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Abstract  
The article proposes a model for assessing ecological risk taking into account the intra-
annual dynamics of the main components of the ecosystem. Based on model calculations, 
ecological risk assessments are given for variations in the intra-annual state of low-productive 
ecosystems of the Arctic shelf and the effect of technogenic stressors. The proposed ap-
proach combines ecological risk models and observational data. The calculations made 
it possible to obtain model estimates of the intra-annual dynamics of ecological risk and 
permissible impacts on ecosystems from stressors in the conditions of development of 
Arctic shelf resources. The obtained preliminary results of calculations allowed us 
to identify areas of increased risk and take into account the different degree of requirements 
for the exclusion of type 1 and 2 errors due to the specifics of ecological safety tasks. 
An important practical result of the development of the risk assessment methodology is 
the identification of time intervals of impacts at which a dangerous situation is hidden 
by external well-being (type 2 error). The conducted modelling studies allow reallocating 
safety expenditures throughout the year so as to reduce risks during hazardous periods of 
offshore resource development and exclude cost overruns during relatively safe times. 
In other words, it is possible to resolve environmental and economic contradictions in risk 
management. 
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Аннотация 
Предложена модель оценки экологического риска с учетом внутригодовой динамики 
основных компонентов экосистемы. На основе модельных расчетов даны оценки 
экологического риска при вариациях внутригодового состояния низкопродуктивных 
экосистем арктического шельфа и действии техногенных стрессоров. Проведенные 
расчеты позволили получить модельные оценки внутригодовой динамики экологиче-
ского риска и допустимого воздействия на экосистемы со стороны стрессоров в усло-
виях освоения ресурсов арктического шельфа. Полученные предварительные резуль-
таты расчетов позволили выделить области повышенного риска и учесть различную 
степень требований к исключению ошибок 1-го и 2-го рода, обусловленных специ-
фикой задач экологической безопасности. Важным практическим результатом разра-
ботки методики оценок риска является выявление временны́х интервалов воздей-
ствий, при которых опасная ситуация скрыта внешним благополучием (ошибка 2-го 
рода). Проведенные модельные исследования открывают возможность перераспреде-
лять экономические затраты на безопасность в течение года так, чтобы снизить риски 
в опасные периоды разработки морских ресурсов и исключить перерасход средств 
в относительно безопасное время. Другими словами, можно снизить эколого-
экономические противоречия в управлении риском. 

Ключевые слова :  модель экологического риска, вероятность допустимых воз-
действий, арктический шельф, экосистема, математическое моделирование, биомасса 
фитопланктона, антропогенное воздействие 
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Introduction 
The relevance of ecological risk assessments as integral characteristics of 

the state of marine ecosystems is determined not only by the wide range and rate of 
change in parameters, but also by the presence of processes of various genesis 
in oceanologically contrasting water areas. Intensive development of marine 
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resources causes the effect of technogenic stressors on natural processes of various 
origins: hydrophysical, hydrochemical, hydrobiological, geological. In this case, 
there is a need for an integral quantitative assessment of the state of marine ecosys-
tems under such conditions. It is not possible to obtain a reliable risk assessment 
within a single discipline. The very concept of ecological risk requires interdis-
ciplinary approaches as an integral characteristic of the state of the ecosystem. 
In this case, contradictions can arise in combining the requirements of each of 
the disciplines separately. Thus, in the practice of developing shelf resources, 
economic and ecological requirements are directed differently. 

When making business decisions, as a rule, economic indicators come to the fore, 
which is reflected in the main accepted form of ecological risk assessment, which 
comes down to assessing the following product: event probability × damage. 
In this case, priority is given to the economic component [1] and leads to a de-
crease in the importance of assessing the ecological component in projects aimed 
at the development of shelf resources. 

For the Arctic shelf, the task of calculating the dynamics of ecological risk is 
especially relevant in connection with increasing climate change and the prospec-
tive development of the mineral and biological resources of the region. In this 
sense, understanding the dynamics of marine ecosystems in the context of global 
changes [2] makes it possible to calculate risks [1–7]. Existing approaches to eco-
logical risk assessments can take into account a combination of stressors of differ-
ent nature and the diversity of responses of marine ecosystems to external effect 
[4]. For the Arctic marine ecosystems, risk assessment methods ERA [4] in combi-
nation with the dynamic object-oriented Bayesian network DOOBN [8] and DBN 
[9] are known. To assess the risk of oil spills in the Arctic, models have been 
developed taking into account the toxicity of biotransformation [10]. 

