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Abstract

Purpose. The paper presents the second part of the review of the publications devoted to the problems
of marine ecosystem modeling. In this part, major attention is paid to modern approaches to the
management of marine biological resources which implement the ecosystem principles of modeling
and monitoring the spatiotemporal dynamics of water objects.

Methods and Results. The review consists of three sections. The first one deals with the models for
forecasting dynamics of the exploited populations and for optimizing fishery. The second section
considers the trophodynamic models used to study the structure, productivity, and functional role of
marine biota interacting with other species and environment at various trophic levels.
The trophodynamic models are often applied both for assessing the impact of fishery on marine
ecosystems, and for analyzing the influence of the factors directly or indirectly related to climatic
variability and anthropogenic activity (eutrophication, salinity, environmental changes). The third
section of the review is devoted to a relatively recent direction in marine ecosystem modeling which is
based on the geo-information systems. The onrush of the geo-information technologies permitting to
connect the data both of the field observations and simulations with their geolocation had an impact on
the achievements in the field of ecological modeling.

Conclusions. In the coming years, the role of mathematical modeling in study and management of
marine ecosystems will grow. The most important areas of research seem to be as follows: perfection
of a model description of primary links in the marine ecosystem food webs (NPZD-models); the
flows of matter and energy in the marine food chains; eutrophication and oxygen regime in the sea
bays; distribution and transformations of pollutants, and their impact on ecosystems; functioning of
marine reserves; the means of taking into account climatic factors in the ecosystem models; and
application of satellite monitoring data for identifying and verifying the ecosystem individual
components (chlorophyll, oil slicks, suspensions).
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Dedicated to the memory of academician I.l. Vorovich

All models are wrong, but some models are useful.
G. E. P. Box

Introduction

This paper presents the second part of the review of the works devoted to
the modeling of marine ecosystems. In this part of the review, the main attention is
paid to models that facilitate the study of the structure, dynamics, productivity, and
functional role of marine biota elements interacting with each other and with
the environment at various trophic levels. It is the models of trophodynamics that
demonstrate the application of the ecosystem approach to the management of
marine biological resources to the greatest extent. Trophodynamic models are used
both to assess fishery impact on marine ecosystems and to analyze the impact of
factors directly or indirectly related to climate variability and anthropogenic
activities (eutrophication, salinity, habitat variation).

The rapid development of geoinformation technologies, which provide linking
of field observation data and the results of simulation modeling experiments with
their georeferencing, could not but affect achievements in the field of modeling
marine ecological systems. The field of GIS-based models has appeared -
the models of marine ecosystems based on a geographic information system (GIS)
developed for the sea. The third section is devoted to this field.

In conclusion, the results of the work performed are summed up and
generalizing conclusions about the trends in further development and changes in
the role of mathematical modeling in the study and management of marine
ecosystems are given.

1. Models of marine fishery management

The tasks of managing ecosystems of such complex natural water bodies as
the sea can pursue various goals related to solving the problems of navigation,
design, construction, and maintenance of hydrotechnical and energy facilities,
creation of recreational areas, fishing, fish farming, mariculture growing,
protection of rare endemic species of animals and plants, preventing the invasion
of harmful invaders [1]. These tasks are formulated and solved by different
departments, the goals of which often contradict each other. Moreover, even
within the framework of one task, for example, related to the optimization of the
catch of certain fish species, it is impossible to limit oneself to one single
economic criterion: an increase in catches can simultaneously reduce their
stability [1-3], increase or, conversely, reduce the risk of collapse of the
exploited population (see [3-9] and work 1), or change the species composition of
the existing trophic community [6, 10] as a result of the displacement of
autochthonous species by less valuable invasive species.

