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SCIENCE POLICY

Fishing through the cracks: The unregulated nature of
global squid fisheries

Katherine L. Seto'*, Nathan A. Miller>?, David Kroodsma?, Quentin Hanich*, Masanori Miyahara®,
Rui Saito®, Kristina Boerder®, Masaki Tsuda?>, Yoshioki Oozeki’, Osvaldo Urrutia S.”

While most research has focused on the legality of global industrial fishing, unregulated fishing has largely
escaped scrutiny. Here, we evaluate the unregulated nature of global squid fisheries using AlS data and night-
time imagery of the globalized fleet of light-luring squid vessels. We find that this fishery is extensive, fishing
149,000 to 251,000 vessel days annually, and that effort increased 68% over the study period 2017-2020. Most
vessels are highly mobile and fish in multiple regions, largely (86%) in unregulated areas. While scientists and
policymakers express concerns over the declining abundance of squid stocks globally and regionally, we find a
net increase in vessels fishing squid globally and spatial expansion of effort to novel areas. Since fishing effort is
static in areas with increasing management, and rising in unmanaged areas, we suggest actors may take advan-
tage of fragmented regulations to maximize resource extraction. Our findings highlight a profitable, but largely
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unregulated fishery, with strong potential for improved management.

INTRODUCTION

Seafood represents one of the most widely traded food products
globally (1, 2), yet the movements and activities of global industrial
fishing fleets remain notoriously opaque. These fleets are character-
ized by limited oversight of their activities (3), a shifting landscape
of national and international policy and regulation (4, 5), and highly
globalized commodity chains (6), all of which contribute substan-
tially to the challenges of transparency and traceability in the sector
(7). Within these global fishing fleets, the most opaque and prob-
lematic activities are termed “illegal, unregulated, and unreported”
(IUU). However, “IUU" fishing masks a huge diversity of problems
with different drivers and solutions. To date, scientific literature has
largely focused on the illegal aspects of IUU fishing (8-10), with
some research directed toward the challenges of unreported
fishing (11, 12), but fairly little work has examined the “unregulat-
ed” aspects of IUU fishing. This is further complicated by the fact
that fishing labeled as unregulated also encompasses multiple
meanings, and in reality, regulation manifests as layers and gradi-
ents of rules rather than a binary indicator of regulated or nonreg-
ulated activities.

This relative inattention toward unregulated fishing—under-
stood here as the complete lack, or extreme limitation of regulations
to manage a fishery—is not because it is less challenging than its
illegal and unreported counterparts. Unregulated fishing is prob-
lematic and difficult to address for several key reasons. First, a fun-
damental assumption of resource management is that in the
absence of regulation and communication between actors, the in-
centives of individual users will often lead to overexploitation and
underinvestment in the health of the resource system (13). While
scholars have questioned the frequency with which these “open
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access” conditions occur in reality (14-16), globalized fleets of un-
regulated industrial fishing vessels are a close approximation of the
conditions under which this overexploitation is expected to occur.
Scholarship further suggests that actors may take advantage of frag-
mented regulations and missing institutions to extract resource and
profit levels unobtainable in more regulated spaces (17, 18). Second,
unregulated spaces are often directly adjacent to regulated ones
[e.g., coastal states’ exclusive economic zones (EEZs)], and different
fleets often target the same species and habitats. This creates sub-
stantial equity considerations for traditional and small-scale
fishers that rely on species targeted by large industrial fleets (10)
as well as for developing coastal states that rely on revenue from
stocks that move between regulated and unregulated areas, for
example, stocks of Argentine shortfin squid (Illex argentinus) for
revenue in Argentina (19-23), jumbo flying squid (Dosidicus
gigas) for Peru (24-26) and Ecuador (27-29), and unconfirmed
species for northwest (NW) Indian Ocean states like Kenya (30).
Third, unregulated fishing is subject to considerably less scrutiny
than regulated activities and, as such, is more likely to be associated
with questionable human rights and labor practices (31-33). Many
of the fishing vessels conducting unregulated fishing stay at sea for
exceptionally long periods (months to years), bunkering (i.e., ob-
taining fuel) and transshipping catches at sea, thus avoiding the
oversight that accompanies port calls. Last, while unregulated fish-
eries are often not technically illegal, there are often connections
between these fleets and activity deemed illegal elsewhere (34, 35);
these connections are critically important to consider.

