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Characteristics of Extreme Precipitation in Crimea

V. V. Efimov *, A. E. Anisimov, O. |. Komarovskaya

Marine Hydrophysical Institute of RAS, Sevastopol, Russia
* e-mail: vefim38@mail.ru

Abstract

The paper considers the statistical characteristics of extreme precipitation according to
long-term (75 years or more) measurements at 5 hydrometeorological stations in Crimea.
Quantitative characteristics of the long-term variability of precipitation, the frequency of
dry and wet periods, and the interannual variability of extreme precipitation are given.
Cumulative distribution functions of extreme precipitation and their approximations based
on generalized distributions of extreme values (GEV) are constructed. Both long-term
averages and extreme precipitation values take its maxima at the Ai-Petri weather station.
This station also has the longest wet periods (2.73 days) and the most intense daily pre-
cipitation (6.85 mm/day). The coastal stations of Kerch, Sevastopol and Feodosiya have
the longest average duration of dry periods (up to 8 days in Feodosiya), and the total
amount of precipitation in Simferopol is greater than that in coastal cities. The analysis of
extreme precipitation confirmed that the most intense extreme precipitation is observed
in the summer period on Ai-Petri (165 mm/day for a return period of 50 years), as well as
in Kerch and Feodosiya. Extreme precipitation in Simferopol and Sevastopol is two times
weaker than that on Ai-Petri.

Keywords: precipitation, Crimea, precipitation measurements, statistical characteris-
tics, return period, return values
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XapaKTepUCTUKH IKCTPEeMAJIbHbBIX
atMocdepHbIX ocaakoB B Kpeimy

B. B. E¢pumos *, A. E. Auncumos, O. U. Komaposckas

Mopckoti euopogusuueckuii uncmumym PAH, Ceéacmononws, Poccus
* e-mail: vefim38@mail.ru

AHHOTANUA

PaccMOTpeHBI CTaTHCTHYECKHE XapPaKTEPUCTUKHU SKCTPEMAIBHBIX OCAJKOB MO JAHHBIM JOJI-
rocpouHbix (75 ner m Ooisiee) M3MEPEHWH HA TATH THAPOMETEOPOJIOTHYECKHX CTAHIMIX
Kpsima. IlpuBeneHbl KONMYECTBEHHBIE XapaKTEPUCTUKM MHOTOJIETHEH M3MEHYMBOCTU
0CaJIKOB, TOBTOPSEMOCTH CYXHMX M BIIQXHBIX NE€PUOJOB, BHYTPUTOJOBOM HM3MEHUYHBOCTU
9KCTpeMalbHBIX 0CaaKoB. [locTpoeHbl KyMyJSTHUBHBIE (DYHKIMH paclpeesieHHs 3KCTpe-
MaJIbHBIX OCAJKOB M UX allPOKCUMAIIMN Ha OCHOBE 000OIIEHHBIX PacHpeiesIeHU IKCTpe-
MaJIbHbIX 3HaueHHH. Kak cpeHeMHOrojeTHHE, TaK U HKCTpeMalbHbIC 3HAUCHUS OCAKOB
MaKCUMaJIbHBI Ha MeTeocTaHnuu Ai-Iletpu. B 3ToM ImyHKTe Takxke oTMedaroTcs Haubosee
TIPOJIOJDKUTENBHBIE BIIAXHBIE MepHons! (2.73 cyT) m Hamboiee WHTCHCHBHBIC CYTOYHBIC
ocazaku (6.85 mm/cyt). B mpubpexnsix mynkrax Kepus, CeBactonons u @eogocus ormeya-
eTcst HauOOoJIbIIasi CPEeHsS POAOIDKUTEIILHOCTD CyXHX TeprosoB (1o 8 cyt B deomocum),
CyMMapHOe KOJMYecTBO ocaskoB B CuMdepornosne Oosble, 4eM B IPUOPEKHBIX TOpOaX.
AHanu3 SKCTPEMAaJbHBIX OCAJKOB IOJTBEPIMJ, YTO Hanboyiee MHTEHCHBHBIE JKCTpe-
MaJbHBIC OCAIKA OTMEYArOTCs B JIeTHUN nepuon Ha Aii-Iletpu (165 mm/cyT s mepuona
nosTopsiemoctdt B 50 7er), a Takke B Kepunm um Deomocun. DKCTpeMaibHBIE OCAIKU
B Cumdepomnone u CeacTornoie B ABa pasa ciabee, ueM Ha Ai-Ilerpu.

KawueBble ciaoBa: atmochepHsie ocanku, KpbeiM, H3MEpeHUsT 0CaKOB, CTATUCTUYIC-
CKHUEC XapaKTECPUCTUKU, IEPUO ITOBTOPACMOCTH, BO3BPATHLIC 3HAYCHU

BanaroanapHocTH: paboTa BRIIOJHEHA B paMKax rocynapcrseHHoro 3axanust ®I'BYH
OUIL MI'! mo Teme Ne 0827-2021-0002 «DyHmaMeHTaNBHBIE UCCICIOBAHUS MPOLECCOB
B3aUMOJICHCTBUSL B CHUCTEME OKeaH-aTMoc(epa, ONpPEAeNSIONUX PErHOHAIBHYIO IPO-
CTPAHCTBEHHO-BPEMEHHYIO U3MEHYMBOCTh MPUPOJAHON CPEIIBI M KIIMMATaY.

Aas nutuposanus. E¢umos B. B., Anucumos A. E., Komaposckas O. U. Xapakre-
PHUCTHKH SKCTpEeMalbHBIX aTMOoc(epHbIX ocaakoB B KpbiMy // Dkonorndeckas Gesomac-
HOCTh HpHOpexHOW U 1menbdoBoi 30H Mops. 2022. Ne 2. C. 6-18. doi:10.22449/2413-
5577-2022-2-6-18

Introduction

A characteristic feature of precipitation in Crimea is the significant heteroge-
neity of its distribution over the relatively small area. Most of the steppe region of
the peninsula is characterized by insufficient wetness: the average annual precipita-
tion makes 430-550 mm, while under the influence of the Crimean Mountains,
much more precipitation falls in mountainous areas [1]. There, the amount of pre-
cipitation is approximately 1.5 times higher than that one over the steppe part of
the peninsula. The extensive literature on the subject is devoted to the physical
mechanisms of disturbances introduced by mountains into the wind and precipita-
tion fields, e.g. [2-5]. At the same time, in the region of the South Coast of Cri-
mea (SCC) — a narrow coastal strip along the southern slope of the Crimean
Mountains — an area of subtropical (sub-Mediterranean) climate has been formed
[6]. Despite the fact that the average annual precipitation here is close to the
amount of precipitation in the steppe regions, most of it, as in the Mediterranean
countries, take place during the cold winter period. On the contrary, in the domes-
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tic steppe areas of Crimea, the monthly variability is relatively small, with most
of the precipitation taking place during the warm summer period V.

A remarkable thing of the distribution of precipitation is the decrease
in the amount of precipitation in coastal areas compared to the central regions.
For example, in Sevastopol, the average annual precipitation makes about
300 mm, while in Simferopol it makes approximately 500-700 mm Y. It is associ-
ated with the relative increase in the amount of convective precipitation during
the daytime in summer [7] due to the contribution of breeze circulation [8, 9].

The absence of the adequate observational network, as well as insufficient
spatial resolution of satellite measurements [7, 10], makes it impossible to study
the spatiotemporal structure of precipitation and to assess the probabilistic char-
acteristics of precipitation throughout the peninsula. First of all, such an assess-
ment is very important for the cases of extreme precipitation, the catastrophic
manifestations of which are most noticeable in some areas of the peninsula,
namely, in mountain valleys and on mountain slopes [11].

One of the cases of heavy summer rain in the SCC region refers to Septem-
ber 6-7, 2018. In Yalta and Feodosiya, almost two to three monthly amounts of
rainfall was measured. Two more recent extreme precipitation events refer to
the summer of 2021. On the night of June 17, real tropical downpours, the largest
ones in the last 100 years, came to Crimea, which had previously suffered
from drought. Within a matter of hours, the amount of precipitation correspond-
ing to the norm for 2-3 months fell. The next day, big water came to Yalta.
The same thing that had happened in Kerch was repeated there, but on a larger scale.

The purpose of this article is to evaluate the statistical characteristics of ex-
treme precipitation, i.e. those exceeding the 99th percentile [12]. As pointed out
above, there are very few long-term meteorological observations suitable for
the assessment of the distribution functions and return periods of extreme precipi-
tation in Crimea. The available dataset is comprised of archival meteorological
measurements data collected at the hydrometeorological stations (HMSs) in Sim-
feropol, Kerch, on Ai-Petri, in Sevastopol and Feodosiya for the period of at least
75 full years?, as well as the archives of the RP5 website (URL: https://rp5.ru/).
At all other locations of meteorological observations in Crimea, there are only
fragmentary precipitation measurements available, while continuous measure-
ments cover only the last 10-12 years and are not suitable for climate assessments.

Statistical characteristics of the series of daily precipitation at the meteor-
ological stations of Simferopol, Ai-Petri, Kerch, Feodosiya and Sevastopol

Fig. 1 shows the time series of annual precipitation amounts at meteorologi-
cal stations. Statistical analysis of these measurements showed that the largest
amount of annual precipitation had been observed at the Ai-Petri meteorological
station, located in the mountains. Here, the average annual precipitation amount-
ed to 1,003 mm. In Simferopol, the average annual precipitation amounted to 499
mm, and at the coastal stations of Sevastopol, Kerch and Feodosiya, it was

D Ved, 1.P., 2000. [Climate Atlas of Crimea]. Simferopol: Tavriya-Plus, 118 p. (in Russian).

2 ECA&D Project Team. European Climate Assessment & Dataset. 2022. [online] Available at:
https://www.ecad.eu [Accessed: 31.05.2022].
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Fig. 1. Annual precipitation amounts and the moving average over 5 points

significantly less and made 365, 437 and 299 mm, respectively. The interannual
variability of precipitation amounts on Ai-Petri significantly exceeds the variabil-
ity at other stations. The decrease in precipitation at all stations in 2019-2020
also calls attention to itself. In particular, the amount of precipitation on Ai-Petri
was minimal during the period of interest, which was the main factor in the lim-
ited availability of freshwater resources in 2020-2021.

The precipitation series in Simferopol contains 28,125 measurements
(77 years) with 18,890 days without precipitation. The precipitation series
in Kerch and on Ai-Petri contain 27,759 daily measurements (76 years), while
in Kerch there were 20,095 days without precipitation, and on Ai-Petri —
16,635 dry days. The series in Feodosiya consists of 42,733 measurements
(111 years) with 34,480 dry days. In Sevastopol, the series contains 30,680 meas-
urements (84 years) with 22,556 dry days. Averages values and maximum
amounts of precipitation for the entire period of observations are given in Ta-
ble 1. It also shows the average and maximum duration of wet and dry periods
at meteorological stations and provides estimates of the intensity of daily pre-
cipitation, calculated by the following formula

Pint = Ptot / Nuet ,

where Pyt — total precipitation amount, Nyet — number of wet days.

As could be seen, the intensity of daily precipitation is maximal for
the Ai-Petri HMS, located on the top of the Crimean Mountains at an altitude
of about 1000 m, and minimal for the Sevastopol HMS in the coastal south-
western part of the peninsula.

Histograms of daily precipitation series are shown in Fig. 2. In this case,
the frequency or repeatability of the number of days with a given amount of precipi-
tation is determined in relation to the total length of the series of observations. As is
obvious, the repeatability of precipitation monotonically decrease with
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Table 1. Statistical characteristics of daily precipitation series: all-time average daily
precipitation Pmean (mm/day), maximum daily precipitation Pmax (mm/day), average dura-
tion of dry periods Tarymean (day), maximum duration of dry periods Taymax (day),
average duration of wet periods Twetmean (day), maximum duration of wet periods Twetmax
(day), precipitation intensity Pin (mm/day)

Weather station Prean Prmax Tarymean | Tdrymax | Twetmean | Twetmax Pint
Simferopol 1.37 119.2 4.29 48 2.15 19 4.16
Ai-Petri 2.75 215.2 4.09 42 2.73 30 6.85
Kerch 1.20 300.0 5.18 57 1.98 13 4.33
Feodosiya 0.82 132.3 8.08 123 1.94 17 4.24
Sevastopol 1.00 209.0 5.57 60 2.01 15 3.78
012 0.005 m Simferopol
m Ai-Petri
_ 0-004 = Kerch
el T:a 0.003 o [_“cu(losi_\'a
2 = Sevastopol
g
0.08 F-: 0.002
5 0.001
5
= 0.06 0
L‘E‘ 15 17 19 21 23 25 27 29 31 33 35

Precipitation. mm/day

1 3 5 7 9 11 13 15
Precipitation. mm/day

Fig. 2. Histograms of daily precipitation series at weather stations
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the increasing amount of precipitation for all the stations. Herewith, extreme pre-
cipitation is most frequent at Ai-Petri station.

An important characteristic of precipitation is the distribution function of dry
days (i.e., days without precipitation) and wet days. Histograms of the periods of
dry and wet days, as well as the probability distribution functions of the duration
of dry and wet periods are shown in Fig. 3. For approximation, the following

Simferopol
CER
04 1
0.3 4
0.2 1
01 1
0 -
Ai-Petri
0.5 4
04 4
03 4
02 1
0.1 4
0 4
Kerch
05 1
0.4
03
0.2
01 | I
. i
Feodosiya
05 4P
04
0.3
0.2 I
01 i
0
Sevastopol
05 1p
04 9
0.3 1
02 1 |
! 1 1 P
1 2 3 45 6 7 8 91011121314 1 2 3 4 5 6 7 8 91011121314
Duration, day Duration, day

Fig. 3. Distribution histograms of the duration of dry periods and
wet periods at weather stations (dark blue — empirical histograms of
the precipitation period duration; light blue — approximation by geomet-
ric distribution; red — empirical histograms of the precipitation period
duration; grey — approximation by geometric distribution)
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geometric distribution of the probability density Y was used
fxi=k=p(l-p)

where x; — duration of wet or dry period; p =1/§ — distribution parameter, inverse

number of average duration.

For all stations, the frequency of dry periods is approximately two times less
than the frequency of precipitation periods; the most frequent are one-day precipi-
tation periods and dry periods lasting 1-4 days. In 90 % of cases, precipitation
lasts 3 days or less (4 days — on Ai-Petri), in 50 % of cases — 1 day. There are no
significant differences in the duration of wet periods at different stations. At the
same time, the frequency of one-day dry periods in Feodosiya is almost two times
lower than at other stations, and long dry periods take place more often.

The distributions of dry and wet periods are important characteristics of
the temporal structure of precipitation [13], which make it possible not only to
judge the moisture regime of the region, but also to assess the possibility of
droughts and floods. Indeed, even very heavy precipitation that fell within a short
time is not as dangerous as relatively small precipitation falling over a long peri-
od. Such indicators as the contribution of wet/dry periods to the total number of
days with/without precipitation are also important. Therein, the number of days is
analyzed, that is, the proportion of days formed by periods of a given length, and
thus the extremeness of the duration of periods of a given length is estimated.

Fig. 4 shows the proportions of periods of different durations to the total
number of wet and dry days.

The relative contributions differ for the coastal and land stations. In Kerch,
Feodosiya, and Sevastopol, dry periods of 10 days or more contribute more to the
total number of dry days due to the reduced frequency of precipitation in summer.
Vice versa, wet periods of 5 days or more make a smaller contribution to the total
number of days with precipitation. Wet periods lasting 10-15 days take place
on Ai-Petri.

Annual variation of extreme precipitation

The most intense extreme precipitation takes place in summer. Fig. 5 shows
the amount of daily precipitation in Kerch and the annual variation of the average
amount of precipitation exceeding the threshold value of 15 mm/day, which ap-
proximately corresponds to the level of 99% of the distribution function, as it will
be clear from the subsequent. The maximum amount of daily precipitation, reach-
ing values of more than 50 mm, falls on the summer period. Without giving
the same distributions for the other four meteorological stations, it should be not-
ed that they differ slightly from the distribution in Kerch, shown in Fig. 5. What
can only be pointed out is that the summer maximum of daily extreme precipita-
tion for Ai-Petri is less noticeable.
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Fig. 4. Empirical histograms of partial contributions of different dura-
tion periods to the total number of wet (a) and dry (b) days

The explanation for the summer maximum of extreme precipitation is simple.
Intensive precipitation in Crimea is caused by heavy rains associated with convec-
tive precipitation during the warm summer season. In winter, cloudiness that forms
precipitation refers mainly to nimbostratus clouds. In this case, the source of
moisture for continuous rains is the advection of water vapor as a result of
transport from neighboring areas due to high airflow velocities [8]. Winter pre-
cipitation is long, but less intense and smaller in quantity.

Characteristics of extreme precipitation

To assess the probability distribution of extreme precipitation exceeding
the selected threshold value, i.e., the tail of the full distribution function (usually
from the value of 15 mm/day for the daily amount [14, 15]), the generalized
extreme value (GEV) distribution is used. The distribution function of extreme
values is given by the following formula

_\7ve
F(x; u;, o; &) =exp| — {1+ Q(Hﬂ ,
(¢}
where p — location parameter; o and & — scale and shape parameters respectively.
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Fig. 5. The monthly numbers of days with extreme (more than 15 mm)
daily precipitation in Kerch according to measurement data for 1945-
2020. The annual variation of the averages is shown in red

Fig. 6 shows the probability distributions of the daily precipitation series
proper (cumulative distribution functions) and their GEV distribution approxima-
tion using the maximum likelihood method for five selected weather stations.

As is obvious, there is some difference between the distribution of extreme
precipitation at Ai-Petri station and at other HMSs. For the former, the probability
values are somewhat shifted towards lower values, i.e., higher values of extreme
precipitation have higher probability, which is especially noticeable in comparison
with Simferopol.

As an important characteristic of the precipitation absolute extremeness,
the so-called return values (that is, values that occur once in a certain number of
years) and return periods (that is, the waiting time for a given extreme value) are
often used. Return values and return periods are related as follows

1
i :[1_ T(RP)J |

where F, — estimate of the probability density (percentile) for daily precipita-
tion return value R, and waiting time of the event 1. In particular, for a return
period of 100 years, the corresponding percentile would be calculated for a se-
ries of daily precipitation by the following formula

1

1-———=0.99997 .
365-100
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Fig. 6. The probability density of daily precipitation (cumulative distribu-
tion functions) at weather stations in logarithmic coordinates and their gen-
eralized extreme values distribution approximation using the maximum like-
lihood method

From the percentile value, using the fitting distribution, it is easy to determine the
return value for a given return period. The calculated estimates of extreme precip-
itation return values at mete-

Table 2. Daily precipitation (mm/day) at weather ~ Orological stations for various

stations for various return periods return periods are given in
Table 2.

Weather Return period In general, the return

station values repeat the behavior of

20 years | 50 years | 100 years

the precipitation intensity

Simferopol 70 85 98 values. The highest values
Ai-Petri 137 165 190 are accounted for the Ai-Petri
Kerch 105 139 160 HMS, the lowest ones —

for the Sevastopol HMS.
Feodosiya 6 96 113 The physical reasons for this
Sevastopol 55 67 76 are rather clear, as the amount

of precipitation in the area of
high mountains is the highest
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one due to the peculiarities Tap1e 3. The duration (days) of dry and wet
of the air flow around periods at weather stations for various return periods

the mountains and increased

condensation when the air Weather Return period

ris_es to the top of the moun- station 20 years | 50 years | 100 years
tain. And the reduced pre-

cipitation intensity in Sevas- Simferopol 34 38 41
topol compared to, e.g., 14 16 17
Simferopol, as noted above, . . . 32 35 38
is explained by the influence 20 22 28
of breeze circulation and Kereh 41 46 49
the shift of the convective 14 16 17
cloudiness formation area _ 67 74 79
from the coastal to the land  Fe0dosiva 12 13 15
area during the day in 45 50 54
the warm period of the year ~ Sevastopol 13 14 15

[7, 8]. All these arguments
can also be confirmed by Note: above the line - duration of dry periods; below
the calculated estimates of N !iné - that of wet periods.

the maximum duration of dry and wet periods at meteorological stations
for the return periods given in Table 3.

Conclusion

The paper considers the daily precipitation measurements at the HMSs of
Simferopol, Ai-Petri, Kerch, Feodosiya, and Sevastopol. Statistical analysis of
the constructed series shows that the longest and most intense precipitation is ob-
served at the Ai-Petri HMS, which is located in the mountains. The interannual
variability of precipitation amounts is also higher there. At the coastal stations of
Sevastopol, Kerch, and Feodosiya, the average annual precipitation, its intensity
and interannual variability are much lower. In Simferopol, these estimates are
in its mean range due to the more continental climate. They are somewhat higher
than at coastal stations, but still significantly lower than at the Ai-Petri HMS.
A similar pattern can also be traced with the assessment of dry and wet periods
duration at these stations. The extreme precipitation takes its annual maximum
in summer. This is explained by the fact that intense precipitation in Crimea is
caused by heavy rains, which are formed as a result of atmospheric convection
during the warm summer period. When assessing the probability of extreme val-
ues of precipitation, the GEV distribution was used, which made it possible
to determine the return values of daily precipitation at weather stations for differ-
ent return periods. In general, the ratio of return values is similar to the ratio of
precipitation intensity values, as the highest values were obtained for the Ai-Petri
HMS, while the lowest ones — for the Sevastopol HMS. The estimates of the dry
and wet periods maximum duration given in the paper also follow this pattern.
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Abstract

The paper presents the structure, tasks and features of environmental monitoring of
the Black and Azov Seas as well as means and methods thereof adopted in the Russian
Federation. The paper describes standards of analysis methods, layouts of offshore
sampling stations, analyzed parameters, and specifics of the formation of the State
Observation Network adopted by Roshydromet. Differences in the European and Russian
systems of marine environmental monitoring and the systems' focus are shown.
The features of satellite monitoring of the Azov and Black Sea basin were considered.
The latest achievements of satellite monitoring of the Black Sea in the Russian Federation
and the prospects for its development were analyzed. Additional opportunities to
introduce satellite technologies in solving a number of environmental problems are listed.
A new system of satellite monitoring of anthropogenic impacts on the Black Sea shelf of
Russia, created by a team of scientists from the Aerocosmos Institute and institutes of the
Russian Academy of Sciences, is considered. The possibilities of using mathematical
modeling methods as an effective tool for predicting the consequences of anthropogenic
impact on marine areas, including oil spills, were analyzed. The long-term changes in the
water pollution index of the Black Sea marine areas were estimated in the area of
responsibility of the Russian Federation. The implementation stages of the international
project EMBLAS developed as part of the Bucharest Convention (1992) were analyzed.
The purpose of the project was to develop a system of integrated monitoring of the Black
Sea, to collect and manage the obtained data, and to improve the skill level of dedicated
experts in the Black Sea states. The paper provides a map of ecological zoning of
the eastern Black Sea with description of complex monitoring stations proposed for
inclusion in the work program. The paper substantiates the necessity of ecological zoning
and allocation of sites, the recreational use of which should be excluded or limited for
the sake of people's health until the situation changes.

Keywords: environmental monitoring, water pollution index, station layout, Azov and
Black Sea basin, satellite information, international projects
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AHHOTaN U

[IpencraBneHsl CTpyKTypa, 3a7a4d U OCOOCHHOCTH IKOJOTHYECKOro MOHHMTOpHHTa Yep-
HOTO U A30BCKOTO MOpEH, a TakKe ero CpelcTBa MU METOIbl, MpUHATHIE B Poccuiickoit
®enepanun. Onucanbl UCTIoNb3yeMble B Pocrunpomere craHmapThl Ha METOJMKH aHAJH-
3a, CXeMBI PaCIIOJIOKEHHUSI MOPCKHX CTaHIMH 0TOOpa Mpo0, aHaTM3upyeMble HapaMeTphl 1
0coOeHHOCTH (POPMHUPOBaHUS TOCYJapCTBEHHONW HabmonarenbHoi cetu. IlokasaHsl pas-
JUYUs B €BPOMNEHCKOI U poccUiicKol cHCTeMax HKOJOTMYECKOr0 MOHHUTOPUHTA MOPCKOH
Cpenbl U HalpPaBJICHHOCTh 3THX cHUCTeM. PaccMOTpeHBI 0COOEHHOCTH CITyTHHKOBOTO MO-
HUTOpHHTa A30BO-UepHOMOpPCKOTO OacceifHa. AHAMM3UPYIOTCA MOCIEIHUE JTOCTHKCHUS
CIIyTHUKOBOI'O MOHUTOpUHIa YUepHOro MOpsl U NMEpCHEKTUBEI ero pa3Butus B PO. [lepe-
YHCIIEHB! JIOTIOJHUTEIBHBIE BO3MOKHOCTH BHEAPEHUS CITyTHUKOBBIX TEXHOJOTHIl Ipu
peLIeHNH pAfa NPUPOJOOXPAHHBIX 3a7ad. PaccMOTpeHa HOBas CHCTEMa CIyTHHKOBOTO
HaOJIFO/ICHUS 32 aHTPONOTEHHBIMH BO3JICHCTBUAMU Ha menbde UepHOMOpcKoro mobdepe-
*bs Poccnm, cozpnaHHast KOJJIEKTUBOM YYEHBIX MHCTHTYTa «A3POKOCMOC» M UHCTHUTYTOB
PAH. IIpoanann3upoBaHbl BO3MOKHOCTH HCIIOJIB30BaHHUS MaTEeMaTHYECKOTO MOJIEIHPO-
BaHMA KakK 3(P(EeKTHBHOTO MHCTPYMEHTA JUIS NMPOTHO3WPOBAHUS MOCIEICTBUH aHTPOIIO-
TEHHOT'0 BO3JEHCTBHSI HA MOPCKUE aKBaTOPHH, BKIIOYast pa3nusbl HedTH. [IpencraBneHs
OLICHKM MHOTOJIETHHX HM3MEHEHHH HWHJAEKca 3arpsA3HEHHOCTH BOJ YepHOro Mops B
30He oTBeTCTBEHHOCTH P®. IIpoaHanu3upoBaHbl 3Tanbl peaau3alnuud MEXIYHapOIHO-
ro npoexta EMBLAS, pa3pabotanHoro B pamkax byxapectckoit xonsenmuu (1992 r.),
LIeTb KOTOPOTO COCTOSUIa B Pa3BUTUH CHUCTEMBl KOMIUIEKCHOTO MOHHTOpHHIa YepHOTO
Mopsi, cOope ¥ yNpaBJICHUH IIOJYIEHHBIMH JaHHBIMHM, TIOBBIIICHUH ypPOBHS KBasn(uKa-
UK TPOQUIBHBIX CHENUATNCTOB B IPUIEPHOMOPCKHX rocyaapcTsax. [IpuBeneHa cxema
9KOJIOTMYECKOTO palOHMPOBAHHUS BOCTOYHOM YacTH YepHOTro MOpsi C ONHMCAaHHEM CTaHIUH
KOMIIJICKCHOT'O MOHUTOpHHIA, IpeAjlaracMbIX JId BKIIOYCHHA B MpOrpamMmy pa60T.
O0ocHOBaHa HEOOXOAMMOCTH IKOJIOIMYECKOTO PaliOHUPOBAHMS U BBIJEICHUS YYaCTKOB,
PEKPCAIMOHHOC HMCIOJB30BAHUC KOTOPBIX OO U3MCHCHHUA CUTyallMd OOJIKHO OBITH HC-
KJIFOUEHO MJIM OTPAaHMUYCHO B LIETISIX COXPaHEHHUS 37J0POBbS JIIOCH.

Karo4deBbie CJI0Ba: 3KOJIOTHYECKUH MOHUTOPHHT, HHIEKC 3arPS3HEHHOCTH BOJI, CXEMBI
pacronoxxeHus ctaHIMH, A30Bo-UepHOMOpCKHUil OacceifH, ClyTHUKOBas WHpOpMaIums,
MEXXIYHApOAHBIC TPOCKTHI
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Introduction

The Azov and Black Sea basin is one of the most developed regions in terms
of providing recreational-tourist, sanitary-resort and balneological services not
only for Russia, but also for Europe as a whole. This is primarily due to the pres-
ence of sea beaches, as well as a network of mineral springs and sources of
healing mud. Unique climatic and natural recreational conditions contribute
to the development of a specific system of medical and resort complexes.
At the same time, the catastrophic pollution of the Black and Azov seas is a gen-
erally recognized fact [1].

The main federal body of state power of the Russian Federation in the field
of use and protection of the environment is the Ministry of Natural Resources and
Ecology of the Russian Federation (Ministry of Natural Resources of Russia)
(URL: www.mnr.gov.ru), whose competence includes monitoring environmental
pollution. According to [2], monitoring is a systematic diagnosis of a situation
with a certain specified frequency and using the same system of indicators.
In relation to the monitoring of the hydrochemical state and the level of pollution
of the marine environment, monitoring means regular observations in one place
by the same or comparable methods. The Ministry of Natural Resources of
the Russian Federation establishes requirements for conducting state monitoring
of water bodies, including monitoring of the state of the environment and its pol-
lution, collection, processing and storage of data, dissemination of information.
The Ministry of Natural Resources of the Russian Federation coordinates and con-
trols the activities of its subordinate the Federal Service for Hydrometeorology and
Environmental Monitoring (Roshydromet), the Federal Service for Supervision of
Natural Resources, the Federal Agency for Water Resources and the Federal Agency
for Subsoil Use. In accordance with the Decree of the Government of the Russian
Federation No. 477 dated 06.06.2013 “On the Implementation of State Monitoring of
the State and Pollution of the Environment”, Roshydromet was instructed to form and
ensure the functioning of the State Observation Network (SON), its stationary and
mobile points, as well as ship field research.