The analysis of current situation with risk assessments shows that to increase 
the efficiency and relevance of methods, the most preferable way is to combine 
different approaches. Ecological risk assessment using system models at various 
levels of ecosystem organization is an evolutionary step in maintaining ecological 
safety. However, it is not enough to take into account the cumulative effect of 
stressors under static conditions only. It is necessary to combine the dynamics of 
stressors with the dynamics of ecosystem functioning. In order to advance in this 
direction, this article proposes an approach based on the synthesis of probabilistic 
risk models and field observation data. 

The purpose of the research was to obtain model assessments of the influence 
of the intra-annual dynamics of ecosystem components (in particular, phytoplank-
ton) on the dynamics of ecological risk under the influence of technogenic stress-
ors. Observational data on phytoplankton biomass in low-productive ecosystems of 
the Arctic shelf were used for the modelling. 
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Materials and methods 
For model studies of intra-annual risk variations in low-productive ecosystems 

of the Arctic shelf, observational data on seasonal variations in phytoplankton bio-
mass in the Kara, Laptev, East Siberian Seas and main waters of the Chukchi Sea 
were used [11–21]. The low productivity of ecosystems in these water areas is stip-
ulated by strong density stratification due to the intense desalination of the surface 
5–12-meter water layer effected by the river flow into the marginal Arctic seas 
[12, 13]. Seasonal convection on the Arctic shelf for the most part does not over-
come the stability of density stratification [21], and the process of enrichment of 
the photic layer with nutrients does not occur [12, 13]. This natural barrier is not 
weakened by such modern climate changes as an increase in the ice-free period 
and warming of the surface layer of water [13, 21]. Such features determine 
the low level of productivity and effect the ecological risk under the influence of 
stressors in the conditions of shelf resource development. 

The ecological risk is regarded as the probability of death of a biological sys-
tem (in particular, a population) under conditions of anthropogenic impact during 
a fixed period of impacts from stressors. The impact of technogenic stressors and 
their multiple combinations is reflected in the natural intra-annual dynamics of 
ecosystems with periods of outbreaks and declines in the biomass of ecosystem 
components. 

The risk-based ecological safety criterion has the following form [22] 
K = {y ≤ yp}, where y – ecological risk; yp – permissible risk. 

At y ≤ yp, a decision is made on ecological safety, at y >yp – on ecological dan-
ger [22]. It is impossible to obtain the exact value of ecological risk y in principle. 
It is possible to obtain only upper 𝑦𝑦 and lower 𝑦𝑦 risk assessments (𝑦𝑦 ≤ y ≤  𝑦𝑦). 
The value of permissible ecological risk lies in the interval between upper 𝑦𝑦 and 
lower 𝑦𝑦 assessments. For the criterion of ecological safety, the upper estimates 

{yK = ⋚ }py  will be used.

We will take into account L stressors (i = L,1 ) that have a negative impact 
on the ecosystem functioning under natural conditions. Let us assume that 
the stressors can take k states (k = K,1 ). Such states include, for example, normal 
operating conditions and emergency events in the operation of technical means 
effecting the ecosystem. In accordance with Boole's inequalities, 

∑ ==≤≤= L
i ihli

i
yyyyy 1max , where yi – risk from the i-th stressor [23, 24].

Ecosystem components (biomass of populations of organisms) can experience rises 
and falls during the year: M – number of periods of rise and fall during the year 
(m = M,1 ). Observational data give maximum values of population biomass 
on rises Nmax and falls Ncr. We will take into account the imposition of the effects of 
technogenic stressors on the natural dynamics of the ecosystem, for example, 
by modelling the impact of a technical resource development system 
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in the k-th state on the aggregated component of the ecosystem (phytoplankton) 
with seasonal variations in its biomass. 

In the general case, for intra-annual risk depending on time we have the fol-
lowing relations [5–7, 23, 24] 
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where yi – risk from a separate i-th impact from stressors (a technical object); 
qk – probability of the k-th state of a technical object; pmk – conditional proba-
bility of the m-th state of the ecosystem at the k-th state of the technical system; 
yimk – conditional risk from a separate i-th impact factor for the k-th state of a tech-
nical object, and the m-th state of the ecosystem; )(tEv  – mathematical expectation 
of the population biomass value; yk(t) – intra-annual biosystem risk at the k-th state 
of a technical object; pam – probability of a biosystem being in the m-th intra-annual 
state of biomass rise; yam – risk at biomass rise; y'am – risk at biomass fall; 

ay  – ecological risk throughout the year; ykm – biosystem risk probability at the k-th 
state of a technical object and the m-th state of the biosystem; tm – duration of bio-
mass rise; t'm – duration of biomass fall. Formula (1) is used for the normal distribu-
tion of a random variable. 

