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1. Introduction

This article analyzes a novel example of emerging digitally-driven
earth system governance in the field of marine biodiversity conserva-
tion: Artificial Intelligence-enabled, mobile marine protected areas
(MMPAs). MMPAs are geographically dynamic, with mobile boundaries
which change position as endangered species migrate through the
ocean. This real-time, mobile, and potentially spatially ubiquitous form
of ocean governance relies on digital hardware that collects data from
various sources (e.g. nano-satellites, drones, environmental sensor net-
works, digital bioacoustics, marine tags, deep sea UAVs), combined with
analytics such as machine learning algorithms, computer vision and
ecological informatics techniques. MMPAs are justified on the basis of
their ability to enable responsive, real-time adaptation to environmental
variability, species mobility, and disturbance dynamics; hence, scientists
and regulators are increasingly recommending the deployment of these
Al-powered computational systems in the world’s oceans.

MMPAs are an important case study for the future of environmental
governance in a digital age. Beyond their immediate impact on envi-
ronmental regulation, MMPAs also offer an opportunity to explore an
over-arching conceptual debate: how should Anthropocene governance
systems evolve in response to large-scale evolution in boundary condi-
tions, including interlinked processes of climate change, transgressions
of planetary boundaries, and socio-economic transformations—notably,
digital transformation? As Burch et al. (2019) point out in their seminal
discussion of emerging trends in earth system governance, contempo-
rary global environmental systems are currently deeply challenged, and
potentially being rendered obsolete. The authors identify a key research

E-mail address: Karen.Bakker@ubc.ca.

https://doi.org/10.1016/j.esg.2022.100141

gap: foresight analysis research which explores alternative futures
relating to the governance of environmental transformations, and ana-
lyzes which emergent institutions and practices might be most effective
in generating desired sustainability outcomes. This paper responds to
Burch et al.‘s call for novel approaches to foresight analysis, aligned with
recent scholarly interventions which have called for research at the
intersection of digital transformation and evolving earth system gover-
nance norms, frameworks, and paradigms (Rabitz et al., 2022; Kruk
et al., 2021). Specifically, this paper asks: how will Al algorithms create
new possibilities in environmental monitoring in marine environments,
and what implications might this have both for the transformation of
environmental regulation and (re)negotiation of global marine gover-
nance? And what are the implications of Al-driven environmental
monitoring and management for earth system governance more
generally?

The first section of the article explains why MMPAs have emerged as
a novel approach to marine governance, through an overview of the
evolving marine movescape (the flows and movements of the ocean and
its inhabitants), the rise of digital marine monitoring tools, and the
emergence of the first generation of mobile Marine Protected Areas
(MMPAs). The second section analyzes two case studies of the applica-
tion of AI to MMPAs, and explores the claims of proponents: that MMPAs
will achieve better conservation outcomes than conventional (static)
protected areas, particularly as climate change accelerates shifts in
range/habitat of protected species. The third section discusses critiques
and concerns, as well as global environmental governance issues,
including the inclusion of digital, dynamic MMPAs in multilateral ne-
gotiations and international environmental policy-making processes.
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The fourth section concludes with a discussion of the implications for
earth system governance.

2. The rise of “Smart” Oceans
2.1. The evolving marine movescape

In order to understand the salience (and indeed urgency) of creating
mobile marine conservation applications, some context on changing
ocean conditions under climate change is required. Oceans are contin-
uously in motion, as factors like winds and thermohaline circulation (the
movement of water of different salinity and temperature) drive vast
currents that mix waters from the equator to the poles. The “great
conveyor belt,” as it is sometimes called, transports energy (as heat) and
mass (dissolved gases and solids) around the globe, interacting with the
Earth’s climate. Across the oceans, marine fronts (much like weather
fronts) are in constant motion: fluid, dynamic boundaries between
distinct water masses. The upwelling of nutrients at these ocean frontal
zones creates concentrations of food for marine predators (Scales et al.,
2014; Woodson and Litvin 2015). Marine animals are often attracted to
these fronts, which are like drifting oases of abundance shifting
constantly in space and time, sometimes across thousands of miles; a
fluid, constantly evolving interaction between biophysical ocean con-
ditions, food and predators.

Marine fronts, and ocean conditions more broadly, have now entered
a period of increased dynamism and unpredictability. Globally, ocean
temperatures are increasing in response to climate change. In turn,
interannual variation of temperature, average temperatures, and the
frequency of marine heat waves are changing. These changes are highly
variegated; for example, the oceans are warming extremely quickly in
the northwest Atlantic, particularly in the Labrador Sea. During the
2012 marine heat wave, for example, sea surface temperature was
1-3 °C higher than the 1982-2011 average, a level of warming on par
with the mean SST change projected for the end of the 21st century
(Mills et al., 2013). As the ocean flows, marine organisms follow. For
example, salmon have in recent years been observed for the first time in
Arctic rivers like the Mackenzie, and Atlantic tuna have been observed
off the coast of Greenland, thousands of miles from their previously
known ranges (MacKenzie et al., 2014). The ocean’s “movescape” is
increasingly unpredictable, limiting the efficacy of conservation strate-
gies and fisheries regulations, or indeed rendering them irrelevant.

