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November 2021 deployment of a Chukchi
Ecosystem Observatory (CEO) mooring in the
northeast Chukchi Sea. This mooring's instru-
mentation includes a time series sediment
trap, a passive acoustic underwater sound
recorder, and data loggers to record tempera-
ture, salinity, pressure, pH, and dissolved oxy-
gen. Image credit: Seth Danielson



ABSTRACT. Ongoing scientific programs that monitor marine environmental and
ecological systems and changes comprise an informal but collaborative, information-
rich, and spatially extensive network for the Alaskan Arctic continental shelves. Such
programs reflect contributions and priorities of regional, national, and international
funding agencies, as well as private donors and communities. These science programs
are operated by a variety of local, regional, state, and national agencies, and academic,
Tribal, for-profit, and nongovernmental nonprofit entities. Efforts include research ship
and autonomous vehicle surveys, year-long mooring deployments, and observations
from coastal communities. Inter-program coordination allows cost-effective leverag-
ing of field logistics and collected data into value-added information that fosters new
insights unattainable by any single program operating alone. Coordination occurs at
many levels, from discussions at marine mammal co-management meetings and inter-
agency meetings to scientific symposia and data workshops. Together, the efforts rep-
resented by this collection of loosely linked long-term monitoring programs enable a
biologically focused scientific foundation for understanding ecosystem responses to
warming water temperatures and declining Arctic sea ice. Here, we introduce a variety
of currently active monitoring efforts in the Alaskan Arctic marine realm that exem-

plify the above attributes.

INTRODUCTION

The Pacific Arctic region (PAR) is import-
ant both regionally and globally. It sup-
ports the region’s climate functions, eco-
systems, and social systems, all of which
are inexorably linked to the Indigenous
communities and the physical, chemical,
and biological functioning of the Bering,
Chukchi, and Beaufort Seas. These sys-
tems derive their regional structures
and characters as direct consequences of
ocean currents (Woodgate and Peralta-
Ferriz, 2021) that deliver heat, nutrients,
and carbon northward across the PAR
(Figure 1). Within the region, the Alaskan
Arctic marine environment has under-
gone widespread warming in recent
decades (Danielson et al., 2020), and the
area’s decreasing sea ice is associated with
ecological responses and adaptations by
Arctic coastal residents (Grebmeier et al.,
2006; Huntington et al., 2020; Hauser
et al., 2021). Monitoring this entire area
for all responses is beyond the scope of a
single observational effort, yet much may
be achieved by combining information
gathered by different programs, espe-
cially long-term in situ studies. Together,
such efforts yield a pan-region interdisci-
plinary synergy. In this article, we aim to
demonstrate the breadth of existing mon-
itoring efforts in the US Arctic, which
extends from the eastern Bering Sea shelf

to the Beaufort Sea shelf. The long-term
observation programs we introduce pro-
vide time-series data that are critical for
quantifying ecosystem changes, antic-
ipating future conditions, and under-
standing linkages between loss of sea ice,
alterations in oceanographic and biogeo-
chemical conditions, and effects on peo-
ple and all trophic levels from microbes
to apex predators.

One of the pressing needs for evaluat-
ing climate change impacts on the marine
ecosystem in the Arctic (and globally) is
the need for sustained observations of
change. Biological observations cannot
be automated to the same extent as many
physical measurements and as a result,
there is far less scientific documentation
of how biological systems are changing
and/or adapting due to environmental
changes. Sustained investment of public
funds that supports ongoing monitoring
efforts, along with the use of these data in
resource management decisions, provides
an indication of their societal importance.

Here, we describe a selected set of
17 independently funded, organized,
and operated long-term monitoring
programs (Table 1) that, while formally
uncoordinated as a whole, in practice
represent a rich, ongoing, and frequently
updated suite of data collections that
together characterize many aspects of

the Alaskan Arctic marine systems. We
include only long-term, in situ observa-
tional monitoring efforts. Together, they
document aspects of ocean and ice phys-
ics, nutrient and carbonate chemistry,
and all trophic levels. Some efforts make
observations only in the open water sea-
son while others continue year-round.
Our selection represents a diversity of
funding agencies, geographic coverage,
and observing techniques. These efforts
document environmental and ecosystem
structure and change across spatial scales
as large as the expanse of the Bering-
Chukchi-Beaufort shelves and timescales
spanning hours to decades. They include
vessel-based surveys, autonomous plat-
forms, and coastal community-based
efforts. The latter provide a unique,
invaluable, and much longer-term per-
spective on system change based on deep
insight into the structure and functioning
of the Arctic system by drawing on long-
developed local traditional Indigenous
knowledge (Eicken et al., 2021).

This discussion does not include off-
shelf studies and individual process
studies (typically one to three years of
fieldwork) and larger process-oriented
research programs (typically three to ten
years of fieldwork). Nevertheless, process
studies play a key role in advancing our
understanding of the ecosystem, provide
baseline data that underlie ongoing mon-
itoring, and inform monitoring priorities
and approaches. In turn, the monitor-
ing programs help define questions that
require the attention of new process stud-
ies. Prominent ecosystem-focused PAR
process study programs conducted in
recent decades include, but are not lim-
ited to, the following efforts (acronyms
and field years are given in parentheses):
Processes and Resources of the Bering Sea
Shelf (PROBES; 1976-1982), Inner Shelf
Transfer and Recycling (ISHTAR; 1983-
1989), Western Arctic Shelf-Basin Inter-
actions (SBI; 2002-2006), Bering Eco-
system Study (BEST; 2007-2011), Bering
Sea Integrated Ecosystem Research Pro-
gram (BSIERP; 2007-2011), Russian-
America Long-term Census of the Arctic
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(RUSALCA; 2004-2012), Chukchi Sea
Environmental Studies Program (CSESP;
2008-2015), and Arctic Integrated Eco-
system Research Program (Arctic IERP;
2017-2019).

