, K., Lydersen, C., Perovich, D.K,, Richter-Menge,

J., Rybraten, S., Strem H. and Turner, J. 2007. Ice in the sea. In:
Global Outlook for Ice and Snow, United Nations Environment
Programme, Nairobi, pp 63-96.

Gill, M.J,, Crane, K., Hindrum, R, Arneberg, P, Bysveen, |., Denisenko,
N.V., Gofman, V., Grant-Friedman, A., Gudmundsson, G.,
Hopcroft, R.R,, lken, K., Labansen, A,, Liubina, O.S., Melnikov,
I.A., Moore, S.E., Reist, J.D., Sirenko, B.l., Stow, J., Ugarte, F,
Vongraven, D. and Watkins, J. 2011. Arctic Marine Biodiversity
Monitoring Plan. CAFF Monitoring Series Report No. 3,
Conservation of Arctic Flora and Fauna International
Secretariat, Akureyri, Iceland.

Gradinger, R. 1999. Integrated abundances and biomass of sympagic

meiofauna from Arctic and Antarctic pack ice. Polar Biology,
22(3):169-177.

Gradinger, R. 2009. Sea-ice algae: Major contributors to primary
production and algal biomass in the Chukchi and Beaufort
Seas during May/June 2002. Deep-Sea Research Part Il, 56(17):
1201-1212.

Gradinger, R.R. and Bluhm, B.A. 2004. In situ observations on
the distribution and behavior of amphipods and Arctic
cod (Boreogadus saida) under the sea ice of the high Arctic
Canadian Basin. Polar Biology, 27(10): 595-603.

Gradinger, R. and Bluhm, B.A. 2009. Assessment of the abundance
and diversity of sea ice biota. In: H. Eicken, R. Gradinger,
M. Salganek, K. Shirasawa, D. Perovich and M. Lepparanta
(eds.). Handbook on field techniques in sea ice research (a
sea ice system services approach). University of Alaska Press,
Fairbanks: 283-300.

Gradinger, R. and Bluhm, B.A. 2010. Timing of ice algal grazing by the

Arctic nearshore benthic amphipod Onisimus litoralis. Arctic,
63(3): 355-358.

Gradinger, R. and lkavalko, J. 1998. Organism incorporation into
newly forming Arctic sea ice in the Greenland Sea. Journal of
Plankton Research, 20(5): 871-886.

Gradinger, R. and Schnack-Schiel, S.B. 1998. Potential effect of ice
formation on Antarctic pelagic copepods: salinity induced
mortality of Calanus propinquus and Metridia gerlachei in
comparison to sympagic acoel turbellarians. Polar Biology,
20(2): 139-142.

Gradinger, R, Bluhm, B. and lken, K. 2010. Arctic sea-ice ridges—Safe
havens for sea-ice fauna during periods of extreme ice melt?
Deep-Sea Research Part I, 57(1-2): 86-95.

Gradinger, R., Friedrich, C. and Spindler, M. 1999. Abundance
biomass and composition of the sea ice biota of the Greenland
Sea pack ice. Deep-Sea Research Part I, 46(6-7): 1457-72.

Gradinger, R.R.,, Kaufman, M.R. and Bluhm, B.A. 2009. Pivotal role of
sea ice sediments in the seasonal development of near-shore
Arctic fast ice biota. Marine Ecology Progress Series, 394: 49-63.

Gradinger, R,, Meiners, K., Plumley, G., Zhang, Q. and Bluhm, B.A.
2005. Abundance and composition of the sea ice meiofauna
in off-shore pack ice of the Beaufort Gyre in summer 2002 and
2003. Polar Biology, 28(3): 171-181.

Grainger, E.H. and Hsiao, S.I.C. 1990. Trophic relationship of the sea
ice meiofauna in Frobisher Bay, Arctic Canada. Polar Biology,
10(4): 283-292.

Gran, H.H. 1900. Diatomaceae from the ice-floes and plankton of
the Arctic Ocean. Scientific Results, The Norwegian North Polar
Expedition, 1893-1896, 11: 1-74.

Grunow, A. 1884. Die Diatomeen von Franz Josefs-Land.
Denkschriften der Kaiserlichen Akademie der Wissenschaften.
Mathematisch-Naturwissenschaftliche Classe, Wien, 48: 53-112.

Gulliksen, B. and Lgnne, O.J. 1991. Sea ice macrofauna in the
Antarctic and the Arctic. Journal of Marine Systems, 2(1-2):
53-61.

Hassett, B.T. and Gradinger, R. 2016b. Chytrids dominate arctic
marine fungal communities. Environmental Microbiology,
18(6): 2001-2009.

Hassett, B.T., Ducluzeau, A.L., Collins, R.E. and Gradinger, R. 2016a.
Spatial distribution of aguatic marine fungi across the western
Arctic and sub-Arctic. Environmental Microbiology.

Hop, H. and Gjgsaeter, H. 2013. Polar cod (Boreogadus saida) and
capelin (Mallotus villosus) as key species in marine food webs of
the Arctic and the Barents Sea. Marine Biology Research, 9(9):
878-894.

Hop, H. and Pavlova, O. 2008. Distribution and biomass transport of
ice amphipods in drifting sea ice around Svalbard. Deep-Sea
Research Part Il, 55(20-21): 2292-2307.

Hop, H., Bluhm, B.A., Gradinger, R. and Poulin, M. 2013. Arctic sea ice
biota. Arctic Report Card, National Oceanic and Atmospheric
Administration (NOAA).

Hop, H., Mundy, C.J., Gosselin, M., Rossnagel, A.L. and Barber, D.G.
2011. Zooplankton boom and ice amphipod bust below
melting sea ice in the Amundsen Gulf, Arctic Canada. Polar
Biology, 34(12): 1947-1958.

Hop, H., Poltermann, M., Lanne, O.J,, Falk-Petersen, S., Korsnes, R. and
Budgell, W.P. 2000. Ice amphipod distribution relative to ice
density and under-ice topography in the northern Barents Sea.
Polar Biology, 23(5): 357-367.

Horner, R. 1985. Ecology of sea ice microalgae. In: R. Horner (ed.). Sea
Ice Biota, CRC Press, Boca Raton, Florida, pp 83-103.

Horner, R., Ackley, S.F,, Dieckmann, G.S., Gulliksen, B., Hoshiai,

T, Legendre, L., Melnikov, I.A., Reeburgh, W.S., Spindler, M.
and Sullivan, C.W. 1992. Ecology of sea ice biota. 1. Habitat,
terminology, and methodology. Polar Biology, 12(3): 417-427.

Hudson, S.R., Granskog, M.A., Sundfjord, A., Randelhoff, A., Renner,
A.H.H. and Divine, D.V. 2013. Energy budget of first-year Arctic
sea ice in advanced stages of melt. Geophysical Research
Letters, 40(11): 2679-2683.

Hsiao, S.I.C. 1983. A checklist of marine phytoplankton and sea ice
microalgae recorded from Arctic Canada. Nova Hedwigia, 37:
225-313.

Josefson, A.B. and Mokievsky, V. 2013. Marine invertebrates. In:

H. Meltofte (ed.). Arctic Biodiversity Assessment: Status and
Trends in Arctic Biodiversity, Conservation of Arctic Flora and
Fauna, Akureyri, Iceland: 277-309.

Junge, K., Imhoff, F,, Staley, T. and Deming, W. 2002. Phylogenetic
diversity of numerically important Arctic sea-ice bacteria
cultured at subzero temperature. Microbial Ecology, 43: 315-
328.

Juul-Pedersen, T., Michel, C., Gosselin, M. and Seuthe, L. 2008.
Seasonal changes in the sinking export of particulate material
under first-year sea ice on the Mackenzie Shelf (western
Canadian Arctic). Marine Ecology Progress Series, 353: 13-25.

Ki, J-S., Dahms, H.-U., Kim, I.-C., Park, H.G., Hop, H. and Lee, J.-S. 2011.
Molecular relationships of gammaridean amphipods from
Arctic sea ice. Polar Biology, 34(10): 1559-1569.

Krembs, C., Gradinger, R. and Spindler, M. 2000. Implications of
brine channel geometry and surface area for the interaction of
sympagic organisms in Arctic sea ice. Journal of Experimental
Marine Biology and Ecology, 243(1): 55-80.

Lee, S.H.,, Kim, BK., Joo, H.T,, Park, J.W.,, Lee, J.H., Joo, H.M,, Lee, D.B.,
Kang, C.K. and Kang, S.H. 2015. Carbon contribution of sea ice
floes in the Arctic Ocean. Deep-Sea Research Part Il, 120: 35-42.

Lee, S.H., McRoy, C.P, Joo, H.M., Gradinger, R., Cui, X.H., Yun, M.S.,
Chung, K.H., Kang, S.H., Kang, CK., Choy, E.J,, Son, S.H.,
Carmack, E. and Whitledge, T.E. 2011. Holes in progressively
thinning Arctic sea ice lead to new ice algae habitat.
Oceanography, 24(3): 302-308.

Legendre, L., Ackley, S.F.,, Dieckmann, G.S., Gulliksen, B., Horner,

R., Hoshiai, T.,, Melnikov, .A., Reeburgh, W.S., Spindler, M.
and Sullivan, C.W. 1992. Ecology of sea ice biota 2. Global
significance. Polar Biology, 12: 429-444.

Ley, E., Mundy, C.J., Assmy, P, Campbell, K., Gabrielsen, T.M.,
Gosselin, M., Juul-Pedersen, T. and Gradinger, R. 2015. Arctic
spring awakening-Steering principles behind the phenology
of vernal ice algal blooms. Progress in Oceanography, 139:
151-170.

Leu, E., Sgreide, J.E., Hessen, D.O., Falk-Petersen, S. and Berge, J.




2011. Consequences of changing sea-ice cover for primary and
secondary producers in the European Arctic shelf seas: timing,
quantity and quality. Progress in Oceanography, 90(1-4): 18-32.

Lenne, O.J. 1988. A diver-operated electric suction sampler for
sympagic (=under-ice) invertebrates. Polar Research, 6: 135-
136.

Lenne, O.J. and Gulliksen, B. 1989. Size, age and diet of polar cod,
Boreogadus saida (Lepechin 1773), in ice covered waters. Polar
Biology, 9(3): 187-191.

Lenne, O.J. and Gulliksen, B. 1991a. On the distribution of sympagic
macro-fauna in the seasonally ice covered Barents Sea. Polar
Biology, 11(7): 457-469.

Lenne, O.J. and Gulliksen, B. 1991b. Sympagic macro-fauna from
multiyear sea-ice near Svalbard. Polar Biology, 11: 471-477.

Lovejoy, C. 2013. Microorganisms. In: H. Meltofte (ed.). Arctic
Biodiversity Assessment: Status and Trends in Arctic
Biodiversity, Conservation of Arctic Flora and Fauna, Akureyri,
Iceland: 373-382.

Maranger, R, Bird, D.F. and Juniper, S.K. 1994. Viral and bacterial
dynamics in Arctic sea ice during the spring algal bloom near
Resolute, N.W.T., Canada. Marine Ecology Progress Series, 111:
121-127.

Marquardt, M., Kramer, M., Carnat, G. and Werner, |. 2011. Vertical
distribution of sympagic meiofauna in sea ice in the Canadian
Beaufort Sea. Polar Biology, 34(12): 1887-1900.

McConnell, B., Gradinger, R., Iken, K. and Bluhm, B. 2012. Growth
rates of arctic juvenile Scolelepis squamata (Polychaeta:
Spionidae) isolated from Chukchi Sea fast ice. Polar Biology,
35(10): 1487-1494.

Mecklenburg, CW., Mgller, PR. and Steinke, D. 2011. Biodiversity
of arctic marine fishes: taxonomy and zoogeography. Marine
Biodiversity, 41: 109-140.

Mehlum, F. and Gabrielsen G.W. 1993. The diet of high-arctic
seabirds in coastal and ice-covered, pelagic areas near the
Svalbard archipelago. Polar Research, 12(1): 1-20.

Melnikov, I.A. 1997. The Arctic Sea ice ecosystem. Gordon and
Branch Science Publisher, Amsterdam.

Melnikov, I.A., Kolosova, E.G., Welch, H.E. and Zhitina, L.S. 2002.

Sea ice biological communities and nutrient dynamics in the
Canada Basin of the Arctic Ocean. Deep-Sea Research Part |,
49(9): 1623-1649.

Michel, C,, Ingram, R.G. and Harris, L.R. 2006. Variability in
oceanographic and ecological processes in the Canadian Arctic
Archipelago. Progress in Oceanography, 71: 379-401.

Michel, C,, Nielsen, T.G., Nozais, C. and Gosselin, M. 2002. Significance
of sedimentation and grazing by ice micro- and meiofauna for
carbon cycling in annual sea ice (northern Baffin Bay). Aquatic
Microbial Ecology, 30(1): 57-68.

Miller, L.A., Fripiat, F, Else, B.G.T., Bowman, J.S., Brown, K.A., Collins,
R.E., Ewert, M., Fransson, A., Gosselin, M., Lannuzel, D., Meiners,
K.M., Michel, C., Nishioka, J., Nomura, D., Papadimitriou, S.,
Russell, L.M., Serensen, L.L.,, Thomas, D.N., Tison, J.-L., van
Leeuwe, M.A., Vancoppenolle, M., Wolff, EW. and Zhou, J. 2015.
Methods for biogeochemical studies of sea ice: The state of the
art, caveats, and recommendations. Elementa Science of the
Anthropocene, 3(38): 000038.

Morata, N., Poulin, M. and Renaud, PE. 2011. A multiple biomarker
approach to tracking the fate of an ice algal bloom to the sea
floor. Polar Biology, 34(1): 101-112.

Mundy, C.J., Barber, D.G., Michel, C. and Marsden, R.F. 2007. Linking
ice structure and microscale variability of algal biomass in
Arctic first-year sea ice using an in situ photographic technique.
Polar Biology, 30(9): 1099-1114.

Mundy, C.J., Gosselin, M., Ehn, J.K,, Belzile, C., Poulin, M., Alou, E.,
Roy, S., Hop, H., Lessard, S., Papakyriakou, T.N., Barber, D.G.
and Stewart, J. 2011. Characteristics of two distinct high-light
acclimated microbial communities during advanced stages of
sea ice melt. Polar Biology, 34(12): 1869-1886.

Nansen, F. 1906. Protozoa on the ice-floes of the North Polar Sea.
Longmans, Green, and Company.

National Center for Biotechnology Information’s (NCBI) Nucleotide

and PubMed databases 2017.

Nghiem, S.V., Rigor, I.G., Perovich, D.K., Clemente-Colén, P,

Weatherly, JW. and Neumann, G. 2007. Rapid reduction of
Arctic perennial sea ice. Geophysical Research Letters, 34(19):
L19504.

Nguyen, D. and Maranger, R. 2011. Respiration and bacterial carbon
dynamics in Arctic sea ice. Polar Biology, 34(12): 1843-1855.

Nicolaus, M., Katlein, C., Maslanik, J. and Hendricks, S. 2012. Changes
in Arctic sea ice result in increasing light transmittance and
absorption. Geophysical Research Letters, 39(24): L24501.

Nozais, C., Gosselin, M., Michel, C. and Tita, G. 2001. Abundance
biomass, composition and grazing impact of the sea-ice
meiofauna in the North Water, northern Baffin Bay. Marine
Ecology Progress Series, 217: 235-250.

Nurnberg, D., Wollenburg, 1., Dethleff, D., Eicken, H., Kassens, H.,
Letzig, T., Reimnitz, E. and Thiede, J. 1994. Sediments in Arctic
sea ice: Implications for entrainment, transport and release.
Marine Geology, 119(3-4): 185-214.

Nygard, H., Berge, J., Sereide, J.E., Vihtakari, M. and Falk-Petersen,
S.2012.The amphipod scavenging guild in two Arctic fjords:
seasonal variations, abundance and trophic interactions.
Aquatic Biology, 14: 247-264.

Perovich, D., Meier, W., Tschudi, M., Farrell, S., Gerland, S. and
Hendricks, S. 2015. Sea Ice. 2015 Arctic Report Card, National
Oceanic and Atmospheric Administration (NOAA).

Philippe, B. 2013. Changements récents dans la dynamique des
algues de glace dans le secteur canadien de la mer de Beaufort.
Université du Québec a Rimouski, Institut des sciences de la
mer de Rimouski (ISMER), Rimouski: 1-87.

Pike, D. and Welch, H.E. 1990. Spatial and temporal distribution
of sub-ice macrofauna in the Barrow Strait area, Northwest
Territories. Canadian Journal of Fisheries and Aquatic Sciences,
47(1): 81-91.

Piraino, S., Bluhm, B.A., Gradinger, R. and Boero, F. 2008.
Sympagohydra tuuli gen. nov. et sp. nov. (Cnidaria: Hydrozoa)

a cool hydroid from the Arctic sea ice. Journal of the Marine
Biological Association of the United Kingdom, 88(8): 1637-
1641.

Poltermann, M., 1998. Abundance, biomass and small-scale
distribution of cryopelagic amphipods in the Franz Josef Land
area (Arctic). Polar Biology, 20(2): 134-138.

Poltermann, M. 2000. Growth, production and productivity of
the Arctic sympagic amphipod Gammarus wilkitzkii. Marine
Ecology Progress Series, 193: 109-116.

Poltermann, M. 2001. Arctic sea ice as feeding ground for
amphipods—food sources and strategies. Polar Biology, 24(2):
89-96.

Polyakov, I.V., Walsh, J.E. and Kwok, R. 2012. Recent changes of Arctic
multiyear sea-ice coverage and the likely causes. Bulletin of the
American Meteorological Society, 93: 145-151.

Poulin, M., Daugbjerg, N., Gradinger, R,, llyash, L., Ratkova, T. and von
Quillfeldt, C. 2011. The pan-Arctic biodiversity of marine pelagic
and sea-ice unicellular eukaryotes: a first-attempt assessment.
Marine Biodiversity, 41(1): 13-28.

Poulin, M., Underwood, G.J. and Michel, C. 2014. Sub-ice colonial
Melosira arctica in Arctic first-year ice. Diatom Research, 29(2):
213-221.

Purcell, J.P, Hopcroft, R.R.,, Kosobokova, K.N. and Whitledge, T.E.
2010. Distribution, abundance, and predation effects of
epipelagic ctenophores and jellyfish in the western Arctic
Ocean. Deep-Sea Research Part II, 57(1-2): 127-135.

Raskoff, K.A., Hopcroft, R.R., Kosobokova, K.N., Purcell, J.E. and
Youngbluth, M. 2010. Jellies under ice: ROV observations from
the Arctic 2005 hidden ocean expedition. Deep-Sea Research
Part1l, 57(1-2): 111-126.

Raskoff, K.A., Purcell, J.E. and Hopcroft, R.R. 2005. Gelatinous
zooplankton of the Arctic Ocean: in situ observations under the
ice. Polar Biology, 28(3): 207-217.

Renaud, P, Riedel, A., Michel, C., Morata, N., Gosselin, M., Juul-
Pedersen, T. and Chiuchiolo, A. 2007. Seasonal variation in
benthic community oxygen demand: A response to an ice algal




bloom in the Beaufort Sea, Canadian Arctic? Journal of Marine
Systems, 67(1-2): 1-12.

Riemann, F. and Sime-Ngando, T. 1997. Note on sea-ice nematodes
(Monhysteroidea) from Resolute Passage, Canadian High Arctic.
Polar Biology, 18(1): 70-75.

Rézanska, M., Gosselin, M., Poulin, M., Wiktor, J.M. and Michel, C.
20009. Influence of environmental factors on the development
of bottom ice protist communities during the winter-spring
transition. Marine Ecology Progress Series, 386: 43-59.

Rézanska, M., Poulin, M. and Gosselin, M. 2008. Protist entrapment
in newly formed sea ice in the Coastal Arctic Ocean. Journal of
Marine Systems, 74(3-4): 887-901.

Schiinemann, H. and Werner, I. 2005. Seasonal variations in
distribution patterns of sympagic meiofauna in Arctic pack ice.
Marine Biology, 146(6): 1091-1102.

Siebert, S., Anton-Erxleben, F, Kiko, R. and Kramer, M. 2009.
Sympagohydra tuuli (Cnidaria, Hydrozoa): First report from
sea ice of the central Arctic Ocean and insights into histology,

reproduction and locomotion. Marine Biology, 156(4): 541-554.

Sereide, J.E, Leu, E., Berge, J., Graeve, M. and Falk-Petersen, S. 2010.
Timing of blooms, algal food quality and Calanus glacialis
reproduction and growth in a changing Arctic. Global Change
Biology, 16:3154-3163.

Syvertsen, E.E. 1991. Ice algae in the Barents Sea: types
of assemblages, origin, fate and role in the ice-edge
phytoplankton bloom. Polar Research, 10(1): 277-288.

Tamelander, T, Reigstad, M., Hop, H. and Ratkova, T. 2009. Ice algal
assemblages and vertical export of organic matter from sea
ice in the Barents Sea and Nansen Basin (Arctic Ocean). Polar
Biology, 32: 1261-1273.

Tamelander, T., Renaud, PE., Hop, H., Carroll, M.L., Ambrose, W.G. and
Hobson, K.A. 2006. Trophic relationships and pelagic-benthic
coupling during summer in the Barents Sea Marginal Ice Zone,

revealed by stable carbon and nitrogen isotope measurements.

Marine Ecology Progress Series, 310: 33-46.

Tchesunov, A.V. and Riemann, F. 1995. Arctic sea ice nematodes
(Monhysteroidea) with descriptions of Cryonema crassum gen.
n. sp. n.and C. tenue sp. n. Nematologica, 41(1-5): 35-50.

Tremblay, J.E., Anderson, L.G., Matrai, P, Coupel, P, Bélanger, S.,
Michel, C. and Reigstad, M. 2015. Global and regional drivers
of nutrient supply, primary production and CO2 drawdown in
the changing Arctic Ocean. Progress in Oceanography, 139:
171-196.

Tremblay, J.E., Bélanger, S., Barber, D.G., Asplin, M., Martin, J., Darnis,
G., Fortier, L., Gratton, Y., Link, H., Archambault, P, Sallon, A.,
Michel, C., Williams, W.J., Philippe, B. and Gosselin, M. 2011.
Climate forcing multiplies biological productivity in the coastal

Arctic Ocean. Geophysical Research Letters, 38(18): L18604.

van Franeker, J.A,, Flores, H. and Van Dorssen, M. 2009. The Surface
and Under Ice Trawl (SUIT). In: H. Flores (ed.). Frozen Desert
alive—the role of sea-ice for pelagic macrofauna and its
predators: implications for the Antarctic pack-ice food web.
University of Groningen, Groningen, Netherlands.

von Quillfeldt, C.H. 1997. Distribution of diatoms in the Northeast
Water Polynya, Greenland. Journal of Marine Systems, 10(1-4):
211-240.

von Quillfeldt, C.H., Ambrose Jr., W.G and Clough, L.M. 2003. High.
number of diatom species in first-year ice from the Chukchi
Sea. Polar Biology, 26(12): 806-818.

Werner, |. 2007. Seasonal dynamics, cryo-pelagic interactions and
metabolic rates of Arctic pack-ice and under-ice fauna - A
review. Polarforschung, 75(1): 1-19.

Werner, I. and Gradinger, R. 2002. Under-ice amphipods in the
Greenland Sea and Fram Strait (Arctic): environmental controls

and seasonal patterns below the pack ice. Marine Biology, 140:
317-326.

Werner, I, Auel, H. and Kiko, R. 2004. Occurrence of Anonyx sarsi
(Amphipoda: Lysianassoidea) below Arctic packice: an
example for cryo-benthic coupling? Polar Biology, 27(8): 474-
481.

Werner, I, Auel, H., Garrity, C. and Hagen, W. 1999. Pelagic

occurrence of the sympagic amphipod Gammarus wilkitzkii in

ice free waters of the Greenland Sea - dead end or part of life
cycle? Polar Biology, 22(1): 56-60.







Diatom Nitzschia frigida colo
Photo: Michel Poulin, Canadi




3.2 Plankton

Connie Lovejoy', Cecilie von Quillfeldt?, Russell R. Hopcroft?, Michel Poulin®, Mary Thaler’ with contributions from
Kristin Arendt®, Hogni Debes®, Astpér Gislason’, Ksenia Kosobokova®

"Université Laval, Canada, ? Norwegian Polar Institute, Norway, * University of Alaska, Fairbanks, U.S., * Canadian
Museum of Nature, Canada, ° Greenland Institute of Natural Resource, Greenland, 6 University of the Faroe Islands,
Faroe Islands, ” Marine and Freshwater Research Institute, Iceland, & P.P. Shirshov Institute of Oceanology, Russia

3.2 Plankton 63
3.2.1 Introduction 64
3.2.2 Current monitoring 66
3.2.3 Status and trends of FECS 69
3.2.4 Drivers of observed trends 74
3.2.5 Knowledge and monitoring gaps 75
3.2.6 Conclusions and key findings 79
References 80




Snapshot

of large copepods.

food web.

Greenland and the southern Bering Sea.

- Microbial plankton (Bacteria, Archaea, phytoplankton and heterotrophic protists) and zooplankton are the
base of the pelagic Arctic marine food web, feeding large-sized zooplankton, fishes, seabirds and marine
mammals. Changes in these species can have cascading effects throughout the ecosystem and can represent
the first sign of overall ecosystem shifts. Despite their importance, elements of this taxonomic group are
scientifically underappreciated and inadequately known.

- Particularly unknown elements include the diversity of microbes, and plankton distribution over time and
space in the Arctic. This impedes better understanding of Arctic marine ecosystem structure and processes,
and thus the ability to apply ecosystem based management.

- Warming can have contradictory and surprising effects on plankton. Increased temperature in the Barents Sea
and around Svalbard has led to the presence of more southern species of generally less nutritional value to
Arctic feeders. However, rising temperatures in the Chukchi Sea are associated with an increase in the presence

- Plankton are strongly affected by climate and differ between open water and ice-cover conditions, current
patterns and salinity. Increased open water and less saline surface water could lead to range shifts so that
Arctic species are replaced by non-Arctic species, again with unknown consequences for the Arctic marine

- There is a potential risk of harmful/toxic phytoplankton causing public health threats through shellfish
consumption, fish and aquatic bird kills, and decreased fitness in marine mammals.

- Systematic monitoring has most frequently occurred around Svalbard and Jan Mayen, the Barents Sea, Iceland,

3.2.1 Introduction

Plankton refers to taxonomically and functionally diverse
aquatic organisms that range in size from submicron (<1 pm)
to centimetres (cm). For technical terms, see Box 3.1.1. They
share a limited ability to control their location against oceanic
currents. Phytoplankton are responsible for all primary
production in the open ocean and are the base of the
pelagic food chain supporting higher trophic levels. Arctic
phytoplankton and other protists, which include single-celled
micro zooplankton, are the main food for copepods that are
the principal food for larger macrozooplankton, and some
species of fish and seabirds. Bacterioplankton are essential
for degrading organic carbon in the ecosystem, and in the
open ocean, including the Arctic, Bacteria and Archaea are
responsible for remineralization of nutrients. Heterotrophic
and mixotrophic microbial eukaryotes graze on Bacteria

and Archaea as well as smaller phytoplankton. All of these
single-celled plankton are subject to strong environmental
selection. This selectivity is profoundly evident for
picophytoplankton (<2 pm), which are exclusively eukaryotic
in Arctic waters in contrast to in temperate and tropical
regions where picocyanobacteria are ubiquitous (Lovejoy

et al. 2007, Li et al. 2009, Balzano et al. 2012). However,
picocyanobacteria in the genus Synechococcus are detected
by flow cytometry in the Pacific (Bering and Chukchi Seas;

Li et al. 2009) and Atlantic gateways, Fram Strait and around
Svalbard (Paulsen et al. 2016). Freshwater cyanobacteria
phylotypes can also persist in coastal regions, where rivers
enter the Arctic (Waleron et al. 2007).

In the Arctic as elsewhere, currents, water column
stratification and seasonality are recurring processes in any
given region and predictable seasonal community patterns

can be distinguished, with excursions indicative of change.
Microbial communities are sensitive indicators of food web
complexity, and the fate of photosynthetic production can
be inferred from dominant species or species complexes,
where a species complex consists of closely related taxa

that may or may not described as species. Some plankton
assemblages with their representative species are consumed
in the water column, while others have a tendency to sink,
either feeding the benthos along shelves or into deep basins,
contributing to the biological carbon pump (see Box 3.1.2.1;
Morata et al. 2011). Smaller sized (1-20 pm) phytoplankton
and their associated heterotrophic assemblages drive pelagic
food webs that keep carbon and energy in the upper water
column. Grazing activities by metazoan zooplankton moves
this carbon up the pelagic food web, and can also enhance
organic carbon export to the benthos through rapidly sinking
fecal pellets (see Chapter 3.3 and 3.4).

The biodiversity of Bacteria and Archaea has only been
appreciated since the advent of the molecular era, as the
majority of free-living pelagic microbes resist cultivation. In
this sense, the ‘historic’ records for these organism’s date from
around 2000 (Huse 2008, Galand et al. 2009). More recently,
the distributions of major Bacteria clades have been reviewed
in Pedrés-Alid et al. (2015), who found that in the open ocean
at the level of classes, Arctic bacterioplankton were similar to
that of other open oceans, but with an indication that higher
proportions of beta and gamma proteobacteria compared to
alpha proteobacteria may be indicative of recent ice cover.

Molecular techniques have also been at the forefront in
the discovery of endemic Arctic microbial eukaryotes
(Lovejoy et al. 2007, Terrado et al. 2013). Importantly, the
most widespread and abundant phytoplankton species in
the summer Arctic Ocean is the Arctic picophytoplankton



Micromonas with a pan-Arctic distribution (Lovejoy et al.
2007, Vader et al. 2015). While Micromonas is common year
round in Svalbard waters (Marquardt et al. 2016), Phaeocystis
pouchetii can be abundant in summer (Kilias et al. 2014).
Overall molecular surveys focusing on specific taxonomic
groups have confirmed microscopy records reporting a mix
of Arctic and Boreal-Arctic species among phytoplankton
(Percopo et al. 2016), as well as heterotrophic protists (Thaler
and Lovejoy 2015). Understanding the occurrence patterns of
the two types of communities (strictly Arctic versus Boreal-
Arctic) promises to be a powerful tool in interpreting the
effects of climate change versus seasonality on marine food
webs (Luddington et al. 2016).

Fl

Bacteria and the nuclei of single celled eukaryotic plankton.

Photo: Connie Lovejoy

Most Arctic phytoplankton species have pan-Arctic

distributions, which are consistent with long-range transport
by Arctic currents (Abelmann 1992, von Quillfeldt 2000,
Poulin et al. 2011) that retain populations within the Arctic.
Other species enter the Arctic via the Barents Sea and the
Bering Strait. In the Pacific, some species may persist in
Arctic waters, for example heterotrophic nanoflagellates and
Radiolaria (Terrado et al. 2009, Thaler and Lovejoy 2015). In
the European Arctic, because of the complex hydrography
around Svalbard, for example, there is often a mix of Arctic
and North Atlantic species (von Quillfeldt 2000). Recent
evidence has found that Boreal-Arctic Thalassiosira spp.

exit the Arctic though Davis Strait and likely contribute to
the North Atlantic spring bloom (Luddington et al. 2016).

@ Ciliata (euplotes), an example of a microbial eukaryote.
Photo: Julia Ehrlich, Alfred Wegener Institute




The interconnections between the Arctic and the Atlantic
suggest that factors selecting for species in late summer and
autumn in the Arctic, could have an influence on the species
composition, timing and extent of phytoplankton production
well outside of the Arctic. A list of 36 potentially harmful/
toxic marine unicellular eukaryote taxa have been recorded
in phytoplankton across the Arctic (Poulin et al. 2011). The
potential risk of these taxa being responsible for fish and
aquatic bird kills and lowered fitness in marine mammals
and potential public health threats is unknown at present.
However, there have been reported algal toxins presence in
marine mammals in the Arctic (Lefebvre et al. 2016).

In contrast to single-celled plankton, metazoan
zooplankton are better able to maintain their position
within the water column. Metazoan plankton include a
wide array of invertebrates, as well as larval stages of fish
(ichthyoplankton). The longer life span (months to years)

of these organisms allows them to develop more specific
life-history strategies, including daily and seasonal vertical
migrations that also lead to predictable seasonal cycles,
albeit with large inter-annual variability (Falk-Petersen et

al. 2009, Berge et al. 2014, Daase et al. 2016). Additionally,
most species are adapted to specific depth ranges, yielding
characteristic communities that are shared across the
Arctic’s central basins (Kosobokova et al. 2011), with oceanic
communities distinctive from those on the shelves (Grainger
1965, Smoot and Hopcroft 2016).

Arctic zooplankton cover a wide spectrum in terms of species
and size range. By far the most well-studied zooplankton in
the Arctic are copepods, which have been widely sampled
using nets and more recent data from acoustic and optical
techniques (e.g., Forest et al. 2012, Trudnowska et al.

2015). Copepods are estimated to account for 80-90% of

the zooplankton biomass in the Arctic and are typically

very lipid rich. They are directly consumed by many fish

and some seabird species, as well as the baleen whales
(Astporsson and Gislason 1997, Wassmann et al. 2006,

Darnis et al. 2012), making them the best available Focal
Ecosystem Components (FEC) for zooplankton monitoring.
The copepods are dominated by three species of Calanus

(C. glacialis, C. hyperboreus, C. finmarchicus) whose life cycles
involve feeding in surface water during the productive spring
and summer, then diapause (~hibernation) at depth during
winter (Falk-Petersen et al. 2009). Over 150 other copepod
species contribute to the ~350 species reported for Arctic
zooplankton communities (Bluhm et al. 2011).

Macrozooplankton are the larger crustaceans, such as
hyperiid amphipods and euphausiids, which are also
important as prey for marine vertebrates and are further
mentioned in the fish, mammal and seabird chapters
(Chapters 3.4, 3.5, 3.6). While smaller life-stages of
macrozoplankton are routinely sampled using the same
nets that are typically used for Calanus sampling, the larger
individuals require sampling with larger nets (e.g., Auel

and Werner 2003, Dalpadado et al. 2016) that have not

been routinely deployed in the Arctic due to its ice cover.
Newer technologies such as calibrated acoustics (Ressler et
al. 2015) promise to close knowledge gaps on euphausiid
distribution. Arctic euphausiids are mostly reported in the
gateways (Bering Sea and Barents Sea) and in regions where
there is enhanced productivity associated with large riverine
input, but almost absent from the central basins. Generally,

free-living hyperiid amphipods (e.g., Themisto spp.) are

more wide-spread and do well in cold water, including the
Arctic (Percy 1993), with larger individuals generally being
undersampled (Auel and Werner 2003). Sediment trap
records are now being exploited to follow hyperiid species
changes over time (Kraft et al. 2012) and have confirmed the
widespread distribution of this group. Given the sparse data
and lack of targeted monitoring, it is impossible to comment
on the status and change of these larger macrozooplankton
and for these reasons they are not currently treated as FEC by
the Circumpolar Biodiversity Monitoring Programme (CBMP)
Plankton Expert Network.

Around one-quarter of the metazoan zooplankton species
found in the Arctic are truly restricted to the Arctic, with

most other species shared with the North Atlantic or North
Pacific (Kosobokova et al. 2011), especially in regions of
inflow (i.e., the Barents and Chukchi Seas). Near major rivers,
brackish-water species may contribute substantially to the
zooplankton community (Abramova and Tuschling 2005),
while larvae of benthic species become prominent seasonally
on the shallow shelves (Questel et al. 2013).

3.2.2 Current monitoring

The motivation and potential funding sources for monitoring
plankton varies by taxonomic group. For example,
zooplankton species are sometimes monitored as part of
fisheries habitat surveys and phytoplankton sometimes
monitored in the context of harmful algal bloom threats.
While the following summary takes a geographic approach, it
is important to note that these different regions mostly have
been monitored for different kinds of plankton.

Environmental Monitoring of Svalbard and Jan Mayen
(MOSJ) is conducted as part of the Norwegian Government’s
environmental monitoring. Kongsfjorden is the only fjord in
Svalbard where regular monitoring of zooplankton (during
summer) has been reported since 1996. Phytoplankton

and chlorophyll were added to the annual sampling from
2009. Rijpfjorden on Nordauslandet, north Svalbard, has
been opportunistically sampled annually since 2006, but is
not included in an established monitoring program (C. von
Quillfeldt, pers. comm.). There are however, other cruises

at different times of the year to both fjords, such as winter
cruises in January conducted by UiT The Arctic University of
Norway in collaboration with University Studies in Svalbard
(UNIS). The Kongsfjorden marine ecosystem functions under
the balance of influx of Atlantic and Arctic waters, and as

a consequence the pelagic food web is composed of both
boreal and Arctic species. Hop et al. (2002) concluded that
Kongsfjorden is particularly suitable as a site for exploring the
impacts of possible climate change, with both Atlantic water
influx and melting of tidal glaciers being linked to climate
variability. With Kongsfjorden receiving variable climatic
signals between years, it functions as a climate indicator on
a local scale. Subsequent reports suggested that the fjord
zooplankton were sensitive indicators of Atlantic inflow
during winter (Willis et al. 2008).

Norway is also monitoring phytoplankton and zooplankton
species composition elsewhere, for example, in the Barents
Sea along predefined transects, once or several times a year
with status reports on the different trophic components
(McBride 2016).



Systematic monitoring of zooplankton communities off
Iceland can be traced back to 1960. Species-resolved analysis
for both zooplankton and phytoplankton time series began
in 1990 for transects extending from the southern and
northern coasts of Iceland (Astpérsson et al. 2007, Gislason
et al. 2014). These transects highlight the different habitats
found on opposite sides of the island (Atlantic in south and
sub-Arctic in north), as well as the role of advection. More
distant waters of the Iceland and Greenland seas have only
been sampled periodically.

Monitoring sites are operating in different regions

of Greenland including Nuuk (souhwest Greenland),
Zackenberg (northeast Greenland) and Disko Bay (west
Greenland). Zooplankton and phytoplankton data have been
collected at all three locations for more than 10 years, thus
comprising the most extensive plankton time series from
Greenland. The Nuuk and Zackenberg locations are part of
the Greenland Ecosystem Monitoring program (GEM), which
collected a multitude of physical, chemical and biological
parameters in the marine environment as well as terrestrial,
limnic and atmospheric data. Marine monitoring in Disko
Bay is planned to be expanded and become part of the GEM
program (T. Juul-Pedersen pers. comm.). Together these three
sites represent a climate gradient of coastal marine systems
in Greenland, i.e., covering high Arctic, Arctic and sub-Arctic
sites. The monitoring data collected as part of the GEM
program are made publicly available.

There is no formal monitoring of plankton in Canadian
waters. Partial monitoring of phytoplankton and zooplankton
in Canadian waters has been related to several major research
initiatives dating back to 1998 with the North Water Polynya
project (NOW) followed by nearly annual campaigns under
the Canadian Networks of Centres of Excellence ArcticNet
and by the Institute of Ocean Sciences (I0S) Department of
Fisheries and Oceans (DFO). Although such oceanographic
campaigns occurred nearly annually in the Amundsen Gulf,
Baffin Bay and the Canada Basin since 2002, not all planktonic
groups have been studied consistently (Hunt et al. 2014). In
addition, this work has been at the initiative of individual
researchers and data are dispersed. Scattered studies have
occurred in other regions. Metadata by Canadian researchers
can be found in the Polar Data Catalogue. It is envisioned that
a marine monitoring program including the use of molecular
data to monitor protists, Bacteria and Archaea will be put

in place off Cambridge Bay, once the Canadian High Arctic
Research Station opens in 2017 (C. Lovejoy pers. comm.).

The U.S. and Russia have performed decades of zooplankton
studies in the southern Bering Sea, the Bering Strait region
and northward into the Chukchi Sea. Even though these

are not consistent over time and space for monitoring
purposes, the southern Bering Sea has been sampled
regularly during recent decades (available on the Distributed
Biological Observatory). More consistent observations of
zooplankton in the Chukchi region began in 2004 under

the RUSALCA program (Ershova et al. 2015a) and in 2003 by
Pacific Scientific Research Fisheries Centre (TINRO) (Slabinsky
and Figurkin 2014). Annual zooplankton observations in

the northeastern Chukchi Sea have occurred since 2007
stimulated by oil and gas exploration in the region (Questel
et al. 2013), with observations northeast of Barrow ongoing
since 2005 (Ashjian et al. 2010). Zooplankton in the American

sector of the Beaufort Sea was well studied from 2010-
2014 (Smoot and Hopcroft 2016), but future prospects are
unclear. For the zooplankton, all studies consistently show
that communities are strongly associated with the water
mass properties and origin. In nearly all cases, phytoplankton
has only been measured as chlorophyll biomass, while
Archaea, Bacteria and heterotrophic protists including
microzooplankton have been largely ignored. The U.S.
continues within the Pacific Arctic Group to encourage
plankton collections as part of its internationally sampled
Distributed Biological Observatories in the Bering, Chukchi
and Beaufort Sea regions.

Despite its expansive shelf seas, Russia lacks long-term
unilateral plankton monitoring activities. As noted above,
sampling occurs in conjunction with the U.S. in the Chukchi
Sea, in conjunction with Germany in the Laptev Sea and
Norway in the Barents Sea. Data sharing with Russian
programs remains a significant hurdle to overcome.

The CBMP Plankton Expert Network is not aware of any
ongoing long-term monitoring for Bacteria and Archaea
anywhere. As sequencing technology continues to improve
and become affordable, the CBMP Plankton Expert
Network envisions that Bacteria and Archaea will be more
systematically monitored in the future. As with Bacteria and
Archaea, the CBMP Plankton Expert Network is confident
that molecular surveys of microbial eukaryotes can be
incorporated into monitoring programs, but know of no
routine monitoring at the current time.

Plankton in sample water.
Photo: Caitlin Bailey, The Hidden Ocean 2016,
Chukchi Borderlands, NOAA




Figure 3.2.1b: Map of records of phytoplankton taxa using microscopy from the Arctic Marine Areas.



3.2.3 Status and trends of FECS

In the Arctic Biodiversity Assessment (ABA), plankton were
treated under three separate chapters, with zooplankton
very briefly mentioned in the Marine Invertebrate chapter
(Josefson and Mokievsky 2013), phytoplankton and a few
heterotrophic protists in the Plant chapter (Daniéls et al.
2013), and marine heterotrophic protists summarized along
with Bacteria and Archaea in the Microbes chapter (Lovejoy
2013). At least for single-celled eukaryotic plankton, the split
between heterotrophic and photosynthetic groups masks
the true functional diversity and confounds interpretation
of how changes in species assemblages could propagate up
the food chain. Many single-celled plankton are mixotrophic
and can act as both primary producers and grazers, which
make trophic classification as phototrophic or heterotrophic
deceptive. As different species exhibits different degrees of
mixotrophy, there is need to identify species within these
groups, without which it will be difficult to model or predict
the flow of energy and carbon through the higher food web.
Similarly, for zooplankton, knowing the relative abundance
of key species is an essential component in predictive
models of ecosystem health (Maps et al. 2012). The logistical
challenges of accessing ice-covered regions and the slow
pace of taxonomic sample processing make understanding
seasonal and broad scale patterns challenging. Countries
with the longest monitoring programs (e.g., Norway and
Iceland) have used bulk wet-weight or displacement
volume to estimate zooplankton biomass. However, most
investigations in the Svalbard area have calculated biomass
from abundance data by applying individual dry-mass values
derived from species-specific length-mass relationships or
applied published dry mass estimates for species and stages
(e.g., Blachowiak-Samolyk et al. 2008). Since the late 1990s,
remote sensing of chlorophyll and bulk mesozooplankton
biomass from transects has become a standard approach
for assessing fisheries productivity (Dalpadado et al. 2014).
Such approaches result in a complete loss of the potential
for gathering taxonomic information, which is essential

for monitoring community changes driven by climate
(Richardson 2008).

The density and type of data on plankton from different
regions are highly variable and reflect national interests in
some cases and the particular expertise of active researchers
at different times in other cases. Here, recent compilations
from molecular surveys targeting single-celled plankton

are summarized, and then microscopy-based reports of
phytoplankton species are followed by a review of the
traditional approaches still used for zooplankton

Bacteria and Archaea

Bacteria and Archaea can only be identified using molecular
techniques, with most work to date based on the gene
coding for the Small Subunit of ribosomal RNA (SSU rRNA
gene; 16S rRNA for Bacteria and Archaea). Molecular surveys
of Bacteria and Archaea have tended to be more local and
project specific and sampling effort maps have not been
assembled. Comparison of data sets has also been hampered
by the use of different primer pairs targeting different
variable regions of the 16S rRNA gene. Nonetheless, the data
available indicate that offshore oceanic bacterial groups

at the level of phyla and proteobacteria class resemble
temperate open-ocean Bacteria, while inshore Bacteria
tend to consist of taxa preferring habitats richer in organic
substrates (Pedros-Alié et al. 2015). Time-series data are
rare, although one from Amundsen Gulf (Beaufort Sea)
suggested significant changes in the relative abundance of
key microbial groups before and after the first record summer
sea ice minimum in 2007. Over the eight-year study, there
was a shift towards more oligotrophic taxa (Comeau et al.
2011). Interestingly, deep-water Arctic communities may be
taxonomically similar to Antarctic deep-water communities
(Ghiglione et al. 2012), but more extensive sampling is
needed.