At present, the State Observation Network is formed on the basis of Regula-
tions on SON (2003) and includes both regional Departments for Hydrometeorol-
ogy and Environmental Monitoring (DHEM), and their branches — Centers for
Hydrometeorology and Environmental Monitoring, which perform practical work
on monitoring V. The results of observations of the marine network of Roshydromet

D Rosgidromet. The Structure of Rosgidromet. 2022. [online] Available at:
http://www.meteorf.ru/about/structure [Accessed: 06 June 2022].
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are published in the Yearbooks of Marine Water Quality by Hydrochemical
Characteristics ¥, which are regularly supplemented by the results of studies and
observations of research institutes of Roshydromet and the Russian Academy of
Sciences, individual field marine research of state and non-state organizations?),
data obtained as part of the international exchange of information.

Contact methods of monitoring observations of the quality of marine waters
are supplemented by remote (space) methods of obtaining information. Accord-
ing to the order of the Government of the Russian Federation No. MK-P9-01617
dated 10.02.2003 ¥, the State Institution Scientific Research Center "Planet”
together with the Hydrometeorological Center of the Russian Federation, the In-
stitute of Oceanology and the Space Research Institute of RAS in the Russian
sector of the Black and Azov seas carry out satellite monitoring of the aquatic
environment, the technology of which enables to receive processed satellite im-
ages of the visible, infrared and microwave ranges from Meteor-3M, Monitor-E,
Terra Aqua, NOAA, ERS-2, Envisat, IRS, QuikSCAT, Jason, TOPEX/Poseidon
and Meteosat-9 satellites.

Twelve types of final satellite information include not only generalized
schematic maps of the state of the aquatic environment, but also the maps of:

— oil pollution of the sea;

— water circulation, sea level changes;

— distribution of phytoplankton and algae, concentration of chlorophyll a;

— distribution of diffuse attenuation coefficient;

— sea surface temperature, surface wind;

— results of automated recognition of water bodies, etc.

The purpose of this work is to describe the structure and tasks of the state
environmental monitoring of the Black and Azov seas, as well as to evaluate
the means and methods for performing observations within the framework of
international environmental projects.

Materials and methods

The problems of environmental monitoring of the Black and Azov seas are
to be considered in the following order:

— structure and objectives of environmental monitoring. Features, structure
and tasks of environmental monitoring in the Black Sea countries;

— means and methods of observations adopted in the Russian Federation,
including contact and remote ones, as well as numerical modeling;

— proposals for improving the system of environmental monitoring of
the Black Sea based on the results of implementation of international projects and
programs.

2 Korshenko, A.N., ed., 2020. Marine Water Pollution. Annual Report 2019. Moscow: Nauka,
232 p. (in Russian).

3 Roshydromet, 2001. [On Introduction into Action of the Procedure of Preparation and Submis-
sion of General Information on the Environmental Pollution]. Order by the Head of Roshydromet
no. 156 as of 31 October 2000. Available at: https://docs.cntd.ru/document/901791258 [Ac-
cessed: 10 June 2022] (in Russian).
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Results and discussion

Marine environmental monitoring (in this paper, monitoring in the Russian
sector of the Black and Azov seas) is aimed at both assessing the current state of
the marine environment and predicting the development of environmental risks
based on a retrospective analysis of sources and factors of influence. According
to this work ¥, the objects of marine environmental monitoring in the Black and
Azov seas are: the marine environment within the exclusive maritime economic
zone of the Black Sea states, hydrometeorological and climatic (seasonal) factors
of influence, the main pollutants and their impact on the physicochemical param-
eters of the marine environment, coastal and marine sources of pollution, river
and atmospheric runoff, exchange processes between the sea and the atmosphere,
the sea and bottom sediments, the sea and living organisms, as well as bi-
oproductivity.

It should be noted that the Russian system of ecological monitoring of the
marine environment is significantly different from the European ones. Thus, the
Russian system is based on the principle of chemical analysis of water and as-
sessment of its pollution relative to the threshold limit value (TLV) of a particular
chemical element in sea water.

The European monitoring system is based on the ecosystem approach, as-
sessing the state of the marine environment using a set of indicators (descriptors)
and focusing on assessing the direct impact of human activities on living organ-
isms ¥. One of the fundamental principles is the subsequent development of a sys-
tem of measures to prevent or reduce further anthropogenic impact in the event of
serious violations of the quality of the marine environment. This methodological
approach enables not only to obtain an informative picture of the state of the main
components of the marine environment, but also to influence its dynamics
in the future. Such a system is currently used in all European seas, including most
of the Black Sea®.

In 1992, in Bucharest, specialists from the Black Sea countries (Russia, Turkey,
Ukraine, Romania, Bulgaria, and Georgia) signed the Convention for the Protec-
tion of the Black Sea from Pollution (Bucharest Convention). Within the framework
of the Convention, these states assumed obligations to control and reduce pollu-
tion of the Black Sea, to monitor and protect the marine environment?”. Specific
measures are determined by the three protocols of the Bucharest Convention [3]:

4 Monyushko, M.M., 2007. [Complex Ecological Monitoring of the Azov-Black Sea Basin (Current
State)]. In: Publishing house Education and Science s.r.0., 2007. [International Scientific and Applied
Conference “Efficient Tools of Modern Sciences-2007"" (3—5 May, 2007)]. Praha: Publishing house
Education and Science s.r.o0., 2007.

3) European Parliament, 2008. Directive 2008/56/Ec of the European Parliament and of the Council of
17 June 2008 establishing a framework for community action in the field of marine environmental
policy (Marine Strategy Framework Directive). Official Journal of the European Union, L 164,
pp. 19-40. Available at: http://data.europa.eu/eli/dir/2008/56/0j [ Accessed: 02 June 2022].

9 UNDP. EU4EMBLAS. 2022. [online] Available at: https:/emblasproject.org/ [ Accessed: 02 June 2022].

7 Black Sea Commission, 1992. Convention on the Protection of the Black Sea Against Pollution
(Bucharest, 21 April 1992). Available at: https://docs.cntd.ru/document/901892843 [Accessed:
02 June 2022] (in Russian).
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— Protocol on the Protection of the Marine Environment of the Black Sea
from Pollution from Coastal Sources;

— Protocol on Cooperation in Combating Pollution of the Marine Environ-
ment of the Black Sea with Oil and Other Harmful Substances in Emergency Sit-
uations;

— Protocol on the Protection of the Marine Environment of the Black Sea
from Pollution from Discharges.

In 2002, the parties to the Convention signed the Protocol on the Conserva-
tion of Biodiversity and Landscapes of the Black Sea, and also compiled a List of
Species Important to the Black Sea. The Black Sea Commission (Commission for
the Protection of the Black Sea from Pollution) is entrusted with monitoring
the implementation of the protocols of the Bucharest Convention, its Strategic
Action Plan for the restoration and protection of the Black Sea. The established
international advisory groups provide information and expert support to the Black
Sea Commission and its permanent Secretariat. The work of the advisory groups
is aimed at conducting environmental monitoring and assessing the level of pollu-
tion, controlling pollution from land-based sources and developing a unified
methodology for the integrated management of the coastal zone, assessing the
environmental aspects of regulating fisheries and extraction of other marine bio-
logical resources, preserving biodiversity and solving problems of environmental
safety of navigation.

The Black Sea Commission manages the activities of the Black Sea regional
centers organized on the basis of specialized national institutions 7. Support
for the Black Sea national monitoring systems is included in the list of interna-
tional projects carried out within the framework of the Strategic Action Plan for
the restoration and protection of the Black Sea.

Monitoring stations of the Russian seas of Roshydromet

Stations of the State Service for Observation and Control of Pollution of
Natural Environment Objects have a certain categorization depending on the com-
position and frequency of observations. Thus, single control stations of I category
with constant monitoring are designed for operational monitoring of pollution
level of the marine area. They are located in strategically important areas of the sea
or in areas that are constantly subjected to intense pollution. According to the full
program, observations of pollution and chemical composition of waters are car-
ried out once a month, and according to the reduced program, monitoring is car-
ried out two to four times a month. Single stations or complexes of stations (sec-
tions) of II category cover large areas of the sea, including estuarine sections of
rivers, and serve to obtain systematic information, as well as to study the seasonal
and interannual variability of controlled parameters. The monitoring is carried out
once a month according to the full program (during the freezing period — once
a quarter). The information about background levels of pollution, their seasonal
and interannual variability is obtained at monitoring stations of III category,
located in sea areas with a low level of anthropogenic load in relatively clean wa-
ters, where pollutants can get only as a result of their global transfer or regional
migration processes. The stations of this category are also designed to determine
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the elements of the balance of chemicals. Observations under the full program are
carried out once a season. The category and location of monitoring stations can
be adjusted depending on the dynamics of the level of pollution of the marine
environment or in relation to the emergence of new control objects 2.

The monitoring programs carried out on the seas of the Russian Federation
by the regional departments of Roshydromet are based on a permanent grid of
stations of three categories. However, in reality, when implementing plans, it is
often not possible to complete stations of the above categories due to constantly
arising problems with a small scientific fleet adapted to perform outboard work
for sampling water and bottom sediments. An additional complication is the need
to analyze the content of chemical compounds and pollutants in seawater in very
low concentrations, which requires modern chemical-analytical equipment and
pure chemicals.

At present, the monitoring of the hydrochemical state and the level of pol-
lution of the Sea of Azov is carried out in the eastern part of Taganrog Bay
by the Don Estuary Hydrometeorological Station; in the delta of the Kuban River
and on its estuarine coast in Temryuk Bay — by the Kuban Estuary Hydrometeor-
ological Station (Kubanskaya EHS, the city of Temryuk), and at the stations of
the section between the ports of Crimea and the Caucasus — by Opasnoe —
the complex laboratory for monitoring environmental pollution (the city of Kerch).
As an example, Fig. 1 shows the layout of stations for monitoring the pollution of
the Sea of Azov waters.

In the water area of the Black Sea, the coastal waters of the Caucasian and
Crimean coasts of Russia fall under state monitoring. In the coastal areas of
the shelf in the area of the cities of Anapa, Novorossiysk, Gelendzhik and Tua-
pse, observations are carried out by Kubanskaya EHS (the city of Temryuk); in
the coastal shallow zone in the area of the cities of Sochi and Adler from
the mouth of the Sochi River to the mouth of the Mzymta River, the monitoring is
carried out by a complex laboratory for monitoring environmental pollution of
the Specialized Center for Hydrometeorology and Environmental Monitoring of
the Black and Azov Seas (the city of Sochi). Off the Crimean coast of the Black
Sea, the monitoring studies of the waters of Sevastopol Bay and the coastal zone
of the South-Western Crimea are carried out by the Sevastopol Branch of
the Federal State Budgetary Institution N.N. Zubov State Oceanographic Institute
and the Department of Marine Biogeochemistry of the Marine Hydrophysical
Institute of the Russian Academy of Sciences, and in the waters of the port of Yal-
ta — a complex laboratory of monitoring of environmental pollution in the city of
Yalta — Federal State Budgetary Institution Crimean EHS. The samples are taken
from the surface and bottom layers, at deep water stations — from standard hydro-
logical horizons of 0, 10, 25 and 50 m. The quality of sea water is controlled
by characteristics, which include regime hydrological and hydrochemical charac-
teristics (temperature, salinity, chlorine content, electrical conductivity, pH, total
alkalinity and concentration of dissolved oxygen and suspended solids), concen-
tration of biogenic elements (total phosphorus, phosphate phosphorus, ammonium
nitrogen, nitrite, nitrate and total nitrogen, silicon) and pollutants such as petroleum
hydrocarbons, anionic synthetic surfactants, phenols, organochlorine pesticides
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Fig. 1. Monitoring stations in the eastern part of Taganrog
(a) and Temryuk (b) Bays of the Sea of Azov

of the DDT and HCCH groups, heptachlor, aldrin and polychlorinated biphenyls,
as well as heavy metals. All chemical analyzes during work on the marine envi-
ronment monitoring network are carried out in accordance with the methods of
regulatory documents (RD) — guidelines for the chemical analysis of sea water.

Satellite monitoring of the Black and Azov seas in the Russian Federa-
tion and prospects for its development

Remote monitoring of the Russian waters of the Azov-Black Sea basin,
which are subject to anthropogenic impact, is possible using modern satellite
technologies. To do this, the monitoring system uses satellites, measuring equip-
ment on ships and buoys, as well as a centre for receiving and processing infor-
mation. When arranging satellite monitoring, both the world experience in carry-
ing out such work, as well as the features of the sources of pollutant inflow and
the dynamics of the water masses of the Black and Azov seas are taken into
account.
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For example, according to [4], in 2006, in the course of satellite monitoring
of the state of the natural environment in the Russian sector of the Azov and
Black seas, more than 1100 satellite images were obtained, processed and ana-
lysed from nine specialized Earth remote sensing satellites. Based on the analysis
of ground-based observational data from the meteorological stations of Sochi,
Tuapse, Novorossiysk, Anapa, Rostov-on-Don and Kerch, as well as previous sat-
ellite data, 12 types of operational satellite information and generalized schematic
maps of the state and pollution of the marine environment were produced [4].

Modern satellite technologies can provide imaging of marine areas in the visible,
infrared and microwave ranges of electromagnetic radiation. Sounding in the in-
frared and microwave ranges is used to determine the temperature of the sea sur-
face, to study the thermodynamics of sea ice and to determine the salinity of wa-
ter. Satellite imagery in the visible range makes it possible to monitor the state of
the coastal zone and the dynamics of sea coasts, to determine the content of sus-
pended particles, as well as the composition and productivity of phyto- and zoo-
plankton. Spectral imaging can provide qualitative and quantitative analysis of
suspensions, determination of chlorophyll in phytoplankton (and indirect water
pollution) and detection of oil films on the sea surface.

In 2009, within the framework of the Bucharest Convention, a Strategic Ac-
tion Plan was adopted to reduce oil pollution of the sea. Its MONINFO project is
based on the use of satellite technologies for the detection of surface oil pollution
in the sea. However, in 2008, even before the implementation of the EU initiative,
the first comprehensive project Monitoring of Black Sea Oil Pollution and Envi-
ronmental Safety of Navigation in Areas of Intensive Navigation in the Kerch
Strait, the Water Area of the Port of Novorossiysk and on the Approach Routes to
It was successfully implemented in the Russian Federation (with participation of
the operator of the satellite data provision service ScanEx RDC, which has access
to the operating system for positioning vessels (Automatic Identification System,
AIS), developed by the Federal State Budgetary Institution Administration of the
Black Sea Ports) [5]. The implementation of the project made it possible to moni-
tor areas of intensive shipping, identify ships involved in unauthorized discharges
of oily waters, and provide technical support in planning and conducting search
and rescue operations in relation to ships in distress, including ships that do not
transmit radio signals.

Space monitoring data from Sentinel-1B satellite, received on January 21,
2020, made it possible to detect an oil spill 146 km from Feodosia (Fig. 2). This
was reported on January 23, 2020 by the Federal State Budgetary Institution Sci-
entific Research Centre ‘Planeta’, which identified the object as a film of oil pol-
lution from ships®. The area of pollution was 86.1 km?, the length was 55.1 km.
Pollution of coastal waters with oil products is one of the main environmental
problems of the Black Sea region.

8 Chizhevskiy, A.,2020. [Space Monitoring Data Showed a Major Oil Spill off the Coast of Crimeal.
Available  at:  https://neftegaz.ru/news/incidental/520743-dannye-kosmicheskogo-monitoringa-
pokazali-krupnyy-razliv-nefti-u-beregov-kryma/ [ Accessed: 10 June 2022] (in Russian).
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Fig. 2. Radar image of the Black
Sea off the Crimean coast: / — films
of oil pollution from ships; 2 — mani-
festation of the impact of atmospheric
convection on the rough sea surface;
3 — manifestation of the impact of
the atmospheric front on the rough
sea surface

Another area of environmental monitoring in the Russian sector of the Black
Sea was a timely detection and diagnosis of sea water blooming by measuring
the concentration of chlorophyll according to satellite observations. Thus,
in March 2008, in the northeastern part of the Black Sea, thanks to the timely ac-
quisition of satellite images, the so-called red tide caused by the development of
a species of dinophyte algae was recorded for the first time [6, 7]. Optical MODIS
images taken at that time over the coastal areas of the Black Sea made it possible
to trace the spatial and temporal distribution of polluted (blooming) waters. Chlo-
rophyll maps obtained using Aqua/MODIS sensors confirmed the results of field
observations.

Operational sounding of the optical properties of the Black Sea surface car-
ried out at MHI NASU and regular studies of phytoplankton in its north-eastern
part carried out by the staff of the SSC RAS made it possible in May—July 2012
to record an anomalous (over the past 15 years) in intensity and duration bloom-
ing of water. According to [8], it was caused by the massive development of
the nanoplanktonic species of coccolithophorids.

Currently, a team of scientists from the Research Institute of Aerospace Mon-
itoring ‘Aerokosmos’ with the participation of specialists from the MHI RAS
(Sevastopol) and the IO RAS is working on the creation of a system for the inte-
grated monitoring of anthropogenic impacts on the offshore areas of the Black
Sea coast of Russia. This system will collect, process and analyze information
important for assessing the state of marine areas and the response of coastal eco-
systems to human activity, and in the event of a threat, it will be used to develop
measures to prevent pollution of the marine environment.

This system for data collection provides for the use of ground-based sources
of information, including instruments located on the coast and installed on ships,
buoys and fixed platforms, as well as satellite systems that can transmit information
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on various characteristics of coastal waters in the operational mode. Such a com-
plex will make it possible to record the direction and speed of the wind, the direc-
tion and height of the waves, the speed of the currents, to register vertical distri-
butions of temperature and salinity of the waters, to determine transparency of
the waters to identify suspensions, to detect pollution of marine areas, including
the presence of oil pollution, surfactant films and plumes of different nature.

To work out the interaction of information flows, test areas were selected
that were subject to intense pollution. These were the coast near Sevastopol,
the southern coast of Crimea (the village of Katsiveli, where there is an oceano-
graphic platform) and the Krasnodar Territory (the coast near Gelendzhik).
The first preliminary results of the integrated system of regional monitoring of
coastal waters for the indicated test areas are presented in [9].

It is worth recalling that modern satellite technologies are not limited
to studying the surface of the sea. For example, remote sensing makes it possible
to register underwater plumes, including those formed as a result of sewage dis-
charges. A plume is a mesoscale formation with anomalous waters of anthropo-
genic or terrigenous origin [10].

According to [9], starting from 2015, space monitoring of the coast near
Sevastopol was carried out based on a detailed analysis of optical multispectral
images of high and medium resolution (from 1 to 30 m on the ground) from
Resurs-P No. 1, GeoEye, WorldView-2, WorldView-3, Landsat-7, Landsat-8, Sen-
tinel-2A satellites. The monitoring revealed the existence of a plume (Fig. 3),
which was formed as a result of an emergency rupture of the sewer main of
the Yuzhnye urban wastewater treatment plant [11]. On satellite images,
the plume was distinguished by an anomalous reflectivity spectrum, which dif-
fered significantly from the corresponding spectrum for the background areas of
the observed water area.

The project was supported by the Federal Target Program “Research and
Development in Priority Areas of Development of the Scientific and Technical
Complex of Russia for 2014-2020” [12]. The Ministry of Natural Resources and

Fig. 3. Coastal area near the Sevastopol
city on a fragment of an optical multi-
spectral image from WorldView-2 satel-
lite (September 17, 2015). The dotted line
outlines the characteristic optical anomaly,
the solid line shows the position of
the underwater sewer line [11]
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Ecology of the Russian Federation, the Federal Service for Hydrometeorology
and Environmental Monitoring, the Ministry of Emergency Situations of Russia,
and others are already interested in its results. These developments are of particu-
lar interest to shipbuilding, transport, oil and gas companies, educational and sci-
entific institutions.

Mathematical modeling as a tool for assessing the state of the environ-
ment

The use of mathematical modeling makes it possible not only to fill in the gaps
at the points of lack of field data, but also to carry out a model assessment of
the ecosystem state in the conditions of variability of its components depending
on external factors. Modeling enables us to evaluate interactions that occur in real
systems, which cannot be or difficult to directly measure.

In addition, the use of the model enables to obtain a forecast of the ecosys-
tem evolution under the mutual influence of natural and anthropogenic factors,
to take into account the trends in the state of the ecosystem and the likely conse-
quences of a particular economic program in order to search for a scientifically
based set of environmental protection measures. Based on the simulation results,
the environmental monitoring program can be optimized.

Complex multi-purpose mathematical models of marine water quality consist
of the following blocks: hydrodynamic, impurity transfer, pollutant self-purifica-
tion, eutrophication and oxygen regime blocks [13].

At present, many mathematical models have been created to predict
the spread of an oil slick after a spill. The MHI RAS also developed an opera-
tional system for forecasting the spread of oil spills in the Black Sea (Black Sea
Track Web, BSTW), which is based on the synthesis of the modules of the Baltic
oil spill forecast system and the MHI Black Sea circulation model adapted
to the physical and geographical conditions of the Black Sea [14, 15].

To assess the quality of waters and compare different marine areas, the cal-
culated values of the water pollution index (WPI) are used, which make it possi-
ble to attribute the waters of the study area to a certain purity class. The rules
for calculating WPI are determined by methodological recommendations 2.
The WPI calculation method includes:

— selection of the level of data averaging over space and time;

— calculation of priority pollutant concentrations for the considered water ar-
ea in a given period of time (in TLV);

— assessment of the water quality class according to the obtained WPI value
according to the table “Water quality classes and WPI values”.

For sea waters, when calculating WPIL, at least three parameters of pollutants
are used and the content of dissolved oxygen is mandatory (TLV = 6 mgQO,/dm?).
The WPI calculation formula:

4 C
WPI=) —L—+4
= TLV,

where C; — concentration of the three most significant pollutants, the average con-
tent of which in the water of the study area to the greatest extent exceeded
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the corresponding TLVs. Water quality classes depending on WPI values are pre-
sented in the Table. Fig. 4 shows the long-term change in the WPI of the Black
Sea water areas.

Water quality classes and WPI values ?

Water quality class WPI value range
L. Very clean <0.25
II. Clean 0.25...<0.75
II1. Moderately contaminated 0.75...£1.25
IV. Contaminated 1.25...<1.75
V. Polluted 1.75 ... £3.00
VL. Very polluted 3.00 ... <5.00
VII. Extremely polluted >5.00
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Fig. 4. Long-term change in the WPI value of the Black Sea areas
in the area of responsibility of the Russian Federation. WQC — water
quality class
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Proposals for the improvement of the Black Sea environmental monitor-
ing system within the framework of international projects and programs

On March 15, 2010, the Black Sea Synergy environmental partnership initia-
tive was launched in Brussels to support the efforts of the EU and its partners
to find common approaches to the challenges facing the Black Sea region .

In 2013-2020 a number of Black Sea projects (EMBLAS-I, EMBLAS-II,
EMBLAS-Plus) were aimed at improving the methods of marine monitoring and
supporting the implementation of the Bucharest Convention in order to develop
a monitoring system, collect and systematize the data obtained, and improve the skills
of specialized specialists near the Black Sea states. Thus, within the framework of
these projects, the FSBI N.N. Zubov State Oceanographic Institute conducted,
using generally accepted world methods, complex coastal expeditions to assess
the ecological state of the marine environment along the Caucasian coast of
the Russian Federation, in the Kerch Strait and in more detail in the area of
the cities of Sochi and Adler. The purpose of these studies was to improve
the quality of monitoring data on the chemical and biological state of the Black
Sea by optimizing observation systems, taking into account the practical pro-
posals of the EU Directives WFD-2000, MSFD-2008 and Black Sea Strategic
Action Plan (2009), as well as expanding the capabilities of the project partner
countries for the implementation of marine monitoring, taking into account both
the practical recommendations of the EU in the WFD and MSFD Directives, and
the results of the study set out in the Black Sea Diagnostic Reports I and I1.

During the EMBLAS project implementation, the following activities were
carried out:

1) analysis of national monitoring systems and opportunities for access to
the data obtained;

2) support for the Black Sea states in the implementation of the Bucharest
and other international conventions;

3) methodological and technological assistance to countries in the course of
marine monitoring, including:

— assistance in the development and implementation of cost-effective and uni-
fied biological and chemical monitoring of the marine environment in accordance
with the requirements of international agreements, as well as WFD and MSFD ¥;

— development and implementation of a training program on monitoring
methods in order to ensure the quality of the results obtained in accordance
with ISO 17025;

— preparation and implementation of the methodology of sea voyages (Joint
Black Sea Surveys) to assess the state of the open part of the Black Sea;

4) development and creation of the Black Sea Water Quality Database (web-
based), including hydrological and hydrochemical blocks and most of the biolog-
ical characteristics of the sea ecosystem (Black Sea Water Quality Database);

9 The Commission on the Protection of the Black Sea Against Pollution, 1996. Strategic Action
Plan for the Rehabilitation and Protection of the Black Sea. [online] Available at: http://blacksea-
commission.org/ bssap1996.asp [Accessed: 06 June 2022].
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5) preparation of proposals for improving the Black Sea marine environment
monitoring program in the territorial waters and exclusive economic zones of
the Black Sea states.

The FSBI N.N. Zubov State Oceanographic Institute and other Russian or-
ganizations and laboratories took part in international expeditions, trainings and
intercalibrations together with scientists from other Black Sea countries under
the guidance of leading world experts. In the course of work, the participants im-
proved their skills and knowledge and at the same time contributed to the acquisi-
tion and dissemination of up-to-date knowledge about the ecological state of
the Black Sea. Based on the data obtained during coastal expeditions in the spring-
summer-autumn periods of 2016, 2017 and 2019, proposals were formed to
change the location of stations, unify the measured parameters depending on
the depth and frequency of sampling to solve the following tasks:

1) assessment of the current state of hydrochemical and biological parame-
ters of the marine environment;

2) assessment of long-term interannual variability of nutrient concentrations
and eutrophication levels in the north-eastern part of the Black Sea with special
attention to several local areas (Gelendzhik Bay, Golubaya Bay, Anapa district,
Sochi-Adler area);

3) obtaining the necessary data to assess the level of anthropogenic pollution
of the marine environment and sources of toxic pollution in the coastal waters of
the Caucasus;

4) assessment of the level of pollution by marine macro debris, as well as re-
search into the sources of its entry into the sea;

5) assessment of the structural characteristics of marine communities: con-
centration of chlorophyll and other photosynthetic pigments, species composition,
abundance and biomass of phyto-, meso-, macrozooplankton, zoo- and phytoben-
thos;

6) assessment of the presence of invasive species (invading species);

7) assessment of the biological consequences of water pollution in coastal
waters, the open sea and marine specially protected natural areas.

New stations were proposed covering all ecological regions of the coastal
waters of the Caucasus and the central zone of the eastern part of the Black Sea.
Particular attention was paid to the Kerch Strait as a narrow channel with inten-
sive navigation and a large source of highly eutrophicated Azov waters. An addi-
tional serious source of pollution in the north-eastern part of the sea is anchor
transshipment stations (sites) on the shelf south of the Kerch Strait. A narrow
strip of heavily polluted waters along the coast from Anapa in the north to Adler
in the south is significantly affected by urban sewer discharges, and is also subject
to significant pollution due to intensive resort and tourist exploitation. Several sta-
tions in the open sea can be considered as background for the calculation of permit-
ted discharges in accordance with Russian legislation. Five stations along the south-
ern maritime border with Abkhazia are needed to control the transboundary
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transport of pollutants. For the coastal regions of the Caucasus and the open sea,
a new ecological zoning scheme and the optimal spatial arrangement of 51 moni-
toring stations along the coast and in the open sea, as well as 9 stations
in the Kerch Strait were proposed to obtain comprehensive information on hydro-
logical, hydrochemical and biological processes in different parts of the region
(Fig. 5).

Based on the data obtained during coastal expeditions of the EMBLAS pro-
ject series in the spring-summer-autumn periods of 2016, 2017 and 2019, some
proposals were developed to improve the system of state environmental monitor-
ing of the Black and Azov seas, as well as to form an observation program in the
eastern part of the Black Sea, taking into account the principles of ecological zon-
ing. Proposals to expand the capabilities of the national authorities of the Black
Sea countries in the implementation of integrated environmental monitoring were
based on modern hydrological, hydrochemical and biological data obtained in the
course of field research.

Thus, the information obtained using complex methods of modern environ-
mental monitoring will make it possible to identify areas of coastal waters that
require priority environmental measures.

[ =
a 25 50

Fig. 5. Scheme of ecological zoning of the eastern Black Sea and integrated monitoring
stations proposed for inclusion in the work program. Red dots mark regular stations,
yellow ones — background stations
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Conclusions

1. The paper describes the objects and tasks of marine environmental moni-
toring. Differences in the European and Russian systems of monitoring the ma-
rine environment, the orientation of these systems are shown. The Bucharest
Convention (1992) is considered, as well as the tasks of the Commission for
the Protection of the Black Sea from Pollution and its advisory groups.

2. An analysis of the features, structure and tasks of environmental monitor-
ing of the Black and Azov seas, its means and methods adopted in the Russian
Federation is presented. The standards adopted by Roshydromet for the methods
of analysis and the layout of offshore sampling stations are described.

3. The directions and possibilities of satellite monitoring of the Azov-Black
Sea basin are considered. The latest achievements in the field of remote sensing
of the Black Sea in the Russian Federation and the prospects for their develop-
ment are analyzed. On specific examples for various areas of the Black Sea,
the availability of space information systems is shown.

4. The creation of a new system of integrated monitoring of anthropogenic
impact on the offshore areas of the shelf regions of the Black Sea coast of Russia
and the prospects for its use are considered.