Although
each of the monitoring programs
described here benefits
program coordination that includes com-

independently executed,

from inter-
munity outreach, planning, leveraged field
logistics, data sharing, and collaborative
data analyses. Avoiding marine domain
conflict with subsistence hunters is a top
priority for Alaska-region scientific field
efforts, and clear and open communica-
tion with subsistence harvest co-manage-
ment groups and village tribal councils is
critical for maintaining productive and
respectful relationships. Scientific mon-
itoring benefits from local co-produc-
tion of knowledge partnerships carried
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out with Indigenous coastal communities
(Hauser et al., 2021). Co-management
group meetings, such as those of the
Alaska Eskimo Whaling Commission,
help researchers communicate with com-
munity representatives. Research coor-
dination is also fostered by the Alaska
Marine Science Symposium (AMSS), a
conference held annually in Anchorage
that attracts ~1,000 marine researchers
and provides a forum for communication
across the Pacific subarctic and Arctic
research communities. In addition to
other national and international scientific
meetings, meetings of the Pacific Arctic
Group (PAG), the North Pacific Marine
Science Organization (PICES), and the
Ecosystem Studies of the Subarctic and
Arctic Seas (ESSAS) help coordinate PAR
field research and scientific collabora-
tions on an international basis.
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FIGURE 1. Map of the region typically called the Pacific Arctic, showing place names
and an idealized depiction of the mean oceanic currents. KS = Kotzebue Sound.
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While many monitoring programs
(Table 1) have different objectives and
geographical foci, we find commonal-
ity in approaches, motivations, and inno-
vations. One means of assessing changes
in the marine environment is to examine
the distribution of flora and fauna that
are directly influenced by environmental
changes. In the Arctic, marine mammals
and seabirds have been proposed as eco-
system sentinels of change (Moore and
Kuletz, 2019), and passive acoustic sam-
pling has proven to be a robust means
of detecting species-specific presence of
vocalizing marine mammals through-
out the year (Stafford et al, 2021).
Similar approaches are applied to plank-
tonic, pelagic, and benthic communities
resolved by time-series sediment traps,
water samplers, photographic and active
acoustic imaging systems, nets, and ben-
thic grabs, cores, and trawls (see cita-
tions later in the text). Specific results
and additional references for the pro-
grams discussed below and listed in
Table 1are included in the online supple-
mentary materials.

COMMUNITY-BASED

AND COASTALLY FOCUSED
PROGRAMS

Coordinated community-based observing
efforts, such as the Alaska Arctic Obser-
vatory & Knowledge Hub (AAOKH),
provide distributed, sustained, long-term,
and holistic observations of shifting envi-
ronmental conditions in coastal Arctic
Alaska from an Indigenous perspective
(Figure 2a). Inhupiaq people in north-
ern Alaska have been monitoring coastal
changes for millennia and are among the
first to experience and detect changes in
the environment, given their deep con-
nections to place and integral reliance on
traditional marine and coastal resources.
AAOKH is an observing network whose
primary goal is to provide communi-
ties with the tools, resources, and scien-
tific support to share their expertise and
Indigenous knowledge through obser-
vations of changing coastal conditions
and associated impacts on their access



to traditional marine resources. Ifiupiaq
local experts, termed “observers,” reg-
ularly document environmental con-
ditions and community events, includ-
ing weather; sea ice or ocean conditions

and travel safety; coastal erosion; river
freeze-up and breakup; and marine or
coastal fish, bird, and wildlife sightings
and harvests. Some observers also sea-
sonally measure aspects of coastal phys-

ical (e.g., temperature, salinity) and bio-
logical (e.g., chlorophyll a fluorescence)
oceanographic or landfast sea ice con-
ditions (e.g., ice mass balance, ice edge
location, sea ice thickness).

TABLE 1. Selected in situ long-term observing systems active in the Alaskan Arctic in recent years, along with program type, year of first sampling,
observational focus, and funding sources. Most programs listed here have gaps of one year or more since their beginning.

MONITORING FOCUS

FUNDING SOURCES

START
PROGRAM YEAR
AFSC Bering Sea and Chukchi Sea
1982
Bottom Trawl Surveys
Bering Strait — Pacific Gateway
to the Arctic_ 1990
EcoFOCI: NOAA Ecosystems
and Fisheries Oceanography 1990
Coordinated Investigations
Native Village of Kotzebue
) 1998
Environmental Program
R/V Mirai Arctic Ocean cruises 1998
JAMSTEC Barrow Canyon Mooring 2000
Experiment
BASIS and IES: Bering Arctic
Subarctic Integrated Survey and 2002
Arctic Integrated Ecosystem Survey
WABC: Westfern‘Arctlc Boundary 2002
Current Monitoring
USFWS seabird at-sea surveys 2006
ALTIMA: Arctic Long-Term Integrated 2007
Mooring Array
Passive acoustic systems in
Bering Strait, Chukchi Sea, and 2008
Beaufort Sea
HFR: High Fre:'quency Radar surface 2009
current mapping
DBO: Distributed Biological 2010
Observatory
CEO: Chukchi Ecosystem 2014
Observatory
AMBON: Arctic Marine Biodiversity 2015
Observing Network
AAOKH: Alaska Arctic Observatory 2016
and Knowledge Hub_
BLE LTER: Beaufort Lagoon
Ecosystems Long-Term Ecological 2017

Research Program

Standardized bottom trawl surveys of groundfish and shellfish.

Year-round moorings monitoring water properties and transports of
volume, heat, freshwater, and ice through the Bering Strait.

Moorings (1995 Bering, 2010 Chukchi), drifters and shipboard
measurements (1990) to improve understanding of ecosystem dynamics
and to inform management of living marine resources.

Ecosystem functioning, bearded seals, Indigenous and Western science
co-production of knowledge.

Oceanographic conditions associated with sea-ice and sea-ice loss and
their impacts on the marine biogeochemical cycles and ecosystems.