The most recent Intergovernmental Panel on Climate Change (IPCC)
Special Report on the Oceans and Cryosphere in a Changing Climate predicts
that marine heatwaves, rising seas, dying corals, and vanishing ice will
be devastating for marine species (IPCC 2019). As climate change raises
global sea surface temperatures, changing ocean currents, and creating
more extreme events such as anomalous warm periods and storms,
massive migrations of marine populations are underway (Poloczanska
2018). This will render traditional Marine Protected Areas—with static
boundaries, much like terrestrial parks—outdated and irrelevant, in an
increasingly dynamic and unpredictable ocean.

One response on the part of the research science and fisheries man-
agement communities has been to invest heavily in Smart Oceans ini-
tiatives: computationally intensive, wide-scale deployment of multiple
digital technologies to monitor multiple oceanographic and marine
ecological variables in real time, at scale. Although movement has al-
ways been an important variable in fisheries science, marine ecologists
had previously been more limited than their terrestrially focused col-
leagues in methods for studying the ocean’s movescape. In the past
decade, however, new and exponentially enhanced ocean-monitoring
capabilities have been implemented by combining data from remote
sensing satellites with drones, ocean sensors on the surface and sub-
surface, and a new generation of sensors placed on boats and in fishing
nets. Multiple distributed observing networks have been created along
heavily trafficked coastal areas (e.g., NEPTUNE, Smart Oceans, Regional
Scale Nodes, VENUS), the high seas (e.g., ARGO, OceanSITES, Ocean
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Observatories Initiative), and key marine subregions (e.g., AtlantOS,
Southern Ocean Observing System, Frontiers in Arctic Marine Moni-
toring) (Corredor 2018). These cabled networks are both more extensive
and computationally powerful than previous observation systems.
Deep-seafloor imaging technologies can now readily identify discrete
entities at approximately 1 mm in size (Dumke et al., 2018).

2.2. Mobile marine protected areas

The examples cited above illustrate how scientists are laying the
groundwork for digital marine monitoring. This section explores how
digital monitoring, in turn, creates the conditions for “dynamic” or
Mobile Marine Protected Areas (Maxwell et al., 2020). Whereas tradi-
tional protected areas have spatially fixed boundaries, mobile protected
areas have boundaries that respond to changing environmental condi-
tions, movements of protected species, and disturbance dynamics. In
order to undertake this dynamic regime of ocean governance, regulatory
frameworks must be able to track “changes in space and time in response
to the shifting nature of the ocean and its users based on the integration
of new biological, oceanographic, social and/or economic data in near
real-time” (Maxwell et al., 2015). A simple example is a Mobile Marine
Protected Area (MMPA) that changes position on a daily or weekly basis
as endangered fish migrate through the ocean, excluding fishers from
specific zones through which fish are traveling (Eveson et al., 2015;
Hobday et al., 2013; Mannocci et al., 2017; Maxwell et al., 2015). To
achieve this, MMPA monitoring regimes must fulfil three criteria: they
must operate in real time; with comprehensive spatial coverage; and
both temporal and geographical mobility. For each criterion, vast
amounts of contemporaneous data are required. MMPAs are thus
inherently digital; specifically, they rely on a complex network of digital
technologies to gather data, and then deploy artificial intelligence to
process and integrate data from multiple sources, before conveying the
data in a useable format to resource users as well as regulators and
enforcement officials. Dynamic ocean management is computationally
intensive, predicated on cloud computing architectures and ocean
monitoring networks that include satellites, sensors and cabled subsea
instrumented observatories such as Oceans 2.0 (Biffard et al., 2018;
Vance et al., 2019). Simply put: MMPAs are creatures of a digital age,
reliant on digital data and artificial intelligence.

Why are MMPAs desirable? Scientists argue that MMPAs can achieve
significantly better biodiversity conservation outcomes than conven-
tional, static protected areas, particularly as climate change accelerates
shifts in species ranges (Bonebrake et al., 2018; Dietze et al., 2018;
Hobday et al., 2013; Oestreich et al., 2020; Reynolds et al., 2017; Rohde
et al., 2020). In making the transition to a digitally-enabled form of
ocean governance, MMPAs address a key constraint of conventional
regulatory frameworks for managing ocean resources, which were (and
still are) constrained by reliance on self-reports (like log books) and
manual observation (like on-board human observers). These analog
observational frameworks are hampered by relatively small sample
sizes, post-hoc reporting, and (at times) intimidation of observers,
reducing their efficacy. MMPAs, in contrast, enable much larger sample
sizes, real-time reporting, and more robust observational mechanisms
(no one can bully or harass a camera positioned on a fishing deck,
although other forms of gaming the system are, of course, to be
anticipated).

As a simple example, consider the case of Atlantic mackerel, a fishing
stock which was well-managed until warming temperatures in the
Atlantic shifted this population beyond the area covered by fishing
treaties (Gaines et al., 2018; Spijkers and Boonstra 2017). As climate
change continues to warm the oceans, habitats will shift, and species
will follow. What happens when the protected area that has been created
for a particular species no longer contains the animals it is supposed to
protect? Mobile marine sanctuaries could “follow the fish.” Mobile
marine sanctuaries can complement existing marine parks, and perhaps
increase their effectiveness. Another option is to create mobile,



K. Bakker

protected corridors that allow vulnerable species to migrate safely from
one static marine sanctuary to another: safe passage corridors for marine
species on the move, much like terrestrial wildlife corridors (Dunn et al.,
2019).

Dynamic management frameworks can also use ships’ location data,
derived from automatic ship identification systems (AISs). AIS systems
are required on all large ocean-going vessels; their signals are detected
by satellites, which monitor ship location around the world. Although
initially intended collision prevention, AIS systems can also be used for
environmental science and conservation (for example, measuring the
contribution of ships to global climate change emissions, or assessing
marine species’ noise exposure levels).

