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Oceans, vast reservoirs of abundant fish and marine life, exhibit varying exploitation and utilisation potential across 
space and time. A comprehensive understanding of the complex interaction between the environment, biology, and fish 
movements is crucial for accurately predicting fishing grounds, a key prerequisite for sustainable fisheries. The application 
of remote sensing technology has significantly enhanced the predictive capabilities on fisheries. It can portray environmental 
variables linked to productivity across the ocean, effectively identifying potential fishing grounds. Fishing grounds around 
the world are often found along current boundaries, upwelling zones, eddies, continental shelves, and reef banks. Oceanic 
fronts typically mark these boundaries or areas of upwelling and eddies, where favourable conditions for food webs are 
established due to the high nutrient levels, increased primary productivity, and abundance of prey organisms. The Indian 
National Centre for Ocean Information Services (INCOIS) offers fisheries advisories such as Potential Fishing Zones 
(PFZs), aiding fishers in locating areas with fish abundance, thereby saving fuel and time. INCOIS is progressing towards 
upgrading its services through habitat suitability studies and ecosystem modelling. The approach involves tracking oceanic 
front persistence and studying productivity scaling over time, utilizing environmental data from remote sensing, field 
observations, and food web studies. Anticipated outcomes include a deeper understanding of ocean biochemical phenomena 
in fronts, leading to improved predictions of fishing grounds, species, and fish catch. These advancements aim to contribute 
to sustainable fisheries management and promote more economical and fuel-efficient fishing. 
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Introduction 
Fishing dates back to time immemorial, initially 

serving as a means of subsistence for ancient human 
populations settled along riverbanks. Early fishing 
activities in marine waters primarily occurred in 
intertidal zones and near islands1. Through observations 
and experience over time, ancestors developed insights 
into the distribution and seasonal variations of fish 
populations, thus laying the foundation for the concept 
of fishing grounds. As science and technology 
progressed, fishing methods and tools evolved, and 
humans were able to venture further offshore and into 
deeper waters. Consequently, fishing grounds expanded 
to include shallow seas, open oceans, and deep-sea 
regions, facilitated by advancements in fishing capacity. 

While the evolution of the science of fishing 
ground detection spans across ages and continents,  
a notable technical breakthrough occurred only  

in the recent past, spanning a mere 50 to 70  
years. Since the 70s, advancements in ocean  
remote sensing technology have complemented the 
efforts in fisheries forecasting. Countries like the 
United States, Japan, France, and India have  
utilized data from ocean remote sensing, such as Sea 
Surface Temperature (SST) and chlorophyll-a  
(chl-a) concentration, to enhance their forecasting 
capabilities for commercial and recreational  
fisheries applications. Furthermore, the continuous 
development of fisheries forecasting technology, 
coupled with innovations in information technology, 
space technology, artificial intelligence, and big  
data analytics, has led to significant improvements  
in forecasting accuracy (Fig. 1). Over several  
decades of refinement, a comprehensive fishery 
forecasting discipline and technical framework was 
established1,2. 
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In India, The Indian National Centre for Ocean 
Information Services (INCOIS) delivers daily 
Potential Fishing Zone (PFZ) advisories to fishermen, 
utilizing remotely sensed SST and chl-a data obtained 
from various satellite sensors viz. Advanced Very 
High-Resolution Radiometer (AVHRR), MODIS-
Aqua and Oceansat. This operational service is 
suspended only during regional fishing ban periods. 
The advisories are generated based on the thermal 
front detection and Chl-a data, following the 
methodology outlined by Solanki et al.3,4. Research 
efforts are underway to enhance existing services, as 
evidenced by a recent study that used a coupled 
physical-biogeochemical model on a regional scale 
that is able to adequately simulate the state of the 
ocean's biogeochemistry within the marine ecosystem5. 
Such advancements aim to address operational 
challenges in producing PFZ advisories caused by 
satellite data unavailability and transitioning these 
advisories into PFZ forecasts. INCOIS is currently 
focused on enhancing fisheries-related services 
through research efforts aimed at species-specific 
forecasts, ecosystem modelling, and refining the 
spatio-temporal accuracy of these forecasts. Front-to-
fish is an approach to study the dynamic frontal 
features for their productivity scaling towards 
fisheries production using in-situ, satellite data sets, 
and advanced modelling approaches. With this 
background, this paper exclusively discusses the 

science of fishing ground formation along the ocean 
fronts, its dynamics, concepts, and the future prospects 
in research towards improving fisheries prediction. 