Year-round moorings monitoring volume, freshwater, and heat transport
of Pacific water into the Arctic basin

Biological and physical oceanographic conditions and ecological
information on pelagic and benthic fish and invertebrate communities.

Year-round moorings monitoring physical and biogeochemical properties
for understanding the fate and impacts of Pacific water in the Arctic.

Temporal and spatial patterns of marine birds in Alaska’s oceans, and
examination of changes in the offshore abundance and distribution of
seabird communities.

Year-round moorings monitoring the distribution and timing of marine
mammals.

Moorings (since 2008) and gliders (since 2013) documenting inter-
seasonal and interannual presence of vocal marine mammals, changes
through time, and relation to the physical environment.

Real-time mapping of ocean surface currents in the open water season.
Northeast Chukchi measurements began in 2009. The Bering Strait
system is in the process of being installed.

Biological response to environmental changes being observed in the
Pacific Arctic via physical, chemical, and biological trophic measurements,
with a primary focus on high benthic biomass hotspot sites.

Year-round moorings monitoring all trophic levels and the physical and
biogeochemical environments.

Arctic biodiversity data across all trophic levels, from microbes to whales.

Sustained, long-term, and holistic observations of shifting environmental
conditions in coastal Arctic Alaska from an Indigenous perspective.

Interactions between terrestrial inputs, sea ice dynamics, and ocean
exchange that control lagoon ecosystems along the Arctic coast.

NOAA Fisheries

NSF, ONR, NOAA-RUSALCA, AOOS

NOAA (OAR, Fisheries, OER), plus NPRB,
AOOS, NSF, BOEM, NASA

USEPA, GBMF, USNPS, CP, USFWS, NSF,
NFWF, NOAA, NMFS, NMML, USGS, SEP,
NWAB, WCS, NPRB, UAF

MEXT

MEXT

NOAA, plus AYKSSI, YRDFA, NPRB,
AKSSF, ADFG, CIAP, BOEM, USFWS

NSF-OPP

USFWS, BOEM, NPRB

BOEM, ONR, NMFS

NSF, NOAA, NOPP, ONR, NPRB, AOOS

AOQS; past support from BOEM, SEP,
CAASP, CIAP, CIMES

NSF AON, NOAA ARP

AOOS, NPRB, ONR, NOPP (NOAA/BOEM)

NOPP: BOEM, NOAA, NASA, and initially
SEP; ONR

Community Service Payments to the State
of Alaska Dept. of Justice

NSF-OPP, USFWS, AOOS

Abbreviations: ADFG = Alaska Department of Fish and Game. AFSC = NOAA Alaska Fisheries Science Center. AKSSF = Alaska Sustainable Salmon Foundation. AOOS
= Alaska Ocean Observing System. ARP = Arctic Research Program. AYKSSI = Arctic Yukon Kuskokwim Sustainable Salmon Initiative. BOEM: Bureau of Ocean Energy
Management. CAASP = Collaborative Alaskan Arctic Studies Program. CIAP = Alaska Coastal Impact Assistance Program. CIMES = National Center for Island, Maritime, and
Extreme Environment Security. CP = Conoco Phillips. DBO = Distributed Biological Observatory. GBMF = Gordon and Betty Moore Foundation. JAMSTEC = Japan Agency
for Marine-Earth Science and Technology. MEXT = Ministry of Education, Culture, Sports, Science and Technology — Japan. NASA = National Aeronautics and Space Agency.
NFWF = National Fish and Wildlife Foundation. NMFS = National Marine Fishery Service. NOAA = National Oceanographic and Atmospheric Administration. NOAA ARP =
NOAA Arctic Research Program. NOAA OAR = NOAA Office of Oceanic and Atmospheric Research. NOAA OER = NOAA Office of Ocean Exploration and Research. NOAA-
RUSALCA = Russian-American Long-term Census of the Arctic. NOPP = National Oceanographic Partnership Program. NMML = National Marine Mammal Laboratory. NPRB =
North Pacific Research Board. NSF = National Science Foundation. NSF AON = NSF Arctic Observing Network. NSF-OPP = NSF Office of Polar Programs. NWAB = Northwest
Arctic Borough. ONR = Office of Naval Research. SEP = Shell Exploration and Production. UAF = University of Alaska Fairbanks. UIC = Ukpeagvik Inupiat Corporation. USEPA
=US Environmental Protection Agency. USFWS = US Fish and Wildlife Service. USGS = US Geological Survey. USNPS = US National Park Service. WCS = Wildlife Conservation
Society. YRDFA = Yukon River Drainage Fisherman’s Association.
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Coordinated and year-round obser-
vations from AAOKH observers collec-
tively provide a broad-scale and synoptic
view of changing coastal sea ice and ocean
conditions, and ultimately impacts, at the
coastal community scale (Eicken et al,
2021). Recent themes emerging from
AAOKH observations document abrupt
changes in landfast sea ice that affect travel
safety, shoreline erosion affecting infra-
structure, warming ocean and air tem-
peratures, and shifts in wind and weather
patterns. AAOKH observers also iden-
tify anomalous conditions, such as novel
species or shifts in the seasonal occur-
rence of regular species. Environmental
changes are often linked to food secu-
rity and impacts on traditional lifestyles.
The AAOKH network evolved out of a

predecessor program called the Seasonal
Ice Zone Observing Network (SIZONet),
with observations dating as early as 2006
and encompassing several western and
northern Alaska communities (Eicken
et al, 2014). The shared and ongoing
AAOKH-SIZONet database
includes >8,000 observations that encom-

currently

pass local and Indigenous perspectives of
coastal change (Adams et al., 2013).

