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SUMMARY

India’s blue economy policy envisages the responsible use of ocean resources for economic growth and sus-
tainability. The Indian National Centre for Ocean Information Services (INCOIS) contributes to this vision by
supporting the fishing industry through its Potential Fishing Zone (PFZ) advisory services. PFZ advisories
help fishers reduce search time for fishing grounds, lower fuel costs, and encourage sustainable fishing.
INCOIS thus plays a significant role in improving catch per unit effort and the livelihoods of fisher commu-
nities. This study traces the evolution of marine fishery advisory services for the Indian seas and examines
the role and impact of PFZ advisories in India’s fisheries sector, with particular emphasis on their ecological,
economic, and climate-related advantage over the years. For a more robust and sustainable blue
economy, the results also highlight the need to combine traditional fishing knowledge with contemporary

technological tools.

INTRODUCTION

India has a large coastline of 11,098 km surrounded by the Bay of
Bengal and the Arabian Sea."? The Indian blue economy de-
pends heavily on marine resources for food security, livelihoods,
and coastal economic development. A major share of national in-
come and exports comes from the fisheries sector, which also
supports the livelihoods of millions of people, particularly coastal
communities.> In recent years, the sustainable use of ocean re-
sources for economic growth, improved lifestyles, and ecolog-
ical balance has been given more importance, along with its as-
sociation with the blue economy'*® The most difficult task here is
to balance the need to preserve the marine ecosystem with the
growing demand for oceanic resources. In addition, unregulated
fishing methods, overfishing, and the effects of climatic vari-
ability are major issues that frequently threaten the sustainability
of India’s maritime fisheries sector.

In India, the Potential Fishing Zone (PFZ) advisory services, an
operational product derived from integrating modern technology
with scientific-theoretical knowledge, have been proven to sup-
port marine fisheries with encouraging results. By integrating
environmental data, together with satellite-derived information
such as sea surface temperature (SST) (influencing fish move-
ment and aggregation) and chlorophyll-a (chl-a) concentration
(which serves as a proxy of primary productivity), a PFZ advisory
provides information on the availability of productive fishing
grounds that the fishermen can follow to find the fish.%” As evi-
denced by several published reports, following PFZ advisories

for fishing reduce search time and fuel use, resulting in lower
operational costs, higher profits, resilient communities, and
reduced carbon footprints and CO, emissions.®'® PFZ advi-
sories in turn discourage indiscriminate fishing by promoting
planned operations and improving catch efficiency, thereby sup-
porting sustainable resource utilization and contributing to
climate change mitigation through reduced fuel consumption
and lower emissions.'" Importantly, these advisories are not is-
sued during the statutory fishing ban periods along the east
and west coasts of India, which coincide with the peak breeding
season of major fishery resources, thus reinforcing conservation
objectives and protecting spawning stocks. Advisories are also
excluded from designated marine protected areas and turtle
nesting grounds, thereby supporting responsible and sustain-
able fishing practices. Moreover, the service contributes to mul-
tiple United Nations Sustainable Development Goals (SDGs) by
linking ocean observation, satellite remote sensing, and opera-
tional oceanography with livelihood support, food production,
and sustainable resource use.

By reviewing the results of nationwide validation experiments
carried out over the years by various stakeholders,''™'* this
study investigates the role and impact of PFZ advisories,
including species-specific PFZ for yellowfin tuna and hilsa, in In-
dia’s fisheries sector, with a focus on their ecological, economic,
and climate-related benefits. It demonstrates how the PFZ,
based on satellite data, has improved the efficiency of fishing op-
erations in the Arabian Sea and the Bay of Bengal while reducing
carbon emissions by using less fuel and requiring less time to
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search for fish. This synthesis also presents case studies exam-
ining the gear-specific benefits of PFZ and the optimization of
fishing effort under different PFZ adoption scenarios. Further-
more, emphasis is placed on the importance of technological ad-
vancements in supporting the country’s blue economy, preser-
ving oceanic resources, and ensuring the long-term stability of
coastal economies by integrating state-of-the-art marine infor-
mation services with conventional fishing information.

METHODOLOGICAL FRAMEWORK FOR LITERATURE
REVIEW

A comprehensive search criterion was employed to identify pub-
lished scientific literature on the development, validation studies
and reported impacts of PFZ advisory services. The method in-
volves three steps: first, collecting all available scientific publica-
tions and reports on PFZ for the Indian coast using Scopus, Goo-
gle Scholar, and ResearchGate. Keywords such as “potential
fishing zone” and “PFZ” were searched individually as well as
in combination with words such as “Impacts of PFZ,” “Validation
of PFZ,” “Economic profit of PFZ,” and “less fuel consumption
and PFZ.” The second step was screening of articles based on
PFZ development and impact assessment (duplicates were
removed, and directly related articles were retained). The last
step was extracting the summarized information from the
selected articles. Overall, more than 70% (n = 26) of the publica-
tions were retrieved through Google Scholar. Of the remaining
studies, 20% (n = 9) were sourced from ResearchGate, while
less than 15% (n = 7) corresponded to gray literature (e.g., tech-
nical and institutional reports). Notably, nearly 50% (n = 19) of the
total references were recent publications accessible only
through the Scopus database. Therefore, consultation of multi-
ple databases was necessary to ensure comprehensive and
up-to-date literature coverage. To avoid missing any important
information, the freely available platforms were used, as they
were widely accessible and commonly used during the initial
years of PFZ advisory development. After completing this pro-
cess, various aspects of the PFZ were represented in graphs
and tables using Excel and Matplotlib (Python v.3.13).