 
Concept of fishing ground prediction 

While fish and other marine living resources dwell 
throughout the oceans, shallow seas, bays, and 
estuaries, fishing grounds do not form ubiquitously, 
nor do the seasons for fishing align universally 
throughout the year. The formation of fishing grounds 
requires several primary conditions. Firstly, large 
schools of fish must migrate and pass through or 
gather in a specific habitat. Second, both biotic and 
abiotic environmental factors must support fish 
aggregation and habitation. Thirdly, there should be 
availability of suitable fishing gear and methods, 
since the lack of which can limit an area's scope to be 
an ideal fishing ground, even with abundant fish and 
favourable conditions1. 

Forecasting of fishery is the backbone of fishery 
oceanography research, which focuses on predicting fish 
abundance in specific areas or seasons. Combined with 
the resource sustainability principles, this can also be the 
prediction of the quantity of fishery resources or 
advocate the sustainable harvest of a particular species 
within a specific time and place. The foundation of 
forecasting lies in understanding the intricate 
relationships and patterns between fish movement, 
feeding and breeding, biological conditions, and 

 
 

Fig. 1 — Evolution of the science of fishing ground detection 
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environmental factors. One can gain an understanding of 
this from diverse data, including catch statistics, 
oceanographic variables, abundance indices, and 
environmental parameters, often collected from historical 
catch data, field surveys, and remotely sensed data1,2. 

 

Ocean fronts and variability on a global scale 
As mentioned earlier, marine fishery resources in 

the vast extent of the ocean prefer to aggregate around 
specific habitats for vital activities such as feeding, 
reproduction, and migration, forming their fishing 
grounds, and such relationships are being extensively 
studied in coastal environments6. In the oceans, 
features such as eddies and fronts serve as essential 
habitats for trophic transfer, facilitating migration, 
foraging, and reproduction for pelagic species of 
commercial importance7. 

Ocean fronts represent narrow regions with 
pronounced gradients of physical and biochemical 
properties, separating areas of different vertical 
structures8,9. They usually form between warm and cold 
waters, with higher horizontal temperature gradients 
associated with substantial vertical velocities, 
mixing10,11, and enhanced biological production12. 

Studies reported remarkable variation in the 
precursors, features (including gradients and extent), 
periodicity, and persistence between high- medium 
altitude and tropical fronts13. Based on the process 
that causes its formation, ocean fronts can be water 
mass convergence fronts, shelf fronts, tidal mixing 
fronts, shelf break fronts, coastal upwelling fronts, 
and equatorial upwelling fronts14. Kumar et al.15 also 
demonstrated important types of fronts like Plume 
fronts, Shelf breakfronts, diverging fronts, converging 
fronts, and coastal upwelling fronts with varying 
fisheries significance. 

The cross-frontal temperature and salinity along the 
strongest fronts could be as high as 10 to 15 °C and  
2 to 3 psu in temperate waters. Whereas, the strongest 
reported cross-frontal temperature gradient in the 
tropics is around 5 °C(refs. 14,17). Certain fronts, known 
as frontal systems, span several hundred kilometres in 
width, such as the transition zone between the 
Oyashio and Kuroshio currents in the northern 
Pacific. These zones are crucial habitats for fish 
species like albacore and other tunas16. Conversely, 
other fronts vary in width from tens of kilometres to 
mere metres, with smaller fronts being less permanent 
and more prone to variability in position12. 

Several seasonally and perennially persistent fronts 
exist in the world's oceans, in both temperate and sub-

tropical regions along Florida current, Gulf stream, 
California current system, and the Southern Ocean17-20. 
Belkin et al.17 undertook the pioneering attempt to 
map and characterize the major fronts within the 
Large Marine Ecosystems (LMEs) of the World 
Ocean. Their work provided valuable insights into the 
origins and persistence of these fronts across the 
LMEs. They documented the primary spatial patterns 
of 64 LME fronts using a specialized global database. 
This database relied on thermal front data derived 
from AVHRR-SST for the period 1985 – 1996 
utilizing the front detection algorithm by Cayula-
Cornillon21. These maps provide a global reference 
for studying subsurface oceanographic features like 
thermohaline fronts using hydrographic data and 
satellite-detected thermal signatures from the ocean 
surface. 

 

Formation and dynamics of ocean fronts and 
productivity in the Arabian Sea and Bay of Bengal 

The Arabian Sea (AS) and Bay of Bengal (BoB), 
key LMEs in the Indian Ocean, hold significant 
ecological and fisheries importance for India. Belkin 
et al.17 categorized the AS LME to be dominant with 
upwelling and water mass convergence fronts in their 
work. In contrast, the BoB LME is characterised by 
the dominance of fronts formed by freshwater 
inflows. As this work explores the connection 
between ocean fronts and productivity, and since 
variations in frontal features can significantly affect 
the productivity they support, it would be relevant to 
highlight the differences in oceanographic features 
and productivity across these LMEs. 