5. It is shown that mathematical models as a modern tool for environmental
monitoring make it possible to assess the impact of various types of anthropogen-
ic effect on an ecosystem and obtain a forecast of its evolution.

6. The use of WPI of waters for a comprehensive assessment of the quality of
waters in certain areas of the Black Sea is considered. The possibility of compar-
ing the quality of waters in marine areas with different levels of pollution
in a retrospective for any selected period is shown.

7. The implementation stages of the international project EMBLAS aimed
at developing a system of integrated environmental monitoring of the Black Sea
in order to fulfil the Bucharest Convention are analysed. A scheme of ecological
zoning of the eastern part of the Black Sea with a description of integrated moni-
toring stations proposed for inclusion in the work program is given.
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Abstract

The paper presents the results of observations of the ice edge drift and surface manifesta-
tions of short-period internal waves according to Sentinel-1 A/B spaceborne synthetic ap-
erture radar data in June — September 2019. We analyzed 1200 spaceborne synthetic aper-
ture radar images used to record the ice edge position and 387 surface manifestations of
short-period internal waves. During the study period in 2019, the maximum southern
position of the drifting ice edge in Fram Strait at 79° N was recorded on 20 June.
The ice edge boundary reached its maximum northern position at 82° N on 16 September.
The seasonal decrease in ice area in the study region was more intensive in the south-
eastern sector. The largest number of surface manifestations of short-period internal
waves was detected in August: 162 packets. The maximum probability of short-period
internal waves during the study period was observed in the shelf areas to the northwest
and south of Svalbard. Internal waves were observed as packets of 4-5 waves.
The maximum lengths of the leading wave front were 30-40 km and were observed
to the south of Svalbard. Short-period internal waves with leading wave front lengths of
7—-10 km prevailed. The highest probability was noted for waves with a packet width of
3—4 km. The paper presents detailed maps of the internal waves’ probability and the spa-
tial distribution of their main parameters. The paper analyzes the relationship between
the variability of internal wave parameters and that of the ice edge. It is shown that densi-
ty gradients resulting from ice melting at the ice edge affect the generation and propaga-
tion of short-period internal waves. The combination of the melting process, tidal currents
and influence of the bottom topography leads to the generation of large packets of short-
period internal waves.

Keywords: short-period internal waves, spaceborne radar images, marginal ice zone,
Svalbard, Fram Strait
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N3MeHYnBOCTH XapaKTEePUCTUK MPUKPOMOYHOM JIe0BOH
30HbI U M0JI51 BHYTPEHHUX BOJIH y apxumnesara HInundepren
110 CIIyTHUKOBBIM JaHHBIM Sentinel-1
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AHHOTAUHUHA

IIpencraBieHsl pe3ynbTaThl HAOMIOAEHUH 32 KPOMKOW IO APEHYIOMHUX JIHIOB H T10-
BEPXHOCTHBIMH TNIPOSIBICHUAMH KOPOTKOIIEPHOIHBIX BHYTPEHHHUX BOJIH IO JaHHBIM CITyT-
HUKOBBIX PaJIMOJIOKaTOPOB C CHHTE3UPOBAHHON anepTypoit Sentinel-1 A/B B uioHe — ceH-
a6pe 2019 . IIpoanammsupoBano 1200 m300pakeHHUH CIMYTHUKOBBIX PaJIHOJIOKATOPOB
C CHHTE3UPOBAHHOM amepTypoi, Ha KOTOPBIX (DPMKCHPOBAJIOCH MOJ0XKEHHE TPAHHLBI pac-
MPOCTPAHEHHSI JIBJOB M OBLIO 3aperHCTPUPOBAHO 387 TOBEPXHOCTHBIX MPOSBICHUI
KOPOTKONIEPHOAHBIX BHYTPEHHUX BOJH. B paccmaTtpuBaemsiii mepuon 2019 r. maxcu-
MaJIbHO I0XHOE IIOJIOKEHUE KPOMKH IOl Jpeidyromux JbnoB B rnposuBe dpama
Ha 79° c. m1. 3adukcupoBano 20 urons. KpaitHero ceBepHoro mosoxkenust Ha 82° c. M
rpaHuna Jb10B gocturia 16 ceHTsopsa. Ce30HHOE yMEHBIICHNE KOJIMYECTBa JIbJja Ha pac-
CMaTpUBacMOW aKBaTOPHHU MPOMCXOAMIO OoJiee MHTEHCUBHO B IOT0O-BOCTOYHOM CEKTOpE.
Hawubonbiiee KoMM4ecTBO MOBEPXHOCTHBIX MPOSIBICHUI KOPOTKOIEPHOIHBIX BHYTPEHHHUX
BOJIH BBIABICHO B aBrycte — 162 makera. MakcHManbHbIe 3HAYEHHUS HOBTOPSIEMOCTH KO-
POTKONEPHOIHBIX BHYTPECHHUX BOJIH 3a PACCMaTPUBAEMBII IEPHOA OTMEYAINCh B LIEITb-
¢doBoit obmacTu K ceBepo-3amangy M K iory ot apxwmrenara llmunoepren. Bayrpennue
BOJIHBI HaOJIIOJAIUCHh B BUJIE TMAKETOB M3 4—5 BomH. MakcuMasbHbIe 3HAYCHUS JUIMHBI
¢poHTa MUIUpYIoIIei BoIHBI cocTaBistin 30—40 kM 1 HaOMI0JaIKich K 10Ty OT apXHIiena-
ra llmunoepren. IlpeoOmamann KOpOTKONEPHUOIHbIE BHYTPEHHHE BOJIHBI C JIMHAMHU
¢ponTta muaupyromeit BonHsl 7—10 kM. Hanboxpimas moBTOPsSEeMOCTh OTMEUEHA Y BOJH
¢ mmpuHOoH nakera 3—4 kM. IIpencraBieHsl AeTambHBIE KAPThI TOBTOPSIEMOCTH BHYTPEH-
HUX BOJIH M IIPOCTPAHCTBEHHOT'O pacHpesieieHs UX OCHOBHBIX mapamerpoB. [IpoaHanu-
3MpOBaHa CBSI3b U3MEHYMBOCTH I1apaMeTPOB BHYTPEHHUX BOJH C M3MEHUMBOCTBHIO I'PaHU-
LBl pacrpocTpaHeHus JbaoB. [1olydyeHo, YTO IUIOTHOCTHBIE T'PaJAHMEHTHI, BO3HHKAIOLINE
IIpU TasHMAU JbJa HAa KPOMKE JIEAOBOTO MOJIS, OKAa3bIBAIOT BIMSHUEC HAa TEHEPAIHIO
1 PacIpoCTpaHeHHe KOPOTKOIEPHOAHBIX BHYTPEHHHUX BoimH. CodeTaHne mporecca Tas-
HUSI JIb/A, IPWINBHBIX TEUCHUH W BIMSHUS JOHHON TONMOTrpa(uu MPUBOIAMUT K TEHEPALUH
KPYIHBIX NTAKETOB KOPOTKOIIEPHOJHBIX BHYTPECHHUX BOJIH.

Kamo4deBbie c10Ba: KOPOTKONEPHOJIHBIC BHYTPEHHHE BOJIHBI, CIIyTHHUKOBBIE Pauo-
JIOKAIIMOHHBIE W300pakeHMs, NMPUKPOMOYHAs JiegoBasi 30Ha, apxuneinar Llnunoeprew,
nponuB Opama

BaaroxapHocTH: HcclIeqOBaHHE NMPOCTPAHCTBEHHO-BPEMEHHONW M3MEHYMBOCTH IOJIS
BHYTPEHHHUX BOJIH BBIIIOJIHEHO B paMKax rocynapcrseHHoro 3aganus ®I'bYH OULl MT'U
no teme Ne FNNN-2021-0010, ananu3 npocTpaHCTBEHHO-BPEMEHHON M3MEHUYUBOCTH
MIPUKPOMOYHOH JIEJOBOH 30HBI M €€ CBSA3M C II0JIEM BHYTPEHHHUX BOJIH BBITIOJHEH B PaM-
kax rpanta PH® Ne 21-17-00278.
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Hdasa uutupoBanus: Muxaiinuuenxo T. B., Ilempenxo JI. A., Koznog U. E. I3mMenun-
BOCTh XapaKTCPUCTUK MPUKPOMOYHON JICIOBOW 30HBI U IOJI1 BHYTPEHHUX BOJH Y apXH-
menara [lInunbepreH mo CIyTHUKOBBIM JaHHBIM Sentinel-1 // Dxonormueckas 6e3omac-
HOCTH NpUOpexHOH 1 menbdoBoit 30H Mopst. 2022. Ne 2. C. 38-52. doi:10.22449/2413-
5577-2022-2-38-52

Introduction

Currently, there is still interest in the study of internal waves (IWs)
in the Arctic seas. Along with studies carried out on the basis of in situ measure-
ments [1-4], satellite observations make it possible to obtain a picture of the spa-
tial distribution of sources of internal wave generation in the entire ice-free water
area of the Arctic Ocean. At the moment, studies have been carried out to identify
IWs and assess their characteristics with regard to a number of the Arctic seas [5—
8]. Yet, the water areas, which are adjacent to Svalbard, were not considered in
an integrated manner. At the same time, the waters near the archipelago are char-
acterized by special hydrological parameters, complex system of heat transfer
with currents, and constant removal of drifting ice from the northern polar region
through Fram Strait [9—11]. Thus, combination of complex bottom topography
and tidal water movements near Svalbard establish all the conditions for the pos-
sible generation of IWs. According to the results of modeling and in situ meas-
urements made to the north and southeast of the archipelago, short-period IWs
(SIWs) were found [1, 8, 12, 13]. In the region under consideration, on the basis
of successive measurements of spaceborne synthetic aperture radars (SARs), sur-
face manifestations of SIWs were also identified, and their phase velocities were
determined [14].

Nevertheless, a comprehensive study of the sources of generation and propa-
gation of the SIWs near the archipelago and adjacent Fram Strait was not carried
out. In this regard, the purpose of this paper is to determine key regions of gen-
eration and main spatiotemporal characteristics of the SIWs near Svalbard and
in Fram Strait based on the analysis of the array of Sentinel-1 A/B satellite SAR
images and the consideration of the relationship between the SIW characteristics
and the boundary of the drifting ice field in the warm period of 2019.

Data and methods

To analyze the spatial variability of the SIW field in Fram Strait and Sval-
bard shelf area, Sentinel-1 A/B radar images (RI) for June — September 2019 from
the archives of the Copernicus Open Access Hub system of the European marine
forecast centers (https://scihub.copernicus.cu) were used.

According to SAR images, the ice edge position and surface manifestations
of the SIWs (SM of SIWs) were recorded. Analysis and identification of internal
waves in SAR images were carried out in accordance with the technique de-
scribed in [6]. 1,200 SAR images were analyzed in total, on which 387 SM of
SIW were identified. The ice edge position reflecting the ice — open water bound-
ary without taking into account ice concentration was taken as the ice edge.
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SAR images were analyzed using SNAP © ESA (Sentinel Application Plat-
form) program (https://step.esa.int/main/toolboxes/snap/). This software makes it
possible to perform preliminary processing and visualization of SAR images, se-
lect the part of interest of the image, draw a section through the SIW packet and
determine its main spatial characteristics — the leading wave front length and the
packet width.

The procedure of the SAR images analysis was carried out in two stages.
At the first stage, the SAR images were subjected to low-pass filtering, i.e., spa-
tial variations of the radar signal field on scales much larger than the IW length
were excluded. After this procedure, the manifestations of IW packets on SAR
images became more contrasting, and then they were subjected to quantitative
analysis.

Fig. 1 shows an example of the IW manifestation on SAR image in the form
of three successive packets of SIW. Curve A-B is the front length of the leading
wave, which made 17.8 km; segment C—D is the SIW packet length, which made
11 km. As for the second packet, the front length of the leading wave made
47.4 km, and the SIW packet length made 15 km. The front length of the third
packet leading wave made 61.4 km, and the SIW packet length made 15 km.

Range Finder Tool X

o Distance: 17.798752 +/- 0.05967588+4 km

| |
2.0° : d d 8.0°E

Fig. 1. Enlarged fragment of the original Sentinel-1 B SAR image of 15 Au-
gust 2019 with manifestation of three successive packets of SIWs. A—B is
the front length of the leading wave of the SIW packet; C—D is the SIW pack-
et length
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Processing of the analysis results and construction of the spatial maps of
various SIW characteristics were carried out in the MathWorks © Matlab envi-
ronment.

Variability of the ice edge position

Since the identification of the SM of SIWs is possible only in open water,
the ice edge drift position was recorded using the SAR images in order to obtain
a general picture of the ice conditions in the study area.

During the study warm period in 2019, the difficult ice conditions in the re-
gion took place due to the abnormally increased frequency of atmospheric pro-
cesses of the eastern (£) and meridional (C) circulation forms and the intensive
transfer of ice from the northern polar area. At the same time, southeasterly and
southerly winds prevailed at a speed of up to 6—7 m/s. At the end of the period,
in the second half of September, northerly and northwesterly winds with a speed
of 7-8 m/s dominated V.

At the beginning of June 2019, the ice edge adjoined the northern coast of
Svalbard. The ice spread along the eastern coast of the archipelago up to 75° N
(Fig. 2, a). To the south of Svalbard, the ice occupied the entire space from 17° E
and further eastwards.

In the following days, unlike in previous years, the ice continued to move
southward to Fram Strait and by 20 June 2019, near the western coast of
the archipelago, it reached its maximum southern position at a latitude of 79° N.
At the same time, extended polynyas lying beyond the island were formed
on the eastern side of the archipelago, in the ice field. At the end of June, the di-
rection of the general ice drift changed and the ice edge started to move slowly
backward to the north.

In early July 2019, ice near the northern coast of Svalbard diverged.
By the end of July 2019, the area of open water expanded eastward to Hinlopen
Strait (22° E). To the north, the ice edge drift moved slightly, not reaching 81° N.
In the south, the ice field shifted to the southern extremity of Edge Island,
i.e. to 77° N (Fig. 2, b).

The seasonal decrease in the amount of ice in the region under consideration
was more intense in the southeastern sector. By the end of August (see Fig. 3, a),
the ice remained only off the southern coast of Nordaustlandet Island. At the same
time, Hinlopen Strait was cleared of the ice completely. In the north, the ice edge
shifted beyond 81° N.

In September 2019, the ice edge drift continued to move north (see Fig. 3, b).
The ice drift, which was located in the southeast of the region under considera-
tion, shifted into Hinlopen Strait, where it remained until the last third of Septem-
ber, when the direction of the prevailing winds changed.

D Frolov, LE., ed., 2019. [Quarterly Review of Hydrometeorological Processes in the Arctic
Ocean — 3d Quarter 2019]. Saint Petersburg: AARI, 71 p. (in Russian).
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The maximum northern position (82° N) during the study period was reached
by the ice edge on 16 September 2019. Within the next days, the direction of
the shift of the ice edge drift changed to the opposite. As of the end of September
2019, in the north, the edge of the ice field was at 81.5° N.

Analysis of SAR observations of internal waves

During the processing of 1200 SAR images, 387 surface manifestations of
SIWs were identified in June — September 2019. As a rule, internal waves were
observed on RI in the form of packets of 4—5 waves with a characteristic decrease
in the distance between them towards the packet tail; single solitons were
recorded rarely.

The spatial distribution of leading wave crests in SIW packets in the study
area during the warm period of 2019 is shown in Fig. 2 and Fig. 3 by the month
and in Fig. 4 in total for the study period. The largest number of waves was de-
tected in August (162 packets) and July (120 packets) (see Table). This is, appar-
ently, due to more pronounced stratification of the upper layer of the ocean,
which contributes to a more efficient SIW generation in these months.

In 2019, in the study region, internal waves were observed quite often
in the shelf area northwest of Svalbard and in the deep part of Fram Strait.
The SM of SIWs were also recorded to the south of Svalbard and near the eastern
small islands of the island group of Kong Karls Land and the Kviteya Island.
Most packets were found in these regions.

Fig. 4. Spatial distribution of leading wave crests in SIW packets
in the study area in June — September 2019 (green— June; blue — July; red —
August; black — September)
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Number of surface manifestations of short-period internal waves
in June — September 2019 identified on 1200 radar images

Month Number of SM of SIW Average number of
waves per packet
June 44 5-6
July 120 4-5
August 162 5-6
September 61 67
Total 387 -

Fig. 5 shows the maps of the spatial distribution of total number of records
of SIW packets (see Fig. 5, a) and probability of SIW manifestations (see Fig. 5,
b) on a horizontal grid of 40 x 40 cells.

N |_ — — — — —I - — — — —
a | b
82' I
|
E 10°W 0 10° 20 30 E
Number of cases Probability
- ..
0 5 10 15 0 0.02 0.04 0.06 0.08 0.1

Fig. 5. Spatial distribution of internal wave characteristics in Fram Strait and near
Svalbard: @ — total number of records of SIW packets; b — probability of SIW
manifestations on satellite radar images
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The latter value was calculated as the ratio of the total number of registered
SM of SIWs at a given grid node to the number of SAR images of this node.
As can be seen from Fig. 5, b, the maximum values of SIW probability (~ 0.1)
for the period under consideration are registered in the shelf area to the northwest
and south of Svalbard.

Fig. 6 shows the maps of the spatial distribution of the mean values of
the leading wave front length and the width of the SIW packets on a horizontal
grid of 40 x 40 cells. As can be seen from Fig. 6, a, SIW packets with a leading
wave front length of about 2040 km were mainly observed in the water area
in 2019.

The largest packets of internal waves were recorded at some distance
from the areas with inhomogeneous topography, which, apparently, is associated
with a more developed field of internal waves away from the immediate areas of
IW generation. The maximum value of the leading wave front length (40 km) was
registered south of Svalbard and the island group of Kong Karls Land. The SIW
packets with the lowest values of this parameter within 1-5 km were recorded
mainly near the edge of the ice field.

The width of the SIW packets varied from 1 to 12 km. The maximum values
were registered south of Svalbard and the island group of Kong Karls Land.
The minimum values from 1 to 5 km in most cases characterize the shelf area
to the northwest of Svalbard.

The distribution histogram (Fig. 7, a) demonstrates clearly the high probabil-
ity (more than 50% of all cases of observations) of the SIW front length in 2019
in the range from 10 to 12 km with a pronounced peak for the value of 10 km.
The second peak of observations can be attributed to the values of the SIW front

‘Wavefront length, km Wave packet width, km
HE . ||
0 20 40 0 5 10 15

Fig. 6. Spatial distribution of main parameters of internal waves in Fram Strait and
near Svalbard in 2019: a — length of the leading wave front; b — packet width (km)
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Fig. 7. Histograms of distributions of SIW main parameters
in the study area in 2019: a — length of the leading wave front;
b — SIW packet width (km)

length of about 7-8 km. Front length values from 20 to 30 km are found only
in 15 % of cases. SIW front lengths from 40 to 50 km were recorded in very rare
cases of 5 % only.

Histogram of distribution of SIW packet width (Fig. 7, b) shows that its
greatest peak took place in the range of 3—4 km. Packet widths of 10—12 km were
recorded extremely rarely, in 5 % of observations.

Results and discussion

Fram Strait and the waters adjacent to Svalbard are characterized by complex
water dynamics and specific hydrological conditions, and the topography of
the bottom of the study region has significant spatial inhomogeneity. The for-
mation of density stratification is influenced greatly by the presence of a constant
ice drift field, which undergoes shifts depending on the season and circulation
variability in the polar region. In combination with tidal phenomena, all the above
stated features of the study region create conditions for IW generation.

Based on SAR images, an analysis was made concerning the variability of
the ice edge position in June — September 2019. It was found that in June 2019,
ice spread in Fram Strait to the anomalous southern position off the western coast
of Svalbard — up to 79° N. At the same time, the consolidated ice occupied
the entire northern shelf area near Svalbard, which in July and August was freed
from ice only up to 22° E, shifting to 81° N.

The maximum distance of the ice field from the archipelago was recorded
in mid-September 2019 (82° N). The predominance of winds opposite to the ice
drift direction in June — August 2019 explains rather high concentration of ice
in the study region during this period.
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387 SM of SIWs were recorded during the processing of 1200 SAR images.
The largest number of SM of SIWs was recorded in August — 162 packets, which
is apparently associated with more pronounced stratification of the upper layer of
the ocean, which contributes to more efficient IW generation. Internal waves
were observed on radar images in the form of packets of 4-5 solitons. The maxi-
mum lengths of the leading wave front were 30-40 km and were observed to
the south of Svalbard. During the study period of 2019, short-period internal
waves with leading wave front lengths of 7-10 km prevailed. The highest proba-
bility was noted for waves with a packet width of 3—4 km.

Comparison of the spatial distribution of the surface manifestations of SIWs
and the ice edge drift position shows a good correlation (see Fig. 2, Fig. 3), which
is confirmed by recent studies [15, 16]. Thus, in June 2019, SIWs were recorded
in Fram Strait in deep water and at the southern extremity of the Spitsbergen
Island in the immediate vicinity of the ice field edge. In July, SM of SIW were
localized in a polynya opened to the north of the Spitsbergen Island, and in Fram
Strait to the northwest of the archipelago, but much further to the north than
in June.

In August, the position of the ice edge in the north slightly differed from that
in July, and, accordingly, SM of SIWs were recorded almost within the bounda-
ries of the same region with a slight shift in the SIW occurrence frequency to
the east. To the south and east of Svalbard, SM of SIWs were also recorded main-
ly along the edge of the ice field, and to the south of the Spitsbergen Island — on
the hydrographic polar front.

In September 2019, the main number of SIW manifestations was recorded
to the east of Svalbard. At the same time, the length of their front was the largest
for the period of the study observations. The generation of large SIW packets
in this region was promoted by a combination of two following factors: the inter-
action of tidal currents and the East Spitsbergen Current with the features of
the bottom topography near numerous small islands ? and the ongoing process of
the melt of the ice preserved in Hinlopen Strait [17]. In September, to the north of
the archipelago, at some distance from the ice edge, the minimum number of SM
of SIW with short front lengths was recorded.

Conclusions

Horizontal and vertical density gradients, which can affect the generation and
propagation of short-period internal waves, result from ice melt at the ice edge.
Since the study region has a certain tidal regime, the interaction of the tidal
current and the bottom topography with stratified water layer can also result
in the emergence and distribution of internal waves. The combination of
the above stated factors leads to the generation of the large SIW packets.

2 Troitskaya, Yu.l., 1995. [Internal Wave Generation during Passing Round Irregularities by
Stratified Shear Flows with Critical Layers]. Report on Research Project. Grant no. 95-05-
15325 (in Russian).
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The tasks of future studies are to determine the temporal variability of

the SIW parameters, to establish their connection with the tide phase, and
to compare the obtained data with the results of numerical modeling using
the Arc5km2018 model.

REFERENCES

1.

10.

11.

50

Fer, 1., Skogseth, R. and Geyer, F. Internal Waves and Mixing in the Marginal Ice
Zone near the Yermak Plateau. Journal of Physical Oceanography, 40(7), pp. 1613—
1630. doi:10.1175/2010JP0O4371.1

Jardon, F.P., Bouruet-Aubertot, P., Cuypers, Y., Vivier, F. and Lourengo, A., 2011.
Internal Waves and Vertical Mixing in the Storfjorden Polynya, Svalbard. Journal of
Geophysical Research: Oceans, 116(C12), C12040. doi:10.1029/2010JC006918

Sundfjord, A., Fer, 1., Kasajima, Y. and Svendsen, H., 2007. Observations of Turbu-
lent Mixing and Hydrography in the Marginal Ice Zone of the Barents Sea. Journal
of Geophysical Research, Oceans, 112(C5), C05008. doi:10.1029/2006JC003524

Svergun E.I. and Zimin, A.V., 2017. Forecast of the Occurrence of Intense Internal
Waves in the White and Barents Seas according to Expeditionary Research. Funda-
mentalnaya i Prikladnaya Gidrofizika = Fundamental and Applied Hydrophysics,
10(2), pp- 13-19. https://doi.org/10.7868/S2073667317020022 (in Russian).

Bukatov, A.A., Solovei, N.M. and Pavlenko, E.A., 2021. Free Short-Period Internal
Waves in the Arctic Seas of Russia. Physical Oceanography, 28(6), pp. 599—611.
doi:10.22449/1573-160X-2021-6-599-611

Kozlov, L.E., Kudryavtsev, V.N., Zubkova, E.V., Atadjanova, O.A., Zimin, A.V.,
Romanenkov, D.A., Chapron, B. and Myasoedov, A.G., 2014. Generation Sites of
Nonlinear Internal Waves in the Barents, Kara and White Seas from Spaceborne
SAR Observasions. Sovremennye Problemy Distantsionnogo Zondirovaniya Zemli iz
Kosmosa, 11(4), pp. 338-345 (in Russian).

Zubkova, E.V. and Kozlov, 1.LE., 2020. Characteristics of Short-Period Internal
Waves in the Chukchi Sea Based on Spaceborne SAR Observations. Sovremennye
Problemy Distantsionnogo Zondirovaniya Zemli iz Kosmosa, 17(4), pp. 221-230.
https://doi.org/10.21046/2070-7401-2020-17-4-221-230 (in Russian).

Marchenko, A.V., Morozov, E.G., Kozlov, LE. and Frey, D.I., 2021. High-
Amplitude Internal Waves Southeast of Spitsbergen. Continental Shelf Research,
227, 104523. https://doi.org/10.1016/j.csr.2021.104523

Manley, T.O., Bourke, R.H. and Hunkins, K.L., 1992. Near-Surface Circulation over
the Yermak Plateau in Northern Fram Strait. Journal of Marine Systems, 3(1-2),
pp. 107-125. https://doi.org/10.1016/0924-7963(92)90033-5

Gascard, J.-C., Richez, C. and Rouault, C., 1995. New Insights on Large-Scale
Oceanography in Fram Strait: The West Spitsbergen Current. In: W. Smith and
J. Grebmeier, eds., 1995. Arctic Oceanography: Marginal Ice Zones and Continental
Shelves. Washington: American Geophysical Union. Chapter 4, pp. 131-182.
https://doi.org/10.1029/CE049p0131

Rudels, B., Korhonen, M., Schauer, U., Pisarev, S., Rabe, B. and Wisotzki, A., 2015.
Circulation and Transformation of Atlantic Water in the Eurasian Basin and the Con-
tribution of the Fram Strait Inflow Branch to the Arctic Ocean Heat Budget. Progress
in Oceanography, 132, pp. 128—152. https://doi.org/10.1016/j.pocean.2014.04.003

Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2022



12. Padman, L. and Dillon, T.M., 1991. Turbulent Mixing near the Yermak Plateau dur-
ing the Coordinated Eastern Arctic Experiment. Journal of Geophysical Research:
Oceans, 96(C3), pp. 4769-4782. doi:10.1029/90JC02260

13. Sandven, S. and Johannessen, O.M., 1987. High-Frequency Internal Wave Observa-
tions in the Marginal Ice Zone. Journal of Geophysical Research: Oceans, 92(C7),
pp- 6911-6920. https://doi.org/10.1029/JC092iC0O7p06911

14. Kozlov, L.LE. and Mikhaylichenko, T.V., 2021. Estimation of Internal Wave Phase
Speed in the Arctic Ocean from Sequential Spaceborne SAR Observations. Sov-

remennye Problemy Distantsionnogo Zondirovaniya Zemli iz Kosmosa, 18(5),
pp. 181-192. doi:10.21046/2070-7401-2021-18-5-181-192

15. Johannessen, O.M., Sandven, S., Chunchuzov, I.P. and Shuchman, R.A., 2019.
Observations of Internal Waves Generated by an Anticyclonic Eddy: a Case Study
in the Ice Edge Region of the Greenland Sea. Tellus A: Dynamic Meteorology and
Oceanography, 71(1), 1652881. doi:10.1080/16000870.2019.1652881

16. Chunchuzov, I.P., Johannessen, O.M. and Marmorino, G.0O., 2021. A Possible
Generation Mechanism for Internal Waves near the Edge of a Submesoscale Ed-
dy. Tellus A: Dynamic Meteorology and Oceanography, 73(1), pp. 1-11.
doi:10.1080/16000870.2021.1947610

17. Ivanov, Yu.A., Mel’nikov, V.A. and Novitskiy, A.G., 1977. The Flow of Stratified
Fluid over an Obstacle. Izvestiva AN SSSR. Fizika Atmosfery i Okeana, 13(12),
pp. 12781286 (in Russian).

Submitted 5.04.2022; accepted after review 21.04.2022;
revised 27.04.2022; published 25.06.2022

About the authors:

Tamara V. Mikhaylichenko, Junior Research Associate, Marine Hydrophysical Institute
of RAS (2 Kapitanskaya St., Sevastopol, 299011, Russian Federation), ORCID ID:
0000-0002-8696-9722, Scopus Author ID: 57358425100, AuthorID: 998530,
fsbsi.mhi.tamara@yandex.ru

Larisa A. Petrenko, Junior Research Associate, Marine Hydrophysical Institute of RAS
(2 Kapitanskaya St., Sevastopol, 299011, Russian Federation), ORCID ID: 0000-0001-
7246-9885, ResearcherID: AAY-6398-2020, Scopus Author ID: 7004614243,
larcpetr@gmail.com

Igor Y. Kozlov, Leading Research Associate, Marine Hydrophysical Institute of RAS
(2 Kapitanskaya St., Sevastopol, 299011, Russian Federation), Ph.D. (Phys.-Math.),
ORCID ID: 0000-0001-6378-8956, ResearcherID: G-1103-2014, Scopus Author ID:
49963767500, ik@mhi-ras.ru

Contribution of the authors:

Tamara V. Mikhaylichenko — article concept development, analysis and interpretation
of satellite data on SIW, article composition and writing, work on the final manuscript

Larisa A. Petrenko — article concept development, analysis and interpretation of satellite
data on ice conditions, writing of the article section, work on the final manuscript

Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2022 51



Igor Y. Kozlov — research task setting, analysis of results, participation in the article
writing and arrangement, work on the final manuscript

All the authors have read and approved the final manuscript.

