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ABSTRACT
Based on fishing records from 2015, 2016, and 2020, this study analyzes the dependence of Atlantic mackerel catch distribution 
by the Russian fleet on oceanographic conditions in the northern part of the Norwegian Sea (north of 68.5° N). Four types of 
parameters characterizing fronts and frontal zones are considered: the Lagrangian indicator S, describing water dynamics, along 
with temperature, salinity, and density in the upper ocean layers, which are traditionally used to identify thermohaline fronts. 
Gradients of these characteristics are calculated based on these parameters, and the distance from fishing locations to the nearest 
fronts is evaluated. A unified methodology is applied to automatically define frontal zones using a probability distribution func-
tion. To eliminate the dependence of statistical analysis results on limited sampling, a comparison with a random sample was 
conducted. Histogram analysis of actual catches shows that fishing zones are often located 10–15 km from fronts. It was found 
that the density of the upper ocean layers has the greatest influence on the distribution of Atlantic mackerel fishing aggregations, 
while temperature fronts also significantly impact the formation of fishing aggregations.

1   |   Introduction

The distribution of forage plankton within mesoscale dynamic 
structures is of interest not only from a biotic perspective but 
also in its applications for fisheries, particularly in locating fish 
aggregations. As the foundation of the food chain, plankton dis-
tribution directly impacts the movement and concentration of 
commercially significant fish species. Studying the environmen-
tal conditions that influence the formation of fish aggregations 
is therefore of particular importance. However, the relationships 
between fishing grounds in frontal zones and mesoscale ed-
dies, where water masses with significantly different properties 

converge, leading to both general and localized mixing and the 
upwelling of nutrient-rich waters, remain underexplored.

Fishing enterprises show significant interest in short-term 
forecasts of fish aggregation locations, which depend on the 
dynamics of ocean currents, the positioning of frontal zones, 
and the distribution of forage resources. Identifying and analyz-
ing these factors can substantially enhance fishing efficiency, 
promoting more sustainable resource use and optimizing fish-
ing operations. Oceanic fronts, which are boundaries between 
water masses with different thermohaline properties, create 
unique conditions that foster plankton and fish aggregations. 
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These fronts play a critical role in shaping ocean ecosystems by 
intensifying vertical nutrient exchange, thus boosting biologi-
cal productivity and ensuring a rich food base for marine or-
ganisms. A frontal zone is a region of spatial variability in front 
location and its temporal evolution. Frontal zones form along 
the edges of large-scale currents and vary in spatial dimensions, 
with cross-zonal widths of up to 100 km and depths of up to 
1 km. Temporally, they vary from brief events that last only a 
few hours to enduring structures that remain almost constant. 
Frontal zones can also develop along the periphery of mesoscale 
eddies, where vertical movements strongly influence increased 
biological productivity and the formation of fish aggregations 
(Owen 1981; Belkin 2021; Prants et al. 2014, 2021; Budyansky 
et al. 2017).

Species dynamics at higher trophic levels are governed by bi-
ological factors—the availability of a food base (plankton and 
primary production)—and environmental conditions. Drawing 
on fishing experience and knowledge of the distribution of com-
mercial fish aggregations during feeding migrations, the follow-
ing hypotheses can be proposed:

1.	 Fish aggregations develop in convergence zones of currents 
(positive sea level anomalies) that facilitate the concentra-
tion of forage plankton, as well as on the periphery of diver-
gence zones (negative sea level anomalies), where favorable 
conditions for enhanced productivity across all trophic lev-
els emerge.

2.	 In stationary convergence zones, such as frontal zones or 
stationary anticyclonic eddies, plankton may become de-
pleted over time, prompting fish aggregations to relocate to 
new convergence zones.

3.	 The most suitable conditions for developing the food base 
are created by alternating regimes of divergence, which 
induce the upwelling of nutrient-rich deep waters, thereby 
promoting the development of lower trophic levels, and 
convergence regimes, which enhance the concentration 
of forage plankton. Such conditions are likely to occur in 
areas with complex seabed topography, including under-
water mountains, banks, and topographic slopes (Foux 
2009; Owen  1981; Vinogradov et  al.  1984; Malinin and 
Gordeeva 2009).