One example of an innovative use of AIS data is real-time fisheries
conservation by Global Fishing Watch, a not-for-profit observatory that
aims to provide the world’s first truly global, real-time view of fishing
anywhere on the open ocean. Launched in 2016 by Google in partner-
ship with SkyTruth (a not-for-profit that uses satellites for environ-
mental monitoring), Global Fishing Watch aims to ensure that fishers
everywhere around the world follow the rules that govern where and
when they can fish. Global Fishing Watch has now tracked tens of bil-
lions of AIS messages (Kroodsma et al., 2018) and collaborated with
scientists to train convolutional neural networks (a type of AlI) to iden-
tify vessel types, fishing activity, and even gear type from the AIS raw
data (a task that would have taken a human fisheries expert, working
full-time, an estimated 200 years to complete) (Kroodsma et al., 2018;
Merten et al., 2016; Poloczanska 2018). Data from other sources (sat-
ellites that detect boat lights at night, or sensors on individual fish)
provide additional insights. Global Fishing Watch’s tracking system can
pinpoint an individual fishing vessel with laser-like accuracy, determine
whether or not it is actually fishing, and even identify whether it is, say,
trawling or longlining. The AIS data also reveals how much of the
world’s ocean area is actually fished: over half (four times as much as
agriculture on land) (Amoroso et al., 2018; Eveson et al., 2015; Hobday
et al., 2013; Kroodsma et al., 2018; Mannocci et al., 2017; Merten et al.,
2016; Poloczanska 2018). There are, it should be noted, limitations to
AIS data, which does not capture very small boats. AIS systems can also
be turned off, although new artificial intelligence techniques for
detecting intentional AIS switch-off and monitoring “dark vessels” (with
AIS turned off) have recently been developed (Kontopoulos et al., 2020;
Pelich et al., 2019).

Dynamic MMPAs and associated environmental monitoring tech-
niques are enabled, in summary, by a combination of remote sensing,
sensor networks, bio-logging, and artificial intelligence. In the
remainder of this paper, I present three brief case studies of MMPAs,
highlighting some of their potential advantages and limitations for
marine conservation.' I also discuss the broader relevance more general
debates in global environmental governance.

! Three methods were used to gather empirical evidence for this paper. First, I
conducted twelve interviews with researchers in a range of fields (oceanog-
raphy, marine biology, marine bioacoustics, marine ecology, and fisheries sci-
ence and management). These interviews were digitally recorded, manually
transcribed, and conservation-related themes identified, reviewed and
analyzed. Second, I reviewed 50 peer-reviewed journal articles focused on
dynamic marine management, plus 500 articles related to marine bioacoustics
and ecoacoustics (a key technology used in dynamic management), obtained
through searching Web of Science. I also reviewed digital marine forecasts used
by fisheries and marine scientists and regulators to enable advance and, in some
cases, near real-time predictions of movements of marine animals, focusing on
species of interest for commercial fishing and/or conservation purposes.
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3. Mobile marine protected areas: case Studies
3.1. Endangered whales in the Santa Barbara Channel

Over 90 percent of global goods are moved by sea, and the amount of
shipping has grown exponentially in the past few decades as global
population and globalized trade have accelerated (International Cham-
ber of Shipping 2020). But large ships have increased their average
speeds over the past few decades. As a result, rates of whale strikes are
growing, particularly in high-traffic areas like Southern California,
where endangered whale species migrate past San Francisco and Los
Angeles (the third largest port complex in the world). The years 2018
and 2019 were the worst on record for fatal whale-ship collisions off the
California coast (and because most corpses sink before they wash ashore,
scientists track only a small fraction of the total number of whales hit by
ships). The federal government created voluntary slow speed zones
along the California coast to try to reduce whale deaths, but compliance
by ships was low. Over ten years ago, a voluntary speed reduction zone
around critical whale habitat in and around the Channel Islands Na-
tional Marine Sanctuary was created by the National Oceanic and At-
mospheric Administration (NOAA). Although reducing ship speed can
dramatically reduce the rate of whale collisions, less than half of the
ships follow the voluntary speed limit (Visalli 2020; Visalli et al., 2020).
Tankers the length of skyscrapers tower so high above the ocean’s sur-
face that whales are difficult to see, let alone avoid.

To tackle this challenge, scientists at the University of Santa Cruz
collaborated with whale researchers, bioacoustics experts, and com-
puter scientists at Woods Hole Oceanographic Institution, Scripps
Institution of Oceanography, Texas A&M University, the University of
Washington, and NOAA with the goal of developing a real-time digital
monitoring system to detect and better protect whales in near real time.
The team began by focusing on the Santa Barbara Channel, one of the
busiest shipping routes in the world, and also the traditional migration
route and feeding ground of endangered, fin, humpback and blue whales
(the largest animals on Earth, and particularly vulnerable to ship
strikes). The team developed Whale Safe, a real-time mapping and
analysis tool designed to prevent whale strikes. Whale Safe incorporates
four technologies that have never before been combined. First, an un-
derwater acoustic monitoring system automatically detects whale calls
(Baumgartner et al., 2019); an array of underwater microphones (“hy-
drophones™) detects and processes sounds using algorithms that can not
only identify whales in real time, but also specify whether they are blue,
humpback, or fin whales (Baumgartner et al., 2019). Data on whale
detections is then sent via satellite to whale scientists in Galveston for
review and confirmation. Second, marine scientists in Santa Barbara run
models that produce near real-time forecasts of probable whale location,
based on models that correlate oceanographic data (linking ocean cir-
culation models to variables like ocean temperatures, seafloor topog-
raphy, and currents) with past studies of whale location (using satellite
tags) (Abrahms et al., 2019). As ocean temperatures and conditions shift
daily, so do whales’ movements; the models give near real-time, highly
accurate predictions. Third, the forecasts are complemented by actual
whale sightings recorded by citizen scientists, mariners, and
whale-watching boats, using mobile apps. Fourth, Whale Safe also tracks
locational data from ships’ AIS systems (Fox 2020; Simon 2020).