The Native Village of Kotzebue Envi-
ronmental Program (NVK EP) facilitates
and undertakes research on the ecology of
Kotzebue Sound through a combination
of Indigenous knowledge and skill sets
with western science and scientists using
co-production of knowledge approaches
(Whiting et al., 2011; Hauser et al., 2021;

ties have targeted the study of fish and
other wildlife species found in Kotzebue
Sound, including their health, behav-
ior, and impacts resulting from the rap-
idly changing climate. NVK EP efforts
also focus on ice seals, beluga whales, and
sheefish (inconnu); the coastal lagoon
system and its relationship to the ecol-
ogy of the marine ecosystem, with a par-
ticular focus on whitefish species; con-
taminants and nutrients found in species
of high subsistence value (e.g., ice seals,
sheefish, whitefish); the physical envi-
ronment of the sound, including sea
ice, snow pack, water quality (physical,
chemical, and biological), and currents
(circulation and hydrographic structure);
emergent harmful algal blooms; and the

Mahoney et al., 2021). Research activi-  contribution of the Sound to the annual

TABLE 2. Representative observing system successes and insights from the programs listed in Table 1.

PROGRAM
AFSC Bottom Trawl Surveys

Bering Strait - Pacific Gateway to the Arctic

EcoFOCI

Native Village of Kotzebue Environmental Program

R/V Mirai Arctic Ocean cruises
JAMSTEC Barrow Canyon Mooring Experiment

BASIS and IES: Bering Arctic Subarctic Integrated
Survey and Arctic Integrated Ecosystem Survey

Western Arctic Boundary Current Monitoring

USFWS seabird at-sea surveys
ALTIMA: Arctic Long-Term Integrated
Mooring Array

Passive acoustic systems in Bering Strait,
Chukchi Sea, and Beaufort Sea

HFR: High Frequency Radar surface
current mapping

DBO: Distributed Biological Observatory

CEO: Chukchi Ecosystem Observatory
AMBON: Arctic Marine Biodiversity Observing
Network

AAOKH: Alaska Arctic Observatory and
Knowledge Hub

BLE LTER: Beaufort Lagoon Ecosystems
Long-Term Ecological Research
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‘ OBSERVING SYSTEM SUCCESSES

Annual sampling of groundfish, crab, other invertebrates, acoustic backscatter, and oceanographic data on the
eastern Bering Sea shelf.

Identification of multidecade trends in volume, heat, and freshwater fluxes from the Pacific into the Arctic.

Development of the Oscillating Control Hypothesis—a new understanding of ecosystem dynamics in the Bering
Sea and differentiation between warm and cold years and implications on the ecosystem. Variability of nutrient flux
in the northern Bering Sea and eastern Chukchi Sea.

Increasing visibility of Indigenous-led Arctic research projects, contributing to the promotion of the co-production
approach to research.

Arctic Challenge for Sustainability project research activities, including documentation of Arctic marine
environmental and ecosystem changes, were published in a special issue of Polar Science.

Twenty years of monitoring water transport and property variations of Pacific-origin waters entering the Arctic.

New insights into benthic community structure (fishes and invertebrates), environmental conditions, harmful algal
bloom sampling, ecosystem activity/structure during late summer, condition and relative abundance of small (age-0O
and juvenile) fishes prior to winter, seabird species composition, and distribution.

A single strong upwelling event can flux enough heat offshore to melt an area of 1 m thick ice the size of the
Beaufort shelf.

During the recent (2017—-2019) unprecedented high ocean temperatures, some seabird species and communities
shifted northward, while others declined in abundance throughout the area.

Bowhead whales are overwintering farther north in the Bering Sea and Hope basins than in previous years.

Increasing detections of killer whales (Orcinus orca) in the Pacific Arctic.

Development and decade-long use of remote power modules for off-grid real-time mapping of surface ocean
currents, revealing structure of flow patterns near Barrow Canyon.

The northern Bering Sea may be at tipping point of moving the ecosystem to a new state with unknown
consequences; also, indication of cold-adapted faunal populations shifting northward.

Seasonally resolved depictions of production, export fluxes, and fish and zooplankton abundance and behavior in
relation to the physico-chemical environment and its variations.

Changes in diversity and species composition across multiple assemblages in the northeast Chukchi Sea during
two contrasting years are consistent with borealization.

New insights in changing coastal conditions, particularly phenological shifts in sea ice events, novel or unusual
wildlife occurrence, and impacts to communities.

Biological and physical measurements made during ice cover, ice breakup, and open water provide a much deeper
understanding of the strong seasonality of these systems and the role of allochthonous and autogenous sources of
carbon to nearshore food webs.



subsistence harvest of the people of Kot-
zebue (Qikigtagrunmiut).

The Beaufort Lagoon Ecosystems Long
Term Ecological Research (BLE-LTER)
program is focused on interactions
between terrestrial inputs, sea ice dynam-
ics, and ocean exchange that control
lagoon ecosystems along the Arctic coast
over seasonal to multidecadal timeframes
(e.g., Bonsell and Dunton, 2018). This
program, which incorporates Indigenous
community participation and support, is
broadly relevant to understanding eco-
system dynamics at the Arctic’s land-sea
interface. The BLE-LTER fills a need for
strongly interdisciplinary and ecology-
focused studies in the shallow coastal
waters of the Arctic. Overarching goals
are to improve our fundamental under-
standing of land-sea coupling and to
project how climate change is altering
coastal ecosystems.

BLE-LTER core program measure-
ments include seasonal data collections
for physical, biogeochemical, and bio-
logical properties in coastal lagoons
across 500 km of coastline at three nodes
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distributed along the Alaskan Beaufort
Sea coast at Utqiagvik, Prudhoe Bay,
and Kaktovik (Figure 2b). Two lagoons
within each node are sampled during
the periods of ice cover (April), sea ice
breakup (June), and open water (August).
In addition, the program collects contin-
uous, high frequency measurements at
multiple mooring sites at all three nodes.
BLE-LTER inventory, process, and moor-
ing observations are critical to under-
standing ecosystem responses to changes
in sea ice extent and duration, coastal
erosion, and freshwater inputs.

