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Original article

Spatial and Temporal Variability of
Hydrophysical Parameters of the Northern Black Sea Waters
from 2021 Measurements

A. N. Morozov *, E. V. Mankovskaya

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

Abstract

The paper uses the results of measurements of salinity, temperature and current velocity
profiles in three expeditions of the R/V Professor Vodyanitsky (22 April — 08 May, 29 June —
10 July, 03-19 September 2021) in the central sector of the northern Black Sea (31°-37° E,
43°-45° N) to study features of the spatial distribution of hydrophysical parameters
in various seasons of 2021 and to compare them with the data of previous expedition studies
in 2016-2019. The horizontal distributions of currents in the spring, summer and autumn
expeditions of 2021 were analysed. The averaged profiles of current velocity, density,
temperature, buoyancy frequency, and kinetic energy were considered. The vertical structure
of water temperature reflects the persistent warming trend of the cold intermediate layer core
derived earlier from the 2016-2019 data. Based on all 20162021 measurements, the vertical
profiles of kinetic energy show decreasing values in the upper sea layer in summer and
increasing values in spring, autumn and winter seasons of the year. The profiles can be
approximated by linear relationships that cross zero at a density of 16.75 kg/m3. The seasonal
variability of the average Kinetic energy is traceable to the depth of occurrence of this
particular isopycnic.

Keywords: Black Sea, current velocity, density, temperature, buoyancy frequency, kinetic
energy, cold intermediate layer
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IIpocTpaHCTBEHHO-BpEeMEHHAs H3MEHYUBOCTh
ruApoQuU3NYeCKUX NapaMeTpoB BOJ CEBEPHON YaCTH
Yepuoro Mmopsi 1o JaHHbIM u3Mepenuii 2021 roaa

A. H. Mopo3os *, E. B. ManbkoBckast

Mopckou eudpoghusuueckuii uncmumym PAH, Cesacmononw, Poccus
* e-mail: anmorozov@mhi-ras.ru

AHHOTALUSA

Ha ocHOBe pe3ynpTaToB H3MEpEeHHUS NPOQUICH CONEHOCTH, TEMIEPaTypsl U CKOPOCTH
TedueHus B Tpex skcreauiusx HUC «IIpodeccop Bomsaunkumity (22 ampens — 08 mas,
29 utons — 10 wuromst, 03—19 cents6ps 2021 r.) B HEHTPAIbHOM CEKTOpPE CEBEpHON YacTH
UYeproro mops (31°-37° B. 1., 43°—45° c. m1.) uccneaoBaHb 0COOCHHOCTH POCTPAHCTBCH-
HOTO pacmpejieieHnus] TUAPOPU3NIECKUX TapaMeTpPOB B paszinuuHble ce30Hbl 2021 T. u
MIPOBEJICHO COIOCTABIICHNUE C MAHHBIMH HPEABIAYIINX SKCICANUIMOHHBIX HCCIIEIOBAHUN
20162019 rr. IIpoanann3upoBaHbl TOPU3OHTAIBHbBIC PACTIPEACICHUS TCUCHUH B BECCHHEH,
netHell u oceHHer skcnenumusax 2021 r. PaccMoTpeHBI ocpeTHEHHBIE TPOGUIA CKOPOCTH
TEYeHHUH, INIOTHOCTH, TEeMIEepaTyphl, YaCTOTHl IJIABY4YECTH, KHHETHUYECKONH SHEPTHH.
BeprukanpHas CTpyKTypa TeMmepaTypsl BOJBI OTPaKaeT COXPAHSIOIIYIOCS TEHACHIIHIO
K MOTEIUICHHUIO SAApa XOJIOAHOTO NMPOMEXYTOYHOTO CJIOS, BBISABICHHYIO paHee MO JaHHBIM
20162019 rr. Ilo mamEeEIM Bcex m3mepermit 2016-2021 rr., BepTHUKANBHBIC TPOQPIITH
KHHETUYECKOM SHEpPruU IMOKA3bIBAIOT YMEHBIICHHE 3HAUCHUN B BEpXHEM CIO€ MOps
B JICTHHU TIEPHOJ ¥ BO3PACTaHWC B BECCHHUH, OCCHHUIA ¥ 3UMHHIA Ce30HBI rona. [Ipodumu
MOTYT OBITH aNIIPOKCHMHUPOBAHB! JUHEHHBIMU 3aBUCHUMOCTSIMU, KOTOPBIE NEPECEKAIOT
HyJI€BOE 3HAaYeHHMEe NpU IUIOTHOCTH 16.75 xr/m3. Ce30HHas M3MEHYHMBOCTb CPEIHEN
KUHETHYECKON 3HEPTHH MTPOCIICKUBACTCS 10 TIIyOMHBI 3aJIeTaHUs IMEHHO 3TOH H30IMKHEI.

KuroueBbie cnoBa: UepHoe Mope, CKOPOCTh TEUEHHUs, IUIOTHOCTb, TEMIIEpATypa, 4acToTa
IUIaBY4YECTH, KHHETUYECKasl SJHEPIHsl, XOJOJHbIA IPOMEKYTOUHBIHI CII0M

BaaronapHocTu: paboTa BBHINIOJHEHa B paMKaX TOCYAapCTBEHHOTO 3aJaHUsA
OI'BYH ®UL MI'M nmo temam Ne FNNN-2021-0003 «OmnepaTuBHasi OKEaHOJOTHUS,
Ne FNNN-2021-0005 «IIpubpexxnbie wuccienoBaHUsS»; NaHHbIe Tony4deHsl B 116, 117
u 119-m peiicax HUC «IIpodeccop Bomsaumkuit» (LIeHTp KOUIEKTHBHOTO TONBb30BaHUSL
«HUC Tlpodeccop Bogsuuikuii» denepaibHOro rocyJapcTBEHHOTO OOJKETHOTO
yupexneHus Haykn DexepanbHOro HcciieoBaTeNbCKOro neHrpa «MHCTUTYT Omonorun
10kHBIX Mopeit nmern A.O. Kosanesckoro PAHY).

Hdasi uurupoBanus: Mopozos A. H., Manvroeckaa E. B. IlpocTpaHCTBEHHO-BpEMEHHAs
U3MEHYMBOCTh THUIPOPHU3MYECKUX MapaMeTpoB BOJ CEBEpHOW uacTh YepHOro mops
mo nmaHHBIM m3MepeHmit 2021 roma // Dxonormyeckas O€30MacHOCTh MPUOPESIKHOW U
urenabdoBoit 30 Mopst. 2023. Ne 4. C. 6-18. EDN QEZCBF.

Introduction

Since 2016, Marine Hydrophysical Institute has been conducting annual
expeditionary research in the central sector of the northern Black Sea onboard
the R/V Professor Vodyanitsky. CTD probes (conductivity, temperature, depth) and
measurements of current velocity profiles with the use of a Lowered Acoustic
Doppler Current Profiler (LADCP) are traditionally carried out at hydrological
stations during expeditions [1, 2]. The joint analysis of the CTD and LADCP data
makes it possible to obtain averaged characteristics of the thermohaline structure
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and dynamics of the waters, as well as to assess their spatial and temporal
variability [3-7].

The study on the peculiarities of the Black Sea waters dynamics remains
an urgent task nowadays. LADCP probes make it possible to conduct more detailed
and advanced research of current variability patterns over a wide range of spatial
and temporal scales. The empirical parameters of the horizontal and vertical
structure of the current velocity field obtained in this case may be used to test
the results of water dynamics numerical modelling, interpret remote sensing data
and evaluate various exchange processes.

The vertical thermohaline structure of the Black Sea waters is also the subject
of constant monitoring and studying. In recent decades, significant changes have
been observed, for instance, in the form of a trend towards decreasing salinity of
the surface layer and increasing salinity of the pycnocline [8] or a tendency to
the cold intermediate layer (CIL) core warming [9—13]. At the present stage,
according to the field data, waters with temperatures below 8 °C (the typical
boundary of the CIL) are becoming less common in the Black Sea. The Argo floats
data also show that the volume of cold water in the CIL decreased, the lower
boundary of the layer rose and the layer itself can disappear altogether [14].
Climatic changes in air temperature (in particular, its increase) during the winter
season, which is directly related to the winter convective-turbulent cooling of the
upper layer sea waters and the renewal of the CIL waters, represent one of the
reasons concerning the abovementioned.

Results of the CTD and LADCP probes obtained during three 2021 Black Sea
expeditions are reported and discussed in this paper. The averaged profiles of
current velocity, density, temperature, buoyancy frequency and kinetic energy are
considered. The purpose of the work is to investigate the features of the spatial
distribution of hydrophysical parameters in different seasons of 2021 and compare
them with the data of previous expedition studies in 2016-2019.

Data, tools and methods

The data of the 2021 expeditions onboard the R/V Professor Vodyanitsky
in the central sector of the northern Black Sea (31°-37° E, 43°-45° N) were used:

1) 22 April — 08 May (expedition 116);

2) 29 June — 10 July (expedition 117);

3) 03—19 September (expedition 119).

The CTD probes were performed with the help of the IDRONAUT OCEAN
SEVEN 320PIlusM sounding complex. The results were interpolated onto a 1 m
spacing grid. According to the description of devices, the temperature and salinity
measurements have their initial accuracy of 103 °C and 10-* PSU.

The current velocity profile measurements were carried out with the use of
the LADCP based on the Workhorse Monitor WHM300 manufactured by RDI
(operating frequency — 300 kHz, nominal range — 120 m, resolution capability —
4 m). The device operation parameters were set as follows: the LADCP option was
enabled in broad-band mode, which implied high resolution/low range, time discre-
teness of 1 s, depth discreteness of 4 m. During the measurements, the R/V was
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drifting with the speed determined by the marine navigation system (GPS) and
taken into account when processing primary data.

On deep water (over 200 m), the measurements were carried out at horizons of
160-180 m. The measurement sequence included holding the device near the sea
surface at a depth of ~3 m for 5 minutes, its further plunging at a speed of 0.5 m/s
to the depth of sounding, its holding at this horizon for 5 min and subsequent lifting
to the surface at a speed of 0.5 m/s. The measured current velocity profiles
started from a 10-meter depth. The current velocity measurement error is ~3 cm/s
for a single impulse.

In the coastal areas (sea depth up to 100 m), the measurements were carried
out via holding the device near the R/V board for 5 min, the influence of the R/V
hull on the magnetic compass was compensated on the basis of the Bottom Track
and GPS data comparison.

The LADCP data processing was performed with the help of the LDEO
Software, version 1X.12. The program is adapted to the measurement conditions of
the Black Sea, it makes it possible to calculate the vertical profiles of the current
velocity at the deep-water stations in a layer extending from ~30 m to the depth of
sounding. At the shallow-water stations (sea depth up to ~90 m), the current
velocity profile is calculated from the data of the ADCP measurement near the R/V
board with the use of specialised software taking into account the influence of
the R/V hull on the device compass readings [15].

To obtain the averaged profiles of hydrophysical parameters, isopycnic
averaging over the set of stations for each expedition was applied in the further
data processing. This is for the necessity to compensate for the dome-shaped
isopycnic surfaces caused by the cyclonic nature of the large-scale circulation
in the Black Sea waters [16].

Results of measurements and their discussion

The field data were obtained in different seasons: spring, summer and autumn
of 2021. Fig. 1 shows the current velocity vectors averaged in the 10-30 m layer.
The hydrological stations were located quite evenly (except for the summer
surveys) in the area of the Rim Current and outside it, closer to the centre of the sea.
The cyclonic nature of the large-scale circulation in the Black Sea waters was
well expressed in all distributions, and the westerly current direction prevailed.
The velocity and intensity of the Rim Current were very high in spring, then they
decreased in summer and increased again in autumn. In each of the expeditions,
an increase of the current velocity was noted in the area of the depth dump by
the southern tip of the Crimean Peninsula (Cape Kikineiz), as the Rim Current
intensifies there. It should be noted that the main stream in all distributions was not
pressed against the continental slope of the Crimean Peninsula, but was shifted
to the southwest.

In the spring expedition, the horizontal distribution of currents revealed
an anticyclonic mesoscale eddy (the Crimean anticyclone) with the typical scale
of ~40 km in the eastern part of the polygon. The measurements at the hydro-
logical stations falling within the eddy zone were carried out on 05.05.2021.
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It was also confirmed by the remote sensing data of sea surface temperature
on 05.05.2021 (Fig. 2), in which the eddy anticyclonic formation was observed.

In the autumn expedition, a powerful alongshore current at velocities of up
to 40 cm/s was observed at the Southern coast of Crimea in the nearshore shelf
zone. The current was moving in the direction opposite to the intense Rim Current
(3040 cm/s). At the same time, this current maintained its direction throughout
the whole water column at the stations with maximum current velocity values.
According to the authors of [17-20], the alongshore flow directed to the east
and northeast (against the Rim Current) accounts for 10-12% in the bimodal
distribution of the nearshore current direction repeatability by the Southern coast
of Crimea. The main reason for the appearance of the so-called countercurrents
is considered to be the formation of coastal anticyclonic eddies during the interaction
of the Rim Current with the coast [20-24] as well as the impact of regional wind
conditions [25]. The recent paper [26] systematised the results of the field studies
on the regional nearshore water circulation peculiarities previously obtained
in various areas of the Black Sea. The features, conditions and duration of
the nearshore current direction bimodality structure by the Southern coast of
Crimea were also considered.

HETOP-A/2
5 Hay 2021

6:22 GHT
MHI RAS

sea surface Temperature

43

28 31 34 37 40

Fig. 2. Sea surface temperature on 5 May 2021 from METOP-A/2 data
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Fig. 3 shows the vertical structure of the isopycnically averaged water
temperature against the average profile of density and buoyancy frequency
for three expeditions. Below the upper homogeneous surface layer, a regional
minimum of the buoyancy frequency was observed at a potential density of
~14.5 kg/m® with a maximum of ~15.0 kg/m®. The minimum temperature values
were observed at a potential density of 14.7-14.8 kg/m®: 8.68 °C in May, 8.65 °C
in July, 8.71 °C in September. Earlier, we determined that the CIL, according to
the contact measuring in the same sea area, tends to warm [5], and a criterion for the
CIL boundary was proposed in the form of a temperature of 8.6 °C. However,
according to the discussed data of the 2021 expeditions, it is not suitable. Only the
8.8 °C boundary can be considered.

The root mean square (RMS) profile of the current velocity modulus
in all seasons shows its decrease with depth (Fig. 4, a). At the same time,
in the 30-100 m depth range, the values of the current velocity modulus in spring
and autumn were higher than in summer when large-scale sea circulation weakens
and a seasonal thermocline is formed. Up to a density value of 14.5 kg/m?3
corresponding to the minimum buoyancy frequency, the current velocity varied
slightly. In the 40-100 m depths layer (14.5-16.0 kg/m? density range), there was
a sharp (almost twofold) decrease in the current velocity modulus caused
by the transition of a part of kinetic energy into potential one, determined
by the isopycnic surfaces deviation from the horizontal position.
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F i g. 3. Temperature vertical profiles isopicnically averaged over the set of 2021
expedition stations, together with the density distribution (a) and buoyancy
frequency (b). The temperature scale is limited above by the value of 8.9 °C
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buoyancy frequency (b), isopycnically averaged over the set of 2021 expedition
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As for the tasks of comparing the results of water dynamics numerical
modelling with the current velocity profiles field measurements, the vertical
distribution of kinetic energy averaged over a certain set of stations is more
suitable. Fig. 4, b shows kinetic energy profiles for all three expeditions considered
in the present paper, isopycnically averaged over a set of stations (see Fig. 1).
A decrease in the upper layer kinetic energy in summer and its increase in spring
and, especially, in autumn were well traced. The profiles can be approximated
by linear relationships crossing the zero value at a density of 16.75 kg/m?. Similar
results were obtained according to the data of the 2016-2019 expeditionary
research (Fig. 5, b). According to Fig. 5, the values of kinetic energy in the upper
layer of the sea (at a density of 14 kg/m?®) in summer did not exceed 0.02 J/kg.
The same was observed according to the data of the 2021 summer expedition.

Fig. 5, a shows the isopycnically averaged temperature profiles obtained
from the measurements carried out in 2016-2019 [6]. The renewal of the CIL
waters in its classic form (< 8 °C) took place only in 2017. It was due to the
relatively cold winter of 2016-2017. Since that time, there has been a tendency to
the CIL core warming, which still persists, according to the measurements carried
out in 2020-2021 (Fig. 6). The graphs in Fig. 6 show the air temperature in Kerch
together with the average temperature of the CIL core from the beginning of 2016
to the end of 2021. It can be seen that winter air temperatures did not correspond to
the values of 2017 and did not fall below them.
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Accordingly, the decrease in the temperature of the CIL waters and their renewal
were not observed. Dashed line / shows the earlier proposed relationship [5], accor-
ding to which the temperature of the CIL increases after its renewal in 2017. The ap-
proximating function has the following form: (Tmin)(1) =7 + 1.4 (1 — exp(—(t — 2017))),
where ¢ — time period, year. Taking into account the new data of expedi-
tionary measurements, the updated relationship is as follows (dashed line 2):
(Tmin)(£) =7 + 1.75 (1 — exp(—(t — 2017)/1.5)).

Conclusions

According to the CTD and LADCP probes in three 2021 expeditions, spatial
distributions of hydrophysical parameters were obtained in the northern Black Sea.
The current velocity horizontal distribution in all seasons was dominated by westerly
directions with the clearly expressed Rim Current, which was not pressed against
the continental slope of the Crimean Peninsula, but was shifted to the deep sea.
The Rim Current velocity reached 50 cm/s in spring, then decreased in summer
and increased again in autumn. The average values of the current velocity at a depth
of 40 m were 26 cm/s in spring, 21 cm/s in summer and 27 cm/s in autumn.
The maximum current velocities were observed in each of the expeditions in the area
of the depth dump by the southern tip of the Crimean Peninsula (Cape Kikineiz).

In the spring expedition, the horizontal distribution of currents revealed
an anticyclonic mesoscale eddy (the Crimean anticyclone) with the typical scale
of ~40 km in the eastern part of the polygon. In the autumn expedition, a powerful
alongshore current at a velocity of up to 40 cm/s was observed by the Southern
coast of Crimea in the nearshore shelf zone. It was moving in the direction opposite
the intense Rim Current (3040 cm/s) and maintained its direction throughout
the whole water column.

As aresult of the CTD and LADCP data joint analysis, averaged vertical profiles
of current velocity, density, temperature, buoyancy frequency and kinetic energy
were obtained. The wvertical structure of the water temperature reflects
the continuing warming tendency of the CIL core. The minimum temperature
values were 8.68 °C in May, 8.65 °C in July, 8.71 °C in September, i. e. waters
with temperatures below 8 °C (the typical CIL boundary) were not observed.
The CIL temperature increases after its renewal in 2017 in accordance with
the following time relationship: (Tmin)(t) =7 + 1.75 (1 — exp(- (t — 2017)/1.5)).

The RMS profile of the current velocity modulus in all seasons shows
its decrease with depth. At the same time, up to a density value of 14.5 kg/m?,
the current velocity varied slightly. In the 40-100 m depths layer (14.5-16.0 kg/m?
density range), there was an almost twofold decrease in the current velocity modulus,
which was caused by the transition of a part of kinetic energy into potential one.

A decrease in kinetic energy of the upper layer in summer and its increase
in spring and, especially, in autumn were well traced in the vertical profiles.
These profiles can be approximated by linear relationships that cross the zero value
at a density of 16.75 kg/m?. Similar results were obtained according to the data
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of the 2016-2019 expeditionary research. The values of kinetic energy in the upper
layer of the sea (at a density of 14 kg/m?®) in summer did not exceed 0.02 J/kg,
according to all the measurements carried out in 2016-2021.
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Abstract

The Anapa Barrier Beach is a large Holocene coastal accumulative form formed
by sediments of terrigenous and marine origin in the north-western Caucasian coast
of the Black Sea. In recent decades, the barrier beach shoreline has been retreating.
The main reason for the retreat is the natural processes that caused the shortage and
redistribution of sediments in the lithodynamic system of the barrier beach. With the sea
level rising, the coast retreat may accelerate, and in the future, it may lead to degradation of
the entire geosystem of the Anapa Barrier Beach. The paper aims to analyze and generalize
information about the origin of the sediment material composing the accumulative body
and the mechanisms of its redistribution in time and space, which is necessary for assessing
the stability of the modern accumulative body. Based on a comprehensive analysis, which
includes a number of paleogeographic, geomorphological, cartographic, granulometric, and
mineralogical studies, several options for accumulating a large supply of sand were
considered. It is shown that the development of the accumulative body of the Anapa Barrier
Beach was determined by changes in the shore configuration, fluctuations in the sea level,
as well as the direction and length of alongshore sediment flows. The Phanagorian
regression interrupted the previous course of development of the accumulative geosystem
of the Anapa Barrier Beach. The geosystem acquired its modern form during the Nymphean
transgression. The accumulative body of the modern barrier beach was formed from
the abrasion material of the indigenous shores of the Taman Peninsula and alluvium of
the Kuban River. The alluvium came directly to the seashore during the Phanagorian
regression.
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AHHOTAUMA

AHarickast lepechlIib — KpyIHasi TOIOLECHOBas MPUOPEKHO-MOPCKasi aKKyMyJISITUBHAsI (popma,
c(hopMHUpOBaHHAs HAHOCAMH TEPPUTCHHOTO U MOPCKOTO TIPOUCXOXK/ICHHSI Ha CEBEpO-3ariajie
KaBxkasckoro mobGepexbst UepHoro mopsi. B mocnexnue pecstuneTust HabmomaeTcs
orcrynanue Oepera mepecsind. OCHOBHON NMPHYMHON OTCTYHAaHUS SBJISIOTCS MPUPOIHBIC
IpoLecchl, 00yCIOBUBLINE AS(PHUIUT U Nepepacupe/ieeHre HaHOCOB B IMTOANHAMHYECKOH
cucrteme mepeckimd. Ha (oHe NOBBIIIEHUs ypOBHS MOpsSl OTCTyIaHHe Oepera MOXeT
YCKOPHUTBCS, @ B JAJbHEHUIIEM — MPUBECTH K JErpajallid BCEHl reocucTteMbl AHANCKON
nepecsiny. Llesnplo paboTh! siBjseTcs aHaiu3 U 00001IeHre HHQOPMAIIUK O TPOUCXOXKICHUH
Cllaralolllero akKyMyJsITUBHOE TeJIO0 IEepechilM MaTepuana M MeXaHH3Max ero
nepepacupeseeHis BO BpPEMEHH M IPOCTPAHCTBE, YTO HEOOXOOMMO JUIS OLEHOK
YCTOWYHMBOCTH COBPEMEHHOTO aKKyMYJISITUBHOTO Tena. Ha ocHOBE KOMIIIEKCHOTO aHanm3a,
BKJIFOYAIONIET0 psiji TajieoreorpaMueckux, reoMOp(OIOTHUECKUX, KapTorpapryecKuXx,
IPaHyJIOMETPUIECKNX M MUHEPATIOTHIECKUX HCCIIEOBAHMUM, TPOAHATN3NPOBAHO HECKOIBKO
BapUAHTOB HAKOIUIEHHs OONBIIOTO 3amaca mecka. IlokasaHo, 9TO pa3BHTHE aKKyMYJISATHB-
HOTO Tejla AHAICKOW Iepechlli ONpeiessioch MU3MEHEHUsIMH KoHpurypanuu Oepera,
KoJIe0aHUSIMU YPOBHSI MOPSI, HAIIPaBJIEHHEM U MPOTSHKEHHOCTBIO BIOJILOEPETOBBIX TIOTOKOB
HaHocoB. (aHaropuiickas perpeccus IpepBaia MNPEALIECTBYIOUMA XOA pa3BUTHUA
AKKyMyJSTHBHOI TeocHcTeMbl AHANCKOW Iepechild, a COBPEMEHHBIM BHJl reocucTeMa
nprodpena B Xozne HUMpEHCKOW TpaHCTpecCHH. AKKyMYIATHBHOE TEJIO COBPEMEHHOM
TIepechIm ObUTO c(HOPMHUPOBAHO W3 AJUTIOBHA peku KyOaHW, MOCTYTABIIEr0 HETTOCPEICTBEHHO
Ha MOpCKO# Oeper Bo BpeMst (paHaropuiCKOW perpeccuu, u Marepuana abpa3un KOPEHHbBIX
GeperoB TamaHCKOTO HOIyOCTPOBA.

KuaroueBbie ciaoBa: UepHoe mope, KaBkasckoe mobepexne, UepHOMOpckoe HOOEpexbe
KaBka3za, AHarckasi nepechlilb, JUTOAMHAMUYECKUE MPOLIECCHI, KojieOaHUsi YPOBHS MOps,
AKKyMYJISIHS, TIOTOK HAHOCOB, Oeperosast JINHUS

BaarogapnocTu: pabora BHIIIOTHEHA B paMKax rocygapcrBeHHoro 3axanus MO PAH,
tema FMWE-2021-0013.

Jasi uurupoBanus: Kpwvirenxo B. B., Kpwvinenko M. B., Kpwvinenxo /[ B. Tlaneonuro-
TUHAMUYECKIE TPEATOCHIIKH HAKOIUICHHS MaTephalia COBPEMEHHOTO aKKyMYIATHBHOTO
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Introduction

The Anapa Barrier Beach is a large Holocene coastal accumulative form
formed by sediments of terrigenous and marine origin. It is located on the sea edge
of the lowland alluvial plain of the north-eastern Black Sea region, in the junction
zone of tectonic elements of the north-western (Caucasian) and sublatitudinal
(Kerch—Taman) extension. The accumulative body of the 47-kilometer Anapa
Barrier Beach (Fig. 1) is composed of quartz sand with an admixture of shell
detritus and pebbles. Its width is maximum in the south-eastern part (almost 1.5 km)
and decreases gradually to 150-200 m to the northwest. Transverse and longitudinal
sediment flows are observed within the lithodynamic system of the Anapa Barrier
Beach. The alongshore sediment flow is characterized by a bimodal regime with
a predominance of transport to the south-east [1-4].

In recent decades, there has been a retreat of the barrier beach shoreline.
In some areas, the retreat made about 80 m in 50 years [5]. The main reason
for the retreat is the natural processes that caused the shortage and redis-
tribution of sediments in the lithodynamic system of the barrier beach.
With the sea level rising, the coast retreat may accelerate, and in the future,
it may lead to degradation of the entire geosystem of the Anapa Barrier Beach [1].

Taman Bay

Cape Zhelezny Rog

BLACK SEA

Fig. 1. Map of the Anapa Barrier Beach
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To determine the limits of stability of the barrier beach accumulative body,
it is necessary to obtain information about the origin of the material composing it
and the reserves of such material. The paper aims to analyze and generalize
information about the origin of the sediment material composing the accumulative
body and the mechanisms of its redistribution in time and space, which is necessary
for assessing the stability of the modern accumulative body. To analyze the origin
of the accumulative forms of the Anapa Barrier Beach, it is necessary to consider
the following important issues — what is the genesis of the material composing
them, when and how it entered the lithodynamic system.

Materials and methods of research

Materials from geological surveys, field studies, remote sensing, archival and
literary sources were used in the research. In the 1970s, a longitudinal drilling
profile consisting of two dozens of wells with a depth of up to 200 m was made
along the entire length of the Anapa Barrier Beach. At the same time, a transverse
profile was drilled through the Staraya Kuban River valley along the Dzhiginka—
Bely line [6]. In the early 2000s, a complex of studies was carried out (mollusk
fauna, carbon dating, mineral and granulometric composition) based on the data
from a network of wells with the depth up to 10 m (44 wells along 10 profiles).
In 1998, archaeological and paleogeographical research was carried out
on the Taman Peninsula, the purpose of which was to study the variation of
the Black Sea level in the last 3—4 thousand years [7]. In 2005, Ya. A. Izmailov
reconstructed the formation history of the Anapa Barrier Beach in detail, based on
the analysis of a complex of geological and geomorphological data [6]. Since 2010,
employees of the Southern Branch of the Institute of Oceanology of RAS and of
the Faculty of Geography of Moscow State University have studied the processes
of formation of land and underwater relief, landscape and morphological structure,
spatial features of sediment distribution and hydrological regime on the Anapa
Barrier Beach [1, 8-12].

Results and discussion

Stages and factors of formation of the Anapa Barrier Beach before
the Phanagorian regression

Possible scenarios concerning the origin of the Anapa Barrier Beach have been
studied by many researchers [6, 7, 13—16]. The formation of the accumulative body
of the future Anapa Barrier Beach began with the end of the last ice age from
the alluvium of the proto-Kuban, accumulated during the period of its direct flow
into the Black Sea. As the sea level rose, part of the material moved along with
the shoreline movement in the form of a bar, which is typical during the develop-
ment of such accumulative forms [17]. It is possible that the material available
at that time was sufficient to form accumulative forms that completely or partially
blocked the baymouths.

After the Black Sea reached a level close to the modern one (5-5.5 kya) [18],
the entire delta region of the Kuban River was flooded. The alluvium sedimentation
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began after the formation of bays deeply cut into the land V. In that period,
the configuration of the indigenous shore was determined by the presence of several
capes or islands, among which spits, barrier beaches or tombolos were formed.
The rate and vectors of growth of accumulative forms were different. In different
periods of time, their development could occur independently or concertedly.

From that moment, the formation of the Anapa Barrier Beach took place
due to the material formed in the process of the indigenous shore abrasion
and shells coming from the underwater slope. As studies of the sediment thickness
of various profiles of the Anapa Barrier Beach show, the proportion of shells (shell
detritus) is up to 5% in the total volume of sediments, and this value is almost
independent of their age [1]. It is more difficult to determine the proportion
of sediments resulting from abrasion. Since the abrasion shores to the north-west
of the Anapa Barrier Beach have retreated over the past 5 thousand years to
a distance of about 2 km, and some of their profiles have been completely washed
away, the composition of their rocks is unknown. In the modern cliff, the content of
beach-forming material is no more than 10%, the predominant part of which
is represented by well-graded fine and medium sands of alluvial origin of
the Pliocene age ?. After wave processing, these sands cannot be distinguished
from the Kuban alluvium, so it is not possible to determine the share of abrasion
material in the total volume of the Anapa Barrier Beach. The presence of abrasion
material is indicated by the insignificant number of pebbles from ferruginized
limestones, the source of which is considered to be rocky crags located
on the underwater slope or at the base of Cape Zhelezny Rog. These pebbles are
found in small quantities along the entire length of the barrier beach, including its
rear part. The number and size of the pebbles decreases in the direction from
the north-west to the south-east. In general, the lithodynamics of the modern Anapa
Barrier Beach is determined by sands, while the influence of shells, and especially
pebbles, is of a subordinate nature.

Rapid growth of the southern part of the future Anapa Barrier Beach
occurred due to the predominance of sediment movement from the north-west
to the south-east. The Anapa Cape, composed of rocks, retained incoming
sediment, and the resulting accumulative forms remained stable and moved
towards the sea. The rear part of the barrier beach is exactly the area where the
most ancient surface accumulative sediments were discovered [6].

In the central part of the barrier beach, south of the Blagoveshchensky butte,
several generations of beach and dune ridges are observed. The oldest and most
distant from the sea ridges are located at an angle to the modern shoreline [10, 11, 19].
Probably, these ridges appeared when the configuration of the sea edge of
the Blagoveshchensky butte was different, and the orientation of the spit that
formed to the south-east of it differed from the orientation of the modern shoreline
of the barrier beach.

1 Zenkovich, V.P., 1958. [Morphology and Dynamics of the Black Sea Coasts Within the USSR
Boundaries. Vol. 3, Part 3. Regional. Section 2. The Central Part (Southern Crimea, Kerch and
Taman Peninsulas)]. Moscow: 1zd-vo Akademii Nauk, 187 p. (in Russian).

2 Azhgirey, G.D., ed., 1976. [Geology of the Greater Caucasus]. Moscow: Nedra, 262 p. (in Russian).

Ecological Safety of Coastal and Shelf Zones of Sea. No. 4. 2023 23



In the northern part of the Anapa Barrier Beach (within the Bugaz Barrier
Beach), ancient generations of accumulative forms were not preserved, which was
a consequence of the rapid destruction of the indigenous shores composed of
unconsolidated rocks by the sea, and constant retreat of accumulative forms deep
into the lagoon. Nevertheless, the existence of such accumulative forms is
indicated indirectly by the fact that, according to [20-22], 3.5 kya, it was the Bugaz
Barrier Beach, along which one of the most important land transport routes
between the Taman Peninsula and the Anapa Region passed.