The data is layered together to create a whale presence rating similar
to a school zone notice (green = no whales; yellow = proceed with
caution; red = whales present, go slow). The rating is then communi-
cated to ship captains via their smartphones or tablets (Whale Alert n.
d.). Captains are encouraged to slow down and post more lookouts; the
ships are then tracked to see whether they are complying with voluntary
slow-speed zones. Whale Safe also helps regulators decide whether and
how to extend slow-speed zones if whales are spending more time in an
area than expected. Then, the Whale Safe team publishes public report
cards that show how well ships are complying with speed restrictions.
Ships that don’t comply get a “failure” rating. When ships slow down,
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Visalli points out, they not only reduce whale strikes but also create less
noise pollution, release fewer pollutants, and emit less carbon dioxide.

After a successful launch in mid-2020, the team is now planning to
expand to San Francisco Bay. Cornell University has been running a
similar system on the east coast of the United States for fifteen years.
Both of these dynamic monitoring systems are exponential improve-
ments on previous systems, which were imprecise, relied on patchy
environmental data, and had time lags ranging from weeks to months (as
scientists had to retrieve recording instruments from the ocean before
analyzing the data). Now, scientists can generate near real-time whale
presence forecasts, much like weather forecasts; the probability of
whales appearing in different spots in the oceans is now nearly as precise
as rain forecasts (Davies and Brillant 2019; Davies et al., 2019; Davies
2019; Durette-Morin et al., 2019). Similar systems have already been
used with some success for right whales in the North Atlantic; a com-
bination of passive acoustic buoys, aerial surveys, and citizen science
sightings is used to detect the whales, whose presence is broadcast in
real time on mobile applications to recommend that ship captains slow
down or avoid areas altogether (NOAA Fisheries 2020a; 2020b). What
about the ships that refuse to participate? To address non-compliance,
scientists are developing infrared thermal imaging cameras to mount
on the bows of ships, to detect whales in real time and to detect whale
strikes (the equivalent of a dashcam for ships) (Lubofsky 2019).

Whale Safe reverses a prior constraint in global marine governance: a
lack of sufficient data about biodiversity in the oceans, which hindered
the creation of a global regulatory regime of Marine Protected Areas
(MPA). The project is also an example of interdisciplinary work now
being done at the intersection of science, policy, digital technologies,
and earth system governance reform. Rather than merely publish the
results, the team of scientists launched a sustained campaign to inform
decision makers, traveling to Geneva to present their research to inter-
national diplomats renegotiating the UN Convention on the Law of the
Sea. The team’s study was sparked by insights from the Pew Charitable
Trust, which had been engaged in dialogue with policymakers for years,
and had identified a policy need for the research. Although it will take
years for the treaty to implemented, scientists have now laid the
groundwork for an effective biodiversity governance regime for the
open ocean, beyond national jurisdictions—a global first. If imple-
mented, mobile Marine Protected Areas could be a win-win for both
conservationists and fishers: researchers calculate that protecting just 5
percent more of the ocean could boost global fisheries by as much as 20
percent (Cabral et al., 2020).

3.2. Right whales in the Gulf of St lawrence

In 2017, North Atlantic right whales followed warming waters and
entered the Gulf of St. Lawrence, hundreds of miles from their usual
territory off the coast of Maine. The whales were following their
preferred prey, tiny crustaceans known as copepods; as climate change
warmed waters further north, the copepods moved, and so did the
whales. But given that the Gulf is one of the busiest shipping areas in the
world, ship strikes of whales increased (Stokstad 2017). Dozens of
whales died (either from blunt force trauma or propeller cuts). A record
reported number of whales were also becoming entangled in fishing
gear, which sometimes proves fatal.

Nearly rendered extinct due to industrial whaling, there are only an
estimated 400 North Atlantic right whales remaining; hence, even a few
dozen deaths were a significant threat in a population this small.
However, traditional conservation strategies were stymied. Local gov-
ernment conservation officials were relying on aerial surveys; but flying
over the water looking for whales was expensive, inefficient, and
hampered by bad weather conditions. Government officials could not
easily locate the whales; data used to advise vessels was often outdated,
sometimes up to a year old.

In response, local biologists created a mobile Marine Protected Area
framework, based on bioacoustics. Local scientists had been using
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underwater acoustic gliders equipped with hydrophones for research on
whale bioacoustics for years. Passive acoustic monitoring (PAM) with
bioacoustics devices enables continuous monitoring, with more accu-
racy and lower cost. The autonomous gliders (a marine version of aerial
drones) move back and forth across the water in preconfigured patterns,
diving and then surfacing every few hours to send data to onshore
transceivers (like cell phone networks), which transmit the data to her
university lab, which analyzes the data automatically for the sound
signature of whale calls. Any findings are localized on a map and
transmitted to fisheries officials and ships’ captains. The automated data
analysis uses machine learning algorithms which have been trained to
automatically recognize signature calls by different species (such algo-
rithms are so precise that they can distinguish between different types of
whales, and even between different individual whales, in some well-
studied species).