Here, we evaluate the unregulated nature of global squid fisheries
using satellite imagery and vessel tracking and monitoring data
from the globalized fleet of light-luring squid fishing vessels.
Notably, we consider only unregulated fisheries here and do not
evaluate the legality or illegality of this fishing activity. We chose
this fishery for several key reasons. First, both the target species
and fishing vessels are mobile and transboundary. Squid are migra-
tory species that move over thousands of kilometers to feed, aggre-
gate, and spawn, often straddling multiple EEZs and high seas areas
in the process (36). Globalized squid fishing fleets are also highly
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nomadic, with vessels moving between management areas based on
seasonal abundances, licensed fishing seasons, or migratory pat-
terns of their target species (37). Second, fishing for cephalopods
such as squid has gained global importance and consequence over
the past 70 years (37). As of 2020, cephalopod catches constitute
about 4.3% of all global marine catches by volume and about 7%
by value (2). Squid products are important and sought-after com-
ponents of many national cuisines, such as in Asian (Illex squids)
and Mediterranean (Loligo squids) countries, and represent impor-
tant dietary contributions, especially in the light of declining finfish
catches (37). Third, the fishery is subject to limited or no manage-
ment depending on its location, and thus provides the opportunity
to evaluate it as a potential open access property regime. Regulation
and management of globalized squid fisheries is a complex and
multiscalar endeavor and varies considerably between high seas
and coastal areas. For example, out of the 17 global Regional Fish-
eries Management Organizations (RFMOs), only 2—the North
Pacific Fisheries Commission (NPFC) and South Pacific Fisheries
Management Organization (SPREMO)—consider squid species
within their mandate (38). Notably, the Southern Indian Ocean
Fisheries Agreement (SIOFA) may also potentially manage squid
in the future but currently does not. These REMOs present vastly
different management regimes for the high seas, and in some
high seas areas, there is no RFMO at all [e.g., southwest (SW) At-
lantic Ocean]. Moreover, squid also occur in the EEZs of dozens of
coastal states, each of which implements its own domestic fisheries
regulations. To adequately assess how vessels move between these
various resource regimes, we consider the International Plan of
Action to Prevent, Deter and Eliminate Illegal, Unreported and Un-
regulated Fishing (IPOA-IUU). Paragraph 3.3.2 of the IPOA-IUU
states one definition of unregulated fishing as that which occurs
“in areas or for fish stocks in relation to which there are no applica-
ble conservation or management measures..." (emphasis added)
(39). We interpret the second part of this as requiring RFMOs to
do more than simply exist or adopt general measures, if their man-
dated fisheries are to be considered regulated. Therefore, here, we
consider regulated fisheries to consist of those that occur within
the EEZs of coastal states or that occur within REMOs that have im-
plemented conservation and management measures (CMMs) per-
taining specifically to squid stocks. In contrast, we consider
unregulated fisheries to occur on the high seas where there is no
RFMO in place or where the competent REMO has adopted no reg-
ulation pertaining specifically to squid stocks. Notably, SPREMO
has adopted some measures to regulate the squid fishery (e.g., re-
porting of catches, vessel monitoring system (VMS) obligations,
and transshipment notifications), but not direct management mea-
sures for squid stocks, such as quota or effort limits. Applying the
definition above, we categorize activities targeting squid in the
SPRFMO area as “unregulated” because CMM 18-2020 on the
Jumbo Flying Squid Fishery, adopted by SPRFMO in 2020, does
not include specific management provisions such as effort limita-
tions or total catch limits for the squid fishery (40). That said, we
recognize that this is a stock-specific interpretation, and fishing in
this area may be considered regulated in relation to other relevant
stocks. Last, concerns for the sustainability, ethics, and legality of
the global squid fishery are mounting (21, 41, 42), demonstrating
a growing need to evaluate practices in the fishery.

To conduct this analysis, we combined Automatic Identification
System (AIS) data providing vessel tracks and Visible Infrared
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Imaging Radiometer Suite (VIIRS) data depicting light detections
at night, to evaluate the location and activities of globalized squid
fishing vessels. We then compared this activity to areas of compe-
tence for national and regional management bodies and relevant
squid regulations to determine the extent to which this fishing ac-
tivity is unregulated versus regulated (e.g., EEZ or RFMO with squid
regulations). Last, we examined the spatial ranges of vessel move-
ment and fishing activity to consider whether these vessels are
highly mobile and, if so, what central characteristics are displayed
by their movements. On the basis of this work, we summarize the
trends observed in the global light-luring squid fishery, discuss the
potential implications of these findings, and point to potential
recommendations.

RESULTS

Estimating global light-luring squid fishing

The VIIRS sensor on the Suomi National Polar-orbiting Partner-
ship (NPP) satellite system images the entire ocean every night
and can detect squid vessels, which use bright lights. These data
allow us to estimate fishing effort independent of vessel tracking
or fisheries-dependent data. Using these data within our study
area (Fig. 1), we estimate an increase in fishing effort in the global-
ized light-luring squid fishery of 68% over the study period 2017—
2020. The total amount of light-luring vessel effort across the four
regions increased over time from an estimated 149,000 vessel days in
2017 to 251,000 vessel days in 2020, of which 61 to 63% were by
vessels not broadcasting AIS (Table 1 and Fig. 2). This light-
luring vessel effort represents an estimated total of 801,000 vessel
days over the period 2017-2020.

Annual total effort estimates from VIIRS for each region (Table 1
and Fig. 2) have increased since 2017 in the NW Indian Ocean and
southeast (SE) Pacific Ocean, but remained largely unchanged or
slightly reduced in the NW Pacific Ocean and the SW Atlantic
Ocean. This indicates a likely increase in squid catch pressure in
the NW Indian Ocean and SE Pacific Ocean. In particular, in the
NW Indian Ocean, effort has increased rapidly from 13,000 to
56,000 vessel days from 2017 to 2020. This further corresponds to
a 4.4-fold increase in terms of the number of vessels, from 57 to 250.
Furthermore, a comparison of AIS to our VIIRS estimates in the
NW Indian Ocean shows that there are substantially more vessels
detected with VIIRS than with AIS, suggesting that AIS adoption
for squid vessels in this region is lower than other regions.
Notably, the proportion of vessels detected only by VIIRS and not
AIS is decreasing annually in all regions except the SE Pacific;
however, there is substantial variation in those proportions
between regions.

Regulated versus unregulated fishing

The combination of AIS and VIIRS facilitates the most accurate es-
timates of vessel effort. However, evaluation of detailed fishing ac-
tivity is only possible for vessels broadcasting AIS. We observed
1394 vessels using AIS, fishing in the target study areas during
2017-2020.