GENESIS OF POTENTIAL FISHING ZONE ADVISORY
SERVICES FOR INDIA

The generation of PFZ advisories in India began during 1996-
1997 at the National Remote Sensing Agency (NRSA), using
SST data from National Oceanic and Atmospheric Administra-
tion - Advanced Very High Resolution Radiometer (NOAA-
AVHRR). Owing to the limited spatial and temporal resolution
of early satellite data, mapping the entire Indian coastline
required data spanning 3 days, thereby limiting the issuance of
advisories to twice a week. At first, the advisories were made us-
ing analogue base maps. Later, the establishment of the Indian
National Centre for Ocean Information Service (INCOIS) in
1999 marked a turning point in transforming the PFZ initiative
into an operational service supporting the Indian fishing commu-
nity. In the next step, the launch of Indian Remote Sensing
Satellite- P4 (Oceansat-1) in May 1999 opened the way for the
Space Applications Centre (SAC) to finally develop a technique
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for generating PFZ advisories based on SST and chl-a data. In
2001, these methodologies were formally handed over to
INCOIS, and in 2002, INCOIS began creating digital base
maps using bathymetry, coastline, and landing centre informa-
tion from the National Hydrographic Office, along with integra-
tion with GIS tools, and more frequently on alternate days.'®
By 2007, SAC introduced methods to incorporate wind-borne
movement into PFZ features. The year 2011 marked the initiation
of daily PFZ advisory generation using multi-satellite SST and
chl-a data, along with optimally interpolated SST from Group
for High Resolution Sea Surface Temperature (GHRSST).'® By
2012, coverage was expanded to 587 landing centres from
267, and the next year, surface current magnitude and direction
were incorporated, and the PFZ generation process was partially
automated, reducing processing time. To increase accessibility,
PFZ advisories were disseminated in regional languages, with
PFZ maps enriched with sector details, coastline, landing centre
information, and bathymetry contours, and made available daily.

To expand the PFZ advisories, INCOIS began research to
develop species-specific advisories based on the environmental
optima and feeding habits of individual species. The species-
specific PFZ initiative aimed to help fishers prepare appropriate
craft and gear in advance. The first target species for this pio-
neering attempt was yellowfin tuna (Thunnus albacares), a highly
sought-after fish with both ecological and economic significance
in the Indian Ocean Tuna Commission (IOTC) region. The Marine
Products Export Development Authority (MPEDA) initiated a
scheme in 2006 to convert available vessels into tuna longliners
as the foremost task to fill gaps due to the lack of a dedicated
tuna fishing fleet in India. The next step was a request from
MPEDA and industry stakeholders for the development of a
Tuna advisory service similar to PFZ services. In response,
INCOIS initiated research on the environmental preferences of
yellowfin tuna, based on data on their feeding habits and target
environmental conditions. Since information on tuna habitat
and migration is limited, INCOIS initiated the SATTUNA project
(Satellite Telemetry Studies on Migration Patterns of Tunas in In-
dian Seas) in collaboration with national fisheries institutes.'”
Pop-up Satellite Archival Tags (PSATs) were used on yellowfin
tuna to capture information on their vertical and horizontal move-
ments, habitat preference, and environmental drivers. The com-
bination of results from tagging research (species behavior data)
with satellite oceanographic variables like SST, chl-a, and water
clarity (Kd_490) provided a scientific basis for predicting tuna
availability and abundance. With consideration of the yellowfin
tuna’s migration pattern (diurnal) and it being a visual predator,
the Kd_490 was taken as an essential predictor variable along
with SST and chl-a, an improvement over the conventional
PFZ perspective.'”"'® Based on results from this project,
INCOIS began providing experimental tuna-fishery advisories,
which were subsequently improved and refined based on user
input. Since November 2010, these advisories have been imple-
mented and published via WebGIS and email to tuna longliner
operators. Tuna fishery advisories are are disseminated only to
registered users at present and are suspended during the uni-
form fishing ban seasons along both coasts of India along with
the general PFZ advisory service. This approach serves as a pre-
cautionary measure to align science-based advisories with stock
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sustainability objectives, while promoting user accountability
and balancing ecological considerations with the economic ben-
efits of the tuna fishery. Tenualosa ilisha (hilsa shad) is among the
most economically, ecologically, and culturally significant anad-
romous fish species in the Indo-Pacific. Nearly 90% of India’s to-
tal hilsa catch comes from the Hooghly estuary and neighboring
waters of the northern Bay of Bengal, which are vital to the liveli-
hoods of thousands of coastal fishermen. Yet, classical PFZ ad-
visories based on SST and chl-a concentration are of limited util-
ity for hilsa prediction. This is because hilsa distribution is
strongly influenced by salinity gradients associated with its
anadromous life cycle, as the species migrates between marine
and freshwater systems for spawning. Therefore, salinity-driven
habitat preferences play a more dominant role than temperature
or chlorophyll during certain phases of its life cycle. To bridge this
void and in response to persistent demand from the fishing com-
munity, INCOIS launched a focused research campaign to
establish a hilsa-specific advisory service tailored to the West
Bengal coast of India (upper north-western Bay of Bengal). A ma-
chine learning algorithm (XGBoost) was trained on geo-tagged
catch data and satellite variables, including SST, salinity, and
ocean currents, to identify high-potential hilsa fishing areas in
the northern Bay of Bengal.'® The model was trained on geore-
ferenced Catch Per Unit Effort (CPUE) data collected during
the peak season, June to September, and its predictions were
operationalized as a daily Hilsa Fishery Advisory (HiFA) service
in April 2025, delivering targeted information to enhance the ef-
ficiency and sustainability of fishing in the northern Bay of Ben-
gal. Importantly, the HiFA does not target spawning aggrega-
tions or estuarine breeding habitats; instead, advisories are
generated exclusively for higher-salinity open marine waters,
maintaining a 5-10 km coastal buffer and excluding peak
breeding and trawl-ban periods. The service primarily targets
post-spawning (spent) hilsa that migrate back to open marine
waters after reproduction, thereby aligning the advisory frame-
work with principles of sustainable fisheries management and
conservation. The operationalization of the tuna and hilsa fishery
advisory was a significant landmark in the PFZ advisory services
system, combining traditional knowledge with advanced ocean-
ographic techniques to improve scientific precision and user
relevance. Figure 1 provides an overview of the major scientific
and operational milestones in the evolution of PFZ advisory ser-
vices for the Indian seas.