! Tyutyunov, Yu.V., Senina, I.N. and Titova, L.l., 2000. [Economic and Ecological Criteria for
Optimizing the Fishery of the Azov Zander: Simulation Modeling Experience]. In: G. A. Ugolnitsky,
2000. Ecology. Moscow: Vuzovskaya Kniga, pp. 58-78 (in Russian).
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For instance, the collapse of the Pacific sardine population in the 1940s was
explained by Clark [5] as a combination of overfishing and interspecific
competition. In addition to other fish, representatives of other taxa can also be food
competitors of commercial species. Thus, after the increase in the salinity of the
Sea of Azov to 13%. in 1976-1977, the food competition of the Azov
planktophages — sprat and anchovy — with the Black Sea jellyfish (root-mouthed
jellies and eared aurelia) has significantly intensified. The situation became even
more complicated after 1988 during the period of a mass invasion of the Sea of
Azov by the comb jelly Mnemiopsis leydei [11-14].

The management of marine aquacenoses, which provides for the impact either
on the entire ecosystem or on a separate population of fish, mammals, or
arthropods, should be based on a comprehensive analysis of the consequences of
the decisions made, taking into account the multicriteria of emerging optimization
problems [1]. Accordingly, the development of model tools to justify ecosystem
management involves the construction of not one (universal) model, but a complex
of mathematical models that describe different aspects of the control object
functioning in different detail [15].

The traditional tasks associated with the management of marine ecosystems
are forecasting of dynamics and optimization of fisheries. When solving these
problems, it should be borne in mind that the nonlinearity of models of harvested
population dynamics can generate complex (chaotic) regimes even in point systems
of small dimensions [16—22]. This is all the truer for detailed simulation models,
which in general form are a system of nonlinear equations, which describe
the processes of temporal transformation of the simulated system state vector,
depending on dynamically varying external (biotic, abiotic, and anthropogenic)
factors [1, 2, 7, 15, 23]. The situation is additionally complicated by the need to
take into account spatial, size, and age structures in fishing models [24-32], as well
as the openness of population systems to external, including stochastic influences
[1-3, 7, 33-38].

Although the theory of fishery management is based on single-species
population models [4, 5, 16, 39, 40], this review focuses more on the approaches
required when solving practical problems of multi-species fisheries [41] using
ecosystem principles of marine resource management. An example of such an
ecosystem model is the Gadget model developed by an international group of
scientists [42, 43], which is designed for short-term forecasting of the effects of
various fishing scenarios, as well as for analyzing the historical dynamics of a
multispecies community of exploited populations. The model was applied for the
most economically and ecologically significant species of the Barents Sea — cod,
capelin, juvenile herring, and Minke whales (Minke whales and cod are predators;
capelin, juvenile herring, and cod are prey) [42, 44, 45]. The Gadget model is
based on a detailed description of biological processes (growth, maturation,
predation, etc.) and has the ability to simulate the spatiotemporal dynamics of an
ecosystem.

Another model for assessing population dynamics, MULTIFAN CL (MFCL)
[46], was developed for a comprehensive assessment of the fishery in terms of age
structure, population parameters of growth, mortality, and reproduction, identified on
the basis of time series of data on catch, fishing effort, and length of individuals. This
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model is an improved version of the previously developed MULTIFAN system,
which is based on statistical methods for analyzing empirical time series. Information
about the length of individuals in the MFCL system was calculated from the data of
fishing statistics and then used to model the age dynamics of the population. The
model includes Bayesian parameter estimation and estimation of confidence intervals
for the model parameters. The simulation system, which combines such structural
modules as a model of spatial heterogeneity, a model of natural age-related mortality,
a model of spatial distribution and movement of individuals, a growth model that
depends on population density, as well as a fishing model that takes into account
seasonal fluctuations in the catch, has been tested with the study of tuna population
dynamics in the South Pacific.

Further development of the tuna fish population dynamics modeling project is
the SEAPODYM maodel, which was developed specifically for studying the climate
effects on tropical tuna species. This is one of the few models capable of predicting
the spatial dynamics of fish populations taking into account the variability of
marine ecosystems [38, 47-51]. The model calculates the spatial distribution of
densities of both the food resource and the studied population (tuna or other
species), structured by age groups. Movements in population densities are
determined by the availability of food and environmental factors, which also set the
conditions for reproduction. The model takes into account climate variability using
three-dimensional data describing the physical and biochemical variables of the
ocean, such as temperature, currents, the concentration of oxygen dissolved in
water, the abundance of phytoplankton, and the depth of the euphotic (illuminated)
level [50-52].