Microbial eukaryotes identified using molecular
techniques

Similar to Bacteria and Archaea, most microbial eukaryotes

< 3 um can only be identified using molecular techniques,
and molecular signatures can be used to identify ecotypes
and species of nanoflagellates. Molecular identification of
many 1-20 um flagellates has become routine and can also
be applied to diatoms and dinoflagellates. However, for
these two groups that have well-established morphological
taxonomies, microscopy-based verification of species

is needed to reconcile molecular data to classic species
description to enable comparisons with older literature
(Luddington et al. 2012). The 18S rRNA gene, while robust for
most groups, has not been able to resolve taxonomic identity
within several clades of dinoflagellates and diatoms possibly
because of their recent rapid-trait evolution compared to
nucleotide changes in the 18S rRNA gene. More reference
sequences of known species are needed to reconcile analyses
with classical taxonomy. The first microbial eukaryotic 185
rRNA gene surveys date from 2002 (Lovejoy et al. 2006) with
the greatest effort in Amundsen Gulf in the Canadian Arctic
and where 35 datasets are published and available. Recent
efforts around Svalbard have generated 40 datasets (Fig.
3.2.1a). Opportunistic sampling around the North Pole has
added additional records of microbial eukaryotes (Bachy et
al. 2011). Other records are more sporadic; high through-put
sequencing has been used on samples from Baffin Bay, the
Canada Basin, the Chukchi Sea, Canadian Arctic Archipelago,
Hudson Bay, the Greenland Sea and Laptev Sea (Thaler and
Lovejoy 2015; Fig. 3.2.1a). The majority of the raw sequence
data are publically available in NCBI GenBank and the
Sequence Read Archive (SRA).

For microbial eukaryotes, high through-put sequencing
shows a consistent pattern of dominance by dinoflagellates,
followed in relative abundance by ciliates and, in the
European and Central Arctic Ocean, by marine alveolates
(MALVs, see Box 3.1.2). Chlorophytes are consistently
abundant, comprising 5-14% of all reads across different
regions. By far the majority of the chlorophyte reads
correspond to a single Arctic clade of Micromonas, which is
1-2 um in diameter (Lovejoy et al. 2007, Balzano et al. 2012).
Higher relative abundance in terms of reads (sequences) per
sample by other groups is rare, for example, reports of higher
proportions of haptophytes in the Central Arctic and Atlantic
Arctic regions, diatoms in Baffin Bay and Rhizaria in the Pacific
Sea and Atlantic Arctic regions (Fig. 3.2.2a).
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Figure 3.2.2a: Relative abundance of major eukaryote taxonomic groups found by high throughput sequencing of the small-subunit (18S) rRNA
gene across Arctic Marine Areas.
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Figure 3.2.2b: Relative abundance of major eukaryote functional groups found by microscopy in the Arctic Marine Areas.




When a single site in the Amundsen Gulf was sampled
monthly throughout a winter-spring period, a high

degree of temporal structure emerged. Notably there

was the gradual increase of haptophytes in the months
leading up to the spring bloom, succeeded by an extreme
dominance of diatom reads in mid-May and a dominance

of chlorophytes in mid-June (Joli et al. 2017; Fig. 3.2.3). This
study also highlighted the potential for viral control over the
chlorophyte species, especially in winter.

Phytoplankton and larger protists

Traditional taxonomic data for phytoplankton have

been recorded over much of the Arctic, but the bulk of
knowledge is from Norway and Denmark (Greenland)
which have a strong training record in phytoplankton
taxonomy. Following up on Poulin et al. (2011) and the
Arctic Biodiversity Assessment, records for phytoplankton
species occurrences, which included other single-celled
eukaryotes identified using microscopy, are updated

here. The updated information on the phytoplankton
sampling effort (Fig. 3.2.1b) and a compilation showing the
phytoplankton inventory records for each designated area
of the Arctic main regions (Fig. 3.2.2b) are shown. These
regions follow the CBMP Arctic Marine Areas (AMAs): Arctic
Archipelago, Hudson Complex, Davis Strait-Baffin Bay,
Atlantic Arctic, Kara-Laptev, Pacific Arctic, and Arctic Basin.
In an updated compilation (January 2016) the number of
Arctic phytoplankton species records jumped from 1,874
taxain 2011 to 2,241. The inventory or reporting effort of
phytoplankton and other eukaryotes also reflects sporadic
efforts to monitor certain regions in conjunction with other
studies, for example the Barents Sea with 28 published
papers, the Greenland Sea with 23 and the Svalbard region
with 20. Outside of Scandinavian records, there have been
17 studies each for the Davis Strait, Hudson Bay (Canada)
and the Laptev Sea (Russia), which are from more readily
accessible sites that have been visited repeatedly. Inventories
from the U.S. are mostly from the Chukchi and Western
Beaufort Seas, corresponding to American territorial waters
(Fig. 3.2.1b).

Few time series for microscopy records of phytoplankton

are available to date. Most available data sets summarize
major algal groups, with some information on the relative
abundance of smaller groups. For example, there are

records of algae collected from 2002 to 2013 at two stations
in Eastern Canadian Arctic and two stations in Western
Canadian Arctic. Other short-time series include data from
ice-free Kongsfjorden and seasonally ice-covered Rijpfjorden
in Svalbard (MOSJ and P. Assmy pers. comm.; Fig. 3.2.53,

b). Both fjords have been extensively sampled, especially
during summer, and because of the complex hydrography
of the Arctic and Atlantic currents around Svalbard the
plankton occurring in fjords can be indicative of major
changes in Arctic versus Atlantic currents. Arctic fjords are
also indicators of melt, for example, in East Greenland waters
the fjord assemblage close to the Greenland Ice Sheet is
strongly influenced by the freshwater runoff in mid-summer
(Krawczyk et al. 2015a). In general, the phytoplankton
succession in the near coastal areas of Greenland is controlled
primarily by ocean-flord-glacier interactions (Krawczyk et al.
2015b).

Both Kongsfjorden and Rijpfjorden show inter-annual
differences in taxonomic composition, abundance and
biomass of phytoplankton during summer, but most
taxonomic groups are present every year (Fig. 3.2.5a, b).
Dinoflagellates, cryptophytes and other small flagellates from
several different classes are among those often contributing
to a great portion of the biomass. Diatoms are more common
in spring (Hegseth and Tverberg 2013), but have also been
recorded at greater depth during summer in Kongsfjorden,
then often present as resting stages representing a post-
bloom situation (Hasle and Heimdal 1998). According to
Kubiszyn et al. (2014), impact from Atlantic inflow variability
is not as clear as for the spring bloom in Kongsfjorden,

but they concluded that the strength of Atlantic water
inflow might also have consequences for the planktonic
protist community structure in summer. Furthermore, they
found that microplanktonic (ciliates and dinoflagellates)
contribution was greatest in the warmest summers. A

shift in phytoplankton community composition towards
dominance of small-sized phytoplankton under warmer
conditions has also been reported in Atlantic water masses
west of Spitsbergen (Lalande et al. 2013). Of importance is
also whether the inflow of Atlantic water into Kongsfjorden is
along the bottom or near the surface (Hegseth and Tverberg
2013). Even though Rijpfjorden is a cold Arctic system during
most of the year (January-July), transformed Atlantic water

is recorded in the fjord during late autumn. Models suggest
that this area north of Svalbard will become particularly
affected by temperature increase because of increased
advection of heat by the West Spitsbergen Current (Slagstad
etal. 2011).

In recent years, the spring bloom in the Barents Sea has been
dominated by diatoms, such as Chaetoceros, Skeletonema,
Thalassiosira and the prymnesiophyte Phaeocystis (Kleiven
et al. 2015). During summer, phytoplankton are often
distributed in patches consisting largely of small flagellates
and dinoflagellates (Tripos and Gymnodinium). In some
years, species of diatoms (mostly Chaetoceros spp.) can be
dominant during June-August.

Surveys indicate ongoing climate mediated changes, but that
there are geographical differences. For example, less sea ice
and an increase in atmospheric low pressure systems, which
generate stronger winds (and deeper mixing of the upper
ocean) as well as a warming and freshening of the surface
layer, likely favours smaller species as observed in Canada
Basin (Li et al. 2009) and Beaufort Sea of the Canadian Arctic
(Ardyna et al. 2011, Tremblay et al. 2012). However, Terrado
et al. (2013) found that some small-celled phytoplankton
species may be specifically adapted to colder waters, and
are likely to be vulnerable to ongoing effects of surface layer
warming.

Zooplankton

Zooplankton have been sampled extensively, but not
systematically, throughout the Arctic for over a century.

True time series of consistently collected samples during

the same season at the same locations are relatively rare.

For zooplankton, they extend back to the 1960s in Iceland
and Norway, but species level data only begin in the 1990s
(Gislason and Astpérsson 1998, Dalpadado et al. 2014), about
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Figure 3.2.3: Relative abundance of major eukaryote taxonomic groups found by high throughput sequencing of the small-subunit (18S) rRNA
gene. Time series collected by sampling every 2-6 weeks in Amundsen Gulf of the Beaufort Sea over the winter-spring transition in 2007-2008.
Sampling DNA gives information about presence/absence, while sampling RNA gives information about the state of activity of different taxa.

the same time as time series began in Greenland, Canada and
the U.S. (see Gill et al. 2011). Despite the relative recency of
formal time-series, it is possible to assemble longer-term data
for a few regions by pooling historical studies (e.g., Ershova
et al. 2015b), although the CBMP Plankton Expert Network
expects such time series to be inherently variable and
consequently require a larger signal to detect change.

Given the diversity and complexity of the Arctic, it is useful

to consider separate systems related to their hydrography.

As an inflow gateway, the Chukchi Sea has been sporadically
sampled over nearly a century, with annual sampling for
more than a decade. During this time, the extent and
duration of open water has progressively increased. Recently,
Ershova et al. (2015b) compiled much of the existing data on
metazoan zooplankton to search for temporal trends, along
with matching physical data to correlate with environmental
forcing. The wide array of sampling gear employed across
studies required the authors to focus on the larger copepod
species that are captured with less bias across studies. Their
analysis revealed that abundance of the four prominent

large-bodied copepods (Calanus glacialis, Eucalanus bungii.
Metridia pacifica, and Neocalanus spp.) in the Chukchi Sea had
increased over the past 80 years. These increases correlated
with temperature trends. While three of these species are
considered Pacific expatriates, even the Arctic species
Calanus glacialis had increased in response to regional
warming (Fig. 3.2.6).

For Greenland, the abundance of Microsetella norvegica is
strongly linked to the runoff from the Greenland Ice Sheet
influencing the fijord environments in mid-summer (Arendt
2013). The abundance of the neritic copepod Pseudocalanus
has declined while the abundance of the oceanic copepod
Microcalanus has increased at Zackenberg. These data
suggest that due to reduced sea ice and increased ablation
of the Greenland ice sheet, the fjord is subjected to more
flushing than in the early 2000s and that this has caused a
change in zooplankton species composition (Arendt et al.
2016; Fig. 3.2.7.).
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Figure 3.2.4: A time series of cell abundances, as determined by microscopy, of major phytoplankton groups from 2002-2013 for four sites, two in an
east-west transect in Amundsen Gulf, Beaufort Sea and two in an east-west transect in northern Baffin Bay.

The zooplankton time series collected at a transect extending
from the coast and across the shelf north of Iceland at the
southern borders of the Iceland Sea shows that copepods

are generally the most numerically abundant group (~40-
70%) with the sub-Arctic Calanus finmarchicus as the most
abundant species among the copepods (~20-60%; Fig. 3.2.8).
The time series shows maxima in zooplankton abundance
and biomass occurring approximately every five to 10 years
(Marine Research Institute 2015). Also striking is the collapse
in zooplankton biomass during the cold period in the North
Atlantic and to the north of Iceland in the 1960s and it

was not until the warm period in the 1990s that biomass
levels recovered. These longer-term records indicate that
zooplankton biomass variability and species composition to
the north of Iceland are positively related to temperature,
reflecting the inflow of Atlantic water into the area
(Astporsson et al. 2007, Gislason et al. 2009, 2014). Astpérsson
and Gislason (1998) showed that the zooplankton biomass

is almost two times higher in warm years than in the cold

years. This may reflect the better feeding conditions for the
zooplankton due to increased primary production, advection
of zooplankton with the Atlantic Water from the south, and
faster temperature-dependent growth of the zooplankton

in warm years. Data from ships of opportunity fitted with
Continuous Plankton Recorders (CPR) would be valuable for
documenting such relationships, but these records are rare in
the Arctic (Beaugrand 2015).

In Kongsfjorden, Svalbard, the abundance of Calanus
finmarchicus and C. glacialis varied from year to year with
periods of more or less equal abundance of the two Calanus
species interspersed with periods when either the cold-
water associated C. glacialis or the warm-water associated

C. finmarchicus dominated (MOSJ, 2015). The larger C.
hyperboreus, an Arctic deep-water species, is only present

in low numbers in Kongsfjorden and contributes little to
the total abundance of Calanus. Lower water temperatures
characterize years with C. glacialis dominance whereas
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Figure 3.2.5: Interannual differences in taxonomic composition of phytoplankton during summer in a) Kongsfiorden and b) Rijpfiorden (Source:

MOSJ, Norwegian Polar Institute).

dominance of C. finmarchicus usually coincides with periods
with increasing water temperatures (Fig. 3.2.8a). Research
from Rijpfijorden, considered a true Arctic fiord, shows that C.
glacialis contributes a larger proportion than C. finmarchicus
inside the fjord, with the latter dominating outside the

fiord within the Atlantic water masses. The increase of C.
finmarchicus in 2007 coincided with a massive influx of
warmer water from the shelf areas north of Rijpfjorden,
indicating that intrusion of Atlantic water into the fjord
sustains its population (Fig. 3.2.8b).

The Arctic C. glacialis has decreased further south in

the Barents Sea, while C. finmarchicus is more stable,

but fluctuates from year to year (van der Meeren et al.
2014). Furthermore, a gradual decrease in the quantity of
zooplankton has been observed recently in the Norwegian
part of the Barents Sea. Typical cold-water species, such as
the amphipod Themisto libellula, has decreased, whereas
the more Atlantic T. abyssorum has increased in both the
Barents Sea and Fram Strait (Advisory Forum on Monitoring
and Institute of Marine Research 2015). In addition, southerly
euphausiid species such as Meganyctiphanes norvegica and
Nematoscelis megalops are occurring in the Barents Sea
(Eriksen et al. 2016).

3.2.4 Drivers of observed trends

By far the most relevant driver influencing plankton in the
Arctic is changes in the climate system, which has a major
influence on currents in the Arctic, with impacts on the
plankton community. Climate also affects the duration

of open water versus seasonal sea ice and the extent of
seasonal ice cover. Deeper wind-driven mixing during an
extended open water season could favour smaller species
of phytoplankton due to lower average light levels in the
resulting deeper mixed layer. Increased freshwater in the
surface could also shift species composition to species
with wider salinity tolerances, replacing the marine Arctic
species. The seasonal extent of ice cover is relevant to the
timing and duration of the spring bloom and the species of
phytoplankton that may be favoured, with small flagellates
able to begin growth earlier in the year, because of their
ability to use lower light levels compared to diatoms. Early
blooms of flagellates such as Phaeocystis would tend to
draw surface nutrients down leaving little for diatoms
that are better adapted to higher light levels near the
summer solstice. Similarly, as the major remineralizers in
this ecosystem, bacteria also experience some seasonal
fluctuations.
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Figure 3.2.6: Abundance of the copepod Calanus glacialis in the Chukchi Sea, 1945-2012 (after Ershova et al. 2015b).

The duration and extent of ice cover impact the larger
zooplankton that have life cycles closely tied with spring
maximum phytoplankton production, when they rapidly
grow and accumulate lipids for the long winter. Depending
on the species and quantity of lipid reserves, they may

have an annual life cycle or reproduce after two or three
years. Zooplankton communities living in deep water likely
still experience some seasonality due to higher fluxes of
surface production into the deep ocean shortly after spring
maximum. Although climate change can result in increased
water temperatures in the upper water column (10-20

m) of the polar mixed layer, the deeper layers show little
seasonal or long-term variability. Consequently, changes

in the timing, magnitude, and total annual productivity of
the phytoplankton and microzooplankton, which include
ciliates and dinoflagellates that compete with zooplankton as
grazers but are also sources of food, are thought to have the
greatest potential impact on metazoan zooplankton.

A scenario of increased annual production from a longer
and more spatially extensive ice-free summer could be
expected to enhance zooplankton productivity. Concurrently,
shifts in the seasonal timing (phenology) of species life-
history traits can be anticipated. Such enhanced secondary
productivity has been shown to operate in the North Water
Polynya (Ringuette et al. 2002) and more recently suggested
as the cause of long-term increases in zooplankton in the
Chukchi Sea (Ershova et al. 2015b). More open water, with

an extended duration, may favour stronger wind events that
increase upwelling in autumn and therefore add nutrients

to surface water that act to precondition the extent of the
following spring bloom. However, in other regions of the
Arctic, such as the Canada Basin and large parts of the
Beaufort Sea, no net increase in productivity is expected
because early ice melt would increase stratification and
prevent nutrient input into the euphotic zone (Monier et al.
2015). A region-specific, lower annual production could have
a consequent effect on zooplankton productivity.

3.2.5 Knowledge and monitoring gaps

Approach to monitoring temporal and spatial
changes

Traditional Knowledge (TK)

Because of the small mostly invisible nature of plankton,
there is likely only indirect Traditional Knowledge (TK) on
plankton across the Arctic. TK that might be related would
include narratives of brown water consistent with high
biomass blooms of diatoms, Phaeocystis or pelagophytes,
feeding frenzy by cod or other vertebrates, indicative of
zooplankton or larval concentrations. Local reports of

“red feed", dense aggregations of copepods, off the coast

of Norway could provide a long-term record of Calanus
finmarchicus populations (Wiborg 1976). Reports of episodes
or seasonal occurrence of strong sea smell would also be
consistent with high dimethylsulfoniopropionate (DMSP)
concentrations indicative of phytoplankton blooms. There are
also records of jellyfish piled upon beaches. Such knowledge
needs to be recorded.

Traditional net hauls and microscopy

Biological collections to create basic planktonic species
inventories for Arctic waters can be traced back to some

of the earliest science expeditions over a century ago. For
example, quantitative zooplankton data in the Pacific Arctic
began in the 1930s (e.g., Johnson 1934, Stepanova 193743,
b) and noted the significant influence of Pacific fauna in the
Chukchi Sea. The use of what are now considered coarse
meshes (i.e., 50-100 um, for phytoplankton and 0.5-1 mm
for zooplankton) severely biased our historical impression
of community composition. For phytoplankton, only larger
species or groups with robust cell walls, such as thecate
dinoflagellates and diatoms, would have remained intact



Figure 3.2.7: Temperature and copepod abundance in Zackenberg, northeastern Greenland. Temperature is measured at 80 m for Microcalanus

and 5 m for Pseudocalanus (Arendt et al. 2016).

after the rough handling and use of harsh preservatives at
that time. Lack of standardized collection tools, especially
mesh size for zooplankton and nets versus whole water
samples for phytoplankton, collection depths, and
inconsistent sampling locations (see maps in Gill et al. 2011)
has greatly hampered attempts to assemble and interpret
data. Changes in taxonomy, particularly the splitting or
merging of species, have further complicated analysis.
Consequently, although zooplankton have been extensively
sampled over many regions of the Arctic, basic maps of
species distribution and abundance are not readily available
and are only now emerging for the some of the larger and
most prominent crustaceans.

The inflow gateways have always contained large numbers
of expatriated species from the Atlantic or Pacific that are
considered to be non-viable in the Arctic (Nelson et al. 2009,
Wassmann et al. 2015). While there is some indication that
the prominence, penetration and duration of expatriate
zooplankton species are increasing (Weydmann et al. 2014,
Ershova et al. 2015b, Kristiansen et al. 2016), it is still thought
that the sub-zero temperatures that occur during winter will
make it difficult for non-Arctic species to gain a permanent
year-round presence. The situation for microbes and
phytoplankton is unknown. Late-summer and mid-winter
sampling programs at coastal communities would be useful
to test these assumptions. Metagenomic approaches may

provide practical means of assessing shifting biodiversity as
well as the presence of invaders.

Future directions

The CBMP Plankton Expert Network will continue to search
out existing data (see below), while encouraging Arctic
nations to extend existing time series and fill in regions

were data is sparse. Standard microscopy has been used to
monitor larger phytoplankton (Canada, Norway, Svalbard,
and Greenland), and remains the method of choice in most
zooplankton studies. Microscopy is the practical choice

for larger planktonic groups, as the equipment needed is
readily available and not technically complex. However,
comparability of data from different laboratories requires
taxonomic expertise, which is becoming rare. An alternative
or complement to microscopy identification is the use of
marker genes to identify species, although this approach
requires infrastructure and access to sequencing facilities.
Comparative molecular studies on a pan-Arctic scale would
also benefit from the harmonization of classification systems.
The utility of molecular approaches depends on curated
reference databases, which are now becoming increasingly
populated. In principle, zooplankton species can be identified
provided suitable markers are found, and at finer levels
different populations of the same species have been mapped
(Nelson et al. 2009, Questel et al. 2016).
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The recent advent of high through-put multiplex sequencing,
where many samples can be analysed simultaneously, will
facilitate monitoring of the smallest species. Although
uptake of these methods into long-term monitoring
protocols has been slow, standardized protocols are being
developed (C. Lovejoy pers. comm.). The CBMP Plankton
Expert Network recommends the use of both traditional
visual identification and, particularly for the unicellular
groups, molecular approaches to determine biodiversity.

The persistent water mass layering of Arctic seas and the
close coupling between microbial communities and water
masses (Monier et al. 2013) suggest that monitoring could be
based at key easily accessed sites and depths. For instance,
for phytoplankton, the CBMP Expert Network suggests
sampling in focal regions with a history of monitoring using
Niskin-like bottles targeting samples collected from the
surface and at the subsurface chlorophyll maximum depths.
By knowing the basic oceanography of those areas, results
can be extrapolated over larger areas. Over the last 10 years
the CBMP Plankton Expert Network has worked towards
identifying key plankton species that are indicative of the
state of the ecosystem and have relevance to other biological
FECs. The CBMP Plankton Expert Network will continue to
develop species distribution indices, using the approach
exemplified in Luddington et al. (2016), with defined Arctic
and Boreal-Arctic species complexes.

Currently there is little (or no) monitoring of the vast

majority of single-celled species, with most information
available on the occurrence of zooplankton, especially larger
calanoid copepods. Some (incomplete) time series exist for
phytoplankton (cell abundance and biomass) in the Beaufort
Sea and Baffin Bay from roughly 1999 to present and from
the Barents Sea from 2005 and Svalbard, but inferring change
from such sporadic samplings is difficult. These limited time
series suggest trends, but it is not clear whether zooplankton
species are following or leading the same climate-mediated
trends detected in fish and mammal species distributions.

In addition, our analysis of the relatively scant species data
available for single-celled plankton, especially phytoplankton
and heterotrophic protists, indicate that they too are

influenced by climate-driven change and species data would
contribute to the understanding of ecosystem status. It can
be argued that changes at the base of the food web would
be the first sentinel signals of overall ecosystem shifts.

Significant amounts of old data still need to be recovered,
especially for zooplankton. Historical data are invaluable

in extending the window of observation backward at a
faster pace, and at lower cost than what we gain by moving
forward. For older data, the major limitation is locating the
station-resolved data, either in researcher’s unpublished
notes or the grey literature. While many older projects are
published, the tendency to average data when preparing
publications, and ignoring rarer taxa, makes the data that
can be recovered of limited value for modern reanalysis.
The significant changes that have occurred in taxonomy of
zooplankton over the last century, and interest in examining
shifts in phenology, further suggest that existing historical
collections should be re-examined to resolve their species
and life-stage composition. The greatest challenge in existing
contemporary data sets remains a commitment of funds to
keep these time-series operating.

While it is possible to look for synchronicity in trends across
datasets, it is difficult to pool them into a quantitative
analysis if they differ in collecting or processing protocols.
Efforts should continue to standardize methods across
researchers, with more opportunities for different research
groups to interact. However, if dominant species changes
are reported that are dramatically different from historical
records, this would be a good indication of regime changes
or crossing a tipping point (Wassmann and Lenton 2012).
While summer through late-summer provides little
information on the dominant spring bloom species, it is a
period when species composition can be less variable—at
least in the Beaufort Sea (Comeau et al. 2011). However,
given the importance of the timing and extent of ice melt
to stratification and light penetration there is a need to
better understand early season bloom dynamics that may
set the stage for the remainder of the growing season.
Broader seasonal sampling is needed to establish baselines
and detect possible trends in species composition. Summer

-—

Figure 3.2.9: Seasonal time series of the major zooplankton in Franklin Bay, Canada.



sampling is more acceptable for zooplankton monitoring,
given the large existing data records, but some late-summer
and autumn sampling would be useful for exploring
phenological changes in life-stages.

In closing, most planktonic studies are concentrated around
summer and early autumn. While drifting ice stations

have provided year-round observations over the basins
(e.g., Kosobokova 1982, Ashjian et al. 2003), except for
Svalbard and the Barents Sea, the shelves are comparably
understudied during winter. Recent observations from
Franklin Bay in the Canadian Beaufort Sea (Fig. 3.2.9) (Darnis
and Fortier 2014) and Svalbard fjords (Berge et al. 2015,
Grigor et al. 2015) suggest that winter is a more active
period than previously believed. Thus, more attention and
monitoring should be carried out in winter. Working from
research stations with easy access to the sea could facilitate
year-round studies of some species provided field-ready
infrastructure becomes available.

Access to data

Smaller, single-celled eukaryotes have been studied using
molecular techniques with data mostly targeting variable
regions of the 18S rRNA gene. The majority of this work has
been carried out in Canadian waters, but with the cost of
sequencing and development of easy to use bioinformatics
pipeline, many more regions are being sampled at least
once. However, except for ArcticNet regions sampled since
2005 in the Beaufort Sea and northern Baffin Bay, the
Canada Basin since 2012 and more recently around Svalbard
(Norway) (Vader et al. 2015, Marquardt et al. 2016), most
studies report only one or few isolated samples. The majority
of the raw data are available in archives such as GenBank
Sequence Read Archive (SRA), and for most journals that
publish such studies, it is required that data should they be
publicly available. In terms of stations sampled, the greatest
sampling effort of high through-put sequencing in Arctic
marine water columns have been in the Beaufort Sea/
Amundsen Gulf region and around Svalbard. High through-
put sequencing has also been used on samples from the
Chukchi Sea, Canadian Arctic Archipelago, Baffin Bay, Hudson
Bay, the Greenland Sea and Laptev Sea. For net-based
sampling of phytoplankton and zooplankton, there is still no
universal repository for data, either globally or for the Arctic
specifically. Clearer policies on data release and incentives for
release of older data appear warranted.

: . Melosira arctica.
Photo: Michel Poulin, Canadian Museum of Nature. |
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3.2.6 Conclusions and key findings

The functional and taxonomic diversity of microbes in the
Arctic is vast and a scientifically underappreciated source of
biodiversity.

Phytoplankton are a species-rich domain of the Arctic marine
environment, containing half of the diversity reported for
the world oceans. Heterotrophic and mixotrophic species are
similarly diverse, with many species likely restricted to Arctic
waters.

Plankton are the base of the Arctic marine food web, and
knowledge of species distributions over space and time is
inadequate despite the fact that changes at the base of the
food web will be the first sentinel sign of overall ecosystem
shifts. More information is essential for our understanding
of ecosystem structure and processes and, thus, relevant for
ecosystem-based management of ocean areas.

Changes in the hydrography will have a profound effect

on the species living in the Arctic due to their intimate
relationship with physical oceanography and specific water
masses.

The lack of taxonomic information from bulk zooplankton
and chlorophyll sampling during recent decades impedes
our ability to assess ecosystem changes in the Arctic. Species-
specific information is essential for monitoring community
changes driven by climate.

With Arctic governments increasingly interested in the Arctic
region, both geopolitically and as an indicator of climate
change, there are initiatives to build and run research stations
year-round. A key consideration for site selection should be
access to the sea and inclusion of full-spectrum plankton
monitoring.



References

Abelmann, A. 1992. Diatom assemblages in Arctic sea ice - indicator
for ice drift pathways. Deep-Sea Research Part A, 39(2): 525-
538.

Abramova, E. and Tuschling, K. 2005. A 12-year study of the seasonal

and interannual dynamics of mesozooplankton in the Laptev
Sea: Significance of salinity regime and life cycle patterns.
Global Planetary Change, 48(1-3): 141-164.

Advisory Forum on Monitoring and Institute of Marine Research.
2015. State of the Environment Norway. Norwegian
Environment Agency, Ministry of Climate and Environment,
Oslo, Norway. Online.

Ardyna, M., Gosselin, M., Michel, C,, Poulin, M. and Tremblay, J.-E.
2011. Environmental forcing of phytoplankton community
structure and function in the Canadian High Arctic: contrasting

oligotrophic and eutrophic regions. Marine Ecology Progress
Series, 442: 37-57.

Arendt, K.E., Agersted, M.D,, Sejr, M.K. and Juul-Pedersen, T.

2016. Glacial meltwater influences on plankton community
structure and the importance of top-down control (of primary
production) in a NE Greenland fjord. Estuary Coast Shelf
Science, 183(A): 123-135.

Arendt, K.E., Juul-Pedersen, T., Mortensen, J., Blicher, M.E. and
Rysgaard, S.2013. A 5-year study of seasonal patterns in
mesozooplankton community structure in a sub-Arctic fjord
reveals dominance of Microsetella norvegica (Crustacea,
Copepoda). Journal of Plankton Research, 35(1): 105-120.

Ashjian, CJ., Braund, S.R., Campbell, R.G., George, J.C,, Kruse, J.,
Maslowski, W., Moore, S.E., Nicolson, C.R., Okkonen, S.R.,

Sherr, B.F., Sherr, E.B. and Spitz, Y. 2010. Climate variability
oceanography, bowhead whale distribution, and IAupiat
subsistence whaling near Barrow, AK. Arctic, 63(2): 179-194.

Ashjian, C.J., Campbell, R.G., Welch, H.E., Butler, M. and Keuren, D.V.
2003. Annual cycle in abundance, distribution, and size in
relation to hydrography of important copepod species in the
western Arctic Ocean. Deep-Sea Research [, 50(10-11): 1235-
1261.

Astporsson, 0.S. and Gislason, A. 1997. On the food of capelin in the
subarctic waters north of Iceland. Sarsia, 82(2): 81-86.

Astpoérsson, 0.S., Gislason, A. and Jonsson, S. 2007. Climate
variability and the Icelandic marine ecosystem. Deep-Sea
Research Il, 54(23-26): 2456-2477.

Auel, H. and Werner, |. 2003. Feeding, respiration and life history of
the hyperiid amphipod Themisto libellula in the Arctic marginal

ice zone of the Greenland Sea. Journal of Experimental Marine
Biology and Ecology, 296(2): 183-197.

Balzano, S., Gourvil, P, Siano, R., Chanoine, M., Marie, D., Lessard,
S.,Sarno, D. and Vaulot, D. 2012. Diversity of cultured
photosynthetic flagellates in the northeast Pacific and Arctic
Oceans in summer. Biogeosciences, 9: 4553-4571.

Bachy, C., Lopez-Garcia, P, Vereshchaka, A. and Moreira, D. 2011.
Diversity and vertical distribution of microbial eukaryotes in
the snow, sea ice and seawater near the North Pole at the end
of the polar night. Frontiers in Microbiology, 2: 106.

Berge, J,, Cottier, F, Varpe, @., Renaud, PE., Kwasniewski, S.,

Griffiths, C,, Sereide, J.E., Johnsen, G., Aubert, A,, Bjeerke, O.,
Hovinen, J., Jung-Madsen, S., Tveit, M. and Majaneva, S. 2014.
Arctic complexity: a case study on diel vertical migration of
zooplankton. Journal of Plankton Research, 36(5): 1279-1297.

Berge, J.,, Daase, M., Renaud, PE., Ambrose Jr, W.G., Darnis, G., Last,
KS., Leu, E., Cohen, J.H., Johnsen, G., Moline, M.A.,, Cottier, F,
Varpe, @., Shunatova, N., Batazy, P, Morata, N., Massabuau, J.-C,,
Falk-Petersen, S., Kosobokova, K., Hoppe, C.J.M., Westawski,
J.M,. Kuklinski, P, Legezyniska, J., Nikishina, D., Cusa, M., Kedra,
M., Wtodarska-Kowalczuk, M., Vogedes, D., Camus, L., Tran, D.,
Michaud, E., Gabrielsen, T.M., Granovitch, A., Gonchar, A., Krapp,
R. and Callesen, T.A. 2015 Unexpected levels of biological
activity during the polar night offer new perspectives on a
warming Arctic. Current Biology, 25(19), 2555-2561.

Beaugrand, G. 2015. Theoretical basis for prediction climate-induced
abrupt shifts in the oceans. Philisophical Transactions of the
Royal Society B, 370(1659): 20130264.

Blachowiak-Samolyk, K., Sereide, J.E., Kwasniewski, S., Sundfjord,

A., Hop, H., Falk-Petersen, S. and Hegseth, E.N. 2008.
Hydrodynamic control of mesozooplankton abundance and
biomass in northern Svalbard waters (79-81°N). Deep-Sea
Research Part ll, 55: 2210-2224.

Bluhm, B.A., Gebruk, A.V., Gradinger, R., Hopcroft, R.R., Huettmann,
F., Kosobokova, K.N., Sirenko, S.I. and Weslawski, J.M. 2011.
Arctic marine biodiversity — an update of species richness and
examples of biodiversity change. Oceanography, 24(3): 198-
214,

Comeau, A.M,, Li, WK.W., Tremblay, J.E., Carmack, E.C. and Lovejoy,
C. 2011. Arctic microbial community structure before and after
the 2007 record sea ice minimum. PLoS ONE, 6(11): e27492.

Dalpadado, P, Arrigo, K.R., Hjgllo, S.S., Rey, F.,, Ingvaldsen, R.B.,
Sperfeld, E., Dijken, G.L.V,, Stige, L.C,, Olsen, A. and Ottersen,

G. 2014. Productivity in the Barents Sea - Response to recent
climate variability. PLoS ONE, 9(5): €95273.

Dalpadado, P, Hop, H., Renning, J., Pavlov, V., Sperfeld, E., Buchholz,
F., Rey, A. and Wold, A. 2016. Distribution and abundance of
euphausiids and pelagic amphipods in Kongsfjorden, Isfiorden
and Rijpfiorden (Svalbard) and changes in their relative
importance as key prey in a warming marine ecosystem. Polar
Biology, 39(10): 1765-1784.

Daase, M., Hop, H. and Falk-Petersen, S. 2016. Small-scale diel vertical
migration of zooplankton in the High Arctic. Polar Biology,
39(7): 1213-1223.

Daniéls, F.J.A,, Gillespie, L.J. and Poulin, M. 2013. Plants. In: H.
Meltofte (ed.). 2013. Arctic Biodiversity Assessment, Status and
trends in Arctic Biodiversity. Conservation of Arctic Flora and
Fauna, Akureyri, Iceland, pp 311-353.

Darnis, G. and Fortier, L. 2014. Temperature, food and the seasonal
vertical migration of key arctic copepods in the thermally
stratified Amundsen Gulf (Beaufort Sea, Arctic Ocean). Journal
of Plankton Research, 36(4): 1092-1108.

Darnis, G., Robert, D., Pomerleau, C,, Link, H., Archambault, P, Nelson,
R., Geoffroy, M., Tremblay, J.-E., Lovejoy, C., Ferguson, S., Hunt, B.
and Fortier, L. 2012. Current state and trends in Canadian Arctic
marine ecosystems: Il. Heterotrophic food web, pelagic-benthic
coupling, and biodiversity. Climatic Change, 115(1): 179-205.

Eriksen, E., Skjoldal, H.R., Dolgov, A.V., Orlova, E.L. and Prozorkevich,
D.V. 2016.The Barents Sea euphausiids: methodological
aspects of monitoring and estimation of abundance and
biomass. ICES Journal of Marine Science, 73(6): 1533-1544.

Ershova, E.A., Hopcroft, R.R. and Kosobokova, K.N. 2015a. Inter-
annual variability of summer mesozooplankton communities
of the western Chukchi Sea: 2004-2012. Polar Biology, 38(9):
1461-1481.

Ershova, E.A., Hopcroft, R.R., Kosobokova, K.N., Matsuno, K., Nelson,
R.J., Yamaguchi, A. and Eisner, L.B. 2015b. Long-term changes in
summer zooplankton communities of the western Chukchi Sea,
1945-2012. Oceanography, 28(3): 100-115.

Falk-Petersen, S., Mayzaud, P, Kattner, G. and Sargent, J.R. 2009.
Lipids and life strategy of Arctic Calanus. Marine Biology
Research, 5(1): 18-39.

Forest A., Stemmann, L., Picheral, M., Budorf, L., Robert, D., Fortier,

L. and Babin, M. 2012. Size distribution of particles and
zooplankton across the shelf-basin system in southeast
Beaufort Sea: combined results from an Underwater Vision
Profiler and vertical net tows. Biogeosciences, 9(4): 1301-1320.

Galand, P.E., Casamayor, E.O., Kirchman, D.L., Potvin, M. and Lovejoy,
C. 2009. Unique archaeal assemblages in the Arctic Ocean
unveiled by massively parallel tag sequencing. The ISME
Journal, 3(7): 860-869.

Ghiglione, J.F, Galand, P.E., Pommier, T., Pedrés-Alié, C., Maas, E.W.,
Bakker, K., Bertilson, S., Kirchmanj, D.L., Lovejoy, C., Yager, PL.
and Murray, A.E. 2012. Pole-to-pole biogeography of surface
and deep marine bacterial communities. PNAS, 109(43): 17633-
17638.




Gill, M.J,, Crane, K., Hindrum, R, Arneberg, P, Bysveen, |., Denisenko,
N.V., Gofman, V., Grant-Friedman, A., Gudmundsson, G.,
Hopcroft, R.R,, lken, K., Labansen, A,, Liubina, O.S., Melnikov,
I.A., Moore, S.E., Reist, J.D., Sirenko, B.l., Stow, J., Ugarte, F,
Vongraven, D. and Watkins, J. 2011. Arctic Marine Biodiversity
Monitoring Plan. CAFF Monitoring Series Report No. 3,
Conservation of Arctic Flora and Fauna International
Secretariat, Akureyri, Iceland.

Gislason, A. and Astpérsson, O.S. 1998. Seasonal variations in
biomass, abundance and composition of zooplankton in the
subarctic waters north of Iceland. Polar Biology, 20(2): 85-94.

Gislason, A., Petursdéttir, H., Astbérsson, O.S., Gudmundsson, K. and
Valdimarsson, H. 2009. Interannual variability in abundance
and community structure of zooplankton south and north
of Iceland in relation to environmental conditions in spring
1990-2007. Journal of Plankton Research, 31(5): 541-551.

Gislason, A., Petursdéttir, H. and Gudmundsson, K. 2014. Long-term
changes in abundance of Calanus finmarchicus south and
north of Iceland in relation to environmental conditions and
regional diversity in spring 1990-2013. ICES Journal of Marine
Science, 71(9): 2539-2549.

Grainger, E.H. 1965. Zooplankton from the Arctic Ocean and
adjacent Canadian waters. Journal of the Fisheries Research
Board of Canada, 22(2): 543-564.

Grigor, J.J., Marais, A.E., Falk-Petersen, S. and Varpe, O. 2015.

Polar night ecology of a pelagic predator, the chaetognath
Parasagitta elegans. Polar Biology, 38(1): 87-98.

Hasle, G.R. and Heimdal, B.R. 1998. The net phytoplankton in
Kongsfjorden Svalbard July 1988 with general remarks on
species composition of Arctic phytoplankton. Polar Research,
17:31-52.

Hegseth, E.N. and Tverberg, V. 2013. Effect of Atlantic water inflow
on timing of the phytoplankton spring bloom in a high Arctic
flord (Kongsfijorden Svalbard). Journal of Marine Systems, 113-
114:94-105.

Hop, H., Pearson, T., Hegseth, E.N., Kovacs, K.M., Wiencke, C.,
Kwasniewski, S., Eiane, K., Mehlum, F,, Gulliksen, B., Wlodarska-
Kowalezuk, M., Lydersen, C., Weslawski, J.M., Cochrane, S.,
Gabrielsen, G.W,, Leakey, R.J.G., Lenne, O.J., Zajaczkowski,

M., Falk-Petersen, S., Kendall, M., Wangberg, S.A., Bischof, K.,
Voronkov, A.Y.,, Kovaltchouk, N.A., Wiktor, J., Poltermann, M.,
di Prisco, G., Papucci, C. and Gerland, S. 2002. The marine
ecosystem of Kongsfjorden Svalbard. Polar Research, 21(1):
167-208.

Hunt, B.PV,, Nelson, R.J., Williams, B., McLaughlin, F.A., Young, K.V.,
Brown, K.A., Vagle, S. and Carmack, E.C. 2014. Zooplankton
community structure and dynamics in the Arctic Canada Basin
during a period of intense environmental change (2004-2009).
Journal of Geophysical Reseach Oceans, 119(4): 2518-2538.

Huse, S.M., Dethlefsen, L., Huber, J.A., Welch, D.M., Relman, D.A. and
Sogin, M.L. 2008. Exploring microbial diversity and taxonomy
using SSU rRNA hypervariable tag sequencing. PLoS Genetics,
4(11): e1000255.

Johnson, M\W. 1934. The production and distribution of
zooplankton in the surface waters of the Bering Sea and Bering
Strait, Part Il. In: Report of the oceanographic cruise U.S. Coast
Guard Cutter Chelan, Bering Sea and Bering Strait, 1934. United
States Coast Guard, pp 1-380.

Joli, N., Monier, A, Logares, R. and Lovejoy, C. 2017. Seasonal
patterns in Arctic prasinophytes and inferred ecology of
Bathycoccus unveiled in an Arctic winter metagenome. The
ISME Journal.

Josefson, A.B. and Mokievsky, V. 2013. Marine invertebrates. In: H.
Meltofte (ed.). 2013. Arctic Biodiversity Assessment, Status and
trends in Arctic Biodiversity. Conservation of Arctic Flora and
Fauna, Akureyri, Iceland, pp 277-309.

Kilias, E.S., Peeken, |. and Metfies, K. 2014. Insight into protest
diversity in Arctic sea ice and melt-pond aggregate obtained
by pyrosequencing. Polar Research, 33: 23466.

Kleiven, M.R., Naustvoll, L.J., Larsen, S.H. and Larionow, V.

2015. Phytoplankton. Barents Sea Environmental Status.

BarentsPortal, Barents Sea Environmental Status, A Norwegian-
Russian Collaboration.

Kosobokova, K.N. 1982. Composition and distribution of the
biomass of zooplankton in the central Arctic Basin. Oceanology,
22:744-750.

Kosobokova, K.N., Hirche, H.-J. and Hopcroft, R.R. 2011. Patterns of
zooplankton diversity through the depths of the Arctic’s central
basins. Marine Biodiversity, 41(1): 29-50.

Kraft, A., Bauerfeind, E., Nothig, E.-M. and Bathmann, U.V. 2012.

Size structure and life cycle patterns of dominant pelagic
amphipods collected as swimmers in sediment traps in the
eastern Fram Strait. Journal of Marine Systems, 95; 1-15.

Krawczyk, D., Arendt, K., Juul-Pedersen, T., Sejr, M.K,, Blicher, M.E.
and Jakobsen, H.H. 2015a. Spatial and temporal distribution
of planktonic protists in the East Greenland fjord and offshore
waters. Marine Ecology Progress Series, 538: 99-116.

Krawczyk, D.W., Witkowski, A., Juul-Pedersen, T., Arendt, K.E.,
Mortensen, J. and Rysgaard, S. 2015b. Microplankton
succession in a SW Greenland tidewater glacial fjord influenced
by coastal inflows and run-off from the Greenland Ice Sheet.
Polar Biology, 38(9): 1515-1533.

Kristiansen, |., Gaard, E., Hatun, H., Jonasdéttir, S. and Ferreira, A.S.A.
2016. Persistent shift of Calanus spp. in the southwestern
Norwegian Sea since 2003, linked to ocean climate. ICES
Journal of Marine Science, 73(5): 1319-1329.

Kubiszyn, A.M., Piwosz, K., Wiktor Jr., J.M. and Wiktor, J.M. 2014.

The effect of inter-annual Atlantic water inflow variability
on the planktonic protist community structure in the West
Spitsbergen waters during the summer. Journal of Plankton
Research, 36(5): 1190-1203.

Lalande, C,, Bauerfeind, E., N6thig, E.-A. and Beszczynska-Moller, A.
2013. Impact of a warm anomaly on export fluxes of biogenic
matter in the eastern Fram Strait. Progress in Oceanography,
109: 70-77.

Lefebvre, K.A., Quakenbush, L., Frame, E., Huntington, K.B., Sheffield,
G., Stimmelmayr, R., Bryan, A., Kendrick, P, Ziel, H., Goldstein, T.,
Snyde, J.A,, Gelatt, T., Gulland, F,, Dickerson, B. and Gill, V. 2016.
Prevalence of algal toxins in Alaskan marine mammals foraging

in a changing arctic and subarctic environment. Harmful Algae,
55:13-24.

Li, WK.W., McLaughlin, FA., Lovejoy, C. and Carmack, E.C. 20009.
Smallest algae thrive as the Arctic Ocean freshens. Science,
326(5952): 539-539.

Lovejoy, C. 2013. Microorganisms. In: H. Meltofte (ed.). 2013.

Arctic Biodiversity Assessment, Status and trends in Arctic
Biodiversity. Conservation of Arctic Flora and Fauna, Akureyri,
Iceland, pp 372-382.

Lovejoy, C., Massana, R. and Pedrés-Alié, C. 2006. Diversity and

distribution of marine microbial eukaryotes in the Arctic Ocean

and adjacent seas. Applied and Environmental Microbiology,
72(5): 3085-3095.

Lovejoy, C., Vincent, W.F, Bonilla, S., Roy, S., Martineau, M.J., Terrado,
R., Potvin, M., Massana, R. and Pedrés-Alio, C. 2007. Distribution
phylogeny, and growth of cold-adapted picoprasinophytes in
arctic seas. Journal of Phycology, 43(1): 78-89.