It is difficult to state when the complete destruction of the capes in the central
part of the future Anapa Barrier Beach occurred, but this event led to significant
changes in the lithodynamic regime. According to the work [6], the connection of
the northern and southern parts (Bugaz and Vityazevo Barrier Beaches) with
the formation of a uniform lithodynamic system took place no earlier than 2.5 kya.
This connection is close in timing to the beginning of the Phanagorian regression
(perhaps caused by it). Subsequently, the northern part of the formed abrasion-
accumulative shore arc, more than 50 km long, shifted over time as accumulative
forms retreated deeper into the bays [23], and the southern part moved out to
the sea due to the growth of new generations of beach ridges.

In addition to spatial changes caused by accumulative or abrasion processes,
the development of the accumulative body was complicated by fluctuations
in the sea level. From the point of view of assessing the stability of the accumulative
body of the modern Anapa Barrier Beach, the final stage of its formation is
interesting, the beginning of which was stipulated by the Phanagorian regression
and the subsequent Nymphean transgression.

Development of the Anapa Barrier Beach during the Phanagorian regression

The Dzhemetinsky stage (5.2-2.5 kya) [6] ended with a regression known
in the Black Sea region as Phanagorian. Most modern researchers [24-27] estimate
the decrease in sea level during the Phanagorian regression at 5.0-5.5 m relative
to the previous and modern level.

In the work [22, p. 75], the authors wonder why no ancient authors “tell us
about the presence of the vast Kiziltashsky (Paleo-Kuban) Lagoon.” According
to the work [6], on the profile in the northern part of the Bugaz Barrier Beach (near
the Bugaz spout) between the late Dzhemetinsky (dated 2660-2520 years ago) and
Nymphean sediments (dated 1110 years ago), a layer of fine sands of the alluvial
type with a base elevation of minus 6.6 m was observed, i.e. the level of the
river bottom was significantly lower than the modern sea level. According to
the profile in the central part of the Bugaz Barrier Beach between the Upper
Dzhemetinsky (dated 2750 years ago) and Nymphean (dated 1940 years ago)
sediments, a layer of the eolian sands with an absolute mark of the base minus
1.55 m was traced (at the same time, extrapolation shows high probability of
tracing the marks of the base of the eolian sands to minus 2.5 m [6]). Taking
into account the fact that the modern eolian sediments are located 1.5 m above
the sea level, the sea level near the Bugaz Barrier Beach during that period was lower
than the modern one by at least 3.5 m. At this sea level, the level of the lagoons
connected to it hydraulically should have decreased by the same amount.
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Taking into account the hydrological characteristics (the depths in most of the area
of modern lagoons not exceeding 1 m) [28], the estimated value of the level drop
and geological data, it can be argued that during the Phanagorian regression period
(i.e., in ancient times), no extensive bays or lagoons existed in the place of
the modern Kiziltashsky Lagoon.

The flow of the Kuban River into the sea was carried out through the water
area of the lagoons, which dried out as the sea level decreased, along erosive
channels carved out in previous sediments. The geological profile (Fig. 2)
[29] shows two pronounced erosional channels filled with alluvial sands.
The composition of the sediments indicates that current velocities were high
enough to transport large volumes of driven sediments, in this case the sand.
The bottom of the channels is located at minus 5 m. With no lagoons, the basis of
erosion for the Kuban River during this period was the Black Sea level. Therefore,
the Kuban River solid runoff flowed directly into the Black Sea during the period
under consideration. In the above-mentioned paper [22, p. 75], the authors provide
a figurative description of Hipponactus from Ephesus, ancient Greek poet (second
half of the 6th century BC), presumably referring specifically to the Kuban mouth.

SE (Dzhiginka) [

alQ,&rnf+c
Staraya Kuban River
D4 D5 D-6 D7 D8 Do D10

Fig. 2. Dzhiginsky geological profile across the Staraya Kuban River (adapted from
[29, p. 82]). Lithological composition: 1 — sand; 2 — sand with pebbles; 3 — siltstone;
4 —clays; 5 — silts; 6 — loess. Genesis: a — river; 1 — lagoon; m — marine; v — eolian;
d — slope; ¢ — landslide. Age: N1+2 — Neogene; Q — Quaternary; anten — Antsky-
Yenikalsky; nev — Novoevksinsky horizon; nev nev — Novoevksinsky layer; QIVEr —
Black Seahorizon; bg — Bugazsky; vt — Vityazevsky; kl — Kalamitsky; dm — Dzheme-
tinsky; nf — Nymphean, modern; D-5 — well numbers
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Downcutting of a river channel into underlying sediments as a result of sea
level decrease was observed during the Caspian Sea level drop in 1931-1945.
At the mouth of the Kura River, the sea level drop did not affect the entire length
of the longitudinal profile immediately, but spread from the mouth upstream
gradually. In general, the decrease in the Caspian Sea level accompanied by
the active downcutting of rivers on its western coast, contributed to a significant
increase in the areas of mouth formations®. This process was actively influenced
by alongshore sediment flows and shell bars covering mouth parts.

As indicated in the work [30], with alongshore sediment flows, active down-
cutting of channels into the underlying sediments is not necessarily accompanied
by a significant movement of the mouth parts towards the sea. Entering river
sediments are actively involved in alongshore transport contributing to the develop-
ment of accumulative form within the entire lithodynamic system. Probably,
the Anapa Barrier Beach developed in a similar way during the Phanagorian
regression.

Development of the Anapa Barrier Beach during the Nymphean transgression

During the Nymphean transgression, a vast water area with actively occurring
hydro- and lithodynamic processes was formed again within the dried lagoons,
as indicated by the presence of beach accumulative ridges and small lagoons
at the foot of the indigenous slope. Dating of shell material from relict
accumulative forms [15] makes it possible to attribute their formation to the middle
of the 2nd millennium AD [20]. Similar, though more ancient, accumulative forms
in the line between the village of Dzhiginka and the khutor of Bely can be traced
in the form of two shell sand spits (approximate age 2.8-3.5 kya) directed towards
each other from the western and eastern sides of the valley at level 2.5-4.5 m
below modern sea level [20].

In the work [21, p.339], it is suggested that during transgressive periods,
“erosion and flooding of the Bugaz Barrier Beach took place with the transfor-
mation of the lagoon into a marine shallow open bay, the shores of which were
exposed to the influence of the open sea waves.” This assumption is confirmed
by the formation of abrasion ledges on the indigenous sides of valleys and
accumulative forms on the western shore of the Kiziltashsky Lagoon. In the work
[20, p. 488], it is stated that “In the second half of the first millennium AD, a rise
insea level by 2-3 m caused the flooding of the ancient barrier beach that
separated the paleo-Bugaz lagoon, and the short-term transformation of the lower
reaches of the ancient Kuban (modern Kiziltashsky) Lagoon into an open sea bay.”
The authors of the work [20] argue that recovery of the barrier beach and formation
of a lagoon with limited connection to the sea, which was subsequently filled
with lagoonal-alluvial sediments, occurred only as the transgression slowed down.

3 Leontev, O.K., 1963. [Brief Course of Marine Geology. A Textbook]. Moscow: MGU, 461 p.
(in Russian).
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It should be noted that the authors of the works [20, 21] do not take into
account the rates and mechanisms of formation of surface sandy capping forms
under transgression conditions. The Nymphaean transgression was not catastrophic
(as indicated by the lack of literary information). The Nymphean rise in sea level
did not lead to the destruction of the Anapa Barrier Beach or its parts, but its
accumulative body shifted towards the land. Under conditions of a gradual rise in
level, sandy barrier beaches on shallow coasts exhibit the ability to shift along with
the horizontal elevation of the shoreline towards the land [31, 32], maintaining
their integrity and even morphological structure.

Thus, we believe that the Nymphean rise in sea level resulted not
in the destruction of the Bugaz Barrier Beach, but rather in the displacement of its
body towards the lagoon. At the same time, the lagoon basin was filled with water,
and the size and configuration of the resulting water area determined the activation
of abrasion-accumulation processes on its shores inevitably. Bilateral water
exchange through the Bugaz spout determined the presence of shells of marine
conch mollusks in the accumulative sediments on the lagoon shores (nowadays,
shells are still found there). Lagoon level fluctuations influenced by floods or storm
surges, contributed to the active abrasion of the lagoon shores. In some areas,
abrasion is observed even now, after the river flow cutoff and in the actual absence
of free water exchange with the sea.

Composition, age and mechanism of redistribution of the Anapa Barrier Beach
modern sediments

In the southern and central parts of the Anapa Barrier Beach, the relief
and sediment composition are distinguished by an ancient generation of coastal-
marine sediments in the lagoonal part and a modern generation stretching along
the seashore in a continuous bar up to 200 m wide. The structure and dynamics of
this bar display features of both a full-profile beach and a dune ridge. The lower
layers of sediments are represented predominantly by quartz sand with a significant
(up to 30%) admixture of shells. In contrast to the sediments of more ancient parts
of the barrier beach, the material of the new generation contains relatively few
pebbles of ferruginized limestones. In the upper part of the sediments of the shoreline
bar, well-graded quartz sands with a low (up to 3%) shell content occur and
migrate actively.

In his work ", V. P. Zenkovich asks: “What is the origin of the pure (quartz)
sands that form the outer bar of the southern and central part of the barrier beach?
... The formation of a clean sand bar more than 200 m wide in the eastern part of
the barrier beach shows that there was a period when these masses of sand came
from the bottom to the shore, but now such process is not observed.” By now,
based on the materials of numerous studies, it is possible to propose several
opinions concerning the origin of the material that became the basis for the modern
generation of sediments in the central and southern parts of the Anapa Barrier
Beach.

Opinion 1. The Phanagorian regression (a drop in sea level by 5 m
in the period 2.5-1.7 kya) led to the resumption of alluvium entry from
the Kuban River directly into the Black Sea coastal area. The alongshore transport
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of this material to the south-east contributed to the extension of the coast and
increase in the width of the beaches. The mineral and mechanical composition of
the sediments (well-graded alluvial sands) favoured the growth of eolian
formations that overlaid earlier sediments with a noticeable admixture of pebbles
and shells.

Opinion 2. During the period of Phanagorian regression, sediments arriving
from the north (sands mixed with pebbles and shells) were traversed and
accumulated between a sandbank or island at the site of the modern Sandbank of
Mary Magdalene (depth of 1-5 m). After the level rose, the alongshore transport of
accumulated sediments to the southeast was resumed. Opinion 2 is easily combined
with opinion 1 and even enhances it, but it does not inherently explain
the simultaneous appearance of a large amount of well-graded sand in the southern
part of the barrier beach.

Opinion 3. During the period of Phanagorian regression, sediment accumu-
lation occurred in the form of a beach ridge near the shoreline, which was located
more seaward and lower at that time. During the Nymphean transgression, that
ridge was displaced towards the land and joined the previous generations of beach
ridges. Opinion 3 is easily combined with opinion 1, but it does not inherently
explain the origin of the sand.

Analysis of paleontological and archaeological finds makes it possible to
clarify the time frame for the beginning of the arrival of large masses of sand.
The Blagoveshchensky butte composed of Neogene clay loams is located
in the central part of the Anapa Barrier Beach. The accumulative body of
the barrier beach is attached to an ancient abrasion ledge and grows into a marine
accumulative terrace. The Blagoveshchensky butte is characterized by a vast (about
20 ha) area in its north-western part, where the dunes are located on the surface of
the indigenous shore, that is, they are raised relative to the level of the accumu-
lative terrace to a height of 15-20 m [1]. The appearance of dunes on the surface of
the Blagoveshchensky butte makes it possible to clarify the dating of the beginning
of the movement of large masses of sand.

In the work [33], the ancient settlement of Blagoveshchensky-4, which existed
from the 6th century BC to the 2nd—3rd century AD, is noted to the north of
the dune massif. The settlement is oriented along an ancient road to the Bugaz
Barrier Beach (Fig.3). The abundance of pottery and no remains of capital
structures make it possible to suggest that the settlement of Blagoveshchensky-4
was a logistics center where transshipment from sea vessels to land or river
transport could be carried out. In accordance with the works [20, 21], one of
the most important land transport routes passed there. In the work [33],
unfortunately, no dune massif is mentioned. Meanwhile, a large number of
fragments of ancient pottery were discovered on the surface of the indigenous clay
loams under the dunes blown by wind [1]. Estimated datings made by A.M. Novichi-
khin and N.I. Sudarev, show that the earliest finds date back to the 6th century BC,
and the latest ones — to the 2nd-3rd centuries AD. The given datings coincide
with the datings of finds from the settlement of Blagoveshchensky-4 [33] and
indicate that the eolian accumulative formations did not exist on the surface
of the Blagoveshchensky butte at least until the beginning of the 3rd century AD.
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Fig. 3. Dune field on the NW tip of the Blagoveshchensky butte: / — dune;
2 — localization of the main finds of the ancient settlement of Blagoveshchensky-4
along an ancient road

After the comparison of paleogeographic reconstructions of the Black Sea level
variation [6, 34] and archacological data, it becomes possible to conclude that the
formation of dunes on the butte surface occurred no earlier than the beginning of
the Early Nymphean transgression around 1.7 kya. Perhaps, it was
the consequences of this transgression that contributed to the cessation of economic
activity in the indicated area of the Blagoveshchensky butte. The water level
decrease in the lagoons cut off the Blagoveshchensky butte from a number of land
transport routes [20], and the arriving sand prevented the use of this area.

Conclusion

The development of the accumulative body of the Anapa Barrier Beach was
determined by changes in the shore configuration, fluctuations in the sea level,
as well as the direction and length of alongshore sediment flows. More ancient
generations formed during the Dzhemetinsky period, distant from the sea, and
modern generations stretching along the coastal area, are clearly distinguished
in the barrier beach structure. The coastal areas of the Anapa Terrace,
the Vityazevo Barrier Beach, and the southern part of the Blagoveshchenskaya
Terrace are of Nymphean age. The Nymphean generation of beach ridges,
the formation period of which covers the last 1.5 thousand years, adjoins
the ancient generation of beach ridges on the seaward side. Under the modern
generation, a layer of sediments that chronologically occupies an intermediate
position between the Nymphean and Dzhemetinsky generations, was revealed
in the process of drilling. These sediments are represented by the silts of
the lagoon type with the chronological range of accumulation 2.7-1.6 kya
confirmed by a series of shell material carbon dating, which characterizes
the period of sea level position 3.5-5.5 m below the modern one.
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Thus, we have the sufficient grounds to assert that the Phanagorian regression
interrupted the previous course of development of the accumulative geosystem
of the Anapa Barrier Beach. The geosystem acquired its modern form during
the Nymphean transgression. The accumulative body of the modern barrier beach
was formed from the abrasion material of the indigenous shores of the Taman
Peninsula and alluvium of the Kuban River. The alluvium came directly to
the seashore during the Phanagorian regression. In general, it is possible to assume
the following course of events:

— during the Phanagorian regression, the shoreline moves towards the sea and
becomes stable;

— the Kuban River solid runoff (well-graded quartz sand) flows into the coastal
zone of the sea again, being involved in alongshore transport;

— during the period of regression, the alluvium, which enters the coastal area
and becomes redistributed along it, forms a beach ridge;

— a shallow lagoon is formed between the growing new and old beach ridges
(it prevents the development of the eolian forms towards the shore);

— vegetation, including trees, appears along the shores of the lagoon;

— the Nymphean transgression mobilizes the formed beach ridge, which
moves towards the shore, thus blocking the lagoon gradually;

— as the lagoon disappears, material from the new beach ridge is drawn into
the eolian transport, accumulating along the rows of woody vegetation and forming
ridges of stable dunes;

— when the sea level becomes stable, the intensity of sediment (primarily
eolian) migration decreases gradually until the anthropogenic impact brings
the system out of balance again.
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Abstract

The paper aims to study the local features and factors of sediment fractional composition
formation in the coastal zone of Koktebel Bay. The paper uses in situ data and the results
of granulometric composition analysis of sediment samples from the swash and beach
zones of Koktebel Bay to reveal that the beach sediments on the shoreline in the swash
zone were represented by coarse gravel with the inclusion of medium and fine gravel.
The material in the western and central parts of the coastal zone of the bay was moderately
and poorly graded, while in the eastern part it was well graded. The granulometric
composition of the beach material differed for the central and rear sections. The sediments
in the central parts of the beaches were mainly represented by coarse gravel (27%)
and coarse sand (26%) with inclusions of fine gravel (18%) and medium sand (14%).
The material of gravel-sand beaches in the eastern part and the gravel beaches
in the western part were well graded, while the beach material in the central study part was
poorly graded. In the rear section of the beaches, the material was poorly graded and
consisted mainly of coarse gravel, the portion of which decreases from the western part
to the eastern one. In the samples from the rear part of the beaches, an increased proportion
of silty material (1-13%) was noted. The features of the fractional composition of beach
sediments are determined by the interception and retention of gravel material by numerous
structures located directly in the shoreline, as well as by the supply of clay-sandy material
as a result of wave abrasion of natural cliffs and its accumulation in the central section of
the beaches as their width increases.
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AHHOTAUMA

Henp paGoTel — HCCIEAOBATH JIOKAJIbHBIE OCOOCHHOCTH U (DakTOpHl (OPMHPOBAHUSA
(pakIHOHHOTO cOoCTaBa HAHOCOB B Oeperopoii 30He OyxThl Kokrebens. Ha ocHoOBaHUHM
JMAHHBIX HATYPHBIX HAONIONCHWHA M PE3yJlbTaTOB WCCICIOBAHUSA TPAHYIOMETPUICCKOTO
coctaBa mpo0 HAHOCOB U3 MPHUYPE30BOW IOJIOCH W TUIDKEBOW 30HBI OyxThl KokTeOenpb
YCTaHOBJIEHO, YTO HAHOCHI IUISDKEH Ha ype3e B 30HE 3aIljIlecKa MPEICTaBICHbI KPYIHBIM
rpaBUEM C BKIFOUCHHEM CPETHETO M MEJIKOTO IpaBus. MaTtepuall, oTOOpaHHBIN B 3amtaHON
U ICHTPAIbHON YacTSAX MPUYPE30BOH IMOJOCH OYXTHI, CpEIHE U IUIOXO COPTHUPOBAH,
a B BOCTOYHOH YacTH — XOpomo copTupoBaH. [lo rpaHyJIOMeTpHYECKOMY COCTaBY
MaTepual IUISKEN B LIEHTPAJIbHOM M ThUIOBOM 30HaX pasiauyaercs. HaHOCH! B IEHTpabHOM
30HE IUBSDKEH MpelCTaBIeHbl MPEUMYILECTBEHHO (pakiuusMu KpynHoro rpaBusi (27 %)
U KpyHHOTO mecka (26 %) ¢ BkimodeHusMu menkoro rpasus (18 %) u cpennero mecka (14 %).
Marepuan rpaBUHHO-TIECUaHBIX IUISKEH B BOCTOYHOW YacTH HCCIEAYeMOM 30HBI U Tpa-
BUMHBIX IUISDKEH B 3alaJHON €e 4acTH XOPOIIO COPTUPOBAH, a B LIEHTPAIIbHON — MaTepua
IUISDKER TUI0XO COPTUPOBAaH. B THUIOBOH 30HE IUISKEH MaTepual MII0X0 COPTUPOBAH
U COCTOHUT IPEUMYIIECTBEHHO M3 KPYIHOTO I'paBUs, JOJS KOTOPOrO OT 3alaJHON YacTH
K BOCTOYHOW yMeHbIlaeTcsi. B mpo6ax HaHOCOB, OTOOPAaHHBIX B THIJIOBOW 30HE IUISXKEH,
OTMe4aeTcsl MOBBIIIeHHas 105t wctoro Marepuaia (1-13 %). OcobenHoctu GpakiMOHHOTO
COCTaBa HAHOCOB IUIDKEH ONpEeII0TCS epexBaToM U yAepKUBaHUEM TPaBUHHOTO MaTe-
puaza MHOTOYHCICHHBIMU COOPY)KEHHUSIMH, PACIIOJIOKEHHBIMH HETIOCPEACTBEHHO B IPH-
ype30BOoH MoJoce, a TakkKe MOCTYMJICHHEM TIHMHUCTO-IIECYaHOTO MaTepHana B pe3yJbTare
BOJIHOBOH aOpa3uyl MPHUPOJHBIX KIH(OB U €ro HaKOIUICHHEM B IECHTPAILHOW 30HE IULDKEH
C YBEJIMUEHUEM UX LIUPUHBI.

KnroueBsbie cioBa: Koxrebenp, Geperosasi 30Ha, HaHOCHI, IUISDK, TPaHYJIOMETPUUCCKHN
COCTaB, aHTPOIIOTCHHOE BO3/ICHCTBHUE

BaarogpapHocTu: paboTa BBIIOJIHEHAa B paMKax TOCYZapCTBEHHOTO 3aJaHHs
OI'BYH ®UIL MI'U o Teme Ne FNNN-2021-0005 «IIpubpexxHbie UCCIeTOBAHS.

Jasi uutupoBanus: /ypos K. U. I'panyioMeTprUuecKuid COCTaB HAHOCOB OEPETOBOM 30HBI
oyxtel Kokrebens (Kpbim) // Dxonmormueckas 0€30mMacHOCTh MPUOPEKHONH W MICTb(POBOM
30H Mops. 2023. Ne 4. C. 34—45. EDN PYURTV.

Introduction

The coastal regions of Crimea are under active anthropogenic impact. Over
the past 30 years, the intensification of anthropogenic activity in the coastal zone
has caused disruption of the natural course of hydro- and geodynamic processes.
As a result, the regulation of natural watercourses (a source of material for beach
sediments), sand mining and active construction in the coastal zone led to
the destruction of coastal infrastructure facilities.

The granulometric composition of sediments and the peculiarities of their
distribution in the coastal zone are key parameters used in mathematical modelling
of the morphodynamics of sand beaches [1].
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The relevance of the study of coastal zone sediments on the Southeastern coast
of Crimea in the zone of Koktebel Bay is primarily stipulated by the lack of current
data on their granulometric composition (fraction content, average particle diameter,
sorting coefficient), as well as a significant acceleration of development of
the recreational potential of this region as a result of the implementation of
the construction projects of the embankment and coastal protection structures.

The purpose of the paper is to investigate local features and factors of
formation of the fractional composition of sediments in the coastal zone of
Koktebel Bay. Previously, similar works were carried out by the author in relation
to sections of the coastal zone of Kalamita Bay in general [2] and the Lake Sakskoye
bay-bar in particular [3]. The obtained in situ data fill the gap of information about
the structure and factors of bottom sediment formation in the area under study
and can be used in the future when planning coastal protection measures aimed
at the rational use of coastal zone resources.

Characteristics of study area

Koktebel Bay is a water area in the southeastern Crimea located from Cape
Planerny in the west to Cape Chameleon in the east (Fig. 1). The length of the coast-
line of the bay is about 4000 m, the maximum depth is 15-20 m [4-6].

The shore of the bay is abrasion-landslide and abrasion-erosive. It is represented
mainly by the cliff of homogeneous composition with a height of 3-30 m
with narrow pebble-boulder beaches [4—6]. The cliffs are composed of Quaternary
gravelly loams, Middle and Upper Jurassic clays [6]. The average rate of abrasion
of the Koktebel Bay shores " is 0.2-0.5 m/year. The width of the beaches is 5-10 m
in the western, 30—40 m in the central and 3—10 m in the eastern parts of the bay.

After the regulation of shallow watercourses, which are a source of sediment
material, the movement of clay-sand material into the study area decreased [4, 5].
Currently, the beach-forming material comes as a result of the destruction of cliffs
in the western and eastern parts of the bay coastal zone. In the western part, most of
the cliffs are actively built up. There is a cascade of coastal protection structures
in the form of concrete groynes with a length of 65 m and a number of mooring
walls up to 35 m long, located directly on the shoreline. These concrete structures
disrupted the sediment transport system, which led to a complete reduction of
beaches in this area. The most significant reason for the degradation of the natural
complexes of the Koktebel Bay coastal zone was the construction of the embankment
in the late 1960s and unauthorized private construction on adjacent sites in the 1990s,
carried out without any necessary assessments of lithodynamic processes
for this area [4].

Y Shnyukov, E.F., ed., 1982. [Geology of the Shelf of the Ukrainian Soviet Socialistic Republlic.
Environment. History and Study Methods). Kiev: Naukova Dumka, 180 p. (in Russian).
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Materials and methods

Sediment samples from the Koktebel Bay coastal zone in areas near the shoreline
(in the swash zone), as well as in the central and rear sections of the beaches,
were taken in November 2021. The granulometric composition of bottom
sediments was determined by the mass content of particles of various sizes,

expressed as a percentage relative to the mass of the dry soil sample taken for analysis

Ecological Safety of Coastal and Shelf Zones of Sea. No. 4. 2023 37



(GOST 12536-2014). The screening of the sediment samples was carried out using
a set of sieves with 10; 7; 5; 2.5; 2; 1; 0.5; 0.25; 0.1; 0.05 mm holes. Sampling
spots on the surface of beaches and near the water shoreline were selected in such
a way that it was possible to assess how coastal protection structures affect
the granulometric composition of the material moving along the shore.

Cumulative curves were used to visualize the data of granulometric analysis of
sediment samples, as well as to calculate some characteristic coefficients.

Cumulative curves are especially valuable for calculating various granulo-
metric coefficients, in particular those proposed by P. Trask [7] and W. Krumbein
[8] of the average (median) particle diameter (M), grading coefficient (S,) and
asymmetry coefficient (S).

The average (median) diameter (M,), i.e. the second quartile, or the grain
size relative to which half of the grains is larger and the other half is
smaller, is determined directly from the cumulative curve: from the point of the
curve with an ordinate of 50%, the perpendicular is lowered onto the abscissa
axis, thus determining the desired size. The average diameter is an important
characteristic of the granulometric composition of the sample, since it determines
its granulometric type, although often roughly 2.

The grading coefficient is determined with the following formula:

5o o
o)

where (3 and Q) — values of the third and first quartiles, i.e. the particle
sizes corresponding to the ordinates of 25 and 75%, respectively, when the
values of the size and proportion of the largest fractions are set from the
beginning of the coordinate axes.

In well graded sands and siltstones S, < 1.5; in medium graded ones S, = 1.5-2
and in poorly graded ones .S, > 2.

The asymmetry coefficient (Sk) is calculated in accordance with the following
formula:

b

Sk — Ql 2Q3 .
M;
With Sk > 1, fine fraction prevails in the sediment; with Sx < 1, large fraction
prevails.

Results and discussion

The features of the spatial distribution of granulometric fractions in the Koktebel
Bay coastal zone are shown in Fig. 2.

It has been established that, according to the granulometric composition,
sediments in the Koktebel Bay coastal zone are quite diverse. It is noted
that on the shoreline the coarse-grained pebble-gravel material prevails.

2 Parmuzina, L.V., 2011. [Granulometric Analysis of Sandy-Aleuritic Rocks: Guidelines for Performance
of Laboratory Work under discipline Lithology of Natural Gas and Oil Reservoir for Students
with Major in Oil and Gas Geology]. Ukhta: UGTU, 23 p. (in Russian).
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F i g. 3. Spatial distribution of the bottom sediment fractions
at the shoreline in the swash zone of Koktebel Bay coast

Its share averages 84% and increases within the study area from west to east.
The proportion of sand material in the coastal zone is insignificant (on
average 15%) and is represented by coarse and fine-grained fractions. The
proportion of fine-grained fraction does not exceed 1%. An analysis of the
features of the spatial distribution of sediment material by size in the coastal
zone made it possible to single out several characteristic areas (Fig. 3).

The first area (stations 00-2) is characterized by dense anthropogenic
development including a cascade of coastal protection structures (groynes), as
well as dwelling houses and recreational facilities located close to the
shoreline. It resulted in a limitation of the flow of sediment coming from the
shore abrasion in the western part of the bay and a decrease in the proportion of
gravel material in this area. The groyne in the area between stations 2 and 3
seems to prevent the sediment flow from east to west. For this area, the
maximum proportion of the sand fraction in the coastal zone sediments is noted
(on average 24%), which is reflected in the increased values of Si (Fig. 4).

The second area (stations 3—17) is characterized by the material that is
heterogeneous in its granulometric composition, which is reflected in the values of
the grading coefficient: in the area between stations 4 and 9, it is 1.9 on average
(Fig. 4). On the stretch of coastline between stations 3 and 7, a decrease in both
the proportion of gravel material and its size is observed. This is stipulated by
the filling of beaches in this area, as well as the location of hydraulic structures
intercepting sediment material moving along the shoreline. In addition, an increase
in the width of the beaches from west to east leads to the movement of sand
material into the coastal zone. Thus, the amount of coarse-grained material
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moving from west to east decreases, and the proportion of sand material coming
from the beach to the shoreline increases.

As for the third area (stations /2—-/4), an increase in the content of sand
(from 2 to 21%) and silty (0.4 to 1.2%) material is observed, on the one hand,
and a decrease in the proportion of gravel material (from 97 to 78%), on the other.
In this area, the increase in the proportion of sand and silty fractions is
determined by the structure of cliffs formed by clay-sand material. Since the
cliffs in the eastern part of the Koktebel Bay coastal zone are not developed,
the clay-sand material entering the coastal zone as a result of wave abrasion is
the main source of terrigenous matter for beach sediments. This is also reflected
in the Si coefficient increase (Fig. 4).

The samples taken on the shoreline were characterized by varying degrees of
grading. The material in the first and second areas is medium and poorly graded,
and in the third one it is well graded (Fig. 4). Rather weak, though obvious,
correlation dependence of the grading coefficient on the size of the material was
obtained. The correlation of S, with the gravel fraction was —0.5, and with the sand
fraction it was 0.5. Another dependence, more explicit one, was obtained when
comparing the values of M, and the proportion of sand and gravel material. It was
found that the correlation of My with the gravel fraction was 0.8, and with the sand
fraction it was —0.8.

Since the width of the beaches of the Koktebel Bay coastal zone varies
significantly, the granulometric composition of sediments in the central and rear
sections of the beaches is quite diverse.

It was found that sediments in the central section of beaches were mainly
represented by fractions of coarse gravel (27%) and coarse sand (26%) with inclu-
sions of fine gravel (18%) and medium sand (14%). The proportion of coarse-grained
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gravel is maximum in the sediments of beaches in the western part of the study
area, which is explained by its accumulation in the groyne spacing. From west
to east, the proportion of coarse and medium-grained gravel decreases, while
the proportion of fine-grained gravel increases. The proportion of coarse
(1-0.5 mm) and medium (0.5-0.25 mm) sand fractions, on the contrary, increases
from the western part of the area to the eastern one. The features of the spatial
distribution of gravel and sand material in the central section of beaches are
determined by the morphometric parameters of the beaches themselves (width,
angle of inclination), the nature of development in the coastal zone, as well as
the type of cliff rocks in the areas not affected anthropogenically.

The heterogeneity of the spatial distribution of granulometric composition
fractions in beach sediments made it possible to identify several characteristic areas
(Fig. 5).

The first area (stations 00—4) is characterized by the greatest heterogeneity of
the beach material, alternating zones of accumulation of gravel and sand fractions.
First of all, this is stipulated by the minimum width of the beaches and
the maximum level of anthropogenic impact on the section of the coastal zone
in this area. Zones of accumulation of gravel material (stations 0, 2, 3) are located
between coastal protection structures (groynes) and in areas with a minimum
width of the beach (up to 5 m), near the buildings located close to the shoreline.
The maximum concentration of sand material at station 00 is explained by its
moving as a result of the natural cliff abrasion. Spatial heterogeneity of the material
affected the My values, which vary in a wide range from 0.7 for medium and coarse-
grained sand sediments to 10 for coarse-grained gravel sediments. The maximum
values of the My parameter at stations 2, 3 are explained by the minimum width of
the beaches and the movement of coarse-grained gravel material from the coastal
zone.
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In the second area (stations 5-10), a decrease in the proportion of gravel mate-
rial from west to east (from 77 to 2%) is observed with an increase in the pro-
portion of sand material (from 22 to 97%). Increased proportion of coarse-grained
fraction (62—78%) at the beginning of this area (stations 5-7) is explained by the fact
that there are two piers with extensions located close to the shoreline, and the width
of the beaches does not exceed 15 m. In the second half of this area (stations 9-10),
an increase in the width of the beaches (up to 40 m) and the absence of structures
near the shoreline seem to result in the absence of the sand material in the longshore
sediment flow in the central section of the beaches and to its accumulation.
The maximum proportion of fine-grained sand fraction (27%) and the minimum
value of My equal to 0.6 for the entire coastal zone under study are noted in this area.

The third area (stations //—14) is characterized by a gradual decrease
in the width of the beaches from 43 to 5 m. As a result, the amount of sand material
decreases, and the amount of gravel one increases. A slight increase in the proportion
of silty material is explained by its moving from the cliffs composed of clay-sand
sediments in the rear section of the beach.