52 Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2022



DOI: 10.22449/2413-5577-2022-2-53-69

The Use of Natural Stone
in Marine Hydraulic Engineering Construction

G. V. Tlyavlina, E. A. Vyalyi *

Research center “Sea Coasts” (branch of JSC TsNIITS), Sochi, Russia
* e-mail: VyalyiEA@Tsniis.com

Abstract

The paper substantiates the feasibility of using natural stone in offshore hydraulic engi-
neering for the purposes of coast protection and construction of protective structures.
A review of the Russian and world practice of using natural stone in the construction of
offshore structures was made. Russian and foreign scientific, technical and regulatory
framework concerning the use of natural stone in marine hydraulic engineering was ana-
lyzed. A feasibility study for the need to develop technical requirements for natural stone
was completed. A brief assessment of the social, economic and environmental efficiency
of the use of natural stone in offshore hydrotechnical construction was carried out,
a methodology and criteria for monitoring the compliance of natural stone with
the established requirements were developed. At the same time, the actual results of re-
search and development work in the field of studying the properties of building materials
and structures, determining the normalized parameters and improving design solutions
that meet the safety requirements of structures were used. The accumulated domestic and
foreign experience in the use of building materials and technologies, experience in
the design, construction and operation of facilities, changes in the legal framework of
the Russian Federation are taken into account. The role of natural stone as a building
material for structures in marine areas is defined and its key advantages over other mate-
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technologies.
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IIpyMeHeHMe PUPOIHOTO0 KAMHS
B MOPCKOM I'MIPOTEXHUYECKOM CTPOUTEIbCTBE
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OIl AO THUUTC «HHUL] «Mopckue bepezay, Couu, Poccus
* e-mail: VyalyiEA@Tsniis.com

AHHOTaANUA

Pabota mocBsimeHa 00OCHOBAHHUIO 1EJIECOOOPA3HOCTH MPUMEHEHHS NPUPOJHOTO KaMHS
B MOPCKOM THAPOTEXHWYECKOM CTPOUTENBCTBE IJIS Leseil Oepero3ammTsl 1 BO3BEICHUS
OTPaJHUTEIBHBIX COOPYKEeHUH. BhimonHeH 0030p poccuiickoi 1 MUPOBOM NMPaKTUKU MPH-
MEHEHHS MPUPOJTHOTO KaMHS B CTPOMUTENBCTBE MOPCKUX coopyxeHui. [Iposenen ananus
poccuiickoil U 3apy0eKHOH HayIHO-TEXHUYECKOW 1 HOPMATUBHOW 0a3bl, 3aTparuBaroniei
BOIIPOC HCIIOJIB30BAaHUS MPUPOAHOTO KaMHS B MOPCKOM THAPOTEXHHYECKOM CTPOMTENb-
cTBe. BBIMONHEHO TEXHUKO-IKOHOMHUYECKOEe OOOCHOBaHHE HEOOXOTUMOCTH pa3padoTKU
TEXHHYECKUX TPEOOBaHMH, IPEIBABISIEMBIX K IIPHPOJHOMY KaMHIO. BrIMonHeHa KpaTkas
OILIGHKA COIMATBbHO-I)KOHOMHYECKOM M 3KOJOTMYecKOH 3()(EKTUBHOCTH MPHUMEHEHHUS
IIPUPOJHOTO KaMHS B MOPCKOM THIPOTEXHUYECKOM CTPOHTENBCTBE, pa3paboTaHbl KpUTe-
pUM  KOHTpPOJII COOTBETCTBHS TPHUPOJHOTO KAaMHS YCTaHOBIICHHBIM TpPEOOBAaHUSIM.
IIpu 5TOM HCHONB30BaHBI AKTyalbHBIE PE3YNbTAaThl HAYYHO-UCCIEJOBATEIbCKUX U
OTIBITHO-KOHCTPYKTOPCKUX pabOT B 00NAaCTH H3Yy4YEHHUS] CBOWCTB CTPOUTEIBHBIX MaTe-
pHANOB U KOHCTPYKIMH, ONpeeNeHHss HOPMHPYEMBIX MapaMeTpOB M COBEPILIEHCTBOBA-
HUSI KOHCTPYKTHUBHBIX PEIICHUH, OTBEYAIOMINX TPEOOBaHUAM OE30IIaCHOCTH COOPY KEHHH.
VY4TeH HaKOIUICHHBIII OTeYeCTBEHHBIN U 3apyOCKHBIN ONBIT MPUMEHEHHUS CTPOUTEIBHBIX
MaTepHaliOB M TEXHOJIOTHIl, ONBIT NMPOCKTUPOBAHHSA, CTPOHUTENHCTBA M 3KCIUIyaTallUud
COOPYXEHHH, YUTeHbl U3MEHEHUs B 3akoHoAarenbcTBe Poccuiickoit denepaunn. Ompe-
JelIeHa poib MPUPOJHOTO KaMHs B KaUECTBE CTPOUTENBHOI0 MaTepuaa Al COOPYKEHUN
B MOPCKHX aKBaTOPHSX, OOO3HAYECHBI €ro KIIIOYEBBIC NMPEUMYIIECTBA MHepex APYTHMMHU
MaTepHallaMH, W3 KOTOPBIX 0cOOOT0 BHUMAHUS 3aCIy’KHBAIOT SKOJOTMYHOCTb, YHHUBEp-
CaJIbHOCTb M MPOCTOTA TEXHOJIOTHI CTPOUTENBCTBA.

KiawueBble ciioBa: OeperoykperieHue, OyHa, BOJTHOJIOM, THAPOTEXHUUECKOE CTPOU-
TEJIbCTBO, OI'PAIUTEIILHBIC COOPYIKCHUA, HpHpOHHLIﬁ KaMCHb, 3KOJIOTUYHOCTh

BaaroxapHocTH. mpeacTaBIeHHBIE PE3YyIbTaThl MOJyYSHBI IPH BBINOJIHEHUN PadoOT
10 TOCYAApPCTBEHHOMY 3aJ[aHUIO Ha BBIIIOJIHEHHE yciyr (paboT), B paMKax MepONnpHsITHI
[0 COBEPUICHCTBOBAHUIO TEXHHUUYECKOI'O PETyIMpOBaHHUSI B CTpouTesibHO# cepe [ocy-
JapcTBeHHOM mporpaMMbl Poccuiickoit @eneparmu «ObecriedeHrue JOCTYITHBIM H KOM-
(OPTHBIM XHMJIbEM M KOMMYHAJIBHBIMH yciyramu rpaxknad Poccuiickoit deneparmm»
1 B COOTBETCTBHU ¢ IIporpammoi pa3paOOTKM HaIMOHAJIBHBIX cTaHAapToB Ha 2020 T.

(1.13.465-1.284.20).

Hdasa uurupoBanus: Tuaemwna I B., Banvui E. A. [IpumeHeHre NpUpOJAHOTO KaMHS
B MOPCKOM T'MJPOTEXHHYECKOM CTpPOUTEIbCTBE // DKojoruyeckasi 0€30MacHOCTb IpH-
OpexHoi u menbPoBoii 300 Mopst. 2022, Ne 2. C. 53-69. d0i:10.22449/2413-5577-2022-
2-53-69
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Introduction

Despite the widespread use of natural stone in marine hydraulic engineering,
as well as the reference of natural stone in a number of domestic and foreign
regulatory documents, currently there are no formalized technical requirements
for natural stone concerning construction in marine areas.

The purpose of the study is to substantiate the utility of the development of
technical specifications for natural stone used in hydraulic engineering for
the purposes of coastal protection and the construction of protecting struc-
tures, as well as checking procedure concerning the compliance of natural stone
with established requirements.

To achieve the set goals, the following tasks were solved:

— to review the Russian and world practice of using natural stone
in the construction of offshore structures in marine areas;

— to analyze the Russian and foreign scientific, technical and regulatory
framework concerning the use of natural stone in marine hydraulic engineering,
results of research and development work in the field of studying the properties
of building materials and structures, determining the normalized parameters
and improving design solutions that meet the safety requirements of structures;

— to substantiate the feasibility of the use of natural stone in marine hydrau-
lic engineering for the purposes of coastal protection and construction of protec-
tive structures, determining its key advantages over other materials;

— to complete a feasibility study for the need to develop technical require-
ments for natural stone;

— to assess the social, economic and environmental efficiency of the use of
natural stone in offshore hydrotechnical construction.

Analysis of the Russian and world practice of using natural stone in ma-
rine hydraulic engineering construction

As a rule, abroad (England, the Netherlands, France, Italy, Cyprus, the USA,
Asian countries) rubble-mound coast protection structures are built in order
to protect the coast. Rubble-mound beach-holding groins and breakwaters are
widespread in the above stated regions. Moreover, rubble-mound berms are wide-
ly used to protect coasts in non-recreational areas. Rubble-mound structures,
in comparison with concrete ones, are better combined with the natural coastal
landscape and are preferable from the environmental point of view. It should be
noted that monitoring of structures and coastal processes is carried out during
the entire period of their operation. When performing lithodynamic studies for
the purposes of marine coast protection and protecting structures design, it is
recommended to consider not a local emergency section of the coast, but
the entire lithodynamic system as a whole.

In foreign practice, massive seawalls are also quite often used, as they
perceive loads from waves that break directly on the structure. In the USA,
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the stability of such walls in the event of erosion of foundation soils is usually
provided by pile foundation and a steel sheet-pile shield, which is impervious
to the soil underlying the wall. The base of the seawall is often reinforced with
a beached bank made of large stone, less often with a protective wave-damping
beach. In Asian countries (Japan, Taiwan), wave-damping covers (aprons)
made of stone or profile solid monoliths are used to protect seawalls [1, 2].

Sloping revetments made of one or more layers of stone are used as a more
efficient structure compared to seawalls with no destructive effect on the beach
located in front of them (Fig. 1).

Fig. 1. Design of sloping revetments using natural stone

During the construction of sloping revetments abroad (Holland, England,
USA, Japan), the structures can be made of stone in the form of a dump or laying
made from a quarry mass of heterogeneous size. In this case, the role of the return
filter can be performed by geosynthetic materials. Sloping revetments made of
natural stone allow significant subsidence without compromising their functional
purpose.

Currently, breakwaters are also widely used in coast protecting construction
abroad. They differ in their construction materials and in the cross section design.
The materials used for the breakwater construction are natural stone and concrete
[3, 4]. The examples of coastal protection with the help of sloping revetments and
breakwaters are shown in Fig. 2.

D U.S. Army Corps of Engineers, 2002. Coastal Engineering Manual. Engineer Manual 1110-2-
1100. Washington, DC: U.S. Army Corps of Engineers (6 volumes).
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Fig. 2. Examples of coastal protection using natural stone: a — stone
sloping revetments, Oregon (the USA); b — stone sloping revetments,
Cyprus; ¢ — breakwaters on the Italian Adriatic coast
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Groins are most often used to keep beach-forming material (sand or pebbles)
from moving along the coast and to accumulate material in the spaces between
the groins. To construct groins, stone is usually used, and less often concrete.
Wood and steel are not used on the banks with pebble deposits. In the USA,
on rocky soils, preference is most often given to gravity-type groins made from
a rock blanket or in the form of cells made of steel sheet-pile with stone or sand
material and laying on top of a monolithic concrete plate or a natural stone pro-
tective covering.

If it is necessary to ensure their imperviousness (on the shores with sand
deposits), rubble-mound groins are made with a core of a quarry mass containing
a significant amount of fine fractions. In a number of European countries, rubble-
mound groins are arranged most often (see Fig. 3).

Fig. 3. Rubble-mound groins: a — seawalls protected by a beach
with rubble-mound groins, Nice (France); b — rubble-mound groins
Venice (Italy)
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In the Russian practice of coast protecting hydraulic structures (HSs) con-
struction, natural stone blanket is the simplest way, and at the same time quite
reliable one, to protect the slope against erosion. Nowadays, this structure is used
more and more often, since much attention is paid to the possibility of using
the coast for recreational purposes and to the environmental component of
the project (comfortable habitat for marine fauna) when designing coast protect-
ing measures.

To protect sections of the seacoast that are not used for recreational purposes,
the use of rubble-mound berms is most effective. This protecting method is very
common due to low labor intensity, ease of repair and restoration. It is disadvan-
tageous in water perviousness, which makes it necessary to protect the bulk soil
against sloughing and suffusion, e.g., with the use of geotextiles. The examples of
the use of rubble-mound coast protecting structures are shown in Fig. 4, a.

In the Russian hydraulic engineering, the practice of coast protecting against
erosion with the help of artificial beaches under the protection of groins and
breakwaters, including rubble-mound ones, is widespread. Foreign and domestic
experience in the design and construction of marine coast protecting hydraulic
structures shows that the beach is the best wave-damping structure to protect
the coast against erosion. In turn, the protection of beaches with rubble-mound
structures is considered to be the best way to protect the coast due to its envi-
ronmental friendliness, possibility of combining coast protecting and recrea-
tional functions, as well as the possibility of preserving the natural land-
scape. If the requirements of the project are observed and the quality of the lay-
ing is good, structures look rather aesthetically pleasing.

It should be noted that there is no prohibition on the construction of natural
stone structures in recreational areas. As a rule, signs are installed on such
beaches with a warning about the danger of being on rubble-mound structures.
An example of the use of coast protecting natural stone structures on the Black
Sea coast of Russia is shown in Fig. 4, b. Reinforced concrete plates on top of
the groins make it possible to increase the accessibility of facilities for vacation-
ers, including disabled people.

Fig. 4, c also shows the examples of partly ruined rubble-mound groins at
the Tuapse — Sochi section. The shore horizon runs along the deformed heads
of such groins. Nevertheless, even partly ruined groins fulfill their function.
They hold the beach.

Analysis of the Russian and foreign scientific, technical and regulatory
framework concerning the use of natural stone in marine hydraulic engi-
neering

The method used in Russia to calculate mound coast protection includes
determining the required size of a homogeneous stone or deformation of a pro-
tecting structure when using non-uniform size materials of a given particle size
distribution, as well as the required protection thickness.
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Fig. 4. Use of natural stone in Russian hydrotechnical con-
struction: a — rubble-mound revetment at the right bank of
the Nechespsukho River in the village of Novomikhailovsky
(the Krasnodar Region); b — a rubble-mound groin with traverses
in the village of Nebug (the Krasnodar Region); ¢ — partly ruined
rubble-mound groins at the Tuapse — Sochi section
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The design of marine coast protection and protecting structures is based pri-
marily on the correct consideration of natural geomorphological, lithodynamic
and hydrological conditions. Such conditions are considered in the main docu-
ment regulating the design of marine coast protecting HSs in the Russian Federa-
tion, namely, SP 277.1325800.2016 Coastal Protection Constructions. Design
Rules. This document has been developed for tideless seas (as well as lakes and
water-storage basins). It provides approximate areas and conditions concerning
the use of groins (without specifying the material of structures), underwater
breakwaters (without specifying the material of structures), wave-damping berms
and blankets made of large stone. These conditions must be guided by the initial
choice of the type of structures. Recommendations are given for choosing
the type of beach-holding structures, depending on the type of coast, coastal con-
figuration according to the plan, hydro- and lithodynamic regimes of the sea
coastal zone, geological and geomorphological characteristics of the coastal
slope, etc. Schemes for the formation of planned outlines and sections of artificial
beaches in combination with beach-holding structures are given.

The document also contains requirements for the weight and size of stones
in the slope coast protection blanket. The choice of groin design is not regulated
by the document (the use of one or another groin design should be determined
by a proper feasibility study).

The document recommends to give preference to spreading profile breakwa-
ters of rubble-mound construction when constructing artificial beaches under
the protection of underwater breakwaters on the coasts used as recreational areas.
Moreover, the requirements for the estimated weight of the groin stones are
given.

It is important to note that such Russian seas as the Black Sea, the Sea of
Azov, the Caspian and Baltic Seas are tideless (with mild tides). The Arctic seas
(the Barents, Kara, Laptev and East Siberian Seas), the Far Eastern seas (the Ber-
ing, Okhotsk and Japan Seas), as well as the White Sea are tidal. Ignoring tidal
phenomena or insufficient scientific substantiation of design solutions in such
areas can lead to a violation of the integrity or to the complete destruction of
structures [5]. In this regard, in addition to SP 277.1325800.2016, the document
SP 416.1325800.2018 Engineering Protection of Tidal Sea Coasts. Design Rules
has been developed. According to this document, recommendations are given to
pervious (e.g., rubble-mound) breakwaters when constructing artificial beaches
under the protection of underwater breakwaters on the coasts used for recreational
areas. According to the Russian Industry-Specific Construction Standard VSN
5-84/MMF Use of Natural Stone in Marine Hydraulic Engineering Construction,
it is recommended to use natural stone for the construction of sloping revetments
and wave-damping blankets. In SP 416.1325800.2018, a formula is given
for determining the minimum mass of profile blocks (solid monoliths) or large
armor blocks for the construction of the outer part of the laying or the mound of
sloping revetments and wave-damping blankets exposed to the effects of waves
breaking on them. Tidal phenomena can have a significant impact on the timing

Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2022 61



of the HSs construction, which once again emphasizes the need for careful con-
sideration and proper accounting of all natural phenomena at the construction
site. The same applies to HSs built in the Arctic seas, where, in addition to tidal
phenomena, construction is complicated by such natural conditions as high ice
forces, as well as a very short navigation period.

In SP 38.13330.2018 Loads and Impacts on Hydraulic Structures (Wave, Ice
and Ship-Produced), a requirement is given to take into account the roughness of
the slope surface and the filtration properties of the slope material when deter-
mining the height of the slope surge. The requirements concerning the weight of
the stone are given in Chapter 5. Currently, such requirements should be applied
in accordance with the List of National Standards and Codes of Rules (Parts of
such Standards and Codes of Rules), which provides obligatory compliance
with the requirements of the Federal Law Technical Regulations on the Safety of
Buildings and Structures approved by the Decree of the Government of the Rus-
sian Federation. Formulas are given in order to determine the calculated mass of
an individual element when protecting a slope with the rubble stone. When calcu-
lating according to these formulas, only its density is taken into account from
the characteristics of the stone itself.

In SP 277.1325800.2016 Marine Coast Protecting Structures. Design Rules,
the conditions for the use of coast protecting structures, including groins, under-
water breakwaters, wave-damping berms and blankets made of the large stone are
given. The document provides recommendations for the construction of an un-
derwater banquet or underwater breakwater from mound or other structure at
the foot of the beach if the design profile of the relative dynamic equilibrium of
the artificial beach under construction does not match the natural underwater
slope due to the large steepness of the latter. According to this document, recom-
mendations are given to pervious (e.g., rubble-mound) breakwaters when con-
structing artificial beaches under the protection of underwater breakwaters
on the coasts used for recreational areas. As the most effective protective coating
of the sea slopes of protective dams against destruction under the impact of
waves, ice, currents and precipitation, a sloping-stone coating is given, which
significantly dampens wave energy and reduces the surge height. In the docu-
ment, stone mounds and beached banks also made from the rock mass are consid-
ered as one of the recommended types of sloping revetments. It is recommended
to use gravity-type groins (including rubble-mound groins) to hold an artificially
filled-out beach.

According to this document, in order to construct rubble-mound groins and
protective coatings, the homogeneous work stone from sedimentary, crystalline or
metamorphic rocks with a compressive strength in the water-saturated state of
at least 6-10” Pa, should be used. To determine the minimum mass of stone
for the construction of rubble-mound structures, reference is made to Appendix B
of SP 38.13330.2018.
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The construction rules and regulations SNiP 3.07.02-87 Hydraulic Marine
and River Transport Facilities contain requirements for the performance of work
on the construction of new, reconstruction and expansion of existing marine and
river transport hydraulic structures, including ones made from natural stone
(Chapter 4). Concerning requirements for the natural stone quality, an instruction
iS given to use stone materials in construction that comply with VSN 5-84/MMF.

Guidelines for the Design and Construction of Flexible Reinforced Concrete
Slope Coating of Transport Facilities 2 are used in the design of wave-damping
structures to protect the slopes of transport structures and river banks against
the water flow impact. The document provides some requirements for the size of
the natural stone in specific structures, but its scope does not allow its provisions
to be used for the purposes of this paper.

Regulatory document RD 31.31.55-93 Instructions for the Design of Marine
Berthing and Coast Protecting Structures as a requirement for the quality of
the stone contains the following reference to VSN 5-84/MMF: “The stone for
the construction of backings, beds under the berthing facilities and the formation
of berthing slopes must meet the requirements of VSN-5-84/Minmorflot.”

The departmental document VSN 5-84/MMF, which is referred to in SP
416.1325800.2018, SNiP 3.07.02-87 and RD 31.31.55-93, contains requirements
for the natural stone and applies to the design and construction of marine HSs
(mooring, land retention, coast protecting, etc.), located on the coasts of seas,
estuaries, lagoons or at the mouths of rivers. The document establishes technical
requirements for the natural stone quality (determination of the temporal com-
pressive strength of the rock in dry and water-saturated states, softening coeffi-
cient, frost resistance, dry rock density, petrographic composition, water absorp-
tion, density of grogs, SOs content). Recommendations are given on the ratio of
the largest size of the rubble stone to the smallest (for land retention and coast
protecting structures it makes no more than 3, for all others — no more than 4).

International strictly formalized regulatory documents in the field of coast
protection (Design Manuals or Codes) have not been developed, since there
the design of coast protection is based on accumulated experience and operational
engineering assessment [6]. Special Design Guidelines are used in foreign coun-
tries in the design process, as they contain grounded guidelines. Such guidelines
can be applied freely enough and are developed with the involvement of special-
ized scientific organizations.

In 1984, the British Standards Institution (BSI) developed and issued Mari-
time structures. Code of practice for general criteria®. The document deals

2 TsNIIS, 1984. [Recommended Practice for the Design and Construction of Flexible Reinforced
Concrete Slope Covers for Transport Structures]. Moscow: TsNIIS, 55 p. (in Russian).

3) BSI, 2000. Maritime Structures: Code of Practice for General Criteria. BS 6349-1:2000. London:
BSI, 254 p.
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with the use of the stone as a material for the construction of coast protecting
structures. Moreover, the provisions are given regarding the quality control of
the stone and the specification of the size of the fractions. Nevertheless, the doc-
ument is non-regulatory, and its use abroad is advisory.

The following document is also applied in Great Britain — The Rock Man-
ual. The Use of Rock in Hydraulic Engineering ¥. In addition to guidelines for
the design, construction and monitoring of the state of natural stone structures,
it provides a set of requirements for the stone itself, overview of the properties
and functions of the quarry stone, forecast of the rock quality, durability and
service life, specification of the stone according to its size, testing and measure-
ment, quality control, etc.

In the USA, where the US Army Corps of Engineers controls coast protec-
tion, Shore Protection Manual of 1984 had been applied until 2002. This manual
was widely used throughout the world. In 2002, the document was republished
under the name Coastal Engineering Manual taking into account modern Euro-
pean achievements in the field of coast protection. No technical requirements
for natural stone are contained in the document.

Requirements for the natural stone used in the construction of rubble-mound
structures are contained in I1ISO 21650:2007 Actions from Waves and Currents
on Coastal Structures. In particular, the document says that the stone for break-
water construction must be hard and have sufficient resistance to destruction,
since it is subject to abrasion and crush.

The document also provides calculation provisions for determining the quan-
titative characteristics of stone structures. A general formula is given for calculat-
ing the minimum mass of individual elements of the mound (the probability of
destruction of a stone subject to abrasion and crush is characterized by the energy
of the wave impact and the energy required to destroy the stone). The formula
takes into account the density of the stone, its dimensions and the height of
the waves. The mass of an individual element of the mound is taken into account
when calculating the stability of the structure and when determining its dynamic
balance profile. In the probabilistic analysis of the durability of structures ex-
posed to waves and currents, the strength parameters of the material are taken
into account, as well as the coefficient of friction at the interface between differ-
ent materials. The slope of rubble-mound breakwaters is a function of the depth
and particle size distribution of the mound material.

The Spanish document ROM 0.5-94 Geotechnical Recommendations
for the Design of Maritime and Harbour Works® contains recommendations
for choosing the size of the stone that can be obtained in a particular quarry,
as well as for checking its perviousness and mechanical properties (strength and
deformability).

4 CIRIA, 2007. The Rock Manual. The Use of Rock in Hydraulic Engineering. London: C683,
1304 p.

%) Spanish National Port Authorities, 2005. ROM 0.5-94 Geotechnical Recommendations for the
Design of Maritime and Harbour Works. Puertos del Estado, 430 p. Available at:
https://www.puertos.es/es-es/_layouts/download.aspx?SourceUrl=/es-
es/BibliotecaV2/ROM%?200.5-94%20(EN).pdf [Accessed: 10 June 2022].
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According to the document, if there is only low-quality rock near the con-
struction site (compressive strength makes less than 50 MPa or specific gravity
makes less than 26 kN/m?®), the area of its use should be limited to the core of
the breakwater or at most an intermediate layer. In such cases, the outer mound
layer must be constructed with the use of elements of a different type.

Durability can be indirectly determined by laboratory tests, followed
by comparison of the results obtained with the recommended reference values of
the relevant parameters in each area of the breakwater. The quality of the rock
in the laboratory should also be checked when choosing aggregates for concrete.
The document also provides recommendations for determining the rubble-mound
resistance to shear stress, its perviousness and deformability.

The use of natural stone in marine hydraulic engineering construction is con-
sidered in the published works of one of the authors of this paper [7, 8]. The pub-
lished paper proposes qualitative and quantitative criteria for the applicability of
some types of structures of artificial islands in marine areas. Specifically,
the slope profile structures with the natural stone slope protection are considered.
It is important to note that when constructing slopes of natural embedding (sandy
or pebble ones, which are not reinforced with the stone), significant deformations
of the slopes are often predicted or observed, up to their complete erosion [9, 10].

Natural stone slope protection is recommended with its sufficient feasibility
study: as a rule, such protection makes it possible to increase the slope steepness
and, accordingly, reduce the consumption of materials and the cost of construc-
tion. The expediency of the use of thrust elements of an underwater banquet,
e.g. made of large stone, is determined by a decrease in the volume of the stone
filled into the banquet body. At the same time, it is emphasized that the economic
feasibility of the artificial island sloping structures construction depends primarily
on the depth of the water area at the construction site. As a rule, it is more appro-
priate to use vertical structures at significant depths. What is more, it is necessary
to provide for regular measures to replenish the loss of beach material in accord-
ance with the results of calculations and (or) modeling.

Technical requirements for the natural stone characteristics

The natural stone, along with profile solid monoliths (such as hexabits, tetra-
pods, etc.), is one of the most common types of elements used for the construc-
tion of coast protection and protecting HSs. The stone, as well as profile solid
monoliths, is used in the construction of stone wave-damping blankets (berms),
designed to provide protection of natural coastal cliffs (including dune slopes),
sloping revetments, seawalls and other facilities located in the inshore and near-
shore zones of the sea against wave impact (slaps, surges and underwashing).
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Stone blankets in areas, which are composed of non-eroded soils and are not
used for resort purposes, are equivalent to beaches in terms of wave-damping
efficiency, but unlike the latter, they are more stable and practically do not
require any regular replenishment of volumes.

According to the experience of design (including the use of physical model-
ing methods), construction and operation of wave-damping blankets, among
the main factors determining the wave-damping capacity, the accent is given
to the porosity of the mound, the shape of the stone, the steepness of the slope
from the sea side and the mark of the mound top.

The stone and crushed stone are the main materials for the construction of
wave-damping coast protection and protecting structures. In recent decades, stone
has been used in the construction of hydraulic structures in the ports of Sochi,
Imeretinskiy, Vanino, Kuryk, etc.

It is important to understand that the stone of proper quality with strictly de-
fined characteristics should be used for effective wave damping. Otherwise, there
is a rapid destruction of wave-damping coast protection and protecting structures
due to the erosion by waves, which causes significant economic and environmen-
tal damage. To achieve these goals, the staff of the Subdivision of JSC TsNIITS
“Research Center “Sea Coasts” in the City of Sochi developed and approved
the national standard GOST R 70021-2022 Natural Stone for Marine Coast
protection and protecting Structures. Specifications. This document stipulates
the technical requirements for the natural stone used for the construction of ma-
rine coast protection and protecting structures of all classes, as well as berthing
slopes and beaches.

The developed standard will contribute to the following:

— reduction of the level of danger during the operation of the stone wave-
damping coast protection and protecting structures;

— reduction of the risk of emergencies and subsequent social and economic,
environmental and other types of damage;

— reliability improvement of the stone wave-damping coast protection and
protecting structures;

— reduction in expenses for repair and reconstruction of the stone wave-
damping coast protection structures;

— increase of the wave-damping efficiency of the stone structures.

Conclusions

Currently, the natural stone is used everywhere in the construction of coast
protection and protecting structures in marine areas, since it has such significant
advantages as environmental friendliness, free deformability, versatility and easy
handling.

In the Russian hydraulic engineering, the natural stone mounds are used
increasingly due to the simplicity of construction technology, high reliability and
significant effectiveness of slope protection against erosion. Such structures are
used more and more often, since when designing coast protecting structures,
much attention is paid to the recreational function of the coast, as well as
to the environmental component.
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Rubble-mound berms have also found wide application due to their low labor
intensity during construction, ease of repair and restoration. At the same time,
it is necessary to provide for the protection of bulk soil from sloughing and suffu-
sion (using geotextiles or other means).