Luddington, I.A., Kaczmarska, I. and Lovejoy, C. 2012. Distance and
character-based evaluation of the V4 region of the 18S rRNA
gene for the identification of diatoms (Bacillariophyceae). PLoS
ONE, 7(9): e45664.

Luddington, A, Lovejoy, C. and Kaczmarska, I. 2016. Species-rich
meta-communities of the diatom order Thalassiosirales in
the Arctic and northern Atlantic Ocean. Journal of Plankton
Research, 38(4): 781-797.

McBride, M.M., Hansen, J.R., Korneev, O., Titov, O. (Eds.) Stiansen,
J.E., Tchernova, J,, Filin, A., Ovsyannikov A. (Co-eds.) 2016. Joint.
Norwegian - Russian environmental status 2013. Report on the
Barents Sea Ecosystem. Part Il - Complete report. IMR/PINRO
Joint Report Series, 2016 (2), 359pp. ISSN 1502-8828.

Maps, F., Pershing, A.J. and Record, N.R. 2012. A generalized
approach for simulating growth and development in diverse
marine copepod species. ICES Journal of Marine Science, 69(3):




370-379.

Marine Research Institute. 2015. Environmental conditions in
Icelandic waters 2014. Hafrannséknastofnun Fjolrit, 181.
Marine Research Institute, Reykjavik. [in Icelandic with English
summary].

Marquardt, M., Vader, A., Stubner, E.I, Reigstad, M. and Gabrielsen,
T.M. 2016. Strong seasonality of marine microbial eukaryotes
in a High-Arctic Fjord (Isfjorden, in West Spitsbergen, Norway).
Applied and Environmental Microbiology, 82(6): 1868-1880.

McBride, M.M., Hansen, J.R., Korneev, O., Titov, O., Stiansen, J.E.,
Tchernova, J., Filin, A, Ovsyannikov A. (Eds.). 2016. Joint.
Norwegian - Russian environmental status 2013. Report on the
Barents Sea Ecosystem. Part || - Complete report. IMR/PINRO
Joint Report Series, 2016 (2),Bergen, Norway, pp 359. Online.

Monier, A., Comte, J., Babin, M., Forest, A., Matsuoka, A. and Lovejoy,
C. 2015. Oceanographic structure drives the assembly
processes of microbial eukaryotic communities. The ISME
Journal, 9(4): 990-1002.

Monier, A., Terrado, R., Thaler, M., Comeau, A., Medrinal, E.
and Lovejoy, C. 2013. Upper Arctic Ocean water masses
harbor distinct communities of heterotrophic flagellates.
Biogeosciences, 10(6): 4273-4286.

Morata, N., Poulin, M. and Renaud, P. 2011. A multiple biomarker
approach to tracking the fate of an ice algal bloom to the sea
floor. Polar Biology, 34(1): 101-112.

MOSJ- Environmental monitoring of Svalbard and Jan Mayen. 2015.
Zooplankton species composition in Kongsfjorden (Calanus
spp.). Environmental monitoring of Svalbard and Jan Mayen
(MOSJ). Norwegian Polar Institute. Online.

Nelson, R.J., Carmack, E.C., McLaughlin, F.A. and Cooper, G.A. 2009.
Penetration of Pacific zooplankton into the western Arctic
Ocean tracked with molecular population genetics. Marine
Ecology Progress Series, 381: 129-138.

Paulsen, M.L., Doré, H., Garczarek, L., Seuthe, L., Mller, O., Sandaa,
R-A., Bratbak, G. and Larsen, A. 2016. Synechococcus in the
Atlantic Gateway to the Arctic Ocean. Frontiers in Marine
Science, 3 (191).

Pedros-Alio, C., Potvin, M. and Lovejoy, C. 2015. Diversity of
planktonic microorganisms in the Arctic Ocean. Progress in
Oceanography, 139: 233-243.

Percopo, |., Ruggiero, M.V., Balzano, S., Gourvil, P, Lundholm, N.,
Siano, R., Tammilehto, A., Vaulot, D. and Sarno, D. 2016. Pseudo-
nitzschia arctica sp. nov., a new cold-water cryptic Pseudo-
nitzschia species within the P. pseudodelicatissima complex.
Journal of Phycology, 52(2): 184-199.

Percy, J.A. 1993. Reproduction and growth of the Arctic hyperiid
Amphipod Themisto libellua Mandt. Polar Biology, 13(2): 131-
139.

Poulin, M., Daugbjerg, N., Gradinger, R,, llyash, L., Ratkova, T. and von
Quillfeldt, C. 2011.The pan-Arctic biodiversity of marine pelagic
and sea-ice unicellular eukaryotes: a first-attempt assessment.
Marine Biodiversity, 41(1): 13-28.

Questel, J.M,, Clarke, C. and Hopcroft, R.R. 2013. Seasonal and
interannual variation in the planktonic communities of the
north-eastern Chukchi Sea during the summer and early fall.
Continental Shelf Research, 67: 23-41.

Questel J.M., Hopcroft, R.R., Blanco-Bercial, L. and Bucklin, A. 2016.
Phylogeography and connectivity of the Pseudocalanus
(Copepoda: Calanoida) species complex in the eastern North
Pacific and the Pacific Arctic Region. Journal of Plankton
Research, 38(3): 610-623.

Ressler, PH., Dalpadado, P, Macaulay, G.J., Handegard, N. and
Skem-Mauritzen, M. 2015. Acoustic surveys of euphausiids and
models of baleen whale distribution in the Barents Sea. Marine
Ecology Progress Series, 527: 13-29.

Richardson, A.J. 2008. In hot water: zooplankton and climate change.
ICES Journal of Marine Science, 65(3): 279-295.

Ringuette, M., Fortier, L., Fortier, M., Runge, J.A., Belancer, S.,
Laroucher, P, Weslawski, J.-M. and Kwasniewski, S. 2002.
Advanced recruitment and accelerated population
development in Arctic calanoid copepods of the North Water.

Deep-Sea Research Part Il, 49(22-23): 5081-5099.

Slabinsky, A. and Figurkin, A.L. 2014. Structure of planktonic
community in the southern part of the Chukchi Sea in summer
period. Notifications TINRO, 178 [in Russian].

Slagstad, D., Ellingsen, I.H. and Wassmann, P. 2011. Evaluating
primary and secondary production in an Arctic Ocean void
of summer sea ice: an experimental simulation approach.
Progress in Oceanography, 90(1-4): 117-131.

Smoot, C.S. and Hopcroft, R.R. 2016. Cross-shelf gradients of
epipelagic zooplankton communities of the Beaufort Sea and
the influence of localized hydrographic features. Journal of
Plankton Research, 39(1): 65-78.

Stepanova, V.S. 1937a. Biological indicators of currents in the
northern Bering and southern Chukchi Seas. Issled Morei SSSR,
25:175-216 [in Russian].

Stepanova, V.S. 1937b. Distribution of Bering Sea water in the
Chukchi Sea (from data of the analysis of zooplankton from
a cruise on the icebreaker Krasin in 1935). Trudy Arkt Nauch-
Issled Inst., 82: 113-143.

Terrado, R, Scarcella, K., Thaler, M., Vincent, W.F. and Lovejoy, C. 2013.
Small phytoplankton in Arctic seas: vulnerability to climate
change. Biodiversity, 14(1): 2-18.

Terrado, R., Vincent, W.F. and Lovejoy, C. 2009. Mesopelagic protists:
diversity and succession in a coastal Arctic ecosystem. Aquatic
Microbial Ecology, 56(1): 25-39.

Thaler, M. and Lovejoy, C. 2015. Biogeography of heterotrophic
flagellate populations indicates the presence of generalist and
specialist taxa in the Arctic Ocean. Applied and Environmental
Microbiology, 81(6): 2137-2148.

Tremblay, J.-E., Robert, D,, Varela, D., Lovejoy, C., Darnis, G., Nelson,
R.J. and Sastri, A. 2012. Current state and trends in Canadian
Arctic marine ecosystems: | Primary production. Climatic
Change, 115(1): 161-178.

Trudnowska, E., Sagan, S., Kwasniewski, S., Darecki, M. and
Blachowiak-Samolyk, K. 2015. Fine-scale zooplankton
vertical distribution in relation to hydrographic and optical
characteristics of the surface waters on the Arctic shelf. Journal
of Plankton Research 37(1): 120-133.

Vader, A, Marquardt, M., Meshram, A.R. and Gabrielsen, T.M. 2015.
Key Arctic phototrophs are widespread in the polar night. Polar
Biology, 38(1): 13-21.

van der Meeren, G.|, Skotte, G., Ottersen, G., Franzen, S.,

Jorgensen, N.M,, Frie, A.K.H., Selvik, I. and Svensen,

H.l. 2014. Forvaltningsplan Barentshavet - rapport fra
Overvakingsgruppen 2014. Fisken og havet, Special Issue: 1b-
2014.115.

von Quillfeldt, C.H. 2000. Common diatom species in arctic spring
blooms: their distribution and abundance. Botanica Marina
43(6): 499-516.

Waleron, M., Waleron, K., Vincent, W.F. and Wilmotte, A. 2007.
Allochthonous inputs of riverine picocyanobacteria to coastal
waters in the Arctic Ocean. FEMS Microbiology Ecology, 59(2):
356-365.

Wassmann, P. and Lenton, T.M. 2012. Arctic tipping points in an earth
system perspective. AMBIO, 41(1): 1-9.

Wassmann, P, Reigstad, M., Haug, T., Rudels, B., Carroll, M.L., Hop,
H., Wing Gabrielsen, G., Falk-Petersen, S., Denisenko, S.G.,
Arashkevich, E., Slagstad, D. and Pavlova, O. 2006. Food webs
and carbon flux in the Barents Sea. Progress in Oceanography,
71(2-4). 232-287.

Wassmann, P,, Kosobokova, K.N., Slagstad, D., Drinkwater, K.F.,,
Hopcroft, R.R., Moore, S.E., Ellingsen, ., Nelson, R.J., Carmack,
E., Popova, E., Berge, J. 2015. The contiguous domains of
Arctic Ocean advection: Trails of life and death. Progress in
Oceanography, 139: 42-65

Weydmann, A., Carstensen, J., Goszczko, I., Dmoch, K., Olszewska,
A. and Kwasniewski, S. 2014. Shift towards the dominance
of boreal species in the Arctic: inter-annual and spatial
zooplankton variability in the West Spitsbergen Current. Marine
Ecology Progress Series, 501: 41-52.

Wiborg, K.F. 1976. Fishery and commercial exploitation of Calanus




finmarchicus in Norway. ICES Journal of Marine Science, 36(3):
251-258.

Willis, K.J., Cottier, F.R. and S. Kwasniewski. 2008. Impact of warm
water advection on the winter zooplankton community in an

Arctic flord. Polar Biology, 31(4): 475-481.



-

TreesTh situ Gorgopocephalus. ]
Photo: Peter Bondg Christensen,Aarhus University
- T *

a ., '_.l' = ‘, "H__:‘
v oot e h




3.3 Benthos

Lis Lindal Jargensen’, Philippe Archambault?, Martin Blicher’, Nina Denisenko?, Gudmundur Gudmundsson®, Katrin
IkenS, Virginie Roy’, Jan Sarensen®, Natalia Anisimova®, Carolina Behe'’, Bodil A. Bluhm', Stanislav Denisenko?,
Vera Metcalf'?, Steinunn Olafsdéttir '3, Tom Schigtte', Ole Tendal™, Alexandra M. Ravelo®, Monika Kedra'®, Dieter
Piepenburg’®

"Institute of Marine Research, Norway, 2 Université du Québec a Rimouski, Canada, * Greenland Institute of Natural
Resources, Greenland, * Russian Academy of Sciences, Russia, ® Icelandic Institute of Natural History, Iceland,

¢ University of Alaska Fairbanks, U.S.,” Canadian Museum of Nature, Canada, 8 Faroese Museum of Natural History,
Faroe Islands, ° Polar Research Institute of Marine Fisheries and Oceanography, Russia, '° Inuit Circumpolar Council,
Alaska, U.S., ' University of Tromsg, Norway, ' Inuit Circumpolar Council, Canada, '* Marine Research Institute,
Iceland, ' Natural History Museum of Denmark, ™ Institute of Oceanology, Polish Academy of Sciences, Poland,

' Institute for Polar Ecology, University of Kiel, Germany

3.3 Benthos 85
3.3.1 Introduction 86
3.3.2 Current monitoring 87
3.3.3 Status and trends of FECs 95
3.3.4 Drivers of observed trends 100
3.3.6 Conclusions and key findings 103
References 104




Snapshot

Currently, > 4,000 Arctic macro- and megabenthic species are known, representing the majority of Arctic
marine faunal diversity. This estimate is expected to increase.

Benthic invertebrates are food to fishes, marine mammals, seabirds and humans, and are commercially
harvested.

Traditional Knowledge (TK) emphasizes the link between the benthic species and their predators, such as
walrus, and their significance to culture.

Decadal changes in benthos biodiversity are observed in some well-studied regions, such as the Barents Sea
and Chukchi Sea.

Drivers related to climate-change such as warming, ice decline and acidification are affecting the benthic
community on a pan-Arctic scale, while drivers such as trawling, river/glacier discharge and invasive species
have significant impact on regional or local scales.

Increasing numbers of species are moving into, or shifting, their distributions in Arctic waters. These species
will outcompete, prey on or offer less nutritious value as prey for Arctic species.

Current monitoring efforts have focused on macro- and megabenthic species, but have been confined to the
Chukchi Sea and the Barents Sea. Efforts are increasing in waters of Greenland, Iceland, the Canadian Arctic,

macrobenthic groups is encouraged.

and in the Norwegian Sea. All other Arctic Marine Areas are lacking long-term benthic monitoring.

- As afirst step towards an international collaborative monitoring framework, we recommend to develop a
time- and cost-effective, long-term and standardized monitoring of megabenthic communities in all Arctic
regions with regular annual groundfish assessment surveys. Expanding monitoring on micro-, meio- and

3.3.1 Introduction

The seabed environment includes a great variety of physically
diverse and biologically distinct habitats that, collectively,
add to regional biodiversity of benthic fauna. Large spatial
and temporal variation in community structure of benthic
fauna is related to water depth (from shallow intertidal zones
to the deep abyss), currents, temperature, food availability,
irradiance, and type of substratum, ranging from hard and
rocky, to soft, muddy floors (e.g., Gray 2002, Piepenburg
2005). Sea ice is an additional environmental driver that
influences benthos, because it modifies hydrographic
features, scours in shallow water, and affects primary
production, amongst other effects (Sejr et al. 2009). Arctic
benthic fauna act as long-term integrators of overlying water-
column processes because of life spans on the order of years
or decades (e.g., Sejr et al. 2002, Blicher et al. 2007). Although
some benthic organisms are mobile, many remain relatively
stationary on or in bottom sediments and their community
patterns are thus directly affected by local hydrographic
conditions and the export production regime from the
overlying water column (Roy et al. 2014). Consequently, the
distribution, abundance and biomass of benthic invertebrate
species vary on multiple spatial scales. Benthic organisms
are key components of remineralization processes (Blicher et
al. 2009, Link et al. 2013 a, b) and also provide an important
food source to higher trophic levels, such as many fishes,
seabirds and marine mammals (Stirling 1997, Born et al. 2003,
Bluhm and Gradinger 2008, Blicher et al. 2011). Despite their
importance in Arctic food webs and other functional roles

in the ecosystem, relatively little is known about diversity of
some taxonomic groups and regions, distributional patterns,
and the environmental factors that may drive benthic
invertebrate community patterns across larger spatial
extents, especially on a pan-Arctic scale.

Benthic invertebrates live within the sediment (infauna) or
are either attached or move along the seafloor (epifauna) or
inhabit the water column just above the bottom (supra- or
hyperbenthos). Benthic invertebrates are typically divided
into size categories: organisms that can be identified from
seafloor photographs or are caught by trawls (megafauna);
organisms > 1.0 mm (macrofauna); organisms that are 0.1-1.0
mm (meiofauna); or organisms < 0.1 mm (microfauna).
Members of all these groups comprise the full diversity of
benthic communities. A wide range of different types of
specialized sampling gears, including trawls, corers, grabs,
remotely operated vehicles (ROV), and scuba diving, are
needed to sample all faunal components and/or a given
habitat appropriately (see Eleftheriou 2013).

Standardization across gears is rather challenging, as slight
differences in even the same gear types can cause differences
in catch efficiencies. It also is often not possible to apply

the full suite of different sampling gear types at a given
location to gather a complete range of benthic organisms.
For these reasons, the compilation presented here includes
only the subtidal mega- and macrofauna, for which the most
complete data are available on the pan-Arctic scale. However,
meio- and microfauna are also discussed in the Arctic Basin
section of this chapter. The exclusion of the smaller-sized
benthic components (meio- and microfauna, but see “Arctic
Basins”) greatly underestimates the actual number of benthic
invertebrate species in the Arctic Ocean, but this provides
the most practical approach at this time due to the feasibility,
capacity and logistical focus of many biodiversity studies on
epibenthic fauna for monitoring purposes.



This chapter has two major purposes; first to utilize existing
benthic biodiversity information (from grab, box core, benthic
trawl, dredge and sledge methods) to map biodiversity (Box
3.3.1), status and trends (Fig. 3.3.4-3.3.6). Second, to use
megafaunal data from bottom trawls to establish a current
reference state (Box 3.3.2) against which future changes (Fig.
3.3.2) can be compared for eight Arctic Marine Areas (AMAs)
defined by the Circumpolar Biodiversity Monitoring Program
(CBMP). Currently, data collected via annual fish assessment
surveys are the most comprehensive data sets (spatially and
temporally); therefore, monitoring recommendations on a
Pan-Arctic scale are restricted to such megafaunal data. The
CBMP Benthos Expert Network recommends to develop a
collaborative, cost-effective, long-term and standardized
monitoring of megabenthic communities in all Arctic regions
with regular annual groundfish assessment surveys.

3.3.2 Current monitoring

Present state of knowledge - species richness
and sampling effort

Benthic investigations in the Arctic started centuries ago and
include the British expeditions of the Lightning and Porcupine
(1860-1880), the Norwegian Michael Sars expeditions, and
the early Danish expeditions of the Ingolf (1895-1896),

Thor (1903) and Dana (1920-22). Together, these early

Small amphipod with Chaetognath.
Photo: Liz Lindal Jergensen

investigations provided considerable taxonomic knowledge
of Arctic benthic invertebrate fauna. Initially the primary
goal was to register new species, but since the 1920s the
quantification of biomass, abundance, and species richness
became more important (Zenkevich 1963). Recent estimates
of total species richness in the Arctic suggest that benthic
invertebrates comprise >4000 species (CAFF 2010).

To date, the most studied areas are the Chukchi Sea and

the Barents Sea, while information about fauna in other
areas such as the Canadian Arctic Shelf and the Greenland
region was limited until recently, and is still sparse for some
groups including the central Arctic, Faroes Archipelago

and Iceland (Box 3.3.1 and 3.3.2). A lack of consistency and
methodological standardization has been recognized as a
major obstacle to assess large-scale (from regional to pan-
Arctic) and long-term dynamics in benthic communities
(Bluhm et al. 2011, Piepenburg et al. 2011, Weslawski et al.
2011), although it is generally accepted that this information
is urgently needed to assess effects of anthropogenic
activities and a changing environment. To foster pan-Arctic
comparisons of benthic species assemblages, the CBMP
Benthos Expert Network presents historical baselines per
region and describes current sampling activities, which are
cornerstones towards establishing a coordinated pan-Arctic
long-term monitoring plan.




Figure 3.3.1. The Arctic Basin where suggested future long-term monitoring of trawl-megafauna should capture possible changes along the flow of
the Arctic Circumpolar Boundary Current (Figure A, blue line) and the Arctic deep-water exchange (Figure b, green line). Adapted from Bluhm et al.
(2015).



Box 3.3.1: Benthic macro- and megafauna

Distribution of major benthic invertebrate groups in the Arctic

Arthropods (e.g., shrimps, crabs, sea spiders, amphipods, isopods) dominate taxon numbers in all Arctic regions,
followed by polychaetes (e.g., bristle worms) and mollusks (e.g., gastropods, bivalves). Other taxon groups are

diverse in some regions, such as bryozoans in the Kara Sea, cnidarians in the Atlantic Arctic, and foraminiferans in the
Arctic deep-sea basins. This pattern is biased, however, by the meiofauna inclusion for the Arctic Basin (macro- and
meiofauna size ranges overlap substantially in deep-sea fauna, so nematodes and foraminiferans are included) and the

influence of a lack of specialists for some difficult taxonomic groups.
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Box figure 3.3.1 Regional pie charts showing the species/taxon number (in brackets) per region and the relative proportion of certain

taxa in species richness. Regions have been sampled with one or several types of sampling gears, including different grabs, sledges and
trawls, but also subjected to different levels of taxonomic resolution for the different taxon groups. Data from: Icelandic Institute of Natural
History, Iceland; Marine Research Institute, Iceland; Faroese Museum of Natural History, Faroe Islands; University of Alaska Fairbanks, U.S.;
Natural History Museum of Denmark, Denmark; Zoological Institute of the Russian Academy of Sciences, Russia; Université du Québec a
Rimouski, Canada; Canadian Museum of Nature, Canada; Fisheries and Oceans Canada; and Institute of Marine Research, Norway. For the

Arctic Basin, data sources are listed in Bluhm et al. (2011).




Eastern Atlantic Arctic (incl. Barents Sea, the
Faroe Islands, Iceland, but excluding eastern
Greenland)

Barents Sea and Norwegian Sea

Historical benthos sampling

Between the end of the 19* Century and 2004, about 3000
stations had been sampled in the Barents Sea at depths from
the tidal zone to 1,200 m, using a variety of different grabs,
trawls, and dredges (Denisenko 2013). The latest report lists
2,435 macro- and megafaunal species for the Barents Sea
(Sirenko 2001), but this figure does not include the species/
taxa inhabiting the west of the Nord Cape nor new records
collected in the recent two decades. Predictive models
suggest that the ‘true’ species richness may be up to 3,200
taxa (Denisenko 2013).

In Norway, the program MAREANO, running from 2006

to 2017 (ongoing), created a baseline understanding of
biotopes and habitats along the western shelf of northern
Norway and in the southern Barents Sea. From 2 m beam-
trawl, an epibenthic sampling sledge and Van Veen grab
samples, a total of 2,225 epi-, in- and hyperbenthic macro
and megafauna species/taxa have been recorded. This type
of multi-equipment approach showed that Arthropoda,
Annelida and Mollusca are the most speciose taxa (Box 3.3.1).

Current benthic megafauna monitoring by trawl

Since 2005, a Long-Term Monitoring for Benthic Megafauna
program has been part of the annual ground fish surveys
conducted in the framework of the Joint Annual Norwegian-
Russian Ecosystem Survey in the Barents Sea (Anisimova et al.
2010, 2011, IMR Norway 2015, Jgrgensen et al. 2015, 2016),
where two benthic taxonomic experts identify megabenthic
organisms in the bottom-trawl catches to the lowest practical
taxonomic level on every cruise, and assess megabenthic
abundance and biomass of each taxon. In the Long-Term
Monitoring for Benthic Megafauna approach, selected
specimens are photographed and voucher specimens

were preserved for taxonomic reference purposes. Benthic
bycatch information is used to assess distribution patterns
of megabenthic communities and their changes over space
and time in relation to potential drivers. This program

has recorded a total of 380 species/taxa for the Barents

Sea through increasing taxonomic knowledge, a Russian-
Norwegian taxonomic exchange program and taxonomic
standardization to international databases of accepted
names (e.g., World Register of Marine Species, Ocean
Biogeographic Information System). Species/taxon richness
per station in 2011 varied from 2 to 72, with lowest values

in the southeastern Barents Sea and highest in the central
Barents Sea (Box 3.3.2). Out of 241 2-m-beam-trawl hauls
along the western coast of Norway, MAREANO recorded
more than 100 species/taxa at 32 stations, with a maximum
number of 330 species/taxa (Box 3.3.2).

Multiple approaches to deep sea monitoring

The Long-term Ecological Research (LTER) Observatory
HAUSGARTEN in the eastern Fram Strait is an array of stations
at depths of 1,200-5,600 m. It has been photographically
sampled regularly since 2000 in the framework of a long-term
scientific program of the German Alfred Wegener Institute,

Helmholtz Centre for Polar and Marine Research (Bergmann
etal. 2011). In the photographic time series, a total of 27
megabenthic taxa have been identified, but around 50
megabenthic species have been recorded when adding
supporting trawl material (Bergmann et al. 2011). While

the sampling method (seabed imaging) is not the same as
that regularly applied in the other regions (trawl surveys),

it is strongly advised that the HAUSGARTEN location will

be integrated in the CBMP, as it represents the only existing
Arctic deep-sea benthic observatory.

The Faroe Islands

Historical benthos sampling

The BIOFAR project (1988 to 1990) conducted benthic
investigations at about 600 stations at depths from 20 to
2,420 m, with grabs, trawls, sledges and dredges, especially

in the deeper parts of the Faroese Economic Exclusive Zone
(EEZ). Although not complete, the Natural History Museum of
the Faroe Islands today holds records of about 1807 mega-
and macrofaunal species/taxa from this region (Box 3.3.1).

Current benthic megafauna monitoring by trawl

The annual trawl surveys on the Faroe Shelf and Faroe Bank
are monitoring 100 stations in early spring, and 200 stations
in August. Although only fish data have been recorded to
date, the Fisheries Research Institute aims to begin to also
include benthic invertebrate bycatch as part of the annual
surveys by 2019. Benthic monitoring will be conducted

in much the same way as in Norway (see the Long-Term
Monitoring for Benthic Megafauna program, above),

Iceland and Greenland (see below), where experts in marine
megabenthic taxonomy will participate in ground fish survey
cruises and identify invertebrate bycatch to the lowest
taxonomic level and register the abundance and biomass of
each taxon.

Iceland

Historical benthos sampling

The main objective of the ongoing BIOICE project is to revise
a taxonomic inventory of the marine invertebrates found in
the waters of the Icelandic EEZ and to update knowledge

on their geographic distribution in this region (Box 3.3.1).
Sampling was completed during 1991-2004 and included
the biogeographic boundary between boreal and Arctic
regions of the North Atlantic, comprising 579 stations at
depths between 20 and 3,100 m, at various bottom types
with water temperatures ranging from -1°C to over 9°C. In the
course of the project, over 2,345 benthic species/taxa, have
been registered so far with voucher specimens in museum
collections.

Current benthic megafauna monitoring by trawl

In line with the Russian-Norwegian Long-Term Monitoring
for Benthic Megafauna approach, the Marine Research
Institute (MRI) of Iceland implemented a three-year pilot
project in 2015 in order to make the identification of all
benthic invertebrate bycatch an integral part of the annual
Icelandic Autumn Groundfish Survey. This pilot program is
also related to the Greenlandic three-year pilot study (see
below) to standardize methodologies, including taxonomic
identifications of megabenthos, across the Atlantic Arctic.
The survey includes approximately 400 fixed stations within



Box 3.3.2: Benthic megafauna

Pan-Arctic taxon richness in trawl benthos

More than 100 megafaunal species/taxa have been recorded at trawl stations (red) in the eastern Beaufort Sea, the
deeper parts of the Laptev Sea, and the west coast of Norway. The lowest numbers (blue/grey) have been recorded
in around Greenland and Iceland, in the southeastern Barents Sea and southern Chukchi Sea, as well as the shallower
parts of the Kara, East Siberian, and Laptev Seas. Intermediate species/taxon richness (yellow) have been recorded

in the Baffin Bay-Davis Strait/Hudson Complex, the central and northern Barents Sea, the western Beaufort Sea, the

northeastern Chukchi Sea, and the Canadian Archipelago.
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Box figure 3.3.2 Number of megafauna species/taxa in the Arctic (7,322 stations in total), based on recent trawl investigations. Stations
with highest species/taxon number are sorted to the top, meaning that dense concentrations of stations (e.g. Eastern Canada, Barents Sea),
with low species numbers are hidden behind stations with higher species numbers. Also note that species numbers are somewhat biased
by differing taxonomic resolution between studies. Data from: Icelandic Institute of Natural History, Iceland; Marine Research Institute,
Iceland; University of Alaska, Fairbanks, U.S.; Greenland Institute of Natural Resources, Greenland; Zoological Institute of the Russian
Academy of Sciences, St. Petersburg, Russia; Université du Québec a Rimouski, Canada; Fisheries and Oceans Canada; Institute of Marine
Research, Norway; and Polar Research Institute of Marine Fisheries and Oceanography, Murmansk, Russia.




the Icelandic EEZ, encompassing sites at the continental shelf
and slope to 1,500 m depth. The research area is divided into
a shallow-water area (0-400 m) and a deep-water area (> 400-
1,500 m), but currently benthic megafauna bycatch is only
analyzed for the deep-water area. Photos of voucher species
will be included in a benthos identification catalogue of
Icelandic waters and will be part of an overarching catalogue
of the benthic fauna of the greater Arctic area. Data are
stored in a relational database (Oracle) jointly run by the MRI
and the Icelandic Institute of Natural History. Preliminary
findings for the first cruise in 2015 showed that the cold-
water habitats (<0°C) north and east of Iceland comprise

on the average less than 15 species/taxa per haul, whereas
over 19 species/taxa per haul occurred in more temperate
waters (>0°C) south and west of Iceland. The total number of
megabenthos species/taxa found in both regions is 160 (Box
3.3.2).

Greenland (west and east coasts)

Historical benthos sampling

The compilation of species/taxon richness and distribution
across phyla for Greenland waters (Box 3.3.1) is based on all
available faunistic information from more than 500 sources
from the late 1700s until 2003, providing information about
Greenlandic marine benthos down to 1,000 m depth (Tendal
and Schigtte 2003). The complete data set encompasses
more than 2,100 species of benthic invertebrates, with
arthropods, mollusks and polychaetes representing 55% of
the species/taxa. However, these figures are strongly affected
by sampling effort. The number of species/taxa registered in
each of 18 sub-regions is significantly correlated with number
of sampling stations. Still, this extensive data compilation is
an extremely valuable baseline for current and future benthic
studies in Greenland waters.

Current monitoring of megafauna by trawl

In a three-year pilot study, (Initiating North Atlantic Benthos
Monitoring, INAMon) starting in 2015, the Long-Term
Monitoring for Benthic Megafauna approach of bycatch
surveys (see above) was adopted for Greenland waters,
with the participation of benthos experts from all Atlantic
Arctic countries. Benthic bycatch data are being collected
during annual shrimp/fish assessment trawl surveys at
more than 400 trawl stations. The goal is to make the
documentation of benthos bycatch an integrated part of
the standard protocol on the six annual shrimp/fish trawl
surveys of the Greenland Institute of Natural Resources

in the waters off west and southeast Greenland. INAMon
works as a platform for international knowledge-exchange
aiming to ensure standardized methodology, including
taxonomic identification, across regions to assist in regional
comparisons of future monitoring data. More than 400
megafauna species/taxa were registered in 2015. The average
number of species/taxa per trawl station was 14 for the
entire survey area, with a range from 1 to 44 (Box 3.3.2). The
shrimp/fish trawl surveys in Greenland currently cover only
areas of current or previous commercial trawling. Therefore,
the results will inevitably be biased towards more trawling-
impacted habitats, since un-trawled areas that may sustain
a more diverse fauna are poorly represented in the data set.
Preliminary data suggest that shallow offshore banks may
represent oases with high benthic biomass and species
richness. There are currently no shrimp/fish surveys in the

northernmost part of Greenland, and the monitoring of
benthos will continue to rely on occasional project-based
research surveys.

Kara and Laptev Seas

Historical benthos sampling

Despite a long history of biological studies, knowledge of
benthic species diversity in the Kara and Laptev Seas remains
incomplete. A compilation of benthic species numbers

from a variety of historic sampling campaigns (Sirenko
2001, 2003) created an important baseline, including a

total of 2,489 macro- and megabenthic species/taxa, with
arthropods, mollusks, bryozoans and polychaetes being the
most diverse groups (Box 3.3.1). Benthic species richness in
this Arctic region decreases toward the east, very likely due
to a decreasing influence of the Atlantic water inflow. In the
Kara Sea, species richness can be 20 to 25% higher for many
benthic groups than in the Laptev Sea (Piepenburg et al.
2011, Denisenko and Grebmeier 2015).

Benthic megafauna monitoring by trawl

No regular bottom trawl surveys are currently conducted

in the Laptev and Kara Seas. The Zoological Institute of

the Russian Academy of Sciences carried out the most
comprehensive, recent bottom trawling sampling in the
Laptev Sea in 1993 to 1995. Species/taxon numbers in the
trawl catches varied from 1 to 64 (mean: 16; unpublished
data). The trawl samples collected in the Kara Sea (1931 to
1938) have not yet been fully processed. In total, more than
150 species (Gorbunov, 1946) have been found (Box 3.3.2). It
is essential to continue benthic investigations in both Arctic
seas to gauge the effects of declining sea-ice cover and the
potential effects of an expected increase in ship traffic.

Pacific Arctic (incl. East Siberian Sea, Chukchi
Sea, northern Bering Sea)

East Siberian Sea

Historical benthos sampling

The East Siberian Sea is characterized by the lowest known
macrobenthic species richness among all Eurasian Arctic

seas (a total of 1,148 species; Sirenko 2010). Similar to other
Eurasian Arctic seas, the most diverse groups are arthropods,
mollusks, and polychaetes (Box 3.3.1). The Zoological Institute
of the Russian Academy of Sciences conducted the most
intensive benthos sampling using bottom trawls in 1930s
and at the beginning of the 2000s, although the latter was
restricted to the inner shelf. According to current knowledge,
the East Siberian Sea bottom fauna has highest species/taxon
richness at the northwestern border to the Laptev Sea and at
the southeastern border to the Chukchi Sea.

Historical benthic megafauna monitoring by trawl

No current trawl surveys are being conducted in the East
Siberian Sea. Species number from historical trawl samples
established from collections in 2004 vary from 1 to 28 (mean
of 8) per station, which is considerably lower than in the
Laptev Sea, despite the expected higher diversity based on
the transitional Pacific Arctic characterization of the East
Siberian Sea neighboring the Chukchi Sea (Box 3.3.2). This
pattern in the Laptev Sea may be partly due to differences



in gear and sampling effort. Benthic diversity is expected
to be higher in the deeper part under ice cover. In the
northwestern East Siberian Sea, the local benthic diversity
has been recorded with 110-120 species (Gorbunov 1946)
(Box 3.3.2).

Chukchi Sea and northern Bering Sea

Historical benthos sampling

Most systematic benthic sampling in the northern Bering

and Chukchi Seas dates back to the early 1970 to 1990s, with
published records for both epi- and macrofauna (e.g., Feder
et al. 2005, 2007, respectively). Examples of some of the larger
research endeavors include the Joint U.S.-USSR Central Pacific
Expedition (BERPAC), St. Lawrence Island Polynya Project in
the northern Bering Sea (SLIPP), and the Outer Continental
Shelf Environmental Assessment Program (OCSEAP). A total
of 1,406 macrozoobenthos species/taxa have been recorded
in the Chukchi Sea, with the most diverse groups being
arthropods, mollusks, polychaetes and bryozoans (Box 3.3.1).

Current benthic megafaunal monitoring by trawl

In the U.S., regions of commercial fisheries in the southern
Bering Sea are monitored through annual trawl surveys,
which routinely also record benthic invertebrate bycatch in
addition to fish (NOAA RACE database). Commercial trawling
activities may be a cause of reduced biodiversity found in
fished compared with unfished regions of the Bering Sea
(McConnaughey et al. 2000). With a decline in sea-ice cover
and the potential of increased regular ship traffic in the

high Arctic, the possibility of a fisheries development in

the Chukchi and Beaufort Seas is increasingly possible. In
response, an Arctic Fisheries Management Plan has been
formulated, which sets a baseline for sustainable harvests,
but currently does not permit commercial fisheries (NPFMC
2009) and no annual surveys are currently being conducted.
Future annual groundfish surveys could be expanded into
the Arctic Chukchi and potentially Beaufort Seas. Current
benthic assessments in the Chukchi Sea are being done
through individual research projects (e.g., Chukchi Sea
Offshore Monitoring in Drilling Area — Chemical and Benthos
(COMIDA—CAB), Arctic Ecosystem Integrated Studies (Arctic
EIS), and the Chukchi Sea Environmental Studies Program
(CSESP), also see Grebmeier et al. 2015b). In some cases, such
as the NOAA-funded Russian American Long-Term Census of
the Arctic (RUSALCA) program or the Distributed Biological
Observatory (DBO), research plans include repeated benthic
sampling at the same stations over time. The recently
installed Arctic Marine Biodiversity Observing Network
(AMBON) aims to identify sampling schemes that could
provide the basis for a long-term biodiversity monitoring
program in the Arctic. More than 300 megabenthic species/
taxa are regularly identified during each these research
programs (e.g., Bluhm et al. 2009, Blanchard et al. 2013,
Ravelo et al. 2014), providing a solid baseline of megabenthic
species/taxon occurrences in the Chukchi Sea region (Box
3.3.2) despite the lack of fisheries-based monitoring surveys.

Beaufort Sea

Historical benthos sampling

One of the earliest documented benthic grab and trawl
investigations on the U.S. (western) side of the Beaufort Shelf
was the Western Beaufort Sea Ecological Cruise (WEBSEC)

study in the early 1970s, reporting the occurrence of > 100
polychaete species/taxa and ~150 gammarid amphipod
species alone (Carey 1976). Subsequent U.S. Beaufort
explorations focused mostly on fishes, but also yielded
information on benthic invertebrates (Frost and Lowry 1983),
or on the nearshore lagoon systems. The Canadian Arctic
Expedition, 1913 to 1918, was the first scientific expedition

to provide a comprehensive collection of marine benthos
from the Canadian (eastern) Beaufort Sea. Interest in this
region was revived nearly 50 years later when hydrocarbon
exploration spurred ambitious field programs (e.g., Wacasey
1975, Wacasey et al. 1977, Atkinson and Wacasey 1989a). With
improved logistic capabilities, widespread field programs
including macro- and megabenthic community assessments
flourished in the last decade in projects such as the Canadian
Arctic Shelf Exchange Study (CASES), the Northern Coastal
Marine Studies (CCGS Nahidik program), the International
Polar Year-Circumpolar Flaw Lead System Study (IPY-CFL), the
Beaufort Regional Environmental Assessment (BREA), and
research collaborations among the CCGS Amundsen program,
ArcticNet, Canadian Healthy Ocean Network (CHONe), and
various oil companies. By gathering historical and recent data
from all different types of gear, a total of 1,047 epi-, in- and
hyperfauna species/taxa have been recorded. In decreasing
order, arthropods, polychaetes and mollusks were the most
species/taxon-rich groups (Box 3.3.1).

Current benthic megafauna monitoring by trawl

Recent investigations commenced in 2008, when a trawl
survey using the same methods as the annual groundfish
surveys in the Bering Sea were conducted in the western U.S.
Beaufort Sea, identifying 174 benthic invertebrate species
(Rand and Logerwell 2011). Other investigations between
2011 and 2014 through the U.S. Bureau of Ocean Energy
Management (BeauFISH and U.S.-Canada Transboundary
projects) supported shelf and slope investigations including
epibenthic trawls. Across the U.S. Beaufort Shelf, 133
epibenthic species/taxa from 71 trawls were identified
(Ravelo et al. 2015), while up to 160 epibenthic species along
the central Beaufort Sea shelf and slope were recorded (K.
Iken, B.A. Bluhm, unpubl. data). Recent investigations in the
Canadian Beaufort Sea started around 2007 at the onset

of the IPY-CFL scientific program and continued mostly
thereafter under the CCGS Amundsen program. The BREA
scientific program carried out extensive fish surveys from
2012 to 2014, yielding a vast amount of data on benthos in
bycatch (Majewski et al. 2016). There is, however, no recurring
annual bottom trawl survey in the either part of the Beaufort
Sea. For the entire Beaufort Sea region, total richness ranged
from 1 to 119 megafaunal species/taxa per haul (Box 3.3.2).

Canadian Arctic Archipelago, Hudson Bay
Complex, western Davis Strait-Baffin Bay

Historical benthos sampling

Few historic research-based studies have been carried out

in the Canadian Arctic Archipelago (e.g.,, Thomson 1982,
Atkinson and Wacasey 1989a), the Hudson Bay Complex (e.g.,
Wacasey et al. 1976, Atkinson and Wacasey 1989b) and the
western Davis Strait-Baffin Bay region (e.g., MacLaren 1978),
and if so, they were mostly based on grab sampling. Over

the last decade, many research projects (Link et al. 2013a,
Goldsmit et al. 2014, Roy et al. 2015) and programs (e.g., CCGS
Amundsen, ArcticNet, CAISN Il, CHONe) investigated benthos



in parts of these regions. By gathering available historic

and recent data from all research-based inventories, which
used different types of gear, a total of 1,151 epi-, in- and
hyperfauna species/taxa have been recorded in the Canadian
Arctic Archipelago, 841 species/taxa in the western Davis
Strait-Baffin Bay region and 786 species/taxa in the Hudson
Bay Complex. In decreasing order, arthropods, polychaetes
and mollusks were the most species/taxon-rich groups in all
three regions (Box 3.3.1).

Current benthic megafauna monitoring by trawl

For the Canadian Arctic Archipelago and northern Davis
Strait-Baffin Bay regions, the studies of Roy et al. (2014, 2015)
represent the most recent research-based investigations

on megabenthic communities. The Davis Strait-Baffin Bay
region and the Hudson Bay Complex are the only two
Canadian Arctic regions where commercial fisheries occur.
Fisheries and Oceans Canada (DFO) has been conducting an
annual multi-species depth-stratified bottom trawl survey to
perform stock assessments of Greenland halibut (Reinhardtius
hippoglossoides) and northern and striped shrimps (Pandalus
borealis and P. montagui, respectively) since 1999, but it

is also used for biodiversity monitoring (K. Hedges, pers.
comm.). All bycatch invertebrate groups are identified, but
there are not yet thorough and systematic surveys of benthic
communities at species level (Siferd 2015). Across the three
regions, estimates of total richness from research-based
investigations at a total of 281 stations ranged from 1 to 119
species/taxa per station. In the Davis Strait-Baffin Bay and
Hudson Bay Complex regions, estimates of total community
richness from bottom trawl bycatch surveys, including a
total of 3,477 stations, ranged from 3 to 59 species/taxa per
station. Considering all types of trawl, most of the high-to-
intermediate richness stations were distributed across the
Canadian Arctic Archipelago, in the northern and southern
areas of the Davis Strait-Baffin Bay region and the Hudson
Strait, while low-to-intermediate richness stations occurred
mostly in nearshore areas of Hudson Bay and along the
northern end of the Baffin Island shelf (Box 3.3.2).

Brittle star on the sea floor.
Photo: Katrin Iken, University of Alaska, Fairbanks

Arctic Basin

Historical benthos sampling

A number of early efforts such as the Norwegian Nordhavs
expedition in 1876-1878 (Danielson 1890) and the Russian
Sedov expedition in 1937-1940 (Gorbunov 1946, Gurjanova
1946), facilitated a first synthesis in which Sirenko (2001)
summarized 712 taxa for the ‘Arctic Basin’ (although with
undefined depth cut-off). More recent research efforts
conducted between the late 1990s and 2010 increased the
inventory to 1,125 benthic taxa found at stations deeper than
500 m and northwards of 80°N in Fram Strait (Bluhm et al.
2011). The macrobenthic species/taxon richness is dominated
by arthropods and annelids, and within the meiofauna by
foraminiferans and nematodes (Box 3.3.1). Also of note is that
macrofauna decrease in body size with increased depth, and
this happens more so than with meiofauna (Rex et al. 2006,
Wei et al. 2010).

Within arthropods, amphipods are richest in species, followed
by isopods and harpacticoid copepods. For few species, more
than 20 records exist and about half of all taxa have been
reported from only one or two stations.

Current benthic megafauna monitoring by trawl

Most benthic research efforts in the deep-sea Arctic Basin
have focused on macrofauna (syntheses by Bluhm et al.
2011 and Mironov et al. 2013) and meiofauna (syntheses by
Vanreusel et al. 2000, Soltwedel et al. 2009). Megabenthic
communities have been studied by only few trawl catches
or by photographic surveys mostly along slopes (Soltwedel
et al. 2009, MacDonald et al. 2010), with recent efforts
focused on the Beaufort Sea slope to ~1000 m (Norcross et
al. 2015, Majewski et al. 2016). No regular benthic sampling
is being conducted in the Arctic Basin by any nation. Specific
monitoring locations in the Arctic Basin have not yet

been identified, because of the sparse previous sampling.
Locations, however, should be determined such that they
would capture potentially changing benthic communities
along the Arctic Circumpolar Boundary Current and Atlantic
Deep Water inflow through Fram Strait, and into the
American Basin (Fig. 3.3.1). This could be a curved transect
crossing the Arctic Basin from west of Svalbard to the Bering
Strait. When this transect is crossed by a research vessel the
data could be added into the database of the Distributed
Biological Observatory (DBO).