Davies’ data showed that whales were using a much larger area than
the one previously being protected. After negotiations, Canadian gov-
ernment officials integrated this data into their governance framework
for the Gulf of St. Lawrence, as the basis for strict control measures on
fisheries and shipping vessels.” Davies’ gliders were repurposed for use
within the new mobile Marine Protected Area. Within hours of their first
launch, Davies’ gliders detected whales, signaling ships to slow down.
Zero right whale deaths due to ship strikes were recorded in 2020, the
year after Davies launched her gliders (Durette-Morin et al., 2019;
Johnson 2020).3

The system works as follows. When a whale is detected (visually or
acoustically), an area of approximately 1000 square miles is closed
around the position of the detection; non-tended fixed-gear fisheries,
including lobster and crab, are prohibited from operating for 15 days.*
In some areas, if a whale is detected a second time, the area will be
closed for the entire fishing season. Speed limits, voluntary in the past,
are now mandatory. Vessels over 40 feet are prohibited from entering
some zones. In the St. Lawrence, all ships must follow mandatory speed
limits (10 knots over the ground) within slowdown zones.” The more
slowly a ship travels, the more time a whale has to get out of the way; a
strike at lower speeds is also less likely to be fatal. The boundaries of
these zones are dynamic, and depend on ocean conditions (such as
temperature, which influences where prey gather), and actual whale
sightings. In the St. Lawrence River, where whales are at higher risk,
ships which exceed the speed limit will be fined $250,000. (The data on
whale locations and speed restrictions is placed on open-source maps
which are broadcast to all ships in the area, so pleading ignorance is not
an option.)° Whale noise is the key to the success of Davies’ approach to
saving whales. Whereas in the past, visual sightings were necessary to
confirm the presence of a whale, bioacoustic detection is now sufficient
to close the fishery. This, says Davies, is a real breakthrough: govern-
ment acceptance that omnidirectional acoustic data, processed via
automated machine learning algorithms, could be used as the primary
data for triggering environmental protections (Durette-Morin et al.,
2019).

Acoustic telemetry networks now exist around the world: the

2 All fishers and harvesters using ropes will also be required to use only weak
ropes in fixed gear fishing, so that ropes that can break to help whales self-
release if they become entangled. A major “ghost gear” initiative has been
launched to fund the recovery of lost nets, ropes and lines, which also pose a
major threat to the whales.

3 This may not have been entirely because of the gliders. Abundance and
distribution of the whales relative to the shipping lanes are other important
variables.

4 For more information, visit: https://www.dfo-mpo.gc.ca/fisheries-peches
/commercial-commerciale/atl-arc/narw-bnan/management-gestion-eng.html.

5 For more information, visit: https://tc.canada.ca/en/marine-transportati
on/navigation-marine-conditions/protecting-north-atlantic-right-whales-collisi
ons-vessels-gulf-st-lawrence.

® For more information, visit: http://whalemap.ocean.dal.ca/.
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Integrated Marine Observing System (IMOS) in Australia, the NOAA
Ocean noise network in the United States, the Integrated Tracking of
Aquatic Animals across the Gulf of Mexico (iTAG), and the Acoustic
Tracking Array Platform (ATAP) in South Africa as well as the global
Ocean Tracking Network (Abecasis et al., 2018; Cooke et al., 2011;
Cowley et al., 2017; Currier et al., 2015; Haver et al., 2018; Steck-
enreuter et al., 2017). These listening networks can help determine the
presence of endangered species, and also estimate how mobile fishes are
using space, in order to adjust the boundaries of marine protected areas.
The digital substrate necessary for bioacoustics-driven Mobile Marine
Protected Areas now exists in many parts of the ocean (although few
bioacoustics-led initiatives have been launched to date). It is likely that
such initiatives will become more widespread, given the ubiquity, low
cost, and large spatial range of digital bioacoustics technologies.

Saving whales from ship strikes may also have an unexpected benefit
for the global environment by helping mitigate climate change. Whales
are highly efficient at carbon storage. When they die, each whale se-
questers an average of over 30 tons of carbon dioxide, taking that carbon
out of the atmosphere for centuries (the average tree absorbs only up to
48 pounds of CO; a year) (Lavery et al., 2010; Pershing et al., 2010;
Roman et al., 2014). From a climate perspective, each whale is the
marine equivalent of thousands of trees. Whales also help to sequester
carbon by fertilizing the ocean as they excrete nutrient-rich waste,
increasing phytoplankton populations, which also sequester carbon,
leading some scientists to term them the “engineers of marine ecosys-
tems.” In 2019, economists from the International Monetary Fund (IMF)
estimated the value of the ecosystem services provided by each whale at
over US$2 million, and called for a new global program of economic
incentives to return whale populations to pre-industrial whaling levels
as one example of a “nature-based solution” to climate change.

3.3. Tuna in the Great Australian Bight

Bluefin tuna are one of the mightiest fish in the ocean, and also one of
the most endangered (CSIRO 2020; Eveson et al., 2015; Payne et al.,
2017). Built like torpedos, with retractable fins, an individual tuna can
live up to forty years, grow to the length of a whitewater kayak, weigh in
at 1500 pounds, swim as fast as a racehorse, and dive deeper than two
Empire State Buildings (Goldfarb 2016; Gonzalez et al. 2008). Tuna also
have one of the longest migrations of any creature on the planet (even
longer than humpback whales): one subspecies spawns near the island of
Java, and then navigates the Southern Hemisphere’s stormy seas to
Australia before returning to the Indian Ocean. Some scientists refer to
bluefin, which have fascinated scientists since Aristotle’s time, as the
Olympic athletes of the world’s oceans.