Ocean frontogenesis remains an understudied phenomenon, 
as evidenced by the diversity of criteria and ambiguous termi-
nological frameworks used for its description (Fedorov 1983; 
Gruzinov 1986; Belkin 2002, 2021). Insights into the circula-
tion patterns in this region and the predominant currents are 
provided in the works of Novoselova, Fayman, et  al. (2024) 
and Volkov et al. (2013, 2015). An oceanic front is a relatively 
narrow zone characterized by pronounced horizontal gradi-
ents of oceanographic properties, such as temperature, sa-
linity, or biogenic element concentrations, which separates 
larger regions with different vertical structures and stratifi-
cations. The evolution of fronts over time and space depends 
significantly on both external and internal factors (Malinin 
and Gordeeva 2009). External factors include wind influence, 
heat exchange with the atmosphere, ocean currents, and tidal 
processes. Internal factors involve barotropic and baroclinic 
instability of the flows. The frontal zones of the Norwegian 

Sea serve as an example of extensively studied areas, re-
flected in a large body of literature (e.g., Kostianoy et al. 2004; 
Kostianoy and Nihoul  2009; Johannessen  1986; Belkin and 
Cornillon 2007; Smart 1984).

Mesoscale eddies are key dynamic features of the oceanic envi-
ronment that facilitate the transport and redistribution of water 
masses, heat, and nutrients. These structures can trap and retain 
plankton, creating natural “traps” for small marine organisms. 
The resulting concentration of plankton and other food sources 
attracts higher trophic levels, including commercially valuable 
fish species, highlighting the crucial role of mesoscale eddies in 
supporting fisheries (Vinogradov et al. 1984).

Thus, oceanic fronts and mesoscale eddy structures create 
areas of high biological productivity in the ocean, where food 
resources and fish are concentrated, making these regions a 
priority for fishing. However, at present, there are no reliable 
statistical estimates of the relationship between the locations 
of fishing zones and key oceanic parameters. This gap hinders 
the development of accurate models for predicting fishing zones, 
which is a critical task for improving the efficiency and sustain-
ability of fisheries.

This study investigates the statistical relationships between the 
distribution of Atlantic mackerel aggregations, determined post 
facto by the localization of fishing zones, and the variability of 
hydrophysical processes, to develop a methodology for statistical 
forecasting of catches in the Norwegian Sea. Russian vessels fish 
for Atlantic mackerel, Scomber scombrus, primarily in the open 
part of the Norwegian Sea (OPNS) during the feeding and return 
migrations from June to October in the upper layers of the water 
column. Schools are found from the surface down to 30–50 m. 
As a rule, it inhabits a temperature range of 7.5°C–14°C during 
the initial feeding period (May–June), and 7.5°C–9°C during 
return migrations, preferring the higher temperatures within 
that range. Atlantic mackerel feed on zooplankton (Copepoda, 
Euphausiidae, Hyperiidae, Appendicularia, Limacinoidea, etc.). 
Small fish (Myctophidae, Maurolicus) are sometimes found in 
their stomachs. As a typical plankton feeder, mackerel form 
dense aggregations in areas of the sea with elevated biomass of 
food organisms, associated with various oceanographic hetero-
geneities (Commercial Fish of Russia 2006; Chuksin et al. 1977).

This work aims to create a practical tool for predicting Atlantic 
mackerel aggregation locations in the Norwegian Sea, address-
ing a gap in our understanding of their dynamic behavior in this 
region. Another objective is to identify the set of ecological vari-
ables that influence the formation of these aggregations. The 
identified statistical dependencies may further contribute to a 
deeper understanding of the dynamics of Atlantic mackerel in 
response to environmental and physical factors. The primary 
research methods involve Lagrangian modeling and analysis of 
frontal zones in both dynamic and thermohaline characteristics. 
To enhance the broader applicability of these methods, we em-
phasize the importance of combining multiple oceanographic 
gradients with fishing ground/catch data within the Lagrangian 
modeling framework. This integrated approach can make our 
work valuable not only to specialists focused on specific species 
or regions but also to a wider range of researchers in oceanog-
raphy and fisheries science. The study covers the area in the 
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northern part of the Norwegian Sea (NPNS), where Russian 
fisheries for Atlantic mackerel are conducted (Figure 1a).