3.3.3 Status and trends of FECs

Despite extensive benthic research in various regions of

the Arctic, there are only few that have been systematically
sampled over sufficiently long time periods to allow a reliable
assessment of potential changes in benthos. In the following,
the CBMP Benthos Expert Network presents three examples of
documented scientific long-term studies evaluating changes in
benthic community structure and biomass on annual to decadal
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Case study 1: Recent trends - Multiple impacts on
Barents Sea megabenthos (2007-2015)

The Barents Sea trawl investigations (see above) found high
megabenthic biomass in the cold waters along the southern
and western coast of Novaja Zemlya (sponges, sea urchins,
snow crabs, and crangonid shrimps), on the Spitsbergen Bank
influenced by Atlantic water (sea cucumbers, Iceland scallop
(Chlamys islandica), sponges, lyre crabs, and sea stars), and in the
southwestern Barents Sea (sponge field) (Fig. 3.3.2). The south-
central Barents Sea was characterized by lowest megabenthic
biomass. A general decrease in biomass over the recent decade
has been observed in the central Barents Sea, with a minimum in
2015. Whether the biomass reductions are due to rapid climate
change, such as ocean warming, or rather to other natural (e.g.,
predation from snow crabs or benthivorous fishes) or human
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2007, megabenthic biomass increased northwest of Kap Kanin 133462 - 57641
(Fig. 3.3.2) due to the invasion of the introduced king crab —] ;3;13‘;’ ?ﬁéz

(Paralithodes camtschaticus) (Orlov and lvanov 1978). This species
has now spread to coastal areas in the Russian and Norwegian
parts of the Barents Sea. Similarly, an increase in megabenthic
biomass in the northeastern Barents Sea in 2011 has at least in
part been attributed to an increasing population of the invasive
snow crab (Fig. 3.3.2). As it is a coldwater species living at water
depths from 20 to 700 m and temperatures below 5 to 8°C (Elner
and Beninger 1992), it is expected to spread over most of the
Barents Sea (Renaud et al. 2015). Pavlov and Bakanev (2012)
consider the snow crab (Chionoecetes opilio) invasion as one

of the most significant threats currently to biological diversity

in the region. In addition, the recent warming in the Barents

Sea is expected to lead to a borealization of megabenthic
communities, similar to what has been observed for fish
communities (Fossheim et al. 2015). The benthic communities
of the southwestern and coastal areas of the Barents Sea are
consistently boreal in terms of their biogeographic composition,
i.e., they lack truly Arctic species, but it is recognized that the
warming of the Barents Sea is pushing boreal species farther
north. Northward migrating commercial fish stocks have already
initiated new commercial trawling activity in the northern
Barents Sea. This makes the area east of Svalbard a possibly
vulnerable area subjected to multiple impact factors, including
ocean warming, bottom trawling, and invasions of non-
indigenous species, such as the snow crab.

[ 128883 - 267454

B 267455 - 406810

B 406811 - 763240

Bl 753241 -1509432

I 1509433 - 4077614
SC07

A KCO7

2015 Biomass (g)

| 3-7952

| 7953 - 18535
— 118536 - 33461
[ 33462 - 57641
[ 57642 - 1258882
B 128883 - 267454
B 267455 - 406810
B 206811 - 763240
B 753241 - 1509432
I 1509433 - 4077614

SC07

A KOO

Figure 3.3.2: Megafauna distribution of biomass (g/15 min
trawling) in the Barents Sea in 2007, 2011 and 2015. The green
circles show the distribution of the snow crab as it spreads from
east to west, and the blue triangles show the invasion of king crab
along the coast of the southern Barents Sea. Data from Institute
of Marine Research, Norway and the Polar Research Institute of
Marine Fisheries and Oceanography, Murmansk, Russia.



Case study 2: Decadal trends - Barents Sea
macrobenthic biomass fluctuations (1924-2003)

The distribution of macrobenthic biomass in the Barents

Sea varied between 1924 and 2003 (Fig. 3.3.3). The average
biomass values for the entire study region declined about
2.5-fold between the 1930s and the 1960s (from 147.0+11.7 to
59.5+4.3 wet weight g m?) (Denisenko 2001). In 2003, however,
average biomass even exceeded the high values from the
1930s (Denisenko 2013). Despite the general dynamics in the
distribution of macrobenthic biomass, some biomass hotspots
persisted over time, especially south of Svalbard and within the
central focus area (blue box in Fig. 3.3.3). It has been suggested
that some of the biomass decline between the 1930s and 1960s
was the result of bottom trawling (Denisenko and Denisenko
1991), whereas the increase observed between the 1960s and
2003 (within the focus area inside the blue box in Fig. 3.3.3)
could be caused by climate change.

In the early 1990s, negative impacts of commercial fish trawling
on the macrozoobenthos biomass in the Barents Sea were
quantified (Fig. 3.3.4) (Denisenko and Denisenko 1991). A strong
four-year lag relationship existed between total macrobenthos

biomass and bottom trawl intensity (Fig. 3.3.5) (Denisenko 2001).

Degradation of benthic communities was also detected in the
2000s, indicating the continuing impact of increased trawling
activities in the region (Manushin et al. 2008).

About 30-50% of known cold water coral reefs along the
northern coast of Norway have been damaged most likely due
to bottom trawling in the Barents Sea (Fossa et al 2002) and
biomass of sponges has decreased 20-fold in the southwestern
part of the sea (Denisenko 2013). Strong damage was also
observed in bottom communities as result of unsustainable
exploitation of target species, such as the Iceland scallop
(Denisenko 2013). Large concentrations of this megabenthic
species were discovered in the Barents Sea in the late 1980s
(Denisenko and Bliznichenko 1989) and commercially exploited
during the following 20 years. These populations have now been
completely depleted on Goose Bank, and the Svyatonosskaya
population near the Kola Peninsula has been seriously reduced
(Bakanev and Zolotarev 2012).

A
1924 - 1932
R R
1 !
: ". /
b &
B
1968 - 1970
F=—=====n=
| l
v l ' o |
o= . 4
C 2003

e
Al
- 2
|
|

W

Figure 3.3.3: Macrofauna distribution of biomass (g wet fixed
weight m) in the Barents Sea over three time periods: 1924-32
(Figure A), 1968-70 (Figure B) and 2003 (Figure C, constructed
from original archive data, except for area south of 72° N where
digitized megafaunal-data taken from Anisimova et al. (2010)
was used. Adapted from Denisenko (2013). Blue boxes delineate
the areas within which the zoobenthos biomass values were
compared.
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Figure 3.3.4: Commercial fishery impact on zoobenthos of the Barents Sea. Figure A) Intensity and duration of fishery efforts in standard
commercial fishery areas in the Barents Sea. The darker the area the longer the fishery has been in operation. Figure B) Level of decline in
macrobenthic biomass between 1926-1932 and 1968-1970 calculated as 1-b1968/b1930. The largest biomass decreases correspond to the darker
colour, whereas lighter colour refers to no change (Denisenko 2013).
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Figure 3.3.5: Variation of average annual trawling activity (in hours) and macrobenthic biomass (g m?), (a) and relationship of biomass with a four-
year lag (mean value of time of the turnover in biomass value) to trawling activity, (b) along the Kola section of the Barents Sea during 1920-1997
(Denisenko 2001, 2013).



Case study 3: Decadal trends, Pacific Arctic
- Northern Bering Sea and Chukchi Sea
macrobenthic biomass distribution (1970-
2000s)

Biomass distribution of infaunal macrobenthos in the
Chukchi Sea was considered in the analysis of decadal
patterns from the 1970s to the 2000s (Fig. 3.3.6). Several
benthic biomass hotspots persisted over the decadal
sampling. A biomass hotspot in the Chirikov Basin, just south
of Bering Strait, has noticeably diminished in biomass since
the 1970s. This is a traditional feeding area for gray whales,
foraging on ampeliscid amphipods, but gray whales have
declined in that region since the 1980s (Moore et al. 2003).
The shift in gray whale foraging away from the Chirikov Basin
is likely driven by a decline in their amphipod prey, perhaps
in part from overexploitation from gray whale feeding but

possibly also from climate-initiated ecosystem changes
including shifts in currents causing changes in sediment
grain size (Coyle et al. 2007, Grebmeier 2012). Another
hotspot, in the south-central Chukchi Sea, has persisted
over the study period since the 1980s, although a biomass
reduction has become noticeable in the most recent decade
(Grebmeier et al. 2015a). This hotspot is sustained by the
slowing of fast-flowing water entering through the narrow
Bering Strait, which causes an increase in settlement of
nutrient-rich particles to the benthos (Grebmeier 2012). The
benthos in this area is dominated by bivalves (Grebmeier

et al. 2015a), which are important food for many benthic
feeding marine mammals (e.g., walrus; Jay et al. 2012, Moore
et al. 2014). The recent benthic macrofauna biomass declines
in this region could be due to changes in flow dynamics
through Bering Strait, changes in benthic habitat features
such as sediment grain size, and possibly foraging pressures
(e.g., Moore et al. 2003).
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Figure 3.3.6: Benthic macro-infauna biomass in the northern Bering and Chukchi Seas from 1970 to 2012, displayed as decadal pattern Adapted

from Grebmeier et al. (2015a) with permission from Elsevier.




Box 3.3.3 Indigenous Knowledge of benthic species

Vera Metcalf, Eskimo Walrus Commission, Inuit Circumpolar Council Alaska and Carolina Behe, Inuit
Circumpolar Council-Alaska

There is a wealth of Indigenous Knowledge (IK) on benthic species within Inuit communities. This IK is an invaluable
knowledge resource, reaching back thousands of years, to aid in the understanding of changes occurring within the
Arctic.

Along Arctic coasts, benthic animals wash up regularly on shorelines mostly during autumn after a storm. Many of us
enjoy these resources for food. After a storm, we often search along the beaches and collect the ‘seafood’ Over time, we
are able to see and recognize when and where there are changes in the distribution and quantity of these resources.

Our knowledge teaches the importance of understanding interconnections within the Arctic to determine how some
of these changes may be occurring. For example, sea ice coverage, thickness, sand bar location, and ocean currents all
play a role in the health of life in the Arctic, including benthic resource species.

Benthic species are also an important food source for walrus. Many of us rely on walrus and consider it a very important
natural resource in our culture. When we hunt, harvest, and process walrus, we enjoy the benthic species found in the
stomach. Over time, we observed a decreasing volume of benthic prey, particularly clams, and an increasing volume of
pelagic fishes, or simply sand, in walrus stomachs.

The change in walrus stomach contents indicates that the distribution and availability of benthic resource species are
changing in some areas. This information validates some Elders who have noted that this change is linked to a decrease
in sea-ice coverage, dislocations of sand bars, and alterations of water currents.

Marine food sources for people around the Bering Sea include Ascidians (possibly Boltenia ovifera on stalk and other
colonial ascidian species).




3.3.4 Drivers of observed trends

Benthic fauna are generally sensitive to variations in the
surrounding environment and can respond at different
ecological levels (species, populations, and ecosystems).
Effects of climate change on benthic populations are
complex and are mainly related to changes in bottom-
water temperature, sea-ice dynamics, coastal erosion,
freshwater and sediment inputs from rivers, melting
glaciers and permafrost, and in the ocean carbon budget
(ocean acidification) (Piepenburg 2005). Commercial
bottom trawling is an anthropogenic driver that has been
demonstrated to cause fluctuations in benthic biomass
(Denisenko 2013). The impacts of such environmental and
anthropogenic drivers may weaken existing community
interactions and facilitate the invasion of non-indigenous
species into Arctic regions (Renaud et al. 2015). Records of
impacts from potential drivers of change vary among Arctic
regions. Here, the CBMP Benthos Expert Network provides
their first assessment of the importance of six major drivers
of change, along with their cumulative impact for different
Arctic regions (Table 3.3.1). No attempt has been made,
however, to weigh or prioritize these drivers because of the
lack of quantitative information in many regions.

Sea ice extent and thickness influence benthic communities
mostly indirectly through effects on hydrographic
conditions and primary production (Link et al. 2011). Thus,
changes in sea-ice dynamics will alter benthic energy flow
with subsequent effects on standing stock, community
interactions and, hence, ultimately also biodiversity. In the
Barents Sea, there is also evidence of warming bottom
temperatures (Jergensen et al. 2015), a second driver

expected with climate change. Higher ambient temperatures
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modify the environmental conditions experienced by
benthic organisms, exceeding the temperature limits of some
stenothermal (e.g., Arctic) species but opening these regions
to taxa that require warmer conditions for growth and
reproduction (e.g., boreal species). This factor is especially
expected in inflow regions of the North Atlantic and North
Pacific (Table 3.3.1).

As many large river systems and heavily glaciated areas
around Greenland and the Eastern Arctic Archipelago drain
into the Arctic Ocean, freshwater influence from increased
melting and discharge of these sources is expected to be
a strong driver in these Arctic regions. Reduced salinity
will directly affect the osmotic balance of benthic species
and may also cause indirect effects through changes in
stratification patterns and associated primary productivity
regimes. Witman et al. (2008) showed a significant effect
of chlorophyll a, which co-varied with the salinity in the
Canadian Arctic, on benthic biodiversity suggesting that
environmental stress as well as productivity influence
diversity in these marine systems.

The potential impacts of ocean acidification on benthic
biodiversity are not well known. Although several regions
have been identified to experience reduced alkalinity, such
as the Chukchi and Beaufort Seas, the exact biological
sensitivities are still to be determined. However, it is

well known that many non-Arctic calcareous species

have reduced shell-building capacity and metabolic and
behavioral effects. Ocean acidification will likely impact Arctic
benthic species in both their adult benthic and/or pelagic
larval stages, and juvenile stages are generally found to be
the most sensitive.
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Figure 3.3.7: Cumulative scores of various environmental and anthropogenic drivers of change of the benthic ecosystem across the eight Arctic
Marine Areas (AMA). A cumulative score is the median score of sub-regions per AMA (Table 3.3.1). Median score for the whole Arctic is given in the

centre.



Table 3.3.1. Presence or absence (1/0) of various environmental and anthropogenic drivers of change of the benthic ecosystem across the different
Arctic sub-regions. Median score of sub-regions per Arctic region is given in bold. A cumulative score of 1-2 is considered low, 3-4 intermediate, 5-6
high, and a score of na indicates a lack of information. NIS indicates non-indigenous species.

Arctic Region
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Atlantic Arctic 0 1 1 0.5 1 1 4.5
Greenland (northeast) 1 1 na na 0 na 2
Greenland (southeast) 1 1 na na 1 na 3
Iceland (north) 0 1 1 1 na 4
Iceland (south) 0 1 1 0 1 na 3
Faroe Islands (shallow) 0 0 1 na 1 1 3
Faroe Islands (deep) 0 0 0 na 1 1 2
Norwegian Shelf (northwest) 0 0 1 na 1 na 2
Barents Sea (northwest) 1 1 1 na 1 1 5
Barents Sea (southwest) 0 0 1 na 1 1 3
Barents Sea (northeast) 1 0 1 na 0 1 3
Barents Sea (southeast) 1 1 1 na 1 1 5
Kara-Laptev 1 1 1 na 0 na 3
Kara Sea 1 1 1 na 0 na 3
Laptev Sea 1 1 na na 0 na 2
Pacific Arctic 1 0 1 1 0 1 4
East Siberian Sea 1 0 1 na 0 na 2
Chukchi Sea (Russia) 1 0 1 na 0 1 3
Chukchi Sea (USA) 1 0 1 1 0 1 4
Northern Bering Sea 1 1 1 1 1 1 6
Beaufort Sea 1 1 na 1 1] na 3
Beaufort Sea (USA) 1 1 na 1 0 na 3
Beaufort Sea (Canada) 1 1 na na 0 na 2
Arctic Archipelago 1 0 na na 0 1] 1
Hudson Bay Complex 1 1 na na 1 1 4
Davis Strait-Baffin Bay 1 1 na na 1 1 4
Canada (west) 1 1 na na 1 1 4
Greenland (northwest) 1 1 na na 1 na 3
Greenland (southwest) 0 1 na na 1 na 2
Arctic Basin 1 0 1 na 0 na 2
Trawling impacts on certain benthic communities are Changes in environmental conditions (e.g., warmer inflowing
particularly strong in regions with regular commercial currents) and vessel-related activities (e.g., ballast waters;
trawling activities, such as in the Barents Sea (Denisenko see also Chapter 4) open opportunities for non-indigenous
2001) and other Atlantic Arctic regions, also in the Davis species to enter the Arctic systems. These non-indigenous
Strait-Baffin Bay Complex (Yesson et al. 2016). The constant invaders can have the potential to outcompete highly
disturbance erodes the resilience of these vulnerable bottom  adapted, native species and cause major interruptions of
communities, and only few opportunistic species are able existing communities. Some specific examples of invasive
to survive. This may be exacerbated in cases where trawling species with impacts on bottom communities are already
targets specific species and, thus, further alters the overall known, for example king crabs (Britayev et al. 2010) in the
community dynamics. Trawling in areas recently covered Barents Sea region, and the possible impact from snow crabs
by sea-ice most of the year are very vulnerable due to large are being evaluated from the same area.

upraised species easily taken by a trawl-gear (Jargensen et al.
2016).



3.3.5 Knowledge and monitoring gaps

As outlined above, a considerable amount of information
about Arctic benthic communities has been collected

over the past century. However, the lack of consistency

and methodological standardization in combination with
limited geographic coverage limits our ability to assess
large-scale (from regional to pan-Arctic) and long-term
dynamics in benthic communities, which is urgently needed
to assess effects of anthropogenic activities and a changing
environment.

A truly large-scale, long-term and internationally comparable
monitoring of benthic faunal assemblages does not exist
for the entire Arctic. The main reason for this is most likely
the significant costs of running such monitoring programs,
and the challenges to develop international standards.
Therefore, there is a need to formulate some standards

for benthos monitoring in the Arctic that 1) are realistic
given the logistical, scientific and economic constraints
existing in all Arctic countries, 2) will ensure a description

of key components in benthic faunal communities, and

3) have the potential to document large-scale and long-
term trends in the dynamics of selected benthic indicators
with regard to drivers related to climate change, trawling
impact, pollution and other potential anthropogenic and
natural drivers. This has led to the suggestion of focusing on
megabenthic invertebrate fauna caught by bottom trawls as
being the most practical environmental indicator organisms
for countries that have regular surveys in place (Blicher

et al. 2015, Jergensen et al. 2015). This monitoring can be
implemented either as part of already existing long-term
national, annual groundfish/shellfish assessment surveys, or
alternatively, as part of shorter-term research projects.

For those areas where annual groundfish-shellfish
assessment surveys take place, an expansion of the Long-
Term Monitoring for Benthic Megafauna program, described
in Chapter 3.3.1 and implemented in the Barents Sea by
Norway and Russia, and recently off Greenland, may serve
as a model to design a broader international monitoring
program. The CBMP Benthos Expert Network suggests to
establish a pan-Arctic scientific expert exchange program

to stimulate a process of knowledge sharing and the
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implementation of a standardized approach to sampling,
species identification, as well as data entry and storage.

This approach to monitoring is cost-effective because it
capitalizes on existing logistic platforms. In addition, it has
already proven to be effective for documenting large-scale
patterns in the distribution of benthic megafauna (Moritz et
al. 2013, Jgrgensen et al. 2015, 2016, Degen et al. 2016) and
enables the initial detection of potential vulnerable habitats,
valuable ecosystem components, or areas subject to change
(e.g., hotspots of biodiversity and/or production, invasive
species, feeding grounds for mammals). This approach can,
therefore, assemble the groundwork to assess long-term
changes and potential drivers of these changes.

For the vast areas of the Arctic without annual groundfish-
shellfish assessment surveys, collection of benthic
information will have to rely on intermittent research
projects. Such project-based surveys will be less regular
and will not sample the same regions repeatedly, but can
eventually also produce comparable data to monitored
regions, if standardized protocols are followed. It is advised
that trawl sampling be applied for greatest comparability
among Arctic regions and because it is relatively cost-
effective. Great care should be taken to ensure consistent
operating procedures, including the type and use of
sampling gear, species identification, sample processing,
data entry and storage. It is clear, however, that long-term
assessments based on research projects are subject to
changes in national research strategies and, hence, will very
likely not produce time-series data with the same reliability
as regular groundfish-shellfish assessment surveys.

While the focus here has been on megabenthic monitoring
based on trawl surveys because of the existing infrastructure
in several Arctic countries, macrofaunal collections are
equally important. Macrofauna serve as important prey for
upper trophic benthivores on shallow Arctic continental
shelves and are valuable long-term integrators of overlying
water column properties because they have generally little
mobility. Also, macrofauna sampling leaves a much smaller
footprint on the seafloor than trawling. Therefore, a strong
biodiversity program would include multiple scales of
benthic faunal sampling, including macro-infauna.




Laetmonice filicornis.
Photo: Olga Zimina, Greenland Institute of Natural Resources

3.3.6 Conclusions and key findings

Status of Knowledge on Biodiversity

- Knowledge of benthic fauna diversity in all regions
based on historical and current studies has
accumulated > 4,000 known Arctic macro- and
megabenthic species. This number does not include
what we expect to be a considerable number of
micro- and meiofaunal species, which are often not
part of regular sampling programs with bottom
trawls or traditional grab-sampling projects.

« Across all regions, the highest macro- and
megabenthic taxonomic richness is within
arthropod, mollusk and polychaete groups.

- There is a great need of information about little-
known regions, such as the deep-sea Arctic basins,
the high Canadian Arctic Archipelago, cryptic or
difficult-to-identify taxon groups, and biological
hotspots.

Temporal Trends and Drivers

- In the Barents Sea, macro- and megabenthic biomass
declines are attributed to trawling impacts, while
biomass increases are linked to the spreading of
non-indigenous boreal (e.g., red king crab) or more
sub-Arctic (e.g., snow crab) species.

- Sea-ice dynamics, ocean mixing, bottom-water
temperature change, commercial bottom trawling,
ocean acidification, river/glacier freshwater discharge
and introduction of non-indigenous species are
regarded as major drivers of observed and expected
changes in benthic community structure in the
Arctic.

- Benthic species are important food sources for
indigenous people and marine mammals and
seabirds. According to Traditional Knowledge (TK),
stocks of benthic prey have decreased in walrus

stomachs, particularly clams, while pelagic fishes
have increased. The knowledge of the people living
at the coasts of the Arctic Ocean must be recognized
as an invaluable resource for our understanding of
changes in Arctic benthic communities.

Increasing numbers of species are moving into, or
shifting, their distributions in Arctic waters. These
species will outcompete, prey on or offer less
nutritious value as prey for Arctic species.

Long-term Monitoring

From the perspective of long-term monitoring, we
suggest that the systematic study of macrobenthic
(grab investigations) and megabenthic (trawl
bycatch in regular fishery surveys including both
annual studies, as in the Atlantic Arctic, and Davis
Strait-Baffin Bay including those conducted by
Fisheries and Oceans Canada and Greenland Institute
of Natural Resources, and periodical studies as in
the Northern Bering and Chukchi Seas) are the
most suitable and practical approach for a pan-
Arctic biodiversity assessment. Standardization of
methodology, including taxonomic identification,
across regions will assist in pan-Arctic comparability.
A formalized monitoring plan (updated from Gill

et al. 2011) can build on existing national, annual
groundfish-shellfish trawl surveys, such as the ones
implemented successfully in the Atlantic Arctic
regions and Greenland Similar efforts should be
implemented in other regions where trawl surveys
are done regularly.

In regions without regular groundfish-shellfish
trawl surveys, information should be gathered
from research programs, which are usually short-
termed and do not guarantee spatial consistency in
sampling, but still provide valuable information on
benthic biodiversity and community patterns.
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Photo: Peter Leopold, Norwegian Polar Institute




3.4 Marine fishes

Kevin J. Hedges’, Shannon MacPhee', HreiBar bor Valtysson? Edda Johannesen’, Catherine W. Mecklenburg*

" Fisheries and Oceans Canada, Canada, ? University of Akureyri, Iceland, ? Institute of Marine Research, Norway,
4 Point Stephens Research, Alaska, U.S.

3.4 Marine fishes 109
3.4.1 Introduction 110
3.4.2 Current monitoring 111
3.4.3 Status and trends of FECs 113
3.4.4 Drivers of observed trends 121
3.4.5 Knowledge and monitoring gaps 123
3.4.6 Conclusions and key findings 123
References 124




Snapshot

interactions such as predation and competition.

and may affect marine mammals.

northeast Atlantic.

+ Pelagic and benthic fish species are important in Arctic marine ecosystems because they transfer energy to
predators such as seabirds, marine mammals, as well as people.

- Northward range expansions are underway and pose unknown consequences for Arctic species and their

- Fishes are affected by environmental conditions such as temperature, sea ice availability and salinity, and are
constrained by prey availability and predator pressure, which can be influenced by climate change

The ecologically important polar cod declined in the Barents Sea from 2004 to 2015, potentially because
of predation from Atlantic cod, a more southern species. The 2016 survey showed a notable increase in
abundance, driven by an unusually high abundance of one-year-old fish.

- Indices and monitoring programs based on harvested species or that rely on fishery-related data are inherently
affected by changes in stock size and exploitation rate, making them imperfect sources.

- Northward expanding capelin is less lipid-rich and has led to changes in seabird diet in northern Hudson Bay

- Greenland halibut have undergone declines and subsequent recoveries over the last two decades in the

3.4.1 Introduction

Arctic marine fish communities are changing as the result
of altered environmental conditions. Elevated ocean
temperatures and altered stratification, wave action and
the availability of ice habitats are driving changes in habitat
use patterns. Changes in habitat allow the northward
expansion of bordering species, often altering competitive
and predator-prey interactions. For example, the northward
movement of capelin (a complex of Mallotus species) in
Canadian Arctic waters represents the appearance of a
competitor for current keystone forage fishes such as polar
cod (Boreogadus saida), whereas the expansion of Atlantic
cod (Gadus morhua) has led to greater predation pressure on
polar cod in the northern Barents Sea.

Anthropogenic threats to Arctic marine fishes are likewise
changing. Increased accessibility because of reduced sea
ice concentration, extent and changes in the timing of
melt and onset are creating new opportunities for fishing,
petrochemical and mineral exploration and extraction,
transportation and tourism. Additional vessel traffic creates
increased noise, erosion and pollution. Of particular note,
commercial fisheries, such as those targeting the valuable
Greenland halibut (Reinhardtius hippoglossoides), have the
potential to expand spatially following changes in species
distributions or as previously inaccessible areas become ice-
free for extended periods.

The 2013 Arctic Biodiversity Assessment (ABA) listed 633
species of marine fishes that have been recorded in the
Arctic Ocean and adjacent seas (Christiansen et al. 2013).
Approximately 10% are harvested commercially and are
assessed for the purpose of providing quota advice. Much
less is known about the other 90%, and the ABA revealed
fundamental knowledge gaps in taxonomic status and
species distributions. Large areas of the Arctic have never
been surveyed for marine fish biodiversity. Monitoring

programs for marine fishes or communities occur in relatively
restricted areas and frequently focus on commercial fisheries
(Fig. 3.4.1). Short-term biodiversity surveys have occurred
sporadically, and are generally unsuited for monitoring
changes in biodiversity over time.

Here we selected three marine fish Focal Ecosystem
Components (FECs) that were listed in the Marine Biodiversity
Monitoring Plan (Gill et al. 2011): polar cod, Greenland halibut
and the capelin complex. Polar cod is an Arctic species with

a circumpolar distribution whereas capelin and Greenland
halibut are Arctic-boreal fishes found in Atlantic and Pacific,
as well as Arctic waters (Mecklenburg et al. 2013). Within this
chapter the terms Arctic, Arctic-boreal, and boreal when
applied to fish species, identify the zoogeographic group to
which a species belongs. The selection of marine fish FECs

is intended to draw attention to a few species that are of
particular ecological, subsistence or commercial importance
throughout the Arctic.

Capelin and polar cod are important, widely dispersed
forage fishes. The latter species was discussed in the ABA
report and is of special relevance to the Arctic because of its
close linkage with sea ice. Greenland halibut and capelin are
harvested commercially in large areas of the Arctic. Together,
these selected FECs illustrate changes occurring in marine
fish taxa and consequences for food webs and subsistence
and commercial fisheries. This report focuses on changes in
Arctic biodiversity and related drivers since the 2013 ABA,
which examined overall patterns in marine fish biodiversity
in the Arctic Ocean and adjacent seas and examined a few
fishery-targeted species in greater detail (Christiansen et

al. 2013). The analysis relied on a 2011 synthesis of Arctic
marine fish biodiversity (Mecklenburg et al. 2011), a number
of regional annotated species checklists and previously
unpublished data from research, surveys and monitoring
undertaken by ichthyologist and fishery science authors.



3.4.2 Current monitoring

Data on species distributions and abundances are derived
from governmental, academic or industry-related field
programs. Governmental programs often have longer time
series, good consistency in methods and equipment for
specimen collection, and function for ongoing monitoring.
Academic programs are typified by short time series and
methods can vary considerably among studies. Industry-
related programs are normally conducted by consulting
companies contracted by natural resource-extraction
companies. Data collection methods are often standardized,
but time frames are usually short (< 5 years). Databases are
managed by agencies or entities that conduct marine fish
surveys, monitoring and assessments, and identifying and
accessing these databases often poses a difficult legal exercise.
Within this chapter, surveys are considered short-term
assessments of fish communities and species distributions;
these programs are suitable for collecting baseline data on
species and ecosystems. Monitoring programs involve long-
term data collection that is suitable for assessing changes

in populations, species or communities, ideally together
with data on environmental conditions to detect causal
relationships for observed changes.

Surveys of marine fish biodiversity are needed throughout

the Arctic. Large areas of the Arctic remain unsurveyed

and while short duration (one to several years) surveys can
provide essential information on marine fish distributions and
abundance patterns, only long-term programs can be used to
monitor changes in biodiversity (e.g., species distributions and
ranges, community composition).

Canada has a large Arctic territory. Primary marine fish
biodiversity surveys have been completed in much of the
eastern and western portions of the Canadian Arctic, but
marine fish distributions in the Canadian Arctic Archipelago
remain largely unknown. Monitoring programs that are
suitable for assessing changes in marine fish biodiversity _ | -k
are currently limited to Baffin Bay, Davis Strait and inshore B Jr o Wy
waters on the east coast of Baffin Island. Annual multispecies “Capelin." : -} F
bottom trawl surveys are conducted in Baffin Bay and Davis Photo: Carsten Egevang/ARC-PIC.comiy
Strait, primarily to support stock assessments for Greenland
halibut and northern and striped shrimp (Pandalus borealis
and P. montagui, respectively). These surveys are effectively
used to monitor benthic fish and invertebrate biodiversity
(Jargensen et al. 2011), but the spatial extent and depth

range (200-1600 m) sampled are focused on the ranges of

the target species. Between 2012 and 2014, the Beaufort
Regional Ecological Assessment (BREA), Fisheries and Oceans
Canada (DFO), conducted a thorough survey of marine fishes
in the Canadian portion of the southern Beaufort Sea. This
survey collected valuable information on fish distributions,
but unless the survey continues in the future, there is no
ongoing marine fish biodiversity monitoring in the Canadian
Beaufort Sea. Disparate surveys conducted by government,
academia and industry can be cobbled together in other areas
for meta-analyses, but this approach is problematic for robust
biodiversity monitoring.

The Greenland Institute of Natural Resources, Nuuk, conducts
annual multi-species bottom trawl surveys in Baffin Bay, Davis
Strait, Denmark Strait and in inshore waters of West Greenland. [RECEulN LIl

Greenland and Canada use the same vessel for Greenland e
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Figure 3.4.1. Map of contemporary marine fish data sources. Green squares indicate data from benthic trawl monitoring efforts, blue squares
indicate data from benthic trawl surveys, while red triangles indicate data from pelagic trawl monitoring efforts.

halibut surveys in Davis Strait-Baffin Bay; the two countries
regularly combine their data for stock assessments and have
conducted joint assessments of marine fish biodiversity
(Jorgensen et al. 2011). Arctic waters off northeast Greenland
are regularly monitored by UiT, The Arctic University of
Norway as part of the TUNU Euro-Arctic marine fishes -
diversity and adaptation program (Christiansen 2012). This
also includes the area around Jan Mayen Island (Arctic and
Atlantic water), the Svalbard Archipelago (Atlantic and
Arctic water) and, whenever feasible, the Franz Josef Land
Archipelago (Arctic water).

The surface waters, continental shelf and slope bottom in

the Icelandic Exclusive Economic Zone (EEZ) are fairly well
covered by five annual trawl-based monitoring programs
that are conducted by the Marine Research Institute. There
are also regular monitoring programs for Atlantic cod (annual
gillnet), scallop (biannual dredge) and several pelagic fishes
(annual acoustics and pelagic trawl). All of these programs
occur primarily to assess commercial stocks; however,

all fishes caught are identified to species and counted
(Bjornsson et al. 2007, Marine Research Institute 2010), and
individual lengths are measured for a sub-sample of each
species from each tow. However, fish communities in deep
waters below 1,500 m and the mid-water realm are poorly
known due to a lack of commercially important species. A
few irregular and single-year surveys have been conducted
to examine marine fishes in areas outside the core area.

Norway’s Exclusive Economic Zone encompasses three
large marine ecosystems, two of which, the Norwegian
Sea (the northern part only) and the Barents Sea, fall
within the Circumpolar Biodiversity Monitoring Program’s
(CBMP) Atlantic Arctic Marine Area (AMA) boundary (red
outline in Fig. 3.4.1). These two seas sustain large fisheries,
and commercially important fish stocks are monitored
annually by the Institute of Marine Research (IMR), Bergen,
Norway, to provide stock assessment and quota advice.
Monitoring in the Norwegian Sea is a joint effort between
Norway, Greenland, the Faroe Islands and Iceland. The main



monitoring program in the Barents Sea is a joint effort
between Norway and Russia. During Institute of Marine
Research (IMR) programs, all fishes including non-commercial
species are identified, tallied and weighed, but time series
have not been developed for most non-commercial species
because historical data are unreliable and little effort has
been made to create time series. Furthermore, there are
ongoing problems with species identification, especially of
Arctic marine fishes, and the area assessed in the northern
regions has been variable, partially because of variation in
sea ice cover or the spatial distribution of the target species.

The Arctic marine waters of the U.S. are the northern Bering
Sea, the eastern Chukchi Sea and the western Beaufort

Sea. The Russian-American Long-Term Census of the

Arctic (RUSALCA), a joint program of the National Oceanic
and Atmospheric Administration (NOAA) Arctic Research
Program and the Russian Academy of Sciences, conducted
multidisciplinary surveys in 2004, 2009 and 2012 focused

on both the Russian (western) and eastern waters of Bering
Strait northward through the Chukchi Sea. In 2009, the
expedition reached the eastern East Siberian Sea and the
continental slope of the Arctic Ocean. Larval, juvenile and
adult fishes were collected. One of the main focuses of the
fish investigations was to explore under-studied waters

to determine species presence and abundance. Following

a hiatus since the 1970s in surveys and monitoring of the
Arctic region, NOAA Fisheries established a plan for the
management of fish resources in the Arctic waters of the U.S.
in 2009 (NOAA 2009). Information provided includes NOAA’s
5-Year Action Plan, with reporting to the public via NOAA's
Arctic website (NOAA 2017). Recent NOAA fish surveys in
the Arctic include the U.S. Beaufort Sea in 2008 and the U.S.
Chukchi Sea in 2007 and 2012. In addition to surveys, the
NOAA Arctic Research Program has sponsored, in conjunction
with RUSALCA, studies of voucher specimens from historical
and recent expeditions in the Arctic and adjacent waters

in museums throughout the Northern Hemisphere, and
molecular genetic studies contributing to the determination
of species and resolution of taxonomic problems affecting
assessments of biodiversity. The taxonomic and distributional
baselines produced from the RUSALCA investigations in the
Pacific Arctic were recently published, including analysis

of taxonomic issues, geographic distributions and a guide
to species identification (Mecklenburg and Steinke 2015,
Mecklenburg et al. 2016).

The University of Alaska Fairbanks (UAF) has recently
conducted fisheries research in the eastern Chukchi Sea (e.g.,
Norcross et al. 2013) and western Beaufort Sea. The most
recent UAF surveys in the Beaufort Sea were conducted

in 2012-2014 in conjunction with Canada (BREA) in a
transboundary program. Voucher specimens from the UAF
surveys, including those in the Beaufort Sea in 2012-2014,
were examined and the information was incorporated in the
Pacific Arctic baseline documents (Mecklenburg and Steinke
2015, Mecklenburg et al. 2016).

When interpreting trends in monitoring data, it is essential
that the exploitation history of the subject species or
community is taken into consideration to understand
whether historical data represent unexploited or altered
states. This is particularly true in cases where fisheries once
existed but have been discontinued, or when subsistence
fisheries are conducted with little scientific documentation

(Zeller et al. 2011, Misund et al. 2016). The incorporation of
Traditional Knowledge (TK) and fishers’knowledge (Armitage
etal. 2011) in study planning, analyses and decision making
can be beneficial for placing surveys and their results in
appropriate contexts.

The Food and Agriculture Organization of the United Nations
(FAQ), the International Council for the Exploration of the
Sea (ICES) and the Northwest Atlantic Fisheries Organization
(NAFO) maintain publically accessible databases on fish
harvests and fish stock assessments. The FAO database

is useful for finding information on total harvests of
commercially important species that inhabit the Arctic, but
the FAO areas are very large, rendering the database useless
for estimating spatial distributions. Species identification

in the FAO database is also an issue (Lleonart et al. 2006).

For example, there are no records of ice cod (Arctogadus
glacialis), only polar cod. Given their strong morphological
similarities and frequent co-occurrence in trawl hauls, it is
therefore likely that a portion of the reported polar cod catch
is actually ice cod. FAO area 18 covers the high Arctic, but
data on marine fish catches in that area have been shown

to be highly inaccurate and the records do not include
indigenous subsistence catches (Zeller et al. 2011). The NAFO
and ICES catch databases record catches on smaller spatial
scales, making them more useful for analyzing changes in
harvesting patterns in Atlantic Arctic regions. In addition to
fisheries management databases, several open biodiversity
databases have been created, including the Ocean
Biogeographic Information System, the Global Biodiversity
Information Facility, FishSource and the Sea Around Us
Project.

3.4.3 Status and trends of FECs

Checklists and identification guides for marine
fishes in the Arctic

Up-to-date checklists and identification guides are essential
tools for monitoring biodiversity. A group of ichthyologists
and fishery biologists recently assessed species presence

in the Arctic region and produced an annotated list, with
common names in several languages, which was made
available online by CAFF (Mecklenburg et al. 2013). This list is
being revised for a 2™ edition. An atlas and guide in progress
will provide global distribution maps, identification features
and assessment of taxonomic issues pertaining to all marine
fishes documented to occur in the Arctic region; publication
is scheduled for 2018 (Mecklenburg et al. in prep.).

Marine fishes occurring in the waters off eastern Siberia,
Russian Federation, Alaska, U.S., and the Yukon and
Northwest Territories, Canada were assessed for the recently
published baseline summary (Mecklenburg and Steinke
2015) and distributional atlas and identification guide

to Pacific Arctic Marine Fishes (Mecklenburg et al. 2016).
These works expand and update the information on Arctic
fishes provided in the compendium on Fishes of Alaska
(Mecklenburg et al. 2002), and are being expanded to include
the Atlantic Arctic marine fishes for the pan-Arctic atlas
(Mecklenburg et al. in prep.).

For Canada, the Coad and Reist (2004) annotated checklist of
Arctic marine fishes of Canada is expected to be published in



expanded form with dot-distribution maps early in 2017 as
an Atlas of Canadian Arctic Fishes (Coad et al. in press).

The distribution of fishes around Greenland was recently
assessed from scientific and fishery surveys, including
literature and voucher specimens in the University of
Copenhagen collection (Mgller et al. 2010).

A book of all fish species known to occur in Icelandic waters is
published regularly (Jonsson and Palsson 2013) and, between
editions, an article is published annually to report any new
records (e.g., Palsson 2014).

Fish diversity around Jan Mayen was assessed from IMR
data and voucher collections at the University of Bergen
(Wienerroither et al. 2011b). New data have also been

incorporated in recent treatments on fishes of the Faroe
Islands (Mouritsen 2007) and Norway (Pethon 2005). Fishes
of Norwegian and Russian waters of the Barents Sea were
treated in two atlases of information from IMR investigations:
one from summer fish collections and one from winter
collections (Wienerroither et al. 2011a, 2013).

Original data and summaries of published information on
fishes of the Kara Sea have been provided in Borkin et al.
(2008) and Dolgov (2013). An annotated catalog of Fishes
of Russian Seas provides taxonomic synonymies as well as
summary information on geographic distributions for all
the marine waters of Russia, based on the collections in
the Russian Academy of Sciences as well as the scientific
literature (Parin et al. 2014).

R

I Polarcod
— CAFF Border

N

Figure 3.4.2. Distribution of polar cod (Boreogadus saida) based on participation in research sampling, examination of museum voucher
collections and the literature (Mecklenburg et al. 2011, 2014, 2016; Mecklenburg and Steinke 2015). Map shows the maximum distribution observed

from point data and includes both common and rare locations.



Polar cod

Polar cod is the most abundant cod species around the
Arctic. It is a key ecological species in the Arctic Ocean due
to its pan-Arctic distribution (Fig. 3.4.2), large standing stocks
and role as an energy transmitter to higher trophic levels
(Bradstreet et al. 1986, Hop and Gjgsaeter 2013). In bottom
trawl surveys on Arctic continental shelves, it is typically

one of the most numerous fishes caught and often the most
numerous. Polar cod was the most abundant fish species in
RUSALCA catches in the Chukchi Sea in 2009 and 2012, and in
2004 it was the fourth most abundant species (Mecklenburg
et al. 2016). In deeper waters, it is not as abundant in bottom
trawls but concentrates under the sea ice (Karamushko 2012,
Mecklenburg et al. 2014). Polar cod feed on ice-associated
fauna as well as shrimp, zooplankton, particularly hyperiid
amphipods and Calanus copepods (Lenne and Gulliksen
1989, Hop and Gjgsaeter 2013, Dalpadado et al. 2016,
Majewski et al. 2016) and small fishes, and use the ice as a
refuge from predation and as spawning habitat (Gradinger
and Bluhm 2004, Gradinger et al. 2010). One-year-old polar
cod follow the sea ice drift (David et al. 2015). Polar cod has
antifreeze agents in its blood, which makes it possible for this
species to use sea ice as habitat (Osuga and Feeney 1978).

Despite its circumpolar distribution, polar cod exhibits little
genetic variation. DNA barcodes from the East Siberian and
Chukchi seas eastward to the Greenland Sea illustrate this
low variation. Although genetic variation has been found at
both pan-Arctic and regional scales, and polar cod is clearly
not genetically homogeneous across its range, the general
structure is weak and population subdivisions, although they
may exist, have not been revealed (Nelson and Bouchard
2013). No division into species or subspecies has been
proposed and the Arctic zoogeographic pattern of polar cod
is clear (Fig. 3.4.2).

Due to its particular characteristics, polar cod is a suitable
indicator species for monitoring Arctic marine fish
communities, as well as Arctic food webs in general. However,
few monitoring time series exist for polar cod, except in the

Barents Sea, where it is harvested commercially (Hop and
Gjgsaeter 2013). Acoustic time series data on the Barents

Sea population dates back to 1986, but these data are
inconsistent in spatial coverage and the sampling programs
primarily targeted capelin (Ajiad et al. 2011). Since 2004,
more comprehensive and reliable data are showing declines
in Barents Sea polar cod (Fig. 3.4.3). Losses of sea ice habitat
may have contributed to the recent poor recruitment (low
0-group index, Fig. 3.4.3). The 0-group index for 2013-2015
was < 10% of the average from 1980-2012 (4360 million
individuals). Recruitment failure, migration, together with
increased predation pressure from northward expanding
Atlantic cod may have impacted the survival of polar cod
(Box 3.4.3; Kjesbu et al. 2014, Ingvaldsen et al. 2015). A survey
completed in 2016 showed a notable increase in polar cod
biomass to 900,000 t, a level last seen in 2009, primarily
because of an unusually high catch of age one fish (Joint
Russian-Norwegian Ecosystem Survey unpubl. data, autumn
2004-2016). Studies and data are also available on polar cod
from regular monitoring in Iceland (Astpérsson 2015). As in
the Barents Sea, these programs target other species such
as Atlantic cod and northern shrimp, and therefore do not
necessarily cover the entire distribution range of polar cod. It
is still undetermined if the polar cod population in Icelandic
waters is declining due to increasing water temperatures.

Polar cod is the only true Arctic species that has sustained
considerable, although highly variable, commercial fisheries
(Fig. 3.4.4). Fisheries expanded quite rapidly in the late 1960s,
reaching 348.4 kt in 1971, but have fluctuated considerably
since then at around 20 kt y'. Polar cod have primarily been
fished by Russian vessels in the Barents Sea, but Norway,
Germany and Greenland have also fished polar cod, albeit at
much lower levels. Polar cod is considered a low value species
by the Norwegian fleet and is harvested for fishmeal and oil
(Cohen et al. 1990), but in Russia at least part of the harvest
is meant for human consumption. In addition to harvest in
directed fisheries, unreported bycatch of polar cod could be
considerable in shrimp (Garcia 2007) and capelin fisheries
(Vilhjalmsson et al. 2005).

Box 3.4.2: Polar cod and capelin

Polar cod and capelin are expected to respond differently to climate change based
on key differences in life history characteristics and habitat associations (reviewed
in Hop and Gjgsaeter 2013). Reductions in sea ice will likely alter the reproductive
success of polar cod due to loss of sea ice habitat for spawning (Bouchard and
Fortier 2011), larval development (Bradstreet 1982) and as a predator refuge
(Gradinger and Bluhm 2004). In contrast, periods of relatively warm water
temperatures and reduced sea ice extent favour the northward expansion and
increased abundance of capelin (Rose 2005a) leading to increased co-occurrence
with polar cod (e.g., Orlova et al. 2009). Negative effects of sea ice declines on
polar cod may be further compounded by interspecific competition with capelin
for zooplankton resources, particularly large Calanus copepods (Orlova et al. 2009,
Hop and Gjgsaeter 2013, McNicholl et al. 2016). The consequences of interspecific
competition and direct pressures from reductions in sea ice extent are likely to be
significant given the key role of polar cod in Arctic marine food webs (e.g., Welch
et al. 1992). Ongoing monitoring and collection of new baseline data are needed
to report on patterns in polar cod and capelin distributions and abundances as key
indicators of climate variability and impacts in Arctic marine ecosystems.

Polar cod.
Photo: Shawn Harper,
University of Alaska, Fairbanks




Barents Sea Folar cod

Figure 3.4.3. Polar cod in the Barents Sea. Acoustic estimate of polar cod 1-year-old and older (green) and pelagic trawl index of age 0-group
abundance (yellow). Source: Joint IMR-PINRO ecosystem survey (Prozorkevich 2016).