Bluefin are also the focus of one of the last great wild fish gold rushes
the world may ever see. (Goldfarb 2016). The fish are in high
demand—notably for sashimi in Japan, but also in other Asian and in-
ternational markets; and for sport fishing also love them. An individual
bluefin can sell for hundreds of thousands of dollars. One of the reasons
bluefin tuna are so difficult to protect is their immense migratory ca-
pacity. The fish cross jurisdictions, time zones, and entire oceans, con-
founding attempts at conservation, changing their migration patterns
every year in response to changing ocean conditions. Tuna also turn up
as bycatch in fisheries around the world, where they are often discarded
in order to save fishing nets or avoid fines.

In the past decade, a new MMPA focused on protecting endangered
southern bluefin tuna has been created in the Great Australian Bight, a
zone of ocean along the country’s southern edge, rimmed by the longest
coastal cliff zones in the world. Nicknamed the “Galapagos of Australia,”
the region is home to more unique species than the Great Barrier Reef.
The Bight is also an ideal habitat for Southern bluefin tuna, a critically
endangered species; although the population is down to 5 percent of pre-
industrial fishing levels, rising prices have continued to drive overfish-
ing in one of Australia’s most valuable fisheries (despite quotas)
(Australian Fisheries Management Authority 2020; Longo 2011; Longo
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and Clausen 2011). Part of the problem is that endangered Southern
Bluefin tuna species, which migrates from Indonesia to the Tasman Sea,
frequents the same parts of the ocean as a year-round tropical Eastern
tuna longline fishery. Fishers with quotas for Eastern tuna inadvertently
catch their more endangered cousins, risking high financial penalties.

To combat both overfishing and inadvertent bycatch, a group of
scientists and fisheries managers have implemented a mobile manage-
ment regime based on real-time marine forecasts (also called “now-
casting”). The scheme generates real-time predictions of tuna location
based on tuna’s habitat preferences (which are temperature dependent).
Data gathered through satellite-connected fish tags (which track the fish
in real time) is combined with temperature data (satellite sea surface
temperature data and vertical temperature data from an oceanographic
model), plus habitat preference modeling to create real-time predictive
maps. The maps locate hotspots for Southern bluefin tuna to within a
few meters, and predict seasonally adjusted southern bluefin tuna lo-
cations sixty days into the future, allowing fishers to easily visualize the
distribution of “no go” fishing zones over the coming months, and plan
their fishing trips accordingly.

The size and borders of no-fishing zones designed to protect the tuna
are updated daily, fluctuating in response to predicted fish location.
Fishers can adapt their behavior on a monthly, weekly and even daily
basis. The dynamic spatial zoning enabled by digital (and often auto-
mated) methods has proven to be more accurate than the subjective,
manual approach previously used by fisheries managers (Hartog and
Hobday 2019; Hobday et al., 2018). In 2015, the Australian Fisheries
Management Authority implemented another layer of oversight: video
monitoring of every set in the fleet, enabling verification of each fish
captured against the permitted quotas for each boat. Lower bycatch and
more systematic quota management have resulted. Based on this suc-
cess, habitat forecasts for Southern bluefin tuna have now been sys-
tematically implemented in the two major Australian fishing regions
(Eveson et al., 2015; Hartog and Hobday 2019; Hobday et al., 2013,
2018, 2019).

3.4. Gaps in MMPAs

MMPAs are not a panacea, as we do not yet have enough information
to reliably create MMPAs in all parts of the oceans. One of the core
premises of dynamic management regimes is that sufficiently compre-
hensive monitoring of critical variables at appropriate spatial and tem-
poral scales can enable adaptive management that minimizes
environmental harm and/or optimizes resource use. In practice, this is
challenging. Complex ecosystems are characterized by distinct and often
variable spatial and temporal scales. For each system, there are critical
and perhaps unique temporal and spatial scales at which sampling and
monitoring needs to occur. At times, these scales may be overlaid and
interact. To give just one example, inter-annual or even decadal varia-
tion is observed in climate-ocean circulation, but fisheries models need
to include short-term variables because these often strongly influence
population recruitment. Thus, in some cases, we do not yet have a suf-
ficiently developed understanding of ecosystems in order to determine
which variables must be monitored, and on which time scales. In these
cases, digital technologies are helping to deepen our understanding of
these ecosystems, but are not yet ready for MMPA implementation.

Moreover, MMPAs obviously do not address the full scope of threats
to marine biodiversity, such as chemical pollution. Nonetheless, in a
time of ecological emergency, these technologies might be useful in
adapting conservation strategies as climate change accelerates migra-
tion patterns; specifically, MMPAs may assist with tracking marine or-
ganisms as they retreat, disperse, and flee in response to climate change,
and provide a more responsive approach to spatial relocation of pro-
tected areas to new habitats.

Another concern pertains to the use of Smart Oceans technologies for
economic and military purposes. For example, DARPA (the US military
research agency whose research gave rise to the Internet), is one of the
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world’s leaders in Smart Oceans, which it calls its Ocean of Things
Program (DARPA 2017). Digital undersea technologies are also being
used in deep sea mining exploration, which uses seismic blasting with
well-documented negative effects on marine species. Digital infrastruc-
ture for marine conservation is thus, at times, associated with processes
of militarization and digital colonization of the world’s oceans for
resource extraction (Sharma 2020).