Various studies have focused on the upwelling 
phenomenon in the AS, providing essential insights 
into its biologically significant frontal features. 
Among those, Kumar & Prasad22 and Madhupratap  
et al.23 are notable. These studies documented the 
influence of the monsoon winds and their seasonal 
reversal on the phenomenon of upwelling in the 
northeastern AS. The dry and cold air blowing from 
the continent, transported by northeasterly trade winds 
during the winter monsoon season (December to 
February), intensifies evaporation, which leads to 
cooling of the surface and convective mixing. 
Consequently, the subsurface water, which is nutrient-
rich and dense, intrudes to the surface, fostering 
higher productivity. 

Conversely, during the summer monsoon (June to 
September), southwest winds drive upwelling  
along the northeastern AS coast, stimulating high 
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productivity along the coast and shelf. Building on 
these findings, Belkin et al.17 identified several fronts 
of varying gradients, extent, and persistence in the 
AS, shaped by the seasonal monsoon winds and their 
reversals. Among these fronts, the most stable and 
seasonally persistent one develops in the Gulf of 
Aden, exhibiting a cross-frontal temperature range  
of up to 5 °C. Additionally, upwelling fronts are 
widespread off the coast of Pakistan and off the 
western coast of India, displaying seasonal patterns 
similar to major upwelling frontal zones observed off 
Northwest Africa and the US west coast within the 
California current system17. 

Freshwater convergence by major river systems, 
weak coastal upwelling, and numerous eddies influence 
productivity in the northwestern BoB. Upwelling occurs 
in this region from March to September, weakening 
from south to north due to intense runoff from the rivers 
in the northern Bay24. Eddies in this area exhibit 
significant variability in intensity and location inter-
annually, serving as a primary driver for changes in the 
coast’s biogeochemical and physical properties, driving 
rapid shifts of thermal gradients25-29. This area features 
cold-core eddies that serve as vital nutrient sources, 
triggering phytoplankton blooms in the BoB30. 
Additionally, solar radiation, which is constrained 
during summer due to extensive cloud coverage 
compared to winter, also significantly impacts the 
productivity in the western BoB31,32. 

However, the BoB is considered less productive 
compared to the AS. Despite upwelling, eddies, and 
freshwater inputs, the significantly lower productivity 
in the BoB is well explained by Kumar et al.30. The 
study illustrates that the low productivity is primarily 
due to strong upper-ocean stratification. During the 
summer months, the freshwater plume flowing 
equator-ward along the BoB’s western boundary 
suppresses upwelling despite the presence of 
southwesterly winds that are considered to be 
upwelling-favorable33. During this time, the surface 
waters in the BoB are nutrient-depleted, notably 
lacking in nitrate, and wind-driven mixing is 
insufficient to introduce nutrients into the euphotic 
zone. This condition arises from increased surface 
buoyancy from warmer, fresher waters (less dense), 
which creates a strong stratification that prevents 
dense, nutrient-rich waters from reaching the surface. 

In contrast, the AS benefits from summer monsoon 
winds that induce various processes like Ekman 
pumping, wind-driven mixing,  and advection (lateral) 

of upwelled waters, bringing nutrient-rich water into 
the upper layers. However, in the BoB, the same kind 
of winds fail to disrupt stratification, and the absence 
of strong coastal upwelling further limits nutrient 
input30. These phenomena better explain why the 
freshwater front-dominated BoB is less productive 
compared to upwelling front-dominated AS. 

 
Persistence of frontal features in the Indian Ocean 

Sarkar et al.34 contributed valuable insights into the 
persistence of frontal features along the Indian Ocean, 
utilizing SST data sets of 14 years to calculate a 
monthly Frontal Probability Index (FPI). They 
identified 17 persistent SST fronts in the north Indian 
Ocean, including eight linked to the shelf-slope 
boundary and five associated with water masses 
mixing. Prominent among them are the West India 
Shelf Slope Front (WISSF), West India Mid Shelf 
Front (WIMSF), and Gulf of Mannar Front (GMF), 
all hold significance for Indian coastal fisheries due to 
their seasonal variability and habitat characteristics. 
The WISSF is observed from November to April, 
with peak FPI observed from December to March 
along the shelf break (∼200 m isobath) in the north 
eastern AS. The WIMSF comprises two sections, with 
one near the coast and the other along the 200 m 
isobath in the northeastern AS, visible from 
November to April. The GMF is an intermittent front 
with a high FPI along the northern boundary of the 
Gulf of Mannar between India and Sri Lanka, peaking 
from August to September and reappearing from 
December to January. Mohanty et al.35 also reported 
prominent thermal fronts in the northeastern AS 
between the 50 m to 200 m isobath (up to the 
continental shelf break). The study found that, out of 
all thermal fronts, 45 – 75 % occurred annually, while 
20 – 30 % appeared semi-annually. The study by 
Chakraborty et al.5 also observed a higher persistence 
of frontal features during the winter months in the 
Indian Ocean. 