In the hydraulic engineering practice, beaches are considered the best wave-
damping structures with good reason. In turn, the protection of beaches with rub-
ble-mound structures is generally accepted as the best way to protect the coast
due to the possibility of combining coastal protection and recreational functions,
environmental friendliness, as well as the possibility of preserving the natural
landscape. With the proper quality of construction work, such structures look
rather aesthetically pleasing. It is important to note that laying the top layer of
a natural stone structure in order to form a flat surface is not necessary in many
cases, since it is more of an aesthetic nature and is associated with additional
labor costs. Therefore, the implementation of such laying is advisory.

Foreign and domestic experience in the design and construction of marine
coast protecting HSs, as well as the accumulated experience of surveying coastal
sections protected by rubble-mound structures, such as groins and breakwaters,
have shown their high efficiency as beach-holding structures. In the water area
protected by such structures, no dead regions are formed, since even with weak
waves stable water exchange processes are observed. Structures in the form of
rubble mounds are freely deformable. Therefore, with deformation or even de-
struction of individual parts, the structure continues to perform its functions.
Moreover, elimination of the resulting damage does not require large expenses.
As a rule, the natural stone porous mounds are biopositive, as favorable condi-
tions are created in the pores for the habitat of mollusks and other marine fauna
representatives.

The method used in Russia to calculate mound coast protection includes de-
termining the required size of a homogeneous stone or deformation of a protect-
ing structure (when using non-uniform size materials of a given particle size dis-
tribution), as well as the required protection thickness. At the same time, the basis
for the marine HSs design is the correct consideration of the natural conditions of
the site. Abroad, design standards for marine coast protection structures are gen-
erally non-regulatory and advisory.

For effective wave damping, a stone with certain characteristics and of
the proper quality should be used. To improve the reliability of wave-damping
coast protection and protecting structures due to the wave impact and to prevent
significant economic and environmental damage from such destruction, the staff
of the Subdivision of JSC TsNIITS “Research Center “Sea Coasts” in the City
of Sochi developed and approved the national standard GOST R 70021-2022.
The application of the newly approved standard will prevent significant economic
and environmental damage caused by the rapid destruction of wave-damping
coast protection and protecting structures due to the erosion through exposure
to the waves.

Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2022 67



REFERENCES

1.

10.

Hsu, J.R.-C., Yu, M.M.-J., Liaw, S.-R., Chu, J.-C., Chen, C.-C. and Wu, N.-J., 2006.
Recent Beach Restoration Projects in Taiwan. In: National Cheng Kung University,
2006. Third Chinese-German Joint Symposium on Coastal and Ocean Engineering,
National Cheng Kung University, Tainan, November 8-16, 2006. Tainan, 14 p.

Akeda, S., Yamamoto, Y., Kimura, K. and Yano, K., 1998. Design and Construction
of Seawater Exchange Breakwaters. In: B. L. Edge, ed., 1999. Coastal Engi-
neering 1998. American Society of Civil Engineers, pp. 1539-1552.
https://doi.org/10.1061/9780784404119.114

Juhl, J. and Sloth, P., 1998. Berm Breakwaters: Influence of Stone Gradation, Per-
meability and Armouring. In: B. L. Edge, ed., 1999. Coastal Engineering 1998.
American Society of Civil Engineers, pp. 1394-1406.
https://doi.org/10.1061/9780784404119.103

Sigurdarson, S., Viggosson, G., Benediktsson, S., Einarsson, S. and Smarason, O.B.,
1999. Berm Breakwaters, Fifteen Years Experience. In: B. L. Edge, ed., 1999.
Coastal Engineering 1998. American Society of Civil Engineers, pp. 1407-
1420. https://doi.org/10.1061/9780784404119.104

Tlyavlina, G.V., Petrov, V.A. and Tlyavlin, R.M., 2016. Design Features of
Coastal Protection Structures on the Shores of Tidal Seas. Transport Construction,
(4), pp. 4-6 (in Russian).

Tlyavlina, G.V. and Tlyavlin, R.M., 2018. Technical Regulations in the Field of
Coastal Protection Works Design. Hydrotechnika, (3), pp. 70-72 (in Russian).

Vyaly, E.A. and Makarov, K.N., 2022. Classification and Application of Protective
Structures of Artificial Islands. Power Technology and Engineering, 55(5), pp. 667—
671. https://doi.org/10.1007/s10749-022-01414-7

Vyaly, E.A., 2020. [Classification of Artificial Island Constructions]. In: MHI, 2020.
[Seas of Russia: Studies of the Coastal and Shelf Zones (XXVIII coastal conference):
Abstracts of the all-Russian Scientific Conference, Sevastopol, September 21-25,
2020]. Sevastopol: MHI, pp. 247-248 (in Russian).

Makarov, K.N. and Valiy, E.A., 2020. Modeling of Slopes Deformations of Wash
Artificial Island. Hydrotechnika, (1), pp. 30-33 (in Russian).

Lishchishin, I.V., Tlyavlina, G.V. and Tlyavlin, R.M., 2010. [Research for Design of

Bridge Crossings under Highly Difficult Hydrological Conditions]. Hydrotechnika,
(3), pp. 36-37 (in Russian).

Submitted 16.03.2022; accepted after review 25.04.2022;

revised 27.04.2022; published 25.06.2022

About the authors:

Galina V. Tlyavlina, Head of the Laboratory of Modeling, Calculations and Rationing
in Hydraulic Engineering, Subdivision of JSC TsNIITS “Research Center “Sea Coasts”
(1 lana Fabritsiusa, Sochi, 1354002, Russian Federation), ORCID ID: 0000-0003-4083-
9014, AuthorID: 604630, TlyavlinaGV@Tsniis.com

Elisey A. Vyaly, Chief Project Engineer, Subdivision of JSC TsNIITS “Research Center
“Sea Coasts” (1 lana Fabritsiusa, Sochi, 1354002, Russian Federation), ORCID ID:
0000-0003-0735-2837, AuthorlID: 1129471, VyalyiEA@tsniis.com

68

Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2022


mailto:VyalyiEA@tsniis.com

Contribution of the authors:

Galina V. Tlyavlina — scientific supervision of work, task setting, development of
research methods, qualitative and quantitative analysis of research results

Elisey A. Vyaly — review of the literature on the research problem, development of
the research concept, processing and description of the research results, formulation of
conclusions

All the authors have read and approved the final manuscript.

Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2022 69



DOI: 10.22449/2413-5577-2022-2-70-85

Long-term Dynamics of Underwater Landscapes
of the Coastal Zone Cape Kosa Severnaya — Cape Tolsty
(Sevastopol)

T. V. Pankeeva*, N. V. Mironova

A.O. Kovalevsky Institute of Biology of the Southern Seas of RAS,
Sevastopol, Russia
*e-mail: tatyanapankeeva@yandex.ua

Abstract

Data on the long-term dynamics of underwater landscapes of the coastal zone at Cape
Kosa Severnaya—Cape Tolsty are given for the first time for the period from 1964 to
2017. Landscape maps of the water area are made on the basis of landscape and
hydrobotanical studies. The distribution of bottom natural complexes with key Black Sea
phytocenoses is shown. It is found that the spatial distribution of underwater landscapes
and the qualitative and quantitative indicators of their vegetation component have
changed over a period of more than 50 years. It is probably due to both natural factors and
increased anthropogenic activity. The bottom natural complexes of the boulder benches
and upper shoreface consisting of psephitic sediments with dominance of Ericaria crinita
and Gongolaria barbata typical of depths of 0.5-5 m, have changed the least. These
changes touched only the configuration of their boundaries and the depth of their
distribution. Changes were noted in the vegetation component: macrophytobenthos
biomass values increased, a high proportion of phytocenosis edificators was identified,
epiphytes made a significant contribution, macrophytes appeared that prefer areas with
higher levels of marine eutrophication. The most significant transformation of the bottom
natural complexes occurred at a depth of 5-15 m. It was noted that the depth of
distribution of the following bottom complexes had changed: 1) that of a gently dipping
accumulation plain formed by psammitic deposits with admixed shell fragments and
predominated by Phyllophora crispa, and 2) that of the upper shoreface formed by
psephitic deposits predominated by Gongolaria barbata with alternation of pebble and
gravel deposits and broken shells, where Phyllophora crispa predominates. The vegetation
component is characterized by a sharp decrease in the contribution of phytocenosis
edificators, substitution of perennial macrophyte species by annual ones, and a vertical
decrease of the depth of habitat of deep-water species. This is probably due to a decrease
in light exposure.

Keywords: coastal zone, bottom natural complex, dynamics, macrophytobenthos,
Black Sea, Sevastopol

Acknowledgments: this work was carried out under the state assignment of A. O. Kova-
levsky Institute of Biology of the Southern Seas of the Russian Academy of Sciences

© Pankeeva T.V., Mironova N.V., 2022

This work is licensed under a Creative Commons Attribution-Non Commercial 4.0
International (CC BY-NC 4.0) License

70 Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2022



(no. 121030300149-0). The authors are grateful to divers Dmitry Shapkin and Igor
Tamoikin for their help in sampling macrophytobenthos and taking photos and videos of
underwater landscapes.

For citation: Pankeeva, T.V. and Mironova, N.V., 2022. Long-term Dynamics of
Underwater Landscapes of the Coastal Zone Cape Kosa Severnaya — Cape Tolsty
(Sevastopol). Ecological Safety of Coastal and Shelf Zones of Sea, (2), pp. 70-85.
doi:10.22449/2413-5577-2022-2-70-85

MHoroJieTHAsl JMHAMHUKA MOABOJHBIX JaHAIIA(TOB
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AHHOTAUHUHA

BriepBbie puBEACHBI CBEACHUS O MHOTOJIETHEH AMHAMUKE MOJBOAHBIX JaHIMA(TOB
npubpexnoit 30861 M. Koca CeBeprast — M. Toncteiit 3a nepuoxa ¢ 1964 mo 2017 r.
Ha ocHOBe mpoBeneHHBIX JaHIAPTHBIX W THAPOOOTAaHNYECKUX HCCIEIOBAaHUN COCTaB-
JIeHBI JaHIaQTHRIE KapThl HCCIEeyeMOH aKBaTOPUH, MOKa3aHO paclpoCTpaHeHUe JOH-
HBIX TIPUPOAHBIX KOMIUIEKCOB C KIIFOUYEBBIMH YEPHOMOPCKUMH (PUTOLICHO3aMH. Y CTaHOB-
JIeHO, 4TO 3a Ooiiee yeM SO-JeTHHH NepHoa N3MEHEHHIIOCh TPOCTPAHCTBEHHOE pacIpeie-
JICHUE TIO0JIBOJHBIX JaHAMA(TOB, a TAK)KE KaYeCTBEHHBIC U KOJMYECTBECHHBIC [TOKA3aTEIIH
WX PacTHUTEIbHOW KOMIIOHEHTHI, YTO, BEPOSITHO, CBS3aHO KaK C BIMSHHEM IIPHUPOIHBIX
(bakTopoB, Tak ¥ C BO3pOCHIEH aHTPONOTEHHOW NEeATENbHOCTHIO. BBIABIEHO, YTO
HaVMEHbBIINE W3MEHCHHUS IIPETEPIEIN J[JOHHBIC TPHUPOAHBIE KOMILIEKCHI TIJBIOOBO-
BaIyHHOTO OCHYA W TOJBOJHOTO CKJIOHA, CIIOXEHHOTO IPy000OIOMOYHBIMHU OTIOKCHHUS-
MH, C JOMHHHPOBAHHEM 3PHKAPHM KOCMAaTOW M TOHroJapuu OOpOAaToOl, XapaKTepHBIE
s Tiryoud 0.5-5 M. DTH H3MEHEHUs KOCHYIUCH JIUIITb KOHQUTYpaIMHA WX TPAaHUI] U TIIy-
OWHBI PacIIpOCTpaHEHHS. B TOHHBIX MPUPOAHBIX KOMIUIEKCAX OTMEUYEHBI U3MEHEHHUS pac-
TUTEJIBHONH KOMIIOHEHTHI: YBEJIHYMINCH 3HAYCHUS] OMOMACChl Makpo(pHUTOOCHTOCA, BBISB-
JIeHBl BBICOKAsl JOJIs 3AU(HUKATOPOB (DMTOLEHO30B M 3HAYUTEIBHBIH BKJIaA SMH(UTOB,
MOSIBUIINCH Makpo(UTHI, IPENOYUTAIONINE PAHOHBI C MOBBILIEHHBIM YPOBHEM 3BTpodu-
poBaHMsi Mopckol cpenpl. Hanbonee cymecTBeHHass TpaHc(hOpMAaIys JOHHBIX MPHPOJ-
HBIX KOMIUIEKCOB NHpousonuia Ha riyomHax 5—15 M. OTMeueHbl M3MEHEHUs TITyOWHBI
pacrpocTpaHeHus] JOHHOTO KOMIUIEKca ClIa0OHAKJIOHHON aKKyMYJISITUBHOM DPaBHHHBI,
CJIOKEHHOHM MCAMMHTOBBIMHU OTJIOKEHHAMH C MPUMECHIO OMTOHN PaKyIH, TAE JOMUHUDY-
et ¢mutodopa KypuaBasi, 1 JOHHOTO KOMIUIEKCAa MOJABOAHOTO CKIIOHA, CIOXXEHHOTO TPy-
0000JIOMOYHBIMH OTIIOKCHHUAMH, TAE MpeobiamaeT roOHroIapus oopoaaras, C MO3aUIHBIM
YepeoBaHUEM TaJICYHO-TPABUIHBIX ¢ OWTOH pakymied DOHHBIX OCAIKOB, TIE TOCIIOA-
cTByeT Quimiodopa KypuaBas. PacTurenbHas KOMIOHEHTA 3THX KOMIIIEKCOB XapaKTepH-
3yeTcsl pe3KUM CHI)KEHHEM BKJIaaa 3An(pHKaTopoB (PUTOLIEHO30B, 3aMEHON MHOTOJIETHHX
BHJI0B MaKpO(I)I/ITOB Ha OJHOJICTHUE U BEPTHUKAJIbHBIM CHUKXCHHUEM FJ'Iy6I/IH oOHUTaHUS TIy-
OOKOBOJTHBIX BHJIOB, KOTOPOE, BEPOSITHO, CBSI3aHO C YMEHBIICHUEM OCBEILIEHHOCTH.

KawueBble caoBa: mpuOpekHas 30HA, JOHHBIM MPUPOIHBIA KOMILIEKC, JAHAMHKA
nanamadToB, MakpodurodeHToc, Yeproe mope, CeBacTomnosib

BiaroxapHocCTH: HCCIeOBAaHUE BBIIIOJIHEHO B paMKax TOCyIapCTBEHHOTO 3a1anus Muc-
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Introduction

Modern environmental management in the coastal zone of the sea leads to
the formation of an unfavorable environmental situation, a decrease in the quality
and quantity of natural resources, a reduction in biological and landscape diversi-
ty. To solve the issues of rational environmental management in the coastal area, it
is necessary to “determine in which direction, at what speed and how specifically
the properties of the landscape change both in space and time” [1, p. 198]. Ac-
cording to V.B. Sochava and colleagues, landscape dynamics can only be under-
stood by studying spatial and temporal aspects “in their inextricable connec-
tion” V. In the works of G.A. Isachenko [2], the main provisions of the concept of
long-term dynamics of landscapes were considered. Questions on the study of
the dynamics of territorial landscapes were widely covered in the works of
V.N. Sukachev [3], N.A. Solntsev [4], N.L. Beruchashvili?, A.A. Krauklis?,
V.A. Bokov¥, A.G. Isachenko [5], and 1.I. Mamai [6].

However, there are few scientific works devoted to the study of the dynamics
of underwater landscapes due to the limited experience of such studies, the lack
of methodological foundations® and the accumulated data array [7-9]. In this
regard, the study of spatio-temporal changes in underwater landscapes is an ur-
gent task of geographical science.

Until now, the issue of indicators of the dynamics of underwater landscapes
remains debatable. It is known that for marine geosystems, the leading func-
tional role in the formation of the environment and ensuring the sustainable
development of the biotic component of the coastal ecosystem of the shelf is
played by macrophytes, which are considered a landscape-forming factor and
an indicator of the originality of morphological complexes of horizontal divi-
sion of underwater landscapes ¥. Being a vulnerable component of the coastal
zone, macrophytobenthos actively responds to environmental changes, which

D Sochava, V.B., Krauklis, A.A. and Mikheev, V.S., 1974. [Landscape Dynamics and the Idea of
Epifacies]. In: Yu. M. Matarzin, ed., 1974. [Current State of the Landscape Study Theory: Pro-
ceedings of the 7th All-Union Meeting on Landscape Study]. Perm, p. 9 (in Russian).

2 Beruchashvili, N.L., 1972. [Seasonal Dynamics of the Facies Structure and Functioning].
In: TGU, 1972. [Landscape Collection]. Thilisi: Izd-vo TGU, pp. 100-115 (in Russian).

3 Krauklis, A.A., 1979. [Issues of Experimental Landscape Study]. Novosibirsk: Nauka, 232 p.
(in Russian).

4 Bokov, V.A., 1983. [Spatial and Temporal Organization of Geosystems]. Simferopol: SGU, 55 p.
(in Russian).

3) Petrov, K.M., 1989. [Underwater Landscapes: Theory, Study Approaches). Leningrad: Nauka,
126 p. (in Russian).
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makes it possible to use its quantitative and qualitative indicators to study
the state of underwater landscapes [10].

The coastal zone of Cape Kosa Severnaya — Cape Tolsty (Sevastopol) was
chosen as a model polygon, which is distinguished by biological and landscape
diversity. As part of the bottom vegetation of the studied area, there are species of
macrophytes listed in the Red Book of the Russian Federation® and the Red
Book of Sevastopol ” — Phyllophora crispa (Huds.) P.S. Dixon and Stilophora
tenella (Esper) P.C. Silva.

In this regard, the purpose of the article is to identify spatio-temporal chang-
es in the landscape structure of the coastal zone between Cape Kosa Severnaya
and Cape Tolsty based on the quantitative and qualitative characteristics of mac-
rophytobenthos over more than a 50-year period (1964-2017).

Materials and methods of research

The authors collected, analyzed and summarized the materials of field land-
scape and hydrobotanical studies (summer period of 1997, 2006 and 2017) car-
ried out in the coastal zone of Cape Kosa Severnaya — Cape Tolsty. Works in the
coastal area were carried out with the use of light diving equipment and small
boats. When studying the structure of bottom landscapes, the method of land-
scape profiling was used with a detailed description of key areas (see work ¥ and
[8]). In 2017, three landscape and one hydrobotanical profiles were laid, and in
1997 and 2006, hydrobotanical surveys were carried out (Fig. 1). Transect coor-
dinates were determined using a portable GPS receiver (Oregon 650) (Table 1).

Divers-researchers passed along the profile, taking photographs and shooting
videos, visually describing bottom sediments, using the classification of marine
clastic sediments according to their granulometric composition [8]. Sampling of
macrophytobenthos was carried out according to the standard method®. Algae
were identified by the guide * taking into account the latest nomenclature chang-
es. Isolation of phytocenoses was carried out according to the dominant classifi-
cation of A.A. Kalugina-Gutnik ¥. A total of 64 quantitative samples were col-
lected and processed. When analyzing the structure of phytocenoses, the Shannon
diversity index (H) was used. To analyze long-term changes in the composition
and structure of macrophytes (depths of 1-15 m), archival materials from the In-
stitute of Biology of the Southern Seas for 1964 and published data known for
this region and collected using a similar method [11] were used.

9 Bardunov, L.V. and Novikov, V.S., eds., 2008. [Red Data Book of the Russian Federation (Plants
and Fungi)]. Moscow: Tovarishscestvo Nauchnykh Izdaniy KMK, 885 p. (in Russian).

) Dovgal, 1.V. and Korzhenevsky, V.V., eds., 2018. [Red Data Book of Sevastopol]. Kaliningrad;
Sevastopol: Izdatelsky Dom “ROST-DOLFK?”, 432 p. (in Russian).

® Kalugina-Gutnik, A.A., 1975. [Phytobenthos of the Black Sea). Kiev: Naukova Dumka, 248 p.
(in Russian).

9 Zinova, A.D., 1967. [Identification Guide for Green, Brown and Red Algae of the South Seas of
the USSR]. Leningrad: Nauka, 397 p. (in Russian).

Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2022 73



Sea of Azov / —

44°38'N

33°30° 33°31'E

Fig. 1. Schematic map of the location of landscape and hydrobo-
tanical profiles in the coastal zone Cape Kosa Severnaya — Cape Tolsty
(2017) (Roman numerals stand for profiles)

Table 1. Coordinates and depth range of hydrobotanical profiles in the coastal zone
Cape Kosa Severnaya — Cape Tolsty

Coordinates
Profile Depth range, m
Northern latitude Eastern longitude
I 44°37.887 33°30.653' 0.5-15
11 44°37.984' 33°30.811" 0.5-15
111 44°38.306’ 33°31.254' 0.5-15
v 44°38.305’ 33°31.440’ 0.5-15

To create a landscape map, the QGIS 2.14.18 software package and the elec-
tronic basis of the bathymetric map were used. The conjugated analysis of
the geological structure maps, the topographic map, and the information
from the field surveys made it possible to extrapolate water areas with similar
parameters to identify the boundaries of bottom natural complexes (BNCs).
BNCs are relatively homogeneous bottom areas characterized by the unity of
interrelated components: the lithogenic base, the bottom water mass, and
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the marine organisms inhabiting them [8]. The georeferencing of the boundaries
of landscape complexes was carried out using the QGIS program. The landscape
map is a cartographic basis, and the BNCs are aquatic units for studying long-
term changes in the spatial distribution of the composition and structure of mac-
rophytobenthos.

Statistical data processing was performed using the MS Excel 2000
(Microsoft Corp.) and Statistica 6.0 (Statsoft Inc., OK, USA) software packages.
As a result of processing the obtained materials, landscape maps of different
years were created (Fig. 2).

Results and discussion

In the landscape structure of the coastal zone of Cape Kosa Severnaya —
Cape Tolsty, BNCs were identified (4 — in 1964; 3 — in 1997; 2 — in 2006; 4 —
in 2017) with the participation of dominant macrophyte species of Ericaria crini-
ta (Ericaria crinita (Duby) Molinari & Guiry = Cystoseira crinita), Gongolaria
barbata (Gongolaria barbata (Stackhouse) Kuntze = Cystoseira barbata) and
Phyllophora crispa (Phyllophora crispa (Huds.) P.S. Dixon)) (Fig. 2).

Landscape structure of the coastal zone Cape Kosa Severnaya — Cape Tolsty
(1964) (Fig. 2, a):

1. A boulder bench predominated by Ericaria crinita was recorded at depths
of 0.5-1 m. The phytocenosis of Ericaria crinita — Cladostephus spongiosus —
Gelidium crinale was described in this BNC. The contribution of the community
edificator was high (Table 1). As part of the algocenosis, Ulva rigida C. Ag. and
occasionally Padina pavonica (L.) Thivy were noted. Epiphytic synusia was
poorly represented (species of the genus Ceramium) (Table 2). The values of the
Shannon diversity index were low, which indicated a homogeneous structure of
the phytocenosis with a predominance of the dominant species (Table 3).

2. An upper shoreface, composed of psephitic deposits, predominated
by Ericaria crinita and Gongolaria barbata, was located at depths of 1-5 m.
The phytocenosis Ericaria crinita + Gongolaria barbata — Cladostephus
spongiosus — Gelidium crinale was described in this BNC. The values of biomass
in general in the 1-5 m layer and at shallower depths were comparable (Table 2).
The proportion of dominants was the highest for the entire observation period
(Table 2). Ulva rigida was also noted in the composition of algocenosis. Verte-
brata subulifera (C. Ag.) Kuntz was noted among epiphytes. The value of
the species diversity index indicated the oligodominant structure of the phytoce-
nosis (Table 3).

3. An upper shoreface, composed of psephitic deposits, predominated
by Gongolaria barbata, with mosaic alternation of pebble and gravel deposits
with shell fragments, predominated by Phyllophora crispa, was located at depths
of 5-10 m. The phytocenosis (Gongolaria barbata) — Phyllophora crispa —
Gelidium spinosum was described in this BNC. Its biomass and the contribution
of Gongolaria barbata dropped by almost half, while the proportion of Phyllo-
phora crispa more than tripled with the increasing depth (Table 2). Epiphytic
species of algae were practically non-existent (Table 2). The values of the species
diversity index were low, which indicated a small contribution of associated and
epiphytic macrophyte species (Table 3).
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Fig. 2. Schematic map of the landscape structure of the coastal zone Cape Kosa
Severnaya — Cape Tolsty:

1 —boulder benches with dominance of Ericaria crinita; 2 — upper shoreface consisting of
psephitic sediments predominated by Ericaria crinita and Gongolaria barbata; 3 — upper
shoreface consisting of psephitic deposits predominated by Gongolaria barbata
with mosaic alternation of pebble and gravel deposits and shell fragments predominated
by Phyllophora crispa; 4 — upper shoreface consisting of psephitic sediments pre-
dominated by Dictyota; 5 — gently dipping accumulation plain consisting of psammit-
ic deposits with inclusion of shell fragments predominated by Phyllophora crispa.
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Table 2. Total biomass of macrophytes, percentage of dominant species and their
epiphyts in BNC of the coastal zone Cape Kosa Severnaya — Cape Tolsty (Fig. 2)

in variuos years

Proportion, %
Total biomass Ericaria
Year | BNC |Depth, m| of macrophytes, crinita Phyllophora ) )
=2 s ; Epiphytic
gm Gongolaria crispa
barbata
0.5-1 3040.0 +550.9 93 1
2 1-5 3109.0 £273.9 94 2
1964 2451.0 £236.1 -
3 5-10 1615.0 + 163.1 84-42 16-52 0
5 10-15 826.0+51.4 0 75 0
3506.7 £572.9 -
! 0.5-1 1492.3 £451.5 89-32 0 =3
1997 2 1-5 1444.0 + 381.6 58 0 0
1141.6 £319.3 -
3 5-10 57114425 68—44 13-20 1
39842 +771.1 -
o 1 0.5-1 27862 + 136.1 8667 0 12-29
2247.0 £ 538.4 —
2 1-10 5912+ 151.9 48-38 0 51-57
11457.8 £2031.5 -
I 057 ogeg 743800 O 0 >4
5572.2 £ 8252 -
2017 2 1-10 3157 1 + 501.9 78—65 0 16-33
10-15 130.6 £41.2 5 0 15
15-20 74.6 £18.6 0 96 3

Table 3. Changes in the values of the Shannon (H) index of species diversity at Cape
Kosa Severnaya — Cape Tolsty in variuos years

Depth, m
Year
0.5 1 3 5 10 15
1964 — 0.46 0.45 0.68 0.98 0.99
1997 0.77 2.31 1.58 1.93 2.48 -
2006 0.87 2.03 2.43 1.90 1.84 -
2017 0.45 0.35 1.23 1.90 1.77 0.32
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5. A gently dipping accumulation plain consisting of psammitic deposits
with admixed shell fragments predominated by Phyllophora crispa was located
at depths of 10—15 m. The phytocenosis Phyllophora crispa was described in this
BNC. Its biomass and the proportion of the dominant species were relatively high
(Table 2). The epiphytes were absent (Table 1). As part of the algocenosis,
Cladostephus spongiosus (Huds.) C. Ag., Gracilaria dura (C. Ag.) J. Ag. and
Dictyota sp. were present. The values of the H index indicate a low species diver-
sity of the phytocenosis (Table 3).

Landscape structure of the coastal zone Cape Kosa Severnaya — Cape Tolsty
(1997) (Fig. 2, b):

1. A boulder bench predominated by Ericaria crinita was recorded at depths
of 0.5-1 m. In this BNC of 1997, as in 1964, the phytocenosis of Ericaria crini-
ta — Cladostephus spongiosus — Gelidium crinale was described. Its biomass and
the proportion of Ericaria crinita dropped by more than half with the increas-
ing depth, while at a depth of 0.5 m their values were relatively comparable
with those in 1964, and at a depth of 1 m they were two and three times lower,
respectively, than in 1964 (Table 2). Gelidium crinale (Hare ex Turner) Gaillon
(35 % of the total biomass of macrophytes) was abundant in the structure of
the algocenosis at a depth of 1 m; Gelidium spinosum (S. G. Gmel.) P. C. Silva,
Ellisolandia elongata (J. Ellis & Sol.) K.R. Hind & G.W. Saunders and Ulva
rigida were also present. The role of epiphytic synusia was small (Table 1).
The values of the species diversity index indicate the polydominant structure of
the algocenosis (Table 3).

2. An upper shoreface, composed of psephitic deposits, predominated by Eri-
caria crinita and Gongolaria barbata, was located at depths of 1-5 m in 2006, as
in 1964. The phytocenosis of Ericaria crinita + Gongolaria barbata — Cladoste-
phus spongiosus — Gelidium crinale was described in this BNC. Its biomass was
two times lower than in 1964. The share of edificators was low, almost two times
lower than in 1964 (Table 2). A significant contribution of Gelidium crinale (33 %
of the total biomass of macrophytes) was noted in the community; Ulva rigida, El-
lisolandia elongata were also found, and Phyllophora crispa was found sporadicly.
Epiphytic algae were practically non-existent (Table 2). Relatively high values of
the species diversity index testify to the polydominant structure of the phytocenosis
(Table 3).