Global polar cod catch

Figure 3.4.4. Global catches of polar cod from 1950 to 2011 (FAO 2015); 95% of the catches are from the Barents Sea.

Box 3.4.3: Polar cod and Atlantic cod in the Barents Sea

Atlantic cod is an important predator in shelf ecosystems of

cold-temperate (boreal) North Atlantic waters. In the Barents

Sea, the Atlantic cod has recently increased in both stock size

and distribution area. Atlantic cod are currently found all over

the Barents Sea shelf during summer, including the northern,

colder parts that are inhabited by polar cod. This has led to

increased spatial overlap between the two species. The larger-

bodied Atlantic cod feeds effectively on polar cod in areas of

overlap. The increased overlap has led to increased predation

pressure on polar cod, most likely contributing to the observed

population decline. Estimates of total consumption of polar cod

by Atlantic cod peaked in 2009, exceeding 0.7 million tonnes _—_—
(ICES 2016). In 2012, the estimated consumption was higher

than the estimated standing stock (0.5 and 0.3 million tonnes,

respectively). A high predation pressure can be withstood if - -

polar cod recruitment is high. However, since 2013 there has Box figure 3.4.1 Estimated consumption of polar cod by
been an almost complete recruitment failure of polar cod inthe  Atlantic cod in the Barents Sea (yellow line) and biomass of
Barents Sea (Fig. 3.4.3). the Atlantic cod stock in the Barents Sea (red line) (ICES 2016).

The blue line is the biomass of the Barents Sea polar cod
(Prozorkevich 2016).




Capelin

Capelin are pelagic forage fishes and play an important role
in marine food webs in the Arctic as prey for Arctic marine
mammals (Watts and Draper 1986, Dahl et al. 2000, Dolgov
2002, Bluhm and Gradinger 2008, Marcoux et al. 2012, Watt et
al. 2013), seabirds (Erikstad 1990, Dolgov 2002, Gaston et al.
2003, Gjgsaeter et al. 2009) and piscivorous fishes (Dempson
et al. 2002, Dolgov 2002, Dennard et al. 2009, Harwood and
Babaluk 2014). The migration of capelin at various life stages
represents a significant transfer of energy between oceanic
habitats and nearshore spawning grounds (Vilhjalmsson
2002).

Populations of capelin represent several species, most of
which are not completely resolved (Mecklenburg et al. 2011).
The Pacific population was recently reclassified as a full
species, the Pacific capelin (M. catervarius; Mecklenburg and
Steinke 2015). Morphological and molecular data suggest

a continuous distribution of Pacific capelin from the Sea of
Japan, Sea of Okhotsk, the eastern Gulf of Alaska and the

Bering Sea to the Laptev and East Siberian Seas and across
Arctic Alaska and Canada to Davis Strait. Two populations
that probably represent separate species include one from
east Greenland to the Kara Sea, which is most likely the
originally described M. villosus, and one from Hudson Bay, the
Gulf of St. Lawrence and marine waters off Newfoundland,
Labrador and Nova Scotia, which at present lacks a species
name (Mecklenburg and Steinke 2015). Thus, we refer here
to the capelin species complex, including the two or more
unresolved, unnamed Atlantic species and the recently
defined Pacific capelin. The overall distribution of the
complex as well as that of the Pacific capelin is presented in
Figure 3.4.5.

Several life history characteristics, including broad
physiological limits, potential for fast population growth
and thermal constraints on the timing of spawning, make
capelin a relevant indicator of climate variability (Rose
20053, b, Davoren et al. 2012). A variety of information
sources indicates increasing trends in the abundance
and distribution of capelin in Arctic waters. Capelin are

Pacific capelin

All capelin species
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Figure 3.4.5. Distributions of all capelin species (light green) and Pacific capelin (Mallotus catervarius; dark green pattern) based on participation
in research sampling, examination of museum voucher collections, the literature and molecular genetic analysis (Mecklenburg and Steinke 2015,
Mecklenburg et al. 2016). Map shows the maximum distribution observed from point data and includes both common and rare locations



Box 3.4.1 Indigenous Knowledge and capelin

By Carolina Behe, Inuit Circumpolar Council-Alaska, Qaiyann Harcharek, Northslope Borough Wildlife
Department, Dawn Miller and Marjorie Tahbone Indigenous Knowledge holders from Nome, Alaska

Capelin is a vital part of the ecosystem and is an important food source throughout the Arctic food web. In Alaska,
capelin are often referred to as candlefish or cigar fish because of its heavy oil content (they are a fatty fish). In Ifupiaq
(an Alaskan Inuit dialect), the name is panmaksrag, in Invialuktun (a Canadian Inuit dialect) the name is Anmagiak, and
in Kalaallisut (a Greenlandic dialect) the name is Ammassaat.

Inuit Knowledge (Indigenous Knowledge held by Inuit) across the Arctic includes invaluable information on the capelin
distribution, behavior, spawning periods, changes associated with change in water temperature, winds and currents,
and knowledge of the role that capelin play in the overall food web. This includes the cultural and social importance
that the animal holds within the Inuit culture.

Indigenous Knowledge holders in Alaska, Canada and Greenland have shared that this fish is sometimes found in the
stomachs of piscivourous fish, such as Dolly Varden and salmon (Remnant and Thomas 1992, McDonald et al. 1995,
Golder Associates Ltd. 2002, Brewster et al. 2010). Other marine mammals such as beluga, orcas and seals also rely on
capelin as a food source (Remnant and Thomas 1992, McDonald et al. 1995, Olsvig and Mosbech 2003). In the Canadian
Kugluktuk area, capelin spawn in shallow nearshore areas and the eggs come up on the beach (Golder Associates Ltd.
2002). Here, Inuit Knowledge shares that capelin are an important food source for ringed seals. When capelin become
abundant on the coast in September the ringed seal also become abundant (Golder Associates Ltd. 2002).

On the North Slope of Alaska, from mid July to early August, schools of capelin let themselves wash ashore in the
waves, and then wash back into the ocean. It is then, when people harvest them, scooping them from the beach or as
they are washed to and from the beach. They are considered excellent food, but were in the past also widely used for
dog food and fox trapping bait. The introduction of western culture, foods, cash and stores, meant that access to food
was easier and there wasn't much need to spend the time and effort required to gather capelin, which many needed for
a family meal. However today many people are experiencing a natural urge or instinct to reclaim their cultural identity,
in this instance the gathering of capelin, and a new generation of harvesters is emerging (18-35 year-olds).

In the Nome, Alaska area capelin also come in with the currents in the spring and wash ashore. When birds, such as
seagulls, begin to dive at the shore ling, it is an indicator that the fish are there and people prepare to harvest. Some
villages have reported a change in capelin associated with currents. For example, Raymond-Yakuobian (2013) reports
that experts in in the Bering Strait region noted that capelin still come close to the beach but do not beach themselves
or get pushed up by the waves like they used to.

This fish is an important food source for many Inuit. Especially those that do not have equipment to travel far from the
shore to collect food. For the past couple of years, the fish have been coming in earlier and remaining a little bit longer.
This year (2016) some people chose not to catch them, because the weather was not good for drying.
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commercially exploited in Arctic and sub-Arctic regions

(Fig. 3.4.6), and recently, all major stocks exhibited northerly
range displacements associated with periods of warmer
water temperature and reduced sea ice extent (Rose 20053,
b, Palsson et al. 2012, Ingvaldsen and Gjgsaeter 2013). Similar
trends of increasing occurrence and abundance of capelin are
documented from the eastern Canadian Arctic and Hudson
Bay complex based on long-term changes in the diets of
marine mammals (Marcoux et al. 2012, Chambellant et al.
2013, Young and Ferguson 2014), fishes and seabirds (Gaston
et al. 2003, Gaston and Elliott 2014). In addition, community-
based observations suggest increased frequency of capelin
occurrence in the coastal Beaufort Sea since the early 2000s
based on observations of spawning events and predation by
Arctic char (Salvelinus alpinus; (Paulatuk Hunters and Trappers
Committee unpubl. Data). New survey data have provided
valuable baselines of capelin occurrence and/or abundance
in data-poor regions of the offshore Beaufort and Chukchi
Seas (Logerwell et al. 2015, McNicholl et al. 2016).

Potential consequences of the increasing role of capelin and
associated declines of polar cod in the diets of piscivorous
seabirds and marine mammals are unknown, but may
represent significant impacts on Arctic ecosystems. For
example, while the two species have comparable body
size and energetic content (reviewed in Hop and Gjgsaeter
2013), and occupy similar trophic positions (Hop et al.
2002, Marcoux et al. 2012), capelin populations fluctuate
widely and can exert strong bottom-up effects on predator
populations (e.g., Gjgsaeter et al. 2009, Hop and Gjgsaeter
2013). Further, increased abundance of capelin in Arctic
waters may exert additional pressure through intraspecific
competition on populations of polar cod that are already
negatively influenced by climate related changes with
regards to habitat availability (Box 3.4.2).

In the northeast Atlantic, capelin and Atlantic cod are linked
together in a close predator-prey relationship and the largest
Atlantic cod stocks in the world occur where capelin is
available as food (Vilhjalmsson 1997, Howell and Filin 2014,
Rose and Rowe 2015). In general, the capelin has a more
northerly distribution than the Atlantic cod, but needs to

migrate to warmer shallow waters to spawn. It is during this
period that northern Atlantic cod stocks feed intensely on
capelin (Vilhjalmsson 2002). Capelin fisheries are managed
with this interaction in mind; sufficient capelin is allowed to
escape the fisheries to be able to spawn and provide food for
Atlantic cod and other species.

Capelin is one of the most fished fish species in the world,
ranking 12t in 2013 (FAO 2015). In 1977, it was the second
most fished species in the world after Alaska pollock (Gadus
chalcogrammus). In a global comparison of fisheries, capelin
is therefore a major species. The vast majority of catches
occur in the northeast Atlantic from the Icelandic and Barents
Sea stocks (Fig. 3.4.6). Catches in the northwest Atlantic

are much lower and catches in the Pacific are negligible.
Because of its short lifespan (five to seven years, Hansen
1943), fisheries generally harvest from mainly one cohort per
year. Capelin fisheries are therefore characterized by large
annual fluctuations depending on recruitment. In Iceland,
for example, annual fisheries have fluctuated from zero to
more than one million tonnes, and can exceed the combined
catches of all other species.

Capelin stocks are assessed in the North Atlantic by ICES,
NAFO and DFO. Assessments for the northeast Pacific are
available from NOAA Alaska Fisheries Science Center. The
stocks are generally considered well managed, but two
issues complicate management (Vilhjalmsson 2002, Rose
2005, Ingvaldsen and Gjgsaeter 2013). First, quotas are
highly variable between years because of capelin’s short life
cycle, with maturation at age two to five (Hansen 1943), and
highly fluctuating abundance. Second, when quotas are set
it is important to keep in mind that capelin represents key
forage for other more valuable commercial species, especially
Atlantic cod and Greenland halibut. Any generalization on
the current status of capelin stocks has to be considered
cautiously due to the extreme fluctuations observed in

the stocks. However, stocks off Newfoundland, Canada are
growing after a long period of depletion. The northeast
Pacific stock is large in comparison over the long-term, while
the Icelandic and Barents Sea stocks are small.

Global capelin catch
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Figure 3.4.6. Global catches of all capelin species from 1950 to 2011 (FAO 2015).



Greenland halibut

Greenland halibut is a top predator, feeding on a variety

of smaller species, including polar cod and capelin
(S6lmundsson 2007). It is basically a benthic species, closely
associated with the sea floor, but unlike other flatfishes it
swims with ventral side downward like a non-flatfish and

is wide-ranging in its behavior. Although there are gaps in
its distribution between the Atlantic and Pacific and some
taxonomists have long maintained that two species with
slight morphological differences are represented, molecular
genetic evidence has verified that only one species is
represented (Mecklenburg et al. 2011, 2014, 2016, Roy et al.
2014). Northeast Atlantic stocks that are assessed separately
probably originate from common nursery areas around
Spitsbergen (Albert and Vollen 2015).

Large juvenile and adult Greenland halibut are typically
found in water depths from 200 to 2000 m and in waters
deeper than the continental shelf break. Catches at shallow
depths on the shelf usually comprise juveniles (Bowering and
Nedreaas 2000). In the Pacific Arctic, typically only juveniles

are found on the shelf and they are not found there every
year; for instance, juveniles were absent from RUSALCA trawl
catches on the Chukchi shelf in 2004 and 2012, but were
present in 2009. Relatively large individuals are common,
although not abundant, on the upper slope in the Chukchi
and Beaufort seas (Mecklenburg et al. 2014). This species

is more abundant elsewhere in the Arctic and in the Pacific
south of the Chukchi Sea, including the southern Bering Sea.
On the eastern shelf of Baffin Island, immature Greenland
halibut are regularly found throughout the open water
season at depths as shallow as 400 m. Tagging studies have
shown large-scale movements by adult Greenland halibut,
with tagged individuals moving from Baffin Bay to the Grand
Banks and western Iceland (Boje 2002). Greenland halibut
have pelagic eggs and larvae; spawning generally occurs over
several months in the winter (Gundersen et al. 2010, Sohn

et al. 2010) and juveniles move higher in the water column
as they develop, until settling in the late summer or autumn
(Jensen 1935). This prolonged pelagic phase exposes eggs
and larvae to a different suite of stressors than those affecting
adults (pelagic versus primarily benthic).

Greenland halibut
— CAFF Border

Figure 3.4.7. Distribution of Greenland halibut (Reinhardtius hippoglossoides) based on participation in research sampling, examination of
museum voucher collections, literature and molecular genetic analysis (Mecklenburg et al. 2011, 2014, 2016, Mecklenburg and Steinke 2015). Map
shows the maximum distribution observed from point data and includes both common and rare locations.
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Figure 3.4.8. Global catches of Greenland halibut (FAO 2015).

Communities in the high north have relied on Greenland
halibut throughout history as a valuable subsistence
resource. Some commercial fisheries have been conducted
north of Norway and along the Russian Murman coast since
the 17t Century (Lajus et al. 2005). However, large-scale
commercial fisheries are rather recent and started with
Norwegian longliners (Godg and Haug 1989, Nedreaas

and Smirnov 2004). In the mid 1960s, catches increased
substantially when Soviet and German deep-water trawlers
joined the fishery. Later, Canadian, Icelandic and Greenlandic
trawlers, longliners and gillnetters joined as well. Several
other nations participate on a smaller scale, including distant
fleets from Spain, Portugal, Estonia and Poland. Old catch
records for Greenland halibut are not considered reliable as
the species might not have been differentiated from Atlantic
halibut or were classified with “various pleuronectiformes”
(Godg and Haug 1989).

Greenland halibut is one of the most valuable fishes in

the Arctic. Per unit weight, Greenland halibut is two and a
half times more valuable than Atlantic cod (Directorate of
Fisheries Iceland 2015), which is already valuable. Greenland
halibut is currently commercially fished in the Arctic waters
of Canada, the Faroe Islands, Greenland, Iceland, Norway
and Russia (Fig. 3.4.8). The largest fisheries are currently
conducted by Greenland. Similar amounts are fished in

the northeast and northwest Atlantic, but the catch in the
north Pacific is much lower. For the last 40 years, fisheries
have fluctuated around 100 kt y', with several nations
participating in the fisheries.

Stocks of Greenland halibut are assessed in the North
Atlantic by ICES, NAFO and DFO. Formal assessments for the
northeast Pacific are available from NOAA Alaska Fisheries
Science Center. Greenland halibut stocks are generally
considered well managed, but stock assessments have been
hindered by difficulties in age-determination of individual
fish (Treble et al. 2008). Fisheries in eastern Greenland,
Iceland and the Faroe Islands harvest from a single stock. This
northeast Arctic stock has undergone considerable declines
since a maximum harvest in 1988, but rebuilding efforts have
been successful (ICES 2015a). The stock trend for Bering Sea
Greenland Halibut is very similar, with a long decline from

1993 to 2010 and subsequent increase (NPFMC 2015). The
stock in the Barents Sea is considered to be in good condition
and growing considerably since the 1990s (ICES 2015b). The
Greenland halibut fishery in Baffin Bay and Davis Strait that

is conducted by Canada and Greenland has been relatively
stable (Jargensen and Treble 2015).

The history of exploitation for Greenland halibut
demonstrates the interest and energy related to expanding
Arctic commercial fisheries. Fishing seasons and areas in
Arctic waters can be heavily dictated by sea ice conditions.
Reductions in the extent, duration and thickness of sea ice
provide opportunities for the extension of fishing seasons
and the expansion of fishing footprints, which will lead to
new impacts on Arctic marine ecosystems.

The species is subjected to different stressors during its life
stages as individuals’ progress from pelagic to essentially
benthic lifestyles. The value and apparent resilience of
Greenland halibut practically ensure that fisheries will
continue and likely expand in the future. Taken together,
these factors make Greenland halibut a useful species for
assessing fishery impacts on target species and supporting
ecosystems in the Arctic.

3.4.4 Drivers of observed trends

The three marine fish FECs discussed here are indicative
of different changes that are occurring in the Arctic and
demonstrate the varied responses observed among species.

Polar cod has declined rapidly in the Barents Sea in the last
decade and the stock is currently at a very low level (Fig.
3.4.3) although a survey in 2016 showed a notable increase
in polar cod biomass, primarily because of an unusually high
catch of age-one fish (Joint Russian-Norwegian Ecosystem
Survey unpubl. data, autumn 2004-2016). There is no
evidence of declines in other areas, but data are lacking.
Catches of polar cod have declined since a peak in the 1970s
(Fig. 3.4.4) and most of the catches are from the Barents

Sea. The current harvest of polar cod is negligible and has
not contributed to the recent decline. In addition to fishing



pressure, polar cod is being affected by the northward
expansion of boreal species, such as Atlantic cod, which
impose new predatory or competitive pressures, and changes
in sea ice, which provides important habitat for spawning
and protection from predators.

Capelin stocks throughout the Arctic are shifting northward
and have exhibited rapid demographic changes. Capelin
stocks are typified by large interannual fluctuations, making
it difficult to detect trends in abundance, but the recent
environmentally-driven northward displacement of capelin is
a consequence of changes in sea ice and water temperature.
Greenland halibut has undergone declines and subsequent
recovery over the last two decades in the northeast Arctic.
Populations in the Barents Sea, Baffin Bay and Davis Strait
are considered stable or increasing. Greenland halibut has
supported various commercial fisheries, which have been
spatially and temporally limited by sea ice duration and
extent.

Most of the drivers affecting marine fishes in the Arctic are
linked, directly or indirectly, to climate change. As ocean
temperatures increase, the distributions of zoogeographical
groups can change both south to north (Wassmann et al.
2011, Hollowed et al. 2013) and across Pacific and Atlantic
Arctic waters (Mecklenburg et al. 2014, Wisz et al. 2015).
Increases in the relative abundance of warmer water species
have already been documented in the Bering Sea (Mueter
and Litzow 2008), Barents Sea (Fossheim et al. 2015), Eastern
Canadian Arctic (Mullowney et al. 2014), Greenlandic
(MacKenzie et al. 2014) and Icelandic waters (Stefansdottir
et al. 2010, Valdimarsson et al. 2012). Spatial overlap among
species from different zoogeographical groups will increase
as the distributions of fish species shift northward because
larger-bodied boreal species are shifting northwards at a
faster rate than Arctic species are retreating. This can cause
increased predation on Arctic species, higher competition for
food and possibly elevated risk of disease (Harvell et al. 1999,
Bradley et al. 2005). As a consequence, food web structure
becomes altered (Kortsch et al. 2015). The increasing inter-
specific overlap and consequent predation by Atlantic

cod on polar cod in the Barents Sea is illustrative of this
pattern (Box 3.4.3), and there has been an overall decline

Fishing boat, Greenland. Photo: Carsten Egevang/ARC-PIC.com

in occurrence of Arctic fishes in the Barents Sea from 2004

to 2015 (Johannesen et al. 2017). Similarly, the northward
expansion of capelin in some areas of the Arctic has resulted
in novel competition with polar cod for zooplankton prey
(Box 3.4.2). In addition to the direct effect on polar cod, this
change in the marine fish community can have bottom-up
effects on marine mammals, seabirds and piscivorous fishes
that experience a change in their prey field and consequently
their diet and nutritional status.

The effects of acidification on Arctic fishes are still unclear,
but recent studies on Atlantic cod showed higher juvenile
mortality with elevated acidification (Stiasny et al. 2016).
The geographic extent, temporal extent and thickness of
sea ice all have influence on Arctic marine fishes. Sympagic
species, such as polar cod use sea ice as a critical habitat and
reductions in sea ice cover and concentration, or changes

in the timing of freeze-up and break-up, represent a loss of
spawning habitat and refuges from predation (Bradstreet
1982, Gradinger and Bluhm 2004, Bouchard and Fortier
2011). Because polar cod rely on sea ice for spawning habitat
and refuge from predation, changes in sea ice conditions
can have fitness consequences for polar cod. The marginal
ice zone is particularly relevant in this regard. Sea ice cover,
thickness and concentration are limiting factors for marine
fish surveys and fisheries (Bowering and Nedreaas 2000,
Albert et al. 2001). Increase in the duration of the ice-free
period permits fisheries to operate for longer periods

within a year and reductions in sea ice extent allow access
to previously unsurveyed habitats. Decreases in sea ice
concentration and thickness allow smaller vessels to fish
commercially without risking ice damage. Sea ice cover can
also provide refuge from fisheries, protecting both fish stocks
and ecologically important bottom features such as corals
and sponge beds (Garcia et al. 2006).

Northward advance of valuable boreal species, retreat of
Arctic species and increased accessibility due to less ice cover
will increase the total fishing pressure and open new areas
for fishing in northern areas. Overfishing of target fish species
is generally not of concern, as these fisheries are considered
well managed (ICES 2015a, ICES 2015b, NPFMC 2015).
However, side effects, such as possible damage from bottom



trawling to important benthic ecosystems and bycatch of
vulnerable Arctic fishes are of concern (Christiansen et al.
2014). Greenland halibut fisheries have been generally stable.
The decline in the northeast Arctic stock marks a notable
decline in a commercial Greenland halibut fishery, but the
subsequent recovery of the stock demonstrates the resilience
of this species to harvest. The pan-Arctic distribution

of Greenland halibut makes the expansion of current
commercial fisheries likely as sea ice continues to decline.
Greenland halibut are fished using bottom trawls, gillnets
and longlines, all of which contact the sea bottom, albeit
with substantially different intensity. Previously unexplored
or exploited areas in the Arctic may harbour sensitive coral
and sponge communities that provide important marine
fish habitat. Given our generally poor understanding of the
reproductive ecology of marine fishes in the Arctic and the
drivers of marine fish productivity, bottom contact surveys
and fisheries in new areas must proceed with considerable
forethought. The central Arctic Ocean is of particular interest
for fisheries because it falls outside the boundaries of
national EEZs. Most of this area is currently inaccessible to
fisheries due to almost constant ice cover, but the area could
open-up and attract international fishing fleets (Pan and
Huntington 2016).

3.4.5 Knowledge and monitoring gaps

Monitoring and even baseline assessments of Arctic marine
fish biodiversity remain limited, but considerable progress
has been made in recent years in conducting baseline
biodiversity assessments (e.g. Mgller et al. 2010, Mecklenburg
etal. 2011, 2016, Wienerroither et al. 2011a, b, 2013; Jonsson
and Palsson 2013). Short-term data collections have
provided occurrence data in many locations, but quantitative
assessments and monitoring remain the exception instead
of the norm. Surveys need to be conducted in previously
un-assessed areas of the Arctic to provide baseline data.
Areas that have been surveyed in the past, but not in recent
years, need to be revisited to identify changes in local
biodiversity. Regular biodiversity monitoring programs are
needed throughout the Arctic, not only in areas that support
commercial fisheries.

Accurate identification of fishes caught is essential to the
success of monitoring efforts. The taxonomic uncertainties,
which have made identification of some species difficult in
the past, are a major focus of researchers around the Arctic.
Several issues identified (e.g., Mecklenburg and Steinke 2015)
have already been resolved. For instance, a recent molecular
and morphological analysis reduced nine nominal species

of Gymnelus eelpouts reputed to be present in the Arctic to
two species (Mecklenburg and Anderson 2015). Many others
remain to be resolved; for instance, the species limits and
distributions of the capelin complex. Although such studies
do not always pertain to “important” species, all species need
to be accurately represented in biodiversity monitoring, and
some may be more important ecologically than currently
understood. The recently published atlas and guide to
Pacific Arctic marine fishes coupled with the ongoing pan-
Arctic atlas are intended to fill the distributional atlas and
identification guide gaps.

Gaps in knowledge of the physical environment are also
problematic. Seabed mapping is limited in Arctic waters.
The spatial coverage of navigational charts covers the small

fraction of the Arctic that experiences regular marine traffic,
and in many cases the underlying data date back to the
1950s or 1960s (e.g., Canadian Arctic waters). Existing charts
require updating to account for factors such as changes in
global water levels and glacial rebound. With the opening
of new waters due to reductions in sea ice extent and
duration, hydrographic surveys need to be conducted to
allow safe passage of commercial and recreational vessels.
Hydrographic data are also essential for fish habitat mapping
to support fisheries management within an ecosystem
context.

3.4.6 Conclusions and key findings

- Conduct pan-Arctic taxonomic analyses to clarify
zoogeographic patterns that are important for
detecting and understanding change.

+ Indices and monitoring programs based on
harvested species or that rely on fishery-related data
are inherently affected by changes in stock size,
exploitation rates and exploitation history.

- TKholders have a considerable wealth of information
regarding marine fish FECs that is needed to increase
our knowledge of interconnected systems.

- Areas that are not fished commercially have been
poorly surveyed, and when examined the programs
are typically of short duration creating snap-shots of
biodiversity but not being sufficient for monitoring
changes.

- Ice conditions affect both species distributions and
the ability to monitor Arctic marine fish biodiversity.

- Range expansions (northward) pose unknown
consequences for resident species and inter-
specific interactions (predator-prey, competitive).
Species range expansions depend on changes in
environmental conditions and are constrained by
prey availability and predation pressure.

- The main commercial marine fishes in the Arctic,
Greenland halibut and capelin, do not yet seem to
be adversely affected by climate change although
their distributions appear to be changing. However,
boreal species moving north seem to be negatively
affecting the abundances of polar cod. Little is
known about effects on non-commercial marine
fishes in the Arctic.

+ Polar cod are both culturally and ecologically a
keystone species. It is a valuable indicator species
because it relies on sea ice as spawning habitat.

- Capelin provide a robust example of the northward
expansion of Arctic-boreal species and the
consequences for Arctic species. Capelin provide
novel competition for other forage fishes and prey
for piscivores.

- Greenland halibut are important predatory fish in the
Arctic seas and they are commercially harvested in
large areas of the Arctic. In some areas, it is the only
commercially harvested fish species and therefore
the sole reason for fishery-related ecosystem
impacts. Greenland halibut and related fisheries have
the potential to expand further into the Arctic Ocean
with climate change, given the availability of suitable
topography and prey.
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and Pacific Arctic regions.

Although seabird trends are variable, many species have declined within the Atlantic Arctic, including colonies

The sea-ice-associated ivory gull has declined in the Arctic Archipelago and Atlantic Arctic by an estimated 80-
90% over the past 20 years. In Russia, ivory gull distribution has shrunk, which correlates with the summer ice

Some seabird species have adapted their feeding behaviours because of shifts in their food supply due to
climate change and reduced ice-cover—in some cases travelling farther for food or foraging on less nutritious
species. The consequences vary, but have resulted in lower breeding success for some species, including black

+ Reduced ice cover has led to increased bear predation on ground-nesting common eiders and cliff-nesting
murres, potentially leading to local population declines.

More southern seabird species are now more commonly reported in Arctic regions, for example, albatross
in the Bering and Chukchi Seas and ancient murrelets in the Pacific Arctic, which are thought to follow
northward-moving prey species and/or currents. There is also evidence of individuals moving between Atlantic

Most Arctic States have at least one long-term seabird monitoring program that makes it possible to examine
population trends. Colony-based monitoring occurs regularly or annually, although most sites do not have
fully implemented plans (diet and survival data are often lacking). At-sea surveys are more opportunistic, and
often occur in conjunction with resource exploration and extraction.

3.5.1 Introduction

Seabirds link marine and terrestrial ecosystems because
they nest on land but forage at sea, and, thus, they are
important components of Arctic ecosystems and are part of
the Circumpolar Biodiversity Monitoring Program (CBMP).
Seabirds provide ecosystem services, notably as human
food in many Arctic regions, major tourist attractions, as

well as being an important link to the Arctic food web

and returning nutrients from the oceans to coastal areas
(Sekercioglu et al. 2004, Sekercioglu 2006, Merkel and

Barry 2008, CAFF 2010, Ganter and Gaston 2013, Green and
Elmberg 2014). Changes in seabird populations and diversity
will affect regional sustainability for Arctic communities and
ecosystems. Seabirds are also widely distributed and easier
to observe than other marine taxa, making them useful study
subjects. Seabirds function as indicators of the condition of
their marine habitats, because they integrate the effects of
abiotic stressors acting on lower trophic levels (Piatt et al.
2007, Sydeman et al. 2012, Green and EImberg 2014). The
CAFF Arctic Biodiversity Assessment (Ganter and Gaston 2013)
also recognizes that the migratory behavior of most seabird
species requires international cooperation throughout the
circumpolar regions to address conservation needs.

The Circumpolar Seabird Monitoring Plan (CSMP; Irons et al.
2015) recognizes 64 species as part of the Arctic ecosystem:
five tubenoses, six cormorants, four sea ducks, four skuas and
jaegers, 18 gulls, six terns, 20 auks, and the northern gannet
(Morus bassanus). Of these 64 species, about half (30) breed
only within the Conservation of Arctic Flora and Fauna (CAFF)
boundaries of the Arctic. Based on circumpolar distribution
and factors such as importance to society, national priorities,
conservation, science, or as ecological indicators, 23 species
were initially chosen as priority species, and by applying
further criteria, four species or species groups were selected
as Focal Ecosystem Components (FECs; Gill et al. 2011).

The FECs represent different foraging strategies, including
black-legged kittiwakes (Rissa tridactyla) (surface-feeders),
murre species (thick-billed (Uria lomvia) and common (Uria
aalge); sub-surface divers), and common eiders (Somateria
mollissima) (bottom feeders). While birds are ideally identified
to species, they have at times been combined into a‘murre’
group when conducting census counts or visual productivity
plots.

While most seabird species can eat a variety of prey, the
CSMP uses the primary prey preferences and foraging
behavior of seabirds to categorize birds into six basic
foraging guilds: surface piscivores, surface planktivores,
diving piscivores, diving planktivores, benthic feeders, and
omnivores (Petersen et al. 2008, Gill et al. 2011, Irons et al.
2015). The Circumpolar Seabird Expert Group identified
eight ‘priority species’ (Table 3.5.1) that represent five of the
foraging guilds (there were no surface planktivore species
that adequately represented either the Pacific or Atlantic).
The black-legged kittiwake (an FEC) represents surface
piscivores, and diving planktivores are represented by two
species of small auks (one for the Pacific and one for the
Atlantic Arctic). The two murre species (also FECs) represent
diving piscivores, and the common eider (an FEC) represents
benthivores. Omnivores are represented by two gull species.
However, national monitoring programs also continue for
species that may be or are not on the priority list, if they

are already part of national efforts planned or underway
(Appendix 1).

Although the CBMP identified eight Arctic Marine Areas
(AMAs), the CSMP recognizes 22 ecoregions, which reflect
geographic differences in seabird ecology and habitat, and
includes geographic areas outside the AMAs (i.e., northern
Gulf of Alaska, the southern Bering Sea, North Sea, and the
Baltic Sea; Fig. 3.5.1). While this report focuses on the AMAs,
the Circumpolar Seabird Expert Group notes where CSMP
ecoregions are relevant to seabird trends in the AMAs.




Table 3.5.1. Seabird species selected as priority species for monitoring by the Circumpolar Seabird Expert Group (CBird). Asterisks indicate which
species are also FECs (Gill et al. 2011).

Foraging guild Common name Scientific name Distribution
Omnivore Glaucous gull Larus hyperboreus Circumpolar

Ivory gull Pagophila eburnea Atlantic
Diving planktivore Least auklet Aethia pusilla Pacific

Little auk Alle alle Atlantic
Diving piscivore Common murre* Uria aalge Circumpolar

Thick-billed murre* Uria lomvia Circumpolar
Surface piscivore Black-legged kittiwake* Rissa tridactyla Circumpolar
Benthivore Common eider* Somateria mollissima Circumpolar

Least auklet.
Photo: R. Duggan/USFWS
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Black-legged kittiwake.
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3.5.2 Current monitoring

The CSMP emphasizes the importance of established
monitored plots (at key sites) or transects (at-sea surveys)
that are surveyed regularly over the long-term to update
seabird population trends, productivity (recruitment),
survival, diets, phenology, and distribution at sea. In all
ecoregions, monitoring efforts are balanced against other
national priorities and limited resources.

The broad distribution of breeding colonies and post-
breeding movements of species require collaborative efforts
and technological innovations (Ganter and Gaston 2013).
However, there is wide disparity among AMAs and countries
in both the amount and completeness of monitoring
activities (Fig. 3.5.2, Table 3.5.2). Nonetheless, colony-based
monitoring occurs almost annually or at regular intervals at
selected colonies in most countries. At-sea surveys are more
opportunistic and often occur in conjunction with resource
exploration and extraction (e.g., the Chukchi Sea in the Pacific
Arctic, or the Davis Strait-Baffin Bay region).

Most circumpolar nations have at least one long-term
seabird monitoring program that makes it possible to
examine population trends. These long-term data sets and
monitoring efforts are crucial to examining the effects of
environmental drivers on seabird populations. The national
recommendations and currently monitored parameters are
provided in Irons et al. (2015). Key sites (CSMP-recognized
colonies) must have two or more parameters collected per
priority species, and have been categorized by the level

of implementation relative to the monitoring plan. A‘fully
implemented’ site has data collected on half or more of
the prioritized species, with at least one of the following:
population trends, productivity and survival, conducted

at the recommended interval.‘Partially implemented’ sites
do not have monitoring conducted at the recommended
interval on at least one of the following parameters:
population trends or productivity.‘Not implemented’ sites
have no data on population trends or productivity currently
being collected.

CBMP Arctic Marine Areas

Arctic Archipelago Davis-Baffin

Arctic Basin Hudson Complex
Atlantic Arctic Kara-Laptev
Beaufort Pacific Arctic

Implementation
level

Full
Partial

B Mone

Figure 3.5.1. Boundaries of the 22 ecoregions (grey lines) as defined in the CSMP (Irons et al. 2015) and the Arctic Marine Areas (colored polygons

with names in legend). Filled circles show locations of seabird colony sites recommended for monitoring (‘key sites’). The current level of monitoring
plan implementation are green = fully implemented, amber = partially implemented, red = not implemented. The CSMP provides implementation
maps for each forage guild.



The following is a summary of monitoring activities of FECs
by country, starting with the Canadian Arctic Archipelago
and working clockwise around the Arctic. Because the
efforts and responsibilities for historic data sets have been
specific to national objectives and vary among countries,
the Circumpolar Seabird Expert Group focused on each
country’s history and status. In addition, the long-term and
current knowledge of local, Indigenous communities might
be integrated with current scientific efforts to expand our
temporal scale of knowledge.

Canada maintains historical colony-based monitoring at
several locations (Prince Leopold Island, Digges Sound, Coats
Island, East Bay, Gannet Islands, Hudson Strait Archipelagos)
in the Canadian Arctic, dating back to 1975 (e.g., Gaston et
al. 2012). Additionally, at-sea monitoring dates to the early
1970s, and has been revitalized as the Environment Canada
Seabirds at Sea program, which continues (Wong et al. 2014).
Another focus of monitoring efforts is the annual assessment
of murre harvest in eastern Canada (Gaston and Robertson
2010). However, Indigenous harvest of marine birds is

poorly monitored. Canada has initiated a community-based,
seabird-health monitoring program in Nunavut and Nunavik,
in collaboration with the Canadian Co-operative Wildlife
Health Centre.

In Alaska, trends in colony status and reproductive or diet
parameters are summarized in the annual Status and Trends
of Breeding Seabirds in Alaska series (Dragoo et al. 2015),
which summarizes results from the monitoring program of
the Alaska Maritime National Wildlife Refuge (AMNWR) and
others at 17 colonies throughout Alaska, which dates to the
1970s at some sites. Only two of those monitored colonies
are in the Pacific Arctic AMA, yet some of the largest colonies
in the Pacific are located on islands of the northern Bering
Sea (Diomede, King, St. Lawrence) and central Bering Sea (St.
Matthew and Pribilof Islands), which together host millions
of nesting seabirds. The trends at colonies south of the Pacific
Arctic may also be relevant to the AMA due to late summer
and autumn use of the Chukchi Sea by birds that breed in the
Bering Sea (Kuletz et al. 2015).

At-sea survey data for the Pacific Arctic is archived in the
North Pacific Pelagic Seabird database (NPPSD); this database
has > 300,000 km of effort and includes survey data from
1975-2015 (ongoing), albeit often opportunistically in
accordance with broader ecosystem objectives. In the Pacific
Arctic waters of Alaska, ~80,000 km of survey effort has been
archived, primarily from 2006 to 2015. While most effort

has been opportunistic or focused on federal oil lease sale
areas of the Chukchi Sea, during which time frame seabird
surveys within the internationally monitored areas of the
Distributed Biological Observatory have been conducted

at least annually and this effort is anticipated to continue.
The NPPSD has been used to examine hotspots of seabird
activity in the Chukchi Sea (Kuletz et al. 2015) and long-term
trends in the seabird community (Gall et al. 2017). Biologging
has been used to monitor changes in seasonal movements
across vast oceanic regions that include areas outside the
AMA (e.g., Orben et al. 2014, 2015). Scientific monitoring of
seabird harvest, which occurs at many Alaska Indigenous
communities, has been sporadic, with intermittent surveys
occurring since the 1980s (Naves 2015).

Colony-based monitoring in Russia is traditionally based on
its Specially Protected Areas (Strict Nature Reserves (SNR),
and more recently, National Parks), but very few of them
currently maintain seabird monitoring. The longest historical
datasets (late 1920s to 1990s) were obtained in Kandalaksha
SNR (Barents Sea and White Sea, CSMP region 19; Krasnov et
al. 1995) and Wrangel Island SNR (Chukchi Sea, region 5) from
the 1970s to 1990s.

These long-term datasets were disrupted in the 1990s and
are not currently maintained on a full scale in Kandalaksha
SNR. During past two decades monitoring has been initiated
by Murmansk Marine Biological Institution on the Kola
Peninsula and in Franz-Josef Land by the National Park
Russian Arctic (NPRA, region 19). Since 2006, ivory gull
monitoring in the Russian part of the species breeding
range (regions 19, 20) is conducted by the NPRA on an
opportunistic basis (Gavrilo 2015). Except for work on the
spectacled eider (Somateria fischeri) in west Chukotka

and ivory gull monitoring as mentioned above, seabird
monitoring has not been conducted in the central Russian
Arctic (AMAs Kara-Laptev and eastern Pacific Arctic). The
recently established Beringia National Park in east Chukotka
is hoped to fill this gap in the future.

Norway maintains colony-based monitoring for a variety

of species and has the most fully implemented monitoring
program in the Arctic (Fig. 3.5.2). Its comprehensive program
collectively called ‘SEAbird POPulation, (SEAPOP) is a
long-term monitoring and mapping program established

in 2005. The most extensive monitoring, which includes
population size, reproduction rates, survival rates and diets,
is concentrated on 17 key sites evenly distributed along the
borders of marine areas surrounding Norway, Svalbard and
adjacent seas. Many of the key sites in Norway have been
monitored annually since the 1980s, with a few series dating
back to the 1960s (Fauchald et al. 2015). At-sea monitoring
surveys in the Barents Sea in the autumn have been
conducted since 2004.

Another program, SEATRACK (SEAbird TRACKing) is
underway in the Atlantic AMAs and involves Norway,

Russia, Iceland, the Faroe Islands and (outside the AMAs)
Great Britain. The program uses geolocators to describe
migratory routes, wintering areas and the variation in these
between years, with the goal to link these with population
dynamics, migration routes and wintering areas with marine
environmental and anthropomorphic factors. Two FEC
species, black-legged kittiwake and thick-billed murre, were
the subjects of projects that used geolocator data loggers
on birds from multiple colony sites to track breeding and
post-breeding movements at a regional scale (Frederiksen et
al. 2012, 2016). Nine other species at more than 30 colonies
have been tagged and tracked during 2014-2016.

In Iceland, 28 key sites have been identified, most of which
have population trends monitored (some since the 1980s)
and some of which have productivity monitored (Fig.
3.5.2). Additionally, for several non-FEC species, colonies
are monitored in aerial surveys and survival is monitored
at colonies (Frederiksen and Petersen 1999, Gardarsson
and Petersen 2009, Gardarsson and Jénsson 2011).
Recommended and currently monitored parameters for
Icelandic seabirds, revised in 2015, are provided in Irons et



al. (2015). Annual seabird harvest information since 1995 is
available online at the Environment Agency of Iceland and
has been published during the period 1898-1942. Harvest
of Atlantic puffin (Fratercula arctica) in the Westman Islands
has been compiled for 1840-2015 (E.S. Hansen et al., unpubl.
data).

The Kingdom of Denmark includes two countries with
seabird monitoring activity in the Atlantic Arctic AMA. In the
Faroe Islands, common murres and black-legged kittiwake
colonies have been counted at about 10 year intervals

since 1972 and 1987, respectively. Annual monitoring

has occurred at one murre colony since 1972 and one
kittiwake colony since 2001. Other non-FEC species are

also monitored (Appendix 3.5.1). Greenland identified 24
key sites, with fully implemented population trends and
productivity studies at three eider and one little auk colony,
and partial implementation in 19 colonies with a variety

of species (see Appendix 3.5.1). Since 1998, a monitoring
program for thick-billed murre and black-legged kittiwake
has been implemented, and a community-based program
for common eider was initiated in 2001. In addition to

the key sites, intermittent surveys are conducted at eider,
murre, kittiwake and little auk colonies. The oldest colony
surveys in Greenland go back to the early 20" Century, but in
general, historical survey activity has been limited and non-
systematic.

At-sea surveys (mainly ship-based, but also aerial surveys)
near Greenland go back to 1988 and cover most waters of
the Davis Strait-Baffin Bay and Atlantic Arctic adjacent to
Greenland. Since the mid-2000s, it has been mandatory for
ships conducting seismic surveys in Greenland waters to
have seabird and marine mammal observers onboard and
observations made from seismic vessels make up a large
proportion of the data. Thus, survey effort is concentrated in
areas with oil exploration activities, e.g., Disko Bay, Eastern
Baffin Bay, Davis Strait-Baffin Bay and NE Greenland waters.
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In general, at-sea surveys (approximately 80,000 km of
effort) have mainly been conducted in summer and autumn,
corresponding to the open water season. Seabird harvest
statistics have been compiled systematically in Greenland
since 1993, using annual reports from hunters; statistics
quantify the taking of birds (and mammals) on a monthly
basis and since 2002, have included bycatch of seabirds in
fishing gear and harvested eggs.

3.5.3 Status and trends of FECs

At a circumpolar scale, several studies have been
implemented that relied on collaborative efforts and
technological innovations to examine trends of focal seabird
species. The two most widely studied species groups in
circumpolar regions are the murres (common murre and
thick-billed murre), which are diving foragers, and the
black-legged kittiwake, a surface forager; these two species
groups thus form the nexus of comparative studies across
circumpolar regions. The benthic-feeding common eider has
also been widely monitored (Table 3.5.2).

Recent population trends of thick-billed murres are mostly
stable (or even increasing) in the Arctic, but declining in most
of the Atlantic Arctic (Table 3.5.2). Common murres increase
in the Pacific Arctic and CSMP region 19 of the Atlantic Arctic,
but decrease in Davis Strait-Baffin Bay and other sites in the
Atlantic Arctic.

Population trends of black-legged kittiwakes are being
examined at the circumpolar scale in Descamps et al. (in
prep.; Fig. 3.5.3). Overall, trends from 2001 to 2010 indicate
kittiwake population declines, particularly in the Atlantic
Arctic and Davis Strait-Baffin Bay AMAs (Fig. 3.5.3). Stable

or increasing colonies occurred primarily in the eastern
Bering Sea and Chukchi Sea of the Pacific Arctic, and to some
degree in the Arctic Archipelago. More recently, key sites in

Fig. 3.5.2. The number of key sites (monitored colonies) for seabirds (in 22 CSMP ecoregions) by country (a total of 125 sites). Sites are categorized as
having fully, partially, or not met the CSMP criteria for parameters monitored. Data were from Appendix 3 of the CSMP (Irons et al. 2015); the degree
of implementation may have changed at some sites since this summary was compiled.



the Pacific Arctic, Arctic Archipelago and Davis Strait-Baffin
Bay AMA do not indicate declines in kittiwake populations
(Table 3.5.2). Colonies have also declined outside the AMAs,
in the northern Gulf of Alaska (CSMP ecoregion 4). Tracking
studies have shown that kittiwakes breeding at colonies
spread throughout the Atlantic Arctic AMA may face similar
threats because they overlap in winter distribution, thus
stressors may not simply be occurring at the breeding sites
(Frederiksen et al. 2012).