2   |   Data

2.1   |   Global Ocean Reanalysis GLORYS12V1

For circulation analysis, geostrophic velocities calculated from 
altimetric data are used, provided by the Copernicus Marine 
Environment Monitoring Service (CMEMS) at http://​marine.​
coper​nicus.​eu. These data are derived by combining measure-
ments from various altimetric missions covering the period 
from 1993 to the present. The data fusion process employs the 
method of optimal interpolation. The spatial resolution of the 
data is 1/4° in both latitude and longitude and temporally, the 
data are available with a resolution of 1 day. This approach en-
sures the creation of a comprehensive and up-to-date dataset, 
obtained by integrating measurements from different altimetric 
missions, thereby contributing to a more accurate description of 
geostrophic velocities in oceanographic studies.

Temperature and salinity data are sourced from the Global 
Ocean Physics Reanalysis (GLORYS12V1). The GLORYS12V1 
product is based on a global real-time forecasting system 
that uses the Nucleus for European Modelling of the Ocean 
(NEMO) model and incorporates input data from the European 
Centre for Medium-Range Weather Forecasts (ECWMF) ERA-
Interim. This product integrates both in situ and satellite data 
from missions such as Topex/Poseidon, Jason-1, 2, Moderate 
Resolution Imaging Spectroradiometer (MODIS) Terra/Aqua, 
and Advanced Very High-Resolution Radiometer (AVHRR) 
from the United States National Oceanic and Atmospheric 
Administration (NOAA). Satellite-derived sea surface tem-
perature (SST) data were assimilated into the reanalysis. 
Additionally, it includes ship measurements, data from tide 
gauges, and drifting buoys, including the Array for Real-time 
Geostrophic Oceanography (ARGO) data, as well as other in situ 

observational and oceanographic research data. The integration 
of observations into the NEMO is achieved through a low-order 
Kalman filter. GLORYS12V1 accurately captures the complex 
small-scale dynamics of the ocean surface and demonstrates re-
liable agreement with independent data not used in the assimi-
lation process. Its reliability makes it a valuable tool for studying 
various aspects of ocean research and facilitates applications 
such as short-term forecasting. Spatial averaging of the data was 
performed at a resolution of 1/12° in both latitude and longitude 
with a temporal resolution of 1 day.

Because hydrological conditions and the location of thermo-
haline and dynamic fronts influence the formation of Atlantic 
mackerel fishing aggregations (Commercial Fish of Russia 2006; 
Malinin and Gordeeva 2009; Olden and Neff 2001; Owen 1981; 
Prants 2024; Prants et al. 2014, 2021; Vinogradov et al. 1984), we 
have utilized these data in our study. We did not use chlorophyll 
concentration in the analysis because there was persistent high 
cloud cover in the study area.

2.2   |   Fishing Charts

For statistical analysis, fishing data on Atlantic mackerel catches 
from 2015 (1525 records), 2016 (1521 records), and 2020 (1525 re-
cords), provided by the scientific specialists of LLC “MORINFO” 
(Murmansk), were used.

3   |   Methods

3.1   |   Lagrangian Modeling

Both traditional statistical methods for oceanographic field anal-
ysis and Lagrangian modeling are applied. To implement the 
Lagrangian method, a large number of artificial (virtual) par-
ticles (markers) are placed in the study area on the surface, and 
then advection equations are solved to track their trajectories:

FIGURE 1    |    (a) Russian fishing area for Atlantic mackerel in the Norwegian Sea. Red lines indicate the boundaries of specific fishing zones. 
Stars mark the Atlantic mackerel fishing locations for the 2015, 2016, and 2020 fishing seasons. Bottom topography is shown in color. (b) Spatial 
distribution of Lagrangian indicator S gradients (km/km). I and II represent the northern and southern parts of the northern part of the Norwegian 
Sea (NPNS). The spatial distribution of the Lagrangian indicator S gradients is averaged for the 2015, 2016, and 2020 fishing seasons. The x-axis rep-
resents longitude in degrees, with negative values indicating west longitude.

http://marine.copernicus.eu
http://marine.copernicus.eu
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where u and v are the zonal and meridional components of the 
current velocity, and � and � are latitude and longitude in the 
Mercator coordinate system, respectively. Angular velocities 
are used because the equations for them have the simplest form 
on the Earth's sphere. To obtain accurate numerical results, 
bicubic spatial interpolation and smoothing of the temporal 
evolution are applied using third-order Lagrange polynomials. 
Lagrangian trajectories are calculated by integrating Equations 
(1) using the fourth-order Runge–Kutta scheme with a constant 
time step of 0.001 days.