 
Ocean fronts and pelagic predators 

Several studies worldwide established the fact that 
the pelagic species’ habitats are liable to shift with 
respect to ocean climate changes, as their distribution 
is closely linked to oceanic primary production, 
frontal systems, and water masses36-38. Early scientific 
investigations into fishing grounds naturally took an 
objective approach, seeking to understand the 
conditions favoring the presence of target species. 
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Due to the high demand for large predators like tuna, 
marlins, and billfishes in global fisheries, much 
research in the late 20th century focused on these 
species rather than the more abundant small pelagic 
fish that sustain subsistence fisheries. This is 
particularly evident in studies focusing on frontal 
productivity, with many observing significant 
aggregations and higher Catch Per Unit Effort 
(CPUE) of large pelagic predators near or within 
frontal structures12,39-43. Laurs & Lynn39 described the 
movements of tagged albacore tracked with ultrasonic 
equipment. The study revealed that the fish tended to 
remain close to the 'upwelling fronts' when present 
but moved away when upwelling ceased, which 
indicated that frontal boundaries and temperature 
preferences highly influence the albacore migration. 
Sund et al.12 also observed the significant influence of 
temperature in the distribution of tuna species such as 
skipjack, albacore, and yellowfin tuna. Roffer44 
suggested that young bluefin tuna in the Northwestern 
Atlantic migrate north seasonally along with 
preferable SST bands. 

Similarly, Palko et al.45 suggested temperature's 
significance in swordfish distributions across oceans. 
Bigelow et al.46 studied the association between the 
CPUE of swordfish and blue sharks and specific 
oceanic environments. They recorded significantly 
higher catch rates associated with frontal systems than 
those in other areas. Several other researchers also 
reported the zones of high fish concentrations 
coinciding with current rips and tropical fronts47-49. 

 
Ocean fronts and aerial predators 

In addition to focusing on predatory fish and ocean 
fronts, researchers have also explored the link 
between aerial predators and ocean fronts, considering 
seabirds as indicators of productive ocean zones and 
potential fishing grounds. Studies have revealed that 
seabirds, being one of the apex consumers in marine 
food webs, exhibit parallel responses to lower trophic 
levels that are associated with fronts and eddies 
formed by western boundary currents and upwelling. 
Various works, including those focused on the Gulf 
stream fronts in the North Atlantic50, the East 
Australian current51,52, and the North Pacific53, have 
documented short-term segregation of seabird species 
around fronts and eddies. These findings suggest that 
the segregation of seabirds at eddies may stem from 
variations in the types, abundance, or size classes of 
their prey. 

Unlike predatory fish that inhabit the water 
column, seabirds possess a more remarkable ability to 
detect changes in their environment due to their aerial 
perspective, leading to differential attraction and 
behaviour based on preferences. Aggregation of birds 
near fronts, which work as natural remote sensors, 
offer valuable insights into the distribution of their 
preferred prey items. It is also a long-standing 
practice among fishers to identify fish aggregations by 
locating their aerial predators, a technique used since 
ancient times. Studies indicate that areas with higher 
chlorophyll concentrations and biomass exhibit high 
turbidity. Haney50 provides a clear illustration of 
frontal productivity characteristics by examining the 
occurrence and preference of seabirds in distinct areas 
formed within and around the Gulf Stream eddy water 
masses. The study suggests that frontal areas can be 
delineated by the abundance and distribution of 
seabirds, with the segregation of species composition 
influenced by prey preferences and foraging 
behaviour. The area is conceptualised into three 
distinct zones based on prevailing physicochemical 
characteristics: the Gulf Stream, warm filaments, and 
cold cores. Observations reveal that zooplanktivorous 
seabirds, such as storm petrels and shearwaters, 
congregate around the cold core area of Gulf  
Stream upwellings, feeding on zooplankton while 
maintaining a constant height above the water surface. 
Some species within these groups have been observed 
feeding on small schooling baitfish (family: 
Carangidae) within the cold core of eddies, which 
harbour maximum biomass. In contrast, bird species 
with specific fish preferences, relying more on visual 
cues, tend to avoid highly turbid cold cores and 
concentrate around Gulf Stream and warm filaments, 
foraging over larger areas and seeking out scarce, 
widely dispersed prey in the oligotrophic marine 
habitats54. 