DISSEMINATION CHANNELS AND STAKEHOLDER
ENGAGEMENT

From its inception and for more than a decade thereafter, the
PFZ advisories were disseminated to a multitude of benefi-
ciaries through several communication media, including Elec-
tronic Display Boards (EDBs), user-specific email, and fax mes-
sages to State Fisheries Departments, NGOs, and research
organizations. INCOIS facilitated the installation of EDBs at ma-
jor fishing jetties in the Indian coastal states, enabling fishermen
to directly visualize the geolocations of fish availability at their
convenience before venturing into the sea. The user-specific
messages sent to different local agencies were subsequently
delivered to the end users. Additionally, advisories are made
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available to all major ocean-sector stakeholders through the
INCOIS web portal and email, while numeric data and spatial
layers are provided to registered users via the INCOIS Web-
GIS platform. Advisories specific to a region and time frame
can also be delivered as per user-specific requests. In the initial
phase, to enhance outreach among non-digital users and
remote communities, INCOIS partnered with NGO-operated in-
formation kiosks and used platforms such as All India Radio, FM
radio, local television channels, and NGOs to disseminate advi-
sories, ensuring inclusive access. Over the last few years,
INCOIS’s PFZ advisory services have delivered high accuracy
and prompt service delivery, supported by satellite observation
networks and advanced Information and Communication Tech-
nology (ICT) tools. Of these, the most important attempt was the
pilot scale dissemination of advisories to distant offshore fishing
vessels via satellites using the GEMINI (GAGAN Enabled Mari-
ners Instrument for Navigation and Information) device. Be-
sides, the Android phone-based SAMUDRA (Smart Access to
Marine Users for ocean Data Resources and Advisories) app
further expanded the accessibility by providing near real-time
ocean data and fishery advisories to fishermen and other sea-
goers. In addition, access to these services is significantly
expanded through partnerships with NGOs and their local
dissemination networks, thereby facilitating last-mile delivery
to coastal communities across India. Besides, INCOIS regularly
organizes user interaction training and workshops, with partici-
pation from coastal schools and NGOs, to ensure effective ser-
vice delivery. Figures 2 and 3 show the year-wise development
of PFZ dissemination channels and the expansion of the fisher
user base along India’s coastline, respectively.

IMPACT ASSESSMENT

PFZ advisories have significantly improved the efficiency, sus-
tainability, and profitability of marine fishing operations across
India. These advisories have led to a reduction in fish search
time by 60%-70% for small pelagic fish shoals and 30%-40%
for other commercially important species such as scombrids
and carangids during ring seine operations.’®?" They have
proven especially effective for pelagic gears like purse seines,
gill nets, longlines and have also shown benefits for offshore
and nearshore gears, regardless of depth.?

In addition to direct benefit to fishing operations, PFZ advi-
sories offer adequate financial and environmental advantages
(Figure 4; Table S1). Assessments indicate an annual net cap-
ital benefit of Indian rupees 340-500 billion (3.74-5.51 billion
USD) due to PFZ-guided fishing.'® A report on financial profit
attributed to the use of PFZ advisories showed an average
per-trip income increase of Indian rupees 0.018 million,
totaling 19.2 million (211,522.47 USD) in yield from 1,079 fish-
ing voyages.”® Additionally, reducing the time required for fish-
ing operations from 3-5 days to 1-2 days resulted in lower fos-
sil fuel consumption, fewer human hours spent fishing, and a
smaller carbon footprint. For instance, it is noteworthy to
mention that a reduction of 1 L of diesel consumption eschews
~2.63 kg of CO, emissions, which could translate to Indian ru-
pees 2.84 trillion (31.29 billion USD) in carbon credit value over
25 years.”?*
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Evolution of Fishery Advisory Services in India

(1999-2025)

i & EA
Major Satellite Advisory
Milestones Support Periodicity
) - Twice a week for non monsoon
1999 { Experimental phase initiated } NOAA-AVHRR, OCM-IRS-P4 } { months(Monday & Thursday) }
. . Twice a week for non monsoon
2000-2001 ‘ Operational PFZ services started ‘ NOAA-AVHRR, OCM-IRS-P4 ‘ ‘ months(Monday & Thursday) ‘
Sector maps and textual PFZ; GIS "
2001-2002 database for bathymetry & landing NOAA-AVHRR, OCM-IRS-P4 3-?,?;:’;32'; g'gg:ﬁg;?y'
points; advisories in local languages
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Experimental PFZ advisories :
. - N . 3 per week (i.e. Monday,
2005-2009 lud d, E tal - -IRS-| .
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2010-2011 advisories using SST, Chl-a by using OSTIA from GHRSST, 3 times a week- (Tuesday,
& Kd490 multi-satellite data integrated Thursday & Saturday)
PFZ improvement: wind vectors NOAA-AVHRR, OCM-IRS-P4, ) o
2012-2013 replaced with current vectors, GHRSST product, Oceansat 2, Daily Advisories
EEZ and current maps added MODIS, METOP, NOAA-18 &19
Enhanced Tuna advisories with
currents, MLD & 20°C isotherm NOAA-AVHRR, NOAA-18 &19, ) L i )
2013-2015 3D Tuna-PFZ, Initiation of R & D METOP 1 & 2; MODIS Aqua and Daily Advisories including holidays
on Hilsa & Sardine SDM OceanSat-2, GHRSST
- . ) Explored use of INSAT-3D/3DR
Statistical model for Indian Oil ~ ) . L . )
2016-2018 Sardine with NOAA & CMLRE. Ssﬁg&’?gA\,\/Ai?%g? 2A2,1 8 Daily Advisories including holidays
Improvements in Hilsa SDM MODIS Aqua and OceanSat-2
Initiated 3-day PFZ forecast trials NOAA-AVHRR, NOAA-18, NOAA-
2019-2022 for Guj & AP using high-res ocean 19, METOP 1 & 2; MODIS Aqua Daily Advisories including
models; experimental Hilsa and OceanSat-2, INSAT-3D and holidays
advisory validations INSAT 3DR
R&D started on Indian Mackerel NOAA-AVHRR, NOAA-18, NOAA- ) o )
SDM, Jelly fish Advisories and 19, METOP 1 & 2; MODIS Aqua Daily Advisories including
2023-2024 Front to Fish programme and OceanSat-2, INSAT-3D and holidays
INSAT 3DR
Operationalization of Hilsa NOAA-AVHRR, NOAA T8, NOAA- ) o )
2025 Fishery Advisory (HIFA) for 19, METOP 1 & 2; MODIS Aqua Daily Advisories including
Y Nest Bongal and OceanSat-2, INSAT-3D and holidays
9 INSAT 3DR
- / J

Figure 1. Scientific and operational milestones in the evolution of marine fisheries advisory services for the Indian seas