Combining these data with spatial information regarding both
nationally and internationally regulated areas, we find that the
global fleet of light-luring squid vessels operates overwhelmingly
in unregulated areas (Fig. 3A). Between 2017 and 2020, these
vessels spent 86% of their aggregate fishing time (4.4 million total
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hours) fishing in areas subject to no relevant regulations (Fig. 3A).
This trend is driven largely by Chinese vessels (Figs. 3B and 4),
which dominate the global squid fishery observed in AIS, in both
vessel number (1123 vessels) and hours fished (4 million hours;
92% of all fishing hours observed in AIS). While unregulated
fishing comprises the vast majority of Chinese fishing observed in
AIS in each year, trends are mixed for the other state flags (Fig. 3B).
For example, Chinese Taipei and the Republic of Korea predomi-
nantly fished within EEZs, almost exclusively driven by fishing ac-
tivity within the Falkland/Malvinas Islands EEZ (Fig. 3B and fig. S1)
(43). To conceptualize localized fisheries, we further disaggregated
fishing within EEZs into two categories: foreign EEZ (fishing con-
ducted in an EEZ different to a vessel's flag state) and domestic EEZ
(fishing conducted in a flag state’s own EEZ) (Fig. 3B). The domes-
tic EEZ fishing was exceedingly low, representing 8 to 30% annually
in Japan, <0.1 to 1% annually in the Republic of Korea, 0 to <0.001%
annually in Chinese Taipei, and 0 to <0.001% annually in China
(Fig. 3B). Notably, in November 2019, the NPFC began regulating
squid fisheries with the passage of effort controls in CMM 2019-11,
so we considered the NPFC convention area to be “regulated” space
for squid from the date this policy entered into force on 29 Novem-
ber 2019 (44). Therefore, the implementation of these NPFC regu-
lations in late 2019 altered the regulatory status of Japanese and
Chinese Taipei vessel activities in particular, as their primary
fishing grounds came under NPFC regulation (Fig. 3B). The imple-
mentation of these regulations also altered the status of a small
subset of Chinese vessel activity and a substantial amount of
Korean vessel activity; however, REMO-regulated activity remained
the lowest in absolute prevalence for Korean vessels (Figs. 3B and 4).

Squid vessel mobility and interconnectedness
We also find that light-luring squid fishing vessels tend to be highly
mobile, operating in multiple oceans and crossing ocean basins

multiple times within a single year (Fig. 5). While there are substan-
tial differences between flag states, the average duration of flag state
fishing voyages ranged from 3 months to just over 1 year. This du-
ration is much longer than the average voyage for other vessels
engaged in pelagic fishing; according to Welch et al. (45), the
mean voyage of vessels that fish more than 50 nautical miles from
shore is under 1 month. This contrasts starkly with globalized squid
vessels, which often take several weeks to even reach fishing grounds
(46). In addition, while only 1% of vessels operated in all four
regions within a single year, 52% operated in two or more regions
annually (Table 2). Comparing the number of vessels that move
between regions with those that are endemic (i.e., they stay within
a single region), we find that the majority of vessels are highly
mobile, fishing in multiple regions (Table 3). Endemism is low,
ranging between 9 and 38% with the exception of the NW Indian
Ocean. While the NW Indian Ocean is an exception further ex-
plored in Discussion, it is notable that even in this region, while en-
demism is relatively high (e.g., vessels that fished there only fished in
that region), the vast majority of vessels are Chinese and therefore
are still not representative of a localized fishery (Fig. 6).

The extreme mobility of these fishing vessels is facilitated by two
important factors. First, many of these light-luring squid fishing
vessels stay at sea continuously or for extremely long periods, en-
abling them to shift between regions without making port calls
for shore leave or to land catches or obtain provisions. This pro-
longed sea time enables near continuous fishing activity, shifting
from one region to another. Second, and relatedly, the mobility of
these fishing vessels is facilitated by the similar movement and con-
nectivity of carrier vessels (refrigerated cargo vessels capable of re-
ceiving catch and delivering fuel, supplies, and crew to fishing
vessels) (47, 48) between regions (Fig. 7). These carrier vessels
provide fishing fleets with fuel and provisions, as well as accept
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Fig. 1. Study area map. Map of study area and management statuses considered here. Boundaries are based on Marineregions.org (2022) (98) and do not necessarily
reflect the views of the organizations or countries to which the authors belong (see Materials and Methods).
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Fig. 2. Squid fishing effort by region and year. Annual aggregation of effort (vessel days) estimated from VIIRS. The orange bar and the number in the bar indicate the
number and the percentage of the vessels detected only by VIIRS, respectively. The blue bar indicates vessels detected by both VIIRS and AlS.
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Table 1. Estimated squid fishing effort and AIS coverage. Estimated
effort (vessel days) and the percentage of those not broadcasting AlS in
each squid fishing region annually and in total.

Region 2017 2018 2019 2020 Total
NW 13,000 17,000 40,000 56,000 126,000
Indian (91.2%) (89.9%) (89.6%) (80.2%) (85.6%)
NW 34,000 28,000 32,000 32,000 126,000
Pacific (75.9%) (68.3%) (65.2%) (63.6%) (68.4%)
SE 63,000 92,000 120,000 136,000 410,000
Pacific (49.8%) (46.8%) (57.8%) (56.9%) (53.8%)
SW 40,000 43,000 28,000 28,000 139,000
Atlantic (64.6%) (58%) (49.5%) (47.2%) (56%)
Total 149,000 180,000 220,000 251,000 801,000
(63.2%) (56.9%) (63.6%) (61.8%) (61.5%)

transshipments of catches, enabling vessels to cover more fishing
ground in less time.