In general, the material in the central section of beaches is medium graded
(1.8). The material of gravel-sand beaches in the eastern part of this section and
gravel beaches in its western part is well graded, and in the central part the material
of beaches is poorly graded (Fig. 6). At stations 5, 8, 11, the bicomponent structure
of sediments formed as coarse-grained gravel, as well as coarse and medium-
grained sand, leads to the fact that at these stations the sediment material is not
graded as much as possible (S, is 2.7, 3.2 and 3.3, respectively). The average
median diameter was 2.6, which is significantly higher than the values obtained in [9].
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Additionally selected material in the rear section of the beaches at stations 4,
7-12 showed that the sediments are composed mainly of coarse gravel (on average
60%). The ratio of gravel and sand material at these stations is diametrically differ-
ent from the composition of sediments in the central section of beaches. In some
areas, sediments are sprinkled with a 5-12 cm layer consisting of small pebbles
and coarse gravel, followed by mixed gravel-sand sediments with
the inclusion of detritus and plant residues. Apparently, this is stipulated by
the supply of coarse-grained gravel material into the rear section of the beach dur-
ing severe storms and its accumulation there. The increased proportion of silty ma-
terial (up to 13%) in the sediments of the beaches rear section due to the absence of
natural cliffs and total development of the coastal zone may be explained
by the moving of these sediments with stormwater runoff from nearby sites.

Conclusions

Significant anthropogenic impact on the Koktebel Bay coastal zone (coastline
concreting, construction of dams, piers, dwelling, recreational and technical buildings
located close to the shoreline) resulted in the disruption of natural processes of
sediment material supply and its transport. As a result, the granulometric composition
of sediments in the coastal zone (in the swash zone) and in the central and rear
sections of beaches differs significantly.

Sediments on the shoreline are represented by gravel material of various sizes.
The proportion of sand material in the sediments of the coastal zone averaged 15%,
and the proportion of silty ones is less than 1%. The degree of grading of
the material is average with minimum values in the eastern part of the coastal zone
and with maximum values in its central part. The features of the fractional
composition of sediments on the shoreline are determined by two factors:
1) interception and retention of coarse and medium-grained material by numerous
structures located directly in the coastal zone; and 2) increase of the beach width
and movement of sand material.

According to the granulometric composition, the material of the beaches
in the central and rear sections differs. The central section of the beaches is
characterized by sediments consisting of coarse and fine-grained gravel with
the inclusion of coarse and medium-grained sand. The median diameter of beach
sediments decreases from the western part of the coastal zone to the eastern one,
and the degree of grading increases from the periphery to the central part of
the coastal zone. Sediments in the rear section of the beaches are poorly graded and
formed by coarse gravel with inclusions of silty material, which comes with
stormwater runoff from nearby sites and accumulates with no material dynamics.
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Abstract

The paper describes the geoinformation software developed for automated formation of
an array of input parameters necessary to assess the direction and relative intensity of
alongshore sediment flows using the wind energy method. This method establishes a direct
relationship between the energy of wind action on the water surface and the intensity of
sediment movement. The method can be applied to calculations for shallow and relatively
straight coastal sections with sand and gravel deposits. As input parameters, the software
uses information about both the wind direction and speed, as well as the length of the wave
acceleration along the sectors of different directions and the average depth along the accele-
ration rays. These parameters are individual for each segment of the approximation of
the study coast section. The possibility of using wind data as the only parameter
characterizing the driving force provides an advantage when using the method to conduct
preliminary and reconnaissance assessments of the structure and main parameters of sediment
movement in the areas that are poorly studied or not covered with disturbance data.
The basics of the method were developed in the absence of computer technology. Therefore,
the considerable complexity of preparing regional data limited the possibility to detail
the coastline when approximating it by a piecewise linear function. The same limitation
was imposed on the number of sectors in the wind direction when calculating the energy
interpreted as a sediment movement force. The development and availability of modern
geoinformation technologies in terms of creating new digital models of the bottom relief
or using existing ones predetermined that the authors develop a modified version of
the calculation scheme of the wind energy method and a specialized software tool
to automate the preparation stage of a set of regional input parameters. The software allows
to significantly accelerate preparation of digital data arrays to clarify the structure of
sediment flows for extended sections of the coastal zone of Western Crimea.

Keywords: longshore sediment flows, wind energy method, wind-wave regime, GIS,
lithodynamics processes, coastal zone, automation of calculations
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AHHOTALUSA

OmnuchIBatOTCS pe3yNbTaThl Pa3padOTKN reOMH(POPMAMOHHOTO TPOTPAMMHOTO HHCTPYMEHTA,
MIpeIHa3HAYEHHOTO JUISl aBTOMAaTH3WPOBAHHOTO (OPMHUPOBAHMS MacCHBA BXOJHBIX
IIapaMeTpoB, HEOOXOAUMBIX JUISl OLEHKH HAIpPAaBJICHHUS W OTHOCHUTEIGHONW WHTEHCHBHOCTH
BI0JIHOEPErOBEIX TTOTOKOB HAHOCOB C HCIIOJIb30BAaHMEM BETPOIHEPIETHYECKOTO METO[a.
VYKka3aHHBII METOJ| YCTaHABJIMBAECT HEIOCPEJACTBEHHYIO CBSI3b MEXY dHEPrueil BETPOBOIO
BO3JCICTBUS HAa BOJHYIO IOBEPXHOCTb M MHTEHCUBHOCTBI IEpEMEILIEHUs HaHOCOB. Ero
IIPUMEHEHUE KOPPEKTHO B CIy4ac BBIIIOJHEHUS PacdyeToB Ul OTMEJbIX U OTHOCHTEIBHO
IPSAMOJIMHEWHBIX y4aCTKOB OeperoBoi 30HbI C ecYaHO-TPABUHHBIMH HAaHOCAMH, TIPH 3TOM
B Ka4eCTBE BXOJHBIX MAapaMeTPOB HCIOJIb3YyeTcsl HH(pOpMalUs 0 HANPABICHUH U CKOPOCTH
BETpa, a TAKXKE JUIMHA Pa3rOHa BOJIHEHUS IO CEKTOPaM Pa3IMYHOIO HANPAaBICHUS U CPEIHSA
nIyOMHa 1O JlydaM pasroHa. YKa3aHHBIE ITapaMeTphl SIBISIIOTCS WHIUBHIYallbHBIMHU
JUISL KaXKJIOTO OTpe3Ka allpOoKCHMAIMN HCCIIeyeMOro yJacTka rnobdepesxbs. Bo3mMoxHOCTE
HCIOJb30BAaHUSl JAHHBIX O BETpe KaK O €AMHCTBEHHOM MapaMeTpe, XapaKTepU3YHOIEM
BBIHYKJAIOIIYI0 CHILY, IPEJOCTaBIAET NPEUMYIIECTBO MPU HCIOIb30BAHUM METOJA
JUISL IPOBE/ICHUS MIPEABAPUTENBHBIX U PEKOTHOCLIMPOBOYHBIX OLIEHOK CTPYKTYPBI U OCHOBHBIX
HapaMeTpoB IBMKEHHUS HAHOCOB B MAJIOM3YUCHHBIX U HE 00ECIIEUEHHBIX JAHHBIMU O BOTHEHUN
paiionax. OCHOBBI MeTOAa pa3pabaTHIBANNCh B YCIOBHUAX OTCYTCTBHUS BBIYHCIUTEIBEHOU
TEXHUKH, I03TOMY 3HAYUTEJIbHAsI TPYAOEMKOCTb IIOATOTOBKH PETMOHAIbHBIX JAaHHBIX
HaKJIaJpIBaJIa OIPAaHUYCHUS HAa BO3MOXXHOCTH JeTaTH3aIluu OeperoBOi JTUHHUM NPHU €e
anmpoKCUMAIlUK KyCOUHO-IHHEITHOH pyHKInel. To e orpaHn4YeHre HaKIIaIbIBaJIOCh
U Ha KOJINYECTBO CEKTOPOB II0 HAIIPABJICHUIO BETpa IIPU INOACUYETE 3HEPIHU, UHTEpIIpE-
TUPYEMOH B KayeCTBE HAHOCOABIDKYIIEH CHibl. Pa3BuTHE M JHOCTYNMHOCTH COBPEMEHHBIX
reorH(OPMAIIOHHBIX TEXHOJOTHH B YacTH CO3JaHMS HOBBIX JHOO HMCIOJIB30BaHUS YXKe
CYIIECTBYIOIIX HU(POBBIX MoJieNel penbeda qHA MOCITY KN TPENOCHUIKON K pa3padoTke
aBTOpaM¥ MOANGHUIIMPOBAHHOTO BApHAHTa PAaCYETHONH CXEMBbI BETPOIHEPI€THIECKOTO METOIA
U CNIELHAITU3HPOBAHHOIO MPOrPaMMHOIO MHCTPYMEHTA JUI aBTOMATU3aLUK Tana NOATOTOBKH
Ha0opa pernoHalbHBIX BXOAHBIX IMapaMeTpoB. [IpakTnieckoe ero NnpuMeHEeHNE 03BOJIHIIO
3HAYUTEIBHO YCKOPHUTH MPOIECC MOIrOTOBKH LI(PPOBBIX MACCUBOB AaHHBIX JUIsl YTOYHEHHUS
CTPYKTYpPBI IIOTOKOB HAHOCOB IS MPOTSKCHHBIX yYacTKOB OeperoBod 30HBI 3aIaJHOro
Kprima.

KuioueBble cjioBa: BI0JbOEPETOBBIE MOTOKH HAHOCOB, BETPOIHEPTETHUECKUA METO,
BETPO-BOJIHOBOM pexuM, [MC, nuTompHaMUYecKHe TMpPOIecChl, OeperoBas 30Ha MODS,
npuOpekHas 30Ha, aBTOMATH3aIlUs PACUETOB

BnarogapHocTHn: paboTa BBIIONHEHA B paMKkax rocygapcrBeHHoro 3amanums GI'BYH
@OUIL MI'1 o Teme Ne 0827-2020-0004 «ITpnbpexxHbIe HCCIEAOBaHU.
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s nutupoBanus: Joromos B. B., Yoosux B. @. IlporpaMMHBIIf HHCTPYMEHT OIIEPAaTHUB-
HOIl MOJTrOTOBKHM JAaHHBIX JUISi OLEHKH CTPYKTYPBI BJIOJHOEPEroBbIX MOTOKOB HaHOCOB
B IPUOPEKHOHN 30HE MOps // DKojormueckas 0e30IacCHOCTh MPUOPESIKHOU U MIETb(OBOI
30H Mopst. 2023. Ne 4. C. 46-55. EDN PTTPUK.

Introduction

The study of lithodynamic processes in the coastal zone of the sea is one of
the most important and relevant areas in the development of scientific research
in the coastal zone of the seas, which is reflected in a variety of both classical 12
[1, 2] and modern ¥ [3—5] publications. This is stipulated by the urgent need to use
the results of such research when studying the state of sea coasts and forecasting
trends in their development, manifested both in natural conditions and under
various scenarios of anthropogenic impact. Such results are especially important
when implementing projects of large-scale technogenic transformation of the coastal
zone, aimed at preserving coastal areas in use and infrastructure facilities located
on them. The projects for the development of new promising regions of the Russian
Federation, which primarily include hard-to-reach areas on the Arctic and Far East
coast, can serve as one more example.

In such cases, the main direction of engineering surveys is to identify and
clarify the qualitative and quantitative characteristics of the coastal topography
transformation in the work area at various spatial and temporal scales under
the influence of natural and anthropogenic factors. At the same time, at the initial
stages of planning and feasibility studies of projects, it is often necessary to obtain
information about the main cause-and-effect relationships between the wind-wave
regime and the longshore movement of sediments within the boundaries of a separate
coastal section in a short time.

In the absence of the required amount of field observation data, it is now
possible to use methods based on simplified empirical and semi-empirical relation-
ships so that to obtain the required preliminary information with a minimum set of
input parameters promptly and to solve such problems *» 4. Most of such methods
were developed before the implementation of computer technology. However, they
are still relevant today. Thus, the research is conducted, primarily aimed
at calibrating coefficients while maintaining the basic calculation formulas [6].

) Zenkovich, V.P., 1962. [Fundamentals of Theory of Marine Coasts Development]. Moscow: Nauka,
710 p. (in Russian).

2 Longinov, V.V., 1963. [Dynamics of the Coastal Area of Tideless Seas]. Moscow: 1zd-vo Akademii
Nauk, 379 p. (in Russian).

3 CERC, 1984. Shore Protection Manual. Vicksburg: Coastal Engineering Research Center. Vol. II.
652 p.

4 Production and Research Institute for Engineering Survey for Construction, 1975. [Manual
on Methods for Investigations and Calculations of Sediment Transport and Coastal Dynamics
in Engineering Surveys]. Moscow: Gidrometeoizdat, 239 p.
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The development and availability of digital technologies, especially in terms
of creating new digital models of the bottom relief or using existing ones,
predetermined that the authors develop a modified version of the calculation
scheme of the known wind energy method (WEM). Subsequently, it resulted
in a specialized software tool to automate the preparation stage of a set of regional
input parameters.

The paper is aimed at the development of software algorithms and a simple
tool for spatial calculations of coefficients determined by the influence of external
conditions on the characteristics of sediment flows.

Materials and methods of research

Hydrometeorological methods should be highlighted among the calculation
methods for the operational assessment of the direction and intensity of sediment
flows, which determine the main trends in the topography transformation of
the coastal zone relief [9]. Based on the results of a large number of studies and
field observations, they are successfully used in order to solve practical issues
related to the implementation of coast protection, construction of hydraulic structures,
maintenance of port water areas and approach channels. As a rule, such geomor-
phological characteristics of the study area as bottom topography, coastline detail
and particle size distribution of offshore sediments, influence the choice of a specific
calculation scheme.

In shallow and relatively straight coastal sections with sand and gravel
deposits, the WEM, which was proposed in the 1930s 3 9 and was subsequently
developed and improved 7> ®, is recommended for usage [7-9]. This method
establishes a direct connection between the energy of wind action on the water
surface and the intensity of sediment movement. The calculation scheme is based
on the summation of energy transferred to the aquatic environment under winds of
different directions relative to the coastline orientation. In this case, the entire range
of wind directions is divided into separate sectors, for each of which the general
expression for the transmitted energy is written in the following form:

e=p-W-D" (1

where p — wind frequency within a sector (in relative units or percentage);
W — average wind speed; D — length of wind acceleration over the water surface;

3 Munch-Petersen, I., 1933. [Sediments Transport Along Shores of Tideless Seas. Conference Report].
In: LGGI, 1933. Proceedings of the 4th Hydrological Conference of Baltic Countries. Leningrad:
LGGI, 17 p. (in Russian).

9 Glushkov, V.G., 1934. [Role of Wind Influence, Migration Vector, Sediment Transport Vector
and Drag Vector]. In: LGGI, 1934. Za Ratsionalizatsiyu Gidrologii. Leningrad: LGGI, pp. 13-27
(in Russian).

? Knaps, R.Ya., 1962. [Hydrometeorological Method for Characterising the Movement Regime
of Sand Sediments]. In: Mintransstroy, 1962. [Technical Guidelines for the Design of Offshore
Shore Protection Structures on Sandy Shores. VSN 80-62]. Moscow: Orgtransstroy (in Russian).

® Shishov, N.D., 1956. [Method for Calculating Capacity and Flow of Sand Sediments in Seas and
Large Lakes]. In: SoyuzmorNllproekt, 1956. Trudy SoyuzmorNlIproekta. Moscow: Morskoy
Transport, iss. 3, pp. 45-56 (in Russian).
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n and m — exponents that can vary in different conditions. In the standard version,
it is recommended to use sectors within the boundaries of geographic points
(through 45°) or half-points (through 22.5°) and to enter the point sector completeness
coefficient to calculate e values. The acceleration length is determined by the limit
value calculated according to the relation Dy = 0.8 W2

It is possible to apply several variants of calculation formulas built on the basis
of expression (1), the most common of which are those given in [7, 9]. In this case,
exponent # is set as equal to two or three by different authors, and exponent m is
usually equal to 1/3. The energy dimension e is given by all authors in conven-
tional units.

Without going into the details of the method, which are discussed in a number
of works, such as [10, 11], it is possible to organise the information described
above as follows.

The currently used WEM is quite simple, and the main obstacle to its operational
use is the large volume of pre-prepared data characterized by the homogeneous
tabular format. Based on the general approach, the coastline of the study area is
approximated by a set of straight segments, from the middle of which a number
of rays are drawn towards the sea in directions from the normal to the shore up to
120° in both directions every 5 or 10° until intersecting with the opposite shore or,
in some cases, with the border of the map. The adopted step is designed to use data
from direct measurements of wind speed, based on the fact that the directional error
is 5-10° for most modern instruments. After this, if data on the bathymetry of
the adjacent sea region is available, the vertical depth profile along each of the rays
is determined. Thus, the spatial resolution of the bathymetry data affects the accuracy
of subsequent calculations. Therefore, the total number of tables with data for
calculation is m - n, where m — number of rays equal to 25 when their interval is 10°
and 49 when their interval is 5°; n — number of approximated coastline segments.

This marks off the direct work with the tool. According to the above sources,
further steps involve geometric summation of longshore components calculated
for all active sectors. Based on the summation results, vectors that characterize
the direction and relative intensity of longshore sediment flows at each segment
within the boundaries of the coastal section under study, are constructed. Similar
results have been repeatedly published in the public domain and are not considered
in this paper.

Main results

In order to automate the entire complex of time-consuming work on preparing
input data for the WEM, the authors created a specialized software tool based
on the use of GIS technologies. The main task of the tool is to calculate the lengths
of the wind acceleration rays above the sea surface and the average depths along
the bottom profile for each segment of the coastline approximation.
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In this case, depth arrays of varying granularity and coastline detail covering
the study area are used as initial data. Taking into account the characteristics of
the source data, the information structures presented by Golden Software, an American
company, in the form of contour files (BLN) and regular spatial grid arrays (GRD)
were chosen as the main formats. In fact, the GRD is a digital elevation model
(DEM) of the bottom surface. A description of the structure of these arrays is
on the open Internet and free to download from it 9. Herewith, all operations
with the described tool consist of loading pre-prepared regional arrays and
indicating the geographic coordinates of the middle of the coastline approximation
segment.

In the version of the tool developed for the Windows operating system,
the interface is traditionally made in a windowed version for visualizing
the cartographic basis of the data with the placement of management tools
in the form of a menu and information board (Fig. 1).

Two stages are necessary to work with the tool. At the first stage, the contour
of the coastline is loaded with the automatic loading of the DEM of the same name.
The loading process is accompanied by a zoomable coastline visualization, while
the depth map is initially hidden so as not to clutter the ray display later. The lower
information line displays the characteristics of the grid cell corresponding to
the current cursor position on the map, which makes it possible to control such
values as latitude, longitude and depth. Additionally, the corresponding menu
displays the full version of the depth array in the form of an independent table
with the ability to edit it interactively.

%. D:\Geosphere\Kalamit [ESHESE >
Project Grid [Sediments | Magnifier
._: Define point 4 on the map -z - |
: S
2L manualy | gad [N Magnifer [SlOEE) (7 CEERER 5
% i Zoom GRO file is found
T % Magnifier = Y”: ) . 5 CeTka 504x779
*-’ 2 o B -
g Sh at: 44.560 - 45.
B _Showeursor |}l |&l(BLN file is found
| | Long: 32.482 - 33.614
| | Lat: 44.560 - 45.440
|
|
—_ \\

— < g “_s‘
Depth=| 2.792 m X Exit

X:419  [Y:294 Cell: 419 x147 Latitude:45°09.3' (45.1550°)|Longitude: 33°08.9' (33.1492°)

Fig. 1. The user interface of the software tool

9 Available at: www.goldensoftware.com [Accessed: 30 November 2023].
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At the second stage, a design point, which is located near the coastline and
represents the middle of the modeled section of the coast, is assumed to be
indicated. This information can be entered either digitally in a pop-up window

when called by the menu, or indicating its position directly on the map. In this case,

for more accurate positioning, it is possible to use the tool to enlarge the area of

the map in which the cursor is located (inset in Fig. 1). The implementation of

this feature makes it possible to correct the position of a given point promptly

in cases where it falls on the coastline or an adjacent strip of land.

Further operation of the tool is based on an algorithm presented on

the example of a coastline approximation segments corresponding to the maximum

. DADelph\Geosphere\Maps\Kalamitoin

Map Grid Digitize Grid Magnifier

e |

\\ B

X Exit

i@l P

X:313 V: 206 [ Cell: 313x103 [Latitude:45°136' (45.2283") | Longitude: 32°58.3" (329723°)

F i g. 2. Visualization of the construction of acceleration
beams for one of the shoreline approximation segments
in the Gulf of Kalamita

‘- Reference point #23 tglﬁlihzl }
Nt |Long Lat | D, km ]Hcp, m | -
1 }33.61483 44.90917 0.383 0.041 ::'
2 |33.61483 44.90917 0.383 0.075
3 |3361483 44.90917 0.383 0.484
4 ]3361483 44.80917 0.383 0.381
5 3361148 44.90083 1.206 3014
6  |33.60815 44.89333 2057 5.751
7 ]33.58813 44.84583 7.565 7141
8 3357144 44.83750 8.836 8.487
9  |33.55976 44.84083 8.874 9.818
10 |33.28273 44.56083 46.847 56.075
11 2220420 LAARCOQ2 ROR21.

B3 Save as text

e con i
I €] send to Excel ] | X Exit | u'

F i g. 3. The resulting table of the bottom profile along
one of the acceleration beams in the Gulf of Kalamita

eastern point of the Gulf of
Kalamita, the Crimean Pe-
ninsula. The results obtained
after calculations are subse-
quently saved for each point
automatically based on its
coordinates and DEM reso-
lution.

After confirming the cor-
rect input data, the program
constructs a series of rays
automatically, starting from
the central one, specified
by the value of the normal
angle and highlighted in red
during the visualization
process (Fig. 2).

Together with the con-
struction of rays along
the drawn transversal lines,
depth profiles corresponding
to the loaded DEM grid are
determined, from which,
in turn, average values are
calculated and displayed
in the resulting table simul-
taneously with the coordi-
nates of the end points of
the acceleration rays (Fig. 3).
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Fig. 4. Example of a graphical representation of the bottom profile along one of
the acceleration beams in the Gulf of Kalamita

In addition, the ability to graphically represent the bottom profile in the metric
system has been implemented for the purpose of visual control of the bottom
profile for each segment (Fig. 4).

This makes it possible to evaluate the blocking effect of critical bottom rises
on the transfer of wave energy directly into the sediment movement zone under
rugged relief. To calculate distances in this representation, the Haversine method
[12] is used, which showed good results in the authors’ previous papers.

Conclusions

A software tool for preparing data for a modified WEM calculation algorithm
was used to study the structure and parameters of longshore migrations and integral
sediment movement in extended sections of the coastal zone of Western Crimea.
The results obtained made it possible to clarify the scheme of sediment flows and
highlight the features of alongshore redistribution of sediments in different seasons
of the year at the present stage of development of the lithodynamic system of this
region.

With the use of the WEM, the developed software geoinformation tool makes
it possible to prepare a set of data for calculating the direction and relative intensity
of longshore sediment flows promptly in an automated mode. In addition,
eliminating time-consuming work with cartographic material makes it possible
to approximate the coastline in more detail by increasing the number of segments
and improve the accuracy of processing data on wind speed in directions
significantly as a result of reducing the width of a single sector.

Ecological Safety of Coastal and Shelf Zones of Sea. No. 4. 2023 53



A modified WEM-based version of the calculation scheme makes it possible
to obtain estimates of the structure and relative intensity of longshore sediment
transport in a wide range of time intervals. In this case, such intervals should
be covered by the overall study period determined by the length of the data used
concerning wind direction and speed. This makes it possible to study the con-
tribution to sediment dynamics of individual periods of intense wind impact,
including at the level of individual storm events, in more detail.

Thus, the implemented procedure for automated preparation of input data
for the WEM can be used in calculating wind wave parameters based on the regime
characteristics of the wind, when it is necessary to apply such initial values as wave
acceleration lengths along open points and changes in depths along acceleration
rays.
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Abstract

The paper presents a mathematical model that combines a model of salinity distribution
in the Sea of Azov and a model of substance transport in branches of the Don delta.
In the channel model of the Don delta area, the input data are the water level and salinity
in the recipient water body, Taganrog Bay. The hydrodynamic component of the model
for the Sea of Azov is described by the shallow water equations, and the movement
in branches of the Don delta is described by the Saint-Venant equations. The distribution
of salt concentration in the sea and in the Don branches is determined using the convection—
diffusion equations written for two-dimensional and one-dimensional cases, respectively.
The problem was solved by finite difference methods on uniform grids. In the marine
model, the resulting systems of linear algebraic equations were solved using the Aztec
package. In the channel model, the LAPACK package was used. Depending on the wind
situation over the Sea of Azov, the proposed model allows calculating the current
parameters and salinity distribution in the entire Sea of Azov, including Taganrog Bay.
These parameters are input data for the channel model, which further determines
the velocity of currents, the water surface level, and salinity in the main branches of
the Don delta. The paper compares the calculated values of hydrophysical parameters
with the observed data obtained during sea expeditions. The comparison showed the adequacy
of the model.
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AHHOTAUMA

[IpencraBnena maremarnyeckas MOJeNb, 00ObeANHSIIOMAs B ce0e MOJENb pacHpeielieHHs
COJICHOCTH B A30BCKOM MOpE M MOJIENIb TPAHCHOPTA BEIIeCTBAa B pyKaBax JeNbTHl [loHa.
B pycioBoii Mozenu nenbToBoi 06macti JloHAa BXOIHBIMH NAHHBIMH SIBISIFOTCS YPOBEHB
BOJIBI U COJIEHOCTH B IIPUHUMAIOIIEM BogoeMe — TaranporckoMm 3anuse. [ maponunamudeckas
COCTaBIIAONIast MOJEIU 1 A30BCKOTO MOPS ONHUCHIBACTCSA YPAaBHEHHMSIMM MEIKOW BOIBI,
a IBIKECHWE B pykaBax naenbThl JloHa — ypaBHenmsmu CeH-Benana. Pacmpenemenue
KOHIIEHTPALlUU COJM B MOpEe U B pykaBax JloHa ompenensieTcs ¢ MOMOILBI0 ypaBHEHUN
KOHBCKIIMH — [ll/l(b(by?;l/ll/l, 3alMMCaHHBIX COOTBCTCTBCHHO JIA ABYXMEPHOI'O U OJJHOMEPHOT'O
cirydast. 3ajada pelraercs KOHEYHO-Pa3HOCTHBIMH METOJaMHM Ha PaBHOMEPHBIX CETKax.
B Mopckoli Mojenu IMmoiydeHHbIe CHUCTEMBl JMHEHHBIX anreOpandeckux ypaBHEHHH
pelalTCcs ¢ MOMOIIbIO MakeTa Aztec. B peunoit Mmonenu ucnonb3yercs naket LAPACK.
IIpennaraemast MozieIb MO3BOJIIET B 3aBUCUMOCTH OT BETPOBOM CUTyallMM HaJ aKBaTOpUEH
ABOBCKOTO MOpSI PacCUMTaTh MapaMeTphl TEUCHUS W PACIPENICNICHHE COJIEHOCTH BO BCEM
A30BCKOM MoOpe€, BKJIIOYas TaraHporckuil 3aiamMB. OTU MapaMeTphl SBISIOTCS BXOIHBIMU
JAaHHBIMH IS PYCIOBOW MOJIENH C AATBHEHIINM ONpPENEICHHEM CKOPOCTH TEUCHHS,
YPOBHS BOJHON MOBEPXHOCTH U COJIEHOCTH B OCHOBHBIX pyKaBax AenbThl JlOHa.
[TpuBoaUTCS CpaBHEHHE PACUETHBIX 3HAUCHUH THAPOPU3MYECKUX NMAapaMETPOB C TaHHBIMHU,
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Introduction

The Don mouth area is a key region of the basin of the Sea of Azov, where
complex processes of interaction between river and sea waters occur. Here, surge
level fluctuations, associated with the flow of sea transformed waters into
the branches of the Don delta, are especially pronounced [1, 2].

A serious threat of flooding is posed by extreme downsurges with easterly
winds and upsurges with westerly winds. The situation is particularly dangerous
when the water surges down before the upsurge. This occurs when the easterly
wind suddenly changes its direction to the west. Thus, flooding occurs faster, and
itis greater in scale than with a constant westerly wind. A similar picture was
observed on 23 March 2013, when the easterly wind (3—11 m/s) changed to
southwesterly (15 m/s with gusts of 20-22 m/s). This phenomenon is confirmed
by the performed numerical experiments, in which the wind direction changes
to the opposite one [3]. Such extreme upsurges are only possible with strong
southwesterly winds. In addition, surges can be influenced by seiche fluctuations,
which are significant in the Sea of Azov [4], but are not taken into account
in the presented model.

Under certain hydrometeorological conditions, salt waters of Taganrog Bay
intrude into the Don River delta, where the water intakes of the Rostov
agglomeration largest cities, such as Azov and Taganrog, are located. Moreover,
a new water pipeline was put into operation in the Donetsk region. During a strong
upsurge in June 2014, the sea level rose to 1.7 m, and the salinity at the Don mouth
reached 5 PSU [35, 6]. In September 2014, water with increased salinity (5-9 PSU)
intruded along the Don to Azov and entered the city water supply system.
Subsequently, the similar situation was observed several times, being the most
significant in February 2021 [7].

In recent decades, we have observed large-scale climate changes, which led
to significant changes in environmental conditions in the Don basin and the Sea of
Azov. The Don low water has been continuing for 17 years and is the longest one
in the last 100 years. This led to a significant decrease in freshwater flow
into Taganrog Bay of the Sea of Azov and an increase in salinity both in the sea
and in Taganrog Bay. The average sea water salinity increased to 14 PSU (in the
1970s, such salinity was considered critical for the marine ecosystem), and in
Taganrog Bay it reached 10 PSU [8]. Analysis of field data from the oceanological
research of the Southern Scientific Center of the Russian Academy of Sciences
indicates a continuing increase in salinity. The decrease of the Don flow to
historical minimums, as well as the anomalous advection of the Black Sea
waters led to the abnormally high salinity observed in Taganrog Bay during
2014-2016 (up to 12 PSU) [2]. It should be noted that the current rate of
increase in the average annual sea water salinity exceeds the rate observed in the
mid-1970s, during the previous period of the Don low water levels [9]. In this
regard, the study of the intrusion of salt sea water into the Don River delta is
becoming increasingly relevant.
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Currently, many papers are aimed at modeling the intrusion of salt water
into river mouths. These studies are mainly related to tidal processes. Thus,
the model of salt inflow into the mouth of the San Francisco River is described
in [10]. In this case, a numerical solution of advection—diffusion problems
in hydrodynamics on an unstructured grid is used [11].

A numerical model for studying seasonal variability of currents and salinity
at the Indus River mouth in Pakistan is given in [12]. The model is calibrated using
observed water level, current velocity, and salinity data. The modeling results show
that salt water intrudes far upstream, approximately 65 km.

The Don mouth is not subject to any tidal processes. The intrusion of salt water
into the Don main channels occurs during upsurges, when the water level rises
significantly in Taganrog Bay. Therefore, the intrusion of salt water into the Don
main branches is directly related to the salinity of water at the mouth of
the branches, as well as the movement of water in the channels. Here, the flow
of water in the river channel is influenced primarily by the water level in the receiving
basin, in this case in Taganrog Bay.

The paper is aimed at computational study of this phenomenon. Use of
a mathematical model based on equations for incompressible liquid motion and
equations for convection—diffusion (transfer) allows studying saline water intrusion
into the Don delta during its flooding.

For these reasons, when modeling the process of intrusion of salt water into
the Don main channels, the following steps are necessary to calculate the required
parameters.

1. Determination of the water level at the mouths of the branches for a given
wind situation over the Sea of Azov and Taganrog Bay.

2. Determination of the salinity of water at the mouths of the branches.

3. Determination of the velocity of water movement and distribution of
salinity in the Don main branches.

The first two problems are solved using a two-dimensional model of
the hydrodynamics of wind currents in the Sea of Azov, as well as a model of
salinity distribution in it [13]. The third problem is solved using one-dimensional
models of water movement in channels and substance transport [14].