PFZ validation experiments were conducted along both the
east and west coasts of India (Table 1). As per an investigation
in Raigad, Maharashtra, during the year 2013-2014, 15% adop-
tion of PFZ advisories by the fishers saved 900,000 L of fuel, re-
sulting in a cut of 2,412 tons of carbon emissions.“® Another study
from the Kerala coast reported fuel savings of 21.5-1,293.5 L per
ton of catch, corresponding to reduced carbon emissions of 0.06—
3.45 tons.®
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One of the leading Indian NGOs in the blue economy sector,
the M. S. Swaminathan Research Foundation (MSSRF), also
documented several pieces of evidence on the increasing utiliza-
tion of PFZ advisories by fisherman communities, expanding
acceptance and impacts on their lives."**"**> On the Indian
coast, a few published reports also suggest scope for improving
the service by considering certain peculiar features, such as
the persistence of PFZs in the coastal-offshore region of the



iScience (2026), https://doi.org/10.1016/j.isci.2026.116421

Please cite this article in press as: Lal et al., Reconciling marine capture fisheries with the blue economy: Role of satellite-based advisory services,

iScience
2003-2004
Electronic Display 2007-2008
1999-2000 Boards Online Voice
Initial Communication EDBs installed at various Broadcast
Methods locations, Introduced Online Voice Broadcast,

Satellite radio and internet

services Siren system (1 km range),

IPMS, GPS, Radio
Integrated System (pilot)

Traditional methods like
fax and telegrams

¢ CellPress

OPEN ACCESS

2020-25
2013-2014 Launch of SAMUDRA,
Mobile Apps and widening Telegram
SMS Services broad cast
m KRISHI, FFMA apps, 2017-2018
Multilingual voice/aqu:jio Launch of Sagar %’;“sgg;’;:;%nfgid'
advisories, SMSs, Fishermen Vani and DDS d

helplines, FM, AIR, community

Telegram (09 state-specific

K broadcast channels)
radios

Sagar Vani; EDBs replaced
with Digital Display Systems
(DDS) (66 units)

P [P

2005-2006
2001-2002 Expansion of EDBs & E 201 5_'201 6
Introduction of Info  Mail communications Android APP 2019
Kiosks 2009-2012 on G-Play, e:pansmn of Launch of

EDBs expanded to more New-Gen EDB: user base GEMINI

Kiosks at Ratnagiri for locations; Info kiosks ew-Gen S X

information access established, dissemination Establishment and Android App, Launched GEMINI device

via e mail, Doordarshan Odiya helpline (GAGAN-based, low-cost one-

Figure 2.

south-eastern Bay of Bengal and the prevalence of seasonal as
well as depth-specific PFZs in the coastal waters of Andhra Pra-
desh and Kanyakumari.***® Furthermore, it has been observed
that PFZ advisory generation based on near-real-time remote
sensing data yields better catches, and therefore any significant
delay in data reception and subsequent processing reduces the
validity of PFZs, except when the water mass has not shifted,
and physico-chemical-biological properties are not significantly
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Evolution of marine fisheries advisory services dissemination systems in India

changed.?® As reported, in most cases, a consistent high catch,
with higher CPUE and species richness, was observed in PFZ
zones than in non-PFZ regions.®**"*® Recent research also sug-
gests progressive trophic guild succession and a lagged
response to PFZ formation.*® Such inferences can significantly
strengthen the scientific basis of PFZ advisories by enabling
the development of species-specific, probabilistic forecasts
rather than generalized location-based guidance. Thus, they

Figure 3. Year-wise expansion of the ma-
rine fisheries advisory services user base

2019
2020
2021
2022
2023
2024
2025
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open avenues for making advisories more precise, ecologically
informed, and temporally optimized. In the long-term, integrating
trophic dynamics into advisory frameworks can support the evo-
lution of PFZ services toward sustainable fishery advisory sys-
tems that balance catch efficiency with responsible resource

use and conservation.
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Figure 4. Schematic showing different as-
pects (socio-economic and environmental)
of marine fisheries advisory services on
the Indian coast

The y axis on the bar plot represents the number of
publications.

References: Kumar et al.’; Kundu et al.’;
NCAER?*; NCAER?*; Kamei et al.”"; Sreekanth et
al.”®; Balasubramanian®’; Sahu et al.?®, and Sri-
nivasa & Francis.*®

Case study 1: Gear-specific benefit
analysis of PFZ validation
experiments over the Indian

coastal states

Validation of PFZ advisories has been
carried out along both the eastern and
western coasts, as well as in various
ecological settings, over the last few de-
cades, using a variety of fishing crafts
and gears. This case study investigates
the fleet-specific advantages of PFZ ad-
visories by considering all reported vali-
dation experiments across the Indian
seas. The consolidated outcomes re-
vealed a consistent increase in catch in
PFZ-notified areas compared with non-
notified regions, confirming the utility of
satellite data for predicting fish availabil-
ity (Table 2). Different metrics were used
in the available literature for CPUE mea-
surements, such as kg/h, kg/day, kg/
trip, and kg/haul. To enable meaningful
comparisons and synthesis across
studies, appropriate conversions were
applied to standardize the data.**>?
These conversions were carried out by
considering the operational characteris-
tics of each gear type and the approxi-
mate mean duration of fishing activity or
number of days of fishing at sea(in multi-
day fishing trips), as reported in the
respective studies and other reports.
The result represents the CPUE of trawl
and gill net catches in kg/h, seine catches
in kg/haul, and the longline catches in
kg/day.

Several validation campaigns have
been carried out by different agencies
spanning almost all coastal states, with
the largest number of experiments con-

ducted in Gujarat and West Bengal. The predominant gear was
gill nets, followed by trawls and purse seines across the loca-
tions (Table 1). A region-specific trend is observed in the use of
gears for the validation experiments (Figure 5). Fish catch across
gears varied between notified and non-notified regions under

different fishing methodologies (Table 2). Maximum average
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Table 1. Details of Potential Fishing Zone advisory validation experiment across Indian states, including period, fishing experiments,

and gear types

State Study Period No of advisories validated No of Fishing experiments Gears used
Gujarat Solanki et al.*° 2000 10 48 gill net
Solanki et al.®"’ 2000-2001 5 16 bottom traw!
Solanki et al.* 1999-2002 81 81 bottom trawl
Das et al.** 2008 19 19 bottom traw!
Chavda et al.”’ 2007-2008 10 60 midwater trawl
Maharashtra Thakare et al.** 2009-2007 46 428 purse seine
Bhaware et al.*® 2010-2012 107 107 bottom trawl
Goa Sreekanth et al.*® 2006-2012 290 290 purse seine
Karnataka Deshpande et al.*’ 2008-2009 8 16 midwater trawl
2009-2010 4 4 purse seine
Kerala Nair®® 2008-2012 126 126 ring seine
Pillai and Nair'" 2006-2010 55 55 ring seine
Tamil Nadu Nammalwar et al."® 2007-2011 12 63 gill net
West Bengal Dutta et al.*® 2008-2011 182 182 gill net
Giri et al.*® 2010-2012 4 40 gill net
Andaman & Nicobar George et al.’? 2009-2012 50 50 gill net
22 22 bottom trawl
15 15 long line
Total 1,046 1,622 -

