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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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BiusiHue BHYTPUI010BOM TUHAMMKHA KOMIIOHCHTOB
JIKOCHUCTEMBI HA IKOJOTMYECKUI PUCK: MOJIeJIbHbIE OLCHKHU

H. B. CosoBbeBa

HUncmumym oxeanonoeuu umenu I1. I1. [llupwosa PAH, Mockea, Poccus
e-mail: soloceanic@yandex.ru

AHHOTANUA

[Ipennoxena MOENb OLEHKH SKOJIOTMYECKOTO PHCKA C yYETOM BHYTPUTOIOBOH TMHAMHKH
OCHOBHBIX KOMIIOHEHTOB 5KOCHCTEMBI. Ha OCHOBE MOJETIBHBIX PAacUeTOB JaHBl OLEHKU
9KOJIOTMYECKOTO PUCKA MPHU BapHUAIMAX BHYTPUTOJOBOTO COCTOSIHUS HU3KONPOAYKTHBHBIX
9KOCHCTEM apKTHUYECKOTO Inesib(ha M ASHCTBUU TEXHOTEHHBIX CTpeccopoB. IIpoBeneHHbIE
pacyeTsl ITO3BOJIMIIN TIOJTyYUTh MOJIETIbHBIE OLIEHKH BHYTPHUTO/I0BOI TMHAMHUKH SKOJIOTHYE-
CKOT'O PUCKa U JIOIyCTUMOTO BO3/IHCTBUSI HA 9KOCUCTEMbI CO CTOPOHBI CTPECCOPOB B yCJIO-
BUSIX OCBOCHUSI PECYpCOB apKTHUecKoro menbga. [lomydeHHble npeaBapuTebHbIe Pe3yilb-
TaThl PacuyeTOB MMO3BOJIMIIN BBIICIUTH O0JIACTH IMOBBIIICHHOTO PHCKA M YYECTh Pa3INYHYIO
CTEleHb TPeOOBAaHUI K MCKIIIOYCHHUIO OMIMOOK 1-ro M 2-r0 poja, 00yCIIOBICHHBIX CIELH-
(huKoi 3a1a4 HKOJIOTHYECKON 0e30macHOCTH. BaXkHBIM MPaKTHYECKUM PE3yIbTaTOM pa3pa-
OOTKM METOIMKH OIIEHOK PHCKa SIBISICTCSl BBISIBICHHE BPEMEHHBIX MHTEPBAIOB BO3ZICH-
CTBHH, IIPM KOTOPBIX OINACHAs CHUTyallUsl CKpbITa BHEIIHHM OjaromomyyueM (ommmdka 2-ro
pona). IIpoBeneHHbIE MOJIETBHBIE HCCIIEIOBAHNUS OTKPBIBAIOT BO3MOXKHOCTH II€pepacipeie-
JSITh 5KOHOMHYECKHUE 3aTPaThl HA 0€3011aCHOCTh B TEUSHUE I'O/Ia TaK, YTOOBI CHU3UTh PUCKH
B OIACHbIE IEPHOJbI Pa3pabOTKH MOPCKHX PECYpPCOB M MCKIIIOYUTH IEPEepacxoji CPeicTB
B OTHOCHTENBHO Oe3omacHoe Bpems. JIpyrMMH CIOBaMHM, MOXHO CHHU3UTH 3KOJIOTO-
9KOHOMHYECKHE IPOTUBOPEUNS B YIIPABICHUH PUCKOM.

KiawueBble caoBa: MOJeNb SKOJOTHYECKOT'O PUCKA, BEPOSTHOCTH JOIMYCTHUMBIX BO3-
JeHCTBUH, apKTHYECKUH 1mIenb(, sKocucTeMa, MaTeMaTHYECKOE MOIEIUPOBaHIe, Oromacca
(hUTOTUTAHKTOHA, aHTPOIIOTCHHOE BO3CHCTBHE

BiaaromapHocTn: paboTa NOATOTOBIEHA B paMKax TOCYJapCTBEHHOTO 3aJaHUs
Ne 0128-2021-0004. ABTOp BBIpakaeT OJIarONAPHOCTh PYKOBOIMTENSIM JIaOOpaTOpuid
Wucturyta okeanomorun uM. 1. I1. [upmosa PAH, B wacTHOCTH JOKTOPY OHMOIOTHYECKIX
Hayk B. A. Cunkuny, 3a 00CyX/IeHIE HAPaBICHUH MO/ICITUPOBAHMUS SKOJIOTHYECKOTO PHCKa,
akazneMuky Poccuiickoii akanemuu Hayk M. B. @iuHTY 3a OpraHu3anyio 3KCIEAUIHOHHBIX
pabor B Mopsx ApPKTHKH U IOKTOpy reorpadpmueckux Hayk E.E. Cosre (MI'U PAH)
3a IOMOIIb M MOJJAEPXKKY pabOThl NP NMPEACTaBICHUH B XypHall «JKoJOrmdeckas 0es-
OIIACHOCTH NMPUOPEKHOM M 1EeNTB(HOBON 30H MOPSI».