The analysis is performed using geographic coordinate map-
ping of the Lagrangian indicator S characterizing the trajec-
tory length over a given time interval (S-map). The potential 
of Lagrangian approaches for identifying potential feeding 
and fishing grounds of pelagic fish and squid is discussed in 
Prants  (2024), which demonstrates that the trajectory length 
maps (S) contain accumulated information about the “history” 
of particles moving randomly, including those involved in vor-
tex motion. The length of each tracer's trajectory on the Earth's 
surface is determined by integrating the advection equations 
backward in time:

S = R ∫ T

0

√(
��(t)

)2
cos2�(t) + (��(t))2dt, where ��(t) and ��(t) are 

the time derivatives of latitude �(t) and longitude �(t), and 
R = 6371 km is the Earth's radius. This fundamentally distin-
guishes from Eulerian characteristics, such as the distribution of 
oceanographic parameters, which, while containing useful in-
formation, are essentially “instantaneous” snapshots of the cur-
rent moment in time (Novoselova, Travkin, Lebedeva, et  al. 
2024). Therefore, Lagrangian maps allow a much clearer view of 
fronts and eddies compared with Eulerian parameter maps 
(Prants et al. 2013, 2015; Fayman et al. 2019). An additional ad-
vantage of Lagrangian approaches is that they allow for the 
“personalization” of passive tracers, enabling the study of their 
trajectories over time, thus visualizing their movement in fron-
tal zones and mesoscale eddies.

3.2   |   Calculation of Gradients of Eulerian 
and Lagrangian Characteristics

In the first stage, horizontal gradients of Eulerian and 
Lagrangian characteristics are calculated at the nodes of a regu-
lar grid (i, j) using the following formulas:

where C is the value of the analyzed parameter at a node of the 
regular grid, Sx is the grid spacing along the parallel (km), and 
Sy is the grid spacing along the meridian (km). Due to the 
convergence of meridians towards the pole, Sx is not a 
constant value and is calculated using the following 
formula: Sx = 1.852

|||�(i,j+1) − �(i,j)
|||cos�(i,j); Sy is a constant 

value, which is determined in calculations using the formula: 

Sy = 1.85 2
|||�(i,j+1) − �(i,j)

|||, where 1.852 is the length of one nauti-

cal mile in km, and � and � are latitude and longitude. The abso-
lute values of the differences |||�(i,j+1) − �(i,j)

||| и |||�(i,j+1) − �(i,j)
||| of the 

values of latitude and longitude were calculated in geographic 
minutes and converted to kilometers.

The final gradient magnitude of characteristic C is calculated 

using the formula: |∇C| =
√(

�C

�x

)2
+

(
�C

�y

)2
. This method of 

calculating gradients has an explicit connection to geographic 
coordinates (Akhtyamova and Travkin 2023).

For the analysis, horizontal gradients of oceanographic param-
eters—temperature, salinity, and density (Eulerian character-
istics)—as well as the Lagrangian indicator S are calculated. It 
should be noted that while the calculation of gradients for the 
spatial distributions of temperature, salinity, or density is a tra-
ditional approach commonly used for studying mesoscale fronts, 
in this study, we additionally employ the Lagrangian indicator 
S and compute horizontal gradients for this characteristic. The 
physical meaning of the Lagrangian indicator S is the intensity 
of mesoscale dynamics. S is measured in kilometers and is deter-
mined for each Lagrangian particle as the distance traveled over 
a specific time interval, which, in our study of synoptic fronts, 
is taken as 15 days.

3.3   |   Fishing Zone Gradient Method (FZGM)

The essence of this method is as follows. Spatial distributions 
of horizontal gradients of thermohaline (temperature, salinity, 
water density) and dynamic (Lagrangian indicator S) charac-
teristics are analyzed. For each parameter under consideration, 
the corresponding distribution functions are constructed. Only 
those gradient values for which the distribution function ex-
ceeds 0.7 (or, more strictly, 0.8) are then considered. The areas 
where the distribution function values meet these criteria are 
mapped. In our study, we classify these areas as frontal zones.

The fishery data lack specific spatial resolution and are pre-
sented as a set of catch location points. Gradients and distances 
to these points are calculated independently for each variable, 
eliminating the need to align their spatial grids. All datasets 
share the same temporal resolution of 1 day.

Compared with other methods in which frontal zones are also 
identified based on the gradients of oceanographic parameters, 
where threshold values are chosen based on certain empirical 
considerations, the proposed approach determines gradient 
threshold values automatically. The advantage of this approach, 
compared with empirical methods, lies in defining gradient 
thresholds based on rigorous criteria through the analysis of 
characteristic distributions.

