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National and global priorities are increasingly focused on the concurrent marine 
fisheries challenges of food security, illegal fishing, and declining fisheries 
resources. Molecular genetics and electronic monitoring technologies can 
advance solutions to these challenges, particularly in fisheries surveillance and 
seafood traceability, and a growing number of studies continues to validate the 
utility of these tools. What is needed next is guidance to support their wider, 
more conventional adoption and implementation, either complementary to or 
in the absence of government policies. Here, we  synthesize discussion held 
during the Borchard Foundation Colloquium held in July 2022  in Missillac, 
France on modernizing global fisheries with emerging technologies. Our aim is 
to provide perspectives to scientists, resource managers, and policy makers of 
emerging monitoring technologies, summarize the utility of these technologies 
in fisheries, and conclude with how the objective to modernize global marine 
fisheries is a prime opportunity to engage fresh talent in a new era of fisheries 
innovation.
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1. Introduction

In July 2022, a colloquium on modernizing global fisheries with emerging technologies, 
funded by the Albert and Elaine Borchard Foundation Center on International Education, was 
held in Missillac, France. Participants of this 3-day colloquium included all co-authors of this 
manuscript, as well as Dr. Samantha Cheng of the World Wildlife Fund. The aim of the 
colloquium was to discuss how emerging monitoring technologies could reduce illegal fishing 
activities at sea and prevent entry of fraudulent fish products into the global marketplace. As 
presented below, discussions focused on the harms and costs of current marine fisheries 
challenges, the emergence of traceability technologies for deterring illegal fishing and 
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fraudulent fish trade, how these tools may and are being implemented, 
and the need for drawing new talent for and in support of tomorrow’s 
fisheries workforce.

1.1. The harms of marine fisheries 
challenges, and who bears the cost of the 
status quo

Since 1960, global consumption of fisheries products has doubled 
to 20.2 kg per capita (FAO, 2022). While aquaculture now accounts for 
a growing share of annual global fish production (57.8%; FAO, 2022). 
steady pressure on capture fisheries (Boyd et al., 2022) has led to a 
collapse of multiple marine fisheries (Jackson et al., 2001; Hutchings 
et al., 2010) and severe population declines for 89% of large marine 
animals relative to historical averages (Lotze and Worm, 2009). This 
loss threatens healthy functioning of marine ecosystems – including 
altered food webs (Estes et al., 2011) and carbon cycling (Doughty 
et al., 2016), and phase shifts (Hughes et al., 2007), with impacts that 
can cascade throughout marine ecosystems (Meyers et al., 2007; Estes 
et al., 2011). Such losses also threaten current and future provision of 
key ecosystem services, including sustainable fisheries (Hammerschlag 
et al., 2019), particularly under climate change scenarios (Free et al., 
2019; Thiault et al., 2019; Cheung et al., 2022).

Fisheries declines pose a major threat to global food security 
from local to global scales. Aquatic products dwarf all other 
sources of animal protein (Béné et al., 2015) providing 4.3 billion 
people with at least 15% of their protein intake worldwide [HLPE, 
2014]. Fisheries also support the livelihoods of approximately 600 
million people, with a direct contribution of over $400 billion 
USD to the global economy (FAO, 2022). While fisheries declines 
have global economic and nutrition impacts, the negative 
consequences of these declines most heavily impact coastal and 
developing nations. For example, daily protein intake from fish 
can exceed 60% in parts of Africa and Southeast Asia (FAO, 
2014), where small-scale fisheries play a critical role in meeting 
nutritional needs, particularly in developing countries 
(Kawarazuka and Béné, 2010). Selig et al. (2019) demonstrates 
that countries of West Africa, Southeast Asia and Oceana have a 
greater nutritional and economic dependence on marine fisheries 
than North America and Europe, with countries such Indonesia, 
the Philippines, Nigeria, Malaysia, and Ghana suffering the 
greatest impacts of fisheries declines. These differential impacts 
are not only an equity and humanitarian issue, but they are also 
a political stability issue, with famine playing a common role 
historically in precipitating unrest and civil war (Devereux, 
2000), including contemporary conflicts in Somalia (Ahmed, 
2018) and Syria (Ash and Obradovich, 2020), among others.