Hdasa uutupoBanusa: Conosvesa H. B. Bausaaue BHyTPUTOZOBOW THHAMUKH KOMIIO-
HEHTOB 3KOCHCTEMbI Ha 3KOJIOTHUECKHUN PUCK: MOJICIbHBIC OLCHKHU // DKomorudeckas 6e3-
OITaCHOCTH MPUOPEIKHON U mIenb(poBoi 30H Mopst. 2023. Ne 3. C. 86-97. EDN JKDPNP.

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 *x 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 <y,}, where y — ecological risk; y, — permissible risk.

Aty <y, a decision is made on ecological safety, at y >y, — 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 ¥ and lower y risk assessments (y <y < y).
The value of permissible ecological risk lies in the interval between upper y and
lower y assessments. For the criterion of ecological safety, the upper estimates

K=1{ySy,} will be used.

We will take into account L stressors (i =1,L) that have a negative impact
on the ecosystem functioning under natural conditions. Let us assume that
the stressors can take k states (k =1,K ). 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,

maxy; =y Sy<y, = ZiL:] v; » where y; — risk from the i-th stressor [23, 24].
1

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=1,M). Observational data give maximum values of population biomass

on rises Nmax and falls N,. 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

Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2023 89



in the 4-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]

K M K M K
yk(t) < qu Zpkmykm = qu Z (pamyam +P'am y'am)k - qkya(t)’

k=1  m=1 k=1 m=1 k=1
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(l—N N
o/ max

t t' M
m pvaszm’ Zmzl(tm +t’m):[’
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M ' K
zmzl(pam"_pam):l’ Zkzlqkzl’

where y; — risk from a separate i-th impact from stressors (a technical object);
gr — probability of the k-th state of a technical object; p,« — conditional proba-
bility of the m-th state of the ecosystem at the k-th state of the technical system;
vimk — 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; Ev(¢) — mathematical expectation

of the population biomass value; yi(¢) — intra-annual biosystem risk at the k-th state
of a technical object; p.,» — probability of a biosystem being in the m-th intra-annual
state of biomass rise; y.» — risk at biomass rise; y'u» — risk at biomass fall;

¥ . — €cological risk throughout the year; yx, — biosystem risk probability at the A-th

state of a technical object and the m-th state of the biosystem; #, — duration of bio-
mass rise; ¢’ — 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 QO(t),
the ecoscreening equations [23, 24] were expanded to the following form [7]

1 for y, ()< yy,,

0 =124 for y, <y (D) <1, )
Vi ()

Ya for yk(t) = 1,

where Q(f) — maximum permissible probability of anthropogenic impact on the
ecosystem; yx(?) is determined by equations (1); ys — 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 1077 to 107", To calculate Q(f), values y,; were selected that correspond to in-
creased (ys=107), average (y;= 10", and insignificant (y;= 10~) requirements
for the ecosystem quality. Probability g: of the technical system being at the k-th
state (we assume k = 3) was chosen from the range from 10~ to 10™! (Table). Proba-
bility values of low g1 = 107, average ¢» = 102 and high ¢; = 10 'event 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]

: I t scal .

Type of anthropogenic 1pact sea’e Estimated

impact on ecosystems Spatial Temporal permissible risk
Seismic exploration Local Temporary 107!
Exploratory well drilling Topical Short-term 107
Field operations from sin- s
gle platforms Local Temporary 10
Regional field work Regional Long-term 1072
Construction of platforms, . 5 a7
pipelines, etc. Topical Temporary 10™-10
Operation of pipelines . s
in accident-free mode Regional Long-term 10
Tanker shipping . _7
in accident-free mode Sub-regional Temporary 10
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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(¢), satisfying the following condition

O() =minQ(r) ; [22, 23].
J

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, Ner, Pam, Plams Ev(¢) 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.
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Fig. 1. The annual course of phytoplankton biomass according to
gener-alized observations of freezing waters (/) [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:
Noax = 1.710° mg/m’, N., = 10 mg/m’, pun =ta/t = 1/6, and Ev(f) (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 y (Fig. 2, a) ranged from 0 to 0.8. Calculated permissible impact
probability values Q(¢f) 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 QO(yx)
in the range of values g;=10"-10" and y,=10°-10" (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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Fig. 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 («) and the annual course
of the permissible probability of impacts Q(f) from stressors in the range of values
qr=107-10"2% y,= 10741073 (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].
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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 O(yx),
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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