The model of intra-annual risk variations (1) makes it possible to move on 
to the assessment of the dynamics of the probability of acceptable impacts 
from stressors on the ecosystem. This hierarchy of actions reflects the priority 
of the environmental component in the development of marine resources [21]. 
For the case where the permissible probability of impacts depends on time Q(t), 
the ecoscreening equations [23, 24] were expanded to the following form [7] 
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where Q(t) – maximum permissible probability of anthropogenic impact on the 
ecosystem; yk(t) is determined by equations (1); yd – maximum permissible risk for 
the ecosystem under various requirements for maintaining environmental quality. 

The probability of the state of technical systems (accident, normal operating 
conditions, degree, and modes of impact) taken into account in the technical op-
eration project, also represents the input data for the risk model. Approximate 
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acceptable risks of the impact of stressors on marine ecosystems were used 

for the calculations (Table). 

According to data [25], the range of probability values of acceptable ecologi-

cal risk for various types and stages of technological activity on the shelf ranges 

from 10−7 to 10−1. To calculate Q(t), values yd were selected that correspond to in-

creased (yd = 10−5), average (yd = 10−4), and insignificant (yd = 10−3) requirements 

for the ecosystem quality. Probability qk of the technical system being at the k-th 

state (we assume k = 3) was chosen from the range from 10−3 to 10−1 (Table). Proba-

bility values of low q1 = 10−3, average q2 = 10−2, and high q3 = 10−1event frequency 

were chosen (Table). 

The proposed method takes into account the ecosystem aggregated compo-

nents. The efficiency of the method is confirmed by the results of calculating 

the risk for the aggregated component of the initial link of the food chain – phyto-

plankton. 

Acceptable risks of stressors on marine ecosystems at the main stages of oil and gas re-
sources development [25] 

Type of anthropogenic 
impact on ecosystems 

Impact scale Estimated 
permissible risk Spatial Temporal 

Seismic exploration Local Temporary 10−1 
Exploratory well drilling Topical Short-term 10−7 
Field operations from sin-
gle platforms Local Temporary 10−5 

Regional field work Regional Long-term 10−2 
Construction of platforms, 
pipelines, etc. Topical Temporary 10−5–10−7 

Operation of pipelines 
in accident-free mode Regional Long-term 10−5 

Tanker shipping 
in accident-free mode Sub-regional Temporary 10−7 
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Generalization of the method to the case of all main components of the ecosystem 
will reveal the most vulnerable link in the food chain, which will determine the risk 
for the entire ecosystem. Model relations (1)–(2) generalized to the case of J popu-
lations make it possible to determine acceptable values of the probability of im-
pacts from stressors in relation to the j-th population of the ecosystem. If the exist-
ence of all J populations is equally important to us, then the reliability of technical 
systems affecting the ecosystem should be subject to the requirement of an ac-
ceptable annual probability of accident Q(t), satisfying the following condition 

j
j

tQtQ )(min)( =  [22, 23]. 

Observations of phytoplankton biomass are used as input data to the risk 
model. Summarizing observation data on the seasonal variation of phytoplankton 
biomass in the Kara, White, Laptev, East Siberian, and Chukchi Seas [11–20], 
we chose values Nmax, Ncr, pam, p'am, )(tEv  as input parameters of the risk model. 
The results of ecosystem modelling can also be used to obtain input data 
for the risk model [26, 27]. But with little knowledge of the seasonal dynamics 
of biomass of the main components of the Arctic shelf ecosystems, especially 
in connection with new climate changes, ecosystem modelling is still difficult. 

F i g .  1 .  The annual course of phytoplankton biomass according to 
gener-alized observations of  freezing waters (1) [28];  the Barents, 
White and Chukchi Seas (2) [29];  non-freezing waters (3) [30];  
the coastal part of the Kara Sea (4) [30];  the Kara, Laptev, East Siberian 
Seas (5) [11–20] 
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Dynamics of phytoplankton biomass in highly productive ecosystems with two 
maxima (the Barents, Bering, Chukchi (Barrow Canyon) [12, 13], White Seas, 
estuarine and slope frontal zones) and low-productive (the main water area of 
the Kara and Chukchi Seas, Laptev, East Siberian Seas [11–20]) vary greatly 
(Fig. 1). No spring phytoplankton blooms in a significant part of low-productive 
areas (the Kara Sea) confirmed by expeditionary observations [11–20], are 
stipulated by stable density stratification. Based on the above expeditionary 
observations, the following values were selected for a low-productive ecosystem: 
Nmax = 1.7∙103 mg/m3, Ncr = 10 mg/m3, pam = tm/t = 1/6, and )(tEv  (curve 5 
in Fig. 1) as input values to risk model (1). 