 

Ocean fronts and migratory and endangered 
species groups 

Exploring how ocean fronts increase the 
vulnerability of endangered species groups is quite 
apparent yet interesting. Numerous studies have 
reported the association between fronts and species 
such as sea turtles55,56 and seabirds50,53. The global 
decline in leatherback turtle (Dermochelys coriacea) 
populations is attributed mainly to the heightened 
mortality resulting from their interactions with 
fisheries, with the majority of such studies stemming 
from the Atlantic Ocean57. 
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Observations reveal extensive migration patterns of 
turtles throughout the Atlantic, with their movement 
dynamics, including diving depths and speed, varying 
widely in response to environmental variables along 
their pathways. Satellite telemetric studies have 
demonstrated that turtles encountering prominent 
fronts tend to slow down, likely due to enhanced 
availability of prey. It has also been reported that, 
apart from leatherbacks, other turtle species, which 
are pelagic-feeding, also tend to follow mesoscale 
eddies and frontal features58,59. Additionally, the 
diving patterns of most individuals studied are 
shallower than 250 m. Given that frontal areas 
harbour high fisheries abundance and the depth of 
turtle movement aligns with the preferred operational 
depth of most pelagic fishing gears, the likelihood of 
by-catch increases in these regions. Consequently, 
fronts indirectly heighten the vulnerability of 
endangered species to by-catch incidents. 

 
Potential reasons for fish aggregation around 
ocean fronts 

The quest to understand the aggregation of 
predatory fishes near fronts leads to various 
interpretations. Sund et al.12 suggested that a 
temperature front with the isotherm limiting a tuna's 
range could act as a barrier, where tuna will 
potentially aggregate60-63. Similarly, the temperature 
was identified as a critical factor influencing 
swordfish size distribution and biomass64-66. Most of 
these studies primarily focused on SST as the primary 
limiting factor for commercially important fish 
distribution due to its measurability and potential as a 
marker for ocean fronts. However, it is evident  
that temperature alone might not sustain species 
abundance, and biogeochemical attributes driven by 
fronts likely play a crucial role. Podesta et al.42 

suggest that changes in the parameters such as current 
velocity, water clarity, and salinity are often 
associated with temperature changes across fronts, 
influencing fish aggregation.  

Sund et al.12, in an early systematic review of the 
distribution of tuna, also marked the opinion that there 
can be associations between tuna and the thermal 
features associated with fronts; however, the attractive 
property of the front could be purely biological. 
Several studies reported that ocean fronts delimit the 
distributions of subtropical and subarctic species by 
harbouring endemic zooplankton and nekton, hence 
increasing localized prey availability67,68. The findings 

by Varela et al.69 substantiate the theory of high prey 
availability around the fronts, as evidenced by fuller 
stomachs in albacore in frontal areas. Young et al.70 
also reported that local food concentrations near 
fronts may attract swordfish. Several other studies 
have reported the influence of the physical gradients 
at eddies on the community composition of 
phytoplankton71-73, zooplankton74, cephalopods75,76, 
and mid-water fishes77-79, which probably could be 
linked to the abundance of the predatory species. 

It is clear that prey abundance is the main factor 
attracting larger fish species near fronts, a conclusion 
that can be drawn without extensive scientific insight. 
However, the underlying reasons for this prey 
abundance still require scientific explanation. 

The increased prey abundance near fronts is 
anticipated as a result of mesoscale oceanic processes 
like upwelling, stimulating primary productivity, and 
concentrating production80-83. Generally, the productivity 
in the frontal region is expected to dissipate with  
the cessation of the upwelling. Polovina et al.84 
hypothesized that, despite weak downwelling in the 
North Pacific frontal region, zooplankton and buoyant 
organisms like jellyfish can maintain their position and 
aggregate along the front. These organisms graze  
on phytoplankton, and hence concentrated in the 
convergence zone7,85. The concentration of these 
secondary producers attracts higher predators in the 
higher trophic levels, and in turn, a pelagic food web is 
sustained beyond the duration of the upwelling85. These 
findings indicate that some upwelling fronts,  
while triggering productivity in certain regions, can 
support prolonged trophic succession under the  
right background conditions. These fronts can  
sustain productive fishing grounds for extended periods 
when ideal conditions are met. 

 
Do all fronts lead to productive fishing grounds? 

The notion that fronts could serve as fertile fishing 
grounds raises the question of whether all fronts can 
form ideal fishing grounds. We must delve into the 
fundamental principles of existence and survival to 
understand this. Simply, for a species to thrive in a 
particular area, it requires specific environmental 
conditions, notably temperature, salinity, and 
dissolved oxygen, crucial for respiration, 
thermoregulation, and osmotic balance, three pillars 
of aquatic organism survival86. Even if these 
conditions are met, sustained survival in the area is 
not guaranteed, which is a prerequisite for designating 
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it as a potential fishing ground. According to Chen1,  
a frontal region can become a fishing ground only 
when three key parameters align. Firstly, the current 
velocity at the convergence; secondly, the background 
conditions; and thirdly, the persistence and age of 
fronts (Fig. 2). 

