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The Aleutian Archipelago and surrounding waters have enormous ecological, cultural,
and commercial significance. As one of the shortest routes between North American and
Asian ports, the North Pacific Great Circle Route, which crosses through the Aleutian
Archipelago, is traveled by thousands of large cargo ships and tanker vessels every year.
To reduce maritime risks and enhance navigational safety, the International Maritime
Organization built upon earlier offshore routing efforts by designating five Areas To Be
Avoided (ATBAs) in the Aleutian Islands in 2016. The ATBAs are designed to keep
large vessels at least 50 nautical miles (93 km) from shore unless calling at a local
port or transiting an authorized pass between islands. However, very few studies have
examined the effectiveness of ATBAs as a mechanism for changing vessel behavior and
thereby reducing the ecological impacts of maritime commerce. In this study, we use
4 years of satellite-based vessel tracking data to assess the effectiveness of the Aleutian
ATBAs since their implementation in 2016. We determined whether vessels transiting the
North Pacific Great Circle Route changed behavior after ATBA implementation, both in
terms of overall route selection and in terms of compliance with each ATBA boundary.
We found a total of 2,252 unique tankers and cargo vessels >400 gross tons transited
the study region, completing a total of 8,794 voyages. To quantify routing changes of
individual vessels, we analyzed the 767 vessels that transited the study region both
before and after implementation. The percentage of voyages transiting through the
boundaries of what would become ATBAs decreased from 76.3% in 2014–2015 (prior to
ATBA designation) to 11.8% in 2016–2017 (after implementation). All five Aleutian ATBAs
had significant increases in compliance, with the West ATBA showing the most dramatic
increase, from 32.1% to 95.0%. We discuss the framework for ATBA enforcement and
highlight the value of local institutional capacity for real-time monitoring. Overall, our
results indicate that ATBAs represent a viable strategy for risk mitigation in sensitive
ecological areas and that through monitoring, spatial protections influence vessel route
decisions on multiple spatial scales.

Keywords: vessel traffic, Automatic Identification System, spatial management, marine conservation, Aleutian
Islands, Bering Sea, North Pacific Great Circle Route, Areas To Be Avoided
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INTRODUCTION

Area-based conservation measures are a key tool in managing
anthropogenic threats to marine ecosystems. Of these, marine
protected areas (MPAs) have received a great deal of attention
with respect to international sustainable development goals
and the Convention on Biological Diversity’s Aichi Biodiversity
Targets (Game et al., 2009; Lubchenco and Grorud-Colvert, 2015;
Diz et al., 2018). Other marine spatial management mechanisms,
such as Areas To Be Avoided (ATBAs) for vessels complying
with International Maritime Organization (IMO) guidance, can
address location-specific threats, complementing MPAs and
contributing toward achieving broader conservation or maritime
safety goals (Diz et al., 2018; Huntington et al., 2019).

Areas To Be Avoided are specific vessel routing measures
developed and implemented by the IMO on the basis of
navigational hazards, risks of unacceptable environmental
damage, or other safety factors (Huntington et al., 2019).
In 2016, the IMO established a network of five ATBAs in
Alaska, United States to provide for safe navigation of the
Aleutian Island Archipelago during trans-continental voyages
(International Maritime Organization [IMO], 2014). Since
implementation, the effectiveness of these measures has not yet
been systematically quantified.

These ATBAs were established around the central portion of
the globally important shipping corridor known as the North
Pacific Great Circle Route (Arctic Council, 2009; International
Maritime Organization [IMO], 2014) (Figure 1). The North
Pacific Great Circle Route is one of the shortest voyages between
North American and Asian ports (Arctic Council, 2009), and
consistently sees more vessel traffic than nearby waters (Smith
et al., 2017). Voyages linking these two regions account for about
41% of global container ship trade by volume (World Shipping
Council, 2020), and bulk carriers transiting this route log more
operation hours than any other type of non-fishing vessel in the
circumpolar Arctic (Silber and Adams, 2019).

In summer, mostly calm weather allows vessels to travel along
a more direct trajectory just south of the Aleutian Archipelago
(Chen et al., 2014). In the winter, a semi-permanent low-pressure
system called the Aleutian Low creates extreme conditions
throughout the region, with stronger winds, larger waves, and
east-moving storms common south of the Aleutian Islands.
During these stormy months, vessels typically navigate north into
the somewhat calmer Bering Sea (Chen et al., 2014) (Figure 1).
The IMO recognizes both northern and southern routes as
distinct components of the North Pacific Great Circle Route
(International Maritime Organization [IMO], 2014), although
only the northern route transits between Aleutian Islands.