4   |   Results

The areas of Russian Atlantic mackerel fishing are located in 
the Norwegian Sea (Figure  1a). The main fishing activities in 

(1)
d�

dt
= u(�,�, t),

d�

dt
= v(�,�, t),

�C

�x
=
C(i,j+1) − C(i,j−1)

2Sx
,
�C

�y
=
C(i+1,j) − C(i−1,j)

2Sy
,
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the Norwegian Sea are conducted in two fishing zones: I and II 
of the OPNS. As seen in Figure 1a, the fishing area I–II is sig-
nificantly elongated in the meridional direction. In Figure 1b, 
which shows the map of gradients of the Lagrangian indicator 
S, it is evident that the fishing area varies greatly in terms of the 
intensity of dynamic conditions. The S indicator represents the 
length of the trajectories that Lagrangian particles travel over a 
specific time interval. The area under consideration was seeded 
daily with a large number of Lagrangian particles during the 
fishing periods (June–November) of 2015, 2016, and 2020. The 
trajectories of these particles were calculated based on the ad-
vection Equation  (1), with a backward time integration over a 
given period. The study focused on the rectangular area between 
62°–73° N and 13° W–16° E (shown in Figure 1), where 500 × 500 
Lagrangian particles were uniformly seeded, and their trajec-
tory lengths in kilometers were calculated for the last 15 days.

In accordance with the research objectives, particular interest 
lies in the analysis of the gradient of the Lagrangian indicator 
S, which allows for the identification of oceanic fronts, frontal 
zones, and the boundaries of mesoscale eddies. Because fronts 
and eddy boundaries are subject to temporal changes in their po-
sitions, we averaged the gradient values across all spatial distri-
butions obtained for the study periods. This approach enabled us 
to delineate the fishing area based on dynamic conditions. The 
results presented in Figure 1b demonstrate a high degree of dy-
namic heterogeneity in the Atlantic mackerel fishing area. This 
indicates the impossibility of a uniform assessment of dynamic 
conditions and the use of the same parameter gradients across 

the entire region simultaneously. For this study, we selected the 
area I (Figure 1b), located north of 68.5° N. We analyzed the dis-
tribution of Atlantic mackerel fishing locations in the context of 
the gradient distributions of hydro-physical parameters.

In the selected area, a quasi-permanent Lofoten anticyclone is 
observed (Volkov et  al.  2013, 2015; Belonenko et  al.  2021; Yu 
et  al.  2017). Areas with elevated values of the Lagrangian in-
dicator S gradient, calculated using the averaging method, 
indicate a clear association of the Lofoten anticyclone with a 
specific zone.

Figure  2a,d shows the surface current velocities based on 
the Archiving, Validation and Interpretation of Satellite 
Oceanographic (AVISO) data and GLORYS12V1 data for August 
2, 2015, as well as the gradients of S and the gradients of thermo-
haline characteristics on the same date, based on GLORYS12V1 
data. The first point to note is that the locations of the frontal 
zones for the four characteristics considered differ. Let us exam-
ine them in more detail. It can be seen that the fishing areas in 
Figure 2b are located near the maximum values of the S gradi-
ents. The points representing the fishing locations are elongated 
along the isobaths, which characterize the frontal zones—spe-
cial attention should be given to groups of points near the cen-
ters at coordinates 72° N and 10° E, as well as 70° N and 4° E. For 
temperature (Figure 2e), and particularly for density (Figure 2c), 
there is a distinct alignment of fishing locations with the frontal 
zones. This association is less pronounced for salinity, although 
in the southern part of the studied area, centered at 69° N and 

FIGURE 2    |    Current velocities in the study area on August 2, 2015 according to the Archiving, Validation and Interpretation of Satellite 
Oceanographic (AVISO) data (a) and the Global Ocean Physics Reanalysis (GLORYS12V1) data (d); frontal zones in the surface layer: (b) for the 
Lagrangian indicator S (km), (c) for the density, (e) for the temperature, and (f) for the salinity. Frontal zones where gradient values correspond to dis-
tribution function values within the interval [0.7, 0.8] are shown in purple; those corresponding to the interval [0.8, 1.0] are shown in green. Yellow 
dots indicate fishing locations on August 2, 2015. S is a dynamic parameter; the value of S corresponds to the trajectory lengths, in kilometers, that 
Lagrangian markers traverse over a defined time interval, which in our study is 15 days. The red triangle indicates the center of the Lofoten anticy-
clone, based on data from AVISO (a) and GLORYS12V1 (d).