Increased effort and expanded spatial exploitation

In addition to vessel mobility, trends in effort are overall growing. In
2017, the number of unique Maritime Mobile Service Identities
(MMSIs) belonging to vessels fishing for squid was 887, increasing
steadily to approximately 1102 in 2020 (fig. S2). During the study
period, annual vessel counts fluctuated between the different
regions, with increasing trends in the SE Pacific and mixed trends
in the other three regions (figs. S3 and S4). However, on the whole,
effort measured by the number of vessels targeting squid shows
steady growth (fig. S2). This trend is also visible through the
number of total fishing hours, which increases steadily from 1.02
million in 2017 to 1.54 million in 2020 (Fig. 4). Notably, the
largest increases in fishing hours occur in spaces that are unregulat-
ed, rather than those that are in national or regionally managed
waters (Fig. 4), even considering the substantial amount of fishing
effort that came under regulation starting in late 2019. This trend of
increased global squid fishing effort is supported by evidence from
publicly available data in both NPFC and SPREMO.

In addition to increasing overall effort, evidence also suggests the
expanded spatial exploitation of squid fisheries. Several recent
reports have highlighted the expansion of Chinese squid fishing
fleets in particular, facilitated by the use of advanced remote
sensing and communications technologies used to inform and
direct Chinese fishing fleets in real time (5, 49-51). Chinese officials
have been quoted as saying that this expansion is part of a larger
geopolitical agenda of high seas squid fishing dominance on the
part of Chinese fleets (21, 34, 35, 50, 52, 53).

DISCUSSION

Our analyses suggest that light-luring fishing vessels operate as a
globalized and interconnected fishery targeting squid across multi-
ple oceans. In large part, these vessels fish in unregulated areas and
move freely between regulated and unregulated spaces, fishing huge
amounts of squid with little to no oversight or data reporting. In
some cases, these activities are of lesser concern, as some fleets
fish for short periods, fish relatively close to home, and report
their catches domestically (e.g., Japan) (54). In other cases, these
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activities raise substantial concerns, as vessels remain continuously
at sea, extract estimated huge amounts of squid, do not report
catches, and fish directly adjacent to coastal states’ EEZs and large
marine protected areas (e.g., China) (29, 55). Our analysis also sug-
gests increasing squid fishing effort across regions and the spatial
expansion of squid exploitation.

Implications of unregulated fishing for governance,
sustainability, and equity

Notably, we also find increasing fishing pressure in the NW Indian
Ocean and SE Pacific Ocean, where there is currently no manage-
ment of squid fishing, and static fishing pressure in the NW Pacific
Ocean, where regulation is increasing. Where fishing vessels are less
mobile, either fishing a single region (endemic) or fishing heavily in
coastal waters (EEZs), we find that these vessels represent foreign
rather than local fishing vessels. Therefore, despite being less
mobile, these vessels still represent notable behavior, as they move
large distances to exploit populations in foreign waters, and would
therefore not be expected to demonstrate the localized incentive to
conserve fish resources.

The fact that the sizable fishing activity observed here is largely
unregulated has substantial implications for resource equity and
sustainability, as well as the broader ethics and legality of the
fishery. For example, small-scale and traditional fishers in several
of these regions have expressed a growing sense of frustration and
injustice toward the industrial squid vessels that they perceive to be
overfishing right outside their waters and depleting their historically
fished stocks. Examples from Peru stress these views that unregulat-
ed foreign fishing threatens the squid stocks that support their live-
lihoods and employment (55, 56). Similarly, coastal developing
states have also expressed increasing concern toward these vessels,
which often concentrate extensive effort directly outside of their
EEZ or immediately adjacent to sensitive and protected areas
(e.g., Galapagos) (27, 29, 53, 55, 57). These coastal states often
lack sufficient enforcement capacity to prevent incursions into
their EEZs and poaching by foreign industrial fleets. In addition
to this direct competition for traditionally fished stocks, coastal de-
veloping states have also expressed concern for the potential lost
revenue from extensive industrial fishing immediately outside
their EEZ.

Just as unregulated fishing fails to benefit coastal states, so, too,
does it fail to inform sustainable management of stocks. In many
cases, these catches are not reported to domestic or international
management bodies, nor are they incorporated into estimates of
fishing effort, harvest, or stock status. Hence, catches from unregu-
lated fishing—especially in areas with missing or nascent manage-
ment institutions—result in a consistent underestimation of fishing
pressure and correspondingly inaccurate estimates of sustainable
exploitation. In addition, since there are currently no data sharing
agreements between the countries fishing squid, there is also no re-
gional estimation of squid abundance in any of the four regions in
this study, and any estimates of stock status or comprehensive catch
per unit effort (CPUE) are not possible (58-60). While squid fish-
eries are notoriously difficult to evaluate (61-69), concerns for stock
sustainability are echoed in scientific literature, management state-
ments, and journalism pertaining to the relevant stocks. For
example, evidence suggests concerns over the declining abundance
of squid stocks both globally (6) and within multiple regions: the
NW Pacific Ocean (52, 70, 71), SW Atlantic Ocean (2, 37, 60), SE
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Table 2. Squid fishing vessel mobility. Number and proportion of vessels
observed in AlS that visited one or more regions in this analysis.

Total
MMSI

Number
of MMSI

Number of

q - Fraction
regions visited

Pacific Ocean (60, 72-74), and NW Indian Ocean (75). Particular
species of concern include the jumbo flying squid (D. gigas) in
the SE Pacific, Argentine shortfin (I. argentinus) in the SW Atlantic,
and Japanese flying squid (Todarodes pacificus) in the NW Pacific
(2, 60, 72, 76). These concerns were most recently emphasized by
China's declaration of a moratorium on fishing by its fleet in the
SW Atlantic Ocean and eastern Pacific Ocean due to concerns
over fish stock status and environmental damage (21, 42). In addi-
tion, the evaluation of publicly available catch data suggests that
CPUE of vessels jigging for squid has been declining in the NPFC
and SPRFMO for several years (fig. S5). Within the study time
period of 2017-2020, measures of squid CPUE have declined
sharply in these two regions and were preceded by steady downward
trends from 2012 in NPFC and 2015 in SPREMO (fig. S5).