The glaucous gull is widely distributed across the Arctic
in 2,768 colonies, but systematic long-term monitoring is
rare (Petersen et al. 2015). Nonetheless, there is reported

evidence of population declines at sites throughout the
Arctic Archipelago and Atlantic Arctic, whereas populations
appear to be stable or increasing in the Davis Strait-Baffin
Bay region and the Bering as well as in the Russian part of
the Atlantic Arctic (eastern portion of region 19) and the
Chukchi Seas of the Pacific Arctic and the Kara-Laptev. In
the recent summary of key sites (Table 3.5.2), population
trends are mostly unknown, with mixed results in Davis
Strait-Baffin Bay and regions of the Atlantic Arctic. A similar
circumpolar examination is underway for the other omnivore
priority species, ivory gull, which have declined in the Arctic
Archipelago (Table 3.5.2) by an estimated 80-90% over the
past 20 years (Gilchrist and Mallory 2005).

N &

= Negative trend
= Positive trend

@2 Significant trends
far P <05)

Mon-significant trends

Figure 3.5.3. Trends in kittiwake colonies 2001-2010, based on linear regression with year as the explanatory variable. Slope of the regression is red
= negative trend, blue = positive trend; shaded circle = significant trend (at p<0.05), open circle = non-significant trend. Non-significant deviation
from zero could imply a stable population, but in some cases was due to low sample size and low power. Provided with permission from Descamps

etal. (in prep).
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Common eider populations show variable trends across

the Arctic, with recent summaries of key sites (Table 3.5.2)
showing mixed results in the Beaufort, mostly increasing
populations in the Arctic Archipelago and Davis Strait-
Baffin Bay regions, as well as Iceland in the Atlantic Arctic
(Jonsson et al. 2013), a stable population in the Faroes,

and decreases or unknown trends elsewhere. Since the
early 2000s, populations in West Greenland have increased
dramatically (Merkel 2010, Burnham et al. 2012), apparently
in response to stricter harvest regulations in wintering areas.
Populations have also increased in the southern end of
Davis Strait-Baffin Bay AMA, Labrador (Chaulk et al. 2005),
although recent studies indicate declines there (Table 3.5.2).
Wintering population of the common eiders in the White
Sea and Russian part of the Barents Sea (region 19) has been
estimated in 2009 the largest ever recorded for this area
(Krasnov et al. 2016).

While seabird trends in general are variable, many species
have declined within the Atlantic Arctic, including seabird
colonies in Norway, Iceland, and the Faroe Islands. For
example, in Norway the estimated population of breeding
seabirds was 30% lower (at 5.5 million pairs) in 2013 than the
previous estimate made in 2003, consistent with declines
extending over decades; the strongest negative trends were
for pelagic foraging species. Concurrently, coastal seabirds
have declined (Anker-Nilssen et al. 2015; Fauchald et al.
2015). Similar or greater declines have been detected in non-
FEC species breeding in Iceland (Gardarsson et al. in press,
Hansen and Sigurdsson submitted). In the Norwegian Sea
(Faroe Islands), four piscivorous species, including surface-
feeding black-legged kittiwakes and diving common murres,
have declined over decades, resulting in hunting restrictions
in the Faroe Islands (B. Olsen, unpubl. data.).

3.5.4. Drivers of observed trends

As the Arctic has longer seasonal ice-free periods due to
climate change, seabird communities are likely to change. In
the Chukchi Sea of the Pacific Arctic, decadal shifts in seabird
species composition and abundance at-sea have been
documented (Box 3.5.1). Intensive studies in the Atlantic
Arctic on little auk have found low survival rates of breeding
adults, with potential population-level effects related to the
impacts of climate warming on their main prey, large Arctic
copepods (Hovinen et al. 2014). Because most seabird species
migrate among breeding, staging (i.e., for molting), and
overwintering sites, conditions south of the AMAs can have
implications for Arctic breeding populations (Frederiksen

et al. 2012, 2016, Orben et al. 2015). Outside of the AMAs, in
the Baltic Sea, numbers of over-wintering waterbirds have
responded to climate change over decades, and the numbers
have correlated with early-winter temperature and open
water (Fraixedas et al. 2015).

Changing ice conditions affect the diet of seabirds and

reveal species plasticity in response to climate change and
sea ice conditions (Grémillet et al. 2012, 2015). Changes in
ice coverage might have positive or negative impacts on
seabirds. For example, planktivorous seabirds appear to have
increased at sea in the Chukchi Sea of the Pacific Arctic (Box
3.5.1), whereas a Beaufort population of black guillemot
(Cepphus grylle), which generally feed close to their colonies,
experienced increased breeding failures as sea ice coverage

declined between 1975 and 2012. Guillemots feeding their
chicks had to switch from ice-associated polar cod to prey
of lower quality (e.g., sculpins), and subsequently had lower
breeding success (Divoky et al. 2015). lvory gulls have also
shown negative trends during past decades expressed in
deacreasing colony size and mismatch breeding events
throughout their breeding range in Russia, which correlates
with the northward shift of the summer ice edge (M. Gavrilo
2011 and unpubl. data). In spring and early summer, Arctic
seabirds rely on open leads and polynyas, which may provide
good foraging conditions combined with resting areas
(Lovvorn et al. 2015). Early ice reduction may degrade or
eliminate these protected and important feeding areas.

Indirectly, changes in sea ice affects the physical
characteristics of habitats for seabird and coastal birds; less
sea ice leads to coastlines being more exposed to erosion
from wave impacts, and compounded by sea level rise.

In the Arctic Archipelago/Hudson Bay Complex, annual
variation in sea ice extent plays a dominant role in the timing
of reproduction, reproductive effort and success for most
marine bird species (Gaston et al. 2005, Mallory and Forbes
2007, Love et al. 2010). Reduced ice cover has also led to
increased bear predation on ground-nesting common eiders,
ivory gulls, as well as little auks and cliff-nesting murres

(Box 3.5.2), potentially leading to local population declines
(Gaston and Elliott 2013, Iverson et al. 2014, Prop et al. 2015,
M. Gavrilo, unpubl. data).

The longer ice-free period in the Arctic also increases vessel
traffic (e.g., shipping and tourism) and opportunities for
mineral (e.g., oil and gas) and biological (e.g., fisheries)
resource extraction, which may eventually impact seabirds.
Where water, wildlife, and humans must pass through ‘choke
points’ between the Arctic and adjoining seas, overlapping
activities put seabirds at risk (Humphries and Huettmann
2014). The Bering Strait is one such narrow passage between
the Bering and Chukchi Seas. During summer and autumn,
the Bering Strait is rich in nutrients and prey, and birds
foraging and moving through the strait result in consistently
high seabird densities there (Wong et al. 2014, Kuletz et

al. 2015). The increase in Arctic vessel traffic has potential

to displace foraging birds, which could be particularly
important near nesting colonies in summer.

The circumpolar regions may offer a unique opportunity

to examine the impacts of broad-scale shifts in ocean
temperatures on upper trophic levels. For example, a
circumpolar-level analysis of the impacts of climate on murre
populations showed that murres respond negatively to

large (0.5-1°C) changes in sea surface temperature, in either
direction, resulting from large-scale climatic shifts (Irons et al.
2008). Sea surface temperatures and climate can also affect
species that nest on tundra, such as common eiders (Jonsson
etal. 2013).

Warmer ocean temperatures have been associated with

more frequent blooms of harmful algae and coccolithophore
plankton blooms, which in turn could change the distribution
and abundance of seabird prey (NOAA 2015). In the southern
Bering Sea (south of the Pacific Arctic AMA), a conservative
estimate of 32,000 seabirds (primarily thick-billed or

common murres) died offshore in August 2014, in association
with warmer than normal sea surface temperature and



Box 3.5.1. Seabird community changes in the Chukchi Sea

The impacts from changes occurring in the Arctic marine environment vary among different types of seabirds. In the
Chukchi Sea of the Pacific Arctic, the community of seabirds observed during ship-based surveys has changed over the
last 40 years, with sub-Arctic species, especially planktivores (seabirds that eat zooplankton) increasing as the number
of ice-free days has increased there. Based on at-sea surveys spanning 1975-2012, Gall et al. (2017) compared two time
periods, 1975-1981 versus 2007-2012. They found that in early years, fish-eating (piscivorous) birds predominated,
primarily black-legged kittiwakes, thick-billed murres and common murres. In the last decade, however, planktivores
have become more abundant in the at-sea surveys. Currently, one of the most abundant species is the least auklet (Box
fig. 3.5.1), which eats copepods. The other super-abundant species is the short-tailed shearwater (Ardenna tenuirostris),
which eats mostly euphausiids (the northern ‘krill’) and does not breed in Alaska. Over decades, the longer ice-free
season has created conditions that lead to greater northward transport of nutrients (and perhaps zooplankton)
through the Bering Strait in summer (Woodgate et al. 2012), more wind-driven mixing of the water column (Carmack
and Chapman 2003), and subsequent increases in stocks of copepods and euphausiids (Ershova et al. 2015), which are
important prey for planktivorous seabirds. Physical barriers (e.g. water temperature) likely prevent the expansion of fish
stocks into the Chukchi Sea (Sigler et al. 2011). There are few seabird colonies on the eastern Chukchi coast, which has
little appropriate nesting habitat (i.e., rocky, steep cliffs and islands) and the few existing colonies consist of fish-eating
species such as murres, puffins and kittiwakes. Land-based counts indicate that murre and kittiwake populations

have increased since the 1980s at Cape Lisburne, Alaska, one of the major seabird colonies in the eastern Chukchi Sea
(Dragoo et al. 2016). Nonetheless, as the ice retreats throughout summer and autumn, post-breeding or non-breeding
seabirds arrive to take advantage of abundant zooplankton, with their numbers at sea surpassing those of locally
breeding birds. These visitors come from colonies in the Bering Sea or, in the case of shearwaters, from breeding sites in
the southern hemisphere. Combined, the planktivorous seabird species have altered the offshore seabird community,
perhaps signaling major changes in the marine food web.

wparshore Morthiesn
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Box figure 3.5.1. Abundance (birds/km?) of least auklets in four regions (see map) of the eastern Chukchi Sea, 1975-1981 and 2007-2012,
based on at-sea surveys (archived in the North Pacific Pelagic Seabird Database). Figures provided by Adrian Gall, ABR, Inc. and reprinted
with permission.




a large coccolithophore bloom (NOAA 2015). While a
coccolithophore bloom is not toxic, it is associated with
opaque blue water that may affect seabird foraging or prey
distribution (Bauduini et al. 2001). This late summer die-

off was followed in 2015 with high ocean temperatures

that extended into the northern Bering and Chukchi Seas
(Pacific Arctic). Murres and kittiwakes exhibited widespread
reproductive failures in the eastern Bering Sea and northern
Gulf of Alaska (H. Renner, unpubl. data), and murre die-offs
were unprecedented in numbers and duration in 2015-2016
(K. Kuletz, unpubl. data). However, inadequate monitoring
made it impossible to determine if the impact extended into
the Arctic.

In the Atlantic Arctic, the weakening of the sub-polar gyre in
the mid-1990s was associated with a basin-scale regime shift
in the Northeast Atlantic and a warming of the sea. Changes

in oceanographic conditions in this area affected many
components of the North Atlantic marine fauna (Hatun et
al. 2009), and similar conditions may have been a key driver
of the decline in Svalbard’s thick-billed murre population
(Descamps et al. 2013). The warming of the Atlantic has led
to a shift in copepod prey species, with the larger, lipid-
rich Calanus glacialis and C. hyperboreus being replaced by
smaller, less energy-rich C. finmarchicus (Welcker et al. 2009).
During this time period, the planktivorous little auk has
demonstrated changes in diet and foraging distances while
raising chicks, which suggests adaptability to changes in
prey and foraging grounds (Gremillet et al. 2012). However,
continued warming could lead to negative trends in some
populations (Karnovsky et al. 2010, Hovinen et al. 2014).

Shifts in prey distribution can affect seabirds. Some species,
not always Arctic breeders, may be increasing their presence

Box 3.5.2. Increased polar bear predation on seabirds

One of the unexpected effects of reduced sea ice in the Arctic has been an increase in polar bear predation on

seabird nests. Affected birds include ground-nesting seabirds such as glaucous gulls and common eiders, and even
cliff-nesting murres. Since the 1970s, ice has left coastal areas earlier in summer, which has made it difficult for bears

to hunt seals. As a result, bears prowl coastal beaches in early summer and have been observed inland with greater
frequency. The bears prey on seabird eggs and chicks, or their presence near the colonies disturbs the adult birds,
which subsequently abandon their nests. Local populations of eiders have lost up to 90% of nests (Prop et al. 2015) and
murres have lost up to 30% (Gaston and Elliott 2013). Polar bear predation on seabird nests was rarely observed in the
past, but is increasingly observed in the Hudson Strait area of the Canadian Arctic (Iverson et al. 2014), and in Svalbard
and east and west Greenland of the Atlantic Arctic (Prop et al. 2015). Models indicate that, for ground-nesting birds, the
increased rate of predation and nest abandonment could result in population declines, or force birds to move to new
areas. However, in Canada the loss of seabird nests to bears was lower at colonies closer to Inuit villages, presumably
because bears avoid people. Thus, a warming climate affects polar bear hunting behaviour, which then results in
predation pressure on local seabirds during the nesting season. The impact to affected seabirds could result in lower
reproductive success and eventual population decline, as well as changes in the bird’s choice of nesting sites.




in Arctic or sub-Arctic seas, presumably because suitable
prey has become more available. Historically, it was noted
by Fisher (1952) that northern fulmar (Fulmarus glacialis)
increased in abundance and range over 200 years throughout
the Atlantic Arctic, perhaps in response to availability of offal
from commercial fisheries and whaling ships. Changes in
forage fish stocks have also affected seabird populations, in
some cases abetted by commercial fisheries on these prey.
For example, while sandeels (Ammodytes spp.) are not fished
in Iceland, the Icelandic sandeel stock crashed in 2003-2005
(Lilliendahl et al. 2013). During the same time period capelin
(Mallotus villosus), which is fished, shifted in distribution

of its nursery grounds from north of Iceland to southeast
Greenland (Pélsson et al. 2012); both events negatively
impacted seabirds in the Atlantic Arctic (e.g., colonies in
Iceland; Lilliendahl et al. 2013, Gardarsson et al. in press).

Recent examples of shifts in seabird distributions have been
documented in the Pacific Arctic. Based on 40 years of data

in the NPPSD, three albatross species (Phoebastria spp.) have
become more abundant with a more northerly distribution

in the Bering Sea than in past decades (Kuletz et al. 2014).
Changes in abundance and distribution of albatross's primary
prey, squid, could be a likely factor. New species have been
observed in the Chukchi Sea in recent years, including

the first Arctic record of an albatross in 2011 (short-tailed
albatross). Other species that were rarely observed there
historically, such as ancient murrelet (Synthliboramphus
antiquus), are now regularly recorded during surveys in late
summer and autumn, thousands of kilometres from breeding
sites (Day et al. 2013). In addition, open water in the Arctic’s
Northwest Passage may be allowing Atlantic species to follow
prevailing currents into the Pacific Arctic, indicated by recent
sightings of northern gannets in the North Pacific (Day et

al. 2013). Presumably, Pacific species could also follow open
water to the Atlantic side.

Despite their breeding areas being far from large sources

of human-caused pollution, Arctic seabirds are exposed to
contaminants that might affect their populations or the
people that rely on seabirds for subsistence. Ivory gull eggs
collected in Canada, Greenland, Svalbard, and Russia had
high levels of Persistent Organic Pollutants (POPs), including
the insecticide DDT (Miljeteig et al. 2009, Lucia et al. 2015),
and the high levels of DDT may have caused reduced
eggshell thickness (Miljeteig et al. 2012). Glaucous gulls
may also show population-level impacts from persistent
organic pollution at colonies in the Atlantic Arctic (Erikstad
et al. 2013). Point et al. (2011) suggested that loss of sea

ice could accelerate the amount of biologically accessible
methylmercury throughout the food chain, and they found
that the deposition of mercury in murre eggs increased
with latitude. Arctic seabirds benefit the land via transport
of nutrients from the sea, but they might also transport
contaminants; for example, Arctic ponds near large colonies
of northern fulmars had higher levels of POPs and mercury
(Blais et al. 2005). The accumulation and transport of
contaminants might be a concern to indigenous peoples that
rely on seabirds and adjacent colony sites for subsistence.

A possible indirect effect of climate change is the increased
prevalence of diseases in Arctic regions that can affect
seabird populations. Avian cholera, a fatal disease associated
with waterfowl in temperate climes, was first detected in

common eiders in the Canadian Arctic Archipelago in 2004,
and in 2006 led to a 75% reduction in the largest eider colony
in eastern Canada over six years (Descamps et al. 2012).
Although still present in the region and monitored by local
communities (Box 3.5.3; lverson et al. 2016), population
level effects of cholera have abated. In the Pacific Arctic,
avian cholera was first detected in the northern Bering Sea
during a seabird die-off in November 2013 in nearshore
waters of St. Lawrence Island, Alaska (Bodenstein et al.
2015). A conservative estimate of 36,000 birds died in this
event - primarily common murre and crested auklet (Aethia
cristatella).

Seabird mortality imposed directly by human use (e.g.,
hunting or egg collection), and potentially indirectly (e.g.,
displacement of foraging birds), occurs throughout most of
the circumpolar nations and may represent an important
driver for some species (Merkel and Barry 2008). Where
programs are in place to monitor subsistence use of seabirds,
indigenous communities are important allies in providing
harvest data to assist monitoring and management of birds.
Overharvesting may contribute to substantial decrease in
breeding populations, such as occurred for common eiders in
Greenland and Canada (Gilliland et al. 2009) and thick-billed
murres in Greenland (Merkel et al. 2014). The reverse has also
been documented, i.e., rapid population recovery of common
eider in Greenland following a large reduction in hunting
pressure (Merkel 2010). However, in most countries, hunting
levels are declining (Merkel and Barry 2008), so the future
impact of this driver may also be declining.

Incidental catch of seabirds (bycatch) in commercial fisheries
remains a potential anthropogenic driver worldwide (Zydelis
et al. 2013) and long-line and gillnet fisheries in the Atlantic
Arctic kill tens of thousands of birds annually (Fangel

etal. 2015, Hedd et al. 2016). Overall, seabird bycatch is
widespread, but not well monitored (Chardine et al. 2000,
Hedd et al. 2016). Species taken as bycatch varies by fishing
method (i.e., gillnets take diving birds and long-lines take
surface-plungers), location and season. For example, Hedd

et al. (2016) found highest seabird bycatch in summer and
autumn, with waters near breeding colonies in the Davis
Strait-Baffin Bay region having particularly high bycatch rates.
Murres are often the most common bycatch in gillnets of
Pacific and Atlantic fisheries, although bycatch in the North
Pacific occurs south of the AMAs (Chardine et al. 2000, NOAA
2015). Even fisheries with relatively low bycatch rates can
have significant bycatch if they are extensive temporally and
spatially, such as the Atlantic cod fisheries of Norway (Fangel
et al. 2015). In Icelandic waters, bycatch by cod gillnets has
decreased by approximately 80% since the peak fishing effort
in 2001, to about 6,100 birds (primarily common murres) in
2013 (Palsson et al. 2015). The lower bycatch may be partially
due to reduced gillnet use (in favour of long-lines), but could
also be a consequence of the general seabird population
decline over the same period (Gardarsson et al. in press).
Current long-line annual bycatch in Iceland is estimated to be
around 5,000 birds (G. Sigurdsson pers. comm.) Bycatch in the
lumpsucker fishery was estimated to take about 5,300 birds
and could have a large impact on seabirds in the Atlantic
Arctic, particularly for black guillemots, with small, coastal
populations (Fangel et al. 2015, Palsson et al. 2015).

Despite a generally small human population in the Arctic,
seabirds are subject to indirect mortality from human



Box 3.5.3. Tracking infectious disease emergence in Arctic seabirds using Inuit
community-based surveillance

A poleward expansion of
infectious diseases appears

to be occurring in association
with the effects of economic
globalization and climate
change. This expansion may
threaten the viability of wildlife
populations that are important
for ecosystem function and
human subsistence. However,
disease surveillance in remote,
sparsely settled regions like
the Arctic is a tremendous
logistic, financial, and safety
challenge. In the Canadian
Arctic, Inuit participation in
ecological monitoring and

the inclusion of indigenous

Photo:

Community-based research team investigates common eider nesting colony.

ecological knowledge in decision making have become fundamental components of wildlife co-management. Inuit
have increasingly contributed to wildlife disease surveillance and control efforts. A recent example involves the sudden
appearance of avian cholera at common eider nesting colonies located on offshore islands in the Hudson Strait region.

Avian cholera is a virulent disease of birds that has long circulated in temperate regions of North America. Its
appearance at Arctic common eider nesting colonies is a new phenomenon. Inuit harvesters are very familiar with
the location and status of common eider colonies near their communities because they regularly visit them during
summer to collect feather down for use in clothing and blankets. Indeed, Inuit eider down harvesters were the first to
notice avian cholera outbreak events in the ecosystem and report them to conservation authorities.

A collaborative research initiative is now underway that integrates scientific expertise with Inuit local ecological
knowledge (Iverson et al. 2016). The objectives of the initiative are to collect samples for laboratory testing, map
disease-distribution patterns, and determine the host species range and extent of mortality. These data are
fundamental to determining conservation threat and predicting the risk of further spread of disease. Inuit participation
as sentinels on the land, experts helping in the development of a study plan, and as guides leading research teams into

the field have been integral to project success.

activity. Fishing and other vessel traffic can result in light-
induced bird strikes; these events typically occur during
darkness or poor visibility due to weather (Merkel and
Johansen 2011). In southwest Greenland, common eider
accounted for 95% of seabird mortality from vessel strikes
over three winters (Merkel and Johansen 2011). Plastic
ingestion, which has long been documented in the world’s
oceans, has been documented in northern fulmars in the
Arctic for >15 years (e.g., Mallory 2008, Provencher et al.
2014), and now has also been found in thick-billed murres
in the Arctic Archipelago and Hudson Complex of eastern
Canada (Provencher et al. 2010). However, models suggest
that in general, seabirds face lower risk of plastic ingestion
in high northern latitudes than they do in southern latitudes
(Wilcox et al. 2015).

Mammalian predators introduced by humans into Arctic
regions, intentionally or not, include red fox (Vulpes vulpes),
rats (i.e., Rattus norvegicus) and American mink (Neovison
vison). Introduced predators have had negative impacts on
seabird populations south of the AMAs (e.g., Aleutian Islands;
Byrd et al. 2005), but there is less evidence for population-

level effects in the AMAs. Two exceptions may be American
mink in the Atlantic Arctic (reviewed in NDNM 2011) and
historically, rats in the Faroes (Bengtson and Bloch 1983).
Mink were introduced to Norway and Russia in the 1920s and
recent increases in mink at some common eider breeding
sites have been coincident with high predation of eider nests
and population declines (NDNM 2011).

Oil spills and chronic oil pollution also affect Arctic seabirds.
A series of major oil spills likely contributed to low over-
winter survival of common murres in the North Atlantic
(Votier et al. 2005). Population modelling indicated that
chronic oil pollution, combined with the hunting of thick-
billed murres in the eastern Canadian Arctic, could reduce
the population growth rate by 0.047 per year (Wiese et al.
2004). Determining the population-level impacts from such
catastrophic events, or chronic levels of pollution, highlight
the need for regional data on survival and demography for
affected species. Impacts to specific colonies may be difficult
to detect, partly because accidents often occur in winter, and
multiple breeding populations intermingle in wintering areas
(Votier et al. 2005, Frederiksen et al. 2012, 2016).



3.5.5 Knowledge and monitoring gaps

Throughout the circumpolar regions, the enormous
geographic scale and lack of infrastructure constrain the
scope and frequency of monitoring efforts to adequately
address the priorities of the CSMP. Most of the circumpolar
regions are lacking in consistently funded seabird monitoring
efforts, but efforts and results are foremost missing from
AMAs adjacent to Russia (Table 3.5.2), which spans the
Atlantic Arctic, Kara-Laptev and Pacific Arctic (Fig. 3.5.1).
Equally problematic is the lack of any monitoring at large
colonies in the Pacific Arctic, St. Lawrence Island in the north
Bering Sea, and the Diomede islands in Bering Strait. In both
Russia and Alaska, local communities could efficiently assist
monitoring efforts. They also serve as first responders to
report unusual events and can conduct surveys to estimate
mortality, such as occurred with the seabird die-off from
avian cholera on St. Lawrence Island in 2013 (Bodenstein et
al. 2015). In addition to the benefit of local residents being
able to provide in situ observations and collect data (e.g., Box
3.5.3; lverson et al. 2016), they also hold a wealth of current
and historical Traditional Knowledge (TK) that is needed to
better understand trends.

Among the priority species selected in the CSMP, it was not
possible to determine population trends for roughly a third
of the region-species, as sampled data could not be used

to determine trends. The two priority species representing
diving planktivores were notably lacking useful data on
population trends. In the Atlantic, the little auk is well
studied in terms of diet, foraging behaviour, productivity
and survival (e.g., Karnovsky et al. 2010, Gremillet et al. 2012,
2015, Hovinen et al. 2014), but detecting population trends
for this abundant, crevice-nesting seabird is challenging. The
least auklet, also a crevice nester, may be the most abundant
seabird in the Pacific Arctic, but it is difficult to monitor and
only a few sites in the southern Bering Sea and Aleutian
Islands have been studied over time (Dragoo et al. 2015),
south of the AMA.

Data gaps exist on the distribution of seabirds during non-
breeding season, including migratory paths and staging
areas (Ganter and Gaston 2013). For example, at-sea surveys
in the Chukchi Sea since 2007 identified new hotspots for
post-breeding least and crested auklets, with auklets taking
advantage of late summer peaks in zooplankton abundance
far from breeding areas, when many birds molt and are
flightless (Kuletz et al. 2015, Gall et al. 2017). Applications of
biologgers and satellite tags have made it possible to identify
the distribution of birds during seasonal periods when they
are not at their breeding sites. Recent findings highlight

the need to expand conservation efforts for circumpolar
species beyond AMA boundaries; examples include the
post-breeding migration of black-legged kittiwakes from
the Bering Sea to the central Pacific (Orben et al. 2015) and
murres, kittiwakes and other species that nest in the Atlantic
Arctic moving south to the Newfoundland banks (Frederiksen
etal. 2012, 2016).

Two additional major gaps in monitoring efforts are the

lack of current information on seabird diets and insufficient
demographic data. Collection of birds for dietary samples
has not been used frequently over the last two decades

and methods such as stable isotope analysis, while useful
for basic information, does not provide data on specific
dietary items at a given location. New methods for assessing
diet will be required to follow changes in the ecosystem.
Concurrently, data on survival is essential to make the link
between diet, environmental and human stressors, and how
they affect seabird populations.

Beyond monitoring, there is only localized or opportunistic
and sporadic data relative to known sources of seabird
mortality, particularly the true mortality level caused by
chronic oiling, predation by introduced mammals, and
incidental take in fisheries; this lack of information is
especially true for Russian waters. Finally, improved data
on prey species and the impact that climate warming will
have on them will require multi-disciplinary research and
management efforts.

Little auks.
Photo: Incredible Arctic/Shutterstock.com




3.5.6 Conclusions and key findings

To summarize by AMA ecoregions, based on recent trends at
CSMP key sites (Table 3.5.2), the Pacific Arctic and Beaufort
have shown increasing or stable populations of six of eight
priority (including FEC) species (with exception of common
eiders in the Canadian Beaufort). However, these regions
have few sites with available data relative to other AMAs.
Most species in the Arctic Archipelago and Hudson Complex
are also increasing or stable, except for the ivory gull, which
shows declines throughout most of its breeding range (the
exception being in CSMP region 19 in Norway). Davis Strait-
Baffin Bay AMA shows mixed results, and indeed appears to
be a zone of transition between Pacific/Arctic Archipelago
regions and the Atlantic Arctic, with the latter showing
primarily population decreases. Nearly 70% of the region-
species samples in the Atlantic Arctic show declines and this
pattern cuts across foraging guilds (omnivores, piscivores,
benthivores).

An avenue to explore is whether the Atlantic Arctic
population declines are linked to the cumulative impact of
stressors, including commercial fisheries of forage fish species
(i.e., sandeels and capelin), incidental take in commercial
fisheries, introduced predators, harvest, contaminant load,
and oil extraction and transport. Alternatively, this ecoregion
simply has more complete data, which allows us to detect
seabird trends, compared to other Arctic regions. There is a
notable lack of population trend data for diving planktivores
(least auklet in the Pacific and in the Atlantic) and for all
species in Russia, which crosses three AMAs.

Optimally, national monitoring efforts should be

combined with collaborative approaches, i.e., integrated
and standardized sufficiently to allow synthesis across

the circumpolar regions. Collaborative efforts from the
Circumpolar Seabird Expert Group include: 1) the circumpolar
population trends of murres relative to sea surface
temperatures (Irons et al. 2008); 2) differing trends in eastern
versus western Atlantic populations (Frederiksen et al. 2016);
3) black-legged kittiwake trends driven by oceanographic
factors linked to climate patterns (Descamps et al. in prep);
4) documentation of genetically indistinguishable ivory

gull populations, which has implication for its conservation
(Yannic et al. 2016); 5) a conservation plan for ivory gulls
(Gilchrist et al. 2008); 6) circumpolar status and trends of
glaucous gulls (Petersen et al. 2015); 7) CAFF strategy and
conservation plans for murres and eiders (CAFF 1996, CBird
1997) and the Circumpolar Seabird Monitoring Plan (Irons et
al. 2015).

For most Arctic ecoregions, additional monitoring is
recommended and should strive to include a more complete
array of parameters, in particular, diet and measures of
survival, as well as higher frequency of monitoring. In most
cases, the current frequency of monitoring makes it difficult
to identify mechanisms or causes of changes in populations.
At-sea surveys will continue to be conducted mainly on a
ship-of-opportunity basis, particularly during seismic survey
activity, but targeted surveys and individual tracking studies
would improve our understanding of seabird interactions at
sea, where seabirds spend most of their time.

Most circumpolar nations have at least one source of
long-term seabird monitoring datasets, but efforts
vary across regions. These long-term monitoring
efforts are crucial to examining the effects of
environmental drivers to changes in seabird
populations.

Some of the most widely studied species groups in
circumpolar regions include the FECs, i.e. common
and thick-billed murres (diving piscivores), black-
legged kittiwakes (surface piscivores), and common
eider (benthivores); these species groups make it
possible to conduct comparative studies across
circumpolar regions.

To better represent all foraging guilds, which sample
different components of the marine ecosystem,
additional species (priority species) have been
selected for monitoring at a circumpolar or regional
scale: glaucous gull and ivory gull (omnivores), and
least auklet and little auk (diving planktivores).
Population trends for seabirds vary within and
among regions, making it difficult to assess
circumpolar trends. Nonetheless, among key sites,
current trends indicate that most of the stable or
increasing populations are in the Pacific Arctic and
Arctic Archipelago, while most of the declining
populations are in the Atlantic Arctic.

The declines in seabird populations in the Atlantic
Arctic cut across foraging guilds, including the three
FEC species/groups (kittiwakes, murres, common
eider); of these, murres have shown the greatest
declines. The ivory gull is declining throughout its
range; notably, this species is one of the more ice-
associated species.

Important drivers for seabird population changes
include climate change, reduced sea-ice, changes

in sea temperatures, changes in food webs and
species interactions, disease outbreaks, hunting,
fisheries bycatch, and pollution (contaminants and
oil pollution).

National monitoring efforts combined with
collaborative approaches, when integrated and
standardized sufficiently to allow synthesis across the
circumpolar regions, would be optimal.

Most of the circumpolar regions are lacking in
consistently funded seabird monitoring efforts, but
seas near Russia, spanning three ecoregions, are
particularly lacking in seabird monitoring efforts and
represent a clear data gap.

Demographic data are lacking for most species and
colony sites.

New methods for assessing diet will be required

to follow changes in the ecosystem and how they
affect seabird populations. Most dietary data are
not current or rely on what adults feed their chicks
(which can be different from what the adults
themselves eat).

Recent findings about migration routes and over-
wintering areas highlight the need to expand
conservation efforts for circumpolar species beyond
the AMA boundaries.

People from local communities are important ‘first
responders’ to catastrophic events. In addition, we
should continue or increase community engagement
in monitoring of seabird populations in order to
connect monitoring initiatives across spatial scales.
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Seabird species monitored at one or more key monitoring sites for each Arctic country. Seabird species names in bold are FECs. Asterisks indicate
the species is one of eight priority species identified in the Circumpolar Seabird Monitoring Plan (Irons et al. 2015).
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Northern gannet X X X

Fork-tailed storm-petrel X

Leach’s storm petrel X X

Northern fulmar X X X X

Great skua X X

European shag X X

Great cormorant X X X X

Pelagic cormorant X X

Common eider* X X X X X X X

King eider X

Arctic tern X X X X X X

Common gull X X

Black-legged kittiwake* X X X X X X X

Ivory gull* X X X X

Glaucous gull* X X X X

Glaucous-winged gull X

Great black-backed gull X X X X

Herring gull X X X X

Lesser black-backed gull X

Least auklet* X

Little auk* X X

Black guillemot X X X

Pigeon guillemot X X

Atlantic puffin X X X

Tufted puffin X

Common murre* X X X X X

Thick billed murre* X X X X X X

Razorbill X X
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Snapshot

Marine mammals are top predators in Arctic marine ecosystems.

Many Arctic marine mammal species are important resources and hold special cultural significance for
traditional and local communities

In a warmer Arctic, endemic marine mammal species face extreme levels of habitat change, which is expected
to result in dramatic reductions in sea ice dependent species.

Extirpations of some marine mammal stocks are likely.

The effects of climate change are expected to be exacerbated by increasing oil and gas exploration and
production, marine mining, commercial fisheries, tourism, pollution, noise and shipping, which in combination
can profoundly impact marine mammal populations and disrupt complex ecological relationships.

Changes underway are affecting marine mammal behaviour, abundance, growth rates, body condition and
reproduction, impacting the resilience of marine mammal populations with concomitant effects on the people

who rely on them for subsistence, economic and cultural purposes.

Interpretation of current population dynamics and trends has to take into account historical overharvest,
which can mask the potential effects of climate change.

Marine mammals are harvested in many regions, mostly under sustainable management regimes.
Changing environmental conditions present new challenges to managing marine mammal populations.

Effective marine mammal population monitoring will need improved techniques at appropriate geographic
scales and detail to measure trends that can be evaluated relative to changes in climate (e.g., sea-ice cover)
and human activities (e.g., hunting, shipping, mineral exploration)

3.6.1 Introduction

Sea ice declines across the circumpolar Arctic are the most
visible and dramatic impact of climate change. Changes

to this defining aspect of the environment will have
transformative impacts on ice-associated Arctic marine
mammals through direct habitat loss; and indirectly through
1) changes in prey species abundance and distribution; 2)
increased levels of ocean noise due to increased ship traffic
and industrial activities; 3) increased risks of disease; and, 4)
alteration of predator-prey relationships (Kovacs et al. 2011,
Laidre et al. 2015). Initially, five marine mammal species
(walrus (Odobenus rosmarus), ringed seal (Pusa hispida) ,
beluga (Delphinapterus leucas), bowhead whale (Balaena
mysticetus) and polar bear (Ursus maritimus)) were identified
as Focal Ecosystem Components (FECs) in the Circumpolar
Biodiversity Monitoring Program’s (CBMP) Arctic Marine
Biodiversity Monitoring Plan (CBMP Marine Plan; Gill et al. 2011)
as they are of substantial value to Arctic residents. In further
evaluating Arctic marine mammals that require sea ice for
part, or all, of their life histories, the CBMP Marine Mammal
Expert Network included an additional six species for a total
of 11 species considered useful for evaluating changes in
Arctic biodiversity (Moore and Huntington 2008, Gill et al.
2011, Kovacs et al. 2011, Laidre et al. 2015). These species
are highly visible components of the Arctic ecosystems and
also an integral part of Arctic subsistence culture. The seven
selected species are: beluga, narwhal (Monodon monoceros),
bowhead whale, the ice seals—ringed and bearded
(Erignathus barbatus)—, walrus, and polar bear. Four of the
selected species are sub-Arctic seals that breed on sea ice
and spend part of the year deep into the Arctic: spotted seal
(Phoca largha) and ribbon seal (Phoca fasciata) in the Bering
Sea area (Burns 1981), and harp (Phoca groenlandica) and

hooded seals (Cystophora cristata) in the North Atlantic area.
These species are associated with sea ice and will be affected
by sea ice loss to various degrees depending on regional
conditions, individual species ecological requirements, and
individual species or stocks historic status. These 11 species,
and the aspects related to them, are discussed in this chapter.
Marine mammals that are present in the Arctic, but not
endemic, are not considered here.

Marine mammals associated with sea ice in the Arctic use

all types of ice: glacier ice, multi-year ice, landfast ice and
free-floating pack ice. Of all ice types, loose seasonal pack
ice is the most important as it serves as habitat for all 11
species (Laidre et al. 2008, Eamer et al. 2013). Seasonally
formed annual ice provides breeding habitat for pinnipeds,
serving as an essential platform for birthing and pup rearing
activities as well as a substrate for energy-efficient moulting
platform (Feltz and Fay 1966). Most Arctic and sub-Arctic
pinnipeds use sea ice (when available) throughout the year.
Polar bear depend upon sea ice for travel and access to
ice-associated seals, and generally fast when on land during
ice-free periods. Polar bear mainly den on land but also den
on sea ice in the Southern Beaufort Sea. Sea ice denning has
decreased, however, as ice cover has seasonally diminished
(Fishbach et al. 2007, Durner 2015). Sea ice provides a
sheltered environment for whales and their calves, which

is likely important protection against storms. Sea ice also
provides protection from predators (killer whale (Orcinus
orca)) and competitors of Arctic whales.

Ice seals and whales forage in ice-covered waters, as do polar
bear, and are part of an ice-linked food web (Eamer et al.
2013). Seals and whales consume both fish and invertebrate
prey, often focusing on Arctic endemic species such as polar
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Figure 3.6.1. Circumpolar depiction of species richness based on the distributions of the 11 ice-associated Focal Ecosystem Components (according
to the distributions reported in IUCN Red List species accounts). A maximum of nine species occur in any one geographic location. The Arctic
gateways in both the Atlantic and Pacific regions have the highest species diversity.

cod (Boreogadus saida) and Arctic cod (Arctogadus glacialis)
and fat-rich Calanus copepods and krill (euphausiids),

while polar bear feed primarily on seals. Changes in sea

ice dynamics affect distribution and timing of primary
production, with subsequent effects throughout the food
web (Eamer et al. 2013). Changes documented on a regional
basis include increased benthic productivity in the Barents
Sea (Cochrane et al. 2009) and a complex suite of changes
in the northern Bering and Chukchi Seas highlighted by
northward shifts in primary productivity and changes in
benthic species composition (Grebmeier 2012). Marine
mammal responses to changing ice conditions similarly differ
by region. Ringed seal body condition and reproductive rate
has declined in Hudson Bay and in the Eastern Beaufort Sea
(Chambellant et al. 2012, Harwood et al. 2012). In contrast,
analyses of ringed and bearded seals off Alaska (Chukchi
and western Beaufort Seas), taken in subsistence harvests
(2003-2012 compared with 1975-84), documented dietary
changes along with increased blubber thickness and

earlier female maturation indicating a positive effect to the
population (Crawford et al. 2015). Ringed seal are foraging
generalists and may be able to adapt to a changing suite of

prey, but may be affected by other factors. Understanding
characteristics of sea ice use by individual species and
populations and tracking responses to changes in ice
conditions will be important in determining the significance
of environmental changes to ice-affiliated marine mammals
and to the human communities.

Population dynamics of many Arctic marine mammal species
are also driven by past and present harvests (Laidre et al.
2015). Such dynamics can mask the potential effects of
climate change; therefore, it is important to understand the
history of exploitation. High historic levels of take depleted

a number of marine mammal populations. For some species,
such as bowhead whale (George et al. 2015), harp seal
(Stenson et al. 2016), and Atlantic walrus (Kovacs et al. 2015),
reductions in harvest levels have allowed populations to
increase. In other cases, such as the Greenland Sea hooded
seal, there is no sign of recovery from a severe harvest-
induced decline even decades after catch levels have been
reduced (@igard et al. 2014). Harvest history must therefore
be considered in analyses of population trends and effects of
various drivers including climate change.



Box 3.6.1 Greenland hooded seals

Greenland Sea hooded seal has been commercially exploited for centuries (ICES 2016). Catches increased substantially
after the 1920s and following World War Two to such a high level that regulatory measures were brought in to

reduce effort. Eventually, catches declined and quotas were imposed beginning in 1971. It was assumed that with
reduced catches, the population would increase. No successful surveys were conducted until 2005, at which time the
population was much lower than expected. Consequently, the population has been fully protected from commercial
harvesting since 2007. A recent assessment estimates that Greenland Sea hooded seal decreased from approximately
one million seals in the late 1940s to approximately 84,000 in 2013 (Jigard et al. 2014). The main decline occurred
before 1980 and is thought to have been driven primarily by harvest (@igard et al. 2014). No statistically significant
change in abundance has occurred between aerial surveys conducted in 2005 and 2012, but modelling suggests that
the population may still be decreasing slightly even in the absence of hunting (@igard et al. 2014). Only small scientific
catches have been allowed from the population since 2007 (a total of 515 pups and 268 adults over the period 2007-
2014) and Greenland hunters take few hooded seals from this population. Hooded seal are not exhibiting the expected
density dependent compensation (e.g. increased reproductive rates, lower mortality) that normally occurs when
populations are low compared to available resources. Clearly, some other factors such as food shortages, predation
levels or disease, have become important in controlling the population’s trajectory. Recent studies document increased
predation on harp and hooded seals by East Greenland polar bear, which may be mediated by the reduced distance
from the Greenlandic coast to the pack ice edge (McKinney et al. 2013). This has likely affected survival rates of both
harp and hooded seals in the area. Morphometric data collected over the period from the 1950s through to the
present show reduced length-at-age and body condition of female hooded seals from the Greenland Sea compared to
the highest levels observed for Northwest Atlantic hooded seals. Particularly poor conditions seem to have prevailed in
the 1980s and 1990s, prior to the recent severe decline in ice cover in the Greenland Sea, and may be more related to
competition with commercial fisheries (Anne Kirstine Frie, Institute of Marine Research, Norway, unpubl. data.).

Marine mammal biodiversity— if described as a simple tally
of species present—masks the impact of climate driven
changes on endemic Arctic species. Using a simple tally,
biodiversity in the Arctic may increase as temperate species
move into the area with shifting ice and warming conditions.
Their arrival may further stress Arctic endemic species already
faced with changing physical and ecological conditions.

The cumulative and synergistic effects of multiple stressors
associated with the changing environment and additional
competition as temperate species move northward may
become significant challenges for ice-dependent marine
mammal species (Moore et al. 2014). The selection of ice-
dependent and ice-adapted species as a focal group in CBMP
reflects the importance of evaluating changes in biodiversity
of Arctic marine ecosystems.

The efforts to track and understand trends in population
status in each of the marine mammal FECs will provide
insights into their responses to ecosystem changes and,
ultimately changes in Arctic biodiversity. Population status
may be defined as both population abundance measured
by counts, or as population level relative to carrying

capacity inferred from demographic parameters and/or
condition indices (Gill et al. 2011). Responses will vary by
species, population and region (Moore and Huntington
2008). Endemic Arctic species range across jurisdictional
boundaries and their responses to environmental change,
whether in distribution, behaviour, abundance, or other
factors, will result in new conservation and management
challenges. To address these challenges, current population
and distribution information is essential, and represents basic
information needed by those charged with marine mammal
management. It is essential to provide the resources for such
monitoring and that management-relevant information be
collected and disseminated widely.

3.6.2. Current monitoring

Monitoring is necessary to assess population trends

and status and the effect of environmental changes and
anthropogenic activities, to support informed management.
Assessing trends, which are important indicators of
population status, requires knowledge of stock structure,
abundance data over many years or demographic analysis
of vital rates (e.g., reproduction and survival) and statistics
of direct and indirect human-caused mortality (e.g., catch,
bycatch, ship strikes). These parameters are available for
relatively few populations of marine mammals (Laidre et al.
2015).

Tracking animals in space and time provides data on
connectivity among groups and populations as well as raw
distributional information. Photographic ID catalogues

are useful for species with individual markings and are
maintained for several whale species. The purpose of identity
catalogues is to track individuals and provide information
on movements and abundance; examples include bowhead
whales in the Bering-Chukchi-Beaufort Seas, killer whales in
Canada, humpback whales (Megaptera novaeangliae) in the
North Atlantic and in the North Pacific. Satellite telemetry

is broadly applicable and used on a variety of species.
Telemetry studies can provide vital information about stock
structure and seasonal movements as well as baseline data
useful for comparisons of changes in distribution over time
and for comparisons of changes in activity budgets and
other parameters with changing environmental situations.
An example is the telemetry studies of ringed seals in
Svalbard, which show how changes in ice conditions have
influenced foraging behaviour of a strongly ice-associated
seal (Hamilton et al. 2015, 2016). Further examples include
studies that used telemetry linked changes in ice conditions
to observed reductions in reproductive rates of Northwest




Atlantic harp seals (Stenson et al. 2016) and body condition
declines of Barents Sea harp seals (Bogstad et al. 2015).

Similar to mammalian status assessments elsewhere (e.g.
IUCN Red List for Mammals), a key parameter used for
determining the status of marine mammals in the Arctic is
the estimate of abundance. The most common abundance
estimation method for marine mammals is visual and/or
photographic aerial surveys of the entire population or the
visible component (e.g., pups). Generally, survey estimates
must be corrected for animals missed by the observer
(perception bias) or animals that may not be present to be
counted (availability bias, e.g., whales that are below the
surface). If only a component of the population is surveyed,
total abundance is estimated using a population model
that incorporates additional data such as reproductive rates
and/or survival rates, pregnancy rates or other population
parameters. Mark-recapture studies use individual
identification (appearance, tags, or genetic sequencing)

to mark part of the population and then the proportion of
marked animals subsequently re-sighted is used to estimate
the total population. Passive acoustic monitoring devices
are increasingly in use, often within area-based arrays to
get an index of abundance. These devices also permit the
assessment of changes in phenology (timing of events), such
as breeding or migration, if the devices are maintained over
periods of decades and in some cases can identify potential
sub-stock structure in whale populations (e.g., Delarue et al.
2009).