6 of 10 Fisheries Oceanography, 2025

2° E, the group of points representing fishing locations lies di-
rectly on the frontal zone (Figure 2f).

To define the criteria for identifying frontal zones and vortex 
boundaries that separate waters with different characteristics, 
we calculated the densities and distribution functions of the S 
indicator gradient values, as well as the distribution of tempera-
ture, salinity, and density gradient values for the study area on 
each date during the fishing period. Here and further, frontal 
zones in the region are defined as areas where the gradient val-
ues correspond to distribution function values of 0.7 and above. 
For the distribution function values, we consider two intervals: 
(1) [0.7; 1] and (2) [0.8; 1]. In Figure 2b,c,e,f, the frontal zones 
are marked in lilac, where the gradient values correspond to the 
distribution function values in the range [0.7, 0.8], and in green, 
where the gradient values correspond to distribution function 
values greater than 0.8. Thus, in our study, the identification of 
frontal zones for the four characteristics (Figures  2b,c,e,f) fol-
lows a unified methodology that eliminates the subjective factor 
in determining the criteria for identifying frontal zones and is 
based on the distributions of the values themselves.

For each day of the fishing seasons in 2015, 2016, and 2020, frontal 
zones were identified in the same manner as shown in Figure 2 for 
a single date, and then the distances from the fishing locations to 
the nearest boundary of the corresponding frontal zone were cal-
culated. It should be noted that these distances were determined 
based on two gradations of the distribution function: with thresh-
olds of 0.7 and 0.8. In other words, these distances were calculated 

to the boundary of the lilac or green area, which characterizes the 
frontal zone (Figures 2b,c,e,f). Statistical analysis was then applied 
to the obtained estimates. The higher the selected gradient values 
for defining the frontal zone, the smaller its area (Figure 3). This 
means that the higher the threshold of the distribution function we 
choose, the smaller the area of the frontal zone will be.

To eliminate the dependence of the statistical analysis results 
on the sample size limitation, a comparison with a random 
sample was performed. For each date within the same period, 
1000 random points were generated in the selected area, simu-
lating the fishing locations. A random number generator with 
a uniform distribution was used to create the random sample. 
Next, histograms of the distributions of distances from the fish-
ing locations to the nearest gradient of the considered charac-
teristic (S indicator, density, temperature, and salinity) were 
calculated for each date, both for the actual and the random 
sample. The histograms were calculated for two thresholds of 
the distribution function: 0.7 and 0.8. The results are presented 
in Figures 4 and 5. Analysis of these figures leads to the follow-
ing conclusions:

1.	 The analysis of the histograms for the actual catches in 
Figures 4 and 5 leads to the conclusion that fishing loca-
tions are often found not directly on the front but within a 
10- to 15-km band near it.

2.	 Temperature fronts are statistically significant for the 
formation of fishing concentrations. It can be argued that 

FIGURE 3    |    Frontal zones (green and purple), calculated based on the gradients of density (a), the Lagrangian indicator S (b), salinity (c), and 
temperature (d) for August 1, 2016. Frontal zones where gradient values correspond to the distribution function values within the interval [0.7, 0.8] 
are shown in purple; those corresponding to the interval [0.8, 1.0] are shown in green. The triangles indicate the centers of the vortices: blue triangles 
▼ represent cyclonic vortices, and red triangles ▲ represent anticyclonic vortices.
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FIGURE 4    |    Histograms of distance distributions from fishing locations to the nearest gradient of the Lagrangian indicator S (a, b), density (c, d), 
temperature (e, f), and salinity (g, h) with a threshold of 0.7, for actual Atlantic mackerel catches in the 2015, 2016, and 2020 fishing seasons (left) 
and for a random sample on the same dates (right). The black line on the histograms represents the median values for the corresponding sample.
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fish, first, avoid areas distant from temperature fronts, 
as reflected in the smoother distribution in the random 
sample histogram, and second, are attracted to these 
fronts, as shown by the shift in the median distribution 
and the ratio of the heights of the first and second bars 
when comparing the real catch graphs with the random 
ones.

3.	 Although fish do not exhibit similar behavior towards sa-
linity fronts, salinity still influences the formation of con-
centrations. This is evident in the distributions of distances 
to density fronts, where fish avoid moving away from them 
and are more strongly attracted to them than to tempera-
ture fronts.