The Aleutian Archipelago hosts a wide diversity of marine
mammals and birds to which vessel traffic poses numerous risks.
These risks may be largely unavoidable impacts associated with
vessel travel, such as acoustic disturbance, or may be stochastic
events such as an oil spill, ship strike, or introduction of an
invasive species (Huntington et al., 2015; Hauser et al., 2018).
In the Bering Sea, anthropogenic noise from vessels and other
sources can interfere with baleen whales (Hildebrand, 2009;
Moore et al., 2012), including the critically endangered North

Pacific Right Whale (Eubalaena japonica; Zerbini et al., 2015);
vessel oil spills have resulted in significant yet likely under-
reported seabird mortality events (Byrd et al., 2009); and large
cetaceans suffer injury and mortality as a result of ship strikes
(George et al., 2017).

While the shipping industry has become safer over time
(Allianz Global Corporate and Specialty, 2019), burgeoning
maritime trade and the increased size of many cargo vessels
raises the level of risk associated with individual transits. Tankers
holding millions of tons of petroleum products and large cargo
vessels with substantial fuel reserves transit the same narrow
Aleutian passes that drive regional marine productivity. The
groundings of the F/V Kuroshima in 1997 and M/V Selendang
Ayu in 2004 resulted in the loss of life of crewmembers
and released 133 tons and 1,190 tons of oil, respectively
(National Oceanic, and Atmospheric Administration [NOAA],
2002; Kurtz, 2008).

These incidents, as well as a growing awareness of maritime
safety in the southern Bering Sea and North Pacific, contributed
to launching the Aleutian Islands Risk Assessment (AIRA), a 5-
year effort to provide for safer vessel transit in the region. AIRA
integrated expert knowledge from stakeholders with technical
analysis, culminating in a series of practical recommendations
(Nuka Research, and Planning Group, 2015). To reduce the risk
of marine casualty, AIRA proposed five ATBAs surrounding the
Aleutian Islands and designated specific routes through passes.
Each ATBA consists of a 50 nautical mile (93 km) buffer around
the islands where maritime travel by vessels greater than 400 gross
tons is prohibited in most instances (Nuka Research and Planning
Group, 2016) (Figure 2). At the heart of these recommendations
was the goal of separating vessels from land in order to give time
for response when vessels suffered mechanical issues.

However, the actual effectiveness of these ATBAs is uncertain,
given the challenges associated with real-time monitoring and
enforcement in such a remote environment (Huntington et al.,
2019). A complex regulatory framework adds further challenges
for effective implementation. For example, vessels engaged in
United States trade are subject to oil spill response planning,
which may include mandatory ATBA compliance (United States
Coast Guard, 2017b). In contrast, vessels in innocent passage
(not engaged in United States trade) are outside the jurisdiction
of the same spill response requirements, and for these vessels,
ATBAs are recommendatory rather than mandatory (United
States Coast Guard, 2017b), although their own insurance or
operating requirements may mandate certain routings. Given
the regulatory complexities and management challenges, a
quantitative assessment of overall fleet compliance is essential
to understand ATBA effectiveness and relevance toward broader
conservation goals (Whitney et al., 2016; Diz et al., 2018).

Only a limited number of studies have empirically analyzed
the outcomes associated with the establishment of ATBAs.
For example, Vanderlaan and Taggart (2009) demonstrated
a 71% compliance with an ATBA boundary 5 months after
implementation, and Silber et al. (2012) tracked compliance with
vessel speed limits in the context of ship strikes. Given that
international shipping transports approximately 80% of global
trade by volume and over 70% of global trade by value (United
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FIGURE 1 | Global vessel commerce in the North Pacific Ocean. Major ports are shown as black points and 1 year of global vessel traffic is shown as a color
gradient to represent commonly used routes. Areas of concentrated vessel traffic along the North Pacific Great Circle Route are outlined by generalized black
polygons. Global vessel traffic data is for 2004 and is provided by Halpern et al. (2015).

Nations Conference on Trade and Negotiation [UNCTAD],
2018), the value of understanding the effectiveness of navigational
measures focused on this fleet cannot be underestimated.

In this paper, we use data from the Automatic Identification
System (AIS), a vessel-based global positioning service
introduced through international agreement in 2002 (McCauley
et al., 2016; Robards et al., 2016), to assess changes in vessel
behavior and compliance following the implementation of
ATBAs in the Aleutian Islands. AIS data are being increasingly
used for real-time vessel monitoring and for post hoc spatial
analysis of global vessel behavior (Watson et al., 2018; Silber and
Adams, 2019). We analyze 4 years of AIS data to compare unique
vessels with paired voyages both before (2014–2015) and after
(2016–2017) implementation of the Aleutian Islands ATBAs. We
use these data to answer two main questions: (1) have patterns
of vessel traffic in the North Pacific Great Circle Route changed
after ATBA implementation? and (2) have individual vessels
changed routing decisions near each of the five Aleutian Island
ATBAs with respect to ATBA implementation?