catch rates with a mean CPUE value of 3,260.5 kg/haul were
observed for purse seines in the PFZ region than in the non-
PFZ regions, which was 1,616.2 kg/haul. This confirms the use-
fulness of PFZ advisories for better tracking of pelagic fishes
such as mackerel, oil sardine, horse mackerel, seer fish, and
coastal tuna. Species including sardines, mackerel, anchovies,
and seer fish were more targeted by ring seiners and were mostly
used in nearshore waters, and they also showed higher mean
catches in PFZ regions (2,621.2 kg/haul) than in non-PFZ zones
(6083.3 kg/haul).

Bottom trawl, which mostly targets shrimps, ribbonfish,
sharks, nemipterids, and lizardfish, showed a significant differ-
ence in CPUE: 195.6 kg/h in non-notified zones and 298.3 kg/h
in notified regions. Artisanal fishers who predominantly use gill
nets demonstrated a notably higher CPUE of 38.9 kg/h within
PFZs compared to 13.6 kg/h outside, targeting a variety of
pelagic fishes, including mackerel, seer fish, hilsa, and tuna.
Mid-water trawls, which are reported to be less utilized than
other gears, also showed significantly higher CPUE in PFZs
(41.6 kg/h) than in the non-PFZ zone (19.0 kg/h). These generally
catch clupeids, carangids, ribbonfish, and cephalopods. The
longlines, which focus more on large fish such as sharks, bill-
fishes, marlins, and groupers, also have higher CPUE
(969.3 kg/day) in the PFZ region than in the non-PFZ region
(518.3 kg/day).

Apart from these conventional methods, a few other validation
exercises using non-conventional fishing approaches are also
reported from different regions of the Indian coast. For instance,
a validation exercise (2003-2005) along the Odisha coast using
cast nets suggested notable advantages for fishing in the noti-

fied region, with a high CPUE of 40 kg/h in the PFZ, compared
to 23 kg/h in the non-notified zone.®® Another survey-based
assessment in Gilakaladindi village, located in Krishna District,
Andhra Pradesh, highlighted the socio-economic benefits of
PFZ advisory use.'® Dissemination of the PFZ advisories also
helped increase catch rates and shift fishing practices. For
example, gillnetting is now used more than bottom trawling
due to higher capture rates of high-value targeted pelagic fish
along PFZ lines, generating greater financial gains through
improved fish quality, lower operational costs, and reduced
fuel consumption. Collectively, the outcomes of experiments
across the country strongly support the effectiveness of PFZ ad-
visories across all gear types, enhancing both artisanal and
mechanized fishing operations in India’s maritime states.

Case study 2: Fishing effort optimization under various
PFZ adoption scenarios

This case study assesses the usefulness of PFZ advisories for
optimizing fishing effort to achieve sustainable fish catches
and reduce emissions. The available literature on gear-wise
fuel use (L/h) (Table 3), average fishing hours/day, and the per-
centage increase in CPUE when using PFZ advisories (Table 4)
was compiled. For fishing fleets such as purse seine and ring
seine, CPUE was reported as catch per haul, whereas for long-
line, it was reported as catch per day. To enable uniform compar-
ison, all CPUE values were standardized to catch per hour, ac-
counting for the average operational hours per day. Assuming
that the same level of catch can be attained in proportionally
reduced fishing time when CPUE increases, the required fishing
hours under PFZ guidance were calculated as

iScience mm, 116421, mm, 2026 7




Please cite this article in press as: Lal et al., Reconciling marine capture fisheries with the blue economy: Role of satellite-based advisory services,
iScience (2026), https://doi.org/10.1016/j.isci.2026.116421

¢? CellPress

OPEN ACCESS

iScience

Table 2. Summarized outcomes of gear-wise validation of Potential Fishing Zone advisories along the Indian coast

No of
Advisories No. of fishing Mean Mean
Gear type validated experiments CPUE-PFZ CPUE-NPFZ CPUE unit Major species
Gill net 258 383 36.89 13.58 kg/h Indian Mackerel, Seer Fish, Hilsa, Tuna,
Lesser sardines, Oil sardine, Carangids,
Rabbit fish, Sword fish, Other Clupeids
Bottom trawl 234 245 298.34 195.65 kg/h Prawns, Lizardfish, Shark, Ribbon Fish,
Skate, Nemepterids, Cephalopods,
Bullseye, Catfish, Other Perches
Mid-water trawl 18 76 41.60 19.00 kg/h Clupeids, Carangids, Ribbon Fishes, Seer,
Cephalopods, Cynoglossus spp., Prawns,
Lizardfish
Purse seine 340 722 3260.53 1616.17 kg/haul Indian Mackerel, Indian Oil Sardine, Horse
Mackerel, Seer Fish, Coastal Tuna, Lesser
Sardines, and Yellowfin Tuna
Ring seine 181 181 2621.22 603.27 kg/haul Qil Sardine, Mackerel and Anchovies, Tuna,
Seer Fish
Long line 15 15 969.33 518.32 kg/Day Sharks, Bill Fishes, Marlins, Groupers

HPfZ = Hbaseline/(1 + ACPUE)

and scaled to annual fleet-level savings as

where Hyy, is the reduced fishing hours with PFZ use, Hpaseline IS

the normal fishing hours/day,*°®? and ACPUE is the propor-
tional gain (in percentage) in CPUE (while fishing in the PFZ area).
Fuel saved per vessel per day was estimated as

Fsaved = (Hpaseine — Hpr,) * Fuel consumption rate

Gill nets
Validated Advisories: 258

No of Fishing Experiments: 383

Avg CPUE in Kg/hr (PFZ): 38.89 23,67
Avg CPUE in Kg/hr (NPFZ): 13.58 + 10.87

F. annual =

saved * D * N * a

where D = annual fishing days, N = fleet size, and a = adoption
fraction of PFZ advisories (25%, 50%, and 75%). The corre-
sponding CO, savings were computed using fuel-specific emis-
sion factors (diesel = 2.68 kg CO,/L) and converted to tons of

CO,. The inputs used for the calculation are listed in Table 4.