Materials and methods

Since the beginning of the 2000s, during marine expeditions, the Southern
Scientific Center of the Russian Academy of Sciences has been conducting
systematic observations of the thermohaline structure of the waters of
the Don River coastal estuary and delta. Since the summer of 2014, studies of
the dynamics of salinity and water temperature changes, together with
measurement of the current direction and velocity, have been regularly carried
out using an integrated current meter Aanderaa RSM-9LW (https://
www.aanderaa.com/media/pdfs/Seaguard RCM-TD262b_001.pdf) at a stationary
buoy station on the seaside 5 km from the edge of the delta (the first leading mark
of the Azov-Don Seaway Canal) and at the mouth of the Don (the khutor
of Donskoy, the village of Kagalnik), as well as in the Don delta at the
network of ship oceanological stations. In parallel with this, meteorological
parameters and water level have been observed at the hydrological station of
Donskoy and water level station of Taganrog.
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To study the spatial distribution of sea water temperature and
salinity in the Sea of Azov and Taganrog Bay, continuous recording
of data on the temperature and electrical conductivity of surface water was
performed with thermosalinograph SBE21 SEACAT (https://www.seabird.com/sbe-
21-seacat-thermosalinograph/product?id=60762467702) during the voyages of
the R/V Deneb.

The area of calculation is the mouth section of the Lower Don from
the stanitsa of Razdorskaya to Taganrog Bay, including its eastern part.
This section consists of the main channel of the Don and its main branches,
the Old Don, the Bolshaya Kalancha turning into the Mokraya Kalancha and
the Bolshaya Kuterma (Fig. 1). White circles indicate points in Taganrog Bay
where calculated water level values were taken, black triangles indicate
the hydrological stations where observations were made.

The salinity transport in the Sea of Azov is described by a system containing
equations for long waves in a homogeneous incompressible fluid in a Coriolis force
field and a transport equation under the assumption that the propagated substance is
conservative [15]:
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where H = h + ; h = h(x, y) — depth; f — Coriolis parameter; { — water level
difference; u = u(x, y, f), v = v(x, y, {) — velocities; ¢ — concentration; &,, —
horizontal turbulent diffusion coefficient; T, Ty — projections on the OX and
OY axes of the force of wind friction on the surface of the basin; Tp, Toy —
projections on the OX and OY axes of the force of wind friction on the bottom.
These values depend on the velocity of wind Wz = {W,; W,} and current Wr= {u; v}
and are determined as follows [16]:

= Y|WB|WB > Ty = B|WT|WT )

where |WB| =W+ Wy2 , WT| =/’ +V*;y — coefficient of t he friction of wind

on a free surface, p — coefficient of the friction of liquid on the bottom.

Sliding conditions are set along the solid boundary or the rates of inflow
or outflow of water are specified (for example, for river mouths). It is assumed
that there is no flow through the free surface and the side boundary.

In accordance with [17], the Don delta is represented as a graph (inset in Fig. 1),
consisting of five edges and six vertices. The edges correspond to sections of open
channels, i. e. the Don main channel and its branches. Four vertices correspond
to end nodes (/, 3, 3, 6), and two — to branch nodes (2, 4).

60 Ecological Safety of Coastal and Shelf Zones of Sea. No. 4. 2023



Taganrog Bay

4 Bolshaya Kalancha
Don 1

Mokraya Kalancha

3 Stary Don

Fig. 1. The area of calculation of the Don River mouth section. The inset shows
the diagram of the delta part: 7, 3, 5, 6 — end nodes; 2, 4 — branch nodes

The intrusion of salt water into the Don branches is described by one-
dimensional equations of water movement in an open channel and the conservative
substance transport [18]. No zones of sharp changes in the channel cross section,
as well as distributed lateral inflow due to its insignificance, are assumed to be
in the studied section of the Don channel. In the case when the channel cross
section has a parabolic profile, this system can be rewritten in the following form:

8_Q+gW(%+%J:0’

ot ox K?
b%Jra—Q:O, 2)
ot Ox
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—+v——u—=0,
ot Ox Ox

where x — coordinate; ¢ — time; Q — water consumption; z — water level; W — cross
section area; K — rate of discharge; g — acceleration of gravity; b — channel width;
S — concentration; v — velocity of water movement in the channel; p — turbulent
diffusion coefficient. Rate of discharge K is calculated by formula K = o-CVR,
where R — hydraulic radius; C — Chezy’s velocity factor found using Manning

formula C =R / n, n — bottom roughness.

Ecological Safety of Coastal and Shelf Zones of Sea. No. 4. 2023 61



The first two equations of system (2) (hydrodynamic component) are reduced
to the following characteristic equations:

gWe 0 0 00 00
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where ¢, =+/gW /b .

As boundary conditions, discharge of incoming water (0, #) is set
at the initial point (node 7), and level in the receiving basin z; (X, ?) is set at the end
points (nodes 3, 5, 6). At branching nodes, the boundary conditions are set as

follows: the sum of inflows and outflows is equal to zero Zi 0. =0 (@G-

number of branches coming to the branching node), and the water surface levels
are equal to each other: z; = z.
The boundary conditions are set at the ends of the branches depending

on the sign of the current velocity. If water enters the branch, the following
oS

v
condition is set: a = E(S ) *), where S'* — salt concentration value at the end

of the branch. In the case when water leaves the branch, the following condition is

oS

A%
set: . +S5 E =0, which corresponds to the disposal of salt from the branch.

Thus, during strong upsurges at the boundary of the branches coinciding

with the mouths in Taganrog Bay, the following condition is set: E;_S =1(S —Sza,),
X f

where S.; — salt concentration value in Taganrog Bay. If the end of the branch
contains lumped parameters, in particular concentration, S.,; should be replaced
with S * — concentration at the branch point, which is calculated as follows:

S — zSiQi .
2.0,

Summing-up is performed only over the branches flowing into the branch
point.

The problem is solved by finite-difference methods using implicit schemes.
In the “marine” model (1), a grid with steps Ax=660m, Ay=685m is
constructed, and in the “channel” model (2), the step is Ax= 1000 m. Stable
counting is observed at time step Ar = 30s. At each time step, hydrophysical
parameters are first calculated for the entire Sea of Azov, then the values of salinity
and water level are selected at the points corresponding to the mouths of the Don
branches. These points are indicated by circles in Fig. 1. Next, the calculation
continues in the Don channel area. Then, a transition to a new temporary layer is
performed.
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Results of calculation and discussion

Based on the salinity observations, calculations were performed under
corresponding wind situations. Coastal weather stations located around the Sea of
Azov provided the wind data. For each calculated point, three nearest weather
stations were determined, and then, using linear interpolation, zonal and meridional
coordinates of the wind velocity were determined in this point.

From 23 September 2014 to 27 September 2014, an extreme upsurge
accompanied by salt water intrusion into the Don branches, was observed [6].
At the beginning of the period, an easterly wind of 2—4 m/s took place. From 10 a. m.
on 24 September 2014, the wind changed its direction to southwesterly and increased
to 20 m/s. This led to a sharp rise in water and increased salinity. The maximum
values of water level and salinity in the area of the port of Azov occurred
on September 24-25 and amounted to 3.82 m and 5.59 PSU, respectively. Fig. 2
shows changes in water salinity and water level in the water area of the port of
Azov. Calculations confirm the fact that changes in salinity are directly
proportional to changes in water level. The calculation error is 19.1 % for salinity
and 22.8 % for water level.

One of the last relatively strong upsurges with the salt water intrusion into
the Don branches was observed on 12—16 February 2021. During this period, water
rise was observed twice. From 03:00 p. m. on 12 February 2021, influenced
by a westerly wind of 13-16 m/s, the first rise of water took place. Then,
as the wind weakened to 4—6 m/s, the level decreased. But starting from 12:00 p. m.

7

Salinity, PSU

23.09.2014 24.09.2014 | 25.09.2014

Date, time

Fig. 2. Water salinity and water level in the water area of
the port of Azov from 24 September 2014 to 27 September
2014. The triangles are observed concentration; the solid line is
calculated concentration. The diamonds are the observed level,
the dashed line is the calculated level
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on 13 February 2021, the wind again rose up to 12—-16 m/s, which led to a new
water rise. Then the wind weakened to 1-2 m/s and took a northwesterly direction.

For a second time, sampling was performed in Rostov-on-Don (city beach)
and Azov (port). In such points of Rostov-on-Don as Nakhichevan Duct, khutor of
Koluzaevo, khutor of Dugino, khutor of Rogozhkino, sampling was performed
only once. Fig. 3 shows changes in salinity in the area of the Rostov beach and
the port of Azov, as well as in the current velocity in the area of the port of Azov.

The table shows the time of water sampling, calculated and observed salinity,
as well as calculation error.

The change in salinity depends directly on fluctuations in the water level
at the mouths of the branches, which is quite natural. It can be seen that the change
in salinity in the port of Azov, which is located 15 km from the mouth, occurs
with larger amplitudes than in the area of the Rostov beach, located 50 km from
the same mouth (Fig. 3). It can also be seen that salinity increases almost
immediately after the current velocity becomes negative (reverse current), and
decreases when the direct current returns.

From 22 November 2022 to 23 November 2022, measurements of salinity
and current velocity were performed at the hydrological station of Donskoy.
At the beginning of this period, a southwesterly wind was observed with a force of
4-5 m/s, which then intensified to 12—14 m/s, resulting in an upsurge with the salt
water intrusion into the Don delta. A comparison of the results of calculating salinity
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13.02.2021 14.02.2021
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F i g. 3. Salinity and velocity of current in the area of the port
of Azov from 13 February 2021 to 15 February 2021.
The triangles are the Rostov beach (observed). The dashed
line is the Rostov beach (calculated). The diamonds are
the port of Azov (observed). The solid line is the port of
Azov (calculated). The dotted line is the velocity of current
(the port of Azov)
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Comparison of calculated salinity values (PSU) with observations

Sampling location from glis:igiih km Date, time ob Salinity Error, %
’ served Calculated
Rostov-on-Don (Nakhichevan Duct) 52.3 13 ? 5:'52221 0.79 0.756 4.30
Rostov-on-Don (city beach) 49.4 13'? 52 :.2?21 0.79 0.768 2.78
Rostov-on-Don (city beach) 49.4 14'? 22 22,(7) 21 0.83 0.760 8.43
khutor of Koluzaevo 34.5 14‘?62:.32;)21 0.85 0.694 18.35
khutor of Dugino 223 13'1072:'5321 3.24 0.768 76.30
khutor of Rogozhkino 11.7 13’?72:'22;)21 3.97 1.023 74.23
city of Azov (port) 15.0 13'{)5:'32221 2.56 2.534 1.02
city of Azov (port) 15.0 14'1022:'12221 5.28 4.72 10.61
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Fig. 4. Salinity and velocity of current at the hydrological
station of Donskoy from 22 November 2022 to 23 November
2022. The black lines are salinity; the grey lines are velocity;
the solid lines are calculations; the dotted lines are
observations

and current velocity with the observed data is shown in Fig. 4. A noticeable
increase in salinity begins at the moment when the current changes direction
to the opposite, from the sea to the river, and the velocity becomes negative (Fig.
4).

The calculation errors are 27.7 % for water level, 16.8% for salinity, 92.6 %
for current velocity. The large current velocity calculation error is explained
by the assumption that the bottom profile is parabolic, which does not fully
correspond to reality in this hydrological section.

When comparing the observed and calculated values, attention is drawn to
the large error in the calculations of salinity in the khutors of Dugino and
Rogozhkino located in the Bolshaya Kalancha branch, while at other points located
in the Don main channel and in the Old Don branch, this error is acceptable (table).

To clarify the reasons of the above mentioned, additional hydrodynamic
calculations were performed in the Don delta region in November 2022 based
on the wind situation for a moderate upsurge. At that time, measurements of
the velocity and direction of currents and water salinity were performed from
the board of the R/V Deneb in the Old Don branch (hydrological station of
Donskoy, 7.2 km from the mouth) and in the Bolshaya Kalancha branch (down
the hydrological station of Dugino, 18 km from the mouth). The change of the water
level in the delta during the upsurge was measured by a level gauge at the hydrological
station of Donskoy. Fig. 5 shows the observed and calculated values of the water
level for the observation period from 17 November 2022 to 21 November 2022.

Fig. 6 shows changes in calculated and observed current velocities and salinity
at the hydrological station of Donskoy for the period from 17 November 2022 to
21 November 2022. Moreover, the observations here are presented only from
07:00 p. m. on 17 November 2022 to 07:00 a. m. on 18 November 2022, and
then the values obtained from the calculation based on the wind situation for
the specified period, are given.
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Fig 5. Change in the water level at the hydrological station of
Donskoy from 17 November 2022 to 21 November 2022. The dotted
line is observations. The solid line is calculations
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Fig. 6. Calculated and observed values of the current velocity and
salinity at the hydrological station of Donskoy from 17 November
2022 to 21 November 2022. The dashed line is observed salinity;
the solid grey line is calculated salinity. The dotted line is observed
velocity; the solid black line is calculated velocity
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Thus, a clear connection between the direction of the current and the change
in salinity is observed: at a negative velocity, when there is a reverse current
directed from the sea to the river, salinity increases, and at a positive velocity,
salinity decreases. This connection is confirmed by observations (Fig. 6).

From 10:00 p. m. on 17 November 2022, the current velocity decreased,
remaining positive until approximately 02:30 a. m. At that time, the salinity values
were close to 0.60 PSU. Then, a reverse current began to develop, and at 05:00 a. m.
on 18 November 2022, a sharp increase in salinity occurred. The time difference
between the beginning of the reverse current and the jump in salinity is explained
by the fact that Donskoy is located 6.5 km from Taganrog Bay, and it takes time
for salt water to reach the observation point. It can be seen (Fig. 7) that during
the reverse current, starting from 05:00 a. m. on 18 November 2022, the salinity
increases sharply. This figure is an enlarged copy of the initial part of the graph
presented in Fig. 6.

Fig. 8 shows change in calculated and observed values of current velocity
during the observation period from 10:00 p. m. on 17 November 2022 to 07:00 a. m.
on 18 November 2022. The dynamics of the calculated and observed values agree
well with each other. However, there is a discrepancy between observation data
and modeling results at the night period, when the observed level values are
oscillatory. This can be due to an error in the wind field interpolation or
the occurrence of proper oscillations.
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Fig. 7. The dependence of salinity at the hydrological station of
Donskoy on the current velocity from 17 November 2022 to
18 November 2022 (observed values). The solid line is observed
salinity. The dashed line is observed velocity
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Fig. 9. The dependence of salinity on the velocity of current
in the area of Kostina Yama from 18 November 2022 to 19 November
2022 (observed values). The dotted line is observed salinity.
The solid line is observed velocity
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At the observation point in the area of Kostina Yama, the relationship between
the current direction and the change in salinity is not as clear as in Donskoy. In
fact, in this section of the Bolshaya Kalancha channel, changes in the current
velocity and direction during upsurge conditions are instrumentally recorded and
coincide satisfactorily with the calculated values, but almost no change in
salinity is observed (Fig. 9).

This is explained by the fact that observation points Donskoy and Kostina
Yama are located at different distances from the mouth of the corresponding
branches of the delta. In addition, the distribution of flow along the branches is also
uneven, as the Old Don accounts for 40% of the Don flow, and the Bolshaya
Kalancha — 60%. And finally, the longitudinal profile of the Old Don channel is
more uniform, as the Azov-Don Seaway Canal passes through this branch, and
dredging works are regularly performed resulting in favorable conditions for
the salt water intrusion. At the same time, the profile of the Bolshaya Kalancha
channel is characterized by shallower average depths and alternating river reaches
and rifts, which complicates salt water the intrusion into this branch.

Conclusions

Correct setting of the initial salinity field in Taganrog Bay is a challenging
part of the problem under consideration. Further distribution of salinity values
at the mouth coastal area and then in the Don branches, depends on it, which
significantly affects the calculation results. Based on the data obtained during
spring, summer, and autumn surveys, salinity values were calculated along
the route of the R/V Deneb from the Don mouth in Taganrog Bay to the Kerch
Strait. Using the obtained data, the Sea of Azov and Taganrog Bay were divided
into the areas where salinity was considered constant. In the absence of such data,
it is possible to use corresponding salinity maps for a certain time of year. This will
make it possible to obtain the initial distribution of water salinity with some
approximation. However, this approach cannot ensure an acceptable initial
distribution of salinity during the time period when the calculation is performed,
especially for a future forecast.

This model makes it possible to determine the current velocity, water surface
level, and salt concentration in the Don delta main branches depending on the wind
situation in the Sea of Azov and Taganrog Bay.

The comparison of the calculated water level values with the values obtained
at observation stations shows identical dynamics of their change, which indicates
the adequacy of the presented model. The proposed methodology can be applied
to other water areas in the joint calculation of currents in mouth channels and wind
currents in a receiving basin.
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Abstract

The Black Sea, which is potentially the largest sink of CO, among the seas of the Atlantic
Ocean, has been experiencing a decrease in pH over the last decades. Information
on the acidification of the Black Sea and its impact on the marine biosystem is scarce.
Based on literature and our own experimental data, we analyse the effect of low seawater
pH values on the energy metabolism of the main commercial bivalve molluscs — the mussel
Mpytilus galloprovincialis and the oyster Magallana gigas. These species showed the ability
to adapt energy metabolism levels over a wide pH range, from 7.0 to 8.1. When the pH was
lowered by 0.1 unit, the oxygen consumption of mussels decreased on average by 10-20%
in the pH range 7.5-8.2. At pH 7.2-7.5, the respiration rate of M. galloprovincialis
did not change and remained at 9.15-9.38 ug O»/(g dry tissue-h) and then dropped
to 6.8 ug O2/(g dry tissue-h) at pH 7.0. In M. gigas, the oxygen consumption rate decreased
uniformly: on average by 10-15 % for each 0.1 unit of pH change, up to pH value of 7.2.
At pH 7.0-7.2, aerobic respiration of oysters was recorded at a minimum level of 4.6—
4.8 pg O/(g dry tissue-h).
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MeTa00IuuecKuil OTKINK
KYJbTHUBHPYEMBbIX JIBYCTBOPYATHIX MOJLJIIOCKOB
Ha 3akucjenue YepHoro mops
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DedepanvHulil UccIe008amenbCKull yeHmp « Muemumym 6uonozuu 10xicHbix mopeti
umenu A.O. Kosanescxoco PAHy (DI'BHY « OUI] UnBFOM»), Cesacmononw, Poccus
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AHHOTALUSA

B Teuenme mocnemHWX mecsATwieTHH HaOmomaercs cHmbkeHne pH B UYepHOoM Mope,
KOTOpOE TOTEHIIMAIBEHO SBISETCS caMbiM OosbmuM moriotutenem CO:z cpemm Mopeit
ATnanTudeckoro oxeana. CBeICHHA O 3aKUCICHHH UepHOro MOps M €ro BIUSHUHM Ha
O6uocucteMy Mops ¢parMeHTapHbl. Ha OCHOBaHUM JHUTEPaTYpHBIX W COOCTBEHHBIX
SKCIIEPUMEHTAJIBHBIX JAaHHBIX MPOBOAMWTCA aHANIW3 BIMSIHMA HHM3KUX 3HaueHudd pH
MOPCKOH BOJIBI Ha DHEPTETHUECKUI MeTabOIN3M OCHOBHBIX IIPOMBICIIOBBIX JBYCTBOPYATHIX
MOJITIOCKOB — Muauu Mytilus galloprovincialis n yctpunbl Magallana gigas. JlanHbie
BUJBI TTOKA3alld CIIOCOOHOCTh aJalTHPOBATh YPOBEHb YHEPIeTHUECKOTO MeTabonu3ma B
mpokom auamazone pH — ot 7.0 go 8.1. IIpu mormxenuu pH wa 0.1 ex. morpebieHne
KHUCJIOpOJa MUIUSIMU CHUXanoch B cpeaHeM Ha 10-20 % B auamazone pH 7.5-8.2. IIpu
pH 7.2-7.5 unatencuBHOCTh neixaHus M. galloprovincialis He MeHsIIach M OcTaBajach Ha
ypoBae 9.15-9.38 mxr O/(T cyX. TK.'4), a 3aTteM magana g0 6.8 Mxr O/(T cyX. TK.'4) Mpu
pH 7.0. Y M. gigas "HTEHCUBHOCTb MOTPEOIEHUS KUCIOPOAa CHIKAIach PaBHOMEPHO:
B cpexHeM Ha 10-15 % na xaxasie 0.1 en. usmenenus pH no 3nauenus pH 7.2. Ilpu
pH 7.0-7.2 aspoOHoe npIxaHHEe YCTpHUIl (PUKCUPOBAIOCH HAa MUHHUMAaJIHLHOM YpPOBHE
(4.6—4.8 mxr O2/(T cyX. TK. 4)).

KuaroueBnie cinoBa: mumus Mytilus galloprovincialis, yerputia Magallana gigas, neixanue,
pH, 3axucnenue, YepHoe Mope, MpUOPEKHBIE SKOCHCTEMBI, IBYCTBOPYATBIC MOJUTIOCKH,
MapHKyJIbTypa

BaarogapuocTn: pa0oTta BBIONHEHa B pamkax roc3amanus DUIL[ MHBIOM mo Tteme
Ne 121041400077-1.

Jas uutupoBanus: Banosa O. FO. Merabonnueckuil OTKIMK KyIbTHUBHPYEMBIX ABY-
CTBOPYATHIX MOJUTFOCKOB Ha 3akuciieHue YepHoro Mops // Dxonornueckas 06e30MacHOCTD
npubpexxHoi n menbhosoit 300 Mops. 2023. Ne 4. C. 73-86. EDN OVFSHX.

Introduction

Global changes in the world's ocean waters are altering almost all coastal
ecosystems. The increase in carbon dioxide content in the marine environment
and the resulting growth of its acidity are of reasonable concern. Ocean water acts
as a major sink for atmospheric carbon, helping to offset the effects of global
warming [1-3]. During the last decades, all seas of the world’s ocean have been
experiencing a decrease in pH, which is expected to fall to 7.1 by 2100 [2].
Obviously, different marine areas will not be affected to the same extent: it is
determined by their geographical location and hydrological characteristics. In shelf
seas, water acidification depends on the volume of river inflow, the degree of organic
pollution, and the intensity of upwelling and production processes in the surface
layers [4—6]. Of note, even with the reduction of greenhouse gas emissions
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into the atmosphere, the seawater acidity will be increasing for a long time,
since COz is a long-lived atmospheric gas.
Reports by the Intergovernmental Panel on Climate Change argue that fresher

and colder waters can absorb much more CO from the atmosphere than more
saline oceanic water masses can. The Black Sea is characterised by an average
surface temperature of 17-19 °C (~14 °C in winter and ~25 °C in summer) and
a salinity of 17-18 PSU. According to experts, the Black Sea is potentially the
largest CO: sink among the nearest seas of the Atlantic Ocean [3, 6]. In the surface
layers of the sea, this parameter is higher than typical oceanic values due to the
high total alkalinity of the rivers flowing into the Black Sea [7]. The most
significant decrease in pH values was recorded in the upper suboxic layer: on
average by 0.15-0.20 per decade [4-6, 8]. According to the work [6], in the
surface layer (0-30 m) in 1990-2014, the maximum and minimum mean annual
pH values were ~ 8.7 and 7.4, respectively. Observational data in the coastal zones
of the eastern part of the Black Sea showed that during the year the pH varied
between 8.36 and 8.45 [5], while in the western part (Romanian coast) it ranged
between 7.37 and 8.58. It is explained by more intensive production processes in
the 0—10 m layer [3]. There are two seasons: the cold one (November to March)
with minimum pH values and the warm one (April to October) with maximum
values. These differences are related to general climatic patterns, river discharge,
upwelling and seasonal variability of production processes in the Black Sea [6-8].
In addition, there are diurnal variations in pH in coastal areas, which can exceed
unity [5, 9]. These changes often result from the fact that primary producers
increase the pH of the surrounding seawater in the daytime during photosynthesis
and decrease it at night during respiration [10, 11].

A number of widely cited meta-analyses and systematic reviews have been
published, which concern the effects of ocean acidification on selected groups of
hydrobionts [12—17]. The considered scenarios and predictions have revealed
gaps in the study of physiological and behavioural responses of bivalves
under conditions of decreasing pH values in the marine environment. This is due
to the difficulty of determining the direct and/or indirect influence of the studied
factor, and the contradictory results obtained by different authors. Marine organisms
that use calcium carbonate (CaCQOs) to create shells or other body structures, so-
called marine calcifiers, are directly threatened at all life stages — larval, juvenile
and adult [12, 18-25]. A decrease in the amount of available carbonate ions can not
only impede the formation of biogenic calcium structures in the body, but also
make such structures vulnerable to dissolution under conditions of low pH values
[24, 26, 27]. The authors note that the rate of pH change is extreme and already
potentially dangerous for many calcifying marine species.

A decrease in seawater pH is detrimental to the physiology of bivalves, since
it alters the extracellular acid-base balance [28-30] and metabolic activity [31].
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Moreover, it leads to supression of respiration and excretion, decreased food intake
[12, 32, 33], and impaired development of organisms occur [18, 27]. In some cases,
a decrease in pH can lead to death [12]. Acidified marine environment results
in deterioration of the mechanical properties of byssus filaments and in a decrease
in their number [26, 34]. Embryonic and larval stages of mussels were found
sensitive to the pH level. Due to acidification, the size of larvae decreases, their
survival rate reduces, whereas the number of individuals with abnormalities and
a longer developmental period increases [22].

At the same time, there is evidence of some positive effect of water
acidification on shell growth [35]. Thus, a reduced pH value can mitigate
the adverse impact of high temperature on biomineralisation and crystal
ultrastructure of the genus Mytilus. Resistance of bivalves to environmental
acidification has been described in such species from estuarine and upwelling areas
as M. chilensis [22], Argopecten purpuratus [36, 37], M. edulis [22, 38, 39],
M. galloprovincialis [39-41], M. coruscus [42], Pinctada fucata and Perna
viridis [33]. Some studies indicate that food availability plays an important role
in the resistance of mussels to acidification of the marine environment [20, 33].

Data on the Black Sea acidification and its impact on the marine biosystem
are scarce. However, it is clear that many biota components may be affected
by decreasing pH values, which in turn may cause ecological and economic
problems in the region. Bivalves dominate the macrofauna of estuaries and bays.
These organisms are an important element of the biotopes ecological structure
and a commercial resource for fisheries and mariculture. Marine farms cultivating
the two main commercial species, mussels Mytilus galloprovincialis and oysters
Magallana (formerly Crassostrea) gigas, are located along the coastline of
the Black Sea, including the Crimean Peninsula and Krasnodar Krai. Assessment
of the effects of acidification on the state of commercially important species is
a vital task of modern research.

Respiration intensity of molluscs is an important summarizing indicator of
the level of metabolic processes in the organism. The volume of oxygen consumed
by molluscs allows assessment of their physiological state and the extent of influence
of various environmental factors on them [12, 31, 33]. The study investigates
the level of energy metabolism of mussels M. galloprovincialis and oysters M. gigas
under ongoing acidification of the Black Sea. The paper examines how a wide range
of pH values (7.0-8.1), potentially possible in the Black Sea, can influence
the adaptive capacity of these commercially important species.

Materials and methods
Specimens of mussels Mytilus galloprovincialis and oysters Magallana gigas

were collected from a sea farm located in Laspi Bay (Black Sea, the South Coast
of Crimea), placed into thermoboxes and delivered to the laboratory of Institute
of Biology of Southern Seas (Sevastopol). Further, the molluscs were kept
in flowing sea water at 20-21 °C, pH 8.2 and salinity 18.1 PSU for seven days.
Molluscs were fed daily with Isochrysis galbana. The experiments were conducted
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in 950 mL closed respirometers using filtered seawater. The duration of
the experiments ranged from 2 to 2.5 h. The molluscs were pre-cleaned of
epibionts, weighed and measured. One specimen was placed into each respirometer,
and a peristaltic pump was used to continuously circulate filtered seawater in a closed
cycle. The initial and final oxygen concentration was determined using a dissolved
oxygen analyser MARK-404.

Seawater with different pH values was prepared using Tetra minus pH.
This certified preparation is used in marine aquaristics to reduce pH and carbonate
hardness and is safe for hydrobionts. By applying different dosages of the prepara-
tion, conditions were created with pH values ranging from 8.1 to 7.0, which is
slightly wider than the expected pH range in the Black Sea. In each respirometer,
the pH value was determined before and after the experiment using an Ohaus
ST2100 laboratory pH-meter.

After completion of each of the experiments, the water in the respirometers
with molluscs was replaced with new water with preset pH values. The temperature
was 20-21°C and salinity was 18.1 PSU. The experiments were carried out in four
replicates. The total number of studied molluscs was 24.

The oxygen consumption RR, pug O»/(g dry tissue-h), by molluscs was calcu-
lated by the formula

RR = (Cbeg. - Cend)'V/T/Wdry tiss.,

where Cpeg. and Ceng — Oz content in respirometers with molluscs at the beginning
and end of the experiment; V — volume of respirometer, mL; T — time, h; Wary tiss. —
weight of dry tissues, g. The dry weight was obtained by drying soft tissues
in thermostat at 98 °C to constant weight.

Statistical and graphical data were processed using Excel, one-way ANOVA.

Results

The main characteristics of the study objects (mussels M. galloprovincialis and
oysters M. gigas) are presented in the table.

The study found that mussels normally had higher energy metabolism levels
(18.23 £ 1.2 pug Ox/(g dry tiss.-h) than oysters (10.50 = 1.1 pg O»/(g dry tiss.-h)).

Size and weight characteristics of bivalves (mean + SD)

Spf?CieS n, ind. L, mm Wotal, g Whell, g Wdry soft tiss., &
Mussel 12 55.71+4.82 1996+4.80 13.73+4.22 0.224 + 0.088
Oyster 12 64.88+6.17 27.56+8.88 10.19+0.80 0.306 +0.217
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Fig. 1. Dependence of oxygen consumption by mussels
M. galloprovincialis and oysters M. gigas on seawater
pH, mean + SD

A decrease in seawater pH led to a decrease in respiration in both mollusk species
(Fig. 1). A linear negative dependence of oxygen consumption on pH values
was found for mussels M. galloprovincialis (R* = 0.90) and oysters M. gigas
(R2=0.93).

The results showed that in the pH range of 7.5-8.2, when pH was lowered by
0.1 unit, the oxygen consumption by mussels decreased by 10-20% of the previous
value. Further, at pH 7.2-7.5 the respiration of molluscs remained at 9.15-9.38 ug
02/(g dry tissue-h), then a drop of this indicator to 6.8 pug O»/(g dry tissue-h) was
recorded at pH 7.0 (Fig. 2). In M. gigas, the observed decrease in oxygen
consumption was more uniform, by 10-15% for each 0.1 pH unit, up to pH 7.2.
Then this parameter did not change and was fixed at a minimum level (4.6—4.8 ug
0/(g dry tissue-h)).

Thus, acidification of seawater led to a decrease in the respiration intensity
in mussels M. galloprovincialis and oysters M. gigas. At pH 7.5-7.7, the most
noticeable changes in the level of energy metabolism occurred in the
studied molluscs (Fig. 2). After a uniform decrease in oxygen consumption in
both species at pH 7.7, an unexpected increase in this indicator was
recorded (by 8.9% in mussels and by 6.7% in oysters) followed by a sharp
drop by 20-30% from the previous values (at pH 7.5-7.6). At the same time,
the two species showed different physiological response: the mussels steadily
maintained the level of aerobic metabolism when pH decreased from 7.4 to 7.1
(no changes in respiration rate), while the oysters demonstrated a uniform
decrease of aerobic processes to minimum values.
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Discussion

The ability of bivalves to compensate the level of energy metabolism in the setting
of environmental changes is confirmed by a number of studies [31, 40, 43, 44].
This is due to the lifestyle of molluscs, which form dense settlements in the coastal
area and are occasionally exposed to changing external factors such as temperature,
salinity, and oxygen regime. In our study, the effect of low environmental pH
values on the level of energy metabolism of bivalves cultured in the Black Sea was
investigated for the first time.

On coastal farms, molluscs are grown in plastic cages and nets at depths of up
to 10 m from the surface. Thus, mussels and oysters potentially fall within the areas
of pH change caused by natural daily and seasonal dynamics of this indicator [5,
45] and by upwellings [6].

Studies of several species of mussels M. edulis, M. galloprovincialis
and M. trossulus showed that the threshold of physiological tolerance is at pH
~7.8, which approximately corresponds to the lower values of the local natural
background pH of marine waters [39, 40, 46]. The work [28] reports the
results of keeping juvenile and adult M. galloprovincialis at pH ~7.3 (18 °C).
Under such acidified conditions, the rate of oxygen consumption decreased
significantly more in juvenile mussels: after 5 h of the experiment, oxygen
consumption fell by 25%, after 10 h — by over 45% and after 20 h — by 60-65%.
In adult molluscs, the maximum decrease in respiratory intensity was 35% of
the control. Some authors believe that seawater pH < 7.5 is detrimental to
shellfish, and pH values of ~7.3 may be fatal for them [28, 46].
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The tolerance range of a species is known to be often closely related
to the range of variability of environmental parameters. This allows us to
conclude that the studied molluscs can be exposed to pH values > 7.6 in
the natural environment, i. e. from 8.2 (normal) to 7.5-7.6 pH (acidification), and
tolerate such changes well. Here are some examples of such studies on bivalves.