In addition to concerns regarding the equity and sustainability of
this fishery, there are also substantial questions regarding the ethics
of some of these fishing practices. For example, McDonald et al. (77)
suggest that vessels at high risk of labor abuses tend to fish far from
ports and have a high number of voyages per year. Yen and Liu-
huang (46) also suggest that long working hours associated with
some fisheries are a primary indicator of forced labor. Many of
the fishing practices identified in this study strongly resemble
these “at risk” fisheries, and McDonald et al. (77) find that squid
jiggers have the highest percentage of high-risk vessels across exam-
ined fleets and years, and all four of the regions examined in this
study are considered “hot spots” where high-risk jiggers are com-
monly active. Last, while this unregulated fishing is not known to
be illegal, vessels conducting unregulated fishing are oftentimes
connected to, or associated with, illegal activity in other regulated
spaces (e.g., EEZs) (51). For example, within our study, several
fishing vessels were connected via encounters at sea with the
carrier vessel Lu Rong Yuan Yu Yun 008. While this vessel similarly

Table 3. Squid fishing vessel endemism. Number and proportion of
vessels observed in AlS that were endemic to one region (i.e., they only fish
within a single region).

Region Endemic Total Percent
9 MMSI MMSI endemic
NW Pacific Ocean 259 674 38%
SE Pacific Ocean 201 709 28%
SW 5
Atlantic Ocean U St i)
NW Indian Ocean 163 297 55%
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moved between regions of several ocean basins, it was also connect-
ed with illegal activity in the North Korean EEZ in 2019 (fig. S6).
Analytical precision is needed to ensure that fishing deemed unreg-
ulated is not erroneously conflated with illegal activity; however,
scholars and journalists have noted the frequent associations
between illegal, unregulated, and unreported fishing (51, 78, 79),
and our analyses reinforce these connections.

Contextualizing regulated squid fisheries

Further, while the implementation of the NPFC CMM 2019-11 in
November 2019 resulted in a marked shift in the regulatory status of
a substantial amount of squid fishing, this fact merits further explo-
ration (44). On the one hand, the passing of this CMM suggests in-
creasing regulation of a previously open access fishery and progress
toward improved management. However, since the CMM primarily
aims to limit the expansion of fleets targeting Japanese flying squid
(T. pacificus) within NPFC in advance of an appropriate stock as-
sessment, the substantive contribution toward improved manage-
ment may be more tempered than at first glance. For example,
CMM 2019-11 calls for halting the expansion of fleets for states
with “substantial harvest” and “encouraging” a halt to expansion
for those without substantial harvest, in addition to requiring
VMS and data sharing (44). The regulation does not, however,
include harvest control measures or other limits to catch or effort.
Therefore, while the technical regulatory status of the NPFC con-
vention area in this analysis changed to a regulated fishery, as
CMM 2019-11 represents a squid fishery—specific regulation, the
potential of these regulations to substantially alter fishing behavior
and improve fisheries management is currently limited.

In addition, while we consider areas within the EEZs of coastal
states to be nationally regulated, there are substantial differences in
fishing regulations between coastal state waters, as well as govern-
ment capacities to monitor and enforce the regulations within them.
Within our analysis, we found that the majority of fishing that oc-
curred within EEZs was conducted by Chinese Taipei and the Re-
public of Korea in the Falkland/Malvinas Islands EEZ; to a much
lesser extent, Japanese fleets fished in Japanese waters, and the Re-
public of Korea fished in Russian waters (fig. S1). While all of these
fleets’ activities are classified as regulated in our analysis, as they
occur in areas subject to the jurisdiction of coastal states, the rele-
vant fishing regulations and enforcement capacities of Japan,
Russia, and the Falkland/Malvinas Islands EEZ are likely to vary
widely. For example, squid fishing in Japanese waters has been
managed since 1969 and is largely conducted by domestic Japanese
fleets (54). In contrast, squid fishing in the Falkland/Malvinas
Islands EEZ has been managed since 1986 and is predominantly
conducted by foreign Chinese Taipei and Korean vessels (80).
Notably, squid fishing in the Falkland/Malvinas Islands EEZ is
also critically important, providing 40% of gross domestic
product (GDP) and playing a key role in the ongoing sovereignty
dispute (6, 80-83). Therefore, while we determine fishing within
an EEZ to be regulated for the purposes of this analysis, we do
not evaluate the quantity or quality of domestic regulations, nor
vessel compliance.

Summary and recommendations

Last, we note that, while the overall trends in this fishery suggest
increasing fishing effort focused heavily and preferentially in unreg-
ulated areas despite concerns for stock status, it is important to
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Fig. 4. Total fishing effort by flag state and year. Total fishing hours observed in AlS by fishing flag (stacked) and zone for the period 2017-2020.