Bottom Trawl
Validated Advisories: 252

No of Fishing Experiments: 321

Avg CPUE (PFZ) inKe/hr : 20834 = 91.72
Avg CPUE (NPFZ) in Kg/hr : 195.64 = 166.13

No of Fishing Experiments: 76
Avg CPUE (PFZ) inKg/hr : 41.60 = 15.69
Avg CPUE(NPFZ) in Kg/hi : 19.00 = 8.76

.

Purse seine

Validated Advisories: 340

No of Fishing Experiments:722

Avg CPUE in kg/haul (PFZ): 3260.53 = 840.68
Avg CPUE in kg/haul (NPFZ): 1616.16 = 503.79

Ring seine
Validated Advisories: 181

No of Fishing Experiments: 181

Avg CPUE (PFZ)inkg/haul: 262122 = 111.41
Avg CPUEmPFg) in kg/haul: 603.27 = 66.08

G

&
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Long line

Validated Advisories: 15

No of Fishing Experiments: 15

Avg CPUE in Kg/Day (PFZ): 969.332
Avg CPUE in Kg/Day (NPFZ): 518.32

Figure 5. Gear-wise PFZ validation experi-
ments across coastal states and the
consolidated outcomes

(top left: gill net, top right: trawl net; bottom left:
seine net; bottom right: long line).

“PFZ” indicates Potential Fishing Zones and
“NPFZ” indicates non-Potential Fishing Zones
(areas outside or away from a designated PFZ).
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Table 3. Details of the fuel consumption for different fishing fleets available from the literature

Average fuel Horsepower
Fleet type Engine type consumption(L/h) Major Fuel type (HP) Reference
Gill netters OBE 8-11 Diesel 60-70 Shibu and Hameed""
Single day trawl IBE 9.5 Diesel 60-106 Devi et al.®?
Multiday trawl (small) IBE 19 Diesel 88-106 Devi et al.*
Multiday traw! (medium) IBE 22.5 Diesel 88-400 Devi et al.*”
Multiday traw! (large) IBE 25 Diesel 99.27-411 Devi et al.>?
Purse seiner IBE 16 Kerosine 402 Kurup and Rajasree*®
Ring seiner OBE 13 Diesel 40 Kurup and Rajasree*’
Ring seiner, carrier OBE 8 Kerosine 25 Kurup and Rajasree*®
Multiday long line (Gillnetter-cum- IBE 8-18 Diesel 97-250 Vipin et al.*°

Longliner), IBM

The case study evaluates fishing hours, fuel consumption, and
emission rates under different hypothetical adoption levels of
PFZ services across various fleets.

The result suggested that the adoption of PFZ advisories
could effectively help reduce annual fuel consumption for fish-
ing (Figure 6) as well as CO, emissions for all gear types
(Figure 7). Under the 25% adoption scenario, where 25% of
the fishing fleet follows the PFZ advisories and conducts fishing
operations under optimization (normal man hours), the esti-
mated annual CO, reduction ranges from approximately
3.9 Million Litres (ML) for long lines to 160 ML for trawlers. Under
the 50% adoption scenario, in which 50% of the fishing fleet fol-
lows the PFZ advisories, CO, emissions are reduced by nearly
half, with gill nets and ring seines achieving 31%-38% emission
savings. In 75% adoption (if 75% of the fishing fleets are
following the PFZ lines), ring seines demonstrate the highest
relative emission savings (Compared to No PFZ-guided fishing
with same type of fleet) of approximately 58%, followed by gill
nets (~47%), purse seines (~38%), and long lines (~35%).
The larger emission reductions observed for ring seines, gill
nets, and longlines suggest that these gears derive greater
operational benefits from PFZ guidance, likely due to the
enhanced efficiency of targeting pelagic fish aggregations.
However, when it comes to total fuel consumption and emission
reduction, the trawlers’ contribution is the highest, with a saving
of approximately 481 ML annually at a 75% adoption scenario.
Altogether, the higher the PFZ adoption levels, the greater the

emission reductions and the lower the fuel consumption, under-
scoring the effectiveness of PFZ advisories as a potential sus-
tainability tool. However, the scope of the current work was
limited to the optimization of real fishing hours and does not
specifically account for fuel savings arising from reduced search
time. The reduced fishing hours were calculated from CPUE in-
creases observed in original validation experiments, and the
analysis predominantly explores the capability of PFZ advi-
sories for sustainable resource utilization-an aspect not previ-
ously examined in detail elsewhere. In fact, incorporating search
time reduction would likely further enhance the estimated fuel
efficiency of fishing operations, but quantifying this component
was not feasible with the available inputs. At the same time, it
should be noted that these estimates are derived from hypo-
thetical adoption scenarios. A potential concern is that higher
levels of adoption could concentrate fishing effort within the
notified areas, potentially leading to localized competition and
a reduction in CPUE for individual fishers. On the other hand,
from a conservation perspective, concerns regarding the overf-
ishing of stocks also cannot be entirely ruled out. As the present
analysis does not explicitly incorporate stock abundance or
population dynamics, such aspects cannot be conclusively
evaluated within the current framework. However, with
improved ecological understanding and future advancements
toward quantitative fishery advisories, these questions can be
addressed more rigorously, and dedicated studies will become
both feasible and meaningful.