MATERIALS AND METHODS

Study Area
This study analyzes vessel traffic throughout the entire Aleutian
Archipelago, which includes southern portions of the Bering Sea
and northern portions of the Pacific Ocean (Figure 2). The 1,800-
km Aleutian Islands Archipelago separates the North Pacific
Ocean from the Bering Sea and defines the southern boundary
of the Arctic domain (Moore et al., 2018). The productive
marine environment has sustained the Unangax̂ (Aleut) peoples
inhabiting the islands for millennia (Erlandson et al., 1992; Veltre
and Smith, 2010), and current communities in the Aleutian
Islands include the largest commercial fishing port in Alaska
(National Marine Fisheries Service [NMFS], 2020).

Narrow passes and abrupt changes in bathymetry around
the Aleutian Islands combine with strong tidal currents to
mix water masses and bring nutrients into the euphotic zone
(Ladd et al., 2005). Prevailing currents carry these masses north

of the islands where fronts form as waters stratify, allowing
phytoplankton to concentrate in more nutrient-rich zones
(Hunt and Stabeno, 2005; Ladd et al., 2005). Similar admixture
and upwelling events in the southeastern Bering Sea support
significant levels of primary productivity (Springer et al., 1996;
Piatt et al., 2006).

Both north of Aleutian passes and on the Bering Sea shelf,
high productivity supports abundant zooplankton, which in
turn creates favorable foraging conditions for fish, birds, marine
mammals, and other predators (Springer et al., 1996; Benoit-
Bird et al., 2013b; Hui et al., 2015; Zerbini et al., 2016). Sea
cliffs provide nesting habitat for marine bird colonies, with an
estimated 10 million seabirds of 26 species breeding at colonies
throughout the Aleutians (Byrd et al., 2005). These colonial
nesting birds include four million storm petrels (Oceanodroma
spp.), 3.5 million auklets (Aethia spp.), and 1.5 million puffins
(Fratercula spp.; Seabird Information Network, 2017). Seventeen
Aleutian seabird colonies have been identified as Important
Bird Areas, representing globally significant populations of
nesting birds (Audubon Alaska, 2014). In addition to breeding
colonies, surrounding nearshore waters – especially in the
narrow passes between islands – provide foraging habitat for
marine birds such as the endangered Short-tailed Albatross
(Phoebastria albatrus; Ladd et al., 2005; Piatt et al., 2006). An
additional 13 Important Bird Areas host globally significant
aggregations of marine foraging birds from Ancient Murrelets
(Synthliboramphus antiquus) to Whiskered Auklets (Aethia
pygmaea; Smith et al., 2014). A number of migratory bird species
overwinter in the eastern Aleutians, including Red-throated
Loons (Gavia stellata), Yellow-billed Loons (Gavia adamsii), and
threatened Steller’s Eiders (Polysticta stelleri; Smith et al., 2017).

A number of fish and marine mammal species converge
on the same marine foraging areas (Hui et al., 2015; Zerbini
et al., 2016). At least five baleen whales utilize nearshore
areas, including the endangered North Pacific Right Whale
(Eubalaena japonica; Zerbini et al., 2015) and the endangered
distinct population segment of the humpback whale (Megaptera
novaeangliae; Barlow et al., 2011). Northern fur seals (Callorhinus
ursinus) forage in the eastern Aleutians (Benoit-Bird et al.,
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FIGURE 2 | Aleutian Islands Areas To Be Avoided (ATBAs), as implemented by the International Maritime Organization in 2016. These five ATBAs (white polygons)
were designated to reduce the risk of marine casualty and designate routes through approved passes in the Aleutian Archipelago.

2013b), and haulouts and rookeries for endangered Steller sea
lions (Eumetopias jubatus) are found throughout the archipelago
(Hui et al., 2015; Smith et al., 2017). Sea otters (Enhydra lutris)
have a well-documented central role in community structure in
the Aleutian Islands (Anthony et al., 2008), with impacts from
changes in otter density cascading through nearshore food webs
(Estes and Palmisano, 1974).

The abundant fish in the area serve as a key component of
food webs and of thriving fisheries in the Bering Sea region
(Haynie and Huntington, 2016). The port of Dutch Harbor in
the community of Unalaska has led the United States in seafood
landings for the past 22 years, landing 350,000 tons (763 million
pounds) of seafood in 2018 worth $182 million (National Marine
Fisheries Service [NMFS], 2020). The fishery for Alaska (walleye)
pollock (Gadus chalcogrammus), which spawn in the waters north
of Unimak Pass and southeast Bering Sea (Bacheler et al., 2012),
is the world’s single largest fishery with 3.5 million tons harvested
in 2016 – about 4% by weight of all fish caught globally (Food
and Agriculture Organization [FAO], 2018). Other economically
important fish species harvested along the Aleutian Archipelago
include Atka mackerel (Pleurogrammus monopterygius), Pacific
cod (Gadus macrocephalus), King crab (Lithodes aequispinus),
and Pacific halibut (Hippoglossus stenolepis; National Marine
Fisheries Service [NMFS], 2020).