The Norwegian ecological model NORWECOM [53, 54] is designed to
predict the size of the cod population living in the Barents and Norwegian Seas.
The ROMS ocean water circulation calculation module [55-57] is integrated into
the model for simulating natural conditions. The calculations were performed over
a 25-year period (1982-2007) for the North Atlantic region. The simulated time
series of the volume of water flows, primary production, cod larvae drift, taking
into account temperature fields, were analyzed using the data from VPA estimates
of 3-year-old cod juveniles in the Barents Sea.

The NORWECOM system includes the following components: a model of
the environment’s physical characteristics ROMS, a description of the dynamics of
three nutrients (nitrogen, phosphorus, silicon), the primary production of diatoms
and flagellates, the secondary production of the copepod Calanus finmarchicus,
which is one of the main zooplankton species of the Northeast Atlantic. The
modeling highlights two main ecosystem factors: climate and fisheries. For certain
regions of the sea, pollution processes, invasions of alien species, and habitat
disturbance may also be of importance. However, it should be noted that these
additional processes do not have a large impact on the fish populations of the North
Atlantic and the Barents Sea. The model implements numerical three-dimensional
modeling of water circulation, hydrography, primary production, and drift of cod
larvae. The system is designed to provide an ecosystem approach when carrying
out marine research and developing measures to manage marine ecosystems.
The calculations provided the analysis of the influence of the sea and lower trophic
levels physics on cod juveniles and their migration. Prediction of the juveniles’
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number dynamics makes it possible to substantiate measures for a timely response
to changes in the size of the population.

The work [58] uses the Bayesian statistical method (which has recently been
increasingly applied in combination with traditional methods for estimating the
stocks of fish populations) to manage fisheries under conditions of uncertainty.
The problem of uncertainty in the fishery regulation is solved by the authors of the
paper by determining the posterior probability of the potential results of each
management option. This probability can be determined using information about
the target population (e.g. minimum age at which bycatch begins, relative
abundance rates) as well as tentative probability distributions of model population
parameters (e.g. reproduction function parameters) based on the data from similar
fish populations. Later, the Bayesian approach was applied to verify the theoretical
stock — recruitment relationships for the population of the western Atlantic bluefin
tuna [59].

An alternative approach was applied in the study [60] devoted to estimating
the natural mortality of fish based on various models of population dynamics. To
parameterize the population dynamics models for 12 benthic fish populations,
a large amount of various information was used, which was converted into a single
format. In addition to estimating mortality, the authors considered the problems of
identifying density-dependent models of fish stock recruitment such as
the Beverton—-Holt dependence [61], as well as correct consideration for migrations
in age-structured models of the dynamics of exploited fish populations [62].

In the conclusion of the section, we are to dwell on our own experience in
modeling the population dynamics of the northeastern Atlantic cod, which has been
the main object of fishing in the Barents Sea for many decades [63].

The ICES Arctic Fisheries Working Group assesses the cod fishery stock,
forecasts it, and makes recommendations on the total allowable catch (TAC) using
the XSA Advanced Survival Analysis model using fishery statistics. However, as
noted in [64, 65], the use of a single method for estimating reserves is fraught with
the fact that the assumptions used in the calculations for a number of years inevitably
give an error that can be assessed in a comparative analysis of the data. Calculation
results must be compared with forecasts obtained using other methods. There are
several methods for estimating the stock of cod: the mathematical models ICA,
AMCI, SMS, etc. used within the framework of the ICES, the TISVPA (Triple
Instantaneous Separable VPA) model developed by the Russian Federal Research
Institute of Fisheries and Oceanography (VNIRO) [66-68], information technology-
based GIS methods [65], and the synoptic method [69]. The last three methods
showed close estimates of the size of the commercial stock, approximately 1.6 times
higher than the results of the XSA method. Based on the results of a comparative
analysis of these methods, VNIRO specialists raise the question of the need to switch
to the models that take into account the cod stocks in the Barents Sea more
adequately [70-72].