1.2. Back-casting to reach sustainable 
fisheries and food security

In the past decade, there has been a significant rise in 
attention on the potential for technological solutions to ‘solve’ 
challenges for sustainable and equitable fisheries management 
and supply chains. These solutions are promising and have 

already demonstrated potential for impact at multiple scales. 
However, to be  most effective, they need to be  deployed 
thoughtfully and integrated within the broader suite of 
interventions that aim to address social, economic, and ecological 
dimensions of sustainability. In this regard, we convened a multi-
sector group comprised of practitioners, policymakers, and 
researchers working on fisheries traceability and sustainable 
fisheries management and policy across local and global scales 
– in a ‘back-casting’ exercise to identify key pathways to impact 
and where traceability technologies are most well-suited for 
effective impact across scales. The group identified a preferred 
future state, then investigated the scenarios and pathways most 
likely to produce that future state. We posited a future in which 
fisheries are sustainably managed in perpetuity from local to 
global levels, specifically by the vast reduction of illegal, 
unreported, and unregulated (IUU) fishing and seafood fraud. 
This paper focuses on identifying where technologies can 
complement existing policies and processes for monitoring, 
control and surveillance (MCS) of fisheries at the global and 
national levels. As mentioned previously, those who bear the 
brunt of the cost of unsustainable fishing and the impacts of 
global threats on fisheries– are often lower and middle-income 
economies and small-scale fisheries. It is important to 
acknowledge the use of traceability technologies is likely to 
exacerbate or create inequities and negative consequences for 
small-scale fisheries and these risks should be considered in the 
widescale deployment of these practices.

1.3. Pathway to outcomes for sustainable 
fisheries

The dialogue on global sustainability has focused on behavior 
change and adoption of sustainable practices. In fisheries, this requires 
coordination and coherence across a wide range of interventions and 
sectors. For example, supporting small-scale fisheries requires taking 
a social-ecological approach to encompass the range of complexities 
and interactions between local stakeholders and economics, 
ecosystems, and wider economic, political, and social drivers 
(Lindkvist et  al., 2022). In these complex systems, programs and 
projects from the development, conservation, natural resource 
management, public health, and impact investing sectors have aimed 
to address different parts of fisheries supply and value chains including 
gear types and harvest practices, improved ecosystem and population 
data and modeling, market access instruments supporting ecological, 
social and cultural dimensions, and building demand for sustainable 
products (Gutierrez and Morgan, 2015; Howson, 2020). However, 
there are still many gaps in understanding how these interventions 
result in improvements to fish populations, ecosystem health, and 
human well-being (Eales et  al., 2021). In particular, better 
understanding of how to upscale the adoption of sustainable practices 
is needed. While many efforts have focused on trainings for fishers at 
all scales, changing fishing practices does not only require increased 
capability – but sufficient opportunities, motivations, and capacities 
to utilize and leverage these new sustainable practices (Michie et al., 
2011; Perros et  al., 2022), particularly monitoring and 
traceability technologies.
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2. Emerging traceability technologies 
for deterring illegal fishing and 
fraudulent fish trade

2.1. Role of traceability technologies

Traceability alone does not deliver improved fish stocks, healthier 
ecosystems, nor sustained benefits for people. It does improve our 
ability to understand whether sustainable practices are adopted, 
identify fraudulent activities, and aid enforcement rules aimed to 
support greater transparency of the supply chains. By improving cost 
effectiveness and capacity development to utilize the below described 
tools, we create the opportunity to lower the startup cost and barriers 
to adoption and implementation and facilitate pathways to sustainable 
fisheries and livelihoods.

2.2. Molecular genetic tools

The advent of affordable and more accessible molecular genetics 
tools and technologies (Willette et al., 2014) has opened opportunities 
for modernizing marine fisheries surveillance. Traditional DNA 
barcoding is one such tool that has both been rigorously vetted and 
widely adopted late in seafood supply chain to detect seafood 
substitution, including in market and restaurant-focused studies 
(Naaum et al., 2016; Luque and Josh Donlan, 2019; Willette et al., 
2021a). Yet, traditional DNA barcoding methods can be limiting; 
requiring direct, individual sampling of fish tissues which is not 
practical early in the supply chain where thousands of fish may 
be  transported and processed at once. The emergence of 
environmental DNA (eDNA) methods helps circumvent the need for 
direct sampling of fish tissue by instead targeting the remnant DNA 
and metabolic waste left behind in their environment, which can then 
be used to identify multiple present species simultaneously (Deiner 
et al., 2017). For example, Willette et al. (2021b) demonstrated the 
potential of eDNA metabarcoding for in situ profiling of fish species 
composition from the meltwater in the fish holds of industrial and 
artisanal fishing vessels, revealing more diverse taxa than generally 
reported by the vessel’s crew. Such applications would not only 
complement existing surveillance tools but could have a 
transformative effect in achieving unambiguous species identification 
and fish supply chain traceability.