To determine population trends, surveys must be repeated
over time, though the level of variation around estimates
often precludes trend estimation. Multiple estimates can

be used to evaluate trends in the whole population using a
population model, or used simply as an index of change in
abundance. Given the large ranges of many species, expense
of ships and aircraft, and challenging climatic conditions

in the Arctic, surveys of most stocks are only carried out
sporadically and time-series data for most stocks are limited
(Laidre et al. 2015).

Population surveys for the 11 FECs are generally conducted
by or for resource management agencies at the national level
or as a cooperative effort between jurisdictions (e.g., North
Atlantic Sightings Survey (NASS)). In Canada, Fisheries and
Oceans Canada is responsible for assessing stock status for
whales and seals in the Arctic while Environment and Climate
Change Canada and provincial and territorial and provincial
governments conduct surveys and research on polar bears.
In the U.S., the U.S. Fish and Wildlife Service (USFWS; walrus
and polar bear) and the National Marine Fisheries Service (ice
seals and whales) are responsible for monitoring the status
of marine mammals. In Greenland, the Institute of Natural
Resources (GINR) oversees marine mammal stock monitoring.
GINR provides the Greenland Self Rule with advice on
sustainable exploitation of living resources and safeguarding
of the environment and biodiversity. In Norway, the
Norwegian Polar Institute (NPI) is responsible for monitoring
most Arctic endemic marine mammals, except for harp and
hooded seal, which are the responsibility of the Institute of
Marine Research. NPI acts as scientific and strategic adviser to
the Norwegian government in polar issues. Marine mammal
monitoring in Russia is conducted by regional research and
management agencies and studies on protected areas (parks

and nature reserves) are the responsibility of the protected
area managers.

Stock assessments are carried out at national, bilateral
(Inuvialuit/Inupiat Agreement; Canada/U.S. Agreement; and
Canada-Nunavut-Greenland Memorandum of Understanding
for polar bear; Joint Commission on Narwhal and Beluga
between Canada and Greenland; U.S.-Russia assessment of
shared populations of walrus, ice seals and polar bears in the
Bering/Chukchi Sea region; Norway and Russia cooperation
to assess status of shared marine mammal populations,

such as polar bear), regional (i.e., North Atlantic Marine
Mammal Commission (NAMMCO), or international levels
(International Whaling Commission (IWC), International
Union for the Conservation of Nature (IUCN) Polar Bear
Specialist Group (PBSG)). These international efforts are key in
setting management parameters ultimately implemented by
individual jurisdictions.

International cooperative efforts are critical for tracking
scientific research and identifying issues of concern for
shared stocks. NAMMCO consists of representatives from

the Faroe Islands, Greenland, Iceland and Norway and was
formed to cooperate on the conservation, management and
study of marine mammals in the North Atlantic. Under the
1973 Agreement on the Conservation of Polar Bears the Polar
Bear Range States are implementing a Circumpolar Action
Plan for Polar Bear (Polar Bear Range States 2015). One focus
of this work is to help coordinate and improve monitoring
and research efforts for polar bear. Under the umbrella of the
IUCN PBSG tracks and evaluates polar bear population status
and trends throughout the circumpolar region. The IWC
evaluates whale populations and is responsible for setting
harvest limits for bowhead whales. These international efforts
are key in setting management parameters and identifying
information needs that are ultimately implemented by
individual jurisdictions.

Harvested animals are another important data source
(Harwood et al. 2015). Arctic and sub-Arctic marine mammals,
which are an important resource for northern people
(Hovelsrud et al. 2008), are harvested for both subsistence
and commercial purposes. Most harvests are monitored

and some operate with allocated quotas. The availability

of subsistence harvest samples provides an opportunity, in
collaboration with communities, to obtain a suite of metrics
(e.g., age at maturity, pregnancy rate, growth rate, body
condition, pollution and contaminant loads) that could serve
as broader ecological indicators.

Monitoring of community subsistence hunts of marine
mammals is conducted throughout the Canadian Arctic
sporadically, with about one-third of the communities
participating in general, and the extent of sampling varies
with the region (Inuvialuit settlement region, Nunavut,
Nunavik, Nunatsiavut). Monitoring of polar bear subsistence
harvest is conducted through the whole Canadian Arctic
with the exception of Quebec where a monitoring program
is being developed through a co-management process. For
all marine mammal subsistence harvest monitoring, tissue
samples and harvest information are collected for genetics,
disease, body condition, contaminants, reproduction,
feeding ecology, and stress with collaborations at a number
of universities. The longest monitoring programs exist for



ringed seal, beluga, and polar bear. Fisheries and Oceans
Canada, in partnership with regional Inuit co-management
groups, collects national harvest statistics for walrus, whales,
and seals. The provincial and territorial governments

collect harvest information for polar bears in collaboration
with Inuit. In the U.S., harvest information is collected by

the USFWS and through collaborative efforts with marine
mammal co-management groups, communities, and the
Alaska Department of Fish and Game, U.S. In Greenland,
catch data are collected and administrated by the Ministry of
Fisheries and Hunting. Catches of species not regulated by
quotas, including seals, are reported on a form that hunters
have to send to the government in order to renew their
hunting permit. Catches of species harvested according to
quotas (narwhal, beluga, walrus, polar bear and large whales)
are reported in more detailed special forms, which include,
for each catch, date and position, information about the
hunting method and time to death and biological data such
as age class, gender, size, reproductive state and stomach
contents.

Marine mammal studies can benefit from Traditional
Knowledge (TK), which provides a long-term and detailed
wealth of information and understanding of wildlife and
resources upon which communities depend. Sources are
not necessarily marine mammal specific, such as a general
overview of TK possessed by the Chukotkan peoples
(Bogoslovskaya and Krupnik 2014) that provides insights
on local patterns and environmental changes over time.
Another localized study around Diomede Island in the
Bering Straits region details currents and regional anomalies
around the island that affect, among other things, marine

mammal distribution (Social Science Program 2014). Other
studies are species specific, such as the Final Report of

the Inuit Bowhead Knowledge Study (Hay 2000). Studies
repeated over time, such as polar bear habitat use studies

in the Chukchi and Bering Straits region (Kalxdorff 1997,
Kochnev et al. 2003, Voorhees et al. 2014) document local
knowledge in a changing environment. Community based
sampling programs provide biological parameters for ringed
and bearded seal research in the Canadian Arctic (Harwood
et al. 2012). Subsistence harvests provide another important
source of information, both from hunters’ knowledge of

the animals and their environment and from samples taken
from harvested animals (e.g., Laidre et al. 2015). Community
participation in conservation efforts, co-management

of harvest monitoring, inclusion of TK in identification of
research priorities, and direct local involvement in scientific
sampling are ways to continue access to this important
source of information and expertise.

In some cases, TK holders provide important insights on

data utility and limitations. For example, in Alaska, the Ice
Seal Committee, a co-management group supported by the
National Marine Fisheries Service, supported a compilation of
historic ice seal harvest information and identified both the
strengths and limitations of the information. Data on harvest
by village from 1960-2012 demonstrate the importance

of seal harvest as a subsistence resource throughout the
region. Extrapolation of the data is limited, however, as most
information was collected as part of household surveys
conducted intermittently in different villages. As a result, the
data are insufficient to measure changes in harvest patterns
across villages, regions or years (Ice Seal Committee 2014)

Monitoring polar bear in Greenland.
Photo: Fernando Ugarte




3.6.3. Status and trends of FECs

The CBMP Marine Mammals Expert Network updated the
estimates and abundance table developed in Laidre et al.

(2015) and new information on status and harvest was added.

The table includes the initial five FECs (beluga, bowhead
whale, walrus, ringed seal and polar bear), as well as an
additional six species we identified as important for tracking
ecosystem changes (narwhal and bearded, spotted, ribbon,
harp and hooded seals). The eight Arctic Marine Areas (AMAs)
referred to in our table are as defined by the CBMP (Gill et al.
2011). These areas differ slightly from those used in Laidre et
al. (2015), who described 12 geographic regions that extend
further south in the Pacific (including the southern Bering
Sea and the Sea of Okhotsk) and identified the Chukchi Sea,
Baffin Bay, Labrador Sea, Greenland Sea and Barents Seas

as distinct regions and did not include the central Arctic
Basin. Notable population updates include new estimates for
narwhal, beluga, walrus and polar bear in some regions.

Nearly all stocks are harvested, primarily for subsistence.

One stock, belugas in Southwest Greenland, was extirpated
in the first half of the twentieth century (Heide-Jgrgensen
and Laidre 2006). Of the 83 remaining stocks, only 11 are not
subject to harvest, and six of these are in the Atlantic Arctic.
Many harvests are managed within a quota system; of the 73
harvested populations, 39 (or 54%) are harvested with quotas
throughout their entire range. The majority of harvested
populations in Canadian and Greenlandic waters are taken
under a quota system. In Canada, most hunts are by quotas
(beluga, narwhal, bowhead whale, walrus and polar bear) and
more detailed harvest information is collected periodically. In
Greenland harp, hooded, ringed, and bearded seals are not
under quotas, while walrus, beluga, narwhal, bowhead, and
polar bear are. All the protected stocks are in Norway, Russia
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or the Arctic Basin, while all stocks in Alaska, Arctic Canada
and Greenland are harvested.

With the exception of bowhead whale and polar bear, formal
quotas do not limit marine mammal harvest in the U.S,;
however, the harvest must be non-wasteful and it must be
conducted for subsistence and cultural purposes. Harvesting
occurs across the Arctic although to a lesser extent along the
coastline of northern Russia (Kara and Laptev Seas) and off
Norway. The majority of the protected (not harvested) stocks
are in the Barents Sea region, off the coast of Norway.

Trend information remains elusive for the ringed, bearded,
ribbon and spotted seals and some polar bear populations,
and is limited for beluga subpopulations outside the Atlantic
Arctic region. More is known about other cetaceans, with a
majority of narwhal subpopulations considered stable and
most bowhead subpopulations considered to be increasing.
The status and trends of harp and hooded seal populations
are regularly documented (Hammill et al. 2015, Stenson

et al. 2016). The status column in Table 3.6.1 incorporates
information on exploitation history to facilitate the
interpretation of temporal trends. Specifically, an increasing
population may be the result of a positive reaction by the
species to changing ecological conditions, e.g., increasing
primary production resulting in increased prey abundance.
Alternatively, and most commonly among Arctic marine
mammals, a species that has been overharvested in the past
may simply be increasing due to a cessation or regulation of
harvest. While not definitive in sorting out details, the status
information provides important context for evaluating trend
information.

From a regional perspective, little abundance and trend
information is available for the many populations that

R U nknow

Extirpated

Figure 3.6.2. Trends in abundance of Arctic marine mammal Focal Ecosystem Components based on the most recent assessment for each
recognized subpopulation of a species (red, declining trend; yellow, stable trend; green, increasing trend; grey, unknown trend). Number of
subpopulations is given after species name. Each column is divided into equal segments, the sizes of which are not proportional to the size of the
subpopulation. Ringed seal and bearded seal segments represent subspecies. Walrus segments represent subpopulations within subspecies. See

Table 3.6.1 for details on abundance.
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Figure 3.6.3 Status of marine mammal Focal Ecosystem Component stocks by Arctic Marine Area.

occupy the Pacific Arctic and Atlantic Arctic regions. Both
areas include extensive open-ocean as compared with other
regions that are comparatively more defined seas over
continental shelves or within archipelagos. The Arctic Basin
and adjacent Beaufort and Kara-Laptev regions have the
lowest number of marine mammal populations and trend
information is also limited in these regions.

Long-term population monitoring is important for the ability
to detect changes in vital rates that can influence population
dynamics and in some cases point to the main drivers of
population change. For example, changes in harp seal
abundance, growth rates, body condition and reproductive
rates in Labrador and Newfoundland since the 1950s have
been linked to changes in harvest levels and ice conditions
(Stenson et al. 2016). Situated at the southern edge of the
seasonal pack ice, the pupping areas of Northwest Atlantic
harp (and hooded) seals have undergone significant
warming, with concomitant sea ice losses, over the past

four decades (Stenson and Hammill 2014). During the same
period, the population has recovered from a low level due

to management actions and reduced harvests (Hammill et
al. 2015). Monitoring of reproductive rates since the 1950s
has shown that pregnancy rates of mature females have
declined while the interannual variability in the proportion
of seals that are pregnant has increased (Stenson et al. 2016).

These changes are associated with increased population
size, and annual changes in mid-winter ice extent and prey
abundance. The changes in ice extent likely reflect or even
cause many concurrent ecosystem changes, including
changes in food availability, notably for capelin the main
forage fish in the area (Buren et al. 2014). In Barents Sea harp
seals, body condition has declined during the past 10 years,
when Barents Sea ice cover has been lower than in the late
1990s. This could be related to longer travel distances to the
ice edge or changes in prey availability (@igard et ak 2013).
The latter may be partly due to increased competition from
a historically large Atlantic cod stock, which has profited
from the warming trend (Bogstad et al. 2015). Comparisons
of swimming distances and dive behaviour in ringed seals
off Svalbard before and after a major retreat of summer ice
showed an increased foraging effort suggesting increased
energetic costs of finding food associated with changes in
ice conditions (Hamilton et al. 2015, 2016). The complexity
inherent in interpreting Arctic marine mammal population
status underscores the need for long-term monitoring

as carrying capacity changes due to changing climatic
conditions.

Distributional changes within polar bear populations have
led to differing perceptions of population trends. Increasing
interactions with polar bears in northern communities can
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Figure 3.6.4. Harvest marine mammal Focal Ecosystem Component stocks in Arctic Marine Areas. Harvested without quotas, with quotas or not

harvested.

be due to changes in population, but they may also be
because of changes in distribution due to loss of sea ice.
Understanding both the reality and perception of population
status is critical to developing effective management
strategies. While humans and polar bear have existed side
by side in the Arctic for centuries, the frequency of conflicts
between bears and humans has increased in parallel with
sea ice reduction and increasing numbers of people residing
in and visiting the Arctic (Derocher et al. 2004, Stirling and
Parkinson 2006, Hovelsrud et al. 2008, Towns et al. 2009). The
Polar Bear Range States have given this issue high priority,
and began developing a database tool in 2009 to document
interaction events throughout the range of polar bears and
develop appropriate mitigation strategies (Polar Bear Range
States 2015). However, this tool is not fully implemented.

In Alaska, local residents and management agencies are
working collaboratively to minimize human/polar bear
conflicts. In oilfield developments along the Beaufort coast,
industry activities are required to have formal polar bear
management plans that include site design features that
minimize polar bear attraction, polar bear guards, and spring
den site surveys. In the Indigenous village of Kaktovik, where
bears congregate in the autumn to feed on whale bones
from the subsistence harvest, the village and the USFWS

in collaboration with numerous partners implements and
updates as needed comprehensive strategies to manage
polar bear viewing opportunities, food storage, and village
safety. As with other marine mammal’s subject to subsistence
hunt, a co-management group comprised of coastal village

representatives in the range of polar bears was used to
support ongoing partnerships to develop local management
plans for villages along the Chukchi Sea coast.

In partnership with the World Wildlife Fund-Canada, the
town of Arviat in Nunavut participated in a Human-Polar Bear
Conflict Reduction Project. A polar bear guard was trained in
deterrence techniques (spotlights and bear bangers) and in
identifying and reducing bear attractants in the community
(like garbage and poorly protected meat storage). In
addition, electric fences were installed and steel bins were
provided for meat storage. Over the three-year project

the number of bears killed per year in Defense of Life and
Property in Arviat dropped from eight to zero. In addition,
the Polar Bear Alert Program (PBAP) in Churchill, Manitoba is
well known for its effective approach to protect polar bears
and humans. The town of Churchill lies on the western coast
of Hudson Bay and is in the path of an annual travel route for
polar bears that are traveling north to reach ice as it re-forms
for the season. The PBAP has two tiers for protecting the
bears and humans. When bears first approach the Churchill
area they are chased away by Conservation Officers using

a variety of deterrence techniques. If they return they are
captured and put in a holding facility until the ice re-forms
in the fall and they are released. This prevents bears from
entering the city and becoming problem animals that need
to be killed and protects residents from possible encounters.



Box 3.6.2: Polar bear Traditional Knowledge

Traditional Knowledge (TK) contributes insights into polar bear condition and abundance, particularly in the face of
rapidly changing sea ice environments. Extensive hunter interviews in the 1990s and early 2000s in the Chukchi and
northern Bering Sea regions documented polar bear seasonal use and distribution around villages, and the importance
of polar bears in Indigenous culture (Kalxdorff 1997, Kochnev et al. 2003). Since then, subsequent studies provide
insight about how polar bears are faring in the face of rapid environmental changes, notably the loss of summer

sea ice. The value of the information is in part due to the technical challenges of collecting baseline and updated
information on polar bear, and in large part on the insights provided by hunters that live in and depend upon the same
environment as polar bear. Similar studies to connect past and present knowledge to add insights to the effects of
climate change on polar bear have been conducted in Canada (Kotierk 2010, Slavik 2012) and Greenland (Sandell et al.
2001, Born et al. 2010).

Hunters in all villages observed changes in distribution and timing of seasonal movements and in local abundance in
recent years. Other important conclusions from these studies include observations on polar bear condition and diets.
In general, bears were considered to be in good condition, even when stranded on land during the summer or late
autumn. Bears were observed eating a variety of terrestrial foods indicating flexibility to deal with changing conditions.
Despite this, hunters cautioned that the ultimate effect of sea ice loss is not clear and speculation on the future is
avoided in St. Lawrence Island Yupik and Inupiaq cultures (Voorhees and Sparks 2012, Voorhees et al. 2014).

Inuit hunters from Greenland have experienced profound changes in their subsistence harvest of polar bear (Born et
al. 2010). In the 1990s and before, sea ice conditions allowed for hunting trips in dog sledges over very long distances.
It took several days to hunt a few polar bear, as bear densities were low. Since the 2000s, the season when the sea ice
is safe for sledge travel is increasingly

shorter, and the areas where transport

over the ice is possible have been

greatly reduced. As consequence,

the number of polar bear harvested

from skiffs, instead of dog sledges has

increased. In addition, polar bears are

now found closer to settlements. As a

result, trips for hunting polar bear are

much shorter than before. This change,

coupled with the introduction of

quotas in 2006, result in an increased

presence of polar bear in areas

inhabited by people and more bears

killed to protect human lives.

TK and science are knowledge systems
that for the most part complement
each other, however, there are
instances in which their conclusions
differ. For example, information on
polar bear population status and
trends can be particularly difficult to
reconcile due to variability in scope
and methods (e.g., IUCN Polar Bear
Specialist Group 2017, Polar Bear
Technical Committee 2013). Progress
has been made in the utilization

of both knowledge systems in
assessments, and efforts continue to
determine the best path forward in
using TK effectively in decision making.

Box figure 3.6.1. Routes used for hunting
polar bear in Ittogqoortoormiit, East
Greenland before 1999 (red line), and in
2012 (yellow), 2013 (blue) and 2014 (green).
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3.6.4 Drivers of observed trends

In a warmer Arctic, endemic marine mammal species are
already facing and will continue to face extreme levels of
habitat change, most notably a dramatic reduction in sea
ice (Laidre et al. 2015, Stern and Laidre 2016). The pattern
and timing of sea ice loss is important and will likely result

in varied impacts by region and by species. For example,
early spring sea ice retreat reduces suitable breeding and
pup rearing habitat for ringed seals. Polar bear breeding
precedes the ringed seal pupping season and bears depend
on hunting seal pups to rebuild energy stores after fasting
during their own breeding period. Reduced availability of
seal pups will detrimentally affect the polar bear (Bromaghin
etal. 2015, Stirling et al. 2016). In Svalbard, changes in ice
conditions have been observed to lead to changes in prey
composition of bearded seal as estimated by stable isotope
signatures (Hindell et al. 2012). Late summer open water (due
to seasonal ice retreat north of the continental shelf) limits
offshore foraging habitat for Pacific walrus and increases
their use of coastal haulouts. Historically, Pacific walrus rested
on sea ice located directly over prime feeding areas; use of
coastal haulouts results in increased travel time and energy
expenditure to access feeding areas and also increased
potential of calf mortality due to stampede events (panic
exodus of haulouts) (Udevitz et al. 2013). Walrus also depend
on winter sea ice adjacent to key feeding areas, notably

the St. Lawrence Island polynya, which has high bivalve
productivity (primary forage species) and broken ice of
sufficient size to provide resting places along with sufficient
open water (Jay et al. 2014). Seasonal changes to the polynya
may detrimentally affect walrus and in general, changes in
the seasonal occurrence and the quality of sea ice in key
feeding habitats reduce foraging efficiency of walrus.

In addition to habitat loss, physical environmental changes
(e.g., increased water and air temperatures) alter the forage
base of Arctic marine mammals. Such changes may appear
as shifts in the density and distribution of prey species, and
potentially loss of some fat-rich prey species (Moore et al.
2014). Reductions in sea ice is already allowing northward
movement of temperate species with the possibility of
increased competition for food and increased predation by
species (i.e, killer whale) formerly unable to access them

in areas of extensive sea ice (Laidre et al. 2015). Warmer
waters may also bring increased disease risk and increased
risks from contaminants (Lefebvre et al. 2016). For some
species, notably ice-associated cetaceans, predictions are
difficult because the nature of their affiliation with sea

ice is not clearly understood. In fact, bowhead whale are
doing well, both at the population and individual level, in
the increased open-water conditions of the Beaufort and
Chukchi Seas (George et al. 2015). In contrast, ice-breeding
seals will have marked, or total, breeding-habitat loss in
their traditional breeding areas and will certainly undergo
distributional changes and likely abundance reductions
(Cameron et al. 2010, Kelly et al. 2010). In general, species
with fixed traditional spatial and temporal cycles that track
historic sea ice and climatic patterns are expected to decline
in abundance. It is not certain to what, if any extent such
species will be able to adapt their patterns of breeding and
habitat use on decadal time scales. Extirpation of some stocks
is likely.

Anthropogenic activities that may affect marine mammals

in the Arctic are increasing concomitantly with loss of sea

ice habitat. The longer and more widespread open water
season has already stimulated increases in ship traffic and
resource development in the Arctic (Reeves et al. 2014, Laidre
et al. 2015). Major shipping routes into the Arctic include the
Bering Sea from the Pacific Ocean, Baffin Bay-Davis Strait and
Barents Sea from the North Atlantic. Impacts from increased
shipping on marine mammal species and the people who
depend upon them can come from the direct impact of

ship strikes on whales, the loss or disruption of habitat from
activities such as icebreaking to clear shipping channels,
disturbance from noise generated by ships, and from
contamination. The potential for impact will vary by season,
dependent in large part on ice conditions.

Noise associated with increasing ship traffic and resource
development is also of concern for marine mammal
populations. Marine mammals communicate via underwater
vocalizations and can be negatively affected by underwater
noise from shipping and other industrial activities (Reeves

et al. 2014). Bowhead whale, for example, respond to
anthropogenic sound in their environment (Southall et al.
2007) and concern that bowhead whale will avoid areas with
industrial noise has been the subject of ongoing regulatory
discussions of oil and gas operations in the Arctic (NOAA
Fisheries 2013). The degree to which bowhead whale respond
to noise depends on the activity of the whales; they generally
respond less when involved in feeding or social behaviour
and more when resting or migrating (Richardson et al. 1999,
Richardson 2004). Shipping noise is not anticipated to cause
acute physical harm, although many species will likely move
away from noise and constant noise may effectively result

in habitat loss. In Canada, belugas were observed avoiding
ice-breaking vessels at great distances and altering their
behaviour for days following the event (Finley et al. 1990).
Based on acoustic modelling, noise from an icebreaker is
audible to beluga from 35-78 km away, depending upon
water depth, and can mask vocalizations over most of

that range (Erbe and Farmer 2000). The possibility of noise
disturbance is a particular concern to communities and local
residents, concerned that key subsistence species may be
deflected away from traditional hunting areas (Huntington et
al. 2016).

Pollution and the presence of toxic chemicals and heavy
metals are of concern for the health of marine mammals and
for the food safety of subsistence communities that depend
upon them (Huntington et al. 2016). With increased Arctic oil
exploration and shipping, the risk of oil spills from tanker or
other shipping accidents has increased. Fuel and heating oil
are regularly carried through the region on both destination,
and increasingly, inter-ocean voyages. The risk of oil spills to
Arctic marine mammals is exacerbated by the lack of effective
clean-up techniques and lack of response equipment and
capability in remote Arctic regions. Discharge of bilge water,
oily sludge, garbage and other materials may be of greater
chronic widespread impact than acute accidental spills and
as difficult or impossible to clean up.

In addition to the ice-dependent species considered here,
under the influence of a warming climate a number of
temperate species have extended their distribution range
northward and increased the amount of time they spend



Box 3.6.3: Pacific Arctic pinnipeds unusual mortality event

| Monitoring seals.
Photo: Josh London, NOAA

In 2011, the emergence of skin lesions and mortality in Arctic seals and walrus on the U.S. Arctic Slope, Pacific Western
Arctic, and Bering Strait led to the declaration of an Unusual Mortality Event (UME) by NOAA and the USFWS (NOAA,
2011). In response, a trans-boundary interdisciplinary disease investigative team was assembled to join Indigenous
hunters from Alaska, Chukotka, Russia, and the Northwest Territories (NWT) of Canada. No specific cause has been
identified, but investigations have ruled out numerous bacteria, viruses, contaminants and algae toxins known to
affect marine mammals. Advanced testing for unidentified infectious agents continues as well as testing for other
potential causes.

Ice seals and Pacific walrus are key species essential to the Arctic ecosystem and food security for Indigenous
subsistence communities (ICC-Alaska, 2015, Raymond-Yakoubian et al., 2014, Gadmus, 2013). At least 60 coastal
communities in Alaska, Chukotka and Canada’s Northwest Territories are reliant on the non-commercial harvest of local
marine wildlife for their nutritional, cultural, and economic well-being. The UME initially identified in northern Alaska
ultimately extended to impact communities both westward across the Bering Strait in Chukotka and eastward into

the NWT. Thus, food safety and food security aspects are integral components of the response. Disease surveillance
continues, including follow-up with surviving animals. NOAA conducted an ice-associated seal research survey in the
central Bering Sea in April 2016; nine of the 10 ribbon seals captured had extensive bald patches and are thought to

be survivors of the initial disease outbreak. Similar findings of an increased incidence of “black skin” (hairloss patches)
and or delayed/incomplete molt have been observed among subsistence harvested ice seal species including, ringed,
bearded and spotted seals since 2011. While the outbreak has subsided, such unusual events present food security and
public health concern in a region currently experiencing significant environmental and industrial maritime change (Ice
Seal Committee 2012).

This was the first UME to be designated in the U.S. Arctic and the first to involve marine mammal species commonly
utilized as essential food resources. As such, the event has resulted in important lessons learned to address public
health and food security concerns:

Future marine wildlife responses (e.g., for disease outbreaks or contaminant spills) must consider regional public health
and food security concerns.

1. Wildlife disease detection in remote coastal areas is likely to be made by people actively engaged in the
utilization of resources.

2. Agencies and organizations located in urban centres should successfully integrate with existing regional
communication networks (i.e. regional hub organizations, institutions, and Indigenous organisations) to
build efficient and comprehensive communications and response capacity.

3. Trans-boundary communication is critical to understanding the status and spread of a disease event
occurring in shared wildlife populations.

4. Agencies and communities need wildlife health response networks and response plans with mechanisms to
review plans and update contact information on an annual basis.




in the Arctic. Some species that may become important
components of the Arctic ecosystem in the future include
sperm whales (Physeter macrocephalus), northern bottlenose
whale (Hyperoodon ampullatus), minke whale (Balaenoptera
acutorostrata), humpback whale, gray whale (Eschrichtius
robustus), killer whale, pilot whale (Globicephala melas),
white beaked dolphin (Lagenorhynchus albirostris) and
harbour porpoise (Phocoena phocoena) as well as harbour
seal (Phoca vitulina) and possibly grey seals (Halichoerus
grypus). Notably, killer whales have been identified as an
increasingly important predator in the Arctic (Ferguson et

al. 2010). It is important to monitor temporal and spatial
changes in the distribution and seasonal abundance of these
species to determine how these changes might impact Arctic
ecosystems.

3.6.5 Knowledge and monitoring gaps

The Conservation of Arctic Flora and Fauna (CAFF) has
well-developed, basic plans to conduct circumpolar marine
biodiversity monitoring (Gill et al. 2011). These plans have not
been fully implemented for marine mammals, leaving large
knowledge gaps. The first priority for monitoring is therefore
to implement the CBMP Marine Plan in all Arctic countries.

Specifically, broadly scoped plans have been proposed and
circumpolar monitoring plans include those for beluga,
ringed seal, and polar bear (e.g., Kovacs (ed) 2014, Simpkins
et al. 2009), but the level of implementation of such plans

is inadequate (Table 3.6.2). For example, the need for
circumpolar monitoring of ringed seal has been recognized
as an essential component of any Arctic-monitoring plan.
This is the most numerous of the endemic Arctic pinnipeds
and a key food resource for polar bear and people in many
northern communities. As an ice dependent species, ringed
seal are threatened by global warming. Specifically, loss

of and changes to sea ice have caused structural changes
in their habitat linked to key life history events (Kovacs et

al. 2011, 2012). The species is already experiencing serious
reductions of breeding habitat; in 2012 a circumpolar CAFF
Ringed Seal Network group met in Tromsg, Norway to
further develop an initial plan developed in Valencia, Spain
in 2008. The primary goals of this workshop were to review
current research and monitoring activity, and to select key
monitoring parameters that could be consistently collected
at key sites across the ringed seal’s range. To date, this plan
has not been fully implemented.

The cumulative effect of changes in Arctic ecosystems on
marine mammals is a key knowledge gap. Arctic ecosystems
are undergoing increasing pressure from a variety of major
anthropogenic stressors, including increasing shipping
activity and resource development, continued increases

in human populations, and climate change. By integrating
long-term monitoring studies of Arctic marine mammals into
research on Arctic change, there is an opportunity to gain

a large spatial-scale perspective of ecosystem functioning.
Historically, species information has been collected for
specific regional concerns or research interests and seldom
coordinated across jurisdictions. A notable regional example
of coordinated work is the Atlantic Arctic region under

the umbrella of NAMMCO and its collaboration with the
Canada-Greenland Joint Commission on Narwhal and Beluga.
Compiled datasets often provide emergent properties and
conclusions that are unanticipated, and consequently can
have greater impact on policy decisions and interest to an
informed public (Ferguson et al. 2012).

The remote nature of Arctic systems also leads to knowledge
gaps, which can be addressed in part through monitoring
efforts that engage communities. A successful localized
marine mammal monitoring approach, developed
independently by a number of circumpolar countries to
collect time-series data on Arctic marine mammal health
and stock assessment, is community-based monitoring.
Long-term monitoring from such programs has provided
valuable information for managers and conservation efforts

Box 3.6.4: Local monitoring

Fisheries and Oceans, Canada and the Arviat and
Sanikiluag Hunters and Trappers Organization/
Association in Hudson Bay, Canada have developed a
cooperative community-based monitoring program.
Local Inuit hunters have been provided with sampling
equipment and trained to collect biological data from
the ringed, bearded, harp, and harbour seals that they
harvest. The hunters record the species, sex, date and
time, hunter’s name, location of harvest and habitat
type. They also provide data on total length, axillary
girth, hip girth, fat depth at sternum, fat depth at
hips, total body weight, and skull weight. Tissues
collected by the hunters generally included lower jaw,
muscle, blubber, liver, kidney, hair, whiskers, flipper
with claws, blood, and reproductive tract. Samples
are frozen and shipped to the Fisheries and Oceans

Sanikiluaq residents assist research scientists project exploring
the effects of climate change on Arctic marine mammals.
Photo: Fisheries and Oceans Canada

Canada at the end of the season. The age of the seal is determined by counting growth layer rings in the teeth and the
morphometric measurements are included in various analyses as important indicators of seal health and to determine
trends in growth rates and condition over time.




Table 3.6.2. Assessment of monitoring implementation
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on several species, including polar bear (e.g., Western Hudson
Bay and Southern Beaufort Sea [Stirling et al. 1999, Regehr et
al. 2010]), ringed seal (Harwood et al. 2012, 2015), bowhead
whale (George et al. 2015), and harp seal (Sjare and Stenson
2010, Stenson et al. 2016). In many of these programs, local
peoples assist with collection of data such as tissue samples
from hunts or changes in timing or distributions of animals.
Ideally, Indigenous and local peoples should be integrally
involved in the design and implementation of monitoring
programs so that scientific knowledge and TK holders are
working collaboratively.

3.6.6 Conclusions and key findings

Climate-induced changes are amplified in the Arctic
compared to other areas of the globe. As a result, Arctic
marine ecosystems are rapidly changing due to atmospheric
and oceanic warming and its impacts on sea ice and
associated marine biota, including marine mammals. Other
types of anthropogenic activity that exacerbate climate
impacts on marine mammal populations include oil and

gas exploration and production, commercial fisheries, and
both local and global shipping. Marine mammals are highly
visible components of Arctic ecosystems, often identified as
sentinels of change in the Arctic ecosystem. The prominent
use of Arctic marine mammals in generalized descriptions of
the changing Arctic is due in part to the great cultural and
subsistence value to local peoples and iconic species status at
a global level.

Regional differences in our level of understanding of the
status of different marine mammal species, populations and
stocks compromise our ability to evaluate regional variability
in species response to climate warming across the Arctic. To
guide data collection and address regional disparities, much
effort has gone into developing detailed monitoring plans
for the ringed seal, beluga and polar bear, but these plans
have not been implemented uniformly across the Arctic.

As a result, the level of investment by Arctic governments

in monitoring and assessment, and our level of knowledge
remain inadequate to understanding impacts of climate
and ecosystem change. Communities should be integrally
involved in the design and implementation of monitoring
programs so that scientific knowledge and TK holders are
working collaboratively.

Historically, several marine mammal populations were
heavily exploited and reduced to low numbers. Some
populations now facing the impacts of Arctic change are still
recovering from over-harvest, complicating the interpretation
of climate-change effects on population trends. Harvest
continues, with many species still an important subsistence
resource for indigenous and local peoples across the

Arctic. In general, subsistence hunts are managed based

on abundance assessments and monitoring of population
status, but there are some populations where harvest levels
are of concern, for example, narwhal in Melville Bay and East
Greenland and walrus in northern Baffin Bay (GINR 2016).
Information on harvest levels and status is important to
evaluating overall population status and managing hunts.
Long-term data sets based on data collected from hunted
animals can be an important information source, as they
constitute base-line information on demographic parameters
during different ecological regimes. The value of collected

tissues can be increased even more by subjecting them

to modern techniques such as analyses of stable isotopes,
providing links to trophic structure of the ecosystem at the
time of collection. Similar data series are often collected in
different areas/countries and comparative studies across
regions further increase the value of individual data sets;
provided that approaches for sampling and analyses are
comparable.

In summary, Arctic marine ecosystems are under immense
cumulative pressure from a variety of factors including
climate change, global pollution, shipping, gas-oil
exploration and production, and in some areas, hunting and
commercial fisheries. Synergistic impacts from the collective
pressures can be expressed on individual animals as well

as at stock and population levels and are likely to increase
the impacts of individual drivers. Major shipping routes are
expanding into the Arctic, including the Bering Strait from
the Pacific Ocean, Baffin Bay-Davis Strait and Fram Strait/
Barents Sea in the North Atlantic, which are also the key
areas of marine mammal biodiversity. Ongoing complex
spatial-temporal shifts in ecological, and subsequently
animal health, suggest that Arctic marine ecosystems are
undergoing change. The trends will continue and become
more exacerbated with future Arctic climatic warming,
particularly with the continued and increasing presence

of anthropogenic activities in the Arctic. Reaching an
adequate understanding of the responses of marine mammal
population to the ongoing environmental changes in Arctic
marine ecosystems requires a multidisciplinary and multi-
knowledge approach and a high degree of collaboration
across borders and between researchers, communities and
Arctic governments.

Future indicators that the CBMP Marine Mammal Expert
Network plans to collate include health parameters, passive
acoustics, habitat changes, and telemetry tracking studies.
Itis also vital to obtain more knowledge about population
sizes, densities, and distributions of marine mammal
populations in order to understand the relationships
between sea ice loss and climate change and to manage
Arctic marine mammal populations in an appropriate
manner.

Finally, Laidre et al (2015) identified six recommendations for
conservation of Arctic marine mammals in the 21st Century:

1. maintaining and increasing co-management by
local, governmental and international entities,

2. understanding that species and populations
exhibit variable responses to climate change over
time and space,

3. improving monitoring,

4. understanding and mitigating cumulative impacts
from industrial activities,

5. recognizing the utility and limitations of protected
species legislation in a changing Arctic, and;

6. practicing forward-looking conservation that
incorporates scientific evidence on species status
with value based-conservation, including the
communication of accurate information to the
public.

These recommendations are still valid.
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Arctic marine ecosystems are highly dynamic and

affected by a wide variety of human activities and their
consequences, not least climate change. Arctic marine
ecosystems are warming twice as fast as the global average
(Hoegh-Guldberg and Bruno 2010). Monitoring the status
and trends of Arctic biodiversity and attributing causes of
change is thus challenging. Complexity, logistics, funding,
international coordination, and availability of expertise and
technology combine to limit the available knowledge. These
limitations affect biotic groups unevenly, with some groups
better studied than others, and the information presented
in Chapter 3 reflects this. Thus, while some Circumpolar
Biodiversity Monitoring Program (CBMP) Marine Expert
Networks have many years of more or less standardised
monitoring to draw on (i.e., seabirds, marine mammals),
others are still at the stage of mapping biodiversity and
identifying new taxa, and have very little information on
time series (i.e., sea ice biota and plankton). Synthesizing
the information from all CBMP Marine Expert Networks into
a coherent picture of status and trends of Arctic marine
biodiversity is therefore difficult, and the present treatment
is inevitably incomplete.

Several recent publications have reviewed the state of
Arctic marine ecosystems and their biodiversity (Meltofte
2013, Jergensen et al. 2016). The release of the Arctic
Biodiversity Assessment (ABA) provided the baseline against
which to identify emerging trends and conduct targeted
assessments. The aim of this chapter is not to replicate these
efforts, but rather to summarise the limited information
available on status and trends in biodiversity and the drivers
of these changes, as well as provide an overview of the
current state of Arctic marine biodiversity monitoring. The
SAMBR provides the first of a series of targeted assessments
helping to build upon and further develop our knowledge

and understanding of the status and trends in Arctic marine
biodiversity, and to examine how to improve biodiversity
monitoring efforts.

The outcomes of the report, including the cooperation to
date and the data generated, represent an important step
towards improving coordination of marine monitoring
across the circumpolar Arctic. Its outcomes will feed into
and inform other Arctic Council and circumpolar initiatives
e.g., the implementation of the Arctic Council’s Framework
for a Pan-Arctic Network of Marine Protected Areas (PAME
2015), the Adaptation Actions for a Changing Arctic (AACA)
and the planned Integrated Ecosystem Assessment for the
Central Arctic Ocean being conducted by the International
Council for the Exploration of the Seas (ICES), Arctic
Monitoring and Assessment Programme (AMAP), Protection
of the Arctic Marine Environment (PAME) and CAFF.

4.1 Status and trends in Arctic marine
biodiversity

This section summarizes the available information from

the CBMP Marine Expert Networks on recent status and
trends in biodiversity (e.g., numbers of species, absolute or
relative abundance of particular species). For several Expert
Networks, the available information is quite limited, and it is
therefore difficult to draw general conclusions. In particular,
information on spatial variation in trends is limited for most
groups, and thus general trends in the Arctic marine region
often remain obscure. This section describes the actual
changes and trends identified by the Expert Networks; a
discussion of the wider implications of these trends can be
found in Chapter 4.2.

Photo: The Hidden Ocean, NOAA

Scientists lower containers through a hole in the ice to collect water samples from different depths.
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Figure 4.1: Trends in abundance or diversity of sea ice biota Focal Ecosystem Components across each Arctic Marine Area.

4.1.1 Seaice biota

Many different organisms live in and under sea ice, including
microbes, single-celled algae, and small multicellular animals.
The status of sea ice biota is generally poorly known due to
logistical difficulties, and new species are still being described
and their distribution documented. Many species present

in sea ice are specialists that only occur in this habitat,
whereas others also occur in the water column or sediment.
Most ice algae documented in sea ice are large diatoms and
dinoflagellates, but this may reflect current knowledge more
than real patterns. Meiofauna (animals < 0.5 mm) belong

to many different taxonomic groups, and are typically more
abundant near land because larvae of benthic organisms

also occur in ice. The composition of meiofauna communities
appears to vary geographically. The most well-known larger
animals living below sea ice are amphipods belonging to the
family Gammaridae, which also appear to show large spatial
and temporal variations in abundance.

Few time series are available for sea ice biota, which limits
our understanding of how these species have changed

over time (Fig. 4.1). Studies in the central Arctic Basin have
demonstrated a change in community structure of ice algae,
with fewer pennate diatoms and more dinoflagellates in
recent years (Fig. 3.1.8). This change may be related to the
reduction in sea ice thickness. Around Svalbard, a large
decline in sympagic amphipods has been observed since the
mid-1990s (Fig. 3.1.7) and this has been linked to the decline
in multi-year ice. Amphipod abundance is now so low that
quantitative sampling by previous quantitative collection
techniques is impossible. This may reflect a change towards
a seasonal ice community, with greater dependence on
recruitment from the sea floor in shallow area and/or the
water column and thus favouring planktonic or benthic forms
over sea ice specialists.
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Figure 4.2: Trends in abundance of plankton Focal Ecosystem Components across each Arctic Marine Area.

4.1.2 Plankton

The status of planktonic biodiversity in the Arctic is
insufficiently known, particularly for the microbial forms
(Bacteria, Archaea and small eukaryotes) where distribution
and relative abundance are still being documented through
molecular techniques. Arctic phytoplankton is highly diverse,
with many species and groups represented; many of these
species are mixotrophic and can also act as consumers.
Diatoms often dominate the spring bloom, whereas
chlorophytes are common during summer, including the
ubiquitous Micromonas. In the zooplankton, large copepods
of the genus Calanus and its relatives are specifically
important for energy transfer to higher trophic levels, due
to their abundance and high energy content in the form of
stored lipids.

The available information on trends for plankton differs
substantially between species groups (Fig. 4.2). For microbial
plankton, the use of molecular techniques is generally so
recent that no time series exist. One study from the Beaufort
Sea showed large differences in species composition before
and after the 2007 sea ice minimum (Comeau et al. 2011).

More time series are available for groups that can be studied
using traditional techniques. Short time series show complex

inter-annual variation in phytoplankton composition in two
fjords in Svalbard (Kongsfjorden and Rijpfjorden), and this is
likely linked to variation in Atlantic water inflow (Fig. 3.2.5).
The best data exist for the larger copepods (genus Calanus
and relatives). In the Chukchi Sea, increases have been
documented of four species of large copepods, including
the high Arctic Calanus glacialis, concurrent with increasing
ocean temperature (Fig. 3.2.6). Detailed studies in Young
Sund in the Greenland Sea show a change in dominant
copepods from the near-shore Pseudocalanus to the oceanic
Microcalanus, probably caused by increased flushing of the
fjord due to less sea ice (Fig. 3.2.7). The ratio between the
high Arctic Calanus glacialis and the boreal C. finmarchicus
has varied in Kongsfjorden in Svalbard, linked to annual
differences in temperature (Fig. 3.2.9). In the Barents Sea,
there has been a decrease in C. glacialis, as well as changes
in the species composition of amphipods and krill towards
more southern species.

Overall, these results confirm that plankton communities
are highly sensitive to climatic forcing and that further rapid
changes in species composition can be expected (cf. Hays
et al. 2005). Such changes potentially have wide-ranging
implications for higher trophic levels, as the plankton
community varies seasonally with species of different sizes
and nutritional values for predators.
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Figure 4.3: Trends in biomass or diversity of benthic Focal Ecosystem Components across each Arctic Marine Area.

4.1.3 Benthos

The ocean floor is inhabited by many different organisms
from microbes to large invertebrates. All these organisms
depend on food supply derived from planktonic (or sea ice)
communities in the overlying water column. Tiny animals
(meiofauna) and microbes consume the organic material
(detritus) and release nutrients, and at the same time serve
as food for larger animals, such as worms, bivalves and
crustaceans. However, sufficient survey data only exist to
assess status and trends for the larger animals, macro- and
megabenthos, and even for these groups biodiversity is
incompletely known and species lists are still expanding.

Few time series exist of benthos species composition or
abundance, despite significant levels of research (Fig.
4.3). Many benthic organisms are long-lived (up to > 500
years for the bivalve ocean quahog (Arctica islandica),
Butler et al. 2013) and sessile (e.g. corals), while others

are mobile (e.g., crabs). These species integrate long-term
variation in conditions in the water column over long time
spans. Permanent changes (i.e., not seasonal) in benthic
communities can therefore be quite slow.

The best-studied region of the Arctic in terms of benthos is
the Barents Sea. The extensive time series concern, among
others, macrobenthos biomass, which has shown complex
spatial patterns of change over shorter and longer time
spans (Figs. 3.3.2, 3.3.3). This is probably due to new species
entering the Barents Sea (snow crab (Chionoecetes opilio),
king crab (Paralithodes camtschaticus)) or Arctic species
generally being replaced by more boreal species. Similarly,
there are complex long-term changes in benthos biomass
in the Chukchi and northern Bering Seas that may have

implications for the food availability for sea ducks and walrus
(Fig. 3.3.6).
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Figure 4.4: Trends in biomass of marine fish Focal Ecosystem Components across each Arctic Marine Area.