Table 4. Input details used for calculating the fuel savings and CO, emission reductions considering various potential fishing zone

(PFZ) adoption scenarios

Mean Mean Hours of CO, emission

No of CPUE- CPUE- % increase Mean fuel fishing Fleet Size (N) Fishing per Litre of
advisories No. of fishing PFZ NPFZ in CPUE with consumption perday as of 2010 days fuel consumed

Gear type validated experiments (kg/h) (kg/h) PFZ use rate (L/h) (H paseine) (Vivekanandan®*) per year (D) (kg/L)

Gill net 258 383 36.89 13.58 171.69 9.5 7 20,257 225 2.68

Bottom trawl 234 245 298.34 195.64 52.49 23.5 10 35,228 225 2.68

Purse seiner 340 722 465.79 230.88 101.74 15.5 7 2,200 225 2.68

Ring seiner 181 181 374.46 86.18 334.50 11.5 7 3,299 225 2.52

Long line 15 15 96.93 51.83 87.01 13 10 1,158 225 2.68

Source: Vivekanandan.®* Other information is linked to the sources listed in Tables 1 and 3.
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Annual Fuel Saving across Gears and PFZ adoption Scenarios

Gill net A

Trawl A

Purse seine

Fishing Gear

Ring Seine 1

Long line A

50% adoption 75% adoption

Adoption Scenario

25% adoption

IMPROVEMENT OF MARINE FISHERY ADVISORY
SERVICES THROUGH INTEGRATION OF TRADITIONAL
KNOWLEDGE WITH MODERN SCIENCE: CITIZEN
SCIENCE APPROACHES

The fishing communities hold generations of traditional knowl-
edge that links to fish availability through the interpretation of
moon phases, seabird activity, seawater coloration, and various
other proxies. However, alterations in the climate and ocean en-
vironments, market fluctuations, and sea safety concerns limit
the reliability and wide-scale applicability of the inherited
practices.”®>® Climate change is altering fish distributions,
phenology, and productivity, while overfishing, marine pollution,
including microplastic and nurdle contamination, and rising
global demand for seafood intensify pressures on already-
stressed ecosystems.”®>” On the other hand, extreme events
such as cyclones further alter fishing grounds but are often
observed to trigger short productivity pulses.®®

Percentage Reduction in CO2 Emissions by Gear & PFZ Adoption Scenario

©
£- 15.8
z
[
£
= 11.6
[=4
S
g2
©g
g g - 12.6
83
[
c
‘v
wv - 19.2
o
S
-4
8.6 1722 25.8

Trawl
)

Projected Fuel Savings (ML)

iScience

Figure 6. Bubble plot showing absolute
annual fuel savings under various Potential

80 Fishing Zone (PFZ) advisory adoption
160 scenarios
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Modern scientific approaches and
tools, such as satellite-based observa-
tions, vessel monitoring systems,
other biogeochemical observations, and
emerging technologies such as acoustic
surveys and environmental DNA (eDNA),
offer a more scientifically grounded un-
derstanding of the formation and evolu-
tion of fishing grounds. This not only en-
hances the predictive capability of
potential fishing grounds but also in-
creases the scale and reliability of insights that traditional knowl-
edge alone cannot provide. Thus, integrating scientific data and
insights with traditional knowledge and user feedback through
citizen science approaches has great potential to improve con-
ventional fishery advisories and develop species-specific advi-
sories. This includes documenting the fishers’ traditional knowl-
edge of fish aggregation, empowering them to log CPUE,
bycatch, biodiversity observations, and pollution incidents, and
integrating these insights to validate and improve the advisories.
Such integration can operationally support ecosystem-based
fisheries management by enabling spatially explicit fishing prac-
tices, improving monitoring of fishing pressure, bycatch, and
biodiversity, and incorporating both environmental indicators
and fisher-derived observations into adaptive, evidence-based
decision-making. Thereby, citizen science provides the missing
link by allowing communities to actively contribute and benefit
from modern fishery advisory systems, thereby securing liveli-
hoods and food security while preserving marine ecosystems.*®

Figure 7. Heatmap showing fleet-specific
% reduction in CO, emissions (compared
to No-PFZ-Guided Fishing) under various
Potential Fishing Zone (PFZ) advisory adop-
tion scenarios
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Thus, to transform fishery advisories into forecasts and spe-
cies-specific predictions, the key requirement is geo-tagged
fish catch data at large spatial scales. When such data are
analyzed alongside collocated environmental data, it can pro-
vide valuable insights into the species’ habitat suitability and
aid understanding of the evolution of the local fishing grounds.
Recognizing this, INCOIS has adopted a citizen science
approach through the development of a user-friendly mobile
application, named “Fishery Information Source Hub (FISH),”
enabling fishers to contribute to real-time data collection and
submission using their smartphones. INCOIS, along with the
collaborating institutes in the coastal states, has reached users
through user interaction workshops, one-to-one demonstra-
tions, multilingual leaflets, and onboard training during fishing
cruises and has facilitated widespread adoption, leading to the
successful installation of the app on over 1,000 devices in the
initial phase. This initiative marks a shift from conventional PFZ
experimental validations to participatory data collection, inte-
grating traditional fisher knowledge with modern technology.
The data generated through this approach will support ongoing
R&D to develop species-specific advisories and understand
food web dynamics in productive oceanic regions, combining
satellite observations with Al/ML-driven modeling for more accu-
rate, science-based fishery predictions.

CHALLENGES AND LIMITATIONS

Several challenges exist in refining the accuracy and improving
the effective use of PFZ advisories, both from the source and
user sides. On the user side, a lack of trust in adopting modern
scientific information over the traditionally perceived know-how
and low connectivity in offshore areas limit the timely receipt of
advisories for planned fishing operations. These aspects often
pose a challenge for real-time feedback, which is crucial for vali-
dating and improving the advisories. On the source side, the lack
of seamless access to cloud-free satellite data, especially in the
near-coastal area during the monsoon months, is a major chal-
lenge that hinders the generation of PFZ maps during these pe-
riods. Inadequate feedback, as mentioned earlier, is also a
concern that hinders the science-based improvement in accu-
racy and reliability of the PFZ advisories. The key remedy to over-
come challenges on both the source and user sides lies in coor-
dinated approaches linking the stakeholders through citizen
science. Approaches to fishery data collection using the FISH
App can thus be considered promising, helping connect stake-
holders without intermediaries and, to some extent, improving
trust among users by fostering a sense of participation in R&D
activities aimed at improving their livelihoods. The limitations
arising from the lack of satellite observations could be overcome
by developing and using advanced hyperspectral sensors, with
consideration of airborne monitoring, to make fishery advisories
more consistent and useful. In a nutshell, expanding geo-refer-
enced catch reporting, integrating AI/ML techniques with
advanced satellite and in situ observations, and maintaining
continuous user engagement and two-way communication
through workshops and onboard demonstrations will be the
key strategies to overcome the current limitations in the reliability
and wide-scale adoption of the fishery advisories. These efforts
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can bridge current gaps, enhance the accuracy of advisories,
and transform them into dynamic forecasts and even species-
specific predictions for sustainable resource use.