Based on the data on the trawl catches in August — November 1970-2013
using a statistical regression model [73], the long-term dynamics of the structure
and localization of the distribution of commercial concentrations of
the northeastern Arctic cod during the feeding period was studied. The authors
revealed the spatial differentiation of aggregations in the northwestern and southern
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regions and proposed an explanation for the shift of commercial aggregations in
the northeast direction observed over several years. According to the hypothesis
put forward in [73], the shift in the coordinates of the geographic centers of cod
aggregations is explained by the response of the cod population to warming in
the period after 1983. However, allowing to identify the relationships between
the coordinates of cod aggregations and climatic characteristics, the statistical
model does not explain the mechanism of the observed phenomenon. For solving
such problems, simulation models should be used.

The ShareFish 2.0 simulation model — a cod population dynamics model [74],
was developed to study the effectiveness of territorial measures for the protection
of marine environment and rational use of biological resources of the Barents Sea.
Subsequently, the model was improved by taking into account spatial features
(spawning and feeding migrations, distribution of fishing effort in accordance with
[75]) and applied to assess the impact of harvest on the dynamics of the cod stock
and catch [76].

The mechanism of the population size self-regulation, represented in the model
by nine age classes, is a decrease in the rate of reproduction with an increase in
stock. This effect is described by one of the two most commonly used Ricker or
Beverton—Holt relationships in modeling fish populations [4, 16]. The scheme of
seasonal redistribution (migrations) of individuals over the range, taking into
account the influence of climatic fluctuations in the population spatial behavior,
was implemented using a GIS-based approach and monthly maps of the Russian
cod fishery in the Barents Sea for a 30-year period from 1977 to 2006.

Simulation calculations of the cod abundance dynamics and biomass for
aperiod of 60 years (1949-2008) made it possible to explain the observed
dynamics and identify a group of key factors, including a change in the direction of
feeding migrations of the adult population, depending on the intensity of
the Atlantic waters inflow, which determines the sea thermal regime, the
dependence of population reproduction on capelin stocks, increased mortality of
juveniles in abnormally cold years, and technical improvement of fishing gear
(types of vessels in the fishery) since 1982 [63, 77]. Thus, the models need to take
into account the influence of climatic factors and ecosystem interactions on the fish
life cycle.

The ecosystem approach to the management of marine bioresources currently
being developed in the Barents Sea should ultimately contribute to the convergence
of the two considered approaches to assessing the state of harvested populations:
models of trophodynamics and models of population dynamics [63]. Their
integration and (or) mutual exchange of data should contribute to the development
of environmentally sound TAC values when the stocks of harvested populations
are considered in relation to each other and with other parts of the ecosystem.

2. Trophodynamic models

The development of marine ecosystem models aimed at studying the structure,
dynamics, productivity, and functional role of marine biota interacting with each
other and with the environment at various trophic levels was started at least four
decades ago [78]. At the same time, many iconic models have appeared over
the past decade [79-81].
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The most widely used approach is the one used by the authors of the Ecopath
with Ecosim (EwE) model complex, which has been actively developed since
the 1990s [82, 83]. EWE consists of three interrelated components: Ecopath is a static
structure of the mass balance of different trophic levels; Ecosim is adynamic
simulation model of various components of the marine ecosystem; Ecospace is a
system module designed to study the spatial features of ecosystems [84].

The following trends and prospects of the EWE approach can be pointed out.

EwE clearly focuses on trophodynamics, like its global offshoot EcoOcean
[85], is widely used primarily for studying the potential impact of fisheries on
aquatic ecosystems and management options, as well as for assessing the impact of
climate change [86] and other human activities [87]. The EwE approach has been
applied by a large international group of scientists to advance this database-driven
ecosystem modeling methodology to the 66 large marine ecosystems (LME)
currently defined [88, 89].