AIS Data Acquisition and Analysis
We acquired vessel traffic data from exactEarth (2019) as an
archive of AIS data received by exactEarth’s network of satellites.
AIS data spanned January 1, 2014 to December 31, 2017 and fully
covered the study region (Figure 2). We developed a series of
scripts in R (R Core Team, 2019) to clean and filter the data,

remove spurious records, and build lines representing individual
voyages. Because the ATBAs are applicable only to vessels larger
than 400 gross tons (International Maritime Organization [IMO],
2014), we limited our analysis to records including ship type
and tonnage. Based on detailed attributes provided by exactEarth
(2019), we analyzed all tankers and cargo vessels >400 gross tons,
including bulk carriers, container ships, roll-on/roll-off ships, and
refrigerated cargo ships.

Due to the large volume of data (∼500,000,000 AIS records
in total; >150 GB), we first parsed data into readable sequences
of 1,000,000 points based on date and vessel ID using the 9-
digit code known as Maritime Mobile Service Identity (MMSI).
We detected individual spurious records due to errors in
global positioning system (GPS) using geometry: if a point was
>100 km from neighboring points, we removed the aberrant
point, assuming that a vessel would not travel 100 km in 2 min
(approximately the frequency interval of two consecutive AIS
data records). All remaining points were used to draw daily
tracks by sequentially connecting all known locations of a given
vessel on a given day, then merging all tracks for every unique
vessel. From these aggregated lines, we split any tracks with
segments more than 7 days apart into discrete voyages, assuming
that the gap represented a port call, anchoring, or a completed
voyage followed by a return trip. We used voyages, defined as a
single unique trip undertaken by a single unique vessel, as our
unit of analysis.

In order to limit our analysis to vessels on the North Pacific
Great Circle Route, we spatially filtered voyages using a “box-and-
gate” method, only considering voyages occurring within the box
(Figure 3). We created two gates – geographic lines parallel to
meridians – on the western (168◦E) and eastern (161◦W) termini
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FIGURE 3 | Spatial methods for selecting vessels transiting the North Pacific Great Circle Route. All voyages outside the gray box were excluded from analysis.
Gates were drawn along 168◦E (western gate; white hashed line) and 161◦W (eastern gate; black hashed line) to represent the termini of the Aleutian portion of the
North Pacific Great Circle Route. All voyages that did not pass through both gates were excluded.

of the Aleutian portion of the North Pacific Great Circle Route
(Figure 3). We excluded voyages that did not pass through both
gates, as these voyages did not complete a full transit.

ATBA Compliance Assessment
We tested compliance for each ATBA individually, using pooled
voyage data for 2014–2015 (prior to ATBA implementation)
and 2016–2017 (after ATBA implementation). From our records
of unique voyages through the study area, we selected only
voyages that traveled near an ATBA (within 100 km of the ATBA
boundary). We designated a voyage as non-compliant if any
portion of the voyage intersected or passed through the ATBA
at any point. All other voyages that did not intersect the ATBA
were designated as compliant. We then calculated compliance C
for location a at time t following Eq. 1:

Ca, t =

(
1−

Vin

Vnear

)
∗ 100 (1)

where Vin represents the total number of voyages that intersected
with an ATBA and Vnear represents the total number of voyages
passing within 100 km of an ATBA boundary.

To assess changes in compliance, we first calculated
compliance for all vessels in 2014–2015 and in 2016–2017
and used an unpaired Wilcoxon rank-sum test (Murakami,
2015) to examine whether compliance rates differed between
time periods. This test gave a simple indication of general
compliance changes using all vessels, regardless of whether an
individual vessel had an opportunity to change behavior after
ATBA implementation.

Second, we further refined our sample to test whether
the implementation of ATBAs changed routing decisions on
an individual vessel level. For each of the five Aleutian
ATBAs, we selected only vessels that transited near the ATBA
at least one time in both the pre- (2014–2015) and post-
(2016–2017) implementation periods. We used a one-sided
Wilcoxon-Pratt signed rank test (Pratt, 1959; Woolson, 2007) on
these paired data to examine whether the post-implementation
compliance rates for individual vessels increased significantly
from the pre-implementation rates for those same vessels. This
approach builds upon previous methods for ATBA compliance
analysis (e.g., Vanderlaan and Taggart, 2009) by allowing us to
examine changes in individual vessel behavior before and after
policy implementation.