3. An upper shoreface, composed of psephitic deposits, predominated
by Gongolaria barbata, with mosaic alternation of pebble and gravel deposits
with admixed shell fragments, where Phyllophora crispa predominates, was
recorded in 1997 at depths of 5-10 m, as in 1964. This BNC described the same
phytocenosis (Gongolaria barbata) — Phyllophora crispa — Gelidium spinosum.
Its biomass decreased by half with increasing depth, while being 2—-3 times lower
than in 1964. The contribution of Gongolaria barbata dropped almost by half,
while the contribution of Phyllophora crispa increased by the same factor with
the increasing depth (Table 2). The community included Ericaria crinita,
Cladostephus spongiosus, Ulva rigida. Epiphytic synusia was poorly devel-
oped (Table 2). The values of the H index indicate the complex structure of phy-
tocenosis, where a high contribution of associated algae species is noted (Table 3).
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Landscape structure of the coastal zone Cape Kosa Severnaya — Cape Tolsty
(20006) (Fig. 2, ¢):

1. A boulder bench predominated by Ericaria crinita was recorded at depths
of 0.5-1 m. In this BNC of 2006, the phytocenosis of Ericaria crinita —
Cladostephus spongiosus — Gelidium crinale was described. Its biomass in the
studied depth range slightly decreased with the increasing depth (Table 2). The
contribution of the community edificator as a whole reached significant values
(Table 2). In the structure of algocenosis, Cladophoropsis membranacea (Hofm.
Bang ex C. Ag.), Ulva rigida, and Gelidium spinosum were occasionally noted.
As part of the community, a significant contribution of epiphytic algae to the total
biomass of macrophytes was noted (more than an order of magnitude higher than
at the same depths in 1964 and 1997). The epiphytic synusia was dominated
by Vertebrata subulifera, Laurencia coronopus J.Ag. and species of the genus
Cladophora. The values of the Shannon diversity index indicate a high species
diversity of phytocenosis (Table 3).

2. An upper shoreface, composed of psephitic deposits, predominated by
Ericaria crinita and Gongolaria barbata, was located, unlike in 1964 and 1997,
at depths of 1-10 m. The same phytocenosis (Ericaria crinita + Gongolaria
barbata — Cladostephus spongiosus — Gelidium crinale) was described in this
BNC. In 2006, its biomass decreased by almost four times with the increasing
depth and was at the upper boundary of the community about one and a half times
lower than in 1964, and by the same amount higher than in 1997 (Table 2).
The contribution of algocenosis dominants was minimal for the entire observation
period. Species of the genus Ulva occasionally occurred in the composition of
phytocenosis in the depth range of 1-5 m, while Carradoriella elongata (Huds.)
Savoie & G.W. Saunders was registered at the depths of 5-10 m, and Phyllopho-
ra crispa — sporadically. The contribution of epiphytic synusia reached maximum
values and accounted for about half of the total macrophyte biomass (Table 1).
Among epiphytes, Vertebrata subulifera dominated at all depths; Laurencia co-
ronopus, Chondria capillaris (Huds.) M. J. Wynne, and species of the genus
Cladophora were recorded at the depths of 3—5 m. The values of the H index in-
dicate the complex structure of phytocenosis, where a high contribution of asso-
ciated and epiphytic algae species is noted (Table 3).

Landscape structure of the coastal zone Cape Kosa Severnaya — Cape Tolsty
(2017) (Fig. 2, d):

1. A boulder bench predominated by Ericaria crinita was located at depths
of 0.5—-1 m. At present, the phytocenosis of Ericaria crinita was described in this
BNC. Its biomass in the studied depth range was characterized by high quantita-
tive indicators, the value of which increased slightly with the increasing depth
(Table 2). The contribution of the community edificator was also high (Table 2).
Among the thickets of Ericaria crinita, Cladostephus spongiosus and Gelidium
crinale are found sporadically. Epiphytes are poorly represented; their maximum
contribution falls on Vertebrata subulifera. At these depths, Laurencia coronopus,
Myriactula rivulariae (Suhr ex Aresch.) Feldmann, and Corynophlaea umbellata
(C. Ag.) Kiitz were also found in the epiphytic synusia. The values of the Shan-
non diversity index were low, which indicated a homogeneous structure of the
phytocenosis with a predominance of the dominant species (Table 3).

Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2022 79



2. An upper shoreface, composed of psephitic deposits and predominated
by Ericaria crinita and Gongolaria barbata, was recorded in 2017 at depths of
1-10 m, as in 2006. The same phytocenosis Ericaria crinita + Gongolaria bar-
bata — Cladostephus spongiosus — Gelidium crinale was described in this BNC.
Its biomass dropped by almost half with the increasing depth, while at the upper
and lower boundaries of the community it was 2.5-5 times higher, respectively,
than in 2006 (Table 2). The proportion of edificators in this depth interval was
characterized by high values, which were approximately twice as high as in 2006
(Table 2). Representatives of the genus Ulva were registered in the community.
At these depths, a significant role of epiphytic algae was noted (Table 2). Among
them, Vertebrata subulifera prevailed, Stilophora tenella (Esper) P.C. Silva and
Ectocarpus siliculosus (Dillwyn) Lyngb were also noted. The values of the Shan-
non diversity index were significantly higher compared to those at shallower
depths, which indicates a more complex structure of the algocenosis (Table 3).

4. An upper shoreface composed of psephitic deposits predominated by
a species of the genus Dictyota was located at depths of 10—15 m. The phyto-
cenosis Dictyota sp was described in this BNC. Its biomass was low, while
the community edificator accounted for 50 % of the total biomass of macrophytes
(Table 2). At these depths, the lithophytic form of Chondria capillaris was abun-
dant. Ericaria crinita, Gongolaria barbata, Osmundea pinnatifida (Huds.)
Stackh., Cladostephus spongiosus were also registered in the algocenosis. Epi-
phytic synusia was represented mainly by Callithamnion corymbosum (Smith)
Lyngb. The complex structure of phytocenosis is confirmed by the value of
the Shannon diversity index (Table 3).

5. A gently dipping accumulation plain consisting of psammitic deposits
with admixed shell fragments and predominated by Phyllophora crispa was lo-
cated at depths of 15-20 m. Phyllophora crispa phytocenosis was described
in this BNC. Its biomass was low, while at the upper boundary of the community
it was more than an order of magnitude lower than in 1964 (Table 2). Algoceno-
sis edificator dominated. The community included Zanardinia typus (Nardo) P.C.
Silva. Ectocarpus siliculosus dominated among epiphytes. The value of the spe-
cies diversity index indicates the oligodominant structure of the phytocenosis
(Table 3).

Thus, the analysis of the material obtained showed that over more than
a 50-year period in the coastal zone of Cape Kosa Severnaya — Cape Tolsty, there
were changes in the spatial distribution of underwater landscapes, as well as
in the qualitative and quantitative indicators of their plant component.

It is characteristic that the BNC of the boulder bench predominated by Eri-
caria crinita (1) was noted at depths of 0.5-1 m throughout the entire period un-
der study. However, in 2017, at these depths, a significant increase in the total
biomass of macrophytes was recorded, mainly due to Ericaria crinita, compared
with its values in earlier years (Fig. 2; Table 2). The values of the Shannon diver-
sity index show that the composition and structure of phytocenoses have changed
over 53 years, they have become more homogeneous, and not polydominant.
The share of the algocenosis edificator during the study period remained generally
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high and varied from 96 % to 32 % of the total macrophyte biomass, while its
maximum value was noted in 2017 and the minimum — in 1997 (Table 2). In this
BNC of 2006, the macrophytobenthos included the most significant contribution
of epiphytes (12-29 %), while in 1997 and 2017, their share did not exceed 5 %,
in 1964 it was about 1 % of the total macrophyte biomass (Table 2).

The BNC of the upper shoreface, composed of psephitic deposits and pre-
dominated by species of Ericaria crinita and Gongolaria barbata (2), was also
recorded during the entire study period. However, the depth of its distribution
varied over the years. Thus, if in 1964 and 1997 the BNC was described at
depths of 1-5 m, in 2006 and 2017 it was recorded at depths of 1-10 m (Fig. 2;
Table 2). This BNC was characterized by a more complex structure of algoceno-
sis. Its edificators, in addition to Ericaria crinita, include Gongolaria barbata,
which prefers areas protected from waves at greater depths for growth®. The
dominance of Ericaria crinita at shallow depths is explained by the high surf
zone of the near-shore zone of Cape Kosa Severnaya — Cape Tolsty. At the upper
boundary of the BNC, the proportion of dominant species is quite high and varies
from 48 % (2006) to 94 % (1964), while at the lower boundary it decreases to
38 % (2006) — 65 % (2017) of the total macrophyte biomass (Table 2).

It is indicative that the spatial distribution of BNCs / and 2, where Ericaria
crinita and Gongolaria barbata predominate, is determined by the stability of the
bottom lithogenic base, which is a substrate for the attachment of macrophytes.
However, in the composition and structure of macrophytobenthos of these BNCs,
significant changes occurred, which apparently are a response to changes in envi-
ronmental conditions. It is known that since the end of the last century, in many
areas of the Crimean shelf, where an increase in the level of eutrophication of
water masses has been recorded, an increase in the density of thickets of Ericaria
crinita and Gongolaria barbata in the upper sublittoral zone (depths of 0.5-3 m)
has been observed, which is probably associated with a decrease in water trans-
parency [12]. Such changes at the depths of growth of these species caused a shift
in their ecological and phytocenotic optimum ¥, which was previously located
at depths of 3—5 m.

The abundant development of epiphytic species growing on the thalli of Eri-
caria crinita and Gongolaria barbata and having a high surface area of thalli may
be a response to an increase in dissolved organic matter in the coastal zone of
the sea. The most significant proportion of epiphytic synusia at depths of 0.5—1
and 1-10 m (12-29 % and 51-57 % of the total macrophyte biomass, respective-
ly) was recorded in 2006, which may be due to the continuing increase in water
pollution compared to 1964 and 1997. Indirectly, an increase in the level of
trophicity of the environment in the area of Capes Kosa Severnaya and Tolsty is
evidenced by the index of species diversity, which was minimal in 1964 and var-
ied from 0.46 to 0.99, then increased in 1997 (0.77-2.48) and 2006 (0.87-2.43),
and slightly decreased in 2017 (0.32—-1.90). In 2017, in BNCs [ and 2, the total
biomass of macrophytobenthos, the proportion of Ericaria crinita and Gongo-
laria barbata increased, while the contribution of epiphytic algae decreased,
which allows us to conclude that the state of the marine environment has im-
proved (Table 1). Our assumption can be confirmed by information about
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the current classification of this water area as conditionally clean. Thus, in 2018,
the E-TRIX value varied from 1.44 to 2.20 (according to this criterion, the water
corresponds to a low trophic level), while in 2007 this indicator was about 4 [13].

In 1964 and 1997 at depths of 5—10 m, the BNC of an upper shoreface com-
posed of psephitic deposits was described, where Gongolaria barbata predomi-
nated, with mosaic alternation of pebble and gravel deposits with admixed shell
fragments, where Phyllophora crispa dominated (3). In 2006 and 2017 the BNC
was not observed at these depths. This phytocenosis is typical for the Black Sea
coast of Crimea. The existence of a "transition zone" where several phytocenoses
meet at the same depth at the same time was pointed out by A.A. Kalugina-
Gutnik ¥ as early as the end of the previous century. This intermediate zone pre-
viously extended at depths of 15-20 m. At present, it has shifted to depths of
7-10 m. According to U.V. Simakova [14], these areas represent an ecocline,
a zone with a gradual change in the composition of bottom vegetation along the
illumination gradient [8]. However, the existence of "transitional" BNCs largely
depends on the intensity of hydro- and lithodynamic processes occurring in the
coastal zone. The studied area is characterized by an active redistribution of de-
posits, where the direction and intensity of alongshore flows depend on the wind-
wave regime [15].

More than 50 years ago, at depths of 10—-15 m, the BNC of a gently dipping
accumulation plain was recorded, it was composed of psammitic deposits with
admixed shell fragments, where Phyllophora crispa dominated. At these depths,
relatively significant concentrations of the dominant species were noted
(Table 2). Based on the analysis of archival material collected along the Crimean
coast in the 1960s—1970s ¥, it can be assumed that at depths of more than 15 m,
the phyllophora biomass would have been much higher (in the area of Laspi Bay
at depths of 15-25 m it was about 5000 g m2). In 2017, single specimens of
Phyllophora crispa were found at depths of 15-20 m, and one-year-old Dictyota
sp. grew abundantly at depths of 10-15 m and Gongolaria barbata and Ericaria
crinita were occasionally noted (Table 1).

For the Black Sea coast of Crimea in the 1960s—1970s at depths of more than
25 m, phytocenoses with the participation of deep-water species of Zanardinia
typus, Nereia filiformis, and Carradoriella elongata were described. At present
(2017), in the region of Cape Kosa Severnaya — Cape Tolsty, these species have
been found in BNCs 4 and 5 at depths of 10—-15 m. It is characteristic that in 1964
they were not registered at these depths, which indicates a vertical decrease
in the depths of their habitat, which is probably associated with a decrease
in illumination.

Thus, the BNC of a gently dipping accumulation plain, composed of
psammitic deposits with admixed shell fragments, where Phyllophora crispa
prevails, and the BNC of an upper shoreface, composed of psephitic deposits,
predominated by Gongolaria barbata with a mosaic alternation of pebble and
gravel deposits with admixed shell fragments of bottom sediments dominated
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by Phyllophora crispa turned out to be more susceptible to transformation, which
was reflected in a change in the depth of their distribution, degradation of
the plant component, and a sharp decrease in the contribution of edificatory spe-
cies.

It is significant that over the period from 1964 to 2017, the anthropogenic
load on the coastal zone of Cape Kosa Severnaya — Cape Tolsty increased sharp-
ly. In the last decade, there has been an active development of this coast with res-
idential and recreational facilities. Intensive construction has led to activation of
gravitational processes in the coastal zone. In addition, the volume of wastewater
discharge into the water area of this region has significantly increased.

Spatio-temporal changes in the BNC in the landscape structure are probably
associated with the influence of both natural factors and increased economic ac-
tivity. Thus, in modern conditions, under the influence of natural and anthropo-
genic fluctuations, new BNCs are formed, containing elements of the previous
ones. According to L.A. Bespalova [16], who studied the anthropogenic impact
on the landscape structure of the Sea of Azov, its return to a pre-existing state is
impossible due to irreversible changes in landscape components. In favor of
the proposed assumption, one can also cite Dollo’s law known in the theory of
evolution, from which it follows that a decrease in the influence of anthropogenic
and natural factors acting on the system does not mean that it will return to its
previous state ',

In general, the question of the reasons for the restructuring of the BNC, in-
cluding structural changes in the vegetation component of the landscape of the
coastal zone of Cape Kosa Severnaya — Cape Tolsty, remains debatable. Many of
the stated provisions require further elaboration and comprehensive research [8].

Conclusion

The analysis of the obtained materials showed that during the period of re-
search in the coastal zone of Cape Kosa Severnaya — Cape Tolsty, the spatial dis-
tribution of underwater landscapes, as well as the qualitative and quantitative in-
dicators of their plant component, have changed, which is probably due to the
influence of both natural factors, and increased anthropogenic activity.

The BNCs of the boulder bench and the upper shoreface, composed of pse-
phitic deposits and predominated by Ericaria crinita and Gongolaria barbata,
located at depths of 0.5—-5 m, underwent the least changes. These changes affect-
ed only the configuration of their boundaries and the depth of distribution, which
is probably due primarily to the stability of the lithogenic base, which is the sub-
strate for the strong attachment of macrophytes. The plant component of these
BNCs is distinguished by the maximum values of macrophyte biomass, a high
proportion of phytocenosis edifiers, and a significant contribution of epiphytes.

The most significant restructuring occurred in the BNCs located at depths of
5-15 m: the BPC of a gently dipping accumulation plain composed of psammit-

10 Dollo, L., 1893. Les Lois de I’evolution. Bulletin de la Société belge de géologie,
de paléontologie et d'hydrologie, 7, pp. 164-166. Available at:
https://www.biodiversitylibrary.org/item/159645#page/183/mode/lup [Accessed: 25 May
2022].
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ic deposits with admixed shell fragments, where Phyllophora crispa dominates,
and the BPC of an upper shoreface composed of psephitic deposits, where Gongo-
laria barbata dominates, with a mosaic alternation of pebble and gravel deposits
with admixed shell fragments, where Phyllophora crispa dominates. During the
period under study (1964-2017), there were changes in the depth of their distri-
bution, degradation of the plant component, a sharp decrease in
the contribution of edificators of phytocenoses, replacement of perennial macro-
phyte species with annual ones, and a vertical decrease in the depth of habitat of
deep-sea species, which is, probably, associated with a decrease in illumination.

The study of the dynamics of underwater landscapes will make it possible
to predict their development and behavior under certain conditions, to scientifi-
cally substantiate the type of environmental management, to provide for nature
conservation measures, and to determine the value of the maximum allowable
load on the BNC.
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Abstract

This article discusses the features of the distribution of marine microlitter (particles less
than 5 mm) in 2019-2020 on 13 beaches of St. Petersburg and the Leningrad Region
located on the coast of the Russian part of the Gulf of Finland (the Baltic Sea). Microlitter
was found on all beaches, however, its composition and amount varied significantly de-
pending on the beach exposure and other factors. The concentration of microlitter ranged
from 0.1 to 55.5 particles/m?. The largest amount of microlitter in the wrack zone was
found on the beach in the center of St. Petersburg, the least — in Alexandria Park on the
south coast; the predominant type of microlitter on most beaches is plastic. Using a clus-
ter analysis, the beaches were classified according to the degree of their contamination:
the most contaminated beaches are located within the city on the coasts of the Neva Bay,
the least contaminated beaches are either outside the Neva Bay or at a considerable dis-
tance from the center of St. Petersburg. In the Neva Bay and on the northern coast of the
open part of the Gulf of Finland, the concentrations of microlitter are higher, which may
be due to the peculiarities of currents and winds determining the removal of particles
coming with the Neva River runoff and their transport to the north. Comparison of
the obtained data with the results of other studies in this region showed that, as compared
with the beaches of other parts of the Baltic Sea, the Eastern Gulf of Finland has the high-
est values of the number of microparticles on the beaches.
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3arpsi3HeHHe MUKPO4YacTULIAMH MOPCKOI'0 Mycopa
MecYaHbIX Mo0epeknii BOCTOUHOM YaCTH
dDuHCKOro 3a;auBa baaruiickoro mopst

A. C. Ky3bmuHa*, A. A. EpmioBa

Poccutickuii 2ocyoapcmeenubiii 2u0pomMemeoposocuteckull yHugepcumen,
Canxm-Ilemep6ype, Poccus
*e-mail: kuzmina_a98@yahoo.com

AHHoOTaUuA

PaccMoTpenbl 0COOCHHOCTH pacpeielICHUsT MOPCKOTO MUKPOMYcopa (4acTHIl Pa3MepoM
MeHee 5 mM) B 2019-2020 rr. Ha 13 muspkax Cankr-IletepOypra u JIeHUHTpaackoii 00a-
CTH, PacIoJIOXEHHBIX Ha MmoOepexbe poccuiickoi dact @uHCKOro 3anmuBa banruiickoro
Mopsi. Mukpomycop oOHapy»KeH Ha BCeX IUIDKAX, OJHAKO €ro COCTaB U KOJUYECTBO 3HA-
YUTEIHHO BapbUPYIOT B 3aBICHMOCTH OT 3KCIIO3UINH TUBDKA B Apyrux (akropos. Kon-
HeHTpanus MUKpoMycopa coctasmia ot 0.1 mo 55.5 yactui/m2. Camoe GOJIbIIOe KOJTHUe-
CTBO MHKpPOMYyCOpa B 30HE 3amjiecka OOHapyXeHO Ha IULDke B 1eHTpe CaHKT-
[TerepOypra, MeHbIle Bcero — B Iapke AJieKCaHIpuUsi Ha 10)KHOM mobepexbe. [Ipeobia-
JIAIOIIUM TUIIOM MUKpPOMYCOpa Ha OONBIINHCTBE TUIHKEN sSBIseTCs miacTUK. C MOMOIIbI0
KJIACTEPHOTO aHaIM3a IUISKH OXapaKTEPHU30BaHBI M0 CTCICHU MX 3arPSI3HCHHOCTH:
HanOoJIee 3arpsA3HEHHBIC TUISKK PACIIOIO0KEHBI B YepTe ropojia Ha modepexbsix HeBckoi
ryObl, HAUMEHEE 3arps3HEHHbIC IULDKH — OO0 3a mpenenamu HeBckoit ryObl, mbo
Ha 3HAYUTEIBHOM oTnayieHuH OT IeHTpa Cankr-IletepOypra. B HeBckoii ryboe u Ha ce-
BEPHOM TOOEpEXbe OTKPHITON dacTh DUHCKOro 3anrMBa KOHIICHTPAIIMH MHKpPOMYycopa
BEIIIIC, Y€M Ha I0XKHOM MOOEPEekKbe, YTO MOKET OBITH CBSI3aHO C OCOOCHHOCTSMH TCUCHHI
U BETPOB, 00YCIOBIUBAIOIINX BEIHOC U TIEPEHOC K CEBEPY YACTHII, TOCTYIAOIIUX CO CTO-
koM peknu HeBbl. CpaBHEHHE MOJMYYCHHBIX JAHHBIX C pe3yJbTaTaMH JPYTHX HCCIIEIOBa-
HUM B JaHHOM PETHOHE IOKA3aJio, YTO, MO0 CPABHEHHUIO C MOOEPEKbSIMH JPYTUX YacTel
BanTuiickoro Mopst, B BOCTOUHOM yacTn OUHCKOTO 3aIBa HAOMIOMAIOTCS 00Jiee BHICOKHE
3HAYEHUs KOJMUYECTBA MUKPOYACTHIT Ha TUISKAX.

KiawueBble cjaoBa:. MOpckol Mycop, MUKpomycop, HeBckas ryba, @uHckuii 3aiuB,
IUIDK, MUKPOIUTACTHK, 3arpsI3HEHUE, MOPCKUE SKOCHCTEMBI

JAasa nutuposanus: Kysemuna A. C., Epwosa A. A. 3arpsa3HeHne MUKpOYacTUIIAMU
MOPCKOT'0 Mycopa TecuaHbIX mobepexuit BoctouHoi yactu dunckoro 3anuBa bantuii-
cKoro Mopsi // Dxonorudeckas 0e30macHOCTh NPHUOPEXHOW M IeNb(OBOH 30H MOpSI.
2022. Ne 2. C. 86-100. doi:10.22449/2413-5577-2022-2-86-100

Introduction

For a long time, waste was considered a problem for areas near industrial
sites and densely populated urban areas, but not for marine ecosystems. However,
after the discovery of the Great Pacific Garbage Patch, the problem of marine
litter became known to a wide audience [1]. Currently, marine litter is having
a negative impact on the economy and well-being of people living near the sea,
as well as on marine ecosystems [2]. Every year, up to 20 million tons of plastic
waste enter the World Ocean [3]. Marine litter easily crosses borders between
countries; it can be found near its place of origin or it can be carried by currents
and winds. This makes it difficult to assess the distribution of marine litter and
to find its sources.
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Microlitter is particles of both natural and synthetic materials with the largest
dimension of up to 5 mm. Microplastics can be primary (pre-production pellets
are small polymer particles used in the manufacture of various products) and sec-
ondary (fragments resulting from the destruction of larger plastic products) [4].
Microplastics have been found in filter feeders and other benthic organisms [5].
Laboratory studies have shown that many marine invertebrates such as bivalves,
echinoderms, amphipods, and zooplankton can ingest microplastics [6, 7]. Plastic
often contains hazardous additives, can adsorb hydrophobic persistent organic
pollutants and transfer these substances into marine food chains [8].

Monitoring studies of marine and, in particular, beach litter are important
for identifying the sources of its entry into the marine environment. In the Baltic
region, the studies of beach litter have been carried out for several years (see
report? and works [9-11]). The first large-scale studies of beach litter were car-
ried out in 2011-2013 within the framework of the MARLIN project, during
which from 75 to 236 fragments of macrolitter per 100 m of beach ¥ were found
on the coasts of Sweden, Finland, Estonia and Latvia. It was discovered that
the main sources of marine litter in the Baltic Sea were maritime transport, fish-
ing, domestic sewage, as well as recreational activities on the coast [9].

Large scale research on microplastics in 2014-2016 on German beaches
showed that the upper layer of sand on the beaches of the Baltic coast of Germa-
ny contained an average of 2-11 microplastic particles per kilogram of dry mass
[12], and on the beaches of the Kiel Fjord — from 2 to 30 particles per kilogram of
dry mass [13]. At the same time, on the beaches of the German island of Riigen,
the amount of microplastics was already 80-100 particles per kilogram of dry mass
in the sand layer [14]. The beaches in Poland were also contaminated with micro-
plastics, their concentrations on the sand surface ranged from 25 to 43 particles
per kilogram of dry weight in 2014 [15].

Beaches can be contaminated with microlitter of various sizes: from tens of
microns to 5 mm. In 2014-2016, on the beaches of Germany and Lithuania,
monitoring studies [10] of contamination with visually distinguishable microlitter
(2-5 mm) were carried out using the methods that were later used in this work.
The following results were obtained: the occurrence of microlitter particles
ranged from 0.02 to 3.9 particles/m?. Studies by various authors show that micro-
litter is found on all beaches. However, it is very difficult to compare contamina-
tion assessment results due to differences in the methodologies used. In addition,
the authors can describe contamination by all types of microlitter, as well as focus
only on microplastics.

On the Russian coast of the Baltic Sea, studies of microplastics in beach
sands have been conducted since 2016. It was established that on the beaches of
the Kaliningrad region, microplastics were present both on the surface of the sand

1 European Commission, 2013. Final Report of Baltic Marine Litter Project MARLIN — Litter Monitoring
and Raising Awareness 2011-2013. Auvailable at:
https:/Mmw.pidasaaristosiistina. fi/files/1994/Marlin_Final_Report_2014.pdf [Accessed: 06 March 2022].
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and at a depth of more than 1 m, and the concentrations varied from 2 to 572 par-
ticles per kilogram of dry mass [16]. On the coasts of the eastern part of the Gulf
of Finland, the study of marine litter was started by the Russian State Hydrome-
teorological University (RSHU) in 2018 [17]. It was found that all the coasts of
the Gulf of Finland and the Neva Bay were polluted with plastic litter of all frac-
tions — from macro- to microlitter. A parallel study at the stations of RSHU
in 2019 [18] showed a distribution of microplastic concentrations in beach sedi-
ments from 15 to 210 particles per kilogram of dry mass in the Neva Bay. Model
studies in 2019 revealed the trends in the distribution of microplastics in the Neva
Bay [19]. In general, studies in the Neva Bay and the Gulf of Finland indicate
much higher concentrations of microplastics on the Russian coast compared
to the coastal zone of other Baltic countries.

In this region, only the Russian State Hydrometeorological University annu-
ally investigates the contamination of beaches with microlitter, which makes it
possible to analyze dynamic characteristics and perform statistical processing of
data. Therefore, the purpose of this study is to analyze the contamination of
the beaches of the Neva Bay and the eastern part of the Gulf of Finland with ma-
rine litter microparticles based on the seasonal surveys of the RSHU in 2019-
2020. In this regard, the following tasks were performed: the features of the dis-
tribution of marine microlitter on the beaches of the Russian coast of the Gulf of
Finland were considered, the beaches were classified according to their contami-
nation degree in 2019-2020, and the data obtained were compared with the re-
sults of other studies in the region.

The selected materials used in the preparation of this work were previously
presented at the conference 2.

Materials and methods

The eastern (Russian) part of the Gulf of Finland is the final reservoir of ac-
cumulation of substances from Lake Ladoga and the Neva River. In this part of
the bay, the Neva Bay deserves special attention, as it is a man-made lagoon
bounded by the Western High-Speed Diameter, a the Flood Protection Barrier of
St. Petersburg and the Marine Facade, which contributes to the accumulation of
material coming with the waters of the Neva River. The eastern part of the Gulf
of Finland is experiencing a strong anthropogenic impact, as more than 5 million
people live on the shores of this water body.

Almost everywhere within the Eastern Gulf of Finland and its coastal zone,
the upper part of the geological section is represented by late and postglacial Qua-
ternary deposits. On the beaches, these deposits are represented by medium-
grained river sands, and within the boundaries of the Neva Bay — by coarse-
grained river sands [20].

The studies were carried out on 13 beaches of St. Petersburg and the Lenin-
grad region (Fig. 1) in the summer months of 2019-2020.

2 Kuzmina, A.S. and Ershova, A.A., 2021. Comparative Characterization of Marine Microlitter Moni-
toring Techniques for Sandy Beaches of the Gulf of Finland in the Baltic Sea. In: IBSS, 2021. Pont
Evksinskiy — 2021 : Materials of XII All-Russian Scientific and Applied Conference for Young Scien-
tists on the Water Systems Problems, Dedicated to the 150 th Anniversary of the Sevastopol Biologi-
cal Station — A. O. Kovalevsky Institute of Biology of the Southern Seas of RAS. Sevastopol, 20-24 Sep-
tember, 2021. Sevastopol: IBSS, p. 78-80. do0i:10.21072/978-5-6044865-8-0 (in Russian).
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Fig. 1. Microlitter sampling locations on the coasts of the Eastern Gulf of Finland

When sampling microlitter, two international beach survey methods [10, 21]
were used. These methods were developed for the Baltic coasts based on
the monitoring experience of the OSPAR project. The first is the Frame-method,
which aims at wrack zone with a 40 m? survey polygon for collecting large litter
(more than 5 mm) with two squares of 1 m? for collecting microlitter 2-5 mm
in size (using a sieve with a 2 mm cell). The second is the Rake-method, which
involves the entire coast from the waterline to the vegetation line with an areaof
at least 50 m?; the sand is sieved with the use of a special rake with a cell of
2 mm (Fig. 2). Both methods aim at a visually distinguishable fraction of micro-
litter (2-5 mm), but in the two functionally different zones of the beach.