Over the period of 1984-2014, more than 430 models using the EwWE approach
were published and collected in the specialized EcoBase database [90]. EcoBase is
an online repository of information on the EwE models published worldwide in the
scientific literature (http://sirs.agrocampus-ouest.fr/EcoBase/).

The following trends and perspectives of the EWE approach can be pointed out.

In general, there has been an increasing complexity of EWE models over time
to include more functional groups, but much of the recent EWE development has
focused on some species (or taxa) of particular interest.

Over the past three decades, the research questions addressed using EwE
models have gradually become more diverse. At the same time, the use of EwWE
models for fisheries management from an ecosystem approach has grown,
especially during the period when developments were funded by national fisheries
agencies.

Despite the development of the Ecosim procedure that allows modeling of
ecosystem dynamics, the static Ecopath module has also (and frequently) been used
to analyze changes in ecosystems over time. At the same time, the so-called copies
of Ecopath models for different time periods are being developed. This is a simpler
(and complementary) approach than running simulations with Ecosim, which is
a more complex and data-intensive procedure.

Based on the analysis of the best examples of the Ecopath with Ecosim
application, efforts are being made to expand the capabilities of the complex
through various techniques that improve the quality of models [91].

The Ecospace module [92] was rarely used, in about 7% of studies carried out
using EwE, despite its complementarity with Ecosim. Recent improvements of this
module [93, 94] have not yet been widely adopted. Significant prospects for the use of
Ecospace are associated with integration with geographic information systems [95].

With the release of the sixth version of the EWE software, users were given
access to the source code of the model. Thus, it is expected that EWE developers
will increasingly lean towards creating their own plugins, for example using the R
programming language [96].

Along with the assessments of fishery impact on marine ecosystems, the EwE
software package is increasingly used to analyze the impact of factors such as
eutrophication, salinity, and habitat change, which are directly or indirectly related to
climate variability and anthropogenic activities [87].
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In Russia, the EwE approach is impractical. The Russian Fisheries Agency does
not use ecosystem approaches to the management of sea fish resources in its area of
responsibility. There are examples of using the Ecopath module for the ecosystems
of the Black, Barents, Okhotsk, and Bering Seas [97], as well as separately for
the Barents Sea [63], Sea of Okhotsk [98], and the western part of the Bering Sea
[99], but these studies are more of an academic nature.

Another flexible model representing food web dynamics is OSMOSE (Object-
oriented Simulator of Marine ecOSystems Exploitation), an object-oriented software
package for modeling the exploitation of marine ecosystems. OSMOSE [100]
simulates such indicators as growth, mortality, nutrition, and reproduction of
“superindividuals” moving along a spatial grid. This model describes trophodynamic
interactions between 10-20 species (depending on the ecosystem) and models
the entire life cycle of fish from eggs, larvae to juveniles and adults. It does not use
an a priori food web or diet matrix (as in the EwE approach), but interactions
between species create trophic relationships, making this model suitable for
considering the effects of global change on marine ecosystems [101]. OSMOSE has
been applied for studying the role of marine protected areas [102] in the conservation
of biological resources, as well as to study the combined effects of climate change
and overexploitation on fish productivity and distribution. The complex can interact
with biogeochemical models [101]. Both OSMOSE and EwE have been used to
study the impact of invasive species on the distribution and abundance of living
marine resources [103].

In addition to the considered approaches, we will present our own experience
in the field of modeling the trophodynamics of the Sea of Azov and the Black Sea
ecosystems. The MTBASE 1.1 (Model Trophodynamic the Black and Azov Seas
Ecosystems) > model was developed to study the problem of the Mnemiopsis leydei
immigration into the Azov-Black Sea basin [104]. The modeling approach was
dictated by incomplete data on many of the key processes associated with
catastrophic ecosystem changes that have affected fisheries in these inland seas
since the late 1980s.