RESULTS

AIS Summary
Based on exactEarth AIS data, 2,252 unique tankers and cargo
vessels >400 gross tons completed a total of 8,794 voyages
through the North Pacific Great Circle Route from 2014 to 2017.
Cargo ships comprised the vast majority of these vessels (2,125)
and voyages (8,455). Overall, vessel traffic within the study area
decreased over the 4 years, from 2,844 voyages in 2014 to 1,680
in 2017 (Figure 4). Most vessels transited Unimak Pass (7,803
voyages), the easternmost pass from the Pacific Ocean to the
Bering Sea. Blizhniy Strait, between Alaska’s Near Islands and
Russia’s Commander Islands, hosted 6,040 voyages, and most
other vessels transited at Buldir Pass (1,725 voyages).
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FIGURE 4 | North Pacific Great Circle Route voyages completed by tankers and cargo vessels >400 gross tons during 2014–2017. Compliance was defined as
whether a voyage intersected (non-compliant) or avoided (compliant) Areas To Be Avoided.

Spatial Shifts
The most dramatic shifts in vessel traffic occurred in nearshore
waters south of the Aleutians and north of Attu Island
(Figure 5A). Within 50 nautical miles (93 km) south of the
Aleutians, vessel traffic decreased by 94% between 2014–2015
and 2016–2017. Similar shifts occurred directly north of Attu
Island (Figure 5B). Most vessels transiting the northern portion
of the North Pacific Great Circle Route transit northwest of
Attu through Blizhniy Strait, the widest pass between the Pacific
Ocean and Bering Strait. 68.7% (6,040 of 8,794) of all voyages in
2014–2017 transited Blizhniy Strait. Many of these routes were
modified after designation of the West ATBA, which bounds Attu
and the other Near Islands. Vessels shifted their routes north to
avoid the ATBA, decreasing traffic within the West ATBA and
nearly tripling vessel traffic just north and west of the ATBA
boundaries (Figure 5B).

These patterns concentrate vessels in specific portions of
heavily trafficked routes. Within Blizhniy Strait, 88.7% of voyages
(2,409 of 2,715) are in a 35-km-wide lane, although the entire
strait is over 330 km wide. Prior to ATBA implementation,
the most concentrated 35-km lane in Blizhniy Strait hosted
only 56.6% (1,881 of 3,325) voyages. Similarly, the ATBAs
designated on either side of Buldir Pass funneled vessels into
a narrow corridor between boundaries: vessel traffic more
than doubled in the narrowest 7-km section (231 voyages in
2014–2015 to 581 voyages in 2016–2017; Figure 5B). Prior to
ATBA implementation, vessels were more evenly distributed
throughout the 130-km pass. However, vessel routing through

Unimak Pass stayed consistent: nearly 100% (7,800 of 7,803)
of voyages used a 7-km corridor within the 18-km pass
(Figure 5C).

Overall Compliance Assessment
In addition to spatial traffic shifts, we analyzed specific vessel
routing changes. Of the 8,794 voyages through the North Pacific
Great Circle Route, 17 voyages did not pass within 100 km of
an ATBA and were removed from compliance analyses. 4,388
of the remaining 8,777 total voyages intersected an ATBA,
most of which (90.1%) occurred before ATBA implementation.
The overall percentage of compliant voyages increased from
22.4% in 2014–2015 to 88.2% in 2016–2017 (Table 1). Results
of an unpaired Wilcoxon rank-sum test, indicated that overall
compliance rates increased significantly (p < 0.00001) from
2014–2015 to 2016–2017. Furthermore, compliance rates after
ATBA implementation did not vary substantially by season,
indicating consistently high compliance.

Individual ATBA Compliance Rates
In order to better understand changes in individual vessel
behavior before and after policy implementation, we limited our
dataset to vessels that transited the North Pacific Great Circle
Route at least once in 2014–2015 and at least once in 2016–
2017. This ensured that at least one voyage was completed before
and after ATBA implementation on Jan 1, 2016. Of the 2,250
unique vessels that transited the North Pacific Great Circle Route
and passed within 100 km of an ATBA, 767 vessels had at
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FIGURE 5 | (A) Changes in vessel traffic along the North Pacific Great Circle Route before (2014–2015) and after (2016–2017) implementation of Areas To Be
Avoided (ATBAs). Only vessels subject to ATBA regulations (tankers and cargo vessels >400 gross tons) included. Increases in vessel traffic are represented on a
blue-orange gradient, and decreases in vessel traffic are represented on a blue–green gradient. (B) Detail of changes in vessel traffic near Buldir Pass, Attu Island,
and the West ATBA. (C) Detail of changes in vessel traffic near Unimak Pass, Unalaska and Unimak Islands, and Unalaska and East ATBAs.

TABLE 1 | Overall vessel traffic changes, pre- and post-implementation of Aleutian Areas To Be Avoided (ATBAs).