C. A. Vargas et al. [23, 25], based on their own and literature data, argue
that organisms of the same species react differently to environmental acidification:
the reaction was from negative to positive. For example, mussels M. chilensis
from estuaries with high natural water CO2 content showed greater tolerance to
high pCOs; levels than individuals from open areas. Molluscs M. trossulus retained
the ability to repair damaged shells and shell mineralisation for 2.5 months at pH
values ranging from 7.29 to 7.95 [47]. The data report Bathymodiolus brevior able
to live in natural conditions at both pH 7.8 and pH 5.36 on the northwestern slope
of the Eifuku submarine volcano of the Mariana Arc, whose hydrothermal
environment contains liquid carbon dioxide and hydrogen sulfide [48]. Comparison
of the two populations showed that the average daily growth rate and shell
thickness of individuals from the volcano area were two times less than those of
molluscs living in water at pH over 7.8.

Recent studies of natural populations of M. galloprovincialis from shallow
lagoons and open coastal areas indicate that there is genetic diversity of adaptation
to ocean acidification in molluscs [49]. An analysis of gene expression patterns
revealed that differences in the pH fluctuations observed in coastal and lagoonal
habitats potentially form patterns of plasticity and molecular-phenotypic differen-
tiation between populations of the same species. The plasticity of expression
in response to the effects of low pH was significantly higher in the coastal popula-
tion, which lives in more stable conditions of the large masses of the Mediterranean
Sea, as opposed to the conditions of shallow lagoons, which are characterised
by abrupt fluctuations in environmental factors [49]. It is suggested that
the tolerance of bivalves to pH changes may be fixed at the molecular genetic level.

The results of studies on the metabolic response of oysters to sea acidification
are also controversial. For example, the work [50] reports a decrease in respiration
rate of C. virginica exposed to high CO partial pressure (0.8—1 kPa pCO,) and low
pH (£ 7) compared to controls (< 0.1 kPa pCO,, pH = 8.2). In another study, high
CO; for 30 days resulted in inhibition of food consumption and digestion processes,
decreased adsorption efficiency in C. gigas, but at the same time it led to increased
oxygen consumption and ammonium nitrogen excretion rate [S1]. The results of
a 55-day experiment on C. gigas are of interest, where at 15 °C the intensity of
metabolic processes in the control (pH 7.9) and test (pH 7.09) groups of molluscs
remained at the same stable level [29]. However, as the temperature increased to
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20-25 °C, the situation changed: the level of metabolism increased considerably in
the oysters under the acidified conditions. It is suggested that temperature is
a more significant factor for oyster physiology than low pH values.

Under conditions of persistent and fluctuating acidification, Pacific oysters
showed adaptability of such vital processes as calcification, respiration, nutrition
and survival [52, 53]. Under low pH conditions (7.5-7.7), both male and female
eastern oysters (C. virginica) showed accelerated reproductive development [54].
Observations of gametes during spawning, fertilisation, and embryo incubation
showed a higher survival rate of the larvae (by 6—8% compared to the control).

In our study at pH 7.7, we recorded an increase in oxygen consumption by the
molluscs of both species (by 8.9% in the mussels and 6.7% in the oysters).
A similar response was observed in Black Sea mussels during DDT poisoning
[55]. Thus, the effect of the toxicant initially inhibited respiration, then there was a
short-term excitation (by the end of the first week of the experiment, the oxygen
consumption in mussels was almost restored to the baseline), and after that the
process was inhibited further. The authors explain this phenomenon by the fact
that in order to restore the initial physiological state of the organism once the
action of a negative factor (toxicant) started, the oxygen demand increases and
oxidative processes intensify. However, the continuing gradual accumulation of
DDT in the organs and tissues of molluscs eventually caused metabolic processes
impairment in the latter, and the intensity of oxygen consumption by mussels
began to decrease again. Analysing our results, we can assume that water
acidification may have a similar effect on the level of metabolic processes in the
organism of the studied molluscs.

In the course of evolution, molluscs have developed certain mechanisms of
adaptation to unfavourable environmental factors, e. g. filtration stops, the valves
close tightly and the rate of oxygen consumption decreases abruptly, respiration
becomes anaerobic. The rate of energy processes in molluscs reduces to a minimum,
and the animals enter a state of anaerobiosis. Adaptation of benthic organisms
to unfavourable factors occurs at different levels: molecular, cellular, physiological,
behavioural.

Conclusions

Recent studies show that the tolerance limit for most marine calcifying
organisms is pH 7.5. Our results indicate that mussels M. galloprovincialis
and oysters M. gigas inhabiting the Black Sea are adapted to the acidification of
the marine environment and can maintain viability and energy metabolism level
in a wide range of hydrogen ion concentration: from 7.0 to 8.1. During moderate
stress, the organism can compensate for increased energy demand by higher energy
intake and assimilation. However, under extreme impact of external factors, such
physiological compensation for hydrobionts may be incomplete or impossible.
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Thus, molluscs can enter a metabolic depression state to reduce energy expenditure
and increase the survival time until the conditions return to optimal. This paper
shows that at extremely low pH values, the energy homeostasis was disturbed,
which led to a limitation of the aerobic capacity of the organism.

Along with the gradual global ocean acidification caused by high atmospheric
CO: concentrations, the daily and seasonal dynamics of CO, and pH in seawater
are expected to increase. Assessment of the effect which these systemic variables
have on the physiological processes of hydrobionts on short time scales is at its
onset. Our understanding of the effects of the ongoing acidification of the Black
Sea on ecologically and economically important hydrobionts is still limited.
In a laboratory setting, it is difficult to reproduce the environmental heterogeneity
that occurs under natural conditions. Fluctuating decreases and increases in pH
can mitigate some of the negative effects of acidification on shell organisms
by providing them with periods of “respites” during which processes associated
with calcification of structural elements are initiated. The vast majority of works
study the effect of stable pH levels on different species of hydrobionts. At the same
time, it becomes obvious that the ecological significance of such studies is limited.
This can be explained by the fact that predicted ocean pH values will be different
from those of today, and also by the fact that physiological adaptations of
organisms and ultimately natural selection are stronger under extreme conditions.
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Abstract

Cultivation of the flat oyster Ostrea edulis L., which has lost its commercial value due
to reduction in abundance, is a relevant task. Simulation models of the flat oyster’s growth
can be used to improve oyster cultivation methods. The proposed simulation model of
the O. edulis growth dynamics is based on the principles of dynamic energy balance.
The model uses approximations of the oyster’s physiological processes (filtration, respiration,
excretion, growth, spawning) derived from published observational data. The paper
determines functional dependencies of approximation parameters on the environmental
conditions. The model was validated using in situ data on the linear and weight growth of
the oyster O. edulis cultured in Donuzlav Bay for 30 months from April 2001 to October
2003. The model allowed us to obtain the dynamics of the energy balance components of
the flat oyster at different life-cycle stages. The resulting quantitative distribution of growth
energy between generative and somatic tissues of the oyster is confirmed by the qualitative
description of the oyster’s tissue growth based on in situ measurements. The developed
model reproduces well the qualitative and quantitative characteristics of the flat oyster
functioning processes. The model of the oyster’s energy balance can be used as a block of
a complex ecological model simulating the cultivation of mollusks on an oyster farm.
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AHHOTALUSA

KyneruBupoBanue miockoit yerpunbl Ostrea edulis L., moTepsBIIei cBO€ MPOMBICIOBOE
3HAUEHUE BCIICJCTBUE COKPAICHUs YUCIECHHOCTH, SBISIETCA aKTyalbHOHU 3anaueil. IIpume-
HCHHE MAaTeMaTHYeCKHX HMUTALMOHHBIX MOJENeH MOXET CIOCOOCTBOBATH Pa3BUTHIO
TEXHOJIOTHH BBIPAIIMBAHUS YCTPHIl B YCJIOBHUsIX MOpckoil depmsbl. [IpeanoxenHas mare-
MaTh4eckas Mojaenb AMHaMUKH pocta O. edulis mocTpoeHa Ha MPHUHIMIAX AWHAMHYEC-
Koro OamaHca SHepruu. B Mojenu HCIONB30BaHBl MaTEeMAaTHYECKHE aANIPOKCUMAIHH
(M3HONOrNYeCcKUX NpoIeccoB (GrIbTpanysl, JbIXaHHe, IKCKPELHsl, POCT, HEPECT), MOTyICHHbIE
Ha OCHOBE OIyOJMKOBAaHHBIX MaHHBIX HAONIOACHUN. YCTaHOBICHB (PYHKIIMOHAJIBHBIC
3aBHCHMOCTH IIapaMeTpPOB ANIPOKCHUMAIMK OT ycloBHH cpenbl. Bammmanus monenn
BBITIOJTHEHA TI0 HATYPHBIM JaHHBIM O JHHEHHOM M BecOBOM pocTe ycTpuilbl O. edulis,
BEIpamuBaeMoi B 3ammBe Jlony3naB B TedeHue 30 mec. ¢ anpens 2001 mo okrs6ps 2003 r.
Vcronp30BaHHE MOZENH TO3BOIWIO MOTYYHTh AUHAMHKY COCTABIIIOIINX IHEPreTHYecKOro
OaraHca IUIOCKOH YCTPHIBI, HaXOJSMIEHCs Ha pasHbIX CTAAMAX JKU3HEHHOTO IIMKJIA.
[TomyyeHHOE KONMMYECTBEHHOE PACIpEAEICHNUE SHEPIHH POCTa MEXAY T'eHepaTUBHBIMH U
COMAaTHYECKHMHU TKAHSAMH YCTPHUIIBI ITTOATBEP)KAACTCS KAaUEeCTBEHHBIM OIMCAHHUEM pPOCTa
TKaHEeH yCTPUIIBI 110 HATypHBIM U3MepeHHsaM. Pa3spaboTaHHas MOJENIb XOPOIIO BOCIIPOH3BOIUT
Ka4eCTBCHHBIC U KOJIMYCCTBEHHbIE XapaKTEPUCTHKN (PU3NOIOTHYECKHX MTPOLECCOB IIIOCKOH
ycTpuubl. Mojens 3HepreTHdeckoro OamaHca YCTPUIBI MOXKET OBITh HCIHOJIB30BaHA
B Ka4yecTBe OJIOKa KOMIUIEKCHOH 3KOJIOTMUECKONW MOJIEIH, MMUTUPYIOIIEH KyIbTHBUPOBAaHHUE
MOJUIFOCKOB Ha YCTPHYHOM (epme.

KaroueBble caoBa: 1miockas yctpuna, Ostrea edulis, 3anuB JlOHy3maB, MOIENb
SHEPTreTHIECKOro OaaHca, akBaKyJIbTypa

BaarogapHocTu: paboTa BHINIOJTHEHA B paMKax rocyaapctBeHnoro 3ananus ®I'bYH OUIL]
MI'U no teme: FNNN-2021-0005 «KoMmnekcHple MEXIUCHUILUIMHAPHBIE HCCIIEIOBAHUS
OKCAHOJIOTHYCCKUX IIPOIIECCOB, ONPEACIIOMUX (YHKIHOHUPOBAHUE U  DBOJIOLHIO
9KOCHCTEM MPHOPEKHBIX 30H UepHOTO 1 A30BCKOTO MOPE».

Jasi uutupoBanus: Quaunnosa T. A., Baceukuna E. @. VIMuTauMoHHAas MOJENb poOCTa

yerputpl Ostrea edulis L. B ycloBusSX KyJlIbTUBHPOBaHUs // DKoJornieckas 6€30macHOCTh
pudpexHoi u menbdosoii 30H Mopst. 2023. Ne 4. C. §7-100. EDN NZYAOP.

Introduction

The oyster Ostrea edulis is one of the most valuable species of the Black Sea
coast mollusks. However, at present this species has lost its commercial value due
to a shell fungal disease. In the second half of the last century, a catastrophic
reduction in the habitat of the Ostrea edulis species took place in the Black Sea.
It caused the work on artificial reproduction of the mollusks, which has been
carried out since the 1980s. [1]. Thus, studies devoted to the quantitative
description of physiological processes of this species are relevant and can be
demanded when developing this mariculture.

In recent years, researchers have invested quite a lot of efforts to create
mathematical models that make it possible to simulate the dynamics of oyster
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growth depending on such environmental parameters as water temperature and feed
suspension concentration. This paper is aimed at development of such a model
for the oyster O. edulis cultured in Donuzlav Bay, a specific area of the Crimean
coast. First, let us consider a number of the most interesting models close to
our purpose, proposed by other authors [2—8].

In [2], a simulation model of population dynamics of the species Magallana
gigas is given. The authors analyzed in situ data describing the growth of oysters,
established functional dependencies of the growth rate on the size of the mollusk,
then used the obtained dependencies as parameterizations in the population model.
Due to the fact that filtration, respiration and excretion proceed differently
in oysters of different stages of development, the researchers introduced separate
mathematical functions to describe each stage of the oyster's life cycle and
considered them separately from each other. The disadvantage of this approach
is the difficulty in describing the continuous growth of individuals in a population.

In [3], a growth model of the Pacific oyster M. gigas cultivated in the Thau
Lagoon, France, is presented. The control variables of the model are water
temperature, concentration of organic matter and chlorophyll a, as well as salinity
of waters. The model was verified based on the data concerning the linear and
weight growth of two oyster populations grown in the lagoon in 2000-2001.
The authors concluded that their model showed good field and simulation data
convergence, but better results could be achieved using dynamic energy budget
(DEB) models.

Thus, their later work [4] shows the model based on the DEB approach.
The results of oyster growth modelling with an empirical model were compared
with the results obtained using the DEB model. The latter makes it possible
to achieve a better correspondence of the simulation results to the in situ data
on the weight and linear growth of oysters [3].

In [5], the DEB model of the oyster M. gigas growth, which is quite universal
for the Atlantic coast marine ecosystems, is presented. The authors applied
a unified approach to six different ecosystems and used a nutrition coefficient that
takes into account the peculiarities of the nutritional activity of oysters under
various external conditions. The model reproduces well the periods of spawning
and loss of biomass in the autumn-winter period. The disadvantage is the absence
of an explicit dependence of the model variables on water temperature. The authors
noted that the water temperature in all the considered areas was approximately
the same in winter, and significant differences occurred in summer. Nevertheless,
the model uses the same set of parameters for all locations, with the exception
of the nutrition coefficient.

A similar model was developed for several Pacific coast marine ecosystems
[6]. The oyster M. gigas growth DEB model showed good results when compared
with measurement data of parameters that determined the growth and spawning
processes. However, the authors concluded that three studied locations were
characterized by similar external conditions. Therefore, in order to apply this
model under conditions other than the specified ones, the model should be detailed
by including a number of values that take into account different environmental
conditions.
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In [7], the DEB model is used to compare the life cycles of two oyster species:
O. edulis and M. gigas. The DEB approach allowed the authors to determine
the reaction of the two species to an increase in the average annual water
temperature by 2 °C. M. gigas demonstrated sufficient resistance to environmental
changes, while O. edulis changed its life cycle due to the suppression of spawning.
Based on the results of the work, the authors were able to estimate the values of
environmental parameters necessary to ensure the sustainable growth of the oysters
O. edulis. The model was developed for regional conditions of the Limfjord,
Denmark.

In [8], a mathematical model of the growth of the mussel Mytilus
galloprovincialis was presented. The model was developed in accordance with
the dynamic energy balance principles. The authors considered filtration,
respiration, spawning and excretion of mussels in detail. The model was verified
with in situ data obtained at a mussel farm in the Crimean coastal zone.

The given examples of successful application of DEB models determine
our choice of constructing a simulation model of the oyster O. edulis based on
the energy balance equation. The analysis of literature sources revealed that
regional features played an important role in the construction of the model, since
they significantly determine the specific type of parameterizations for the main
physiological processes. In this regard, it seems relevant to develop a simulation
model for the O. edulis cultivated in Donuzlav Bay. The model should describe
the processes of assimilation of food, excretion, respiration, growth, reproduction.
This paper aims at the development of such a model using the approaches
described in [2-8] and its verification based on in situ observations.

Materials and methods

There are several marine farms in Donuzlav Bay where oysters and mussels
are grown. Basically, all farms are concentrated in the central Donuzlav Bay.
Many years of marine farming experience in this bay indicate the suitability of
this water area for the cultivation of oysters and mussels [9]. With this in mind,
the central Donuzlav Bay was selected for the test calculation as a possible location
for oyster O. edulis mariculture.

Dynamic energy balance model. The main physiological processes that
determine oyster growth are filtration, food consumption, respiration, excretion
and spawning. The model below describes mathematically these processes
for oysters that have already passed the larval stage and are fixed on a solid
substrate. The model is built in accordance with the concept of dynamic energy
balance. The quantitative characteristics of the processes are expressed in energy
units: calories or joules. To switch from mass units to energy ones, the coefficients
of caloric content of oyster tissues are used.

The energy balance is formed and then changes depending on physiological
processes of the oyster, which, in their turn, depend on its weight, age, water
temperature, salinity, period of year, availability of resources and individual
characteristics. When using this approach in practice, in the mollusk life cycle
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simulation model, it is necessary to describe mathematically all the physiological
processes for a particular species as accurately as possible. This requires data
from in situ observations and laboratory experiments. In this paper, we used
approximations obtained from in situ data (Table) presented mainly in the thesis !
and the works of N.A. Sytnik [10, 11].

Morphometric relations. The wet weight of the oyster W (g) is represented as
the sum of the shell Wy (g) and soft tissues Wiy (g) weights. The wet and dry
weight of the mollusk soft tissues is related by the ratio Wy = 0.11 W, [12].

As the oyster grows, the height of the shell also increases. Based on the in sifu
data presented in work !, we proposed the following approximation of the dependence
of the shell height on the wet weight of the mollusk:

if Wion <0.35 1 H =154.67W2, ~32.400,  +2.39,
if Wios > 0.351 H =-0.013W2, —1.88W,  +17.70.

Food consumption. The oyster receives all the nutrients, i. e. the energy spent
on maintaining the structure and growth, from seawater containing a feed
suspension — phytoplankton and detritus. During the filtration process, the mollusk
consumes the energy of diet / (cal/h), but assimilates only a part of it: 4 = [ — E,,
where £, — undigested part of the diet. The mollusk spends the assimilated energy
on respiration R with the release of metabolites Ex, growth of soft tissues Psom,
gonads Py, and increase of the shell Py

A=R+P+E
P:Pson1+Pgen+Psh,

where P — productive energy, cal/h; R — respiration cost, cal’h; E — excreted energy,
cal/h. Thus, the distribution of energy costs of a flat oyster can be simplified in the
form of the balance equation:

I=P+R+E,+E,. (1)

Let us consider the components of balance (1) in more detail. The consumed
energy (or diet) depends on the filtration rate F (L/h), concentration of feed
suspension in water C (mg/L) and caloric content of the suspension K. (cal/mg):
1 = F-KcC. The amount of assimilated energy depends on the efficiency of
digestion, traditionally described with the assimilation coefficient: 4 = A.-F-Kc-C.
Then, the total energy release can be considered as follows: £ = F-Kc-C (1 — A4e) + E..

Productive energy. When growing, the oyster increases the mass of the shell and
of soft tissues. Let us assume that the weight of the shell can increase or remain
unchanged, while the mass of soft tissues can both increase and decrease
depending on the periods of life (the spawning state or nutrient deficiency can lead

D Sytnik, N.A., 2015. [Functional Ecology of the flat oyster (Ostrea edulis L., 1758, Ostereidae,
Bivalvia) of the Black Sea. Extended Abstract of Doctoral Dissertation]. Sevastopol, 23 p.
(in Russian).
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to weight loss). The change in body weight of the oyster depends on the amount of
energy spent by the body when growing:

Kd%:Psom +Pgen’

where K; = 5307 cal/(g DW) — caloric content of the dry weight of oyster soft
tissues; Wa — dry weight of the soft tissues, g. According to [10], the energy costs
for the shell growth Py amount on average to 12% of the total productive energy
available to a mollusk, based on energy balance equation (1). Taking into account

these observations, we assumed that Py, + Pgen = 0.88P in the model

Spawning. The growth of oysters is closely related to the spawning process.
To start spawning, a number of conditions must be met. As a rule, oysters spawn
at a shell height of more than 35 mm and a mass of generative tissues of more than
0.015 g dry weight. The researchers note that in different regions, the beginning of
O. edulis oyster spawning can occur at different water temperature. Thus, in
Galicia (Spain), oysters spawn at a temperature of 12—13 °C, in the Northern
Adriatic (Italy) — at a temperature of 13—17 °C, in the Norwegian fjords — at
a temperature of 25°C [1, 13, 14]. For the Black Sea, in situ data on the intensity of
spawning processes show that the temperature range of spawning is 17-25 °C [1,
10]. This range of water temperature was adopted in the model. The distribution of
energy spent on the growth of somatic and generative tissues can be estimated
using the empirical energy costs ratio Pges/Psom. According to [15], this ratio
increases linearly with the mollusk size, and for the oyster O. edulis it can be
expressed by the following equation:

P
—£2.=0.013 W, +0.09. ()
som
The model assumes the condition according to which positive productive
energy is distributed between Py, and Pge, in accordance with equation (2), and
Peen 1s assumed to be zero with negative one (nutrient deficiency).

Filtration. The European oyster filtration intensity depends on the age and size
of the mollusk, water temperature, concentration of feed suspension and its caloric
content, and the time of day. With an increase in water temperature from 7 to 23 °C,
the intensity of mollusks filtration increases, and with a further increase in water
temperature, it decreases. At a temperature of 7 °C and below, the vital activity
of the mollusk is suppressed [11]. The filtration rate, like some other vital functions
of a mollusk, can be approximated by a power function of dry body weight —
an allometric dependence. Also, taking into account the dependence of the filtration
rate on water temperature, we write the following:

Fr = a,(myw, ",
if T<23°C af(T)=0.1161T - 0.2678,
if T>23°C a(T)=-0.1T + 4.67,
be(T) = 10 T2+ 0.0046 T + 0.38.

where T — water temperature, °C; a,(7T) and bs(T) — empirical coefficients obtained
from in situ data (Table).
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Coefficients of allometric dependencies of the form aW, for the main physiological
processes (based on the works of N. A. Sytnik and R. Mann)

Coefficient
Process Temperature, °C Work
a b
7 0.54 0.443
10 0.88 0.435
13 1.20 0.583
Filtration 16 1.69 0.512 [11]
20 2.05 0.602
23 2.37 0.487
27 1.97 0.606
6 0.112 0.617
11 0.291 0.773
o 13 0.320 0.813
Respiration Work D
18 0.491 0.688
19 0.475 0.721
23 0.725 0.737
12 10.92 0.601
) 15 13.88 0.501
Excretion [16]
18 12.71 0.796
21 11.73 0.874

Note: The estimates were derived from in situ data.

Observations show that the filtration rate depends on the concentration of feed
suspension in the water. There is a kind of optimal concentration, above and below
which the filtration rate decreases. To record these features, it is necessary to
introduce a modulating function varying from 0 to 1 [8]. The filtration rate in situ
data given in [11], were approximated by the following function (Fig. 1):

Fe=0.4+0.65 Cexp(-0.18 C2%),

Thus, the filtration rate is determined as F'= F7 F¢,and the diet (consumption) —
as I =KcFrFcC.

According to [11], oysters filter water only during a certain part of the day.
The minimum filtration time is 6 hours for small oysters. With the growth of
an individual, it increases to 18 hours. To record the duration of filtration,
an empirical function was introduced into the model, which made it possible
to calculate the number of filtration hours: 4 = 6 + 14#/(¢ + 50), where ¢ — time since
the oyster was attached to the substrate.
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Respiration. Bivalves spend part of the assimilated energy on metabolic
processes, namely, respiration. The intensity of respiration is determined by water
temperature and size of the oyster. Based on the in sifu data presented in Table,
the following approximation was obtained:

Ro =a,(T)yW; "
a,(T)=0.0357T—0.1161,
by (T) = 0.0042T + 0.642,

where Ro — oxygen consumption rate, mL Oz/h. The oxycaloric coefficient
Kox = 4.74 cal/mL O (the ratio of the amount of energy in calories released during
the oxidation of matter to the mass of oxygen consumed by the hydrobiont)
was used for the conversion into energy units. Therefore, the respiration costs are
R = Ro Kox.

Excretion. The energy assimilated by the oyster is also spent on excretion of
metabolites from the body. The main excreted substance is ammonium. The rate of
excretion depends on the water temperature and size of the mollusk, which can be
expressed by an allometric equation. The maximum excretion rate of the oyster
O. edulis is observed at a temperature of about 15 °C. Above and below this value,
the rate decreases slightly [16]. Table shows the coefficients of the allometric
excretion equation obtained under laboratory conditions at different water temperatures.
Based on these values, the approximation was performed and an allometric excretion
equation was derived, which is a function of two variables (water temperature and
dry weight of the oyster):

A, =a, (TW)=",
npu 7'<15°C ae(7) = 0.9867 T 0.92,

npu T2 15°C ae(T) =—-0.3583 T+ 19.22,
bex (T) = 0.0371 T+ 0.0803,

where A, — excretion rate, pug NHs/h. Taking into account the caloric content
of oyster tissues and the percentage of nitrogen in the dry weight of soft tissues of
the mollusk (7 % according to data from [16]), the excretion energy costs E, (cal/h)
can be calculated using the following formula:

E.=0.0758 4,

where E\ — energy costs for excretion, cal/h.
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Energy balance components. A graphical description of the energy balance
variations depending on water temperature and marine suspension
concentration is of interest. Fig. 2 shows the model dependencies of the oyster
energy balance components presented in absolute and specific terms. Fig. 2, a, ¢, e
shows the distribution of assimilated energy among growth, excretion and
respiration processes depending on temperature in oysters of various sizes.
The larger the mollusk is, the more energy it is able to assimilate.
The maximum values of assimilated energy are fixed at an ambient temperature
of 22-24 °C, which takes place due to the maximum filtration rate in this
temperature range (the most comfortable conditions for this species).
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F i g. 2. Dependence of the energy balance components on water temperature T
(a, c, e) and oyster dry weight Wy (b, d, f). P — productive energy; Ex — excretion
energy; R — respiration costs; 4 — assimilated energy. The S indices denote specific
quantities
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In small oysters, more than half of the assimilated energy is spent on growth,
while in larger mollusks, the growth and respiration energy costs are almost equal.
At the same time, the size of the oyster has almost no effect on the amount of ex-
creted energy, which accounts for 10-15% of the assimilated energy.

Fig. 2, b, d, f shows specific (normalized for dry weight) components of
the energy balance depending on the dry weight of soft tissues of the oyster
for different temperatures. Some special features of the energy balance variations
of oysters should be noted. At temperatures of 22-24 °C, assimilation and
production take on maximum values. The growth energy costs are determined
by the difference between assimilation and metabolic costs (respiration and excretion).
In small-sized mollusks, productive energy exceed excretion and respiration, and
less energy is spent on growth with increasing body weight. With the growth of
a mollusk, the specific values of assimilated energy, growth energy and respiration
decrease, while the excreted energy remains the same. In too warm water (27 °C),
the respiration costs of oysters exceed the productive energy.

Fig. 3 shows the dynamics of changes in productive energy due to
the combined action of two variables (feed suspension concentration and
temperature) for oysters of two sizes: Wt = 4.5 g, H=26 mm and Wi = 27 ¢,
H=59 mm. For oysters of both sizes, it is possible to identify areas of lack
of growth due to nutrient deficiency at low feed suspension concentrations
in sufficiently warm water. The growth of oysters begins at a feed suspension con-
centration above 1 mg/L and a temperature greater than 8 °C. Maximum growth
rates are observed at a maximum feed suspension concentration and a temperature
of 23 °C.
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F i g. 3. Dependence of the productive energy on water temperature and feed
suspension concentration for oysters with a shell height of 26 mm (a) and 59 mm ()
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Discussion of results

Model validation. The study Y presents in situ data on the linear and weight
growth of oysters O. edulis cultured in Donuzlav Bay for 30 months from April
2001 to October 2003. The intervals between successive measurements of
the average weight and height of oysters vary from 1 to 2 months. The model was
validated by comparing the simulation results with these data. The model
integration step was one day. The time of the model experiment was 30 months.
The experiment began on 19 April 2001 and ended on 29 October 2003. The series
of control variables for the model (water temperature and suspension concentration)
were also taken from work " (Fig. 4). They corresponded to the average
characteristics of the central Donuzlav Bay during the study of the mollusks
growth .

Fig. 5 shows modelling results compared with in sifu data. Linear and weight
growth indicators demonstrate good convergence with in situ data. However,
there are some differences. The model graph of oyster weight dynamics shows
some peculiarities corresponding to the beginning of spawning periods.
Such features are not recorded in the in sifu data due to their large discreteness,
which makes it impossible to record such rapid changes in the physiological state
of oysters. During 30 months of model integration, oyster spawning was recorded
three times: in June 2002, April and July 2003. Thus, the oysters spawned 15, 25
and 28 months after their attachment to a solid substrate.

The simulation results allow detailed studying the dynamics of the energy
balance components of cultivated oysters. Fig. 6 shows how much energy
the oyster assimilates daily and how this energy is distributed among the processes
of growth, respiration and excretion during 30 months of cultivation. Assimilated
energy maxima correspond to feed suspension concentration maxima, which are
usually followed by spawning periods. Productive energy is positive for a long
time, and a mollusk grows. However, as a result of spawning, mass of a mollusk
decreases, the assimilated energy is not enough to cover the costs of respiration and
excretion, and growth is inhibited.
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Two periods of mollusk growth inhibition, which are not related to spawning,
are recorded during the cultivation. They are determined by a sharp decrease
in the feed suspension concentration (negative values P in Fig. 6). Similar
conclusions were drawn from in situ experiments given in study " and [17].

The distribution of growth energy between generative and somatic tissues is of
interest. In the first year of cultivation, Pge/Psom increases from 10 to 16%,
the mollusk develops to an adult state, increasing mainly somatic tissues. In
the second year, Pg./Psom increases from 16 to 33%, the oyster is already quite
large, most of the productive energy is spent on the growth of generative tissues
needed to ensure reproduction. During the third year of observations, the energy
costs for growth of generative tissues increase to 47 %. These modelling results
confirm the qualitative conclusions on the flat oyster growth made in study "
and [17].

F i g 6. Dynamics of

the energy-balance compo-
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Conclusion

The study presents the simulation model of flat oyster growth. The model
makes it possible to calculate the energy of respiration, filtration, excretion,
reproduction processes. The paper examines the processes of functioning of
the oyster O. edulis in detail and identifies factors (temperature, feed suspension
concentration, age of an individual) that affect these processes and their
relationship. Approximations of such vital functions of the oyster as respiration,
filtration, excretion, spawning are proposed.