This model includes two food webs: 21 components in the Black Sea
ecosystem and 11 components in the Sea of Azov ecosystem. Some variables, such
as anchovy and mnemiopsis, are common for the two ecosystems, so there is
an exchange of these components through the Kerch Strait (both passive with
currents for plankton and active — seasonal migrations — for anchovy). The model
takes into account the influence of such exogenous factors as water temperature,
salinity in the Black Sea, water temperature, salinity and river runoff in the Sea of
Azov, and water exchange through the Kerch Strait. Primary production is
considered an external factor and should be calculated using other approaches
(models). The simulation considered three scenarios covering the period of 1966-
1998 and divided into three stages. Model identification was carried out on
the basis of 1996-1982 data, verification on the basis of 1983-1993 data, and the
last stage (1994-1998) was used to check the reliability of the model.

2Food and Agriculture Organization of the United Nations. MTBASE 1.1 - Model of
Trophodynamics of Black-Azov Ecosystem. 2022. [online] Available at:
https://www.fao.org/fishery/en/topic/16080/en [Accessed: 20 March 2022].
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Although the MTBASE 1.1 model was developed independently of the EwE
approach, it implements, albeit not in a general form, but in relation to
the conditions of the Azov-Black Sea region, the principles of the Ecopath,
Ecosim, and Ecospace. It is necessary to note the following points, which give
grounds to believe that for the period of the late 1990s it was an innovative
development:

— the age structure of the anchovy population from larval stages to adults was
built into the trophodynamic model. Thus, non-nutritional interactions such as
spawning and age transitions were explicitly included in the model. The same
approach provided more flexibility in considering the changes in the dietary
spectrum as the size and age of the anchovy population increased, as well as
the fishery impact;

— the model made it possible to study the role of the invasion of alien species
into the marine ecosystem, while the fact of invasion was considered as an element
of perturbation of the existing food web due to the emergence of a new species that
began to compete for food resources;

— the model made it possible to obtain an assessment of the influence of
external factors and internal non-food interactions on the dynamics of the Black
Sea and the Sea of Azov ecosystems during 1966—-1998 period. Changes in external
factors (water temperature and salinity, water exchange between the Sea of Azov
and the Black Sea) influenced the dynamics of the food web components through
the changes in the habitat and primary production of the organic matter directly
through such a link as phytoplankton.

Thus, the features of the model considered above enable us to attribute it to
the category of composite (hybrid) models. This class of models includes a broader
set of ecological processes (migrations, feeding, reproduction, habitat use), basic
biophysical factors (e.g., temperature and salinity), a more complete food web, and
often nutrient dynamics and cycles. This is achieved by combining several
modeling methods, either by connecting different models or by directly integrating
them into a single unified framework [78].

The experience of developing and applying the original MTBASE 1.1
trophodynamics model (in the development of FoodWeb) to the conditions of
the Barents Sea ecosystem [105] made it possible to obtain some estimates for
the amount of allowable annual removal of capelin and cod under the influence of
climatic factors and ecosystem interactions, although for a simplified model of
the food web ecosystem of the Barents Sea, consisting of such links as
phytoplankton — bacteria — protozoa — zooplankton — capelin — cod — harp seal.

3. Modern information technologies and space monitoring

Modern information and telecommunication technologies in relation to
the problems of modeling marine ecosystems open up wide opportunities for
collecting, storing, and automatically replenishing large amounts of data on
ecosystem components. A huge amount of work on the collection and
systematization of such data has been done by the US National Oceanic and
Atmospheric Administration (NOAA) (www.noaa.gov). Currently, the data archive
of the National Centers for Environmental Information (NCEI) network, a division of
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NOAA, contains more than 35 petabytes of data, which is equivalent to about
400 million filing cabinets filled with documents. NCEI manages a huge set of
environmental data covering a wide range of scientific disciplines. This data is stored
using a wide variety of archiving methods, naming conventions, file formats,
management strategies, organization methods, and storage infrastructure. NCEI
develops software, API, visualization methods, and other services to improve data
access, discovery, and interaction (https://www.ncei.noaa.gov). Scientists around
the world involved in marine ecosystem modeling contribute to the NCEI data
archive and use the information accumulated there. One of the co-authors of this
article participated in the replenishment of the NCEI archive with data on
the ecosystem of the Sea of Azov [106, 107] and nine seas of the Northern
Hemisphere [108].