The current velocity at the convergence holds 
paramount importance, especially for convergence 
fronts. Chen1 explains the fish behaviour in water 
mass convergence zones, stating that weak 
convergence leads to a flow rate below the critical 
velocity necessary for fish positioning, allowing 
zooplankton and fish to accumulate in these zones 
gradually. Moderate convergence still permits fish to 
maintain positioning in the current, though with 
potentially lower zooplankton accumulation, often 
leading to fish congregating upstream of the 
convergence zone. Conversely, strong convergence 
propels fish to swim in the top current, drifting 
downstream, resulting in fish accumulation 
downstream of the convergence zone, while 
zooplankton struggles to aggregate. In such scenarios, 
viable fishing grounds fail to materialize1. 

Background conditions include the concentration 
of limiting nutrients and the precursors necessary for 
primary producers to flourish. Additionally, there 
must be a sufficient presence of zooplankton 
precursors and fish schools in the vicinity to 
aggregate around, without which the front cannot 
manifest as a fishing ground. A study by Sarma  
et al.87 strongly supports this notion, highlighting the 

importance of background conditions in forming a 
productive front. The authors delineate that background 
conditions, such as SST, nutrient availability (including 
nitrate, phosphate, and silicate), and biological 
prerequisites (phytoplankton, zooplankton, and 
bacterial biomass), play a crucial role in determining 
the fate and productivity of the front. 

The third, perhaps less explored but equally crucial 
aspect, is the persistence and age of the feature. 
Lehahn et al.88 highlighted a temporal lag in 
ecosystem development ranging from a few days to 
several months for aggregation processes and 
ecosystem maturation to higher production. This 
temporal delay may also lead to a spatial 
displacement of foraging sites from regions of 
primary production. Empirical evidence supporting 
this phenomenon includes the tracking of elephant 
seal’s migratory routes. Despite the absence of an 
evident chl-a concentration in late summer, the seals 
intensively foraged on a particular water mass. 
However, backward tracking of this water mass in 
time revealed that this water mass had supported  
a rich phytoplankton bloom months earlier89. 
Remarkably, the water mass had travelled over 1000 km 
from the bloom site prior to being utilized by the 
elephant seals. Sarma et al.87 also offers significant 
insights into the impact of persistence on the fishery 
productivity of ocean fronts in the North Eastern AS. 
Their study on biogeochemistry and plankton 
associations revealed that plankton response varied 
according to the age of the front. Specifically, fronts 

 
 

Fig. 2 — Illustration showing major factors influencing fronts to become a fishing ground 
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aged between 9 – 11 days exhibited high zooplankton 
response and increased fishing activity compared  
to weaker and short-lived fronts. Such findings 
underscore the significance of considering temporal 
dimensions and lag periods in studying plankton 
blooms, advection, and persistence for understanding 
frontal productivity. 

 
Scaling productivity: Food web progression at 
ocean fronts 

The study of productivity scaling in ocean food 
webs, from primary producers to fish, can be 
approached through two main lenses. Firstly, the 
biochemical cycling of carbon across its various 
forms and fate through the food chain. Secondly, the 
biological perspective focuses on prey-predator 
dynamics, affinity, and abundance. While the former 
approach falls outside the scope of this paper. 

When conditions favoring productive front formation 
align, fishing grounds gradually develop. However, 
understanding how phytoplankton precursors become 
available at frontal zones to enhance productivity 
requires a grasp of phytoplankton bloom dynamics in 
the oceanic realm. Let us briefly overview the evolution 
of fishing grounds based on various studies worldwide. 

According to Prants90, plankton precursors, or 
inoculums, are essential in transforming ocean fronts 
into affluent areas of biological productivity. Over a 
span of a few weeks (typically 1 or 2), the spring 
bloom of phytoplankton can generate a significant 
phytoplankton reservoir, which is laterally drifted by 
currents, forming surface features like curls, spirals, 
and filaments. These passive fronts exhibit high 
gradients in chlorophyll, shaped by ocean currents. As 
phytoplankton communities drift from their origin, 
their composition may change during advection. 
Moreover, Prants90 noted that strong frontal 
circulation subducts denser, chlorophyll-rich water, 
creating subsurface chlorophyll layers parallel to the 
surface. Surface chlorophyll reserves serve as 
dynamic indicators of vertical gradients, indicating 
sites of primary production. 

Altered by local nutrient injections, post-blooming 
patches exhibit higher biological richness than 
surrounding waters. Over time, the biomass from 
primary producers moves through trophic levels up to 
the top predators88. The phytoplankton aggregation at 
fronts is typically found with an abundance of 
zooplankton85,91,92 , serving as prey for squid and 
small pelagic fish. These subsequently draw large 

pelagic fish, top predators, and seabirds, 
demonstrating a bottom-up effect in the food web.  