Issues of distributional and justice are also a concern, particularly as
MMPAs may deepen the digital divide. To date, MMPAs have been
largely implemented by wealthy countries; cross-subsidy regimes are
possible, but have not yet been developed within global marine gover-
nance regimes. Moreover, MMPAs have been focused on a small number
of “charismatic” species (such as whales) or high-value species (such as
tuna), rather than other species (such as herring or sardines) which have
high ecological importance but lower economic rents. MMPAs could risk
distorting marine conservation regimes, unless this issue is thoughtfully
addressed in an integrated manner that prioritizes the needs of poor and
vulnerable communities. Otherwise, as noted by Kashwan et al. (2020),
evolution in earth governance regimes risk reinforcing and perhaps even
exacerbating existing patterns of injustice.

4. Implications of Al-supported MMPAs for Earth System
Governance

How might MMPAs stimulate innovation in earth system governance
of the global oceans in future? One example is the Biodiversity Beyond
National Jurisdiction instrument, an international legally-binding in-
strument under the UN Convention on the Law of the Sea for the con-
servation and sustainable use of marine biodiversity in areas beyond
national jurisdiction (de Santo et al., 2019; Nordquist and Long 2021).
These areas beyond national jurisdiction, which lie beyond nation--
states’ exclusive economic zones (set at 200 nautical miles off the
coastline), represent more than 95% of the volume of the world’s
oceans, and 64% of the ocean’s surface. The BBNJ negotiations embody
a transformation of the focus of UNCLOS to an explicit emphasis on
active management, protection and conservation of biodiversity (as
opposed to the earlier focus on pollution prevention and mitigation and
prevention of resource over-exploitation). One of the aims of the current
negotiations is to develop a legal process for the creation of area-based
management tools, including marine protected areas (Visalli 2020).

MMPAs are particularly relevant to ongoing debates over how to
manage Biodiversity Beyond National Jurisdiction (BBNJ) in an era of
climate change and biodiversity concerns, issue which UNCLOS was not
originally designed to address (Boyle 2013; Harrison 2021; Lee and
Bautista 2018). Specifically, MMPAs could potentially address a key
concern in global marine biodiversity governance: reducing scientific
uncertainty and enhancing shared knowledge about the dynamic pro-
cesses that underpin biodiversity in the world’s oceans. As noted by de
Santo et al. (2019), “scientific ignorance and uncertainty will play an
even larger role in the BBNJ negotiations than they have in other
environmental negotiations.” Al-supported environmental monitoring
and analysis addresses a longstanding issue that has hampered global
marine governance — the paucity of scientific data. Visalli et al. (2020),
for example, use an Al algorithm to integrate 55 global data layers on
BBNJ species diversity (including over 12,000 species), ecosystem fea-
tures, productivity, and fishing in order to systematically analyze pri-
ority regions for the establishment of spatial protection under BBNJ.
Dunn et al. (2018) explore the use of satellite vessel tracking data for
empowering governance on the high seas, and offer a framework for the
BBNJ instrument to incorporate AIS data to (i) identify gaps in gover-
nance; (ii) monitor area-based management tools; and (ii) increase ca-
pacity for technology transfer under the BBNJ. Durussel et al. (2017)
argue that dynamic management will strengthen the legal framework for
the management of endangered species (such as southern bluefin tuna)
in the southeast Pacific. In a BBNJ brief, leading ocean scientists argue
that the unique challenges of governing the open ocean (large-scale,
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highly spatiotemporally dynamic ecosystems, highly mobile species
such as whales) require data-intensive technologies for tracking,
assessing and protection; scaling up the examples discussed in Section 3
will partially address these concerns (Dunn et al., 2017).

Al-supported ocean monitoring could thereby contribute to
redressing two key concerns: the politicization of scientific advice, given
the lack of data regarding biodiversity distribution and associated
ecosystem vulnerability; and information asymmetries between corpo-
rate actors (e.g. fishing, mining, shipping) on the one hand, and gov-
ernments and policy-makers, on the other (de Santo 2018; de Santo
et al., 2019). Indeed, in recent BBNJ negotiations, developing countries
have emphasized the critical importance of embedding commitments to
data access, and pushed for associated capacity building and technology
transfer for data collection within the new BBNJ instrument (de Santo
etal., 2019). MMPAs could drive greater availability and accessibility of
data, which could enhance knowledge of the dynamic processes which
characterize biodiversity in the global oceans, could to some degree
counteract the pattern of politicization of scientific advice on global
marine biodiversity through dramatically expanding not only data
accessibility but also automated analysis of shifting biodiversity distri-
bution patterns, enabling the foundation of consensus-based narratives
around which the scientific community could cohere—particularly
around the limits of static marine protected areas given the highly mo-
bile nature of many marine species, which is accelerating under climate
change.