point out the strong differences between flag state behavior. The
overall trends are driven by Chinese-flagged vessels, which domi-
nate the sector in terms of vessels and hours fished. These vessels
fish on long voyages, predominantly in unregulated spaces, and
are highly mobile, often targeting three or four regions within a
single year. While some scholars have recently noted improvements
in the policy and management of Chinese distant water fisheries and
suggested specific approaches to address unregulated fishing (4, 84),
skepticism remains (21). However, not all vessels demonstrate this
behavior, and the less numerous vessels flagged to states such as
Japan and Chinese Taipei show very different fishing behaviors.
For example, Japan predominantly fishes within its own EEZ and
the neighboring high seas now regulated by NPFC. Chinese
Taipei preferentially fishes in the NW Pacific and the SW Atlantic.
These differences are more than anecdotal and instead provide po-
tential insights into the drivers of these fishing behaviors and poten-
tial approaches to improved management. For example, in Japan,
early fishery expansion was driven by investments in shipbuilding
and vessel efficiency, but the fleet has since retrenched because of a
combination of geopolitical (e.g., expansion of EEZ claims), institu-
tional (e.g., high safety requirements for Japanese licenses), and eco-
nomic factors (e.g., high labor and fuel costs) (54, 85). In contrast,
Chinese Taipei provides some of the highest rates of fleet subsidies
(e.g., for fuel, vessel, and fleet support), and this, combined with a
preferential agreement for access to the Falkland/Malvinas Islands
EEZ squid fishing grounds, creates substantial institutional and eco-
nomic incentives for long-distance fishing (85). Therefore, the mo-
bility and magnitude of fishing effort can be understood not as an
intrinsic characteristic of distant water fishing but rather as being
facilitated (e.g., by subsidies and generous access agreements) or
constrained (e.g., by high safety standards and labor investments)
by specific factors that can be changed.

This study sought to evaluate the characteristics of unregulated
fishing using the globalized fleet of light-luring squid vessels. We
found that the fleet preferentially fishes in unregulated areas, shift-
ing fishing effort between grounds over large areas. In addition, we
found that fishing effort is static in areas with increasing manage-
ment, and increasing in unmanaged areas, supporting the notion
that actors may take advantage of fragmented regulations to maxi-
mize resource extraction.

Seto et al., Sci. Adv. 9, eadd8125 (2023) 10 March 2023

However, while this behavior of squid fishing vessels is concern-
ing, even more alarming are the apparent increases in overall capac-
ity, suggesting not only shifting effort but also the filling of novel
areas with new or increased effort. Some potential explanations
for this may include the high rate of subsidies in industrial fisheries
(52), increased demand for seafood products globally (2), or the in-
creasingly globalized markets for seafood that often obscure chain
of custody and quality controls (1). Understanding the factors that
facilitate this increase and expansion of fishing effort is a critical
next step in addressing the challenges of industrial unregulat-
ed fishing.

Fisheries like the light-luring squid fishery are truly globalized
and require a globalized approach to governance. This does not
suggest that globalized fisheries should necessarily be governed by
global institutions (86) or even that RFMOs provide a universal sol-
ution to wide-ranging transboundary fisheries. Instead, we suggest
that a polycentric and adaptive approach might provide the best way
forward for governance of these complex fisheries. In some cases,
this may indicate the need for new or expanded RFMO institutions
(e.g., in the NW Indian Ocean and SW Atlantic Ocean) with the
mandate and capacity to effectively manage squid fishing. In
other cases, it may mean the strengthening of RFMOs that are cur-
rently in place (e.g., NW Pacific Ocean and SE Pacific Ocean); while
SPRFMO was established in 2009, it once again failed to adopt mea-
sures regulating the squid fishery in 2021 (87-90), risking “nonco-
operative” consideration in the fight against IUU (76). Squid
regulations within coastal state EEZs are continually developing
and will also require strong domestic management capacity and
the corresponding monitoring, control, and surveillance capacity
to ensure their effectiveness. In all of these cases, however, it will
certainly require increased cooperation between existing gover-
nance regimes and incorporation of the best fisheries science, re-
gardless of jurisdictional boundaries (60). For example,
compatibility of CMMs between management areas, whether
RFMOs or coastal waters, is essential to ensure that mobile actors
such as squid vessels are not able to shift locations, targeting areas
with fragmented or missing regulations. Comprehensive data
sharing agreements between areas of competence are also critical
to understand not only the movements of these vessels but also
their impact on the squid stocks on which they rely. Flag states
are essential for improving the governance of these unregulated
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Fig. 5. Squid fishing vessel connectivity. Globalized squid fishing vessel connectivity. The number and size of circles corresponds to the vessels that fished in each
ocean region (NW Pacific Ocean, purple; SE Pacific Ocean, teal; SW Atlantic Ocean, green; NW Indian Ocean, pink). The width of white connecting lines and numbers

correspond to the vessels that were observed in both regions connected.

fisheries, but corporations, fishing companies, regional and subre-
gional bodies, and scientific organizations will play an indispens-
able role in governing these activities.

Global and regional governance strategies are foundational for
transboundary fisheries; however, governance at multiple scales
will be critical to solve the challenges of roving fishing fleets. Liter-
ature on institutions and the commons suggest that reinforcing
rules at multiple scales and sectors (e.g., international, regional,

Malaysia

Regional squid fleet

Unique vessels 40

visiting each port /\

and national) can improve governance and promote resilience in
natural resource governance regimes (91-93). Specifically, these
polycentric systems have been cited as creating enhanced adaptive
capacity and good institutional fit in the management of natural re-
source systems like fisheries (93). In light of these insights, innova-
tive and successful governance of these unmanaged fisheries will
likely call upon not only regional and national governments but
also scientific, nonprofit, and civil society institutions.