New applications of the use of eDNA for addressing a wide 
range of scientific and management questions emerge every day. Its 
potential use for supporting fisheries management by supplying 
abundance indices is increasingly explored (Rourke et al., 2022). 
However, numerous methodological challenges still need to 
be overcome and promising novel approaches remain to be tested 
(see review in Yao et  al., 2022). One common result across a 
diversity of case studies is the high vertical resolution of eDNA 
signals in stratified marine ecosystems and the overall positive 
relationship of eDNA derived abundance indices with traditional 
sampling methods such as trawling, visual counts, echo-sounders, 
etc. (Rourke et al., 2022). Recent progress has further been made in 
applying molecular genetics to estimate absolute abundance of 
exploited fish populations based on genotyping fish tissues samples, 
identifying related individuals, and applying advanced statistical 
methods (Bravington et  al., 2016; Trenkel et  al., 2022). This 

approach also provided novel insights into demographic 
connectivity and fine scale population structure, which are essential 
for both conservation and sustainable exploitation (Hillary et al., 
2018; Trenkel et  al., 2022). Further, applications of eDNA 
metabarcoding can also be used to detect rare or threatened species 
captured as by-catch (Burgess et al., 2018), catalog fish gut content 
in diet analyses (Leray et al., 2013), and spot instances of farmed 
fish in wild stocks (Aguirre-Pabon et al., 2015).

Since its earliest application in French wetlands to detect and 
identify invasive American bullfrogs (Ficetola et al., 2008), eDNA 
methods have gained traction as a tool for the surveillance and 
monitoring of biodiversity. This includes in the United States where 
federal agencies have launched in-house eDNA research labs 
(Morisette et al., 2021) and have been successful in getting eDNA 
genetic findings admitted as evidence in litigation (N.D. Illinois 2010, 
App. Voices v US Dept of Interior 4th Cir Court 2022). This technology 
is now undergoing a transition from research-focused exploratory 
trials to more routine use by fisheries agencies (Aylagas et al., 2018; 
Laroche et al., 2018), with the next necessary step the creation of 
national and international policies (Lodge, 2022).

2.3. Vessel monitoring systems

Vessel monitoring systems (VMS) are a technology that 
contributed to improving MCS, implementing restricted areas for 
fishing, and showing a more reliable estimate of fishing effort than 
before (e.g., Murawski et  al., 2005; Mills et  al., 2007). VMS are 
designed to automatically acquire and transmit the position, speed 
and heading of the vessel. Because the reporting interval is mandatory 
(currently every hour for vessels above 12 meters in the European 
Union (EU)), and the VMS equipment cannot be switched off, any 
interruption of VMS signal reception can raise an alert in the MCS 
room of the flag state and may be analyzed as potential attempt to 
fraud. The VMS data set is encoded and sent over satellite link to the 
only authorized recipients. The flag state is the primary recipient, 
then sharing on “need to know” basis with coastal states or Regional 
Fisheries Management Organizations (RFMOs).

Because of its high level of data security, VMS is fit for the 
purpose of fishing effort estimate, distant control and possible at-sea 
inspections. Most fishing nations now operate a VMS to monitor 
their industrial fleet and many are considering monitoring more 
vessels to include small scale fisheries with cellular VMS (Burgos 
et al., 2013). The VMS data link is also used to transmit the electronic 
logbook (also called Electronic Reporting System or ERS), which 
becomes a mandatory requirement in many states. The electronic 
logbook is a computer or tablet application used by the ship master 
to report each fishing trip details (start, end, capture species and 
quantities, possible bycatch, quantities in hold when entering or 
exiting a zone). These data are used for quota management and 
fishing effort statistics.

In the EU, monitoring and control of the Common Fisheries 
Policy is based on the Council Regulation (EC) No 1224/2009 which 
requires fishing vessels above 12 meters to carry a VMS and report 
their catches via an electronic logbook. The VMS systems have been 
adapted for small scale artisanal boats, with cellular connectivity and 
solar panels (STARFISH, 2020). All EU member states today operate 
a Fisheries Monitoring Center (FMC) for their national fleet, to 
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manage a vessel register, monitor the fishing efforts, compare with the 
licences and authorizations, detect suspicious activities and exchange 
data with the European Commission and regional fisheries 
management organizations. Data exchanges through the UN Flux 
format and cybersecurity are becoming standards in a context where 
fisheries irregularities can lead to heavy penalties.