4.	 In the S histograms, the effect of avoiding areas distant 
from fronts is quite pronounced, and the effect of the at-
traction of fishing locations to fronts is more noticeable for 
the 0.8 thresholds. A different threshold should be consid-
ered for the S indicator, as even randomly generated points 
are very close to the gradients due to the relatively large 
area with high gradients.

5.	 In general, when reducing the threshold (i.e., increasing 
the area of zones with relatively high gradients), the quali-
tative pattern does not change, but the effects of repulsion/
attraction to fronts become less pronounced.

6.	 The most pronounced effects of avoidance and attraction 
to fronts are observed for the density gradient. On the 
graphs, the median distance from the fishing locations to 
the density gradient is 3.96 km for actual catches, while 
for the random sample, the median is 7.66 km (for the 0.7 
threshold). For the 0.8 threshold, the difference in values is 
even greater: 5.66 and 12.29 km, respectively. Thus, density 
is the most representative characteristic when determining 
the influence of hydrodynamic and thermohaline condi-
tions on fishing activity.

5   |   Discussion and Conclusions

This study proposes a methodology for identifying frontal zones 
based on statistical estimates. Four types of parameters char-
acterizing fronts and frontal zones in the fishing area are con-
sidered: the Lagrangian indicator S, describing the dynamics of 
water, as well as temperature, salinity, and density, which are 
traditionally used to identify thermohaline fronts (Commercial 
Fish of Russia  2006; Malinin and Gordeeva  2009; Olden and 
Neff  2001; Owen  1981; Prants  2024; Prants et  al.  2014, 2021; 
Vinogradov et  al.  1984). Gradients of these characteristics are 
calculated for each parameter.

The statistical analysis is performed not on the characteristics 
themselves but on their gradients. Frontal zones are determined 
from the gradient values, for which probability distribution 
functions are constructed. Two cutoff values of the function are 
then selected for probabilities greater than 0.7 and 0.8. In this 
way, the subjective element, in which the researcher assigns a 
specific gradient value that they believe characterizes a front, is 
eliminated. In our approach, such a criterion is chosen based on 
the distribution function values and is uniformly applied to all 
four parameters.

Based on the distribution functions with cutoff values > 0.7 and 
> 0.8, two types of frontal zones are identified. The next step in-
volves calculating the distances from the actual fishing locations 
to the nearest fronts for each of the four parameters, for which 
distribution histograms are constructed based on the distance in 
kilometers. For comparison, the same procedure is carried out for 
a random sample of 1000 points, simulating fishing locations.

This approach helps identify potential patterns and relationships 
between fishing locations and factors influencing the catch. 
The constructed distribution histograms clearly illustrate how 
the distance to the nearest fronts correlates with the selected 
parameters, revealing both positive and negative correlations. 
Additionally, the analysis of the random sample serves as a con-
trol group, allowing an assessment of how the real data deviates 
from the theoretically expected values.

Our data show that density has the strongest influence on the 
distribution of Atlantic mackerel fishing aggregations. It is 
worth noting that in the study by Vinogradov et al. (1984), which 
analyzes the biological productivity of dynamically active zones 
of the open ocean, including the North Atlantic region, it is indi-
cated that areas with high-density gradients often coincide with 
known fishing grounds. This is also supported by expeditionary 
fishing research in the region. Our research, conducted using 
statistical analysis, confirms this result.

The analysis of the histograms of actual catches shows that 
Atlantic mackerel fishing zones are often located 10–15 km from 
the fronts. In our study, it was found that temperature fronts 
have a significant impact on Atlantic mackerel concentration: 
fish tend to avoid areas far from the fronts, as seen in the smooth 
distribution of the random sample, and are attracted to them, as 
evidenced by the shift in the medians of the distributions and 
the difference in the heights of the bars for the real and random 
data. Although fish do not exhibit similar behavior concerning 
salinity fronts, salinity still affects concentration, as shown by 
the fish's tendency towards density fronts. On the S-histograms, 
the effect of avoiding areas distant from fronts is more clearly 
expressed with a cutoff of 0.8, but the high density of gradients 
requires adjustment. When the cutoff is reduced, i.e., when the 
zones with high gradients are expanded, the effect of avoidance 
and attraction to fronts becomes less pronounced, although the 
overall picture remains unchanged.
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