The US National Oceanic and Atmospheric Administration (NOAA)
developed the LME (Large Marine Ecosystem) concept as a tool to enable
a collaborative approach to resource management in ecologically limited
transnational areas based on the ecosystem analysis. Although the LME cover
mostly continental margins rather than deep oceans and oceanic islands, 66 LME
account for about 80% of the world’s annual marine fishery biomass. Due to their
close proximity to developed coastlines, the LME are threatened by ocean
pollution, overexploitation, and coastal habitat change.

The accumulation and storage of data in electronic form has undeniable
advantages over other methods of storing and processing information.
Nevertheless, it is worth paying attention to the three-volume edition of “World
Seas: An Environmental Evaluation” [109-111]. All chapters in each of the three
books are written by experts in the field and provide historical overviews of
environmental conservation and research activities, descriptions of major problems
arising from human use of natural resources, commentary on trends, and
recommendations for the future. The publication is an invaluable worldwide
reference source for students and researchers involved in the marine environment,
fisheries, oceanography and technology, and coastal development. All three
volumes are edited by Charles Sheppard, Professor of the School of Life Sciences
at the University of Warwick, UK.

Geographic Information System (GIS) technologies, which have been rapidly
developing in the last decade, have proved to be very useful in the modeling of marine
ecosystems as well. GIS-based Marine Ecosystem Models already have a very
extensive bibliography. ESRI, the manufacturer of the most popular line of GIS
software technologies ArcGIS, publishes booklets containing examples of the GIS use
for modeling the marine systems 3. The capabilities of geoinformation technologies are
constantly being improved, you can create and use cloud GIS in the ArcGIS Online
system, the open geospatial software QGIS * is rapidly gaining popularity, which is
already competing with the market leader ESRI due to the fact that it’s free.

SESRI, 2011. GIS for the Oceans. [online] Available at:
https://www.esri.com/content/dam/esrisites/sitecore-archive/Files/Pdfs/library/ebooks/oceans.pdf
[Accessed: 20 March 2022]; ESRI, 2007. GIS for Ocean Conservation [online]. Available at:
https://mww.esri.com/content/dam/esrisites/sitecore-archive/Files/Pdfs/library/bestpractices/ocean-
conservation.pdf [Accessed: 20 March 2022].

4EsIP Data Management Training, 2020. Marine GIS Applications (Using QGIS). [online]
Available at: https://dmtclearinghouse.esipfed.org/node/9987 [Accessed: 20 March 2022].
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Remote sensing has become an important tool in marine environmental
management in the last decade. Currently, several important characteristics of the
marine environment can be determined from space — chlorophyll a, salinity, and
sea surface temperature. In addition, researchers can use satellite data to help in the
mapping of marine regions, including the ability to identify patches of seagrasses,
corals, mangroves, wetlands, and even shallow benthic environments. Satellite data
now provide the determination of wave heights and sea currents. They are used to
track biota ranging from fish, whales, turtles, and even large birds. Remote sensing
of oil spills is developing rapidly [113, 114].

Earth remote sensing data are becoming more and more accessible every year.
One of the most complete is the archive of the US Geological Survey (USGS),
from which you can download high-resolution images for free. The most popular
are the images of the American satellite Landsat-8 and the European program
Sentinel-2. An archive of satellite images of the oceans and seas obtained by Earth
remote sensing satellites of the US Space Agency (NASA) is also accumulated in
the NOAA databases. The countries of the European Union, within the framework
of the European Space Agency (ESA) work, have created Copernicus ° — their own
service for monitoring the marine environment and accumulating their archive in it.

At the highest international level, attention is being paid to the problems of the
planet’s oceans and LME. UNESCO has declared the next decade as the United
Nations Decade of Focus on Ocean Science for Sustainable Development ©.