VESSEL-BASED MONITORING

Research programs from multiple Pacific
Rim countries annually conduct research
the Bering-Chukchi
shelves and into the Arctic Basin. With
some exceptions, research cruises north

cruises across

of Bering Strait are limited by sea ice to
the months of July through October.

The Distributed Biological Observatory
(DBO) is a change detection network
that is evaluating alterations in the PAR
in the context of declining seasonal sea

ice, warming water temperatures, strat-
ification changes, and other processes
that are impacting all aspects of the over-
all ecosystem (Moore and Grebmeier,
2018). Initiated in 2010, the overarch-
ing goal of the DBO collaboration net-
work is a comprehensive implementa-
tion of standardized ocean sampling as
research cruises from the international
community transit through the PAR. The
surveys focus on regions of high produc-
tivity and biodiversity (five regions ini-
tially, later expanded to eight) that extend
from the Northern Bering Sea to the
Chukchi and Beaufort Seas (Figure 3a).
Sampling includes seawater temperature,
salinity, currents, nutrients, chlorophyll,
carbon products, zooplankton, ben-
thic fauna and sediments, and observa-
tions of seabirds (Kuletz et al., 2019) and
marine mammals. The DBO is an inter-
national partnership involving Canada,
China, Japan, Korea, Russia, and the
United States, and many agencies within
those countries, with collaborations for
and

satellite observations, moorings,

autonomous sensor sampling in the DBO

FIGURE 2. (a) Locations of
current or past Alaska Arctic
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regions. Sampling is focused on transects
centered on locations of high productiv-
ity, benthic biomass, and rates of biolog-
ical change, using multiple international
vessels annually. This DBO sampling con-
cept is presently being expanded to other
portions of the Arctic, including the
Canadian Beaufort Sea, Baffin Bay, Davis
Strait, waters near Svalbard, and possibly
the Laptev Sea through German-Russian
cooperative programs.

In the early 2000s, the Japan Agency
for Marine-Earth Science and Technology
(JAMSTEC) initiated studies to under-
stand the oceanic halocline structures
that help maintain sea ice distribution in
the PAR. With decreasing sea ice in recent
years, the research foci shifted to studying
the physical oceanographic conditions
associated with sea ice loss and associated
impacts on marine biogeochemical cycles
and ecosystems (e.g., Nishino et al., 2016).
Resulting Arctic-focused projects since
2011 include the Arctic Climate Change
Research Project under the Green Network
(GRENE; 2011-2016),
Arctic Challenge for Sustainability project

of Excellence

FIGURE 3. (a) Vessel-based sur-
vey stations (symbols) and the
2020 R/V Miraitrackline as a rep-
resentative effort in one recent
year (red squares). (b) Vessel-
based seabird survey effort
(30 km grid cells) from 2006 to
2020 showing total kilometers
of survey transect per grid cell. |
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(ArCS; 2015-2019), and Arctic Challenge
for Sustainability II project (ArCS II;
2020-2025). Although the GRENE proj-
ect was mainly carried out by natural sci-
entists, ArCS and ArCS II are more inter-
disciplinary, reflecting issues that also
concern social scientists, decision-
makers, practitioners, and the general
public, particularly Indigenous residents
of the Arctic coastal communities.
Observations of biological, chemi-
cal, and physical oceanographic con-
ditions and ecological information on
pelagic and benthic fish and inverte-
brate communities are provided by the
NOAA Alaska Fisheries Science Center
(AFSC), Bering Arctic-Subarctic Inte-
grated Survey (BASIS; see station grid in
Figure 3a). These surveys assist efforts
to understand how the Bering Sea eco-
system is responding to loss of seasonal
sea ice (Farley et al., 2020). Late-summer
surveys occur in the southeastern Bering
Sea biennially (even years) in late sum-
mer, and annually in the northern Bering
Sea. In the Chukchi Sea, the Arctic Inte-

grated Ecosystem Survey (IES) occurs
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less frequently (2003, 2007, 2012, 2013,
2017, 2019). Sampling at each sta-
tion includes CTD profiles and discrete
water samples for chlorophyll, nutri-
ents, and environmental DNA (eDNA),
net tows for zooplankton, and trawls
for pelagic fishes, including young-of-
the-year gadids, forage fishes, and juve-
nile salmonids. Benthic community ecol-
ogy sampling in the Chukchi Sea began
in 2017 and on BASIS surveys during
2018, targeting young-of-the-year fishes,
crabs, clams and other invertebrates,
and sediments.

The Groundfish Assessment (GAP) and
Shellfish Assessment (SAP) Programs in
the Resource Assessment and Conserva-
tion Engineering (RACE) division of the
NOAA Alaska Fisheries Science Center
(AFSC) have been conducting standard-
ized bottom trawl surveys of groundfish
and shellfish in the Bering Sea since 1982.
The main goal of these bottom trawl sur-
veys is to assess and monitor the condi-
tions of these populations in the Bering
Sea. The AFSC conducts four separate
regional bottom trawl surveys: Eastern
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Bering Sea shelf (EBS), EBS slope (EBSS),
Northern Bering Sea (NBS), and Chuk-
chi Sea (CS) surveys. Data collected are
critical for managing fisheries, ecosys-
tem monitoring, and advancing research
on groundfish and crab populations
throughout the region. Abundance, age
and size composition data, and other bio-
logical and environmental oceanographic
information from the bottom trawl sur-
veys are used by AFSC, the North Pacific
Fishery Management Council, and the
Alaska Department of Fish and Game
to manage groundfish and crab stocks.
These data also build the basis for ecosys-
tem models to improve scientific under-
standing of the Bering Sea ecosystem and
to forecast potential changes to the eco-
system in response to the changing cli-
mate (Stevenson and Lauth, 2019).