The selected particles of microlitter were counted and classified according to
the type of material: plastic, glass, paper, metal and other materials (Fig. 3).

The obtained data were entered into protocols (by beaches) and processed us-
ing Microsoft Excel and PAST4 software (Ward’s method). This algorithm uses
methods of dispersion analysis to estimate distances between clusters. It minimiz-
es the sum of the squares of the distance for the two clusters that are formed
at each step. Ward’s method leads to the formation of clusters of approximately
equal sizes with minimal intraclass dispersion. In general, Ward’s method is effec-
tive, but it tends to create small clusters, which has almost no effect on the quality
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Fig. 3. Types of microlitter particles on the beaches of the Eastern Gulf of Finland:
plastic (a), glass (b), metal (c), paper (d), other (e)

of classification with a relatively small size of the original selection®. This meth-
od was applied because in 2019-2020 the survey was carried out once a year and
the dataset included no more than 20 values of microlitter concentrations in the
wrack zone.

Results

The studies were carried out for the two functionally different parts of
the beach. On all coasts, contamination of the wrack zone was studied, that is,
the presence of microlitter directly at the waterline. Most likely, the source of
microlitter was sea waves splashing the material onto the shore. The entire width
of the beach (including the dry part) was surveyed by the Rake-method only

3 Soshnikova, L.A., Tamashevich, V.N., Uebe, G. and Shefer, M., 1999. Multidimensional Statisti-
cal Analysis in Economics. Moscow: Unity, 598 p. (in Russian).
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on selected representative beaches in order to establish the significance of other
sources of beach contamination (waste from tourists, wind transfer, etc.).

Wrack zone

Among all the studied beaches in the summer seasons of 2019 and 2020,
the largest amount of microlitter particles per square meter in the wrack zone was
found on the beach in the very center of St. Petersburg on Dekabristov Island
in the Neva Bay. Within the same period, the smallest amount of microlitter par-
ticles was found on the beaches remote from the center — on Laskovy beach
in the village of Solnechnoye in the open part of the Gulf of Finland in 2019 and
on the beach in Lomonosov in 2020 (Fig. 4). At the same time, less microlitter
was found on the beaches in the wrack zone in 2020 than in 2019.

On the beaches of the Neva Bay, microlitter is mainly represented by plastic,
with the exception of the beach in Alexandria Park, where it is represented only
by glass. Outside the Neva Bay, the situation is different — the microlitter
mainly consists of metal on the beaches of Kronstadt, and it consists of glass
on the northern coast of the open part of the bay (Fig. 5). Most of the microplastic
particles were found on Dekabristov Island, while plastic was absent in the sam-
ples from the village of Solnechnoye and Alexandria Park. In general, more mi-
croplastics can be found in the wrack zone of the beaches in the Neva Bay than
in the open part of the gulf behind the Flood Protection Barrier.

During the study, the number of microlitter particles and, in particular,
microplastics on the beaches of the Neva Bay and the open part of the Gulf of
Finland was determined. The obtained data were analyzed using statistical
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Fig. 4. The number of particles of microlitter and microplastics in the wrack
zone, 2019-2020
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Fig. 5. The percentage of microlitter of each type on all the studied
beaches in 2019-2020 (a), in the Neva Bay (b), in the open part of the Gulf
of Finland (c)

processing methods. The average statistical characteristics for these sections of
the coastal zone of the Eastern Gulf of Finland were obtained: arithmetic mean
(x), median (M), standard deviation (o), maximum and minimum (Table 1).
Thus, in the Neva Bay, the average number of particles (x) is higher than
in the open part of the gulf, while the standard deviation ¢ exceeds the average
value, which indicates large differences between the beaches of the Neva Bay.
Indeed, in 2019, 55.5 particles/m? were found on the beach on Dekabristov
Island, and 1 particle/m? was found in Alexandria Park. At the same time,
in the open part of the Gulf of Finland, the standard deviation does not exceed
the mean value, and the median is much closer to the mean than for the data from
the Neva Bay, which indicates greater data homogeneity.

Table 1. The number of detected particles of microlitter on the beaches of the eastern
part of the Gulf of Finland in 20192020, particles/m?

Beach location X Me c max min
Microlitter

Neva Bay 11.9 8.6 13.6 55.5 1.0

Open part of the Gulf of Finland 5.7 6.0 3.0 9.8 1.3

Including microplastics

Neva Bay 8.5 4.8 144 55.3 0.0
Open part of the Gulf of Finland 1.7 1.0 1.6 4.3 0.3

Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2022 93



A classification of data on microlitter contamination for 2019-2020 was car-
ried out using Ward’s method together with the Euclidean distance. A division
into three classes was chosen: the most contaminated beaches, moderately con-
taminated beaches and the least contaminated beaches. The average values in
each class were calculated (Table 2) and a comparison was made between the
2" and 3" classes according to Student’s t-test. As a result, it was found that
t* (2.64) >ty (2.12) (calculated at a significance level of a = 0.05), which means
that the classes should not be combined with each other. It is advisable to consid-
er them as separate groups.

The most contaminated is the beach on Dekabristov Island, located
in the city center (Fig. 6) right at the confluence of one of the largest branches of
the Neva River into the Neva Bay, which, apparently, determines the large
amount of microlitter found. At the same time, the beach is one of the most
contaminated with macro- and mesolitter, according to our observations [22],
and is not cleaned by municipal services. Moderately polluted beaches are also
located within the city on the coasts of the Neva Bay. The least contaminated
beaches are located either outside the Neva Bay, or at a considerable distance
from the center of St. Petersburg. The exception is the beach in the village of
Lakhta, which turned out to be the least contaminated according to the above
classification, which may be due to the presence of dense reed beds that partial-
ly trap particles.

Table 2. Beach classification by microlitter concentrations in the Eastern part of
the Gulf of Finland in 2019-2020

Class X, particles/m? Beach location

1 (most contaminated) 33 Dekabristov Island

Alexandria
Park of the 300th Anniversary
2 (moderately contaminated) 10.6 )
Lisy Nos

Zhemchuzhny

Lakhta

Lomonosov

3 (least contaminated) 5 North Kronstadt
South Kronstadt

Zelenogorsk
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Selective study of beaches across the entire width

In addition to the wrack zone, in 2019 and 2020, beaches on the northern and
southern coasts of the open part of the Gulf of Finland were selectively studied
using the Rake-method to assess the contamination of the beach along the entire
width from the waterline to the vegetation line (Fig. 1), including its entire dry
part. At the same time, in contrast to 2019, in 2020 only two beaches, characteriz-
ing the situation on the southern and northern coasts of the eastern part of
the Gulf of Finland, were selected for the study. The selected beaches differ not
only in hydrodynamic conditions, but also in the level of recreational load,
as well as in the cleaning frequency.

In 2019-2020, the number of microparticles varied within a very wide range:
in 2019, the largest number of microlitter particles per square meter was found
on the northern beach of Kotlin Island, and the least — on the beach in Bolshaya
Izhora, while in 2020 the most of the particles were found on the beach in Bol-
shaya Izhora, and the least — on the beach in Zelenogorsk. The microlitter from
the beaches of Kronstadt (Kotlin Island) is mostly represented by metal, while
on the other beaches of the open part of the Gulf of Finland the microlitter is
mostly plastic. In general, more microplastics are observed on the northern coast
of the open part of the gulf, and relatively many microplastic particles (more than
1 particle/m?) were found on the southern beach of Kotlin Island in 2019.

The amount of microlitter from the waterline to the vegetation line var-
ies from beach to beach (Fig. 7). Thus, in 2019 on the beaches of Kronstadt
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Fig. 7. Distribution of microlitter by beach segments from waterline (S1) to vegetation
line (S7) in 2019 and 2020

(Kotin Island) the amount of microlitter decreases with distance from the water
line, that is, most likely, the microlitter on the beach is of marine origin and
comes with waves; this is also indirectly indicated by its composition — mostly
rusty metal. It should be noted that here, on the territory of the Western Kotlin
Nature Reserve, regular cleaning of large litter is carried out and this reserve is
visited infrequently due to the large distance from the city — the number of tour-
ists here is much smaller than on the coasts of the mainland of the Gulf of Fin-
land. On the beaches of Zelenogorsk and the village of Solnechnoye on the north-
ern coast of the Gulf of Finland, the situation is reverse — there is more microlitter
far from the water, although Zelenogorsk and Solnechnoye are the popular
beaches of the Kurortny District of St. Petersburg that are daily cleaned. A large
amount of microlitter in the sands of these beaches probably indicates the insuffi-
ciency of mechanical cleaning tools that allow small fractions of litter (for exam-
ple, the remains of cigarette butts) to pass through, collecting only large litter.
However, another reason for the accumulation of microparticles (mainly plastic)
in the dry part of these beaches cannot be indicated— spring and autumn storms,
throwing suspended material far into the beach. This is evidenced by a large
number of pellets in the microlitter composition, the source of which is the wash-
out into the sea from construction sites.

The beaches of the southern coast of the Gulf of Finland — Bolshaya Izhora
and Lebyazhye — are the so-called wild beaches, which are cleaned only by local
volunteers. Both beaches have a high recreational load in the summer, however,
in 2019, the lowest amount of microlitter was found there along the entire width
of the beach. Using the example of these beaches, the theory of influence of
the dominant currents in the Gulf of Finland is confirmed, according to which
the suspended material coming from the city and the Neva River, is carried out
to the northern coast [23].
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The 2020 study showed a different pattern of microlitter distribution
on the beaches of the northern and southern coasts: more litter was found in Bol-
shaya Izhora with the maximum accumulation in the middle of the beach, and
the smallest amount of microparticles was observed on Zelenogorsk beach, which
may be due to an artificial renewal of the beach with clean imported sand.

Discussion

The conducted studies showed that microlitter in one form or another was
found on all the beaches of the Eastern Gulf of Finland and the Neva Bay.
The most contaminated beaches with particles smaller than 5 mm are located
within the boundaries of St. Petersburg, closer to its center, in the area of one of
the main branches of the Neva River. A similar situation is observed in other
parts of the Baltic Sea: in the Kaliningrad region, the most microplastics were
found in the wrack zone on the most visited beaches, as well as on the Vistula
Spit [17]; the beaches of Finland are also characterized by higher contamination
of urban beaches [9]. Thus, the beaches of urban areas are the most contaminated
with microlitter in the Baltic region.

The studies conducted within the MARLIN project showed that the most con-
taminated beaches in the Baltic were the beaches of Finland, located on
the northern coast of the Gulf of Finland [9], and more than half of all objects
found there were plastic. In this work, it is revealed that the northern coast of
the Gulf of Finland and the Neva Bay is more contaminated with microlitter than
the southern one, and microplastics are the predominant type of microlitter here —
approximately 65% of the total volume. In general, the variety of materials that
make up the microlitter of the Gulf of Finland is great; in addition to microplas-
tics, there are microparticles of metal, glass, plaster and other materials, while,
for example, on the coast of the Kaliningrad region in the South-East Baltic, an-
thropogenic marine litter consists mainly of plastic — a total of about 90% of
all collected samples [17].

The comparison of concentrations of microlitter and microplastics found
on the Baltic coasts of Germany, Lithuania [11] and Russia using the methods
discussedin this study showed that, unlike the beaches of Germany and Lithuania,
in the Neva Bay of the Gulf of Finland, the maximum number of microparticles
in the Baltic region was discovered. On the beaches of the Russian coast of
the Gulf of Finland, an average of 11.5 particles/m2 was found in the wrack zone
and 3 particles/m? — along the entire width of the beach, while in Germany and
Lithuania these values are on average 0.1 and 3.9 particles/m?, respectively,
for the wrack zone and 0.2 and 0.02 particles/m? — for the entire width of
the beach. The beaches of the Neva Bay and Germany are characterized
by the predominance of plastic particles in the wrack zone.

Unlike the Baltic coasts of other countries, where the main source of marine
litter is tourism, in the Neva Bay and the open part of the Russian coast of
the Gulf of Finland, the sources of microlitter vary from beach to beach and may
probably depend on the type of industrial activity nearby. Thus, for example,
the predominance of metal particles in the microlitter structure of the beaches of
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Kronstadt (Kotlin Island) can be explained by active navigation and ships moored
in the immediate vicinity of sampling sites, and the source of glass on the beach
in Alexandria Park (regularly cleaned) can be the Petrovsky Glass Manufactory,
located on the shore near the park. A large amount of plaster residues on some
beaches (the “other” category) also indicates the proximity of construction sites
and places where construction waste is disposed of. It is also impossible to ex-
clude the role of incompletely treated municipal and industrial wastewater
as a source of microplastics on the studied coasts: the microplastic samples were
often represented by nurdles or pellets, and by fragments of household hygiene
items. Due to the predominance of southwestern winds, as well as complex cur-
rents, the northern coast of the open part of the Gulf of Finland is more contami-
nated with microlitter than the southern one, since the particles coming from
the Neva River runoff are transferred to the north [23].

Conclusion

On the whole, the conducted study confirms the main pattern of microparti-
cle distribution in the waters of the Neva Bay and on its coasts: higher concentra-
tions of microlitter are typical of the Neva Bay and the northern coast of the open
part of the Gulf of Finland, which is explained by the peculiarities of currents and
prevailing winds. Quite naturally, the beaches closer to the city center are more
contaminated. However, the conducted research also shows a significant varia-
bility in the concentrations and conditions for the formation of microplastic
load on the beaches; a more detailed research, obviously, requires more fre-
quent studies, taking into account the seasons and hydrometeorological phe-
nomena.
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Abstract

The purpose of this work is to determine the content and spatial distribution of hydrocar-
bons in the upper (0-5 cm) layer of bottom sediments of Balaklava Bay and to assess
probable sources of hydrocarbons in this water area. The quantitative determination of
the total content of hydrocarbons was carried out by calibration of the flame ionization
detector with a mixture of hydrocarbons (C12—Cao), which had been prepared by the grav-
imetric method, with the content ranging 0.1-5.0 mg/L. N-hexane was used as an extract-
ant. The measurements were carried out using Kristall 5000.2 gas chromatograph.
The total amount of hydrocarbons in the bottom sediments of Balaklava Bay reached
2385 mg/kg, with an average of 880 mg/kg, and that of n-alkanes — 154 mg/kg, with
an average of 61 mg/kg. The maximum concentrations of hydrocarbons are noted
in the central part of the bay and the minimum ones — in its seaward part. In the sea
bottom sediments of Balaklava Bay n-alkanes were identified in the range of C13—Css.
The total content of hydrocarbons in the sea bottom sediments of Balaklava Bay corre-
sponded to the levels noted in the polluted zones of coastal areas of the World Ocean.
The presence of bimodality in the n-alkanes distribution chromatograms apparently indi-
cates the mixed origin of hydrocarbons. The calculated markers indicate that normal al-
kanes in the sea bottom sediments of the water area are of predominantly terrigenous
origin (TAR, Alkterr, Y Cas-35/Y Cis-21(040)) @nd also signify chronic petroleum contamina-
tion (CPl;, UCM/R). The hydrocarbon composition of sea bottom sediments in the sea-
ward area of Balaklava Bay differed from that recorded in the inner parts of the water
area. Calculated for this area, diagnostic indices, which allow differentiation of oil and
biogenic hydrocarbons, indicate predomination of natural hydrocarbons.
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laklava Bay, Black Sea
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YrieBoa0opoabl B IOBEPXHOCTHOM CJI0€ JOHHBIX OTJI0KEeHHUit
banakaasckoii 0yxTsl (UepHoe Mmope)
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AHHOTaANUA

Lens paboTsl — onpesesieHne COAEPkKaHU U IIPOCTPAHCTBEHHOTO PACIpeieNieHNs yriie-
BOZIOPOJIOB B MoBepXHOCTHOM (0—-5 cM) cioe MOHHBIX oTioxeHWi 0. bamakiaBckoH,
a TaK)Ke OICHKA BEPOSTHBIX HCTOYHHKOB MTOCTYIJICHHUS YTIIEBOAOPOAOB B ATY aKBaTOPHIO.
KonmiecTBeHHOE OmpezneneHne CyMMapHOTO COAEPKaHHS YIIIEBOAOPOAOB NPOBOMIN ITy-
TEM KaTMOPOBKH IUIAMEHHO-HOHU3AIIMOHHOTO ICTEKTOpa CMEChI0 yriaeBoaopoaoB (Ci1—Cao)
(B muanazone 0.1-5.0 Mr/it), KOTOPYIO TOTOBHITH TPAaBUMETPHIECKUM METOIOM. B kauecTse
9KCTpareHTa MCIoJb30BaIN H-TeKcaH. V3MepeHue MpOBOAMIIM HA Ta30BOM Xpomarorpade
«Kpuctann 5000.2». CymmapHO€ KOJIMYECTBO YIJIEBOIOPOJIOB B JOHHBIX OTJIOKEHUSIX
6. banaknaBckoii nocturano 2385 mr/kr npu cpeaHeM 880 Mr/kr, a H-ajakaHOB — 154 Mr/kr
npu cpeaneM 61 mr/kr. MakcuManbHble KOHIIGHTPALWHU YTIIEBOJIOPOJIOB OTMEUYCHBI B LICH-
TpaNbHON YacTH OYXThl, @ MUHUMAJIbHBIC — B €€ MOPUCTOH 4acTh. B TOHHBIX OTIOXEHHIX
0. bamakimaBckodl HACHTU(UIMPOBAHKI H-adKaHbl B Auana3zone Ci3—Css. OOmee comeprka-
HHE YTJIEBOAOPOAOB B JIOHHBIX OTJIIOKEHMSIX 0. bamakiiaBCcKoi COOTBETCTBOBAIO YPOBHSM,
OTMEUYECHHBIM Ha 3arpsi3HEHHBIX yJacTKax MPHOPEXHBIX paiioHoB MupoBoro okeana. Hamu-
4yre OMMOJABHOCTH Ha XpOMaTorpamMMax paclpesiefieHHs] H-aIKaHOB, I0-BUANMOMY, yKa-
3BIBACT HA CMENIAaHHOE IMPOUCXOKICHHE YIIEBOAOPOI0B. PaccuntaHHble MapKephl CBHE-
TENBCTBYIOT O NPEUMYLIECTBEHHO TEPPUTCHHOM MPOHCXOXICHUN HOPMAJIbHBIX aJKaHOB
B JoHHBIX oTnoxeHusx akBaropud (TAR, Alkterr, Y Cas.35/Y Ci5:21(eu)), @ TAKKE O TPH-
CyTCTBUH XpoHHUeckoro HedrsiHoro 3arpsisaerus (CPl,, UCM/R). Cocrtas yrieBomopo-
JIOB JIOHHBIX OCAJIKOB JUIsi MOPUCTOr0O ydacTka 0. bamaknaBckod oTiauvaincs ot 3aduKcH-
POBaHHOTO BO BHYTPEHHMX YacTsIX aKBaTOPHH. PaccunTaHHbBIE [UIs 3TOTO pailOHa JHarHo-
CTUYECKUE WHJIEKCHI, no3Bousitoiine nuddepeHuypoars HedTsHbIE U OHOT€HHbIE yriie-
BOJIOPOJIBI, YKA3bIBAIOT HA MpeobIiafatomiee MpUCyTCTBUE IPUPOTHBIX YTIEBOIOPOIOB.

Kamo4deBbie cJ0Ba: YIIICBOJOPOIBI, H-alIKaHBI, JOHHBIC OTJIOXKCHUS, NUATHOCTHYC-
cKkue uHAeKCHl, Oyxta banaknasckas, UepHoe mope

BuarogmapHocTH. paboTa BBINOJHEHA B paMKaX TOCYJAapCTBECHHBIX 3aJaHUMA:
OUI] UsBIOM «MoaucMoa0oruyeckue U OHOTCOXMMHYECKHE OCHOBBI T'OMeocTasa
Mopckux skocuctem» (Ne 121031500515-8); ®TBYH ®UIL MI'1 «KomriekcHble
MEXIUCIUIUTMHAPHBIE UCCIICOBAHUS OKEAHOJOTHYCCKUX MPOIECCOB, OMPEACIIMIONIINX
(YHKIIMOHUPOBAHHE M HBOJIOIHIO YKOCUCTEM MPHOPEKHBIX 30H UepHOTO M A30BCKOTO
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Introduction

Today, the interest in the environmental problems of Balaklava Bay has in-
tensified. In recent years, the pressure on the water area has been increasing
due to the active operation of the small fleet. It is known that the input areas of
the major part of anthropogenic hydrocarbons (HCs) are limited to the coastal
areas, river mouths and port water areas [1, 2]. Balaklava Bay has all the above
features: its coast is intensively used, the Balaklava River flows into the bay and
the quay walls of the waterbody are heavily used as a berth for yachts and small
vessels [3, 4]. The situation is also worsened by the lack of centralized sewage
systems in the cafe on the embankment, from which untreated sewage flows di-
rectly into the aquatic environment.

High HC concentrations negatively affect the life processes of hydrobionts
[5, 6]. Therefore, many researchers analyzed the total amount of organic matter
in bottom sediments [1, 3, 4, 6]. This indicator makes it possible to estimate
the level of organic pollution of the water areas, but not to identify the nature of
these substances.

The genesis of organic matter, including HCs, in bottom sediments can be
defined by knowing the molecular composition of normal alkanes (n-alkanes),
which is one of the possible markers of the organic matter origin [7]. Natural
sources of HCs, including n-alkanes, in marine soils are plant and to a lesser ex-
tent animal residues [8]. Anthropogenic sources of HCs in bottom sediments in-
clude organic pollutants, among which oil and oil products are the most common
[9, 10].

The purpose of this work is to determine the content and spatial distribution
of HCs in recent bottom sediments of Balaklava Bay as well as to assess the
probable sources of hydrocarbon input in this water area. These sources were
identified on the basis of data on the individual composition of n-alkanes and di-
agnostic indices.

Various markers are used to identify the genesis of HCs. To differentiate
allochthonous and autochthonous origin of HCs the following are applied:
the terrigenous/aquatic ratio (TAR), Alkterr terrigenous index (percentage of
terrestrial alkanes), > Cas.35/% Cis-2100dd), average chain length (ACL), ratio of low-
molecular-weight homologues to high-molecular-weight (LWH/HWH) homo-
logues [11-16]. Certain biomarkers allow specifying the biogenic component of
compounds, in particular to estimate the contribution of herbaceous and woody
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vegetation to the formation of the allochthonous component of HCs entering bot-
tom sediments. These are, for example, Ca1/Co and ACL ratios [14, 17, 18].
To differentiate the oil and biogenic origin of detected HCs such ratios are used
as the Carbon Preference Index (CPI), in particular CPI; calculated for the high-
molecular-weight n-alkanes, the ratio of the value of the unresolved complex
mixture (UCM/R) to the aliphatic fractions of HCs, ACL, LWH/HWH [11, 14,
19-21].

Material and methods

The material for the study was bottom sediment samples of the upper layer
(0-5 cm) taken by a diver with Plexiglas pipes with sealed top and bottom during
the winter of 2019 in different parts of the coastal water area of Balaklava Bay
(Fig. 1). Sampling stations were selected with regard to the peculiarities of
the bay morphometry, hydrological-hydrochemical structure of waters, probable
sources of pollution and the nature of the sedimentation process. At the same
time, the presence of river flow and the zone of pollutant concentration
in the central part of the bay was considered [2, 3, 22].

The sample preparation was done according to the procedure . A sample
weight (5-7 g) was placed in a conical flask, 20 cm?® n-hexane was added and
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Fig. 1. Map of stations for samplings sea bottom sediments of hydro-
carbons analyses in Balaklava Bay, 2019

D Drugov, Yu.S. and Rodin, A.A., 2020. [Ecological Analises for Qil and Oil Product Spills: Prac-
tical Guide]. Moscow: Laboratoriya znaniy, 273 p. (in Russian).
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shaken for 30 minutes. The extract was allowed to stand (10 min), then trans-
ferred to a clean conical flask. A similar extraction was carried out two more
times and 60-70 cm® of the extract was obtained. The obtained extract was
passed through a glass column (15 cm x 1 cm) with a tapered tip and filled with
aluminium oxide to separate the polar compounds, and then concentrated to
a volume of 1 cm?.

An aliquot of the concentrated extract (1 pL) was injected with a microsy-
ringe into the Crystal 5000.2 Gas Chromatograph evaporator with a flame ioniza-
tion detector (FID) heated to 250 °C. Hydrocarbons were separated on a HT8
Capillary Column 25 m x 0.32 mm with a stationary phase film thickness of
0.25 um (SGE Analytical Science). The column temperature was programmed
from 40 to 330 °C (temperature elevation rate 10 °C/min). The carrier gas (he-
lium) flow in the column was 2.5 mL/min without splitting. The detector temper-
ature was 320 °C Y.

The quantitative determination of the total HC content was performed by cal-
ibrating the FID with a HC mixture (C12—Cao), Which was prepared gravimet-
rically, with the HC content within the range of 0.1-5.0 mg/L. The error of
the chromatographic method is 4 %Y.

To process the results and determine the individual n-alkane content the
authors used Chromatec Analytic 3.0 software, the absolute calibration method
and percentage normalization ). Sensitivity of FIDs is proportional to the
number of carbon atoms in a molecule?. This relation is especially obvious for
a hydrocarbon series. Correction mass coefficients of sensitivity Fi for the peak
areas of sample components were calculated according to state standard GOST
33012-2014 (1SO 7941:1988) by the formula

(12.01-nc +1.008-ny )-0.851
! 12.01-nc ’
where ng; is the number of carbon atoms in the i-th component; nui is the number
of hydrogen atoms in the i-th component; 0.851 is the mass fraction of carbon in
heneicosan used to obtain equality Fi = 1 for heneicosan.

HC determination was carried out at the scientific and educational centre of
collective use “Spectrometry and Chromatography” of A.O. Kovalevsky Institute
of Biology of the Southern Seas of RAS.

The following ratios (markers) were used to determine the probable genesis
of n-alkanes:

— > 2535/ .Ca5-21(00d) [13];

= TAR =Y Co7429+31/Y Case17+419 [11];

- UCMI/R [20, 21];

- C31/C29 [17, 18];

— LWH/HWH = Y (C13-C21)/>(C2-Cs7) [15, 16];

— Alkterr = (C27+C29+C31+C33)/ZC14-38 [12];

— ACL = (27-C27+29-C9+31-C31+33- C33+35- Ca5+37- C37)/C27+Co9+Ca1+Cast
+Css+Cs7) [12];

2 Emmanuel, N.M. and Sergeev, G.B., eds., 1980. [Experimental Methods of Chemical Kinetics.
A Textbook for Higher Education Students]. Moscow: Vysshaya shkola, 375 p. (in Russian).
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— CPI1 = (1/2){(C15+C17+C19+C21)/(C14+C16+C1s+C20)+(C15+C17+Cro+Ca1)/
/(C16+C1g+C20+C22)} [19];

— CPI2 = (1/2){(Ca25+Ca7+Ca9+Ca1+C33+Cs5)/(Caa+Ca6+Cog+C30+Cs2+Cas) +
+(Cas+Co7+Co9+Ca1+Cast +Cs5)/(CostCastCapt+CartCastCas)} [19].

Results and discussion

The particle size distribution of bottom sediments in Balaklava Bay is not
homogeneous [4]. The bottom sediments are represented by grey silt, mainly with
an admixture of sand. The proportion of silt is greater in the apex part of the bay,
whereas at the bay mouth the marine soils are represented by sand with
an admixture of shells, which affects the accumulation capacity of the sedi-
ments. The amount of HCs, including aliphatic fraction and unresolved complex
mixture, in bottom sediments of Balaklava Bay ranged from 21 mg/kg to
2,385 mg/kg and corresponded to the nature of marine soils. They were distribut-
ed unevenly across the water area (Fig. 2). High levels of contamination were
registered in the bottom sediments at Stations 2—4 located near the eastern shore
of the central part of the bay. The zone of their concentration as well as that of
other pollutants [2] was in the central part of the bay. This fact, as indicated
in the literature [22], is related not only to hydrodynamic features of the water
area but also to the nature of marine soils. At most stations, the obtained HC con-
tent values were comparable with data typical for bottom sediments of the Black
Sea coastal waters [23]. In particular, similar values were recorded for bottom
N sediments in Gelendzhik Bay (11-252 mg/kg),
Feodosiya Bay (17-80 mg/kg) and the Bol-
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& k1600

aasory & [ 00 spond to the most polluted areas of some
:—5 1000 coastal waters, e. g. Sfax, Tunisia (up to
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ry documents, so researchers (including Ros-
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set out in the Dutch Lists ®. When comparing
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sediments of Balaklava Bay with the mentioned norms, the HC content exceeded
the permissible level (50 mg/kg) in 87.5 % of bottom sediment samples. Today,
there are other domestic classifications of bottom sediments contamination
with HC. For example, according to the classification of V. I. Uvarova [27], bot-
tom sediments can be divided into

— clean-0+5.5;

— slightly contaminated — 5.6+25.5;

— moderately contaminated — 25.6+55.5;

— contaminated — 55.6+205.5;

— polluted — 205.6+500.0;

— very polluted- over 500.0 mg/kg.