Area To Be Avoided Number of vessels Number of voyages Compliance rate

2014–2015 2016–2017 2014–2015 2016–2017 2014–2015 2016–2017

East 1,617 1,268 4,573 3,400 85.3% 98.1%

Unalaska 1,689 1,303 5,016 3,619 81.1% 94.8%

Atka 1,010 578 1,989 935 80.3% 96.9%

Amchitka 1,363 636 3,343 1,053 64.8% 93.4%

West 1,593 1,255 4,454 3,320 30.7% 94.6%

All 1,704 1,313 5,092 3,685 22.4% 88.2%

Only vessels subject to ATBA regulations are included (tankers and cargo vessels >400 gross tons). Within all voyages completed by these vessels, only voyages transiting
the North Pacific Great Circle Route within 100 km of the target ATBA are considered. Values in bold indicate results calculated for all ATBAs combined.

least one voyage both before and after ATBA implementation
(Table 2).

The West ATBA had the lowest compliance rate before
implementation (30.7%), and Amchitka ATBA had the lowest
compliance rate after implementation (93.4%; Table 2). Because
many voyages crossed one ATBA boundary at some point but
avoided all others during the remainder of the transit, the
overall compliance rates were lower than compliance for any
individual ATBA.

Results for the paired, one-sided Wilcoxon signed rank test for
all ATBAs were significant (p < 0.0001 for each ATBA and for
all ATBAs combined; Table 2), indicating that individual vessel-
level compliance significantly increased after implementation
of ATBAs. Compliance increased most in the West ATBA,
increasing from 32.1% to 95.0% (Table 2), representing vessels
that previously traveled just north of Attu Island before turning
south toward East Asia (Figure 5B). Notably, compliance
increased from 59.6% to 94.5% in the Amchitka ATBA, with the

majority of changes resulting from vessels that no longer traveled
adjacent to the southern coastline (Figure 5C).

DISCUSSION

ATBA Compliance
Based on the shifts in vessel traffic after implementation, ATBAs
are an effective spatial measure and an effective management
strategy for long-distance routing. This result is supported by
changes in both aggregate vessel traffic and individual vessel
routing. Most of the vessels that transited the North Pacific Great
Circle Route in 2014–2015 crossed waters that were designated as
ATBAs on January 1, 2016. In particular, vessels transiting south
of the Aleutians commonly used waters within 20–40 km of land.
After the implementation of ATBAs, those same vessels largely
used different routes to avoid ATBAs in 2016–2017, shifting
further offshore to both the north and the south.
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TABLE 2 | Individual vessel behavior changes, pre- and post-implementation of Aleutian Areas To Be Avoided (ATBAs).

Area To Be Avoided Number of vessels Number of voyages Compliance rate

2014–2015 2016–2017 2014–2015 2016–2017

East 727 2,721 2,480 85.1% 98.0%

Unalaska 757 3,000 2,650 82.4% 94.9%

Atka 258 717 508 80.5% 98.2%

Amchitka 337 1,188 642 59.6% 94.5%

West 710 2,620 2,397 32.1% 95.0%

All 767 3,053 2,700 23.7% 88.3%

Only vessels subject to ATBA regulations (tankers and cargo vessels >400 gross tons) and that complete one or more voyages both before (2014–2015) and after
(2016–2017) implementation are considered. Within all voyages completed by these vessels, only voyages transiting the North Pacific Great Circle Route within 100 km of
the target ATBA are considered. Using a one-sided Wilcoxon-Pratt signed rank test, changes in individual vessel compliance rates were significant (p < 0.0001) for each
ATBA and for all ATBAs combined. Values in bold indicate results calculated for all ATBAs combined.

Although the volume of global tanker and cargo vessel
traffic continues to increase over 3% annually (United Nations
Conference on Trade and Negotiation [UNCTAD], 2019), we
noted an overall decrease in transits from 2014 to 2017. The
decline was especially notable in the summer and early fall, when
calmer conditions allow vessels to transit south of the Aleutians.
However, because our study focuses on the Aleutian Islands, we
did not analyze vessels that transit the Pacific on mid-latitude
routes such as those between 40◦ to 50◦ North. These southern
routes are the most efficient way to connect more southerly
ports such as Long Beach, CA or the Panama Canal directly
to ports in East Asia (Chen et al., 2014). We expect that the
decrease in transits that we observed over the study period may be
explained by a higher proportion of vessels routing entirely south
of the Aleutians.