4.1.4 Fishes

Fish biodiversity in the marine Arctic is surprisingly poorly
known. A large number of species have been documented,
but in many cases their distribution, abundance and
relationships are largely unknown. Only the few species of
commercial interest have been studied extensively. The most
important of these in the area covered by this report are
capelin (Mallotus villosus), polar cod (Boreogadus saida) and
Greenland halibut (Reinhardtius hippoglossoides).

There are few fishery-independent long-term studies of fish
abundance or biomass in the Arctic (Fig. 4.4). Monitoring
in the Barents Sea has shown a large decline in polar cod
since 2005 (Fig. 3.4.3), probably due to poor recruitment

related to decline in sea ice, predation from Atlantic cod
(Gadus morhua), and competition from capelin. On the
other hand, capelin increases in recent years throughout
the high Arctic have been associated with warming trends,
although the capelin stocks typically vary periodically from
high abundance to very low (references in Chapter 3.4).
Capelin and polar cod stocks in the Arctic vary considerably
among years, and the most recent data (Russian-Norwegian
Ecosystem Survey and Marine Research Institute of Iceland,
unpubl. data 2016) show an increase in polar cod and decline
in capelin in the Barents Sea, as well as a decline in Icelandic
capelin (Chapter 3.4). Greenland halibut stocks are generally
stable or growing and therefore this species still does not yet
seem to be adversely affected by climate change.
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Figure 4.5: Trends in abundance of seabird Focal Ecosystem Components across each Arctic Marine Area.

4.1.5 Seabirds

Around 30 species of seabirds breed in the Arctic as defined
here, and most of these are migratory and leave Arctic waters
during the winter. The most diverse groups are gulls and
auks. Some species are extremely numerous, particularly
the little auk which occurs in millions in northern Baffin

Bay. Other species are rare and local in occurrence. Seabirds
have different ecological roles, and eight species have been
selected as priorities for monitoring to reflect this diversity,
representing the following five functional groups (see
Chapter 3.5): diving piscivores, diving planktivores, surface
piscivores, benthic feeders, and omnivores.

Seabird population trends are relatively well known,
although not for all species (Table 3.5.2, Fig. 4.5). Several of
the monitored species have shown widespread declines in
recent years, at least in parts of the Arctic. The piscivorous
common murre (Uria aalge), thick-billed murre (Uria lomvia)
and black-legged kittiwake (Rissa tridactyla) (Fig. 3.5.3)
have declined particularly in the Atlantic Arctic (and to

some extent Davis Strait-Baffin Bay), and the two latter
species are subjects of detailed investigations. These
declines are consistent with wider changes in the pelagic
ecosystem in the North Atlantic, affecting seabirds over a
wide range (Frederiksen 2010, Frederiksen et al. 2013). A
similar geographical pattern is apparent for the omnivorous
glaucous gull (Larus hyperboreus) and the benthic feeder
common eider (Somateria mollissima), whereas the ivory gull
(Pagophila eburnea) has declined throughout its Arctic range.
At local levels, some observed changes are counterintuitive.
For example, planktivorous seabirds have increased offshore
in the Chukchi Sea relative to piscivorous species (Chapter
3.5, Box 1), which is opposite to what is expected in a general
warming scenario with less sea ice (cf. Hunt et al. 2002).
However, the increase in planktivorous seabirds is consistent
with the increase observed for large copepods in the same
area, even for the High Arctic Calanus glacialis (Fig. 3.2.6). In
contrast, most of the seabird species that nest in the Chukchi
are piscivorous, thus their response to ecosystem changes
might lag behind that of planktivorous post-breeding
migrants.
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Figure 4.6: Trends in abundance of marine mammal Focal Ecosystem Components across each Arctic Marine Area.

4.1.6 Marine mammals

Eleven species of marine mammals (seals, whales and polar
bear (Ursus maritimus)) are regarded as Arctic and associate
with sea ice for at least part of their life cycle. Four of these
are sub-Arctic seals that migrate into the Arctic (two each

in the Pacific and Atlantic), while the remaining seven

are circumpolar and occur in the Arctic year-round. All
species and most populations are, or have been, harvested
by humans on a large scale. The current status of some
species is still affected by past harvest, for instance hooded
seal (Cystophora cristata) in the Greenland Sea. Overall,

one quarter of all populations (or half of those for which
sufficient information exists) are regarded as reduced in size
because of unsustainable hunting in the past. In most cases,
quotas regulate current harvest, and in many indigenous
communities, traditional management practices are still used
to govern harvest activities (ICC-Alaska 2015).

Trends are known for approximately half of Arctic marine
mammal stocks (Fig. 3.6.2, Table 3.6.1, Fig. 4.6). In general,
trends for wide-ranging species (e.g., ringed seal (Pusa
hispida), bearded seal Erignathus barbatus), and ribbon

seal (Phoca fasciata)) are least understood, while distinct
populations or stocks that occur in well-defined geographic
areas more often have documented trend information

(e.g., narwhal (Monodon monoceros) and some polar bear
populations). Most populations with known status are
increasing or stable, but e.g. those of beluga (Delphinapterus
leucas) in the White Sea, polar bear in the southern Beaufort
Sea, and hooded seal in the Greenland Sea are declining.
Because many stocks were reduced by past unsustainable
harvest, harvest history has to be included as an important
driver of observed trends. Many stocks are still recovering
from past harvest (e.g., bowhead whale (Balaena mysticetus),
walrus (Odobenus rosmarus)), while others have not been able
to do so, probably due to climate change (e.g., Greenland Sea
hooded seal).

For some species, there is considerable regional variation
in trends in e.g., body condition. For example, ringed seals
experience reduced body condition and reproduction in
Hudson Bay and the eastern Beaufort Sea, whereas no
decline in body condition has been observed off Alaska
(references in Chapter 3.5).



4.2 Evidence for the impacts of drivers on
Arctic marine biodiversity

4.2.1 Observed and expected impacts of climate
change

Several reviews have assessed the evidence for observed
climate-driven changes in Arctic marine biodiversity

(e.g.,, Wassmann et al. 2011, Post et al. 2013). Rather than
attempting another review, key contributions from the
CBMP Marine Expert Networks are highlighted (referenced
to sections of Chapter 3) and placed in a broader ecosystem
context. More details about specific cases can be found in
Chapter 3. A short description and review of changes and
trends in physical drivers and anthropogenic stressors can be
found in Chapter 2.

Increasing ocean temperature

Physiological changes among key primary producers may
have strong implications for higher trophic levels. In the
pelagic realm, increasing temperatures are expected to
affect the composition of phytoplankton communities, with
flagellates favoured over diatoms (Chapter 3.2). This may
have cascading effects on zooplankton communities, where
different species and groups are adapted to feed on specific
types of algae. In turn, these changes in zooplankton species
composition may affect planktivorous fish and seabirds,
some of which depend on large, lipid-rich copepod species
for growth and successful reproduction (ICES 2016; Chapter
3.5). At the same time, increased primary productivity (due to
a longer ice-free season and more wind-driven upwellings)
will favour increased zooplankton stocks, but this may be
counteracted by increased stratification due to ice melt and
limited nutrients, particularly in the Arctic Basin (Chapter 3.2).
Regional variation is expected in the relative role of these
two processes. If strong algal blooms become increasingly
common in Arctic waters, this could have impacts e.g. on
seabirds and fish, due to either toxic effects or increased
turbidity affecting foraging for visual predators (Chapter 3.5).

Indirectly, increasing temperatures are likely to lead to range
shifts in Arctic species, and many such shifts have already
been observed. An important example concerns the boreal
copepod Calanus finmarchicus, which in the Atlantic Arctic

is expected to expand northwards at the expense of its

larger relatives C. glacialis and C. hyperboreus (Stempniewicz
et al. 2007, Kjellerup et al. 2012). Similarly, capelin is likely

to expand northwards into the Arctic at the expanse of

polar cod (Chapter 3.4; Hop and Gjgsaeter 2013) and indeed
this process has already been observed throughout the
Arctic (Chapter 3.4). The shift in dominance from polar cod

to capelin has led to changes in seabird diet in northern
Hudson Bay (Gaston and Elliott 2014) and may also affect

the food base for marine mammals, as capelin may be less
lipid-rich than polar cod, at least seasonally (Chapter 3.6;

Hop and Gjgsaeter 2013). While pelagic and deep-water
species are able to spread northward into the Arctic Ocean as
temperatures increase, this may not be the case for species
linked to shelf regions, including benthos, fishes and seabirds
(Chapters 3.3, 3.4, 3.5).

At the same time, new species are entering the Arctic from
more southern areas as temperatures increase, and this may
affect Arctic biodiversity in many different ways. Fish species
from warmer waters have been documented in many areas
(Chapter 3.4). Pelagic fish predators such as Atlantic mackerel
(Scomber scombrus) and bluefin tuna (Thunnus thynnus) have
recently arrived in Arctic waters off Greenland, and mackerel
has been observed off Svalbard (MacKenzie et al. 2014, Berge
et al. 2015); this may lead to changes in predation pressure
on pelagic fishes as well as in human fisheries.‘New’ (often
migratory) species of cetaceans may act as competitors (e.g.,
minke whale (Balaenoptera acutorostrata) and humpback
whale (Megaptera novaeangliae)) or predators (killer

whale (Orcinus orca)) of resident Arctic specialists (Chapter
3.6). In northern parts of the Barents Sea, a pronounced
‘borealisation’ of demersal communities has been observed,
i.e. an increased dominance of boreal species (Chapter 3.3).
Atlantic cod has also expanded into the northern Barents
Sea and this has led to increased overlap with and predation
on polar cod (Chapter 3.4, Box 1). In the Pacific sector,
several boreal or temperate seabird species have become
increasingly common as non-breeders in the Chukchi Sea
(Chapter 3.5).

Higher sea temperatures, combined with reduced sea ice
coverage, is also likely to allow movements of organisms
(e.g., fish) between the north Atlantic and Pacific Oceans,
with unpredictable consequences for resident species and
ecosystems (Mecklenburg et al. 2014, Wisz et al. 2015).
Likewise, establishment and spread of non-native species
may be facilitated.

An increase in contagious diseases affecting seabirds and
potentially pinnipeds on their terrestrial breeding grounds
may also be linked to increasing temperatures, for example
the recent occurrence of avian cholera in the northern Bering
Sea and in the Arctic Archipelago (Chapter 3.5, Descamps et
al. 2012).

Reduction in sea ice

Species tightly linked to sea ice, often referred to as sympagic
biota, are expected to lose habitat and contract their
distributional ranges. As an example, polar cod and ice cod
(Arctogadus glacialis), which are the most widespread and
important sympagic fish species, are expected to lose much
of their year-round habitat (Chapter 3.4). Because these are
ecologically very important, this will affect their predators,
which include many species of marine mammals and
seabirds (Chapters 3.6 and 3.5). Among sea ice biota more
generally, the decline in multi-year ice will affect species
composition (Chapter 3.1). This implies that specialist species
strictly linked to ice are disfavoured, while more generalist
species, able to thrive also in pelagic environments, are
expected to increase.

The primary productivity of microalgae may increase

with thinning ice (leading to higher light penetration) or
stronger upwelling (due to retreating ice), but this may be
counteracted by less ice and stronger stratification due to
increased freshwater influence, either from melting ice or
river runoff (Chapter 3.1 and 3.2). At the same time, increased
freshwater influence may favour brackish water (and smaller)
species at the expense of marine species (Chapter 3.1



and 3.2). Changes in relative contribution of ice algae and
phytoplankton to the primary productivity may potentially
lead to reduced benthic-pelagic coupling, which in turn may
affect benthos (Chapter 3.3) and lead to reduced food supply
for species such as shrimp and walrus (Chapters 3.3 Box 3,
3.6).

For most species of marine mammal, seasonal pack ice is

the most important habitat feature. Declines in seasonal ice
cover may thus lead to reductions in breeding sites for seals
and to a loss of haul-out sites for walrus that may affect their
opportunities for foraging during both breeding season

and winter (Chapter 3.6). Observed patterns of change

can be complex and difficult to interpret, for example harp
seals have increased due to recovery from past harvest, but
the population increase combined with declining sea ice

has at the same time led to density-dependent declines in
condition and reproduction (Chapter 3.6, Stenson et al. 2016).
As the decline in sea ice cover shows large regional variation,
stocks of ice-dependent seals are also likely to show highly
different trends, with possible extirpation of some stocks
(Chapter 3.6).

A well-known consequence of reductions in sea ice cover

is the loss of polar bear habitat (Chapter 3.6). This has been
demonstrated to have negative consequences for the bears,
because they rely on ice as hunting grounds to access seals,
a highly nutritious food source. Observed and expected
consequences include reduced body condition, lower
survival, and ultimately population declines (Stirling and
Derocher 2012). Indirect effects have already been observed,
in the form of increased polar bear predation on ground-
nesting birds, e.g., common eider (lverson et al. 2014, Prop et
al. 2015). As sea ice cover diminishes, polar bears are forced
to spend time on land, which increases interactions with
coastal communities (Chapter 3.6).

Some seabirds also rely on access to foraging at or near

the ice edge during the summer breeding season. The
retraction of the summer sea ice edge has in some cases led
to problems for associated seabird populations, notably black
guillemots (Cepphus grylle) in Alaska (Divoky et al. 2015).

Changes in currents

Global increases in ocean temperature are likely to cause
some major currents to strengthen and others to weaken
(Chapter 2), which can have implications for biota. As an
example, changes in the strength of the Subpolar Gyre south-
east of Greenland have been statistically linked to declines in
the Spitsbergen thick-billed murre population, although the
potential mechanism is unknown (Chapter 3.5, Descamps et
al. 2013).

Inuit hold a great amount of knowledge about ocean
currents. It is easy to appreciate the extent of knowledge

that would be held by a group of people that are culturally
and spiritually tied to the ocean and that greatly rely on it for
food from time immemorial. Inuit have observed changes in
currents over time. Raymond-Yakoubian et al. (2014b) provide
a report on use of Bering Strait region ocean currents. Within
the report, Indigenous peoples of the Bering Strait region of
Alaska share the significance of the ocean and changes that

have been observed: “Changing weather and ocean currents
have altered the off-shore sea floor, sometimes creating
large dips where clams, for instance, become trapped and
therefore do not wash ashore in as large numbers as in the
past” The change in ocean currents is directly related to
change in sea ice and storms. Raymond-Yakoubian et al.
(2014a) further report that, “Communities have also reported
stronger storms in recent years. These storms move a lot of
water (and ice) around, and appear to also be changing the
nearshore sea floor. Residents of Wales and Shishmaref report
that ‘dips’ and ‘valleys’ have developed offshore from their
communities. These changes in the sea floor may impact ice
formation, where ice piles, and the availability of clams.”

4.2.2 Other major anthropogenic stressors

Many of the drivers and threats listed in this section interact
with climate change, either because the associated human
activities are expected to change in intensity or spatial
distribution as the climate warms, or because chemical

or biological reactions and pathways are likely to change.
Furthermore, the various stressors will interact among
themselves in complex ways, and there is therefore a need to
address also cumulative impacts across stressors (see Chapter
2.4).

Ocean acidification

Arctic oceans are expected to be particularly vulnerable

to the effects of ocean acidification (AMAP 2013). While
acidification itself is monitored in some parts of the Arctic
(Chierici et al. 2016), there is currently no monitoring of

the biological effects and, thus, little specific evidence to
inform an assessment of the importance of this driver for
biodiversity. Few studies have investigated the potential
impact of ocean acidification on Arctic species, especially
studies on the entire life cycle and from across the entire
Arctic. However, those that exist point to likely ecosystem
effects of ocean acidification in the Arctic. For Arctic primary
producers, increased pCO, may cause an increase in gross
primary productivity (though only at low temperatures;
Holding et al. 2015), and a shift in community composition
with potential to indirectly affect the trophic transfer to
grazers (Tarling et al. 2016). Recent studies on the dominant
zooplankton taxa in the Arctic, calanoid copepods and
pteropods, show mixed effects. Calcifying pteropods appear
to be quite sensitive to increased pCO,, with decreased
calcification, increased respiration, increased mortality in
juveniles and adults, and decreased recruitment (Browman
et al. 2013). On the other hand, many life stages of non-
calcifying Calanus copepods are tolerant to realistic future
pCO, levels, including their naupliar development and
growth (Bailey et al. 2016) as well as adult respiration and
ingestion (Hildebrandt et al. 2014). Arctic benthic calcifiers,
including molluscs, echinoderms and crabs, are generally
negatively affected by increased pCO, (Browman et al. 2013),
with the potential to put at risk the many fish species which
prey on them at some point in their lives (Mathis et al. 2015).
Atlantic cod, which is moving north into the European Arctic,
also appears to be affected by increased pCO, during its early
life phases (Stiasny et al. 2016).



Contaminants

High levels of contaminants have been shown to pose
health risks for marine mammals such as polar bears (Sonne
2010) and for the human communities that depend on
them (Chapter 3.6, Sonne et al. 2013). At the population
level, specific contaminants have been shown to have
consequences for predators such as the glaucous gull
(Erikstad et al. 2013) and black-legged kittiwake (Goutte et
al. 2015). Contaminant burdens can interact with climate
change in different ways, either because changes in the
physical environment may lead to increased exposure to
contaminants, e.g. polar bears affected by reduction in sea ice
(Jenssen et al. 2015), or because of climate-related changes
in pollutant pathways, e.g. increased biomagnification of
pollutants through food webs as sub-Arctic prey species
become more common (McKinney et al. 2015).

Industrial developments and activities

Noise is one of the most widespread impacts of industrial
activities, including seismic surveys, drilling and shipping.
Noise is expected to primarily affect marine mammals, which
use sound for underwater communication and foraging
(Richardson et al. 1995, Miller et al. 2015). Noise may cause
redistribution of marine mammals, particularly whales, thus
affecting human communities (Chapter 3.6). If animals are
prevented from accessing important foraging areas, there is a
potential for population-level impacts.

In addition to noise and the risk of oil spills, increased
shipping in the Arctic may also lead to disturbance and
habitat loss for seabirds and marine mammals. Direct
mortality can occur through vessel strikes of whales (Chapter
3.6) and of seabirds during inclement weather or darkness
(Chapter 3.5).

Invasive alien species

The introduction and spread of invasive alien species is
regarded as one of the most important threats to biodiversity
worldwide. Shipping is the main source of introduction of
potentially invasive species in marine environments. So far,
there are few examples of invasive marine species becoming
established in the Arctic. However, in the Barents Sea two
large non-native crab species (snow and king crab) have
become very numerous and are under suspicion of affecting
benthic communities (Chapter 3.3, Oug et al. 2011).

While the king crab was intentionally introduced from the
North Pacific in the 1960s by Russian scientists to create a
new and valuable fishing resource in the Barents Sea (Orlov
and Karpevich, 1965, Orlov and Ivanov, 1978), the snow crab
was originally assumed to be introduced to the Barents Sea
via ballast water (Kuzmin 2000, Alvsvag et al. 2008). However,
recent analysis of genetic data from circumpolar samples
(Bering Sea, Beaufort Sea, Chukchi Sea, east Canada, West
Greenland and Barents Sea) indicate that the snow crabs now
observed in the Barents Sea derive from a natural invasion,
possibly from the east, i.e., Novaya Zemlya/Kara Sea (G. Dahle,
pers. comm). The potential effects of the two species on
benthic ecosystems and fisheries are disputed, with some
researchers arguing caution while others conclude that no
major effects are likely (Britayev et al. 2010, Oug et al. 2011,

Falk-Petersen et al. 2011, Dvoretsky and Dvoretsky 2015).
Invasive terrestrial predators can be a very serious threat to
ground-nesting seabirds, but so far few examples are known
from the areas covered by this report.

Harvest (direct and indirect effects)

Many species of fish, seabirds and marine mammals have
been harvested by both local communities and international
fleets for centuries. Some stocks of fishes, large whales and
seals were reduced to a small fraction of their original sizes,
and their current trajectories are still to some extent related
to recovery from past overexploitation (Chapters 3.4, 3.6).
This complicates the interpretation of current trends in
relation to environmental drivers. Some seabird populations
are still affected by harvest in addition to other stressors, but
in most cases harvest has declined substantially (Chapter 3.5,
Merkel 2010).

The spatial extent of industrial-scale fisheries has until now
been limited by the extent of sea ice. As the ice retreats, there
is potential for expansion into previously unfished areas. The
main species expected to be of interest to fisheries in the
Arctic Basin is the Greenland halibut (Chapter 3.4).

Trawl fisheries have profound impacts on benthic habitats,
their biodiversity and connections throughout the food web
(Chapter 2). In the Barents Sea, declines in benthic biomass
have been linked to the intensity of bottom trawling (Chapter
3.3) and this is likely also important in other parts of the
Atlantic Arctic. There is a concern about future impacts of
trawling in previously unfished areas (Jergensen et al. 2015),
which become available as a consequence of climate change
(Chapter 3.3). The benthos composition is being monitored
as the ice retreats, and this is unveiling sea pens (Cnidaria,
Pennatulacea, Umbellula encrinus) and other large-bodied
upraised species easily caught and therefore vulnerable to
bottom trawling. Along the western shelf of Norway, there

is a risk of strong impacts on cold-water corals and sponges
(Chapter 3.3), and large aggregations of sponges have been
observed on the slope from the western shelf of Norway and
northward along western and northern Svalbard and further
east toward the Kara Sea.

Bycatch in gill nets may have negative effects on some
species of seabirds locally, e.g., in Iceland, Norway and
Canada (Chapter 3.5, Fangel et al. 2015, Hedd et al. 2016),
but currently seems to be of less concern in other parts of
the Arctic (e.g., Merkel 2011), probably due to the spatial
distribution of particular fisheries relative to seabird
concentrations. Development of nearshore gillnet fisheries in
e.g., the Pacific Arctic, could lead to increased bycatch with
potentially major impacts on seabird populations.

4.2.3 Links to non-Arctic ecosystems

Many seabirds and marine mammals spend the summer in
the Arctic, but leave when seasonal ice cover and darkness
set in. They spend the northern winter in areas ranging from
the sub-Arctic (e.g., thick-billed murre, Frederiksen et al. 2016)
to the Southern Ocean (e.g. Arctic tern (Sterna paradisaea),
Egevang et al. 2010). Several studies have suggested causal
links between conditions in wintering areas and population
trends or demography of Arctic-breeding seabirds (Descamps



Table 4.1: Comparison of FECs as defined in the CBMP Marine Plan and those reported on in the State of the Arctic Marine Biodiversity Report
(SAMBR)

FECs as defined in the CBMP Marine Plan FECs used in SAMBR

Marine mammal

Walrus Odobenus rosmarus Beluga Delphinapterus leucas
Ringed seal Pusa hispid Narwhal Monodon monoceros
Beluga Delphinapterus leucas Bowhead whale Balaena mysticetus
Bowhead whale  Balaena mysticetus Spotted seal Phoca largha
Polar bear  Ursus maritimus Ringed seal Pusa hispid
Bearded seal Erignathus barbatus

Ribbon seal  Phoca fasciata
Harp seal  Phoca groenlandica
Hooded seal Cystophora cristata
Walrus  Odobenus rosmarus
Polar bear  Ursus maritimus

Seabirds

Black-legged kittiwake  Rissa tridactyla Glaucous gull  Larus hyperboreus
Common murre  Uria aalge Ivory gull  Pagophilia eburnea
Thick-billed murre  Uria lomvia Least auklet Aethia pusilla
Common eider  Somateria mollissima Little auk  Alle alle
Common murre  Uria aalge
Thick-billed murre  Uria lomvia
Black-legged kittiwake  Rissa tridactyla

Common eider  Somateria mollissima

Capelin  Mallotus villosus spp. Capelin  Mallotus villosus spp.
Polar cod Boreogadus saida Polar cod Boreogadus saida
Greenland halibut  Reinhardtius hippoglossoides Greenland halibut  Reinhardtius hippoglossoides

Pelagic fish
Salmon
Arctic char
Benthic and demersal fish

Ice cod Arctogadus glacialis

Atlanticcod Gadus morhua
Alaska pollock  Gadus chalcogrammus
Bering flounder Hippoglossoides robustus

Shorthorn sculpin and related sculpin  Myoxocephalus scorpius

Macrofauna and megafauna | Macrobenthos
Macroalgae Megabenthos

Meiofauna and microbes

Phytoplankton Phytoplankton and larger protists

Protists (e.g., microzooplankton) Microbial eukaryotes
Microbes (Archaea, Bacteria) ! Bacteria and Archaea
Zooplankton (e.g., meso- and | Zooplankton

macrozooplankton)

Sea ice biota

Diatoms Prokaryotic microbes, including Archaea
and Bacteria

Dinoflagellates Ice algae and other single-celled eukaryotes

Interstitial diatoms

I
Flagellates | Ice meiofauna
| Macrofauna: Under-ice amphipods

Interstitial and under-ice layer invertebrates Note: Sea ice associated fish, specifically polar cod and ice cod, are included in

| the fish chapter. Viruses and fungi were excluded



et al. 2013, Reiertsen et al. 2014). In addition, some southern-
hemisphere seabird species spend their non-breeding season
in the Arctic summer and may comprise half of all seabirds

in some regions, e.g. Short-tailed shearwaters (Ardenna
tenuirostris) in the northern Bering and Chukchi Seas (Chapter
3.5).

Just as conditions in non-Arctic wintering areas may affect
populations of Arctic-breeding birds or mammals, numbers
wintering in specific areas may change because of changes
in population size or migratory behaviour of Arctic animals.
There are as of yet no documented cases of major changes
in migration behaviour of Arctic-breeding seabirds or marine
mammals. However, some species of ducks breeding in the
Siberian tundra and wintering at sea have shortened their
migration in response to declines in winter ice cover, leading
to declines in numbers wintering in former core areas (e.g.,
Steller's eider (Polysticta stelleri), Aarvak et al. 2013). Beluga
in Hudson Bay varied the timing of their migration from year
to year, apparently in response to variations in temperature
(Bailleul et al. 2012).

Phytoplankton originating from the Arctic Ocean may play
arole in spring bloom in the North Atlantic (Chapter 3.2).
Luddington et al. (2016) found that autumn communities of
diatoms in the Canadian Arctic were similar to those in the
North Atlantic in the following spring, suggesting large-scale
advection of planktonic algae. These links are likely to change
in response to further global warming.

4.3 The state of Arctic marine
biodiversity monitoring

4.3.1 Adequacy of existing monitoring

The coverage of existing biodiversity monitoring in Arctic
marine ecosystems, both in terms of current efforts and
available time series, varies considerably among geographical
areas and taxonomic groups (Fig. 4.7). This variation reflects
that the CBMP Arctic Marine Biodiversity Monitoring Plan

(Gill et al. 2011, CBMP Marine Plan) is an umbrella program
based on existing, national and regional monitoring efforts.
Other factors affecting coverage and the ability to deliver
robust monitoring time series include extremely high natural
variability in time and space, particularly for microscopic
organisms, as well as changing views on the taxonomical
resolution needed for monitoring. For example, although
some zooplankton time series extend back to the 1960s,
parts of the data are simply recorded as ‘zooplankton’or
‘copepods’ rather than identified to the species level. This
inconsistency makes it very difficult to draw firm conclusions
about long-term changes in abundance and distribution of
specific species.

While some networks are still documenting the existing
biodiversity in the marine Arctic, others have good
background knowledge of the identity and range of most

or all species. However, both trends in abundance (Chapter
4.1) and underlying drivers (Chapter 4.2) are relatively poorly
known.

The Traditional Knowledge (TK) of peoples living along
and off the Arctic Ocean is an invaluable resource for our

understanding of changes in Arctic marine ecosystems.

TK holders have a considerable wealth of information that

is needed to increase our knowledge of interconnected
systems. For example, TK has identified decreasing volumes
of benthic prey, particularly clams, and an increasing volume
of pelagic fishes, or simply sand, in walrus stomachs (Chapter
3.3). However, monitoring programs often struggle to find a
way in which to effectively utilize TK. The CBMP Marine Plan
worked to address this issue by engaging and including

TK within its design, but the lack of funding support and
capacity hindered effective incorporation of TK within the
CBMP Marine Plan.

Overall, the conclusion of all CBMP Marine Expert Networks
is that current monitoring is not sufficient to describe status
and trends for many of the Focal Ecosystem Components
(FECs) defined in the CBMP Marine Plan (Fig. 4.7, Chapter 3).
For some (seabirds and marine mammals) they were able

to refine and expand upon the original list of FECs while for
others (fish and benthos) they were unable to source enough
data to report on all the FECs (Table 4.1).

For many taxa, regular monitoring is supplemented by
research-driven data collection, but although the additional
data collected in this way are extremely valuable, they remain
an imperfect substitute for a well-designed monitoring
program. It is a recurring theme that data collection relies

on a combination of traditional methods requiring fieldcraft
and taxonomical expertise, and advanced methods requiring
substantial laboratory and/or computing resources. The
outcomes of this process will be used to evaluate the

CBMP Marine Plan and determine, after this first SAMBR,
what changes and alterations are needed to improve its
effectiveness and implementation.

Some functionally important groups (cf. Gill et al. 2011)

are not covered by existing monitoring (e.g. benthic
meiofauna and microbes), and besides the incomplete view
of biodiversity obtained, this has implications for the ability
of the CBMP Marine Plan to reflect changes in ecosystem
structure and function (see also Chapter 4.1.3).

Biodiversity monitoring spans many levels of detail, from
presence/absence surveys via quantitative sampling of
abundance to detailed studies of survival, reproduction and
other vital rates and related parameters. The choice of detail
reflects existing knowledge, practical issues, the life histories
of target organisms, and other factors. In particular, for long-
lived, highly mobile organisms such as seabirds and marine
mammals, large-scale changes in abundance are likely to be
slow and affected by conditions over large areas, whereas
local abundance can change very quickly, particularly outside
breeding areas. Thus, neither local nor large-scale abundance
tend to show clear relationships with identifiable drivers,
except over long time spans. Monitoring of vital rates, diet

or body condition is particularly useful for such organisms,
as these parameters often show greater variation and can be
related to specific environmental drivers (Anker-Nilssen et al.
2015, Irons et al. 2015). This is particularly the case for species
where abundance is very difficult to estimate, e.g., cavity-
nesting seabirds and many marine mammals. Monitoring of
these additional parameters is improving for several species,
but further efforts are needed to assess the status of many
populations (Chapters 3.5, 3.6). Further consideration should
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be given to how TK could contribute to our knowledge on
these issues.

For economically important organisms such as commercial
crab, shrimp and fish stocks, and marine mammals, harvest
data have been collected for long periods, often spanning
several decades and, in some cases, centuries. More recently,
harvest data have also been collected for other hunted
seabirds. Such data contain information on abundance of
the target organism, but they are also affected by variation
in harvest effort, legislation, technology as well as reporting
intensity, thus complicating their interpretation (Moshgj
2014). Harvest data can therefore form a supplement

to biodiversity monitoring, but are rarely in themselves
sufficient to allow confident assessment of status, trends and
drivers.

One option for supplementing official monitoring programs
is an increased involvement of and collaboration with local
residents. In many cases, indigenous and non-indigenous
communities may work collaboratively with scientists to
collect scientific measurements and this approach is already
used to monitor the condition of marine mammals (Chapter
3.6). This approach is often referred to as “citizen science”.
Innovative use of recent technology can encourage more
efficient monitoring linkages between local residents and
scientists. As an example, the wide availability of mobile
phones allows the development of apps that can harness the
device's GPS capacity to collect accurate spatial information
on wildlife encounters (Flora et al. 2016). Local residents

are often the first to detect new species in specific areas,
e.g. non-native species. Furthermore, residents in remote
communities serve as ‘first responders’ to unusual mortality
events, and can assist in efforts to document the extent of
these events, such as occurred during a seabird mortality
event near St. Lawrence Island, northern Bering Sea, in 2013
(Chapter 3.5).

It is important to note that there are monitoring
methodologies within TK. Many communities, such as those
on St. Lawrence Island, have monitored their environment
from time immemorial. Collaboration between scientists
and TK holders through a participatory approach will greatly
aid in bringing forward information needed and enhance
monitoring programs.

4.3.2 Standardisation and harmonization of
national monitoring schemes

The CBMP Marine Plan recommends that participating
monitoring institutions develop common, standardized
protocols for Arctic marine monitoring as well as for
appropriate storage and archiving of biological data
collections, with permanent museum repositories holding
geo-referenced samples, for analysis and reporting (Gill et
al. 2011, Barry et al. 2013). The goal is to maximize the use
of available data, both existing and future, while allowing
flexibility to meet local and international monitoring needs.

Based on this approach, the CBMP Marine Expert Networks
are striving to coordinate and standardize sampling methods
across institutions and countries as well as to harmonize
existing data. Harmonization in this context means
combining data collected with different methods, either

through direct integration, combining derivative products, or
through modelling.

Much work remains before the data collected under national
schemes can be compared directly. Many of the CBMP Marine
Expert Networks provide constructive suggestions for how

to combine existing monitoring elements into a coherent
program (Chapter 3), and several initiatives are already

under way. For instance, pan-Arctic field guides are being
developed for both benthic fauna and fish, and a database of
historical population estimates of marine mammals has been
compiled.

Internationally coordinated monitoring plans have been
developed for some species and groups, but implementation
lags behind. Examples include species-specific plans for
ringed seal (Kovacs 2014), polar bear and beluga (Chapter
3.6), as well as the Circumpolar Seabird Monitoring Plan (Irons
etal. 2015).

For some groups, standardization of gear as well as taxonomy
is a prerequisite for obtaining comparable data, and this
often represents a challenge due to different national

or regional traditions. An important step forward is the
common standardised approach that has been in use for
megabenthos in the Barents Sea since 2005 and is being
implemented in the wider Northeast Atlantic (pilot projects
in Iceland and Greenland from 2015, the Faroe Islands likely
from 2019), concurrent with groundfish surveys (Chapter
3.3), and followed by species identification workshops with
development of identification literature and continuously
updated photo guides. Attempts to build international
collection of benthic species should be initiated. However, it
is striking that information on non-commercial fish species
collected during the same surveys is not used for biodiversity
monitoring, at least not at the pan-Arctic level (Chapter 3.4).
A similar approach exists in the Bering Sea, which could
profitably be coordinated as far as possible with the Atlantic
scheme.

For sea ice biota and plankton, a more synthetic sampling
approach is recommended (Chapters 3.1 and 3.2), as current
sampling often is fragmented by e.g., taxon, method or sub-
habitat. In general, concurrent sampling of relevant physical
parameters is also encouraged by the CBMP Marine Expert
Networks. Many of these data, however, are costly and/

or logistically difficult to collect; for example, the presence
of sea ice limits the coverage of remote sensing programs
for monitoring sea surface temperature and biological
productivity.

A number of actions which would contribute towards
standardization of methods include:
Standardization of methodology for grab and trawl
surveys of respectively macro- and megabenthos
including development of standardised taxonomic
identification across regions and species voucher
collections;
A formalized monitoring plan can build on existing
national, annual groundfish-shellfish trawl surveys,
such as implemented successfully in the Atlantic
Arctic regions;
Consistent methodology is required for monitoring
of sea ice biota. Protocols need to be more



standardized for monitoring. These need to include
all aspect from gear, collections, timing, sample
preservation and processing, storage, and data
management. Researchers in different projects
should use a standardized sampling protocol to
obtain samples, but a central receiving place as
well as long-term funding for monitoring should be
considered.

Targeted surveys and individual tracking studies
would improve our understanding of seabird
interactions at sea, where seabirds spend most of
their time.

CAFF, through its Arctic Biodiversity Data Service (ABDS), is
working to facilitate application of common standards and
processes to how Arctic biodiversity monitoring data are
archived, structured and accessed.

Thus, progress on standardization of methods has been
made, recommendations for improvements have been
identified, and collating and processing of data has started.
This constitutes a platform for continued improvement of the
harmonization, integration and analysis of the data collected
through the CBMP Marine Plan.

4.3.3 Ecosystem-based monitoring - are
we getting there?

Ecosystem-based management (EBM): is defined
by the Arctic Council as the comprehensive,
integrated management of human activities

based on best available scientific and traditional
knowledge about the ecosystem and its dynamics,
in order to identify and take action on influences
that are critical to the health of ecosystems, thereby
achieving sustainable use of ecosystem goods and
services and maintenance of ecosystem integrity
(Arctic Council 2013).

The Arctic Council is continuing to advance
implementation of the Ecosystem Approach (EA) and
to consider scientific and technical aspects related to
the implementation of the EA to the management
of the Arctic Large Marine Ecosystems. This includes
elements of monitoring, integrated ecosystem
assessment, and setting ecological objectives as part
of the EA (PAME 2011).

The CBMP Marine Plan employs an ‘integrated ecosystem-
based approach to monitoring’ (Gill 2011: 14). Although this
concept is not defined explicitly in the CBMP Marine Plan,

it implies a holistic framework where prioritized elements
(i.e., FECs) of marine ecosystems are monitored, and where
information is integrated and contributes to decision-making
(see also Chapter 1). As this report represents the first
opportunity to assess the progress made under the CBMP
Marine Plan, it is highly relevant to consider whether current
monitoring can be considered ‘ecosystem-based; and to what
extent progress is being made in that direction. The term
‘ecosystem-based monitoring’is used in different ways in the
literature:

The monitoring needed to support and implement
ecosystem-based management (Box 4.1) of (often
marine) living resources. A well-known example is
the European Union’s Marine Strategy Framework
Directive, which includes a large monitoring program
aimed at assessing whether established goals of

the directive are being met. Ideally, this monitoring
program is coordinated across all sectors of
anthropogenic impacts and scientific fields, including
the physical environment and all levels of the
ecosystem, so as to achieve an optimal description of
ecosystem state and the pressures acting on it (Berg
et al. 2015). However, the actual monitoring generally
builds on already existing efforts and data series,

and coordination and coverage are therefore rarely
optimal.

A site-based monitoring program that aims to

collect data on all aspects of the local ecosystem(s),
often including both abiotic and biotic aspects.

Such monitoring programs are generally highly
coordinated using a top-down planning approach.
Well-known examples in the Arctic include
Zackenberg Basic in north-east Greenland as part of
the Greenland Ecosystem Monitoring (GEM) program
and the Arctic Long Term Ecological Research at
Toolik Lake in Alaska.

The main way in which the CBMP Marine Plan can be
considered ecosystem-based is that the process of
developing the program was based explicitly on a conceptual
food web model as well as a detailed scoping process, where
the CBMP Marine Expert Networks listed the FECs they
considered most important to monitor and how this should
be done. The selection of FECs has, in addition, been affected
by data availability.

Progress towards ecosystem-based monitoring in the CBMP
Marine Plan can be evaluated using two criteria: improved
coverage (spatial, seasonal, taxonomic, and functional)
through coordination among CBMP Marine Expert Networks,
and integration of results across the ecosystem levels in

line with the defined food web model. Chapters 4.1 and 4.2
represent the first attempt at an integration of the results
from the six Expert Networks. An important function of
improved coverage is to support upscaling efforts. Methods
to detect changes at scales from local to landscape are
essential for understanding some of the overall changes
relevant for Arctic biodiversity. In this first report, relatively
little can be concluded on the circumpolar scale, but the data
generated by the Expert Networks and the monitoring efforts
started through the CBMP Marine Plan have the potential to
increase the focus on modelling and upscaling.

A synthetic view of the coverage of the monitoring reported
by the CBMP Marine Expert Networks reveals some clear
gaps, where missing functional groups representing
important trophic links, or more generally ecosystem
functions, are covered poorly or not at all. These gaps are
primarily due to logistical challenges or lack of expertise in
specific fields. Examples include:

1. Larger pelagic crustaceans and other invertebrates.
These organisms (e.g. hyperiid amphipods such
as Themisto spp. and squid such as Gonatus



fabricii) are known to be important prey for many
vertebrate predators, including fishes, mammals
and birds (Chapters 3.4, 3.5 and 3.6). However,
they are too mobile to be sampled quantitatively
by plankton surveys (Chapter 3.2), and little
information exists on their distribution, abundance
and trends in the Arctic.

2. Benthic micro- and meiofauna are not covered
by current monitoring efforts (Chapter 3.3). These
groups are mainly responsible for remineralisation
of nutrients in sediments and, thus, perform an
extremely important ecosystem function. Their
biodiversity is poorly known, and changes in
species composition that may affect ecosystem
processes may go unnoticed.

3. Inthe pelagic realm, there is currently no
monitoring for Bacteria and Archaea (Chapter
3.2). Molecular monitoring of these taxa would be
possible, but is not implemented. They are very
important for ecosystem function, particularly with
regard to remineralisation of nutrients.

Another issue is that the various taxonomic and functional
groups in most cases are sampled independently, at

different locations and times. Overarching questions, such
as‘who eats who are not always considered, and therefore
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limited coordination occurs among various taxonomic

and functional groups. This obviously complicates the
integration of results. The challenge can be addressed
through coordinated, location-based long-term surveys such
as the Greenland Ecosystem Monitoring (GEM) program in
Greenland or the Distributed Biological Observatory in the
Pacific Arctic, but in the context of an Arctic-wide program
such as the CBMP Marine Plan, it is difficult and expensive to
achieve sufficient spatial coverage in this way. Steps forward
in the direction of more synoptic sampling include benthic
fishes and megabenthos now being sampled simultaneously
during bottom trawl surveys in several countries (Chapters
3.3 and 3.4), and that in the Barents Sea observations on
algae, zooplankton, mammals, birds, marine litter and the
water environment are being done alongside both pelagic
and bottom trawling (BarentsPortal 2016).

Overall, there is a tendency that the six CBMP Marine Expert
Networks have focused on collecting and compiling pan-
Arctic data within each expert network. Following the
completion of the SAMBR, the Expert Networks should
continue their work on data collation and harmonization,
with added emphasis on increasing coordination and
cooperation between the networks and inclusion of TK
holders in order for the CBMP Marine Plan to fulfil its intention
of being an ecosystem-based monitoring program.
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Annex 4.1: List of common and scientific species names

Common name used in

this report

Alternative common
name

Scientific name

Alaska pollock

Walleye pollock

Gadus chalcogrammus

Albatross

Phoebastria spp.

Ancient murrelet

Synthliboramphus antiquus

Arctic char Arctic charr Salvelinus alpinus

Arctic tern Sterna paradisaea

Atlantic cod Gadus morhua

Atlantic mackerel Scomber scombrus

Atlantic puffin Fratercula arctica

Auk Member of the family Alcidae

Bearded seal

Erignathus barbatus

Beluga White whale Delphinapterus leucas
Bering flounder Hippoglossoides robustus
Black guillemot Cepphus grylle
Black-legged kittiwake Rissa tridactyla

Bluefin tuna

Thunnus thynnus

Bowhead whale

Balaena mysticetus

Capelin Mallotus villosus (more recently split into several species)
Common eider Somateria mollissima

Common gull Larus canus

Common murre Common guillemot Uria aalge

Cormorant

Member of the family Phalacrocoracidae

Crested auklet

Aethia cristatella

Dolly Varden

Salvelinus m. malma

Eelpout

Member of the family Zoarcidae

European shag

Common shag

Phalacrocorax aristotelis

Fork-tailed storm petrel

Oceanodroma furcata

Glaucous gull Larus hyperboreus
Glaucous-winged gull Larus glaucescens
Great black-backed gull Larus marinus

Great cormorant Phalacrocorax carbo
Great skua Stercorarius skua

Greenland halibut

Reinhardtius hippoglossoides

Grey seal Halichoerus grypus

Gray whale Grey whale Eschrichtius robustus

Gull Member of the family Laridae
Harbour porpoise Harbor porpoise Phocoena phocoena

Harbour seal Common seal, harbor seal  Phoca vitulina

Harp seal Phoca groenlandica

Herring qull Larus argentatus

Hooded seal Cystophora cristata
Humpback whale Megaptera novaeangliae

Ice cod Arctic cod, polar cod Arctogadus glacialis

Iceland scallop

Chlamys islandica

Ivory gull

Pagophila eburnea

Killer whale

Orca

Orcinus orca




Common name used in
this report

Alternative common

name

Scientific name

King crab Paralithodes camtschaticus
King eider Somateria spectabilis

Krill Thysanoessa sp.

Leach’s storm petrel Oceanodroma leucorhoa
Least auklet Aethia pusilla

Lesser black-backed gull Larus fuscus

Little auk Dovekie Alle alle

Long-tailed duck Clangula hyemalis

Minke whale Balaenoptera acutorostrata
Murre Uria spp.

Narwhal Monodon monoceros
Northern bottlenose whale Hyperoodon ampullatus
Northern fulmar Fulmarus glacialis
Northern gannet Morus bassanus

Northern shrimp Pandalus borealis

Ocean quahog

Icelandic cyprine

Arctica islandica

Pacific capelin Mallotus catervarius

Pigeon guillemot Cepphus columba

Pilot whale Long-finned pilot whale Globicephala melas

Polar bear Ursus maritimus

Polar cod Arctic cod Boreogadus saida

Razorbill Alca torda

Ribbon seal Phoca fasciata

Ringed seal Pusa hispida

Sandeel Sand lance Ammodytes spp.

Sea cucumber Member of the class Holothuroidea
Sea star Starfish Member of the class Asteroidea
Sea urchin Strongylocentrotus sp.

Shorthorn sculpin Myoxocephalus scorpius
Short-tailed albatross Phoebastria albatrus

Short-tailed shearwater Ardenna tenuirostris

Striped shrimp Pandalus montagui

Skua Jaeger Member of the family Stercoraridae
Snow crab Chionoecetes opilio

Spectacled eider

Somateria fischeri

Sperm whale Physeter macrocephalus
Sponge Member of the phylum Porifera
Spotted seal Phoca largha

Steller’s eider Polysticta stelleri

Tern Member of the family Sternidae
Thick-billed murre Brlinnich’s guillemot Uria lomvia

Tubenose Member of the order Procellariiformes
Tufted puffin Fratercula cirrhata

Walrus Odobenus rosmarus

White-beaked dolphin

Lagenorhynchus albirostris
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