2.4. Automatic identification systems

Automatic identification system (AIS) is another technology 
which has progressively been installed on most vessels above tonnage 
thresholds under the SOLAS regulation V/19 as a collision avoidance 
system supporting safety of life at sea. Like VMS, AIS also transmits 
the vessel position and movements but more frequently and in open 
broadcast format, so that everyone with an appropriate AIS receiver 
can pick up the messages. While the initial concept allowed reception 
in close proximity only (ship-to-ship to avoid collision) or through 
institutional coastal systems (port authorities), the AIS usage has 
greatly changed with introduction of web-based AIS data providers 
and commercial satellite-AIS constellations. These systems now make 
the vessels movements a commodity which can be purchased by any 
entity, including fishing companies to monitor their competitors, 
shipping companies to evaluate the traffic in ports etc. Some fishers 
prefer not to disclose the best fishing grounds and turn off the system, 
some others engaged in illegal activities may switch off (Welch et al., 
2022) or purposely tamper their AIS device to send false identifiers 
or positions (called AIS spoofing; Androjna et al., 2021).

The reference data portal providing free access to global AIS data 
sets is the Global Fishing Watch (Kroodsma et  al., 2018), which 
acquires AIS from satellite operators, publishes them and supports 
data analytics revealing large scale IUU activities. The portal also 
shows that AIS tracking is not evenly distributed over the planet. 
However, the portal gives only a partial view of actual fishing since 
most small fishing vessels do not have an AIS, or not an AIS model 
able to be received by satellite.

2.5. Remote electronic monitoring

Remote electronic monitoring (REM) is a technology of interest 
in deterrence of IUU fishing at sea and appraisal of incidental catches 
such as marine mammals (Kindt-Larsen et al., 2012). REM consists 
of a complete VMS, including CCTVs, sensors on winches, conveyors 
and freezers. The best AIS or VMS will not tell which species and 
quantity is actually captured, and the real figures may differ from 
those declared in the electronic reports. The monitoring of bycatch is 
a prime example demonstrating the capacity of REM to deter IUU 
fishing. Bycatch represents the non-targeted organisms captured 
while fishing for specific species. It could be tempting to discard it at 
sea to save limited hold space for target species, or to avoid a complete 
fisheries closure in the case of mixed fisheries where the vessel has 
reached its quota for a given species (the choke species) and cannot 
take the risk to continue fishing for the other species. Bycatch is by 
nature underestimated and underreported. In 2019, FAO evaluated 
discards at 9.1 million tons or 10% of total catches, and fisheries may 
interact with 20 million individuals of endangered species (sea birds, 
turtles, sharks etc.; Pérez et al., 2019). Many states have consequently 

implemented landing obligations for all bycatch, but these measures 
are complex to monitor unless deploying observers to monitor the 
deck activities. Where onboard observers were mandatory, their 
replacement by cameras has been increasingly considered and 
implemented when COVID pandemic prevented boarding of 
observers. Presently less than 1% of global fisheries are subject to 
REM. REM is a complex system to adapt to each individual vessel, 
and it may generate substantial amount of information, for which 
artificial intelligence will be necessary to extract relevant events from 
hours of video footage (Monkman et  al., 2019), yet another 
technology with the potential to transform marine fisheries 
management and combat IUU fishing.

3. Discussion

3.1. Implementing the future of fisheries 
MCS technology

Innovation and increasing adoption of emerging technologies will 
continue to advance our ability to implement MCS global fisheries. 
VMS and AIS can improve our reach to see where fishing is happening, 
REM aids in estimating how much different fishes are brought 
on-board, and eDNA metabarcoding enables us to identify what has 
been landed from vessels, processed in factories, and sold in wholesale 
markets – tracking through the seafood supply chain (Figure 1). While 
these technologies are currently usable or tested in the global fisheries 
arena, government action is needed to facilitate their rapid adoption 
and at scale. Urgency to act is further fueled by consumers’ attention 
on seafood traceability and sustainability, which has catalyzed calls to 
strengthen international conventions and corporate social 
responsibility commitments (Mileski et al., 2016). This must include 
foreign fisheries assistance programs that cover the cost of 
disseminating the technology and building local capacity in the public 
and private sector.

3.2. Practical and on-board considerations 
of MCS technology

It is not uncommon for fishers to be  critical of data used for 
fisheries management as insufficient and not reflecting the realities of 
the global fishing industry (Wilson et al., 2006). Rather, fishers and the 
fishery industry often offer to contribute their own observations to 
complement official and research data. The implementation of 
emerging MCS technologies represent a way fishers may consult and 
participate in co-management schemes, including demonstration of 
best practices that may aid in accessing more lucrative fish 
marketplaces that require traceability and transparency (Nthane 
et al., 2020).