The model was validated using in situ data obtained during the study of
the oyster O. edulis cultured in Donuzlav Bay in 2001-2003. The simulation results
show good qualitative and quantitative correspondence to the in sifu data on linear
and weight growth, distribution of energy costs, ratio of the energy spent on growth
of generative tissues to the energy of structural growth. The model can be used
as a block of a complex ecological model simulating the cultivation of mollusks
on an oyster farm.
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Abstract

The paper uses the 2012-2020 joint oceanographic database of MHI RAS and SB FSBI
SOI to estimate the self-purification capacity of Sevastopol Bay ecosystems in relation
to biogenic nitrogen and phosphorus. The assimilation capacity and its specific value were
calculated using the balance method. The paper estimates the average and maximum
concentrations of inorganic phosphorus (POs) and nitrogen (NO2, NOs, NHy), as well as
the average and maximum rates and time of removal of these nutrients from the bay
ecosystems. The paper shows changes in the percentage of forms of inorganic nitrogen
(NO2, NO3, NHy) in the water area of all parts of Sevastopol Bay for two periods (1998—
2012 and 2012-2020). These changes had a greater impact on the content of the reduced
form of ammonium nitrogen which has increased in all ecosystems of the bay in recent years.
Changes in the self-purification capacity of the bay ecosystems were manifested as a spread
of data on the assimilation capacity of the study ecosystems in relation to nutrients.
At the same time, the lowest self-purification capacity was observed for the ecosystem of
the eastern part of the bay. The paper assesses possible causes of the observed situation,
which are associated with changes in the wind regime over the bay water area in the last
decade and the resulting formation of the system of surface currents. The surface currents
in the bay under prevailing easterly winds were calculated using the computational modeling
method. The paper shows that an increase in the frequency of such winds contributes
to increased ventilation of the waters of Yuzhnaya Bay and a more intense input of
pollutants in the westerly direction. The paper analyzes the reasons for deterioration
in the self-purification ability of the eastern part of the bay in the last decade in relation
to all inorganic forms of nitrogen and phosphates. It was shown that changes in the self-
purification ability of ecosystems throughout the Sevastopol Bay waters were associated
with an increase in the recreational load on the bay coast.
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CaMoouMCTHUTEIbHAS CIIOCOOHOCTH
3kocucTeM CeBacTonobCKOM OyXThI
B OTHOLIIEHUM Heopranuvyeckux ¢opm azora u pochopa
B nepuoj ¢ 2012 mo 2020 rox
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AHHOTAUMA

Ha ocHoBe cBomHOH 6a3wl okeaHorpaduuecknx gaHHeix MI' PAH u CO ®I'BY 'OUH
3a 2012-2020 TT. BBIMOJHEHBI OIEHKH CAMOOYHMCTUTEIBHONH CIHOCOOHOCTH JKOCHUCTEM
CeBacTomnoJIbCKOM OyXThl B OTHOIICHHH OMOTCHHBIX 3JIEMEHTOB — azora u ¢ocdopa,
paccuuTaHHble OalaHCOBBIM METOJOM MO BEIMYMHE ACCUMWISIIMOHHON EMKOCTH U €€
ynenbHo# BenmnuuHe. OIIEHEeHbI CpeJIHIE U MaKCUMaJIbHbIe KOHIIEHTPAIIMH HEOPTaHUIECKUX
¢dbopm docdopa (PO4) u azora (NO2, NO3, NHy) 3a yka3aHHBIH TEPHOJ, a TAKIKES 3HAUCHHS
CpelHell M MaKCUMAJIbHON CKOPOCTH M BPEMEHH yJAJIeHUs 3TUX OMOTEHHBIX DJIEMEHTOB
u3 sKocucTteM OyxThl. [Toka3aHbl H3MEHEHHS B IPOIIEHTHOM COOTHOIICHUH (pOpM HEOpraHu-
geckoro a3ota (NOz, NOs, NHs) B akBatopuu Bcex gactelr CeBacTOMOIBCKOM OYXTHI 3a J1Ba
mepuozaa (1998-2012 rr. u 2012-2020 rr.). OTH U3MEHEeHUs B OOJBIICH CTEIICHH OTPA3HIIHCh
Ha coJep KaHUM BOCCTAHOBIICHHOHM ()OpMBI a30Ta aMMOHUSI, KOTOPOE 3a TOCJIECTHHUE TOJbI
YBEINYMIOCH B DKOCHCTEMaX Bcell OyxThl. MI3MEHEHHsI caMOOYHCTUTEIBHON CIIOCOOHOCTH
9KOCHCTEM OYXTHI TIPOSIBIJIMCH B Pa30poce MaHHBIX 00 aCCHMUIIIUOHHONW €MKOCTH HCCIIe-
JlyeMbIX DKOCHUCTEM B OTHOIIEHUM OMOTEHHBIX 3JIeMeHTOB. [Ipym sToM Hamboiee HU3Kas
CaMOOYHCTUTENbHAST CIIOCOOHOCTh HAOMIOMAETCsl B OKOCUCTEME BOCTOYHOW YacTH OYXTHI.
OrnieHeHbl BO3MOYKHBIE TIPUYHMHBI HAOMIONAeMOMN CUTYaIluH, KOTOPBIE CBS3aHbI C M3MEHEHUSIMH
BETPOBOTO peXHMa HaJ akBaropueil OyxXThl B TOCHenHEe AecATUIeTHE U (HopMUpYIO-
uieiics moj ero BIAMSHUEM CHCTEMOM MOBEPXHOCTHBIX TeueHUi. MeToioM MaTeMaTu4ecKoro
MOJIETUPOBAHUS PACCUUTAHBI TOBEPXHOCTHBIC TEUEHHS B OyXTe MpH MpeoOIagalonux BeTpax
BOCTOYHBIX HaIpaBicHHH. [lokazaHO, 9TO yBeNWYCHHE TEPUOJMIHOCTH ACHUCTBHS TAKHX
BETPOB CIIOCOOCTBYET YCHIICHHIO BEHTWIISIIUU BOoA FOkHOM OyXTHI 1 O0Jice HHTCHCHBHOMY
MOCTYIUICHUIO 3arps3HSIONINX BEIISCTB B 3alaJHOM HampapieHHH. [IpoaHamn3upoBaHBI
TIPUYHHBI YXYIIICHUST CAMOOYHCTUTEIFHOM CITOCOOHOCTH BOCTOYHOH YacTH OyXTHI B OTHOIIIE-
HUM BceX HeopraHmdecknx (GopM a3oTa u ¢ocdaroB B mocieanee necsrwietne. [lokasaHo,
YTO W3MCHEHHS CaMOOYMCTHTEIFHON CHOCOOHOCTH SKOCHCTEM Bceil akBartopuu CeBacto-
TIOJIBCKOM OYXTHI CBSI3aHBI C POCTOM PEKPEAIMOHHON HArpy3KU Ha MOOEPeKbe OYXTHI.

KuroueBbie cioBa: CeBacTomoabCKass OyxTa, OMOTEHHBIC 3JIEMEHThI, OMOTCHHBIN a30T,
OouoreHHsbIi Gochop, IKOCHCTEMa, CAMOOYHINCHUE, CAMOOYHCTHTEIIbHASI CIIOCOOHOCTb,
ACCUMWJIAIIUOHHAsA €EMKOCTb, IOBEPXHOCTHBIC TCUCHU L

BaaromapHocTn: padoTta BBIIIOJIHEHA B paMKax rocymapcTBenHoro 3aaanus ®I'BYH MI'U
o Teme Ne 0827-2020-0004 «IIpubpesxHble UCCISTOBAHUN.
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Introduction

Sevastopol Bay is one of the city-forming factors of Sevastopol, and it serves
as an indicator of the ecological health of the region. The bay is a semi-enclosed
estuarine-type water area with a length of about 7 km, a maximum width of up to
1 km, and a mirror area of over 7 km?. Water exchange in the bay is hindered,
besides, it is constantly under active anthropogenic impact. Systematic studies
of water quality in Sevastopol Bay began in 1975 after the introduction of
the programme of the National Environmental Monitoring and Control Service [1].
The results of hydrological and hydrochemical studies of Sevastopol Bay !V have
been repeatedly reviewed in the literature (e.g., [2, 3]). These works show that
depending on the localisation of pollution sources, bottom shape and hydrometeo-
rological conditions, both relatively clean zones and those with a persistent high-
pollution level (e.g., Yuzhnaya Bay) are formed in Sevastopol Bay. According
to the pollution level, the bay water area was divided into four areas [3] (Fig. 1).

Ecological well-being of shallow-water marine ecosystems, irrespective of
environmental protection measures, is determined primarily by their self-purification
capacity, the intensity of which depends on a number of mutually causal factors.
The capacity of shallow water area ecosystems for self-purification can be assessed
by calculating their assimilation capacity (AC) in relation to a priority pollutant or
a complex of pollutants.

Sevastopol Bay is a water body with complex geographical and hydrological-
hydrochemical characteristics. This implies the presence of fresh water sources and
zones of their mixing with sea waters, as well as heterogeneity of the anthropogenic
load. Therefore, the water area should be zoned and the self-purification capacity
(AC of the ecosystem) should be calculated for each zoned area.

/ 4 C
CASS ] s ' F i g. 1. Zoning of Sevastopol Bay
¢ "‘S‘ E‘ »9 according to the anthropogenic

[V influence level: W — western area,
E — eastern area, C — central area and
Chernaya River  § _ southern area (from work [3])

Yuzhnaya Bay__

.

D Konovalov, S.K., Romanov, A.S., Moiseenko, O.G., Vnukov, Yu.L., Chumakova, N.I. and
Ovsyany, E.I, 2010. [Atlas of Oceanographic Characteristics of Sevastopol Bay]. Sevastopol:
ECOSI-Gidrofizika, 320 p. (in Russian).
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The article analyses the self-purification capacity of the eastern, central, western
parts of the bay and Yuzhnaya Bay, as well as the water area of the entire Sevastopol
Bay. Several works [4—7] consider the self-purification capacity of the Sevastopol
Bay ecosystem in relation to all forms of inorganic nitrogen and inorganic
phosphorus. They study the ecosystem of the entire bay or its separate parts (western,
central, eastern ones and Yuzhnaya Bay) using calculated data on the hydrodynamics
of the bay waters. Thus, [4] compared the ecosystem self-purification capacity for
the western part of the bay bordering the open sea in relation to all forms of inorganic
nitrogen and that for the southern, most polluted part of the bay. The work [5]
estimates the self-purification capacity of ecosystems of the whole Sevastopol Bay
in relation to reduced forms of nitrogen (nitrites and ammonium).

In [6], the self-purification capacity of the bay ecosystems in relation to
all inorganic forms of nitrogen is compared, and trophic state indices for the studied
ecosystems are given. The work [7] studies the self-purification capacity
for the ecosystems of Yuzhnaya Bay and the eastern part of Sevastopol Bay (which
is under the influence of the Chernaya River runoff during flooding and low water
periods) in relation to phosphates under changes in the hydrodynamic regime
of the bay. The works [4—7] share the fact that the self-purification capacity of
the Sevastopol Bay ecosystems was calculated based on the oceanographic database
of MHI RAS for 1998-2012.

Seasonal water dynamics in some parts of Sevastopol Bay was calculated
using the hydrothermodynamic module of the numerical three-dimensional
nonstationary model MECCA (Model for Estuarine and Coastal Circulation
Assessment) [8]. The results obtained for the eastern part of the bay and Yuzhnaya
Bay are presented in [7], and those for the central part of the bay are given in [5].

The study aims to calculate the self-purification capacity of the ecosystems
for all parts of Sevastopol Bay in relation to inorganic nitrogen and phosphorus
using the database of MHI RAS and SB FSBI SOI for 2012-2020, taking into
account changes in the hydrometeorological situation in the last decade.

Study methods and materials

The authors used the joint database of archival materials of MHI RAS and
SB FGBU SOI for 2012-2020, including 8277 determinations of phosphate, nitrite,
nitrate and ammonium content. To assess the AC of the selected areas of
Sevastopol Bay, 5567 concentration values of the above indicators were selected
(Table 1).

The AC of ecosystems of the selected areas of Sevastopol Bay was calculated
using the balance method [9]. When using this method, to calculate the integral
time of pollutants staying in the studied ecosystem is the most complicated part.
This time is largely determined by physical and chemical properties of a particular
pollutant, hydrodynamic parameters of the water area and a complex of processes
(physical, chemical, microbiological) responsible for the destruction of pollutants
or their removal from the studied water area.
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Table 1. Concentration of inorganic phosphorus and nitrogen compounds in different
parts of Sevastopol Bay (according to database of MHI RAS and Sevastopol Branch of SOI)
in 2012-2020

Compounds Mean c.ontent for | Concentration StaIlldE.II‘d Num!)er pf
the period, uM/L | range, pM/L deviation determinations
Phosphates 0.10 0-3.65 0.082 1520
Nitrites 0.24 0-7.67 0.711 1354
Nitrates 5.70 0-67.28 1.765 1355
Ammonium 1.40 0-40.66 1.021 1338

The final formulae for estimating the mean value A4, and standard deviation
W D[A,;] of the AC of a marine ecosystem () in relation to the i-th pollutant are

as follows:

AE mi — Am £ D[Ami]:

2
3 m'C i m'C 7]
Afilf:Qiﬂu'vfa D[Ami]_(QciﬂuJ 'D[vf]:

maxi

where O, — water volume in the calculation area; Cur — threshold concentration of
a pollutant; Cmaxi — maximum concentration of a pollutant in the ecosystem;

v; — rate of pollutant removal from the ecosystem, the mean value v, and

dispersion D[v;] of which are determined by the original algorithm [10].

Results and discussion

Comparison of relatively new data for 2012-2022 with the materials of
previously published studies (1998-2012) showed a significant change in the content
of biogenic forms of nitrogen and phosphorus in the waters of the selected areas of
Sevastopol Bay. Table 2 presents the mean and maximum values of the con-
centration of inorganic phosphorus and nitrogen compounds in different parts of
the bay in 2012-2020.

Thus, over the study period 2012-2020, the mean phosphate content either
remained unchanged (the eastern part of the bay) or decreased by 0.02—0.06 uM/L
(in all other water areas). Maximum concentration values increased significantly
in the eastern part (2.6 times) and decreased slightly in the rest of the bay.
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Table 2. Content (uM/L) of inorganic phosphorus and nitrogen compounds in different
parts of Sevastopol Bay in 2012-2020

(PO4*) / NO2)/ NOs)/ (NH4") /
Area Phosphates Nitrites Nitrates Ammonium
Mean | Max | Mean | Max | Mean | Max | Mean | Max
Yuzhnaya Bay 0.10 095 023 254 1479 286.40 1.59 16.02
Eastern part 0.15 3.65 030 7.06 371 6728 225 40.66
Central part 0.07 066 0.19 518 2.08 14.67 1.05 9.94
Western part 0.07 077 0.23 7.67 222 829 0.72 9.09

The nitrite content increased in all parts of the bay: the maximum
concentration in the eastern part was 7.06 uM/L, in the western part — 7.67 uM/L.

A 1.1-fold and 1.6-fold decrease in the mean and maximum nitrate content
(to 2.22 and 8.29 uM/L, respectively) was observed in the waters of the cleaner
western part of Sevastopol Bay. In the other selected water areas, an increase
in concentration was observed. In the central part, the maximum value was
14.7 uM/L, in the eastern part — 67.3 uM/L, and in Yuzhnaya Bay — 286.4 uM/L.

In the ecosystem waters of all parts of Sevastopol Bay, the average
ammonium content increased by 0.15-1.20 puM/L, while the maximum content
decreased by 1.5 times in the central part of the bay and changed slightly
in the western part (decreased to 9.09 uM/L). At the same time, the maximum
values of this indicator doubled in Yuzhnaya Bay (up to 16.02 uM/L) and increased
eightfold in the eastern part (up to 40.66 uM/L).

Fig. 2 shows that in the last decade the percentage ratio of different forms of
inorganic nitrogen has changed in all parts of Sevastopol Bay. This mostly
concerns the content of the reduced form of nitrogen — ammonium. In recent years,
an increase in its content has been observed in all water areas of the bay,
with the largest increase (from 23 to 36%) in the western part of the bay.
Apparently, the presence of Khrustalny Beach in this part of the bay and the growth
of recreational load on the water area have an impact. At the same time, the nitrate
content decreases (Fig. 2). In the western part of the bay their content decreased
from 72 to 59%. The smallest changes in the content of inorganic forms of

nitrogen are observed in the water area of Yuzhnaya Bay.
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F i g. 2. Distribution of content shares for mineral forms of nitrogen
in the Sevastopol Bay in 1998-2012 (a) [6] and 2012-2020 (b).
Yellow colour — NO2; green — NOs; pink — NHg

A comparative analysis of the removal rate and time for inorganic forms of
nitrogen and phosphorus in the Sevastopol Bay ecosystem in 2012-2020 and
in the previous period 1998-2012 showed different trends of changes in these
parameters in the water areas of the selected areas. Thus, the time of phosphate
removal from the ecosystems of all parts of the bay has decreased in recent years,
but still remains maximum in the eastern part of Sevastopol Bay (Table 3). Obviously,
the decrease in the time of phosphate presence is due to an increase in the average
elimination rate everywhere except in Yuzhnaya Bay, where this rate decreased from
0.007 to 0.005 puM/(L-day). The maximum estimated phosphate removal rate
(0.039 pM/(L-day)) was recorded in the central part of the bay, while in the other
areas, the removal rate did not exceed 0.023-0.024 uM/(L-day).

In the eastern and central parts of Sevastopol Bay, an increase in the average
nitrite removal rate by 2.3-2.5 times was observed. The maximum values of
the indicator were determined for the eastern and western parts of the bay (0.085
and 0.097 uM/(L-day), respectively). In the central part, the removal rate decreased
from 0.126 pM/(L-day) in 1998-2012 to 0.062 pM/(L-day) in 2012-2020.
Nitrite removal time decreased for all parts of the bay except the western part,
for which there was an increase in the time nitrite was in the ecosystem
with a relatively stable elimination rate.
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Table 3.Rate vi (uM/(L-day)) and time ¢- (day) of removal of inorganic phosphorus and
nitrogen from different parts of Sevastopol Bay in 2012-2020

(PO4*) / (NO)/ (NO3) / (NH4") /
Area Phosphates Nitrites Nitrates Ammonium
Vi t Vi t Vi t Vi t

Yuzhnaya Bay 0.005 1822 0.006 33-37 0.536 22-28 0.033 49-53

Eastern part 0.005 30-38 0.010 2529 0.051 63-72 0.029 76-81
Central part 0.008 9-15 0.007 2427 0.048 4043 0.031 3442
Western part 0.006 1322 0.013 15-18 0.037 5861 0.036 20-29

A clear pattern is observed for nitrates: even a small increase in their removal
rate from Yuzhnaya Bay and the central part of Sevastopol Bay reduces
the elimination time. On the contrary, when the removal rate of nitrates from
the water area of the eastern and western parts of the bay significantly decreases
(by 2.7 and 7.5 times, respectively), their elimination time considerably increases
(by 2.3 and 7.4 times, respectively). The maximum removal rate (2.098 uM/(L-day)),
as in the previous period, was observed in Yuzhnaya Bay, while in the other areas
it did not exceed 0.396 uM/(L-day).

During the study period in all parts of the Sevastopol Bay water area, as shown
above, the ammonium content increased. Its average removal rate decreased
threefold in the Yuzhnaya Bay water area and 5.8 times in the western, cleanest
part of Sevastopol Bay. The maximum removal rate in all selected areas did not
exceed 0.181 uM/(L-day) compared to the maximum of 0.940 uM/(L-day)
observed in the previous calculation period (1998-2012, western part of the bay
[5]). The drop in the rate of ammonium removal caused an increase in the time
required for self-purification of the ecosystems. Thus, the staying time of
ammonium in the waters of Yuzhnaya Bay and in the eastern part of Sevastopol
Bay increased by 2.8 and 2.3 times, respectively. As for the water area
of the western part of the bay, the estimated time increased more than eight times.

Of particular interest is the information on specifying the ability of ecosystems
of all parts of Sevastopol Bay to self-purification according to the AC value
for the last decade (Table 4), in particular by its specific, i. e. calculated per fixed
unit of volume (in our case per 1 litre), value (ACspec.), which allows levelling

the differences in the volume of different parts of the Sevastopol Bay water area.
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T able 4. Characteristics of capacity of the study water areas of Sevastopol Bay to self-
purification ACspec. (WM/(L-day)) and AC of water area (t/year) in 2012-2020

(PO / (NO2)/ (NOs)/ (NH4) /
Area Phosphates Nitrites Nitrates Ammonium
ACspec | AC | ACspec | AC | ACspec | AC | ACqpec | AC
Yuzhnaya Bay 0.0076  0.89 0.0046 024 1.524 79.86 0.389 20.39
Eastern part 0.0017 0.25 0.0029 0.19 0.565 37.37 0.142 941
Central part 0.0111 2.89 0.0026 030 2315 269.75 0.519 6043
Western part 0.0070  2.69 0.0034 0.58 3.003 519.04 0.571 98.69

In the period under consideration 2012-2020, in relation to phosphates,
the minimum ACsp.. value was observed in the eastern part of the bay —
0.0017 pM/(L-day). According to the calculated AC of this water area, up to
0.25 tonnes of phosphorus per year can enter the ecosystem without damage to
the latter. In the previous calculation period 1998-2012, this value was 0.64 tonnes
of phosphorus per year, i. e. the permissible level threshold decreased by 2.6 times
[7]. For the Yuzhnaya Bay ecosystem, the value was 0.0076 uM/day or 0.89 t/year,
indicating a slight decrease in the permissible level threshold (0.93 t for 1998-2012
[7]). The western part of the bay is also characterised by a similar value of
ACspec. The increased self-purification capacity of the central part is offset by
the difference between the volumes of its water area and that of the western part,
so the AC values of these parts are close (2.89 and 2.69 tonnes of phosphate
per year, respectively). For comparison, in 1998-2012, the difference was more
significant — 1.17 and 2.00 tonnes of phosphate per year [7], indicating
an improvement in the current situation.

In relation to nitrites, it is important to note a significant decrease in the self-
purification capacity of the western part of Sevastopol Bay. Thus, in comparison
with the previous calculation period (1998-2012), the ACqpec. decreased 14.3 times,
which resulted in a 12.6-fold decrease in the AC of this water area (7.38 and
0.58 tonnes of nitrite per year, respectively). The ecosystem of the central and
eastern parts of the bay also showed a decrease in AC, but it was not so sharp —
up to 0.30 and 0.19 tonnes of nitrite per year, respectively, against 0.48 and
0.39 tonnes of nitrite per year in the previous period [6]. In the southern part
of the bay, no changes were observed in the two periods: ACspec. Wwas
0.005 uM/(L-day), AC of the water area was 0.24-0.25 t/year.

Ecological Safety of Coastal and Shelf Zones of Sea. No. 4. 2023 109



The ACgpec. value in relation to nitrates in the ecosystem of the eastern part of
the bay did not change significantly in comparison if compared with the previous
calculation period. In the last decade, the ecosystem of this area has been
characterised by the weakest self-purification capacity. The self-purification
capacity of the Yuzhnaya Bay ecosystem more than doubled, reaching the nitrates
removal limit of 79.86 t/year. The AC of the central part of Sevastopol Bay
changed even more, reaching a value of almost 270 tonnes of nitrates per year,
ACspec. increased from 0.614 to 2.315 pM/(L-day) compared to the previous
calculation period. As in the case of nitrites, the western part of the bay bordering
the open sea has experienced a decrease in self-purification capacity, with
519 tonnes of nitrates per year over the last decade, compared to 882 tonnes
per year for 1998-2012. [6].

With respect to ammonium, the minimum ACg,c.. value was observed
in the ecosystem of the eastern part of the bay — 0.142 pM/(L-day), which
corresponds to an AC of 9.41 tonnes of ammonium per year. High values of ACspec.
are observed for the ecosystems of the western and central parts of the bay — 0.571
and 0.519 uM/(L-day), respectively, which corresponds to an AC of the water area
of 98.69 and 60.43 t/year. For comparison, based on the data from 1998-2012,
these values were 6.90 tonnes of ammonium per year for Yuzhnaya Bay, 8.36 t for
the eastern part of the bay, 9.33 t for the central part of the bay, and 93.40 t
for the western part of the bay [5]. Thus, for the water areas of the eastern and
western parts of the bay, the changes in self-purification capacity in relation
to ammonium are insignificant. However, despite a significant increase
in ammonium concentration in the central part of the bay, the self-purifying
capacity of its ecosystem has improved. Apparently, the relevant hydrometeorolo-
gical conditions and hydrodynamics of waters in the bay may have played
a significant role. A slightly less significant improvement of the self-purification
capacity took place in Yuzhnaya Bay, where the ACgpec. increased from 0.132 to
0.389 uM/(L-day).

Thus, there is a large spread of data on the AC of the ecosystem in relation
to both a particular nutrient and each separate part of the water area of Sevastopol
Bay. The distribution of nutrient concentrations between different parts of
Sevastopol Bay is somewhat inconsistent with the changes in the AC value. This is
due to the complexity of AC, which is determined by processes of different nature.

The information presented in Table 4 allows us to assess the current situation
for each specific water area with respect to all nutrients by the value of their
specific assimilation capacity.

Thus, the obtained results made it possible to assess the general state of
Sevastopol Bay ecosystems by the AC value:

Yuzhnaya Bay. For phosphates — slight decrease in ACgpec.; for nitrates and
ammonium — increase in ACgpec., and for nitrites — no change. In general, the situation
has improved.

Central part of the bay. For phosphates — significant increase in ACspec;
for nitrates and ammonium — significant increase; for nitrites — decrease. In general,
the situation has significantly improved.

Eastern part of the bay. For phosphates — decrease in ACgpec.; for nitrates —
insignificant decrease; for ammonium - insignificant increase; for nitrites —
significant decrease. In general, the situation has deteriorated.
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Western part of the bay. For phosphates — increase in ACspec; for nitrates —
significant decrease; for ammonium and nitrites — decrease. In general, the situation,
as in the eastern part, has recently deteriorated.

To provide the reasons for this situation, it is necessary to consider the changes
in the hydrometeorological situation for the last decade.

Due to the zonally elongated orientation of the bay surrounded by high shores,
the prevailing wind directions are easterly (23.1%) and southerly (19.6%) [11].
The changes in wind recurrence by direction for two periods (1998-2012 [11]
and 2012-2020? are presented in Fig. 3.

Fig. 3, b shows that in the modern period, the duration of easterly winds
increased to 35%, and the share
of southerly winds significantly N N
decreased compared to the pre- nw NE NW NE
vious decade (Fig. 3, a). As is ) N
known from the data of [7], itis .Hi%\“ _ "33:\\‘\]5

b S |

the southerly winds that compli- "I?i'"'i
cate the water exchange in Yuzh- an
sw G s SW SE

naya Bay with the water area

of the entire Sevastopol Bay. > “ s b
To establish the reasons for g g. 3. Wind rose for the Sevastopol water area
the differences in the ACgpec.  in 19982012 (a) and 2012-2020 ()

values in the ecosystems of

different parts of the bay, let us consider the features of their hydrodynamic
situation calculated using the hydrothermodynamic module of the numerical three-
dimensional non-stationary model MECCA [8] at prevailing winds of eastern
directions (Fig. 3, b). The results of the currents calculation obtained for the water
area of Sevastopol Bay are presented in Fig. 4.

Fig. 4 shows that the increase in the easterly wind recurrence observed
in the last decade contributes to increased ventilation of the Yuzhnaya Bay waters
and their transfer to the western part of the bay. Yuzhnaya Bay is characterised
by a hindered water exchange with the adjacent water area. The waters of the bay
receive record volumes of residential and storm water runoff, moreover, there are
berths in its water area.

When northerly and northeasterly winds prevail over the bay water area,
a surface drift current directed along the bay axis to the west is formed.
This favours more intensive water inflow into Yuzhnaya Bay both in the surface
and bottom layers. The northerly and northwesterly winds cause a surge effect
and the corresponding compensatory rise of water from the bottom horizons
to the surface of the middle part of Yuzhnaya Bay [7].

& Raspisanie Pogody, Ltd. [Weather Archive Sevastopol]. 2023. [online] Available at: https://rpS.ru/
ApxuB_norogsl B Cesacronone [Accessed: 10 December 2023] (in Russian).

Ecological Safety of Coastal and Shelf Zones of Sea. No. 4. 2023 111



S5%

S 2 T T W

§§§§§R§§,,
S5 e

F i g. 4. Map of surface currents in Sevastopol Bay under
an easterly wind of 5-10 cm/s

Let us focus on the peculiarities of the dynamic regime in the central part of
the bay as a possible reason for the increase in the self-purification capacity of its
ecosystem in the last decade. Due to the location of the central part of the bay,
the currents here are determined mainly by the wind. Under the influence of
the easterly wind, a direct flow of the west direction is formed in the surface water
layer, which also persists under the northerly and southerly winds and contributes
to the transfer of pollutants to the western part of the bay (Fig. 4).

According to the work [5], in the central part of Sevastopol Bay there are
two counter flows — one from east to west from the Chernaya River and the other
from the open part of the sea. This contributes to the formation of a buffer zone
in the central part of the bay, in which multidirectional flows carrying pollutants
are “closed”. This is explained by the orientation and morphometric characteristics
of the bay, as well as by the inflow of river water from the east, which creates
a slope of the water surface and causes runoff currents.

The eastern part of Sevastopol Bay receives water from the Chernaya River,
the major runoff (up to 80%) of which occurs in winter and spring. During
the high-water period with weak winds, the runoff currents caused by the inflow of
the Chernaya River waters become predominant. The deterioration of the self-
purification capacity of this part of the bay in the last decade is associated with
an increase in the flux of biogenic nitrogen and phosphorus with the runoff of
the Chernaya River. This flux is especially intensified during the formation of
winter and spring floods, when distributed surface flood waters spread up to
the Neftyanaya Gavan area. Flood waters contain elevated levels of silicium,
nitrates, ammonium and phosphorus, which enter the river and bay waters from
residential waste-water in the lower reaches of the river, as well as from sewage
discharges from settlements and enterprises located in the water protection zone.
More detailed information on the influence of the regimes of a particular winter
and spring flood and summer low water of the Chernaya River in 2015 on the self-
purification capacity of the eastern part of the bay is presented in the work [12].
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For this part of the Sevastopol Bay water area, the peculiarities of the bottom
structure are also significant. Longer removal of phosphates in the eastern part
of Sevastopol Bay (Table 3), observed by us in the last decade, may indicate their
accumulation in bottom soils and increase the risk of secondary pollution of
the water area. Thus, the work [13] provides data, obtained in the expedition of
MHI RAS, on an artificial deepening of the bottom (depths of 19—20 m) in the area
of the floating dock located near the southern shore of the eastern part of
Sevastopol Bay are given. This deepening of the bottom in the eastern part of
the bay resulted in reductive conditions under which, due to hypoxia, phosphorus
accumulated in bottom sediments can re-enter the bottom water layer [7]. This also
favours the oxidation of organic matter at the expense of nitrates with the formation
of ammonium and nitrites.

Recently, some decrease in the self-purification capacity of the ecosystem of
the western part of the bay has been observed, especially in relation to inorganic
forms of nitrogen (Table 4). This is associated both with the hydrodynamic regime
(Fig. 4), according to which the transport of pollutants, including nutrients,
is carried out in the western direction, and with the growth in the number of
sources of nutrient inputs as a result of increased recreational load on the bay coast.

Conclusions

Based on the consolidated database of archival materials of MHI RAS and SB
FGBU SOI for 2012-2020, the authors used the balance method to calculate
the value of assimilation capacity AC of the Sevastopol Bay ecosystems in relation
to biogenic forms of nitrogen and phosphorus as well as its specific component
ACspec., which allows calculating the differences in the volume of the studied parts
of the bay.

Mean and maximum concentrations of inorganic forms of phosphorus (PO4)
and nitrogen (NO2, NOs;, NH4) for the specified period were estimated, values of
mean and maximum rates of removal of the mentioned nutrients from the bay
ecosystems were obtained, and the time of their removal from the bay ecosystems
was calculated.

The paper presents the results of comparison of changes in the percentage
of inorganic nitrogen forms (NOz, NOs, NH4) in the water area of all parts of
Sevastopol Bay for two periods (1998-2012 and 2012-2020). These changes
mostly influenced the content of the reduced form of ammonium nitrogen.
In recent years, its content has been increasing in all water areas of the bay,
with the greatest increase observed in the western part of the bay — from 23 to 36%.
The mean and maximum concentration of nitrites (NO») in the ecosystems of all
parts of the bay is only increasing. The maximum concentration value was observed
in the eastern and western parts of the bay (7.07 and 7.67 uM/L, respectively).

It is shown that over the last decade certain changes in the self-purification
capacity of the bay ecosystems have occurred, which manifested themselves
in a large variation of data on the value of assimilation capacity of the studied
ecosystems with respect to both a specific nutrient and the ecosystem of each
separate part of the bay water area. For all studied water areas of Sevastopol Bay,
in some cases, improvement of self-purification capacity was observed, whereas
in some cases, deterioration was noted.
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Thus, the self-purification capacity of the Yuzhnaya Bay ecosystem improved
in relation to nitrates and ammonium and deteriorated in relation to phosphates.

For the central part of the bay, an increase in the self-purification capacity
for phosphates, nitrates and ammonium and a decrease only for nitrites was noted.
In general, the situation has significantly improved.

For the ecosystem of the eastern part of the bay, which is under the influence
of the Chernaya River runoff, a decrease in the self-purification capacity in relation
to phosphates and all forms of nitrogen has been observed in the last decade.
Therefore, the ecosystem condition has deteriorated, too.

For the ecosystem of the western part of the bay, a decrease in the self-
purification capacity for all inorganic forms of nitrogen and a slight increase in that
for phosphates were observed. In general, as in the eastern part of the bay,
the ecosystem condition has deteriorated.