In addition to population-level data,
the AFSC bottom trawl surveys produce
catch-per-unit-effort data on fish and
invertebrate density that provide informa-
tion on the distribution of marine fauna.
These data have been critical in detect-
ing and monitoring distribution shifts of
groundfish in the region (Stevenson and
Lauth, 2019). Survey efforts also include
studies of genetics, diet, fish condition,
acoustic backscatter, ecosystem indica-
tors, and fish tagging. Oceanographic
data routinely collected on the bottom
trawl surveys include temperature, salin-
ity, depth, and irradiance.

Seabirds are another upper trophic
level indicator of marine ecosystem con-
ditions. US Fish and Wildlife Service
(USFWS) at-sea surveys (Figure 3b)
describe temporal and spatial patterns
and trends of marine birds in the PAR and
examine changes in offshore seabird com-
munities. The data are submitted to the
North Pacific Pelagic Seabird Database
for a variety of conservation, science, and
management applications, and to inform
environmental assessments of marine
planning areas. They provide an upper
trophic level component to multidisci-
plinary research and monitoring proj-
ects. Ultimately, the goals are to identify
factors causing observed changes and to

facilitate adaptive management for sea-
bird populations. Ancillary observations
of marine mammals are also recorded but
are not used to estimate species’ densities
or abundance.

The seabird surveys depend on collab-
orations with vessel-based research pro-
grams (Table 1). By doing so, the USFWS
has been able to leverage interagency
and external grants to obtain greater sur-
vey coverage. Although project-specific
data can provide valuable insights, com-
bined data from multiple programs and
years, often using repeated sampling sta-
tions (e.g., the DBO array; Kuletz et al.,
2019), allow researchers to more fully
examine seasonal and long-term pat-
terns and changes in the seabird com-
munity. For example, Kuletz et al. (2020)
found a northward shift in some seabird
species and communities and declines
in others during the exceptionally warm
2017-2019 period.

Complementary to the population
assessment efforts, the Arctic Marine Bio-
diversity Observing Network (AMBON)
contributes Arctic biodiversity data to
the growing knowledge of Arctic systems
across all trophic levels from microbes to
whales (Iken et al., 2019). High biodiver-
sity is thought to foster stable ecosystems
because of the higher number, complex-
ity, and redundancy of ecosystem func-
tions that a larger number of coexisting
species can support. Hence, contribut-
ing an Arctic perspective to national and
international networks of Marine Bio-
diversity Observation (MBON) pro-
grams is a significant step forward in
understanding global ocean processes
and in managing, regulating, and miti-
gating human-ocean interactions. Vessel-
based sampling occurs over several cross-
and along-shelf environmental gradients
from the southern to the northeastern
Chukchi Sea or is conducted opportunis-
tically in conjunction with other research
efforts. Collections include microbes or
eDNA from surface and bottom waters,
small and large zooplankton from net
collections, benthic macrofauna from
grab samples, epibenthic invertebrates

and demersal fishes from small beam
trawls, pelagic fishes from midwater
trawls, and shipboard observations of
seabirds and marine mammals. Concur-
rently, water column and sediment envi-
ronmental parameters are collected for
relation to patterns in biodiversity. A goal
of the AMBON project is to work collab-
oratively with other research efforts to
optimize the production of new knowl-
edge. For example, the AMBON project
builds on prior studies in the Chukchi Sea
and collaborates closely with the Chukchi
Ecosystem Observatory (CEO) program,
with the USFWS seabird at-sea surveys,

and the DBO program.
AUTONOMOUS PLATFORM-
BASED MONITORING

Autonomous sampling  platforms

(Figure 2b) can provide cost-effective
means to monitor the marine realm using
fixed installationsand mobileautonomous
uncrewed vehicles (AUVs, e.g., gliders
and Saildrones). Moorings provide high
temporal resolution data throughout the
year, including the under-sampled fall,
winter, and spring seasons when sea ice
inhibits ship-based sampling and dark-
ness precludes bird and mammal visual
observations. Land-based high frequency
radar (HFR) systems produce hourly
maps of surface ocean currents that are
used in oil spill responses, missing boater
searches, and numerous scientific appli-
cations. While sensors that reliably mea-
sure the physical environment have been
available for decades, recent advances in
instrument technology now allow us to
autonomously sample the marine ecosys-
tem across many disciplines and includ-
ing all trophic levels.

Since 1990, moorings in the Bering
Strait (maintained by the University of
Washington) have measured the key
physical oceanic parameters of Pacific
waters flowing towards the Arctic, quan-
tifying velocity, temperature, salinity,
and fluxes of volume, heat, and fresh-
water. Flow properties vary greatly both
seasonally and interannually, driving
the need for year-round measurements.
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Since 2002, measurements have also
been made of ice velocity and thickness,
and since 2007, there have been separate
measurements of upper layer tempera-
ture and salinity. The Diomede Islands
split Bering Strait into two channels—
one in the United States and one in
Russia. Originally, moorings were placed
in both channels and at a site 35 km north
of the strait proper, a location found to
give a useful average of the flow proper-
ties through both channels. The moor-
ing placements (Figure 2b) allow quan-
tification of the flow even when access to
the Russian channel is not possible. The
full time series shows increasing north-
ward flow (~70% increase since 2001),
warming (~0.1°C yr! in summer), longer
open water duration (~1.5 days per year),
and dramatic freshening, especially in
winter (~0.03 psu yr'; Woodgate, 2018;
Woodgate and Peralta-Ferriz, 2021).
These data represent one example of
long-term monitoring that revealed sig-
nals not anticipated at the program onset;
documentation of these changes is now
foundational to our understanding of
PAR changes across physical, chemical,
and biological systems.