In short, integration of dynamic MMPAs into the BBNJ would be a
paradigmatic example of earth system governance reform in light of
digital transformation of environmental monitoring. From an imple-
mentation perspective, in the near-term, combining MMPAs with static
protected areas is the core challenge, as MMPAs do not render static
marine protected areas irrelevant. In the future, an interconnected
tapestry of static and dynamic marine protected areas is likely to be the
optimal approach. Dynamic management can provide more effective
signals (both incentives and disincentives) to influence resource users,
and also create temporally continuous (and potentially automated)
monitoring and enforcement systems that enhance conservation out-
comes. But static protected areas are still important and relevant and
hence static and dynamic management frameworks will co-exist. Thus
mobilized, MMPAs will offer an important corrective to a long-standing
gap: the need for governance systems to be agile in the context of
complex systems which have high potential for significant, unexpected
shifts (Kim and Bosselmann 2013); MMPAs offer, more specifically, the
potential for accelerating early warning capabilities and rapid response
(e.g. emergency closures) which are currently very difficult to imple-
ment (de Santo and Jones 2007).

Longer-term, it is possible to conceive of comprehensive digitization
of monitoring and management of protected areas on the high seas. AI-
supported decision-support systems could incorporate a large range of
complex interactions between natural systems (e.g. climate-ocean
coupling, shifting food webs), social systems (e.g. marine pollution,
overfishing) as well as interactions between natural and social systems.
MMPAs are also currently being discussed by policy-makers regarding
the UN Compact on High Seas Biodiversity and the UN Decade for Ocean
Science. In the future, it is likely that MMPAs will be a central tech-
nology enabling new forms of Earth System Governance in deep ocean
biodiversity hot spots where new marine protected areas are now being
proposed, like the Costa Rica Thermal Dome (a nutrient-rich region
frequented by endangered blue whales and leatherback sea turtles); the
Emperor Seamount Chain (a chain of extinct underwater volcanoes that
are home to some of the world’s oldest living corals); and the Indian
Ocean’s Mascarene Plateau) (Tessnow-von Wysocki and Vadrot 2020;
Visalli et al., 2020). This may seem promising, but it is important to note
that MMPAs also raise significant questions regarding data (ownership,
robustness), privacy (“human by-catch,” digital surveillance), and
environmental impacts (e-waste and energy use implications of digital
monitoring systems). Mindful of these caveats and critiques, MMPAs
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may nonetheless offer an important tool for addressing some of the most
pressing ocean governance challenges of the Anthropocene.

5. Conclusion: implications for earth system governance

As Vadrot et al. discuss in their recent analysis of marine biodiversity
negotiations, digital innovation is potentially transforming the practices
and processes of international environmental policy-making and diplo-
macy (Vadrot et al., 2021). This is one example of a more general trend,
in which policy makers and governments are debating and, in some
cases, actively incorporating digital technologies in environmental
monitoring, regulation, and enforcement. As scholars grappling with the
implications of digital transformation for earth system governance have
noted, foresight analysis which explores the potential opportunities and
risks of digitally-aligned environmental governance transformations is
urgently needed (Burch et al., 2019; Rabitz et al., 2022; Kruk et al.,
2021). In this concluding section of the paper, I build on the preceding
analysis of the implications of smart oceans for marine governance, and
discuss two implications of Al-driven environmental monitoring and
management for earth system governance more generally.

First: how could Al-powered dynamic regulatory frameworks be a
feasible and robust component of emergent Earth System Law regimes
and what might be the limitations and weaknesses of Al-informed
environmental governance (Gellers 2021; Kotzé et al., 2022)?
Digitally-enabled environmental governance infrastructure create what
Cambridge University sociologist Jennifer Gabrys calls an unprece-
dented planetary ‘“computational apparatus” (Gabrys 2016). This
computational apparatus has two relevant implications for earth system
governance: the interconnection of coupled socio-ecological systems at
large scales is digitally rendered as a phenomenon amenable to instan-
taneous, remote monitoring; and the insights derived from this digital
monitoring in turn enable new forms of governance, such as agile,
real-time (rather than post-hoc) environmental regulation. In other
words, Al-driven earth system governance regimes have the potential to
be instantaneously multi-local and multi-scalar. The unprecedented
degree of spatial connectivity enabled by these technologies creates new
possibilities for “regulation at a distance,” hence allowing governance to
occur in new locales (e.g. remote locations on the high seas), with new
actors (automated, algorithmic decision-making frameworks), and
expand the aspects of the earth system amenable to global governance
(e.g. marine biodiversity in the open oceans). It is precisely because
post-hoc monitoring can now be replaced by real-time monitoring that
Al-supported environmental governance regimes have the potential to
fundamentally alter the temporal bases of earth system governance.
Al-supported environmental governance is thus more than merely an
example of the well-known phenomenon of time-space compression
under globalization; rather, it creates a new phenomenon altogether:
time-space-data compression in environmental governance.

Second: incorporating Al-enabled technologies into global environ-
mental governance frameworks will be highly complex. For example, at
first glance, it might seem straightforward to select ecologically relevant
time scales; but this is in fact no easy task. From the digital perspective,
relevant time scales are near-simultaneous, milliseconds or less. But
from an ecological perspective, time scales may demonstrate lag times of
hours, days, months or even years between perturbations and responses.
For some species, in some ecosystems, ‘“now-casting” methods will be
relevant; but different time frames will be relevant to different species
(in part dependent on life span and migration patterns). Moreover,
“now-casting” is not relevant to all variables, particularly large-scale
ecosystem features that are strongly driven by climate—in which case
conventional models are still more accurate. From a governance
perspective, the challenge is thus how to adjudicate the choice of
different spatio-temporal scales that are ecologically relevant while also
socio-economically aligned and politically feasible. Admittedly, the
global governance frameworks designed to fully exploit the potential of
this technology do not yet exist. The question for the earth system
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governance community is how these frameworks might be designed, by
whom, and to what ends.
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