Regulatory Framework and Monitoring
Networks
Routing decisions and compliance with ATBAs are driven by a
complex array of factors including maritime conditions, weather
patterns, navigational efficiency, and myriad regulations (Melia
et al., 2016). Aside from IMO regulations when ATBAs and
other routing measures are adopted, insurance practices and
Alternative Planning Criteria (APC) can affect compliance.
Although global shipping losses have declined in frequency
by 65% over the past decade, the financial consequences of
individual incidents continue to grow, with a single worst-
case shipwreck costing as much as $4 billion (Allianz Global
Corporate and Specialty, 2019). Such significant financial
repercussions elevate the importance of insurance in Arctic
shipping. As part of North Pacific transit policies, maritime
insurance companies may stipulate approved passes through
the Aleutian Archipelago or may be contingent on compliance
with IMO guidance on use of ATBAs (Arctic Council, 2009).
Such operating requirements can help ensure compliance
by vessels in innocent passage. However, insurance practices
vary widely across providers and across national and sub-
national levels (Arctic Council, 2009), making it difficult to
assess whether insurance independently drives compliance on
a broad scale.

In addition to stipulations from insurance policies, vessels
are also subject to risk mitigation practices including routing
measures associated with APCs. APCs are specific vessel planning
resources used in remote areas such as the Aleutian Islands
with limited capacity to respond to oil spills (United States
Coast Guard, 2017b). Tankers or vessels greater than 400 gross
tons within the United States Exclusive Economic Zone that
are bound to or from a United States port must have specific
vessel response plans to address the risk of an oil spill, including
recommended response and mitigation resources (United States
Coast Guard, 2017a). Although specific requirements differ
between APC providers, more robust APCs typically involve
adherence to known safe navigational corridors including passes
between ATBAs (United States Coast Guard, 2017b).

The importance of APC routing provisions can be observed
in the West ATBA, centered on Attu Island (Figure 2).
The West ATBA and surrounding waters demonstrated the
largest shift in vessel traffic after implementation (Figure 5B),
likely due to alignment differences between APC and IMO
routing measures. Previously, the Alaska Maritime Prevention &
Response Network, the predominant APC provider in the area,
had stipulated a navigational corridor at least 12 nautical miles
(22 km) offshore of Attu Island starting in 2012 for tankers and
2014 for cargo vessels (Alaska Maritime Prevention and Response
Network, 2018). APC-compliant vessels navigated the North
Pacific Great Circle Route in accordance with this 12-nautical
mile zone prior to ATBA implementation. The final West ATBA
boundary adopted by the IMO, however, extended this distance
to 50 nautical miles (93 km), creating an even larger margin for
safe navigation of Blizhniy Strait and demonstrating adherence
to both APC and IMO routing measures. The shift from 12 to 50
nautical miles offshore increases the amount of time for response
to a potential marine casualty before grounding occurs. In the
event of engine failure or loss of steerage, vessels further offshore
provide responders such as the United States Coast Guard or
commissioned vessels of opportunity more time to reach and
assist a stranded vessel before a collision with coastal hazards.

While insurance and APC stipulations define overarching
recommendations, the expansion of AIS technology has
enabled intervention in real-time routing decisions (Robards
et al., 2016). For example, the Marine Exchange of Alaska’s
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monitoring network throughout the Aleutian Archipelago offers
an opportunity to actively monitor vessels in sensitive nearshore
waters, tracking navigational anomalies and elevated risk events
such as reduced speed, erratic maneuvers, or routes that would
enter ATBAs. When coupled with direct communication,
real-time monitoring efforts have intervened and directly
changed vessel behavior hundreds of times per year in Alaskan
waters (Ed Page, personal communication). Although largely
successful, these interventions are not formally associated with
the United States Coast Guard, the IMO, or other regulatory
entities and are instead based on voluntary action from
mariners. Within the Aleutian context, the significant increase
in voyage compliance suggests that ATBA establishment,
insurance practices, APC stipulations, and monitoring networks
together have been effective, both from a fleet and individual
vessel perspective.

Marine Ecology Risk Mitigation
Vessels are a significant anthropogenic risk factor for Arctic
marine life (Huntington et al., 2015), especially in the western
Aleutians, an area with minimal industrial activity other than
that of the maritime industry. Vessels introduce the potential
for ship strikes (Vanderlaan and Taggart, 2007), emissions of
pollutants (Huntington et al., 2015), acoustic disturbance (Moore
et al., 2012), invasive species (Bax et al., 2003), and accidental oil
discharge due to a grounding or other incident (Arctic Council,
2009). Future research is needed to better understand these risk
factors in the context of the Pacific Arctic sector, including
the Aleutian Islands, and to better quantify the spatiotemporal
distribution of environmental impacts. A handful of studies have
been used to assess species-specific vulnerability (Hauser et al.,
2018; Greig et al., 2020), and integrating these novel approaches
with AIS data holds great promise.