JAMSTEC has maintained subsurface
oceanographic moorings at the mouth
of Barrow Canyon in the Northeast
Chukchi Sea since 2000, monitoring the
volume, freshwater, and heat transport of
Pacific-origin water into the Arctic Basin.
Barrow Canyon, a major conduit for
this flow, is also where deeper Atlantic-
origin water sometimes upwells onto the
Chukchi shelf. The moorings assess win-
ter water fluxes, which strongly influence
the Arctic Basin environment by ventilat-
ing the interior halocline and providing
nutrients that spur primary production,
while summer water is a predominant
source of heat and freshwater (e.g., Itoh
et al., 2013). Annual mean volume trans-
port through Barrow Canyon (0.45 Sv)
represents 55% of the long-term mean
Pacific Water inflow through Bering Strait
(Itoh et al., 2013) and ~94% of the Bering
Strait transport during summer. Over the
last decade, warm Pacific summer water
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has significantly contributed to both sea
ice melt in summer and a decrease in sea
ice formation during winter.

As part of the US National Science
Foundation-supported Arctic Observing
Network, the Woods Hole Oceanographic
Institution has maintained a year-round
mooring on the Beaufort continen-
tal slope in the western Arctic bound-
ary current (WABC), along with biennial
autumn ocean current shipboard surveys.
The WABC, a critical conduit of Pacific
water, advects elevated concentrations of
nutrients, chlorophyll, dissolved and par-
ticulate organic carbon, and zooplankton
towards the Canadian Arctic Archipelago
(Pickart et al, 2013). Bowhead and
beluga whales congregate near the cur-
rent along the outer shelf and continental
slope of the Beaufort Sea (Stafford et al.
2021). Due to wind-driven upwelling/
downwelling and hydrodynamic instabil-
ity, the WABC fluxes a substantial frac-
tion of its mass, heat, freshwater, and bio-
genic content offshore, impacting the
Arctic interior water column, ice con-
centration, and ecosystem. The mooring
provides time series of physical and bio-
geochemical properties at a location that
is critical for understanding the fate of
Pacific water in the Arctic and its impacts.
Measurements of mass, heat, and fresh-
water fluxes, as well as transport of bio-
genic material and upwelling and down-
welling events are also documented and
quantified from the mooring data. This
allows for identification of causal relation-
ships between the physical environment
and the ecosystem, ranging from nutrient
dynamics to higher trophic levels.

As one node in a greater network
of moored observatories that monitor
Alaska’s large marine ecosystems, the
University of Alaska Fairbanks (UAF)
Chukchi Ecosystem Observatory (CEO)
program maintains a cluster of highly
instrumented subsurface moorings on
the Northeast Chukchi continental shelf
(Hauri et al., 2018). Electronic, optical,
and acoustic data loggers record mea-
surements that characterize the physical
environment (temperature, salinity, pres-

sure, currents, waves, ice draft, irradiance,
optical backscatter), the chemical envi-
ronment (NO,, colored dissolved organic
matter, dissolved oxygen, pH, pCO,),
phytoplankton standing stock (chloro-
phyll a fluorescence), zooplankton and
fish densities
and marine mammal presence (under-

(acoustic backscatter),

water sound). An autonomous time-
series sampler collects discrete water
samples for subsequent laboratory anal-
yses of eDNA and inorganic nutrients
(NO,, NO,, NH,, SiO,, PO,); time-series
sediment traps collect zooplankton and
meroplankton, along with sinking partic-
ulate matter for quantification of fluxes of
phytoplankton species, total particulate
matter (TPM), particulate organic car-
bon (POC), and zooplankton fecal pellets
(Lalande et al., 2021). A time lapse cam-
era system planned for deployment in
2022 will capture a photographic history
of the seafloor, fishes, and epifauna. These
co-located observations thereby provide
views into the year-round functioning
of the Chukchi shelf ecosystem across all
trophic levels and spanning the benthic,
pelagic, and sympagic (ice) realms.

By deploying passive acoustic sen-
sors on gliders and oceanographic
moorings instrumented with other sen-
sors, the relationship between top tro-
phic level marine mammal occurrence
and their environment can be elucidated
(Stafford et al., 2021). The University of
Washington has deployed acoustic sen-
sors quasi-continuously year-round on
since 2008
in the Bering Strait, Beaufort Sea, and
Northern Chukchi Sea; since 2016 at the
Chukchi Ecosystem Observatory; and

oceanographic moorings

since 2013 on gliders deployed from the
Bering Strait moorings cruise for annual
transits of the Chukchi shelf from Bering
Strait to Barrow Canyon (Baumgartner
et al,, 2014). The AFSC Marine Mammal
Laboratory has maintained approximately
20 subsurface passive acoustic recorder
moorings that extend from the Aleutian
Islands to the central Beaufort Sea and
the Northern Chukchi Sea as part of the
Arctic Long-Term Integrated Mooring



Array (ALTIMA). ALTIMA moorings
have been deployed annually for over a
decade, with most co-located with bio-
physical instrumentation (see EcoFOCI
below) and at the five original DBO sites.

For both passive acoustic programs,
acoustic presence is determined for
Arctic and subarctic marine mammal
species including baleen whales, odon-
tocetes, and pinnipeds. Because these
species represent a wide variety of feed-
ing guilds, from specialists to general-
ists, from planktivores to piscivores, and
from obligate to facultative benthic feed-
ers, these data are ideal for examining the
consequences of change in many differ-
ent bottom-up processes. Passive acous-
tic data have provided novel information
on the migratory timing and presence of
Arctic and subarctic species. For instance,
bowhead and beluga whales have recently
delayed their fall migrations out of the
high Arctic (Hauser et al., 2017; Stafford
et al., 2021), subarctic fin and killer
whales are moving north and spending
more time in an ice-free Chukchi Sea
(Stafford, 2019; Escajeda et al., 2020), and
critically endangered North Pacific right
whales are being detected further north
in the Bering Sea (Wright et al., 2019).
The data provide baseline noise levels for
evaluating acoustic environment changes
caused by increased industrial and ves-
sel traffic presence and climate change-
induced extension of the open-water sea-
son (Wright et al., 2018).