It is shown that the data on the state of Sevastopol Bay ecosystems, obtained
in this work, can be associated with changes in the wind regime over the water area
in the last decade and the system of surface currents formed under its influence
in the water area of the bay. In addition, the current state of the bay ecosystems
is associated with an increase in the number of sources of nutrients as a result of
the growth of recreational load on the bay coast.
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Abstract

The content and distribution of organochlorine pesticides of the DDT group and
polychlorinated biphenyls (PCBs) in water, amphipods, fish and sediments of the Salgir
River, as well as in bottom sediments of the Biyuk-Karasu River, were determined.
Samples were collected in May and July 2023. An analysis of organochlorine xenobiotics
was performed using a GC Chromatec-Crystal 5000 (Russia), equipped with an electron
capture microdetector. The > DDT concentration in water ranged from 0.53 in the area of
the village of Dobroye up to 14.91 ng/L in the village of Molochnoye, whereas Y 6PCB
changed from 0.50 to 37.87 ng/L, respectively. The lowest Y DDT content (9.06 ng/g)
in sediments was detected in the village of Dobroye, the highest one was registered
in the village of Molochnoye (71.69 ng/g). The minimum ) 6PCB concentration (3.41 ng/g)
was determined in the area of the village of Beloglinka, the maximum one was in the village
of Molochnoye (61.88 ng/g). The pollutants distribution in water and bottom sediments
indicates the presence of local DDTs and PCBs sources along the river between the villages
of Beloglinka and Molochnoye. The lowest pollutants concentrations in hydrobionts were
determined in muscles of schneider caught near the village of Dobroye. The highest ones
were registered in the spined loaches caught near the village of Novogrigoryevka and
in the bleak caught near the village of Molochnoye. In these fish, the maximum permissible
concentration Y DDT (300 ng/g wet weight) was exceeded. The obtained results were
compared with water and sediments pollution in other Crimean, European and Asian rivers.
An environmental risk assessment showed that pollution levels are not of concern
in the area above Simferopol. In other sampling sites, high environmental risk was noted.
The results showed that the environmental risk of PCBs pollution near the village of
Molochnoye was higher than that of DDTs pollution.

Keywords: DDT, PCBs, water, bottom sediments, hydrobionts, environmental risk, Salgir
River
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AHHOTALUSA

OnpeneneHo coiepkaHrue U pactpeesieHne XJIOPOPraHuIecKuX necTuiuaoB rpymnmsl JJJAT
u noymxyopupoBaHHbix 6udenunon (IIXB) B Boge, ambpunonax, peidax U JOHHBIX 0CaIKaxX
p. Canrup, a Takxke B JOHHBIX OTJIOXKEHHUAX ee mpuToka burok-Kapacy, otoOpaHHBIX B Mae
u umione 2023 r. AHanM3 XJIOPOPTaHMYECKUX KCEHOOMOTHMKOB MPOBOIWIN Ha Ta30BOM
xpomarorpade «Xpomardk-Kpucramur 5000», OCHAIIEHHOM MHKPOACTEKTOPOM 3JICKTPOHHOTO
3axBara. Konnentpamus Y JIJAT B Boge u3MeHsIach B IIMPOKOM auamnazoHe: oT 0.53
B paiione c. Jlooporo mo 14.91 ur/nm B ¢. Momounom, Y 6IIXBb — ot 0.50 mo 37.87 ur/n
cooTtBeTcTBeHHO. Hammensbiiee comepxanue Y JIJIT (9.06 HI/T) B DOHHBIX OTIOXKEHUSIX
obHapyxkeHo B c. Jloopom, Hanbonpmiee — B ¢. MomounoM (71.69 Hr/r). MuHNManbHAS
kxoHnentpanus y 6I1Xb (3.41 Hr/r) onpeneneHa B paiioHe c. bemorimmaka, MakcuMaIbHAS —
B ¢. Monounom (61.88 Hr/r). PactipenencHue 3arps3HUTENei B BOJC U JTOHHBIX OTIOKCHHSX
CBHUJICTEIIECTBYET O TOM, YTO IO TECUCHHUIO PEKH MEXIy cellamu bemorinnaka u MOJIOYHEIM
pacmonoxeHs! JokanbHble ucTouHuku noctrymwieans JAT u IIXB. B npobax ruapobuon-
ToB Haubonee Huskue koHueHtpanuu AT u [IXb ompenenensl B MbImax ObICTPSHOK
y ¢. loGporo. MakcuManbHOE COJiepKaHue 3arps3HuTeNeli 0OHapY)KEHO B TKaHAX HIUIIOBOK
y c. HoBorpuropseBka u ykien y c. MoJo4HOTO, Y KOTOPBIX OBIJIO OTMEYEHO MPEBBIIICHUE
IIAK Y AT, cocraBnsromeid 300 HI/r chipoili maccel. [lomyueHHBIE pe3yibTaThl OBLTH
COIIOCTABJICHBI C 3arpsA3HEHHEM BOIBI M JOHHBIX OTJIOKEHHMH B Ipyrux pekax KpbiMa,
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EBponbl 1 Azuu. OneHka 5KOJOTMYECKOTO PHCKa IOKasana, YTO ypPOBEHb 3arps3HEHUS
Canrupa Beime Cumdeporonss He BbI3BIBAacT OecrokoicTBa. Ha ocTaimbHBIX TeppHTOPHIX
OTMEYEH BBICOKHI KOJOTHUECKUH pHUCK. Pe3ynbTarsl MOKa3anu, 4To SKOJIOTHYECKUH PHCK,
cBsi3aHHBIA ¢ 3arpssHeHueM [IXDB B paiioHe ¢. MoMOYHOTO OBLT BEINIE, YeM CBSI3aHHBIN
c 3arpsisHenueM JJIT.

KuoueBbie caoBa: JI/IT, [IXDB, Boga, TOHHBIE OTIOKEHUS, THIPOOHUOHTHI, IKOJIOTUIECKHUI
puck, pexa Canrup

BaarogapnocTu: pabora BeimmonHeHa mo teme @I'BHY «HMUIL IICI» 123101900019-5
«M3ydeHne 0cOOEHHOCTEH CTPYKTYphI U TUHAMHUKH IPECHOBOJIHBIX dKocucTeM CeBepHOro
[IpugepHoMoOpbs» M uacTHuHO B pamkax Tem OUI[ MaBIOM 121031500515-8
«MonucMonornieckue 1 OHOTeOXUMHUYECKHE OCHOBBI TOMEOCTa3a MOPCKUX IKOCHUCTEM,
121030100028-0 «3axoHOMepHOCTH (HOPMHUPOBAHUS W AHTPOIIOTECHHAs TpaHChOopMAaIHs
6ropasHoobOpa3us u OuopecypcoB AzoBo-UepHOMOpCKOTro OacceliHa M Ipyrux paiOHOB
Muposoro okeana» u 121040500247-0 «®yHaaMeHTaNbHbIE UCCIIEJOBAHUS TOMYIISIMOHHON
OMOJIOTMH MOPCKUX JKUBOTHBIX, UX MOP(OJIOrNYECKOT0 M TeHETHIECKOTO pa3sHOO0pasush».

Jasi nurupoBaHus: XJopopraHudeckue KCEHOOMOTHKM B dKocucTeMe peku Canrup:
coJiep)KaHue, pacmpeneneHue, skonorudeckuii puck / JI. B. Mamaxosa [u mp.] //
Okonornyeckas 6€30MacHOCTh MPUOPEXHON U 1esb(poBoi 30H Mopst. 2023. Ne 4. C. 116—
133. EDN LZDHFW.

Introduction

Organochlorine pesticides of the dichlorodiphenyltrichloroethane (DDT)
group and polychlorobiphenyls (PCBs) are among the most common and
dangerous persistent organochlorine compounds (OCs) synthesized by humans.
In this regard, the content, distribution and influence of OCs on environmental
components became the subject of study all over the world in the 1970s. It was
determined that OCs have a toxic effect on aerobic organisms, leading to various
pathologies of the reproductive, nervous, immune and endocrine systems [1-4].

In May 2001, the United Nations Environment Programme adopted
the Stockholm Convention on Persistent Organic Pollutants, which prohibits
the production and use of twelve hazardous chemicals, including DDT and PCBs V.
However, OCs are still found in significant concentrations in the environment [5],
including freshwater and marine coastal waters of the Crimea [6, 7].

The largest Crimean river system is the Salgir River with its side streams.
The study of pollution in the Crimean rivers is carried out by the Crimean
Department of Hydrometeorology and Environmental Monitoring, which conducts
observations including analysis of water quality in accordance with sanitary and
hygienic standards. In general, according to reports from government agencies,
the water of the Salgir River is characterized as “dirty” ?, and according to
the indicators of biological and chemical oxygen consumption, the water of
the Salgir River in the area of the village of Dvurechye was characterized as

U UNEP, 2023. History of the Negotiations of the Stockholm Convention, Nations Environment Programme.
Available at: https://chm.pops.int/TheConvention/Overview/History/Overview/tabid/3549/Default.aspx
[Accessed: 19 November 2023].

2 Council of Ministers of the Republic of Crimea, 2023. [Report on State and Protection of
Environment of Republic of Crimea]. Simferopol: OOO Print, 448 p. (in Russian).
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“very polluted” ¥ in 2020. However, data on the content of persistent organic
pollutants DDT and PCBs in the Salgir River ecosystem are not provided either
in reports or in any other open sources.

The paper aims to study the current pollution of the Salgir and Biyuk-Karasu
Rivers ecosystem with DDT and PCBs. To achieve this purpose, the following
tasks were solved: determination of the OCs concentration in the water and soils
of the Salgir River and the soils of the Biyuk-Karasu River; assessment of the OCs
accumulation in hydrobionts; determination of the components of the Salgir middle
course ecosystem that accumulate OCs as much as possible; assessment of
the environmental risk from the OCs effects.

Materials and methods

To achieve this goal, in May and July 2023, samples of water, sediments,
crustaceans and fish fauna were taken in four districts of Salgir above (in the area
of the village of Dobroye — Stations / and 2) and below the city of Simferopol
(the village of Beloglinka — Stations 3 and 4), near the village of Molochnoye
(Station 5), near the village of Novogrigoryevka (Station 6). In three districts of
the Biyuk-Karasu River near Belaya Skala (Station 7), the villages of Zybiny
(Station 8) and Uvarovka (Station 9), samples of bottom sediments only were taken.

Water samples were taken in glass jars with a volume of 6 liters. The OCs
in the water were determined with the help of gas chromatography in accordance
with the environmental requirements PND F 14.1:2:3:4.204-04 (2014). Sediments
(0-5 cm layer) were also taken directly into glass containers. In a stationary
laboratory, the soils were thoroughly homogenized and dried in air. The natural
humidity as a percentage of the wet weight was calculated from the difference
between the wet and dry weight. The OCs in sediments were determined
in accordance with the standard procedure GOST R 53217-2008 (ISO 10382:2002).

The fish were selected with a dragnet, gill and hand nets with a mesh from 3
to 18 mm. The fish were identified using determinants 4. Bottom invertebrates were
collected manually with tweezers from rocks and also with a hydrobiological
scraper and sieve. The collected material was not fixed, but cooled for further pro-
cessing. The determination of the material was carried out using profile determinants ™.

The OCs content was determined in the tissues of amphipods (Amphipoda)
Dikerogammarus villosus (Sowinsky, 1894), in the gonads, muscles and internal
organs of the following male and female fish (Teleostei): schneiders Al/burnoides
maculatus (Kessler, 1859), chubs Squalius cephalus (Linnaeus, 1758), juvenile
bleaks Alburnus alburnus ( Linnaeus, 1758) and zopes Ballerus ballerus (Linnaeus,
1758). The whole bodies of juvenile specimens of round gobies Neogobius
melanostomus (Pallas, 1814) and spined loaches Cobitis taenia (Linnaeus, 1758)
were analyzed.

3 Trofimchuk, M.M., ed., 2021. [Quality of Surface Waters of the Russian Federation. Information
on the Most Polluted Water Bodies of the Russian Federation (Annex to Year-Book for 2020)].
Rostov-on-Don, 160 p. (in Russian).

4 Movchan, Yu.V. and Smirnov, AL, 1981. [Fauna of Ukraine, Vol. 8. Fishes, Issue 2 Cyprinidae,
Part 2]. Kiev: Naukova Dumka, 360 p. (in Ukranian).

3 Tsalolikhin, S.Ya., ed., 1995. [Keys to Freshwater Invertebrates of Russia and Adjacent Lands.
Vol. 2.] St. Petersburg, 629 p. (in Russian).
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In the samples of hydrobionts, the OCs concentrations were determined
in accordance with the method MVI.MN 2352-2005, and the content of total lipids
was determined gravimetrically [8]. The sum of total extracted lipids is expressed
in fractions (%) per wet weight.

Qualitative and quantitative analysis of OCs was carried out with the help of
the gas chromatographic method in the Shared Use REC “Spectrometry and
Chromatography” of IBSS of RAS using a CG Chromatec-Crystal 5000 (Russia),
equipped with an electron capture microdetector. The content of p,p’-DDT, its
metabolites p,p’-DDE and p,p’-DDD, as well as six congeners of polychlorinated
biphenyls (according to IUPAC: 28, 52, 101, 138, 153 and 180), were determined.
Quantitative determination of the OCs was performed by absolute calibration
within the linear range of the detector. The detection limit for the OCs varied from
0.05 to 0.1 ng/L in water samples, from 0.01 to 0.05 ng/g in sediments and
hydrobionts. The OCs concentration in sediments is calculated for the dry weight
of samples, in hydrobionts — for the wet weight.

According to the OCs data in water, sediments and hydrobionts of the Salgir,
the accumulation factor (AF) in sediments and bioaccumulation factor in hydrobionts
(BAF) were calculated using the following formula: AF(BAF) = Cs(h),g/Cw-1000,
where Cs,h — concentration of OCs in sediments or in tissues of hydrobionts (ng/g);

Cw — concentration of OCs
T able 1. Organochlorine compound (OC)

toxicity data for fish and crustacea in freshwater .
ecosystems To assess the environ-

in water (ng/L).

mental risk from the effects of

EC50, mg/L© OCs on the Salgir hydrobionts,
oC Fish Crustacea tl'le interr'la‘Fionally accepted
risk coefficient RQ was used,
p,p-DDE 0.0960 0.0535 which was calculated using
p.p-DDD 0.1100 0.0090 equation [9]: RQ = MEC/PNEC,
where MEC — measured con-
p.p-DDT 0.0800 0.0090 centration of OCs in hydrobionts;
PCB 28 0.1600 0.1600 PNEC — concentration of OCs,
PCB 52 0.0030 0.0030 below which no harmful effects
on organisms will occur with

PCB 101 0.0100 0.0100
prolonged or short-term expo-
PCB 138 0.0026 0.0010 sure. PNEC is usually calcu-
PCB 153 0.0013 0.0013 lated by dividing toxicological
PCB 180 0.0250 0.0010 dose descriptors (LC50 or
' i EC50) by assessment factor [9]:

9 EPA. ECOTOX Knowledgebase. 2023. [online] Available at: https://cfpub.epa.gov/ecotox/
search.cfm [Accessed: 19 November 2023].
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PNEC = (LC50 or EC50)/Assessment Factor. Most commonly used mortality
indicator LC50 and AF = 1000 factor were taken for calculating PNEC during
the study. Toxicological parameters EC50 were taken from the open ECOTOX
database ® (Table 1).

An RQ value greater than one means high environmental risk, in the range
from 0.1 to 1 — average environmental risk, from 0.01 to 0.1 — low environmental
risk, and below 0.01 — insignificant environmental risk [9].

Results

At Stations /—4, the DDT and PCBs concentration in the water was low in May
and July. On average, the sum of the concentration of DDT and its metabolites
(ZDDT) was 1.30, the sum of the concentration of PCB congeners (Z6PCB) was
1.85 ng/L (see Fig. 1, a). The composition and the same content of DDT and
metabolites at these stations indicate a single source of pesticide intake in the
Simferopol Region. Among PCB congeners at Stations /-4, only PCBs 138 and 153
were found in all samples. The low content of Z6PCBs indicates the absence of
significant sources of PCBs in the areas of these stations.

Downstream of the Salgir, at Stations 5 and 6, a significant increase in the OCs
concentration was observed (Fig. 1, @). The highest ZDDT content was determined

at Station 5 in the area of the village of Molochnoye (Table 2). At this site, the
content of the initial DDT was 72% of the total concentration of DDT
and metabolites, which means its recent entry into the river area. Downstream,

Table?2 Concentrations (ng/L) of DDT, its metabolites, and indicator PCB congeners
in the Salgir River water in May and July 2023

S = O~ - L = I T A T -
Station | Sampling 8 8 8 g 2 = — — =
no. date a, - - O O 3 @) @ @
< < = A~ A~ &~ & & &

1 23.05 023 027 BDL 0.12 1.64 020 041 0.29 BDL

2 06.07 1.02 020 1.04 N/D N/D N/D 009 041 N/D

3 23.05 0.83 047 022 041 236 N/D 032 048 N/D

4 06.07 035 024 030 0.13 N/D N/D 028 0.14 N/D

5 18.07 536 521 2729 130 281 624 159 298 N/D

6 18.07 2.02 1.15 N/D 129 254 746 1.04 132 N/D

Note: BDL — below detection limit; N/D — not detected.
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at Station 6, the initial DDT pesticide was not detected in the water, and the sum
of the concentrations of its metabolites DDE and DDD turned out to be an order
of magnitude lower than at Station 5, but three times higher on average than
in the Simferopol Region.

The content of Z6PCB at Stations 5 and 6 turned out to be almost the same and
amounted to 14.91 and 13.65 ng/L (Fig. 1, a), respectively. In the areas of Stations 5
and 6, the sum of the concentrations of OCs in water exceeded on average 11 times
their total content at Stations /—4.

No DDT and PCBs should be recorded in the water of fishery reservoirs,
and the approximate permissible level (APL) is 10 ng/L 7. In the Salgir water above
and below Simferopol, both in May and in July, the OCs APL was not exceeded.
At Station 5, an excess of the Y DDT APL was detected by 4 times, and that of
the Y 6PCB APL by 1.5 times. At Station 6, the Y DDT APL was exceeded 1.3 times.

The results of geochemical analysis showed that at different sampling points,
the sediments of the Salgir and the Biyuk-Karasu differed in natural moisture (NM)

and, as a result, in granulometric

a > composition. The sediments of
J 5 | the Salgir River were represented by
& 5 | multigrained sands with varying

degrees of siltation. Thus, at Sta-
tions / and 3, it was silted coarse
odorless sand with an NM content
| of 33 and 38%, respectively, at
At Station 5 — sandy silt (NM —40%)

45 Simferopol

e
21

« Sampling station
® Sum of DDT, ng/L
0O Sum of PCB, ng/L

Sum of concentration
PCB and DDT, ng/LL
S0

40
30

Black Sea »

2

150
100

50
3
10

with putrid odor, at Station 6 —
pelitic silt (NM — 54%). In the area
of Station 7, the soils of the Biyuk-
Karasu River contained 95% of
coarse cobbled gravel (from 0.5
to 3 cm) and 5% of aleuritic silt
(NM — 19%) with putrid odor,

b '5}5;3" at Station 8 — yellow-gray silt with

y £ % 27% of NM with inclusions of

7/ . S gravelly fractions, at Station 9 —

\3’5‘ - & black silt with algae residues and

e £a with 55% of NM.

5;’ g « Sampling station
=) #» @ Sum oljDI_)T. ng/L

= i:::f“:ﬂiti;:itn Fig 1. YDDT and Y6PCB concent-

3 Simferopol "PCB and DDT, ng/L rations in the Salgir River water (a)

and sediments of the Salgir River
(Stations /—6) and the Biyuk-Karasu
River (Stations 7-9) (b)

" On the Approval of Water Quality Standards for Water Bodies of Commercial Fishing Importance,
Including Standards for Maximum Permissible Concentrations of Harmful Substances in the Waters of
Water Bodies of Commercial Fishing Importance: Order of the Ministry of Agriculture of Russia
dated December 13,2016, No. 552 (in Russian).
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The amount of OCs concentration in sediments varied in a wide range from 3.03
to 133.57 ng/g (Fig. 1, b). The lowest concentrations of ZEDDT and Z6PCB were 2.73
and 0.30 ng/g at Station 7, the maximum was 71.69 and 61.88 ng/g at Station 5,
respectively.

In the Russian Federation, there are only regional permissible levels (PLs) of
the OCs content in sediments ¥, where a safe level of 2.5 ng/g is set for XDDT.
With the XDDT concentrations from 2.5 to 10 ng/g, precipitation is considered
slightly polluted, at higher concentrations — polluted. The regional ZDDT PLs
coincide with the norms accepted in international practice in the Dutch Sheets ?,
where there is also XPCB PL, which is less than 20 ng/g of wet weight. According
to the above standards, sediments in terms of the level of PCB contamination
in the area of Stations 7—9 can be classified as clean, at Stations / and 4 — slightly
polluted, at Stations 5 and 6 — polluted, according to the level of ZDDT pollution
at Stations /, 7 and 9 — slightly polluted, at Stations 4—6, 8§ — polluted.

Fig. 2 shows the results of the determination of lipids and OCs in samples of
hydrobionts. The content of total lipids varied from 1.3% in the muscles of female
chub to 29.8% in the internal organs of bleak (Fig. 2, a). The concentration of OCs
in fish tissue samples varied in a wide range: for XDDT — from 0.94 to 1153,
for Z6PCB — from “not detected” to 739 ng/g. The lowest concentration of OCs
was determined in the muscles of male and female schneider at Station I,
the highest — in the internal organs of bleak at Station 5 (Fig. 2, ). The DDT
metabolites, DDE and DDD, were found in all samples of hydrobionts, and in 80 %
of samples — the initial DDT. At Station /, PCBs were not detected in the muscles
of male schneider, as well as in the muscles and gonads of female schneider.
At more polluted Stations 5 and 6, the concentration of XDDT in the bodies of
juvenile individuals of bleak, goby and spined loach exceeded the content of
Y6PCB by 1.5 times on average.

A comparison of the OCs concentration with the MPC, which in freshwater
fish for ZDDT is 300, for ZPCB — 2000 (in the liver — 5000) ng/g of wet weight,
showed that the MPC of OCs was not achieved in muscles, which are a food
product. It is obvious that there is no health risk for people when eating fish caught
in the studied areas.

In such benthophages as spined loach and round goby, the XDDT and £6PCB
concentration exceeded on average 4 and 7 times the concentration in potential
food items — amphipods (Fig. 2, b). This can indicate the process of biomagnifi-
cation — an increase in the level of OCs content in living organisms of the river
trophic chain.

8 LenmorNIlproekt, 1996. [Standards and Assessment Criteria of Bottom Sediment Pollution
in Water Bodies of St.Petersburg, Regional Standard]. St. Petersburg: LenmorNIIproekt, 20 p.
(in Russian).

9 AMAP, 2004. PTS Limits and Levels of Concern in the Environment, Food and Human
Tissues. In: AMAP, 2004. Persistent Toxic Substances, Food Security and Indigenous Peoples
of the Russian North. Final Report. Oslo, 2004. Ch. 3, pp. 29-32. Available at: https://
www.amap.no/documents/download/1069/inline [Accessed: 6 December 2023].
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Fig. 2. Total lipids (a) and OCs concentrations (b) in Salgir hydrobionts: I — gonads;
II — muscles; III — internal organs; IV — whole body; n.d. — not determined;
J — juveniles, a* — amphipods, sI* — spined loach. Digits indicate station numbers

Discussion

Reasons for uneven distribution of OCs in the abiotic components of the Salgir
ecosystem

The unequal contamination of the abiotic components of the Salgir ecosystem
with the OCs indicates that between Stations 4 and 35, there are sources of OCs intake,
which influenced a significant increase in the concentration of pollutants at Stations 5
and 6. At this stage of study, it is impossible to determine the exact source of OCs
in this area. Potentially, pollutants can come with wastewater from municipal
facilities [1]. It is known that in the Crimea, treated and untreated wastewater is
discharged in the Salgir River, the Black Sea and Lake Sivash ?. DDT can appear
in residential wastewater from pharmaceuticals. Despite the fact that DDT has been
prohibited by the Russian government for several decades, pharmacy chains
still offer DDT as an insecticide, as well as insecticidal soap containing DDT,
in the 21st century [10]. Drainage waters of more than 80 water consuming
enterprises, which take the Salgir water for irrigation of agricultural lands, can also
be a source of OCs pollution ',

10 Rodyushkina, N.N., 2017. [Information on Providing Water Bodies for Use on the Basis of Water
Use Agreements and Decisions on Providing Water Bodies for Use in the Republic of Crimea as of
11 October 2017] (in Russian).
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In the late 1990s, 6.04 kg/ha of pesticides, including DDT, were applied to
1 hectare of farmland to control pests !V. The appearance of DDT in the river water
can indicate its possible flushing from the drainage area, where warehouses of
obsolete pesticides are located. On the territory of the Crimea, 866.9 tons of
prohibited and unidentified pesticides are accumulated at 28 solid waste landfills,
and the number of unofficial landfills of obsolete pesticides has never been
recorded [11]. Filtrates containing dangerous chemical compounds and products of
their metabolism enter aquifers from such landfills [1]. In addition, stock-raising
facilities (including poultry farms) are the sources of OCs intake to the environment
[1]. In the Krasnogvardeyskoye District, at least 11 large stock-raising farms are
located in the Salgir drainage area '%. Thus, high local contamination of water and
sediments at Stations 5 and 6 can be a consequence of the integral influence of
the above-mentioned potential sources. It can be assumed that the main sources of
DDT at Stations 5 and 6 were warehouses of obsolete pesticides stored in improper
conditions, and the sources of PCBs were atmospheric transport precipitation and
residual amounts from previous years of active use of OCs in industry and
agriculture. The low concentration of OCs in the water at other stations, which is
comparable to the pollution of the Crimean open marine areas [12], can be
a consequence of so-called background pollution. Such a background is created
by atmospheric transport from southern latitudes, where DDT is still allowed to
be used to control insect vectors of malaria, typhus, tick-borne encephalitis, etc.
[13, 14].

To identify the factors influencing the accumulation of OCs in sediments,
correlation analysis was performed. Close ratio was found between
the concentration of DDT, its metabolites and hexachlorobiphenyls 138 and 153
in sediments and their content in water (Fig. 3). For tri-CB 28, such ratio was
absent (R%pcp2s = —0.09), and for tetra- and penta-CB 52 (R?pces2= 0.38) and 101
(R?pcio1 = 0.40), it was weak. Thus, the concentration of DDT and highly
chlorinated PCB congeners in the Salgir soils is closely related to water pollution.

The granulometric composition of sediments can be another factor influencing
the accumulation of OCs by them. Indirectly, the granulometric composition can
be judged by the NM: the higher the NM, the higher the content of silty fractions.
The coefficients of determination (R?) between the NM and the concentration of
YDDT and X6PCB in the sediments of rivers were 0.36 and 0.25, respectively,
which indicates a low correlation between fine fractions and the OCs content.
Consequently, the content of pollutants in water was a more significant factor
affecting the accumulation of OCs in soils.

D Goskomgidromet, 1988. [Yearbook of the Content of Residual Amounts of Pesticides in the Natural
Objects of Certain Regions of the Soviet Union. Book II]. Obninsk: Goskomgidromet, 132 p.
(in Russian).
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Comparison of the OCs concentration in water and sediments with other rivers

A comparison of the contamination of water and river soils showed that
the concentration of XPCBs was higher in the Salgir than in the studied Crimean
rivers — Chernaya and Uchan-Su [6, 12], as well as Biyuk-Karasu (Table 3), and
was comparable to the data obtained in the Czech Republic [15]. At the same time,
in such European rivers as the Sele, the Volturno, the Bahlui, the Somesul Mic
[16, 17] and the Moscow [18], as well as in the rivers of India [19, 20],
this indicator was lower. The content of XDDT in the sediments of the Salgir
middle course turned out to be one of the highest among the compared areas.
The pesticide concentration was three times higher only in the Indian Yamuna
River (Table 3).

Mechanisms of removal of OCs from the Salgir waters

The intensive accumulation of OCs from the water by both sediments and
biotic components of the Salgir ecosystem is evidenced by the calculated
accumulation factor (AF) and bioaccumulation factor (BAF) of OCs (Fig. 4).
In different areas of the Salgir, the EDDT AF in sediments varied from 2-103
at Station 5 to 1-10* at Station 6. The AF of L6PCB in sediments was lower and
ranged from 9-10? at Station 3 to 4-10°* at Station 5.

10 7
9 4
g <
57;
56
z s
B4 E} F i g. 4. Accumulation factor (AF) of OCs
3 x in sediments and bioaccumulation factor
2 - (BAF) of OCs in fish and amphipods of
1 E _% the Salgir River. Horizontal lines show
0 ==H — , . median, crosses are the mean, boxes are
sediments fish amphipods interquartile ranges (25 and 75%),
OYDDT []36PCB whiskers are ranges of AF and BAF values
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Table3. OCs concentration in water and bottom sediments of freshwater ecosystems

Area Date Object Ranges (mean) of ) DDT Ranges (mean) of ) PCB Work
Bahlui River, Romania 2002 Bottom sediments (37) ng/g 24-158 (59) ng/g [16]
Nove Mlyny Reservoir, Water N/Dtm (17.78) ng/L *!
South Moravia, Czech 2007 [15]
Republic Bottom sediments N/Dtm 2.09-38.11 (9.02) ng/g
dry weight *2
January 2012 Water 0.1-354 (83+26) ng/L 2-779 (99+38) ng/L [19]
Yamuna River, India
June 2018 Bottom sediments 0.41-18 ng/g dry weight 553-20 983 ng/g dry weight [20]
Moscow River 2014 Water N/Dtm BDL - 180.7 ng/L *3 [18]
Somesul Mic River, Romania May 2017 Bottom sediments 1.00-39.24 ng/g dry weight 2.74-252.72 ng/g dry weight [21]
April - July Water N/Dtm 22.3-24.5 ng/L *2
Volturno River, South Italy 2017, April — [17]
July 2018 Bottom sediments N/Dtm (64.4) ng/g dryweight

DKonorudeckas 6e30MacHOCTh MPUOPEKHON U menb(HoBoit 30H Mopst. Ne 4. 2023 127



Continued Table 3

Area Date Object Ranges (mean) of > DDT Ranges (mean) of > PCB Work
April-February Water ND - 1.96 ng/L *3 20.8-39.3 ng/L *3
Sele River, South Italy 2020, April — [5]
February 2017 Bottom sediments 0.10-6.12 ng/g dry weight (79.3) ng/g dry weight
Water (0.57) ng/L (3.45) ng/L [12]

Chernaya River mouth,

south-eastern Crimea 2020-2021
Bottom sediments 7.3-13.6 (10.0) ng/g dry weight 3.9-27.4 (13.98) ng/g dry weight| [6]
Uchan-Su River (Yalta) 2020-2021 Water (0.32) ng/L (1.09) ng/L [12]
Water 0.53-37.87 (7.71) ng/L 0.50-14.91 (5.99) ng/L
Salgir River Ma%/ széluly T™W
Bottom sediments 9.06-71.69 (3.2.91) ng/g 3.11-61.88 (2.3.80) ng/g
dry weight dry weight
Biyuk-Karasu River July 2023 Bottom sediments 2.73-13.08 (8'02) ng/g BDL -2.70 (.l 00) ng/g ™
dry weight dry weight

Note: N/Dtm- the values were not determined; ND — not detected; BDL — below detection limit, TW — this work.
*1 Sum of concentrations of six PCB indicator congeners.

*2 Sum of the dissolved and weighed forms.

*3 Sum of concentrations of 28, 42, 45, and 49 PCB congeners.
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Another mechanism of the aquatic environment purification is the extraction of
hydrophobic OCs from water by hydrobionts [22]. According to our data, at a low
concentration in the water, ZDDT BAF and Z6PCB BAF in the muscles of the Salgir
fish at Station / were 9-10% and 8-10%, respectively. At Station 6, where
the concentration of OCs was two orders of magnitude higher, BAF was higher
than at Station I, and reached a maximum of 9-10* for XDDT and 1.5-10%
for 26PCB (Fig. 4). The highest BAF were determined in crustaceans:
the components at Station 3 averaged 7-10* for ZDDT and 4-10* for X6PCB.

Assessment of the environmental risk from the effects of OCs on hydrobionts

Depending on the research area, the values of the environmental risk
coefficients RQ of individual OCs varied in a wide range from 0.00001 to 25.8
in hydrobionts (Table 4). In general, the RQ of highly chlorinated PCB congeners
turned out to be higher than the RQ of DDT group compounds and low-chlorinated
PCBs. At Station /, RQ did not exceed the high risk threshold for all types.