Areas To Be Avoided limit vessel-related risk within nearshore
waters by serving as an effective deterrent for vessels. Critically,
the Aleutian Island ATBAs generally encompass ecologically
important areas in the southern Bering Sea for species including
zooplankton, fish, birds, and marine mammals, especially coastal
haulouts, rookeries, and nesting colonies (Byrd et al., 2005;
Benoit-Bird et al., 2013a; Smith et al., 2017). By diverting
vessels from riskier, nearshore routes to safer, offshore routes,
these ATBAs reduce nearshore underwater noise levels, emitted
pollutants, and the risk of ship strikes and groundings in
the Aleutian Islands. Because ATBAs both contain high
biological values and reduce wildlife exposure to risk, ATBAs
serve as proxies for MPAs, thereby helping contribute toward
international biodiversity and conservation goals (Diz et al.,
2018). Although designated primarily to improve navigational
safety (International Maritime Organization [IMO], 2014),
ATBAs bring considerable subsidiary benefits to the Aleutian
marine ecosystem. Yet particularly for newly established ATBAs,
follow-up assessment and monitoring of new vessel patterns is
prudent to ensure that other sensitive species or habitats are not
being exposed to new risks.

Similarly, considering the dynamism in species use of
habitats is important. This may be particularly of concern
in northern marine environments where the distribution of

ecological values is likely to change as species respond to
the shifting environmental conditions already being observed
(Duffy-Anderson, et al., 2019; Piatt et al., 2020). New aggregations
of species in novel areas may result in mismatched ATBA
and ecological boundaries. As the abundance of certain prey
species decreases due to climate change (Smith et al., 2019),
marine birds have been observed to extend the distance and
duration of foraging bouts (Paredes et al., 2014). Accordingly,
marine foraging core areas may shift further offshore, potentially
outside the boundaries of current ATBAs. For example, the 3.5
million seabirds that nest on Buldir Island currently forage close
to the island, mostly within the boundaries of the Amchitka
ATBA (Audubon Alaska, 2014). However, an expansion of
foraging distance could bring an increasing number of birds
into Buldir Pass where the creation of the Amchitka and West
ATBAs has concentrated vessel traffic. Ecological monitoring
and ongoing surveys are essential to determine how, when, and
where these shifts will occur, and the extent to which these
shifts will overlap with vessel traffic. In some cases, dynamic
routing measures may be better suited to better track this
dynamic environment than static measures such as ATBAs
(Huntington et al., 2019).

AIS Limitations
Limitations associated with current AIS technology could reduce
our sample size and impact the accuracy of our statistical
tests. Our study assumes that AIS attributes are accurately and
completely filled out, although some vessels do not provide data
for every field. The more specific fields – such as gross tonnage,
which we used to filter for relevant vessels – generally have lower
completion rates. As a result, our analysis almost certainly omits
vessels that are subject to IMO regulations but that are excluded
due to poor AIS attribution. Provided that these vessels could be
systematically identified, including these vessels in our analysis
would expand our sample size. However, given the large number
of vessels already included, adding the relatively few vessels with
incomplete AIS records would be unlikely to change the overall
significant shifts observed.

We calculated compliance using a spatial intersect function,
which assumes perfect accuracy in input datasets. Although
the ATBA boundaries are precisely defined, satellite AIS data
often suffers accuracy issues due to periods of time when no
satellite receivers are in range (latency). As a result, a vessel
may in reality comply with ATBA boundaries, but due to AIS
latency, the drawn track appears to pass through a corner of
an ATBA. As more AIS satellite receivers have been added
to exactEarth’s constellation, latency decreases, enabling more
precise tracks to be drawn. Regardless, latency-related errors
would result in an underestimation of compliance rather than
an overestimation. Thus, our results represent conservative
estimates of vessel compliance.

Potential extensions of our study could mitigate the impacts
of latency and ground-truth AIS data by combining terrestrial
and satellite networks for individual voyages. Terrestrial AIS
receivers generally have higher positional accuracy but cover a
more limited spatial extent. In areas where terrestrial coverage
is available (predominantly nearshore waters), segments of
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individual voyages could be derived from terrestrial networks,
reducing the effects of satellite latency. Further offshore where
terrestrial receivers are out of range, satellite AIS data could
be used to complete the remaining segments of a voyage. By
integrating these two types of networks, researchers can leverage
both the positional accuracy of terrestrial AIS and the spatial
scope of satellite AIS. Other data streams, such as onboard GPS
and port-based vessel logs, could further enhance the precision of
vessel tracking, improve the accuracy of AIS-populated attributes,
and identify vessels subject to IMO regulations otherwise omitted
due to poor AIS attribution.

Summary
This study represents the first quantitative evaluation of
compliance with the Aleutian Islands ATBAs. Furthermore, we
have expanded upon previous studies on ATBA compliance to
confirm changes in individual vessel behavior before and after
ATBA implementation. Our results demonstrate a high degree of
compliance with ATBAs and a corresponding shift in the spatial
distribution of vessels. Overall, this study substantiates the use of
ATBAs as a marine spatial planning tool that, alongside effective
monitoring and communication with vessels, can be used to
improve both maritime and environmental safety.
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