The vertical segregation of the plankton can also 
affect the structure of food webs at fronts. Some 
studies around the Kuril Islands in the northwestern 
Pacific have empirically found that the conditions 
favourable for saury (commonly known as mackerel 
pike, a zooplankton feeder) feeding occur at the fronts 
with a prominent seasonal pycnocline. The area 
marked with high phytoplankton concentrations in the 
upper mixed layer attracts zooplankton, which serves 
as prey for planktivore fishes like saury93. Studies 
suggest that a thinner upper mixed layer leads to 
higher zooplankton concentrations. Conversely, when 
strong stratification is absent, phytoplankton remains 
evenly distributed throughout the water column rather 
than concentrating in subsurface layers where 
zooplankton typically gathers93. 

Several authors also studied the influence of the 
type and size of plankton in developing the food web. 
Legendre & Rivkin94 investigated upper ocean carbon 
fluxes and the regulation by food-web control models. 
They outlined two primary food chain progressions: 
for large phytoplankton with size > 5 µm, 
consumption starts with mesozooplankton to large 
metazoans (fishes). Conversely, tiny phytoplankton 
with size < 5 µm are consumed by microbial 
heterotrophic plankton, leading to mixotrophs and 
microphagous macrozooplankton (salps, doliolids, 
appendicularians, pteropods, etc.) to metazoans and 
results in a much longer food chain, which limits the 
probability for larger predators to accumulate, as 
longer food chains typically support fewer top 
predators due to energy loss at each trophic level. 
This phenomenon can result in lower biodiversity at 
higher trophic levels but higher diversity at lower 
trophic levels. For example, ecosystems with shorter 
food chains may have fewer species of top predators 
but more diversity among primary producers and 
primary consumers95. 

Studies by Friedland et al.96 and Krumhardt et al.97 
echoed similar conclusions, noting the dominance of 
tiny phytoplankton in warmer, nutrient-limited 
environments. In such oligotrophic regions such  
as the South Pacific Gyre and Sargasso Sea,  
small phytoplankton (picoplankton and nanoplankton) 
dominate, comprising cyanobacteria and 
picoeukaryotes. The work of Landry & Kirchman98 
supports this observation, as they demonstrated that 
interactions among bacteria and flagellates represent 
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the primary pathways of energy flux (autotrophic and 
heterotrophic) across vast areas of tropical and 
subtropical oceans, where the microbial loop prevails. In 
these regions, primary producers are often resource-
limited, with small cells dominating due to their 
efficiency in competing for limited nutrients99. These 
highly efficient competitors are kept at relatively low 
and constant biomass levels by microzooplankton 
(protistan) grazers, and their growth is primarily 
sustained by the remineralised by-products of grazing98. 

In nutrient-rich ecosystems influenced by upwelling 
or substantial terrestrial inputs, larger phytoplankton, 
such as dinoflagellates and diatoms, dominate, 
contributing significantly to the biomass of larger 
predators87,97. Thus, the type and combination of these 
initial background conditions significantly influence 
the food web that develops within the frontal region. 

 

Fronts: Applications in fisheries forecasting 
Advancing towards a deeper comprehension of 

frontal productivity, researchers investigated multiple 
potential factors contributing to enhanced fisheries 
productivity in the late 1990s and early 2000s(refs. 42,100). 
While these studies primarily focus on habitat 
suitability for commercially significant species, the 
roles of fronts and productivity dynamics remain an 
area for further exploration. In India, PFZ advisories 
by INCOIS utilize the identification of ocean fronts to 
locate areas likely to have abundant fisheries. This 
system has evolved from experimental trials to a fully 
operational model validated by multiple agencies, 
consistently demonstrating higher catches of 
commercially important species from frontal sites15,101-

104. Other countries also operate fishery forecast 
systems based on frontal detection, continuously 
validated through field trials. The validation 
experiments also similarly reported strong evidences of 
higher catches near PFZ advisory positions105. 

Although these studies have validated the 
effectiveness of PFZ advisories, the underlying reasons 
for variability in species abundance in relation to their 
trophic niche or other background conditions are yet to 
be explored extensively. Additionally, the differences in 
PFZ characteristics, which likely influence the type and 
nature of fish availability, still need to be investigated. 
This is particularly relevant for India's fisheries sector, 
where multi-species, multi-gear fisheries dominate. 
Understanding the progression of fronts, their 
productivity, and species-specific forecasts based on 
favourable frontal features would offer significant 
advantages beyond conventional PFZ advisories. Such 

an approach would enable fishers to conduct more 
targeted fishing operations and plan fishing activities 
and markets based on the demand for specific species, 
thereby reducing the uncertainty in fishing operations 
and maximizing economic returns. The existing gaps 
thus highlight the need for further research into the 
dynamics of ocean fronts to improve predictions of 
fishery abundance. 