4. Conclusion

As evidenced by the materials of this review, significant progress has been made
in the mathematical modeling of marine ecological systems over the past 20 years.

This was facilitated by at least three circumstances: firstly, the theoretical
ideas about the patterns of functioning of marine ecosystems and empirical
material that had been formed over the previous half-century; secondly, the
phenomenal development of technologies for collecting, processing, and
transmitting data, geographic information systems, and space monitoring; thirdly,
the growing attention of society and international organizations to the problems of
rational use and protection of marine biological resources, to the impact of global
climate change on the seas and oceans.

At the same time, the accuracy and reliability of the results obtained by models
remain insufficient for widespread implementation in practice and use in making
decisions on maritime management, although a number of authors express
moderate optimism [115, 116].

There is a problem of combining physical and biological models within
detailed simulation models with a large number of state variables and high spatial
resolution. These types of models are hard to identify. In addition, it must be taken
into account that physical, chemical, and biological processes occur simultaneously
in marine ecosystems, which have significantly different temporal and spatial
scales. From a computational point of view, this is expressed in the “rigidity” of the
system of equations.

5 COPERNICUS - Marine Environment Monitoring Service. [online] Available at:
http://marine.copernicus.eu/ [Accessed: 20 March 2022].

6 UNESCO, 2022. The United Nations Decade of Ocean Science for Sustainable Development,
2021-2030. Available at: https://unesdoc.unesco.org/ark:/48223/pf0000261962 [Accessed: 20 March
2022].
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The problem of parametrization of trophodynamic models remains unsolved.
Different authors use different types of trophic functions for similar populations
(which themselves are some kind of abstraction) [117], while the numerical values
of the coefficients used, as a rule, are obtained as a result of the manual fitting.

In this review, the main attention was focused on the general principles and
the range of modern approaches to the modeling of marine systems. The features of
end-to-end modeling, the use of an individually-oriented approach and modeling of
trophodynamics are considered.

An important point is improvement of approaches to modeling the spatial
structure and heterogeneity of the distribution of aquatic ecosystems’ components.
Significant progress in this direction has been achieved through the use of
hydrophysical and compartmental (box) models of water exchange and matter
transfer. Applied aspects of the use of models are related to the study of
the influence of alien organisms (invaders) on the structure of communities, with
the solution to the problems of predicting the dynamics and optimizing
the exploitation of harvested fish populations. In recent years, mathematical
modeling of marine systems has been developed through the use of information
technology and space monitoring.

Based on the analysis of existing trends, it can be concluded that in the coming
years the role of mathematical modeling in the study and management of marine
ecosystems will increase.

In addition to the listed above, the most important research areas seem to be
improvement of model description of the food web primary links of marine
ecosystems (NPZD models), which are the basis of the entire food web, flow of
matter and energy in the marine food chains, eutrophication and oxygen regime of
sea bays, distribution and transformation of pollutants and their impact on
ecosystems, functioning of marine reserves as a mechanism for protecting
populations from the risk of overfishing and extinction, ways to take into account
climatic factors in ecosystem models, use of space monitoring data to identify and
verify individual components of ecosystems (chlorophyll, oil slicks, suspensions).

In the field of mathematical modeling methodology, one should single out
the problems of identifying models and increasing their efficiency. With regard to
marine ecosystem models, efficiency means a reasonable compromise between
the desire to detail the description of processes, leading to an avalanche-like
increase in the number of unknown (calibration) parameters, and the desire to
provide the possibility of identifying and verifying simulation systems, which
requires the use of relatively simple models [118].

Undoubtedly, the number of seas and sea bays, for which mathematical models
will become a kind of coordinating center for the accumulation of acquired
knowledge and the development of forecasts and controls, will also increase.

Many of the lines of the research discussed above have developed since
the late 1970s at the Research Institute of Mechanics and Applied Mathematics of
Rostov State University on the initiative of Academician I.I. Vorovich. In June
2020, the 100th anniversary of his birth was celebrated, and the authors dedicate
this review to his memory.
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