Uruguay

(number of vessels)
Fig. 6. Port connections to squid vessels fishing in the Indian Ocean. Squid fishing vessel connectivity in the NW Indian Ocean. The number and size of circles
corresponds to the vessels that fished in the NW Indian Ocean region; the width of white connecting lines and numbers correspond to the vessels that were observed
in port in each country listed.
Seto et al., Sci. Adv. 9, eadd8125 (2023)
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Fig. 7. Carrier vessel connectivity. Globalized carrier vessel connectivity. The number and size of circles corresponds to the vessels observed in AlIS in each ocean region
(NW Pacific Ocean, purple; SE Pacific Ocean, teal; SW Atlantic Ocean, green; NW Indian Ocean, pink). The width of white connecting lines and numbers correspond to the

vessels that were observed in both regions connected.

Within their seminal work, Berkes (94) identify a primary solu-
tion to the problem of mobile resource extraction as the “self inter-
ested, conserving feedback that comes from attachment to place.”
This suggests that where fishing is conducted by actors and in loca-
tions that facilitate attachment, stewardship and resource conserva-
tion will follow. While this study demonstrates the globalized nature
of the light-luring squid fishery, and the limited observation of lo-
calized fleets, it is possible to identify subsets of vessels that might
exhibit characteristics that could promote this “conserving feed-
back.” For example, in the NW Pacific region, a large number of
vessels are seen transiting to nearby ports to offload catches,
obtain provisions, and enable shore leave, suggesting some connec-
tion to place and the likelihood of multiple trips to the same fishing
ground. To a lesser extent, this is also seen in the SE Pacific, where
the majority (70%) of vessels fishing in the area visit ports in Peru,
although this is likely for provisioning purposes after transshipping
catches at sea. In contrast, in the NW Indian Ocean, the vast major-
ity of vessels travel thousands of miles to dock in the ports of China
and Singapore, suggesting limited “attachment to place” and the re-
sources therein (Fig. 6). Analyses such as these, and of the business
and policy environments that promote this “attachment,” may
provide a strong first step in identifying good actors and the condi-
tions under which sustainable globalized fishing will emerge.

MATERIALS AND METHODS

Study areas

Study areas were chosen using the Global Fishing Watch (GFW)
fishing algorithm to identify areas of squid jigger fishing effort (as
identified by the GFW vessel classification and fishing algorithms)
from 2017 to 2020. Using these data on fishing activity, we generat-
ed a 0.5° raster of fishing effort (data accessed 25 April 2022; fig. S7).

Seto et al., Sci. Adv. 9, eadd8125 (2023) 10 March 2023

The effort raster was overlain with VIIRS vessel boat detections to
more accurately delineate regions in which fishing vessels use light
to attract squid. We drew manual polygons around these concentra-
tions of squid and “light lure” fishing using mapview (version
2.10.0) and mapedit (version 0.6.0) packages in R (version 3.6.3)
(95-97). To capture management status considered here, we
trimmed each polygon to the high seas using an EEZ shapefile
(Marine Regions version 11) (98). Notably, in the case of Argentina,
there is a small discrepancy in the delineation of their outer EEZ
limit; Argentina claims a slightly smaller EEZ limit than Marine
Regions, and this is the limit largely acknowledged by the Govern-
ment of Argentina and relevant fishing vessels. This results in an
overestimation of fishing within the Argentine EEZ, which should
be considered an artifact of a nonpolitically contested boundary and
interpreted with caution (fig. S1). We then joined the polygons onto
the EEZ shapefile to identify EEZs with which they immediately
abutted. We also joined these polygons to the shapefile delineating
the area of competence for the NPFC. We considered those areas
within EEZs and abutting concentrations of squid fishing to be
state regulated, areas within the mandate of REMOs with squid
management measures in place to be RFMO regulated (see text
below), and areas within RFMOs without specific squid manage-
ment measures as well as non-RFMO high seas areas to be unregu-
lated (Fig. 1). As a matter of convenience solely for scientific,
research, and educational purposes, the figure with EEZs shown
in the present study is illustrated by using a database,
Marineregions.org (2022) (98), developed by a nonprofit organiza-
tion, Flanders Marine Institute (Ostend, Belgium), and does not
reflect the views of the organizations or countries to which the
authors of manuscript belong (98).
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List of light-luring vessels

We compiled a list of vessels that use light to catch squid with nets or
lines, from multiple sources of vessel information for those operat-
ing with AIS. These sources included the Register of Fishing Vessels
(REV) for both NPFC and SPREMO; we included vessels registered
in the NPFC as jiggers, liftnets, or purse seines, as well as vessels
registered in the SPRFMO as liners. We matched these vessel lists
to AIS using a combination of the MMSI, International Maritime
Organization (IMO) number, ship name, and call sign. Vessels
from these registries were supplemented by vessels classified as
“squid jiggers” by the GFW vessel classification algorithm (99),
along with vessels identified in reports such as (100). To ensure a
robust list, we also performed a manual review (using internet
searches) of all vessels classified by the GFW vessel classification al-
gorithm as "fishing” with AIS positions within the study areas. All
vessel counts were based on the MMSISs (the unique vessel identifier
used in AIS).

From this broad list of vessels (n = 2058), we eliminated those
vessels that never fished on the high seas or did not operate
during the study period (n = 547), as we considered them unrepre-
sentative of the vessel population of interest—those that fished un-
regulated spaces from 2017 to 2020. To simplify the analysis, we
further eliminated vessels with unknown flag state or a flag state
whose vessels represented less than 1% of vessels fishing in the
high seas (68 MMSIs; see table S1). An additional 32 MMSIs were
identified as offsetting their true vessel positions in the southeastern
Pacific Ocean to false positions near New Zealand and subsequently
were removed to avoid misallocating their fishing effort and to
retain conservative estimates. Retained flag states included
Chinese Taipei, Republic of Korea, China, and Japan. In addition,
recent reports suggest that other flag states (e.g., Iran, India, and Pa-
kistan) actively fish within one or more of the study regions (101);
however, since they do not transmit AIS, they were omitted for the
purposes of this study, and estimates are considered conservative.