Calculation results 
Calculation according to model (1)–(2) showed that intra-annual variations 

in ecological risk yk (Fig. 2, а) ranged from 0 to 0.8. Calculated permissible impact 
probability values Q(t) from 0 to 0.2 correspond to the specified probabilities 
of impacts from stressors (Fig. 2, b). This is typical throughout almost the entire 
year except for the phytoplankton biomass peak (Fig. 2). Only at the phytoplankton 
biomass peak (Fig. 2, b), an impact probability of 80 to 100 % can be assumed 
for a low-productive ecosystem. 

The performed calculations confirm the initial assumption about the influence 
of the intra-annual dynamics of ecosystem components on the intra-annual dynam-
ics of risk. Confirmation of such an influence results in adjustments to static matrix 
risk assessment methods. 

The results obtained made it possible to calculate the dependence of the per-
missible probability of impact on the ecosystem on the ecological risk Q(yk) 
in the range of values qk = 10–5–10–1 and yd = 10–5–10–3 (Fig. 3). The calculation 
revealed areas of increased danger and relative safety (Fig. 3) under various com-
binations of impacts and the required environmental quality.  

An important practical result of the conducted research can be considered 
the emerging opportunity to identify type 1 and 2 errors. The peculiarity of envi-
ronmental problems in the presence of type 1 and 2 errors is associated with differ-
ent severity of the consequences if they persist. The concepts of errors are taken 
from statistical theory, and type 1 error means mistaking a safe situation for a dan-
gerous one, while type 2 error corresponds to the fact that a dangerous situation is 
hidden by external well-being [21–23]. In the case of type 1 error, excessive reinsur-
ance associated with a false alarm is not as dangerous, although it involves unreason-
able costs, as type 2 error. Model calculations (Fig. 3) revealed such areas. Analysis 
of all combinations of impacts and environmental quality requirements possible 
in practice will make it possible to determine the areas of such errors. In its turn, 
this will allow reallocating environmental safety expenditures throughout the year 
in order to minimize costs. In other words, harmonization of environmental and 
economic requirements for the safe development of shelf resources is achieved. 
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F i g .  2 .  Generalized annual course of phytoplankton biomass in low-
productive ecosystems of the Arctic according to observations [11–20] 
and model intra-annual variations of ecological risk values (a) and the annual course 
of the permissible probability of impacts Q(t) from stressors in the range of values 
qk =10−5–10−2; yd = 10−4–10−3 (b) 

Increasing the accuracy of ecological risk assessments requires the use of large 
volumes of data on processes of different nature: physical, chemical, biological, 
geological, technogenic. In our case, part of the data used on the components of 
ecosystems, on stressors of technogenic and natural origin relates to parameters 
that undergo quick changes in the water layer. This part of the data satisfies 
the 3V requirements characteristic of BigData [31], which will make it possible 
to link the proposed risk assessment approach with BigData technologies 
in the future. The synthesis of BigData modelling and technologies is stipulated 
by the need to analyze quickly all possible combinations of stressors of different 
nature with a large number of parameters and to impose impacts on the spatiotem-
poral natural dynamics of the ecosystem in real time [31]. In this sense, remote 
sensing data is of great importance, providing information on the oceanological 
parameters of the marine environment, including hydrobiological ones, in particu-
lar the concentration of chlorophyll a [25, 26]. 

a 

b 
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F i g .  3 .  Calculation of the dependence of the permissible probability of impact 
on the ecosystem on the environmental risk Q(yk) at values qk =10−5–10−1 and 
yd = 10−5–10−3 

Conclusions 
In this work, the influence of seasonal dynamics of ecosystem components 

on ecological risk intra-annual variations is confirmed by model calculations. 
The results obtained are one of the stages in creating a quantitative method for cal-
culating risk, taking into account not only the parameters of stressors, but also 
intra-annual variations in the state of the ecosystem under natural operating condi-
tions. An important result of the research was the calculation of the dependence of 
the permissible probability of impact on the ecosystem on ecological risk Q(yk), 
which made it possible to identify the areas of type 1 and 2 errors. 

Improvement of the assessment of ecological risk requires expanding data 
on stressors of technogenic origin. The influence of various modes of technological 
processes, degree, frequency, and time of impacts of technical systems and human 
economic activities in the shelf waters must be taken into account in the dynamics 
of both technogenic processes and the ecosystem itself. Expanding the range and 
content of risk model input data will make it possible to bring the proposed method 
closer to BigData technologies. 

Preliminary calculations of intra-annual risk variations presented in this paper, 
performed in accordance with the proposed methods in order to identify dangerous 
situations, showed the efficiency of the approach and the possibility of extending 
the calculations to marine ecosystems of various water areas. 
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