According to this classification, the bottom sediments of Balaklava Bay are
classified as slightly contaminated (12.5 %), contaminated (12.5 %) and very pol-
luted (75 %). As noted by I. A. Kuznetsova and A. N. Dzyuban [28], bacterial
communities clearly show a “concentration boundary” (40-60 mg/kg) of oil con-
tamination of bottom sediments, below which the water-soil microbial ceno-
ses can manage HCs entering the bottom sediments and stabilize the situation.
According to this data, 87.5 % of the studied bottom sediment samples exceeded
the *“concentration boundary” of oil pollution (contaminated and extremely pol-
luted according to V. I. Uvarova's classification). All mentioned approaches
to assessment of HC pollution level in bottom sediments are of relational charac-
ter and do not allow identification of HC nature. The most informative in terms of
identification of the origin of n-alkanes are various molecular ratios indicating
the preferential ways of HC entry into the environment.

In the bottom sediments of Balaklava Bay, n-alkanes in the Ci3-Css range
were identified. In six samples, Ci3 content was below the detection limit. Ci4
was not detected in one sample. Alkanes with chain length of Css and Css were
not identified in two and one samples, respectively (see table). The other com-
pounds were present everywhere. Typical chromatograms of the bay bottom sed-
iment HCs are shown in Fig. 3.
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The content of the sum of identified n-alkanes in the bay area ranged from
1 mg/kg to 154 mg/kg (see table). Similar to the total HC content, maximum con-
centrations were registered in the central part of the bay.

The distribution of n-alkanes on the chromatograms was bimodal. At all sta-
tions, the first peak corresponded to compounds in the Cy—C,, range and
the second peak fell predominantly on Czs—Cs (Fig. 4). In particular, at Sts. 3, 6-8,
a high proportion of C,; was observed. At Sts. 5 and 8 a predominance of Cyo was
noted. The C,; homologue had a high concentration at all study stations (except
for St. 8). Together with the CPI values (table), which in most cases are close
to 1, this indicates the accumulation of products of phytoplankton organism
biosynthesis and microbial HC degradation in bottom sediments [1, 29].
For the high-molecular-weight n-alkanes, the maximum concentrations were
inthe homologues within the Cz—Cs2 range. Odd-numbered compounds in this
part of the spectrum are mainly of terrigenous origin [18].

The source of even-numbered n-alkanes Cag, Cso, Cs2 is the sapropel matter,
which is formed on the basis of organic mass of phyto- and zoobenthos, plankton,
lower plants and is autochthonous for marine ecosystems [30]. According to
available data, chromatograms characteristic of bottom sediments of different
genesis show three types of distribution: bimodal distribution, predominance of
high-molecular-weight fractions and predominance of low-molecular weight al-
kanes [12, 31]. The bimodality of distribution is usually attributed to sediment
input from both the land and water layer. Consequently, analysis of the peaks on
chromatograms of the Balaklava Bay sediment suggests simultaneous inputs of
allochthonous, autochthonous compounds and their bacterial degradation.
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Fig. 4. Distribution of n-alkanes and main markers in the sea bottom sediments of
Balaklava Bay
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The sum of C15—C» n-alkanes (3 Cis-21) gives an idea of autochthonous com-
pounds [15]. The sum of odd-numbered homologues Cz5—Css (3 Cos-35) represents
mainly terrigenous alkanes [16]. The ratio of these groups allows identifying the
origin of organic matter more reliably while excluding the influence of factors
such as the sedimentary particle size distribution and sedimentation rate [13]. A
high (more than 1) ratio (3 Czs-35/ C1s-21) indicates a strong influence of terri-
genous matter. In our case, the values of this index ranged within 0.77-2.74 (see
table). The minimum value was noted at St. 7 and at St. 8 this parameter slightly
exceeded 1 (1.18). The average value was 1.87. High ratios of the mentioned
groups of n-alkanes indicate a significant input of HC from the land.

Another parameter widely used to identify HC sources is the ratio of individ-
ual compounds with an odd number of atoms — TAR. It also allows estimating
the ratio of allochthonous to autochthonous alkanes. This ratio varied from 1.06
to 4.36 (see table), with an average of 2.79. In general, this ratio characterizes
the predominance of allochthonous material coming from the land.

The components > Cy1- reflect autochthonous substances [15], and > Coo+ re-
flect the terrigenous input [16]. The ratio Y C21-/Y Coo+ (LWH/HWH) is often used
to estimate the preferential pathway of organic matter input. The mentioned ratio
at the sampling stations ranged within 0.24-0.67 (see table). On average, it was
0.39, which demonstrates terrigenous input of organic matter.

The Alkterr index calculated using the formula (Ca7+Cao+Ca1+Cas)/ 2= Cia-ss iS
one of the indicators of inputs from the land [32]. The index ranged from 0.08
to 0.39 (see table), with an average of 0.28. Together with other markers, this in-
dicates a high content of terrigenous matter in the bottom sediments.

Terrestrial woody and herbaceous vegetation often contributes significantly
to formation of the qualitative composition of bottom sediments. The main peak
associated with woody vegetation falls on Cyg, while that associated with herba-
ceous vegetation falls largely on Ca; [17, 18]. The ratio of these markers (Cz1/Cag)
varied widely: 0.53-6.27 (see table), with an average of 2.70 for the water area.
Thus, we can say that in general the bottom sediments in the water area contain
traces of herbaceous plants. Except for St. 5 and 7, where the proportion of Cy
associated with woody species was high. At St. 6 the contribution of both compo-
nents was approximately equal.

The average carbon chain length (ACL) of n-alkanes is also related to their
genesis. Low ACL values are characteristic of woody plant HCs, whereas high
ones indicate the predominance of herbaceous vegetation in the formation of HCs
[14]. In case of fresh oil contamination, a decrease in ACL is also observed [33].
This parameter varied from 28.85 to 29.96 (see table), with an average value of
about 30. This shows approximately the same role of herbaceous and woody plants
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in the formation of organic matter of the bottom sediments of the area. However,
it should be noted that this approach is only applicable to “fresh” organic matter
[1].

It is known that when oil and oil products degrade, the light HCs are the first
to disappear and the concentration of more stable compounds increases. There-
fore, the ratio of high-molecular-weight n-alkanes is more informative to deter-
mine the nature of HCs. The main criterion of HC biogenicity for high-molecular-
weight n-alkanes is the widely used CPI coefficient, the ratio of the sum of odd-
and even-numbered homologues [1, 34-36]. In case of oil contamination its val-
ues are often close to 1.

Groups of alkanes with short and long carbon chains tend to have different
odd number indices, which are denoted as CPIl1 and CPl., respectively. Calcula-
tions showed that for the lighter n-alkanes CPI, ranged within 0.40-1.30 (see ta-
ble), with an average of 0.84. The CPI was low at sites 1, 2, 5. At the other sites,
it was close to 1. The high content of low-molecular-weight even-numbered
n-alkanes in the indicated water areas may be the result of microbiological degra-
dation of organic substances [1, 7, 37]. At the other stations, the proportions of
the above mentioned compounds were approximately equal. CPI, values describ-
ing the ratio for n-alkanes with long chains ranged from 0.81 to 2.39 (see table),
with an average of 1.24. The predominance of odd-numbered compounds was
registered at Sts. 3 and 7. For other areas the index was about 1, which indicates
oil contamination of the bottom sediments. For the high-molecular-weight
n-alkanes the CPls were higher for the low-molecular-weight ones.

For n-alkanes containing traces of oil contamination, a clear predominance of
odd- or even-numbered components is not characteristic [38]. Therefore, in terms
of low-molecular-weight, oil contamination can be supposed at Sts. 3, 4, 6-8.
It is likely that relatively fresh oil HCs, which have not yet degraded, have been
registered. But the simultaneous detection of CPI about 1 and C peaks at these
stations may indicate not the oil but planktonogenic nature of the detected ali-
phatic HCs [1]. This phenomenon was noted for Sts. 3, 7. For the high-molecular-
weight n-alkanes the CPI close to 1 at Sts. 1, 2, 4-6, 8 is evidence of chronic oil
pollution of the water area.

The prevalence of compounds with an odd number of carbon atoms in
the low-molecular-weight n-alkanes may indicate not only fresh input of oil
products but also their production as a result of activity of microorganisms
[38, 39] and macrophytes [17, 18]. So, we can assume that n-alkanes with short
carbon chains identified in the bottom sediments of the inner parts of Balaklava
Bay were of mixed origin, which is characteristic of the coastal areas of the Black
Sea [40].

Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2022 111



One of the important parameters in assessing the presence of oil contami-
nation as well as the intensity of biodegradation of HCs is the occurrence of
unresolved background or unresolved naphtheno-aromatic “hump” (Unre-
solved Complex Mixture, UCM) on chromatograms, with a maximum in
the high-molecular-weight n-alkanes [1]. UCM is a mixture of complex iso-
mers and homologues, branched and cyclic HCs, which cannot be separated
in a chromatographic column [41]. The number of oil components repre-
senting UCM can be up to 250,000 compounds. This indicates the fact that
UCM is the most complex mixture of organic compounds existing on Earth
[42]. However, in spite of the obvious association with oil sources, the pres-
ence of UCM in the low concentration range may also be due to bacterial deg-
radation of autochthonous organics [43].

The unresolved background configuration depends on its composition.
The “humps” of natural and anthropogenic HCs differ [1]. Anthropogenic com-
pounds are characterized by a “hump” in the region typical of high-molecular-
weight n-alkanes. This maximum in the low temperature region occurs due to
microbial degradation of natural organic compounds, in particular plant detritus
[44]. At Sts. 1-5 and 8, the unresolved background curve was “double-humped”
(an example is shown in Fig. 3). At Sts. 2 and 8, the steeper “hump” was in
the low-temperature region indicating the predominant degradation of autochtho-
nous matter.

At other stations (Sts. 1, 3-5), we can speak about the presence of an unre-
solved mixture due to both microbial degradation and accumulation of anthropo-
genic organic compounds. At Sts. 6 and 7 located closer to the bay mouth and
having a significantly lower (1-2 orders of magnitude) level of n-alkanes
in the bottom sediments than at the other stations, the unresolved background was
subtle. It should be noted that at Sts. 6 and 7, located in the seaward part of
the study area, the soil nature differed from that in other areas of the water area
with a muddy structure. These sediments were composed of sand and/or sand
with an admixture of shells. As a result, in this area organic matter is likely to be
deposited to a lesser extent than in the inner part of Balaklava Bay.

The ratio of unresolved background value to n-alkanes content at most of
the sampling stations ranged within 4-7 (Table 1), which is a diagnostic sign of
chronic oil pollution [20, 21]. The exception was St. 7, where at low HC concen-
trations the “hump” fraction was 0.67, which most likely corresponds to the result
of bacterial transformation of organic substances [43].

The marker values calculated for the bottom sediments of Balaklava Bay
(Fig. 4) indicate the predominance of terrigenous HCs in the bottom sediments of
the water area as well as the presence of oil contamination. In this aspect, St. 7
stands out: in the bottom sediments thereof, judging by the marker values, HCs of
autochthonous nature prevailed. CPI and UCM/R markers at this station indicate
the presence of natural HCs [20, 21]. Given their total content, the outer part of
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the bay (St. 6 and 7) can be characterized as having low HC levels in the bottom
sediments. It is the most seaward part of the study water area located behind
the circular eddies “locking” the bay and limiting its water exchange with the sea
[45]. The low HC values in the area of the seaward part of the study area (St. 6
and 7) may also be attributed to the nature of the marine soils represented by sand
with an admixture of shells, which affects the sediment accumulation capacity.
However, the absence of oil contamination and predominance of autochthonous
n-alkanes in the bottom sediments are only noted in the eastern part of this area.

Conclusions

1. The total amount of HCs in bottom sediments of Balaklava Bay varied from
21 mg/kg to 2385 mg/kg and corresponded to the nature of the bottom sediments.
The recorded pollution levels were mostly consistent with those observed in con-
taminated areas of the World Ocean. The mentioned substances were distributed
unevenly over the water area. Their concentration zone was in the central part of
the bay. Minimal HC content in the bottom sediments was registered in the open
part of the bay.

2. The content of n-alkanes in the bottom sediments of Balaklava Bay. Ba-
laklava ranged from 1 to 154 mg/kg. The maximum values were recorded in the
central part of the water area (in the area of constriction), particularly near its east-
ern shore, and the minimum values were recorded in the open part of the bay.

3. The distribution of n-alkanes in the chromatograms showed signs of bimo-
dality throughout the water area of Balaklava Bay, which indicates a mixed origin
of HCs.

4. The molecular markers indicate a mainly terrigenous origin of HCs
in the bottom sediments of the water area as well as the presence of chronic oil
pollution in the inner part of the bay.

5. The bottom sediment composition of the most open seaward part of Ba-
laklava Bay differed from that of the bottom sediments in the inner parts of the
water area. Given the marker values, HCs of autochthonous nature prevailed
there.
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Abstract

Shelf areas of the seas and oceans characterizing high level of bioproductivity are signifi-
cantly affected by anthropogenic pollution, including oil contamination. Early develop-
mental stages of marine organisms are very sensitive to pollutants, which generate oxida-
tive stress in them and provoke further pathological processes. We studied the influence
of mazut in a concentration of 0.01 and 0.1 ml/L on the developing embryos of two ben-
thic fish species: peacock blenny Salaria pavo and round goby Neogobius melanosthomus
in Stage VI. We studied the following biomarkers: superoxide dismutase (SOD), catalase
(CAT), peroxidase (PER) and glutathione reductase (GR) spectrophotometrically.
The results showed high toxicity of mazut accompanied with the changes in the activity
of key antioxidant enzymes in the embryos of both tested fish species, which generated
oxidative stress in developing fish exposed to mazut. The general trends and peculiarities
of the responses of embryo enzymes to the oil intoxication were shown, which depended
on the morphological peculiarities of eggs of the tested fish species. The peacock blenny
egg has thicker shell than the round goby egg, therefore, it is protected better from the
environmental impact. The paper discusses possibilities of use of the demersal fish eggs
for the assessment of ecological status of shelf areas in case of oil pollution.
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OIIeHKa TOKCHYIHOCTH Ma3yTa
AJId MKPbI IBYX BH/I0B MOPCKHX pblﬁ

H. U. PyaueBa

Mopckoti euopogpusuueckuii uncmumym PAH, Cesacmonons, Poccus
e-mail: svg-41@mail.ru

AHHOTANUA

[lenpoBBIe 30HBI MOpEW W OKEaHOB, XapaKTEPU3YIOIIHECS BHICOKOH OMONPOIYKTUBHO-
CThIO, B HaHOOJIbILIEH CTENEHN MOABEPKEHBI aHTPOIIOTEHHOMY 3arpsI3HEHHUIO, BKITIOYast
HeTssHOe. PaHHME OHTOTEHEeTHYEeCKHE CTaJuU THAPOOHMOHTOB OYEHb YYBCTBHUTEIBHBI
K JICHCTBUIO 3arpsi3HUTENEH, PUBOASIINX K BO3HUKHOBEHUIO OKHCIMTEIIBHOTO CTpecca
Y Pa3sBUTHUIO MOCIEAYIOIUX MMaTOJIOTMUECKHX IpoleccoB. MceaenoBaim BausHUE MasyTa
B koHueHTpauuu 0.01 u 0.1 M/ Ha aKTUBHOCTh @aHTUOKCUAAHTHBIX (PEPMEHTOB, SIBJISIO-
[IMXCS MapKepaMi OKHCIUTENIBHOTO CTpecca, y 3MOpHOHOB cobauku-maBnuHa Salaria
pavo u Obruka-kpyrisika Neogobius melanosthomus na VI srane passurtusi. B kadectse
6roMapkepoB CIIeKTPO(POTOMETPUIECKIMH METOAAMH HMCCIIENOBATH aKTHBHOCTH KITIOYe-
BBIX AHTHOKCHAAHTHBIX (epMeHToB cynepokcupancmyTassl (COJ), karanmassr (KAT),
nepokcunassl (IIEP) u rmyratnonpenykrassl (I'P). Pe3ynbpraTsl MO3BOIIIN BEISIBUTH TOK-
CHUYHOCTh Ma3yTa, YTO BBIPA3WJIOCh B N3MECHEHHH aKTUBHOCTH TECTHPYEMBIX (DEpPMEHTOB
B 5MOpHOHaxX 000MX BUIOB PBIO, CBUAETEIBCTBYIONEM O PAa3BUTHH OKHUCIUTEIBHOTO
cTpecca y pa3BUBAIOLIMXCS 3apOJbIlIeH, MHKYOUPOBAaHHBIX B PacTBOPax TOKCHUKaHTA.
YcraHoBIIEHBI XapakTepHble 00IIKe 3aKOHOMEPHOCTH U OCOOCHHOCTH OTBETHBIX PeaKIui
(hepMEHTOB IMOPHUOHOB Ha MHTOKCHKAIIMIO Ma3yTOM, 3aBHCAIINE OT MOP(OIOrHUECKOro
CTPOEHHSI MKPUHOK HCCIIelyeMbIX BUIOB. MIKpuHKa coOauku-IIaBiIrHa uMeeT Oojee ToJl-
CTYIO BHEIIHIOIO O0OJIOYKY, YeM y ObIUKa-KpyTJIsiKa W, CJIeIOBaTelbHO, OHA JIyYlle 3a-
MIMIIEHa OT BHEIIHUX Bo3aercTBuid. OOCYXaaeTcst BO3MOXKHOCTh MCIIOJIb30BaHMUS AeMep-
CalIbHOM MKPBI JOHHBIX PHIO B KayecTBE TECT-00BEKTOB JUIS OIIEHKH AKOJIOTHYECKOTO CO-
CTOSIHHS IPHOPEXKHBIX aKBATOPUH NPU HEPTSIHOM 3arps3HCHHN.

KawueBsie caoBa: YepHoe Mope, Ma3yT, 3arps3HEHHE, SMOPHOHEI PHIO, OnOMapKepsl,
AQHTHOKCHAAHTHBIC ()ePMEHTHI

BaaronapuocTu: pabora BbIogHEHA pu noanepxkke rpanra POOU Nel8-44-920007
«Ponp rinobanbHBIX M JOKANBbHBIX (PAKTOPOB B (POPMUPOBAHWU MXTHUOILIAHKTOHHBIX
coobmuiectB UepHoro Mopsi». ABTOp BbIpakaeT OnaronapHocts K.0.H. T. JI. UecanmuHoit
3a pa3paboTKy An3aiiHa 3KCIEPUMEHTA.

das uutupoBanusi: Pyounesa M. M. OueHka TOKCUIHOCTH MaszyTa JUIsl UKPBI JBYX
BUJIOB MOPCKHX PBIO // DKojlorHueckas 0e30macHOCTh MPHOPEKHON U miebHOBON 30H
mopst. 2022. Ne 2. C. 118-127. d0i:10.22449/2413-5577-2022-2-118-127

Introduction

Ecotoxicological methods of the assessment of the effects of various pollu-
tants are recognized for the analysis of the state of aquatic ecosystems and their
inhabitants, since they have a number of advantages, namely: they do not require
any expensive equipment, they are quick, and owing to the responses of test organ-
isms they allow to identify adverse changes in ecosystems within a fairly short
period of time. From this perspective, the ecotoxicological approach has found
wide application in ecology and aquatic toxicology. It is an integral part of some
monitoring programs, which is widely used in environmental risk analysis [1].
The choice of test objects is of great importance here, as their reactions make
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it possible to assess the effect of pollutants. One of the informative test systems
is represented by fish embryos and larvae, which are sensitive to the effects of
various pollutants and, therefore, are widely used on the practical side to es-
tablish legal levels of environmental pollution and assess the state of the
aquatic environment. The fish embryos embryotoxicity test is an obligatory
component of the standard technique ¥ for the threshold limit value (TLV) con-
cerning fishery water bodies, including marine areas with high economic activi-
ties [2]. First of all, it is referred to the shelf zones of the seas and oceans, which
are most susceptible to anthropogenic influence, which negatively affects the eco-
system and its inhabitants.

One of the most common and dangerous pollutants of the marine environ-
ment has still been oil and its products [3, 4]. At the same time, an increase
in shelf area oil production, as well as the development of new areas, including
in the Black Sea, inevitably cause an increase in pollution of the marine environ-
ment with petroleum hydrocarbons, drilling mud and other associated pollutants
[5-7]. They include components characterizing different levels of toxicity [7],
which affect marine organisms in different ways. Concurrently, the sea shelf
is the most biologically productive area, where reproduction and development
(at early developmental stages) of organisms occur, for which even the smallest
concentration of oil pollution poses a significant danger [8-11]. Moreover,
researchers note the manifestation of diverse disorders at different stages of bio-
logical organization. Such disorders are characterized by a delay in growth and
development, deterioration of body functions [12, 13], appearance of anomalies,
increase in mortality, and change in the time of hatching of larvae from fish eggs
[14]. All these indicators can serve as convenient bioindicators of the toxic effect
of oil on the early developmental stages of fish, so they are widely used in aquatic
toxicology. However, primary toxic reactions unfold at the molecular level, and
informative biomarkers in this case are represented by antioxidant enzymes that
protect the body from oxidative stress [15-18]. The responses of the protective
antioxidant system can depend on the fish species, stage of their development,
and toxicant dose, which should be taken into account when planning ecotoxico-
logical experiments and monitoring programs, including the determination of
legal levels of pollutants in the marine environment.

The aim of this work is a comparative analysis of the responses of bi-
omarkers, in terms of which the activity of four antioxidant enzymes in the fish
eggs of peacock blenny Salaria pavo and round goby Neogobius melanosthomus
were analyzed at developmental stage VI upon incubation exposed in the mazut
solution in a concentration of 0.01 and 0.1 ml/L.

D Russian Federal Fishery Agency, 2009. [Guidelines for the Development of Water Quality Stand-
ards for Fishery Water Bodies, Including Standards for Threshold Limit Values of Harmful
Substances in the Water of Fishery Water Bodies]: Approved by Order no. 695 as of 4 August
2009 by the Russian Federal Fishery Agency (in Russian).
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Materials and methods

The fish eggs of round goby Neogobius malanostomus and peacock blenny
Salaria pavo at developmental stage VI were collected in the Sevastopol coastal
waters. The fish eggs are benthic, and the embryos develop in the coastal area.
Stage VI is the stage of the mobile embryo, which is characterized by the beginning
of the moving activity of the embryo simultaneously with the heart pulsation [19].

Mazut in a concentration of 0.01 and 0.1 ml/L was added to filtered sea wa-
ter, stirred for 20-30 minutes, settled for 30 minutes, and poured into aerated
aquariums, in which the fish eggs in the amount of 50 pieces were placed at a water
temperature corresponding to the sea water temperature [20]. Control fish eggs
without any oil products were kept under similar conditions. At the end of stage
VI, fish eggs were taken to determine the activity of enzymes, and the whole pro-
cedure was replicated three times.

The activity of such antioxidant enzymes as superoxide dismutase (SOD),
catalase (CAT), peroxidase (PER), and glutathione reductase (GR) was analyzed
with the help of Specol-211 spectrophotometer (Carl Zeiss, lena, Germany) in
accordance with the methods that we had described previously [21]. The SOD
activity was expressed in arbitrary units, the CAT activity — in milligrams H»O,.
The PER activity was expressed in absorbance units, that of GR — in nanomoles
NADPH. All units of enzyme activity were adjusted to milligram of protein per
minute.

The research results were processed statistically by standard methods, and
the arithmetic mean (M) and the error of the mean (m) were calculated. Signifi-
cance of differences was determined by the Mann—Whitney test; differences were
considered significant at p < 0.05.

Results

The obtained results made it possible to establish certain patterns and discov-
er features of changes in the antioxidant enzyme activity in developing embryos
of two fish species during incubation in a mazut solution in both concentrations
(Table). In a concentration of 0.01 ml/L, the SOD activity decreased by 83.5 %
significantly (p <0.05) in peacock blenny embryos, but with an increase
in the toxicant content, it increased almost 3 times as against the control (Table,
Fig. 1). Concerning round goby embryos, a decrease in the enzyme activity was
also stated in both mazut concentrations by 51-71 % (Fig. 2).

The CAT activity in peacock blenny embryos increased by almost 140 %
in a low mazut concentration, and in a high concentration it remained 40 % high-
er as against the control. Concerning round goby, other relationship was estab-
lished: in a concentration of 0.01 ml/L, the enzyme activity showed no changes,
and in a concentration of 0.1 ml/L, it decreased by 50 % (Fig. 2).

The PER activity in peacock blenny embryos did not change in a low mazut
concentration, but it increased by 150 % with a toxicant doze increase (Fig. 1).
Round goby embryos showed a significant decrease in enzyme activity in both
mazut concentrations by 79-81 % (Fig. 2). Under the influence of the toxicant,
the GR activity decreased in peacock blenny embryos by 38-53 % as against
the control, and in round goby embryos — by 69-54 %, respectively (Fig. 1).
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Fig. 1. The changes of the antioxidant enzyme activity
in the developing peacock blenny embryos exposed to mazut
as against the control taken as 100 % (mazut concentration:
blue — 0.01 ml/L; orange — 0.1 ml\L)
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Fig. 2. The changes of the antioxidant enzyme activity
in the developing round goby embryos exposed to mazut
as against the control taken as 100 %. The other
nomenclatures are the same as for Fig. 1
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Discussion

Thus, the obtained results showed significant differences in the responses
of antioxidant enzymes in the embryos of two fish species exposed to mazut.
At the same time, the antioxidant system of the round goby embryos turned out
to be more sensitive to the effect of mazut if we compare it with the peacock
blenny defense system. The activity of all the studied enzymes in the round goby
embryos under the influence of the tested mazut concentrations was reduced
by 50-89 % as against the control, while the peacock blenny indicators changed
ambiguously and depended on the toxicant dose. Thus, the peacock blenny em-
bryos SOD activity during the incubation in the mazut solution with a lower con-
centration decreased, but with its increase, it increased by more than 2 times as
against the control. This indicates that intoxication with mazut develops a protec-
tive reaction on the part of the antioxidant system key enzyme, which converts
the superoxide radical to less toxic products, in particular, to hydrogen peroxide.
The activity of CAT decomposing hydrogen peroxide increased by 40-145 %
under the action of the toxicant as against the control in peacock blenny embryos,
which also indicated the processes of H.O, detoxification as a protective reaction
of embryos to the effect of oil products [22]. The same response was stated
for PER, which degrades organic peroxides. In the studied mazut concentrations,
GR activity in peacock blenny embryos was slightly inhibited.

The obtained data demonstrate the development of oxidative stress in the em-
bryos of two fish species in response to mazut exposure, which is consistent
with the results of other authors. These data showed that oil caused multiple
stress in marine organisms, accompanied by an increase in the production of free
radical products, impaired reproduction, DNA damage, and developmental and
behavioral abnormalities, as well as a decrease in immunity [23, 24].

An increase in enzyme activity indicates the formation of an adaptive re-
sponse of the antioxidant system of embryos to neutralize the products of reactive
oxygen species, while a decrease in the activity of enzymes is due to intoxication,
which causes their inhibition and leads to their inability to perform protective
functions. In all cases, there is an outflow of energy for antioxidant protection,
which reduces the metabolic rate of the developing embryo, impairs the provision
of normal processes of growth, development, and hatching [17, 25]. The present-
ed data are indicative of the informative value of the antioxidant system param-
eters for the assessment of the toxic effects in marine organisms under
the action of oil pollution. In this connection, they were chosen within this re-
search as biomarkers for the analysis of the mazut embryotoxicity.

Our research showed the reorganization of the enzyme antioxidant system
in developing embryos of peacock blenny and round goby depending on different
concentrations of the toxicant. As previously noted [16], before the larvae emerge
from the shell of the fish egg, which protects it from the adverse effects of
the external environment, there is an increase in the antioxidant enzyme activity,
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which is associated with the protection of the body from the upcoming oxidative
stress. However, under the influence of the tested mazut concentrations in the devel-
oping fish eggs, the response reactions of antioxidant protection were modified.
Subject to the existence of a toxicant, additional efforts are required for the processes
of its detoxification, which results in corresponding metabolism reorganization.
It is necessary to note the species-specific reaction of fish embryos to the mazut
action, which can be stipulated by the peculiarities of the morphological structure
of the fish eggs. The fish egg shell thickness of round goby makes 4 um, and
of peacock blenny — 5 um [19]. This means that a peacock blenny fish egg is
better protected against the environmental impact than a round goby fish egg,
which corresponds to the biochemical studies data. In addition, a round goby fish
egg is almost twice as large (1.9 mm in diameter) as a peacock blenny fish egg
(0.75-0.80 mm in diameter). The larger surface of a round goby fish egg makes
it possible to adsorb more of the toxicant, which penetrates and accumulates
in the developing embryo up to the concentrations that cause intoxication of the body
and decrease in its protective reactions expressed in the enzyme inhibition.

Conclusion

The results of this research demonstrate the effectiveness of the use of mo-
lecular biomarkers represented by the protective antioxidant system enzymes
in order to assess the state of the early ontogenetic stages of fish that respond to
a stressor (oil). At the same time, the species specificity of the responses of
the peacock blenny and round goby embryos to the action of mazut due to
the specific structure of the fish eggs of the two tested species was established.
A peacock blenny fish egg is better protected from external influences than
around goby fish egg, since the thickness of its shell is greater than that of
the round goby (5 um and 4 pum, respectively). Aside from that, a round goby fish
egg is almost 2 times larger than a peacock blenny fish egg and, thus, it is able
to adsorb more toxicant that penetrates inside and accumulates in the develop-
ing embryo, which causes intoxication and decrease in protective reactions.
This should be taken into account when choosing test objects and their bi-
omarkers in order to develop biotesting methods, systems of rapid response and
elucidation of the mechanisms of adaptation of marine fish early developmental
stages to environmental impact.
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