There are, however, distinctions in both the practical 
implementation of MSC technology in industrial fishing and small-
scale fishing. Industrial fishing is already open to technology that can 
aid better efficiency, safety and compliance (FAO, 2022). For example, 
crew members are often trained and proficient in the use of electronic 
equipment such as AIS/VMS data. In the EU, new control regulation 
is aiming at increasing the number of vessels under VMS obligations 
(vessels below 12 m in length) and introduce broader adoption of 
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REM (European Fisheries Control Agency, 2019). In contrast, small 
scall fisheries are highly diversified by country, regularly combine 
commercial and subsistence fishing, and is often less exposed to 
monitoring technologies for an assortment of reasons (lack of 
investment capital, insufficient workforce training, aging vessels, 
poorly represented fishers groups at highest decision levels, etc.). 
Small scale fisheries are data poor and it is difficult to find statistics on 
how best to promote acceptance of emerging technologies to these 
groups. Encouragingly recent reporting indicates that the most 
effective management solutions are based on co-management and 
empowerment of fishers’ communities in decision process and 
confirm the need for data and data collecting technology (FAO, Duke 
University, World Fish, 2023).

If emerging technology comes in support of better fisheries 
management, better sales prices, improved access to better quality 
markets, reduced waste, or reduced operational costs, then it may 
be accepted. The virtuous cycle is selecting and implementing 
technologies for data collection, improving management based 
on science-based choices, improving the fisheries sustainability 
and profitability, and then developing a circle of confidence. This 
process may proceed slowly or too slowly to gain support. 
We must recognize that in many cases the defiance of adopting 
technologies is in fact a defiance of decision makers. For fishers 
who are required to carry REM onboard, they may ask if it will 
be used to reduce time at sea or avoid areas because of risk of 
encounters with dolphins? Technology for compliance purposes 
will be more difficult to implement effectively and require costs 
be  offset by subsidies. Likewise, the concern of privacy in 

recording technology has been raised, however, a growing 
number of jurisdiction implement policies and specifications for 
REM including hiding personal faces and aiming devices at 
hands, belts and fish storage areas (European Fisheries Control 
Agency, 2019). If, however, technology could concurrently 
be  used for commercial purposes, then it would be  more 
acceptable. A successful example is the South African company 
Abalobi and their use of traceability and fish catch inventory by 
fishers (Nthane et al., 2020).

3.3. Drawing talent for tomorrow’s fisheries 
workforce

Fishing is a prehistoric practice dating back at least 40,000 years. 
It has evolved over time to become an activity practiced by almost 40 
million people worldwide, using around 4.1 million vessels, of which 
two third are deployed in Asia (~1.8 million vessels), Africa (~635,000 
vessels) and the Americas (~240,000 vessels). Approximately 600 
million people worldwide are supported directly by fisheries 
(FAO, 2022).

Fisheries are a major engine of the global economy. Yet as 
employment opportunities worldwide have diversified, young 
graduates have moved away from the primary production sectors of 
fisheries, to embrace the more lucrative sectors of finance, high tech 
industries and services. Furthermore, employment in fisheries has 
carried a reputation of being lower skilled, of modest means, or an 
unfashionable activity. Fisheries of the 21st century, however, are 

FIGURE 1

A conceptual framework illustrating how actions by fisheries stakeholders require development input of emerging monitoring technologies throughout 
the supply chain to monitor for and reduce illegal fishing and seafood fraud.
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changing. As more countries embrace science-based fisheries 
management policies, increase adoption of international instruments, 
and utilize monitoring technologies for regulatory enforcement, there 
is growing demand for highly skilled personnel to complement the 
traditional fisheries workforce. This is particularly true to facilitate and 
maximize the implementation of technological MCS innovations 
including AIS, VMS, REM, and molecular genetic tools. These jobs 
will require young professionals from the disciplines of genetics, 
biotechnology, information technology, computer science, and 
data management.

Technologies cannot solve all the issues of IUU fishing and fish 
fraudulent practices, but they have now demonstrated the capacity to 
detect IUU fishing activities at sea, which was nearly impossible 
20 years ago (Dunn et al., 2018; Kroodsma et al., 2018). Progressive 
digital transition and more integrated data exchanges have also made 
it possible to improve fisheries management, reduce the catch 
documentation analysis workload, produce more reliable risk analysis 
based on vessel history, and allow much faster verification prior to 
landing. Concurrently, Millennials and Generation Z have collectively 
developed a deep interest in environmental issues, including the 
urgent necessity to protect marine ecosystems and biodiversity while 
simultaneously seeking to provide healthy food to the global 
population. As a result, many national and international programs 
for training and education in areas related to fisheries have been 
upgraded and adapted to address this new paradigm. These efforts 
aim to prepare future generations of fisheries experts well versed in 
these scientific and technological areas, who are now entering the 
profession and charting the course for the future of global 
marine fisheries.
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