NOAA’s Ecosystems and Fisheries-
Oceanography Coordinated Investiga-
tions (EcoFOCI) program assesses the
ecosystems of the North Pacific Ocean,
the Bering Sea, and the US Arctic to
improve understanding of ecosystem
dynamics and apply that understand-
ing to the management of living marine
resources (Tabisola et al., 2021). EcoFOCI
scientists integrate field, laboratory, and
modeling studies to determine how vari-
ability in biological and physical factors,
including climate, influence Alaska’s large
marine ecosystems. Long-term moored
observatories are maintained at five sites
in the Bering Sea (Figure 2b) and seven

sites in the Chukchi Sea. These mea-
surements usually include ice draft, cur-
rents, temperature, salinity, chlorophyll
fluorescence, oxygen, nitrate, and pas-
sive acoustics to detect marine mammals.
Select sites also include sediment traps
that collect sinking organic and inor-
ganic particles; water samplers for iso-
topes, nutrients, eDNA, and phytoplank-
ton speciation; and instruments that
measure pCO,, colored dissolved organic
matter, primary production via oxygen,
and gas ratios. Technological advances
are improving our ability to observe the
Arctic. For instance, new moorings have
a surface component that is programmed
to sink with sea ice arrival. During the fol-
lowing spring, instruments detect sea ice
retreat, and at the appropriate time, the
surface component re-floats and resumes
sampling. Other innovations include low-
cost air-deployed coastal profiling floats,
under-ice pop-up floats, in situ microbial
incubation systems, and imaging systems
with artificial intelligence to estimate,
identify, and determine the abundance of
phytoplankton, zooplankton, and fish.

EcoFOCI moored observations are
closely linked to annual research cruises
that assess the rapidly changing Bering
Sea and the US Arctic. Three of the
moorings are located in DBO regions,
while others are associated with long-
term NOAA cruise transects and sea-
bird sampling, including the Bering Sea
70 m isobath transect and transects across
Unimak Pass and at Icy Cape. Sampling
on these transects includes CTDs; collec-
tion of discrete water samples for chloro-
phyll, nutrients, oxygen and eDNA; and
zooplankton nets; visual observations
detect marine mammals and birds. The
hydrographic transects are conducted
once or twice a year, and data from the
moorings place them within a longer
temporal context. The data validate and
inform regional ecosystem models and
play an important role in understand-
ing ecosystem dynamics, especially in
the context of climate and ocean changes
(Hunt et al., 2011; Stabeno and Bell, 2019;
Stabeno et al., 2020).

FINAL REMARKS

The efforts represented by this collection
of collaborative long-term monitoring
programs enable a biologically focused
scientific foundation for understanding
how the Alaskan Arctic marine ecosys-
tem is changing as water temperatures
warm and sea ice declines. We expect
these data will continually improve the
ability of resource management and US
mission-oriented agencies (e.g., NOAA,
Bureau of Ocean Energy Management)
to refine actions that impact marine
resources, local communities, and
biological systems.

Although organizationally separate,
there exist many formal and infor-
mal linkages between the programs
described herein. Oceanographic moor-
ings carry passive acoustic recorders, sea-
bird observers join at-sea surveys, and
social media postings from community-
based programs document local obser-
that

tists. Biogeochemical time-series data

vations inform research scien-
from field studies help constrain and
validate the functioning of Earth sys-
tem models. Such partnerships encour-
age cross-program, interdisciplinary col-
laborations that help scientists leverage
the monitoring data into applications to
emerging issues and analyses that were
not necessarily identified at the start of
each monitoring program. For example,
mooring, shipboard hydrography, plank-
ton net, fisheries trawl, and seabird data
together helped Sigler et al. (2011) refine
our understanding of PAR biogeograph-
ical provinces and their relations to the
physical environment.

In addition to the extensive efforts
described here, numerous additional
ongoing long-term monitoring programs
include, but are not limited to: study
of black guillemots at Cooper Island
(Divoky et al., 2021); benthic studies
of the Stefansson Sound Boulder Patch
kelp community (Wilce and Dunton,
2014); monitoring of seabird mortality
by the Coastal Observation and Seabird
Survey Team (COASST; Parrish et al,
2017); USFWS Alaska Maritime National
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Wildlife Refuge seabird colony moni-
toring; US Geological Survey polar bear
surveys; State of Alaska Norton Sound
bottom trawl surveys (Hamazaki et al.,
2005) and ice seal data sets (Crawford
et al., 2015); assessments of harmful
algal blooms (with some undertaken as
part of the DBO effort; Anderson et al,,
2021); community-based monitoring of
coastal erosion; aerial surveys of marine
mammal populations; NOAAs Ocean
Noise Reference Station Network; Korean
surveys on the icebreaker R/V Araon;
Chinese observations from the icebreak-
ing R/V Xue Long; Russian fishery sur-
veys in the Russian Federation exclusive
economic zone; the North Slope Borough
Division of Wildlife Management bow-
head whale survey and other studies;
investigations of bowhead whale prey
(Ashjian et al., 2021); studies conducted
by Kawerak and other regional non-
profit corporations; and efforts organized
by environmental coordinators in most
coastal villages. The Local Environmental
Observer (LEO) program is a citizen
observation network with participants
distributed throughout Alaska (Brubaker
etal., 2013), as is the Indigenous Sentinels
Network (Divine and Robson, 2020).
Satellite-based sensors provide additional
monitoring context with decades of ice
cover and ocean color measurements
(e.g., Frey et al., 2015).

All of the projects listed above and in
Table 1 deal with the inevitable challenges
and uncertainties in funding availability,
the vagaries of weather and sea ice, and
the surprises that arise while doing Arctic
fieldwork. This paper serves as a testament
to the perseverance needed to accomplish
reliable observations over extended peri-
ods of time, to the societal importance
ascribed to maintaining such efforts, and
to the benefits of inter-program collabo-
rations. Over time, the value of long-term
monitoring data only increases as new
questions emerge that can be assessed
with the benefit of existing monitoring
data, and especially when new data appli-
cations arise through synergy of inde-
pendently operating efforts.
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