 

Future directions towards front to fish approach 
Improving current fisheries forecast services 

demands a profound understanding of qualitative and 
quantitative interactions among the living components 
in areas where fish aggregate. Merely examining  
the environmental conditions conducive to the 
existence of a specific species may be insufficient  
for formulating predictive models, as the species of 
concern for fishing is just one element in the intricate 
web of trophic interactions. These interactions extend 
from phytoplankton to the immediate prey consumed 
by the target species, highlighting the need for 
understanding micro-level species diversity in 
potential fish assemblage sites. 

Establishing coexistence matrices for organisms at 
a micro-level is crucial for developing better fisheries 
prediction models. However, the complexity of 
tropical species diversity and spatio-temporal 
dynamics, especially under climate change and 
extreme events, presents challenges for developing 
fisheries prediction models. Ocean warming impacts 
pelagic food webs from bottom-up and top-down 
processes106. In tropical oceans, vertical fluxes like 
upwelling and nutrient cycling and lateral processes 
such as eddies and boundary currents are crucial to 
distributing prey species like micronekton. These 
processes are more complex in tropical regions due to 
greater species diversity and variability across trophic 
levels, directly affecting predator feeding and 
migration. Indirect impacts include changes in the 
distribution and composition of phytoplankton, 
zooplankton as well as micronekton prey 
communities, causing alterations in the base of the 
food webs. Basin-wide variations in phytoplankton 
biomass and zooplankton compositions linked to 
long-term climatic oscillations have also been 
reported by various stuides107,108. Addressing these 
challenges within the front-to-fish approach requires 
well-structured study designs that capture the spatial 
and temporal variability in the assemblage patterns of 
plankton and their connections to top predators. This 
could help unravel the intricacies of tropical food 
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webs and significantly contribute to more accurate 
fisheries prediction models in the future. 

Understanding the complexities of ocean food web 
progression in oceans is highly challenging due to the 
vast scale of the marine environment. Therefore, 
approaches focusing on smaller spatial scales hold 
great potential for studying productivity succession, 
which is essential for future fisheries models. While 
the existing knowledge allows us to predict fisheries 
aggregation near oceanic frontal features, delving into 
the biological diversity near progressing ocean fronts 
at different stages is ideal in the present stage for 
understanding the productivity scaling to fishery 
production in oceans. Numerous research avenues 
exist in tropical frontal studies, focusing on improving 
methods for predicting fishing grounds and species-
specific forecasts based on fronts. These opportunities 
capitalise on significant advancements made in recent 
decades. Literature suggests that the primary fronts in 
the AS LME are upwelling fronts. At the same time, 
those in the BoB are freshwater convergence fronts, 
which are less persistent than the temperate fronts. 
Research on tropical waters still needs to be more 

extensive, underscoring the need for a systematic 
approach to understanding frontal features in tropical 
and temperate waters. This approach should consider 
the significant variability in physiological phenomena 
and reference points between regions, even for the 
same species or species groups. Recent studies have 
identified seasonally persistent fronts in the Indian 
Ocean, presenting ample opportunities for intensive 
research into frontal productivity and its impact on 
higher trophic levels34. 

Critical directions for future research include 
incorporating properties such as sub-surface chl-a, age 
of the front, and other background conditions into frontal 
research and predictions87,109. Secondly, exploring the 
combinations of model-simulated and remotely sensed 
fronts to provide a comprehensive analysis of frontal 
dynamics109. Thirdly, integrating biogeochemical and 
trophic models with physical models can also 
significantly enhance fisheries predictions5,98. 

The "front to fish" approach represents a unified 
strategy that encompasses these factors to enhance  
PFZ predictions (Fig. 3). The endeavours shall also 
include tracking the persistence of oceanic fronts, 

 
 

Fig. 3 — Conceptual diagram of front to fish approach for advancing fisheries predictions 
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studying productivity trends over time, and utilizing 
environmental data from remote sensing, field 
observations, and food web studies. Expected outcomes 
of the approach include a deeper understanding of 
oceanic biochemical processes near fronts, leading  
to better predictions of fishing grounds, species 
distribution, and fisheries catch. Chen1 highlights that a 
major challenge in establishing statistical relationships 
between environmental conditions and fish distribution 
is the absence of synchronized biochemical and physical 
data collected at suitable temporal and spatial scales. 
Hence, strengthening data collection and field 
observations are the backbone of advancing the "front to 
fish" program. 
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