FISHERY ADVISORY SERVICES AND SUSTAINABLE
DEVELOPMENT GOALS

The role of fishery advisory services in contributing to the UN
SDGs and aligning with national priorities, particularly SDG 1
(No Poverty), SDG 2 (Zero Hunger), SDG 13 (Climate Action),
and SDG 14 (Life Below Water), is elaborated in this section.
SDG targets 1.2 and 1.5 aim to reduce the proportion of people
living in poverty and decrease the vulnerability of poor commu-
nities to environmental and economic shocks. Small-scale fish-
ing communities are economically vulnerable, and PFZ advi-
sories reduce search time for fishing grounds, thereby lowering
fuel use and operational costs. By reducing uncertainty in fishing
operations, the advisories improve income stability and buffer
fishers against fluctuations in resource availability and fuel pri-
ces.”’?® Thus, PFZ advisories act as a livelihood-stabilization
and risk-reduction service, contributing to poverty alleviation
and enhancing resilience to environmental variability.

SDG targets 2.3 and 2.4 aim to enhance the productivity and
incomes of small-scale food producers and promote sustainable
food production systems. PFZ advisories support these goals by
improving catch efficiency rather than increasing fishing effort,
thereby enhancing the CPUE. This increases the availability of
marine protein in local markets without expanding fishing capac-
ity or effort. Consequently, PFZ advisories strengthen nutritional
security in coastal communities while maintaining sustainable
harvesting practices.

The SDG targets 13.1 and 13.3 focus on strengthening resil-
ience to climate-related hazards and improving climate aware-
ness and adaptive capacity. By providing near-real-time ocean-
ographic information, PFZ advisories help fishers adjust to
environmental variability and shifting fish habitats. Reduced
search time lowers fuel consumption and associated green-
house-gas emissions, contributing to both climate adaptation
and mitigation.? Dissemination activities also enhance ocean
and climate awareness, supporting informed decision-making
among fishing communities.

SDG Target 14.2 emphasizes the sustainable management
and protection of marine ecosystems. While the linkage is indi-
rect, PFZ advisories may contribute to ecosystem-based fish-
eries management by reducing unnecessary search effort and
associated fishing operations, which can potentially lower by-
catch and unintended impacts on non-target species. However,
it is important to note that in the absence of explicit catch man-
agement measures, the alignment of the advisories with SDG
14.2 remains limited and context-dependent. Nonetheless, with-
holding of advisories during closed seasons and within pro-
tected areas ensures their alignment with conservation objec-
tives and responsible resource use. Along with the present
contributions, and in response to the need for greater accuracy,
reliability, and improved balance with sustainability consider-
ations, the fishery advisory services are envisaged to improve
further, integrating satellite and in situ data on multiple environ-
mental variables alongside fishery data, dynamic ocean models,
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and Al-ML-based analytics to deliver more accurate and spe-
cies-specific predictions. This continuous development is
backed by multi-stakeholder collaboration at the grassroots
level and aligns closely with the country’s blue economy vision
to ensure a balance between the sustainable harnessing of
ocean resources and inclusive economic growth.

Looking ahead, it is important to recognize that the current PFZ
advisory framework is primarily designed to enhance fishing effi-
ciency and does not, at present, incorporate mechanisms related
to prescribing catch limits or regulating harvest levels for sustain-
able resource use. Given that this remains an evolving area of sci-
entific and operational research, future advancements may
progressively integrate fish stock characteristics, ecosystem indi-
cators, and quantitative assessment approaches. Such develop-
ments, underpinned by robust scientific inputs, may in the long
term enable the delivery of advisories that provide fishers with
more reliable catch forecasts and, at the same time, support
informed decision-making for effective fisheries management.

CONCLUSION

The PFZ advisory services (including species-specific) have
become an important contributor to India’s blue economy. In
particular, the evolution of marine fishery advisory services in India
demonstrates the transformative power of integrating satellite ob-
servations, ocean models, and fisher knowledge to enhance effi-
ciency, sustainability, and resilience in the fisheries sector. By
reducing fuel use, improving catch rates, and enabling species-
specific advisories, these services contribute directly to India’s
blue economy vision while supporting key UN Sustainable Devel-
opment Goals. Strengthening participatory approaches, citizen
science, balanced considerations with resource sustainability,
and technological innovations will be crucial for ensuring long-
term ecological balance, livelihood security, and climate-smart
fisheries management. The salient outcomes of the present study
carried out in the aforementioned context are as follows: (1) PFZ ad-
visories reduce fish search time by up to 70%, particularly for
pelagic fisheries; (2) adoption of PFZ-based fishing reduces fuel
consumption and CO, emissions across fishing fleets, and higher
adoption levels can lead to even greater fuel savings, economic
gains, and carbon credit benefits across all gear types; (3) total
annual net economic benefits due to the use of PFZ advisories esti-
mated to lie in the range of 3.7-5.44 billion USD with considerable
gain in per trip income; (4) marine fisher communities benefit
through enhanced efficiency, profitability, and sustainable prac-
tices; (5) integration of satellite observations with continuous fish-
ery data is crucial for advancing PFZ advisory services; (6) citizen
science offers scope to synergize traditional knowledge with mod-
ern ocean technologies; and (7) integrating sustainability and pre-
cautionary principles in the marine fishery advisories is essential
to balance economic gains with long-term fishery resource
sustainability.

Limitations of the study

The present study is a structured review of the utility of PFZ ad-
visories across different maritime regions and fishing gear types
in India. The analysis and conclusions are primarily based on
published literature and documented validation studies, which
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represent only a fraction of the actual PFZ users and field-level
experiences. Therefore, the findings may not fully capture the
complete scale of real-world adoption and impacts. Also, the es-
timates presented in one of the case studies are derived from hy-
pothetical PFZ adoption scenarios and should be interpreted as
indicative rather than precise. Similarly, concerns related to the
overexploitation of fish stocks in a higher adoption scenario
cannot be addressed adequately in the study, as the present
analysis does not explicitly incorporate stock abundance,
ecosystem dynamics, or population-level assessments. Never-
theless, the study provides a reliable synthesis of the available
evidence on the operational, economic, and environmental ben-
efits of satellite-based PFZ advisories and highlights the need for
further advancements toward quantitative and ecosystem-
informed fishery advisory systems.

DATA AND CODE AVAILABILITY
All the data sources are well detailed in the manuscript.
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