AIS vessel counts

To estimate the number of light-luring vessels operating in each
region using AIS, we processed AIS data from satellite providers
ORBCOMM and Spire for the study period of 20172020 through
the GFW's data pipeline.

For the analysis of vessel mobility and regional interconnectivity,
we used AIS vessel presence, counting any from the list of light-
luring vessels with any AIS positions in a region as being present
in that region. Two regions were considered interconnected if an
MMSI was identified as being present in both regions, with
regions possessing more shared MMSI considered more strongly in-
terconnected. MMSI that were only identified in one region were
considered “endemic” to that region.

For all the fishing effort analyses, AIS positions were classified as
fishing or not fishing using a “night loitering” fishing algorithm.
This algorithm more accurately identifies fishing by squid jiggers
and other light-luring vessels that fish primarily at night while rel-
atively stationary than the general GFW fishing classifier. This algo-
rithm identified vessel positions as fishing when the average speed
of the vessel is less than 1.5 knots for at least 4 hours during the
night (between local sunset and sunrise) with an average distance
of at least 10 km from shore and/or a GFW defined anchorage.

Seto et al., Sci. Adv. 9, eadd8125 (2023) 10 March 2023

VIIRS boat detection analysis

Not all squid fishing activity can be observed using AIS as some
vessels do not transmit AIS. Therefore, we additionally used
VIIRS to create a more complete picture of squid fishing. Since
light-luring squid fisheries are characterized by their use of strong
light at night, sensitive optical satellite sensors such as VIIRS can
capture the activities of squid fisheries that do not transmit AIS.
VIIRS has been used to investigate light-luring fishing (10,
102-107).

We used the VIIRS boat detection (VBD) data from Colorado
School of Mines developed by Elvidge et al. (107). A limitation of
the VIIRS detection data to consider in this context is that it con-
tains more false detections around South America due to the abun-
dance of high-energy particles in the atmosphere in the region [the
South Atlantic Anomaly (SAA)] (108). To address the prevalence of
these false detections, we developed a noise filter that we applied to
the SAA. The filter distinguishes true detection and SAA noise
based on the value of the radiance and spike height index (SHI),
an indicator also used in the VBD algorithm (107). We iteratively
modified the cutoff value of radiance and SHI and examined the
resulting spatial distribution of the extracted VBDs until the final
set of detections contained as little SAA noise as possible. Although
the noise filter was designed to exclude false detections due to SAA,
some true detections are likely removed as well, making the VIIRS
detection counts conservative. The noise filter was only applied to a
portion of the SE Pacific and the SW Atlantic region. In all other
regions, VBDs that are defined as true vessel detections (i.e., QF1,
QF2, QF3, and QF10) were used (see the Supplementary Materials
and figs. S8 to S12 for detail).

The raw VBD counts are also influenced by cloudiness, which
can obscure vessel lights, the lunar cycle, as a full moon makes it
more difficult to detect vessel lights, and the fact that some parts
of the ocean are imaged multiple times in a night, resulting in
some vessels being double counted. To eliminate double counting,
in areas with multiple satellite overpasses on a given night, we in-
cluded only observations from the overpass with the smaller satellite
zenith angle. The error in VIIRS detections increases with zenith
angle; thus, this operation also helps to exclude erroneous VBDs.
To minimize the influence of the moon and clouds, we extracted
the dates where we observed the largest daily count of VIIRS in
every half month following Park et al. (10). As in Park et al. (10),
this analysis is reasonable because most of these high seas vessels
fish in a given location longer than 2 weeks, so this maximum
likely captures the number of vessels in these areas over that
period. To calculate the annual aggregation of vessel days for each
region, every date in each half-month period was assigned the
maximum daily count for that half month and the daily counts
were summed across the year. To better identify light-luring
fishing vessels, we only extracted VIIRS detections with the radiance
larger than 10 nW cm ™ sr™", as vessels engaging in pelagic light-
luring activity are generally brighter than this value (10) (see also
figs. S13 and S14 for the radiance threshold).

Matching VIIRS detections to AIS vessels

VIIRS can be used to analyze the fishing activity of light-luring
vessels that do not broadcast AIS signals. However, it was
unknown how much of the VIIRS detections were from vessels
that do not transmit AIS (so-called “dark vessels”). In this study,
we identified overlaps between VIIRS and AIS vessels and
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determined the percentage of VIIRS detections that are not trans-
mitting AIS signals by using a technique that matches VIIRS detec-
tions and AIS vessels.

To match a vessel's AIS position at the time of the VIIRS satellite
overpass to a VIIRS detection, we used the method described by
Kroodsma et al. (109), with a few modifications. This method
mines AIS data to develop probabilistic estimates of a vessel's loca-
tion after a given amount of time when traveling at a given speed
(probability rasters). For this study, the probability rasters were ad-
justed to the lower resolution of VIIRS by applying a gaussian filter
with a sigma of 300 m (about half the size of a VIIRS pixel) to
account for VIIRS lower resolution. These rasters are then used to
assign a probability that a given vessel in AIS is at the location of a
VIIRS detection at the time of the VIIRS image. In most cases, es-
pecially in the pelagic regions of this study, most VIIRS detections
match to only one vessel in AIS, but in cases where multiple vessels
match, the pair with the highest probability above a minimum prob-
ability threshold (score) was identified as the “best” match. The
minimum threshold score was determined through manual
review of candidate matches across a range of minimum thresholds
(see fig. S15 for the sensitivity analysis of score threshold).

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs. S1 to S15

Table S1
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