T able4. Environmental risk coefficient RQ for fish and crustaceans in the Salgir River

ecosystem
oC i:llén;:;(;)e;r Chub Amphipods | Bleak Goby Spined
(st. 1) (St. 2) (St. 3) (St. 5) (St. 6) | loach (St. 6)

p,p-DDE 0.0018 0.21 0.066 1.94 1.0 1.9
p,p-DDD 0.0002 0.012 1.1 0.38 0.45 0.81
p,p-DDT 0.0036 0.0014 1.9 0.38 0.17 0.29
PCB 28 0.0003 0.012 0.00001 0.038 0.025 0.045
PCB 52 0.27 2.2 1.4 1.68 1.1 2.2
PCB 101 0.012 4.9 0.47 5.4 4.0 84
PCB 138 0.61 4.5 6.1 20.8 21.7 31.9
PCB 153 0.19 1.5 5.8 16.8 16.8 25.8
PCB 180 0.003 0.0053 0.063 0.13 0.18 0.29

Note: RQ values of high environmental risk are given in bold.
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Thus, it indicated average environmental risk for PCBs 52, 138 and 153 and no risk
for DDT group compounds. At Stations 5 and 6, the DDE RQ exceeded the high risk
threshold for fish, and at Station 3, RQ exceeded such a threshold for crustaceans
concerning DDD and DDT content. The highest RQ coefficient was determined
for hexachlorobiphenyls 138 and 153 for fish at Stations 2, 5 and 6 and amphipods
at Station 3.

The results obtained at Stations 5 and 6 suggest that, despite the higher level
of DDT pollution, PCB pollution poses a higher environmental risk for these areas
of the Salgir ecosystem.

Conclusion

It is difficult to overestimate the economic importance of the Salgir River.
The quality of life of people living on the banks of the river and the work
of enterprises that are supplied with the Salgir water, depend on the condition
of its water. The conducted studies of the levels of pollution of the components
of the Salgir and Biyuk-Karasu ecosystems with such organochlorine xenobiotics as
DDT and PCBs made it possible to identify the areas of environmental danger
for biological objects and, possibly, for people near the villages of Molochnoye and
Novogrigoryevka. The results of the study showed that the contamination of the OCs
components of the Salgir middle course ecosystem was a serious environmental
problem. Therefore, the task is to identify the OCs sources and prevent their intake
to the river.
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Abstract

The paper aims to assess the quality of ballast water purification of phyto- and micro-
zooplankton using various ballast-water treatment systems. The analysis of treatment
systems performance was based on the results of the study of phyto- and microzooplankton
taxonomic composition and abundance in 19 samples of ballast water treatment after their
treatment in the ships’ systems. The samples were taken onboard 12 oil tankers and 7 bulk
carriers originating from the ports representing the Mediterranean basin, tropical West
Africa and the NW Indian Ocean. The vessels entered the seaport of Novorossiysk
for cargo loading from October 2022 to March 2023. In 90% of all cases of the systems use,
the ballast water purification of unicellular organisms met the Regulation D-2 Ballast Water
Performance Standard of the International Convention for the Control and Management of
Ships’ Ballast Water and Sediments. The ballast of 10% of the vessels (from Turkish ports
in the Marmara and Aegean Seas) equipped with DESMI CompactClean CC-500
(treatment by filtration + UV) and Pureballast 3.2 1500 EX (treatment by UV system) did
not meet the cleaning quality standard: 1.19x10° and 1.21x10* cells/L, respectively, were
detected after treatment. The ballast waters of vessels from the Gulf of Suez and Mauritania
represented a moderate risk in terms of cell abundance (7.16x10° and 2.03x10° cells/L,
respectively). In total, 20 microalgal species were found: diatoms (13), dinoflagellates (6),
a silicoflagellate (1), several algal taxa not identified to species, as well as ciliates.
Proboscia alata and Prorocentrum micans were the most frequent. No planktonic algae
classified as invasive to the Black Sea were found.

Keywords: ballast water, marine ballast, seaport of Novorossiysk, ballast water systems,
taxonomic composition, phytoplankton, Black Sea, anthropogenic pollution, biological
invasion, invasive species
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AHHOTALUSA

Ienb paboThI — OIIEHUTH Ka4eCTBO OUMCTKH CYZOBOT0 OamacTa oT (UTO- U MUKPO30OIUIaHK-
TOHAa C MOMOIIBIO Pa3IMYHBIX CHCTEeM 00pabOTKM OautacTHBIX BoJ. B ocHOBY aHammza
(G (PEKTUBHOCTH CHUCTEM OYHUCTKHU JIETJIM PE3yJIbTaThl HCCIIEAOBAHUS TaAKCOHOMHYECKOTO
COCTaBa M YHCIEHHOCTH (UTO- ¥ MHUKPO30OIUIAHKTOHA B 19 mpobax OamiacTHBIX BOZ Iocie
uX 00paboTKH B CynOBBIX cuctemax. OTdop mpod Mopckoro Gamiacta ObUT OCYIIECTBIICH
Ha OopTy 12 HEQTAHBIX TAaHKEPOB M CEMH CYXOTPYy30B, NMPUOBIBIIMX W3 IIOPTOB CTpaH
CpenuzemHoMopckoro Oacceiina, Tpomuueckoil 3amanHoil AQpPUKH M ceBepo-3araiHoN
yacti Hauiickoro okeaHa v 3aXOAMBIIUX IOJ MOTPY3Ky B Mopckoi nopT HoBopoccuiick
B okTs10pe 2022 r. — mapte 2023 r. Mccnenoanus mokaszany, urto B 90 % Bcex ciydaes
HCIIOJIb30BAaHMS YCTAHOBOK PE3yJbTaT OYMCTKH OAJUTACTHBIX BOJ OT OJHOKJIETOYHBIX Opra-
HU3MOB YIOBIETBOPSI CTaHAApTy D-2 MexayHapoIHOH KOHBEHIIMH O KOHTPOJIE CYIOBBIX
OaTacTHBIX BOJ M OCaJKOB M ympasieHus mMH. bamract 10 % wuccnenoBaHHBIX CyIOB
(u3 moproB Typuuu B MpamMopHOM M DTreicKUX MOpSIX), OCHAIICHHBIX cuctemMamu DESMI
CompactClean CC-500 (cmoco6 oumctku: ¢QmipTpamus + o0paboTka YyIbTpadHOIeTOM)
u Pureballast 3.2 1500 EX (criocob ouncTku: 00paboTKa yasTpaduoIeToM), HE COOTBETCTBOBAI
CTaH/apTy KauecTBa ouucTKH. Ilocie 00paboTKH YUCICHHOCTh OAHOKIETOUHBIX BOAOPOCIIEH
B Gawiacte coctasmsmia 1.19-10° u 1.21-10* K1/ COOTBETCTBEHHO. BayutacTHBIE BOMIBI CYIOB
n3 Cysukoro 3ainuBa 1 MaBpHTaHUH MPEACTAaBISUIN COOOH YMEPEHHYIO yrpo3y/OnacHOCTb
IJIs OKPY)KAIOUIEH CpelBl: YHCIEHHOCTh MHKPOBOZOPOCIEH cocramisiaa 7.16:103 u
2.03-10° xi./n coorBercTBEHHO. Bcero obHapyxeHo 20 BHIOB MHKPOBOIOPOCIIEN:
13 nuaToMOBBIX, 6 TUHO(IArEIUIAT, | CHIMKO(IAreJUIAT U HECKOIBKO HE WACHTU(HHUIUPO-
BaHHBIX JI0 BHJa TAKCOHOB BOJIOPOCIIEH, a Takxke MH(py3opun. Hanbonee qacTo BcTpeyannch
Proboscia alata wm Prorocentrum micans. BUIOB IUIaHKTOHHBIX BOJOPOCIEH,
KITaCCUPUITMPYEMBIX KaK BCEJICHIIB B UepHOe Mope, B OaiiacTe 0OHapyKeHO HE ObLIO.
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KnroueBsble ci10Ba: GamiacTHble BOJBI, MOpPCKOil O6amtact, mopt HoBopoccuiick, cucteMsl
oOpaboTku OayutacTa, TaKCOHOMHYECKHH cocTaB, (UTOILIAHKTOH, YepHoe Mope,
AHTPOIIOTCHHOE 3arps3HeHNE, ONOJIOTUYECKIE HHBA3UH, BUIbI-BCCIICHIIBI

BiarogapHocTH: aBTOPHI BEIPaXXAOT OJIAarOAapHOCTP 3a MPEIOCTaBICHHYIO BO3MOXKHOCTh
TIPOBECTH HCCIENOBaHMS OaUIaCTHBIX BOJ KammMTaHy Mopckoro mopra HoBopoccuiick
C. A. YpronmHYy W 3a OCYIIECTBIIEHHE OTOOpa mpod CymoBoro OaiacTa HMHCIIEKTOpaM
OI'BY «AMII YepHoro mops» O. B. Cunaiickomy, A. b. KprsutoBckomy u A. A. Paccoxumny,
a taroke H. A. OkonoaxoBoit (Mexuko, MekcHKa) 3a MOArOTOBKY KapThl, TAOIHUIIBI MUKPO-
¢dororpadmii u rpadpudeckoit anHoTarwu, C. H. Onexnny (MHCTUTYT MOPCKHX HCCIICAOBAHHI
npu Knaiineackom yHuepcutere, Knaiinena, Jlutea) 3a momoinis ¢ JuTepaTypoii, Nina
Lundholm (Department of Biology, University of Copenhagen, Copenhagen, Denmark) 3a
KOHCYJIbTAIIMIO N0 POJy AMATOMOBBIX Pseudo-nitzschia n M. M. Gowing (Seattle, WA,
USA) 3a momomis B peJaKTHPOBAHUM aHTIUHCKOro TekcTa. [lyOnukanus mOAroToBICHA
B pamkax rocyaapcteHHoro 3aganusa KOHIL PAH Ne 122011900153-9.

s murupoBanusi: fAcaxosa O. H., 3yuxos O. T., Okonodkos FO. . DPPekTuBHOCTH
MIPUMEHEHHsT CHCTeM 00pabOTKM OAIUTACTHBIX BOJ HA CyJax, 3aXOAAUIMX B MOPCKO# mopT
Hosopoccwuiick, UepHoe Mope // Dkonorudeckast 6€301macHOCTh MPUOPEIKHON U MIeTb(HOBOI
30H Mops. 2023. Ne 4. C. 134-154. EDN OERTEH.

Introduction

Biological pollution is one of the most important problems of anthropogenic
influences on the ecosystems of the World Ocean. Every day, on a planetary scale,
vessels carry from 3000 to 4000 species of organisms [1, 2]. The involuntary and
uncontrolled transfer of microalgae and their cysts in ships’ ballast water began
in the 1870s. Due to the rapid development of metallurgy, wooden vessel hulls
were replaced by metal ones, and instead of stones, gravel or sand, sea water began
to be used as ballast [3].

The current composition of the Black Sea flora and fauna was formed under
the influence of the fresh waters of the Sea of Azov and large European rivers
on the one hand and the Mediterranecan waters on the other. Therefore, it is of
a mixed nature and includes both freshwater and marine species.

Natural migration of species from the Mediterrancan Basin through
the Bosphorus and Dardanelles straits to the Black Sea and their distribution
in the sea under the influence of currents have always existed since the formation
of the Bosphorus Strait (presumably, 8-10 thousand years ago [4]) and still exist
today.

Despite the fact that the salinity does not exceed 18 in the surface layer,
the sea has low “biological immunity” against invasive species due to a significant
proportion of relict and endemic species V. Over the last half century, more
than 200 species of flora and fauna new to this region, arriving from other areas of

D Zaitsev, Y.P., 2006. An Introduction on the Black Sea Ecology. Odessa: Even, 224 p. (in Russian).
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the World Ocean, have been found in the Black Sea, while about 150 Mediterranean
species have successfully adapted to new conditions [5, 6]. By the beginning of
the 20th century, more than 40 invasive species had become common inhabitants
of the Black Sea and the Sea of Azov [7]. It is predicted that the rate of invasion
of new species into the Black Sea will increase (up to two species per year). This is
generally caused by the increase in shipping intensity and disruption of ecosystem
stability due to eutrophication [8, 9].

Not every invasion of an alien organism results in tangible environmental and
economic consequences, but some cases have been recorded. Thus, the invasion of
the North American ctenophore Mnemiopsis leidyi A. Agassiz (Ctenophora:
Tentaculata: Bolinopsidae) into the Black Sea in the early 1980s led to a decrease
in the numbers of the European anchovy Engraulis encrasicolus (L.) (Clupeiformes:
Engraulidae) and other commercial fish species. Consequently, economic losses
amounted to US$240 million per year?.

Most phytoplankton cells do not survive in dark ballast tanks. However,
resting stages of planktonic diatom and dinoflagellate species were found to be
viable even after being transported in sediments at the bottom of ballast tanks
for six months at 4 °C [10]. A microalgal study of 343 wvessels entering 18
Australian ports found that 65% of the vessels carried significant amounts of
sediments in their tanks [11]. Dinoflagellates account for the vast majority of toxic
species compared to other marine microalgae, and almost all toxic dinoflagellate
species are capable of photosynthesis.

In 2004, to reduce the environmental, epidemiological and other stresses
on the aquatic environment caused by untreated ballast water discharge, the Inter-
national Maritime Organization (IMO) adopted the International Convention
for the Control and Management of Ships’ Ballast Water and Sediments 3.
The Convention includes five standard ballast water treatment procedures. The first,
most reliable method of preventing the introduction of unwanted invasive species
is the complete exclusion of ballast water discharge in the port water area.
The remaining four methods involve treating ballast water to minimize the risk of
discharge of unwanted organisms. From practical experience, they are all far from
perfect® [8, 12—15]. The second method includes the reduction of the marine organism

2 Zaitsev, Y. and Oztiirk, B., 2001. Exotic Species in the Aegean, Marmara, Black, Azov and Caspian
Seas. Istanbul: Turkish Marine Research Foundation, 267 p.

3 IMO, 2004. 2004 International Convention for the Control and Management of Ships’ Ballast
Water and Sediments. London: International Maritime Organization, 28 p.

4 Kudyukin, A.A., 2003. [Ballast Water Treatment in Shipboard Conditions: World Experience,
Technological Approaches. Expert Evaluation of Proposals of National Manufacturers. First Results,
Conclusions]. In: Global Ballast Water Management Program, 2003. [The 4th Scientific-Practical
Seminar on the Problem of Ship Ballast Water Management (for Specialists of Scientific Institutions
Related to the Problem of Shipping, Marine Biology, Ecology and Environmental Protection),
Odessa, Ukraine, 2627 August 2003: Workshop Report]. Odessa, pp. 19-23 (in Russian).
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concentrations in the ballast water loaded by the vessel, by limiting the amount of
water, selecting receiving sites, etc. The third method is coastal ballast treatment.
The fourth and most widely used method is ballast change in open sea or ocean
water (regulation D-1). The fifth, most effective, method involves ballast water
treatment onboard the vessel (regulation D-2). This is a ballast water quality
standard that requires vessels to install a ballast water treatment system (BWTS)
onboard. BWTSs must discharge into the marine environment fewer than 10 viable
organisms > 50 pum in length per cubic metre and fewer than 10 viable organisms
10-50 pum in length per milliliter. By 2010, about 60 BWTSs were known, and new
ones appear every year [15].

IMO developed several technological methods for this process, which can be
divided into four groups ¥ [16]: 1) physical (heating, ultrasonic and ultraviolet
treatment, silver ionization, etc.); 2) mechanical (filtration); 3) chemical (ozonation,
deoxygenation, chlorination, use of bioreagents, etc.); 4) biological (adding
predatory or parasitic organisms to ballast water to destroy unwanted invasive
species).

The results of the study of various ballast water treatment methods revealed
almost no sufficiently effective and economical ones [17].

To minimize damage from biological pollution, IMO required all merchant
vessels to comply with regulation D-1 (full ballast water exchange or three sequential
pumpings of ballast water) in the area of the recipient water body. However,
the Convention stipulates that vessels built in 2017 and later must comply with
regulation D-2. According to the binding regulations for the seaport of Novorossiysk,
discharge of ballast is allowed subject to compliance with regulations D-1 and D-2.

In 2008, IMO developed and published Guidelines for approval of ballast
water management systems (MEPC 2008). These Guidelines define the minimum
BWTS technical specifications and technical documentation requirements.
Furthermore, they define a manner of testing and targeted results of analysis of
ballast water samples. Special attention is paid to the size and concentration of
living organisms, including some types of bacteria ®.

Long-term (2004-2019) monitoring studies of the marine environment conducted
in the water areas of the large Russian commercial ports and resort cities, as well as
in the open areas of the northeastern Black Sea, showed that in recent decades new
invasive species continued to appear there despite the application of regulations
D-1 and D-2 [5, 18-20]. It should be noted that some caused significant economic
damage, as was the case with the emergence of the ctenophore Mnemiopsis leidyi.

% Tamelander, J., Riddering, L., Haag, F. and Matheickal, J., 2010. Guidelines for Development of
a National Ballast Water Management Strategy. London; Gland: GEF-UNDP-IMO GloBallast, 43 p.

© MEPC, 2008. Resolution MEPC.174(58). Guidelines for Approval of Ballast Water Management
Systems (G8). 28 p. MEPC 58/23, Annex 4.
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The literature covers the results of studies of phyto- and zooplankton in ballast
water for the regulation D-1 efficacy evaluation. At the same time, there are fewer
publications on the results of applying regulation D-2 in practice, and they mainly
concern microbiological studies [23]. No information was published on the efficacy
of long-term practical use of ballast water treatment systems for minimizing
the concentration of plant and animal planktonic organisms in them. The aim of
this paper is to assess the quality of ballast water treatment of phyto- and
microzooplankton of the BWTSs on the vessels that entered the seaport of
Novorossiysk in 2022-2023.

Materials and methods

Nineteen ballast water samples that underwent the treatment procedures of
BWTSs were taken by inspectors of the Federal State Budgetary Institution
"Administration of Seaports of the Black Sea" using a ship's cylindrical metal
1 liter sampler through ballast holes onboard 19 vessels (12 oil tankers and 7 bulk
carriers) that entered the seaport of Novorossiysk for cargo loading from October
2022 to March 2023 (Table 1). The vessels loaded ballast in the ports of the
following countries (Fig. 1): Romania (the Black Sea, 1 vessel), Turkey (8 vessels),
Greece (1 wvessel), Italy (1) and Tunisia (1) (the Mediterranean countries),
Mauritania (1) (tropical West Africa), Egypt (5 vessels) (the Gulf of Suez, the Red
Sea, the Indian Ocean) and Iran (1 vessel) (the Persian Gulf, the Indian Ocean).
Marine ballast samples were fixed with neutral formaldehyde to a final
concentration of 1-2% 7 and concentrated in a land-based laboratory by
sedimentation in cylinders with a diameter of 5.3 cm and a height of 36 cm for 2-3
weeks. Cell counts of phytoplankton were carried out using a MIKMED-2
microscope (LOMO, St. Petersburg, Russia), applying the bright-field technique in
transmitted light using the 10x/0.30 and 40%/0.65 achromatic objectives produced
by LOMO (St. Petersburg, Russia) in a 0.05 mL Nageotte counting chamber. To
count rare and large species of phytoplankton and microzooplankton, an aliquot of
the concentrate (1/2—1/10) and the entire sample were examined in a 1 mL
Sedgwick—Rafter chamber. The minimum size of the cells taken into account was
3-5 um. Phytoplankton abundance was calculated in accordance with the
following formula:

_Vyon
vy
where Vi — filtered water volume, mL; V> — concentrate volume, mL; V3 —

counting chamber volume, mL; n — number of cells in the counting chamber.
The taxonomic affiliation of organisms was determined according to generally

7 Makarevich, P.R. and Druzhkov, N.V., 1989. [Guidelines for the Analysis of Quantitative and
Functional Characteristics of Marine Biocenoses of the Northern Seas. Part 1. Phytoplankton.
Zooplankton. Suspended Organic Matter]. Apatity: KNTs RAN, MMBI, 50 p. (in Russian).
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Table

and the phyto- and zooplankton abundance after the ballast water treatment

1. Characteristics of the surveyed vessels entering the seaport of Novorossiysk for loading in 2022-2023, the ballast water systems

Total abundance

Vessel | Sampling | Port of ballast Vessel name and tvpe. fla Type of Ballast BWTS treatment of oreanisms
number date water loading ype, tlag BWTS volume, m? method . é‘%lls L ?
BEKS FENIX, oil product HMT-1500- .
1 19.10.2022  Suez, Egypt carrier, Marshall Islands EX 17 152 Electrocatalysis N/D
2 22102002  [skenderun, MV POSEIDONS, HMT-800 12714 Electrocatalysis N/D
Turkey bulk carrier, Liberia
Hiballast
Agioi Theodoroi, MT PHOENIX AN, BWMS- Electrochlorination +
3 23.10.2022 Greece oil tanker, Malta HUB-1000- 14025 Neutralization N/D
EX
Damietta, MV CLEAR SKY, BalClor . . .
4 28.10.2022 Egypt bulk carrier, Panama BC-1000 17 359 Electrolysis + Filtration 21
NK-03-Blue L
5 |31.102022 Tuzla, Turkey GEORGY MASLOV, Ballast T 37998 Ozone Injection + 4
crude oil tanker, Liberia Plus Neutralization
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Continued Table 1

Total abundance

Vessel | Sampling | Port of ballast Vessel name and tvpe. fla Type of Ballast BWTS treatment of oreanisms
number date water loading ype, Hag BWTS volume, m? method c eglls " ?
CALIPSO, bulk carrier, BalClor . . .
6 31.10.2022  Suez, Egypt Liberia BC-2000 19 994 Electrolysis + Filtration N/D
HiBallast
Constanta, ELANDA OSPREY, TM System . . .
7 31.10.2022 Romania oil tanker, Liberia HIB-2000- 44 764 Electrolysis + Filtration 16
EX
Tutunciflik, MARINER A, HiBallast . . .
8 12.11.2022 Turkey oil-chemical Tanker, Malta NF System 16 651 Electrolysis + Filtration 8
Ain Sokhna, IKARA, Ecochlor Chlorine system +
? 09.12.2022 Egypt crude oil tanker, Panama Series 200 46 801 Filtration N/D
UckennepyH,
Typuwst / VIVA ECLIPSE, Erma First . I
10 11.12.2022 Iskenderun, bulk carrier, Panama FIT 800 13973 Electrolysis+ Filtration 27
Turkey
La Skhirra, HISTRIA PERLA, Pure Ballast .
11 14.12.2022 Tunisia oil-chemical tanker, Malta 39 16 773 Filter + UV treatment 6
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Continued Table 1

Total abundance

Vessel | Sampling | Port of ballast Vessel name and tvpe. fla Type of Ballast BWTS treatment of oreanisms
number date water loading ype, tlag BWTS volume, m? method c églls " ?
Blue Ocean
12 | 16122022 FPortoMonfal- YASAR KEMAL, Shield BOS 11390 Filter + UV treatment 6
cone, Italy bulk carrier, Panama 300
Nouadhibou, SEA HELIOS, Gloen-1200 .
13 15.01.2023 Mauritania oil tanker, Malta Patrol 18 840 Filter + UV treatment 2034
NISSOS PAROS, Ex-Els- Electrolysis +
14 26.02.2022  Tuzla, Turkey oil tanker, Greece 3000B 1:1 36204 electrochlorination 368
Erma First
15 128022023  Suez, Egypt EUROSTRENGTH, BWTS FIT- 34400  Electrolysis + Filtration 7163
oil tanker, Liberia
3000
DESMI
Compact
. SEA PEARL J, o
16 03.03.2023  Izmir, Turkey bulk carrier, Barbados Clean 11332 Filtration + UV treatment 1190 862
CC-500
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End of Table 1

Vessel | Sampling | Port of ballast Vessel name and tvpe. fla Type of V}f)elllilr?lsg BWTS treatment T(())tfal)?b;lril;l:lr;ce
number date water loading ype, Hlag BWTS 5 method 5 ’
m cells/L
Pureballast
17 14.03.2023  Tuzla, Turkey . MRC BELIZ, 3.2 1500 23202 UV System 12 057
oil chemical tanker, Malta EX
Port of MV LEGENDL, Electro-
BANDAR Gankep, JInbGepus / Cleen Electrolysis +
18 | 27.03.2023 IMAM p, 9P 18 397 YSIS 9
MV LEGENDI, System Neutralization
KHOMEINI . o
bulk carrier, Liberia ECS-1350B
(BIK), Iran
Ecochlor
. . . Inc./Et- Chlorine system +
19 31.03.2023 Aliaga, Turkey TAHITI, oil carrier, Malta 5000-4.0 45153 Filtration N/D
Series 200

Note: Information obtained from the Ballast Water Reporting Form (Resolution A.868(20).

N/D — not determined.
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Madeira
-’

Canary Islands

F i g. 1. The routes of the ballast water transport in 2022-2023 onboard
the surveyed ships from the ports of origin (yellow circles) to the port of
destination (Novorossiysk, Russia, the Black Sea; marked with a red star).
The examined vessels are indicated on the map by Arabic numerals at the location of
their ports of origin (see Table 1)

accepted guidelines ¥ ). Intact algae cells with brightly colored chloroplasts were
considered viable. Whole animal organisms that were accidentally included

in the samples without visible destruction were also taken into account.

Results

Twenty species of planktonic algae belonging to four major taxonomic categories
were found in the samples of the surveyed ships’ ballast: Bacillariophyceae
(diatoms), Dinoflagellata (dinoflagellates), Dictyochophyceae (silicoflagellates)
and Euglenophyceae (euglenids) (Table 2, Fig. 2). Diatoms (13 species) and
dinoflagellates (6 species) had the highest species richness. Silicoflagellates were
represented by one species, Dictyocha speculum; in addition, the euglenid
Euglena sp. was found in the ballast of some vessels. The total number of viable

algae in each sample of the surveyed ballast varied from 0 to 1.19x10° cells/L.

® Dodge J. D. Marine Dinoflagellates of the British Isles. London : Her Majesty’s Stationary Office,
1982. 303 p.

9 Tomas, C., 1997. Identifying Marine Phytoplankton. San Diego: Academic Press, Inc., 821 p.
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Table 2. Taxonomic composition of unicellular planktonic organisms in the ballast water

of the surveyed ships

Taxa

Number of the vessel
(Table 1), in the ballast of
which live cells of phyto- and
microzooplankton were found

PHYTOPLANKTON

BACILLARIOPHYCEAE

Chaetoceros affinis Lauder (Fig. 2, a)

Chaetoceros danicus Cleve (Fig. 2, b)
Coscinodiscus sp. * (Fig. 2, ¢)

Dactyliosolen fragilissimus (Bergon) Hasle
Ditylum brightwellii (T. West) Grunow *(Fig. 2, d)
Melosira moniliformis (O.F. Miiller) C. Agardh
Nitzschia tenuirostris Manguin

Proboscia alata (Brightw.) Sundstrdm * (Fig. 2, e)

Pseudo-nitzschia delicatissima (Cleve) Heiden complex sp.

16
16
15,16
4
14, 17
17
13, 15,
10, 14, 15, 16, 17

(puc. 2, /) 7,15,16,17
Pseudo-nitzschia seriata (Cleve) H. Perag. complex sp. 14,15, 16, 17
Pseudo-nitzschia sp. 14
Pseudosolenia calcar-avis (Schultze) B.G. Sundstrom * 13, 14, 16, 17
Skeletonema costatum (Grev.) Cleve (Fig. 2, g) 15, 16, 17
Sundstroemia setigera (Brightw.) Medlin in Medlin et al.
(=Rhizosolenia setigera Brightw.) ** (Fig. 2, h) 12,17
Thalassionema nitzschioides (Grunow) Mereschk. (Fig. 2, i) 5,14, 15,16
Thalassiosira sp. (Fig. 2, j) 4,7,17
DINOFLAGELLATA
Alexandrium sp. 14
Ensiculifera carinata Matsuoka, Kobayashi et Gains 16
Gonyaulax sp. 16
Prorocentrum compressum (J.W. Bailey) T.H. Abé ex 13

J.D. Dodge (Fig. 2, [)

Prorocentrum micans Ehrenb. (Fig. 2, m)
Prorocentrum scutellum Schrod. (Fig. 2, n)
Prorocentrum sp.

Protoperidinium sp. *

Scrippsiella acuminata (Ehrenb.) Kretschmann (Fig. 2, 0)
Tripos furca (Ehrenb.) F. Gomez, 2013 * (Fig. 2, k)

10,11, 13, 14, 16
11,14, 15,17
14
16
16
16
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Continued Table 2

Number of the vessel
Taxa (Table 1), in the ballast of
which live cells of phyto- and
microzooplankton were found
DICTYOCHOPHYCEAE
Dictyocha speculum Ehrenb. 16
EUGLENOPHYCEAE
Euglena sp. 8
MICROZOOPLANKTON
PROTOZOA
Amphorellopsis acuta (Schmidt, 1902) 10
Ciliophora gen. sp. (? Euplotes sp.) 13, 15, 18
Ciliophora gen. sp. (? Vorticella sp.) (Fig. 2, p) 18

* The species with cells of > 50 um long.

** Species not characteristic of the northeastern Black Sea.

The total number of living microzooplankton organisms (ciliates) ranged from 0
to 6.20x103 cells/L.

No living organisms were found in the ballast water of six vessels (1-3, 6, 9
and 19) out of 19 (32% of all cases) (100% ballast treatment). These vessels used
the HMT-1500-EX, HMT-800, HiBallast BWMS-HUB-1000-EX, BalClor
BC-2000, Ecochlor Series 200 or Ecochlor Inc./Et -5000-4.0 Series 200 BWTSs.
The following treatment methods are used in these systems: electrocatalysis,
electrolysis + filtration, chlorination + filtration, electrochlorination + neutralization.

DESMI CompactClean CC-500 (treatment method: filtration + UV) and
Pureballast 3.2 1500 EX (treatment method: UV) systems used on vessels 16 and 17
(10% of all cases) failed to treat marine ballast. The number of unicellular algae
(1.21x10* and 1.19x10° cells/L) in their ballast exceeded the permissible concent-
rations of living organisms from 10 pm to 50 um long (< 1.00x10* cells/L)
established by regulation D-2. In the case of vessel 17 (ballast water loading region:
the Marmara Sea, the port of Tuzla, Turkey), this excess was insignificant — by
1.2 times, but the number of phytoplankton cells in the ballast water of vessel
16 (ballast water loading region: the Aegean Sea, the port of Izmir, Turkey)
exceeded the maximum permissible concentration of regulation D-2 by 119
times. The unsatisfactory degree of ballast water treatment on these vessels could
be associated with improper operation or ineffective ballast systems operation.
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F i g. 2. Phyto- and zooplankton found in the ballast water of the surveyed vessels
(light microscope): a — Chaetoceros affinis; b — Chaetoceros danicus; ¢ — Coscino-
discus sp.; d — Ditylum brightwellii; e — Proboscia alata; f — Pseudo-nitzschia sp.;
g — Skeletonema costatum; h — Sundstroemia setigera; i — Thalassionema nitz-
schioides; j — Thalassiosira sp.; k — Tripos furca; | — Prorocentrum compressum;
m — Prorocentrum micans; n — Prorocentrum scutellum; o — Scrippsiella acuminata;
p — Ciliophora gen. sp. (?Vorticella sp.)
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Onboard the other eleven vessels (No. 4, 5, 7, 8, 1015, and 18 — 58% of cases)
the following BWTS systems of classes NK-03-Blue-Ballast II Plus, HiBallast TM
System HIB-2000-EX, HiBallast NF System, Erma First FIT-800, Pure Ballast 3:2,
Blue Ocean Shield BOS 300, Gloen-1200 Patrol, Ex-Els-3000B 1:1, Erma First
BWTS FIT-3000 or Electro-Cleen System ECS-1350B were used. Their procedures
were based on the following treatment methods: electrolysis + neutralization,
electrolysis + filtration, electrolysis + electrochlorination, UV treatment + filtration,
ozonation + neutralization. These systems coped with the ballast water disposal: the
content of live phytoplankton cells in ballast water ranged from 4 to 963 cells/L,
microzooplankton (ciliates — Ciliophora) did not exceed 6.20x103 cells/L, which met
regulation D-2: the discharge of less than 10 viable organisms that are from 10 pm to
50 um long, per milliliter, that is, no more than 1.00x10* cells/L. It should be noted
that the concentration of large-celled (more than 50 pm in length) phytoplankton
species (mainly the diatoms Proboscia alata, Pseudosolenia calcar-avis and Ditylum
brightwellii) found in the ballast of vessels No. 10, 12—17 (37% of cases) ranged from
2 to 312 cells/L (i.e. from 2 to 3.1x10° cells/m?) and exceeded the requirements of
regulation D-2: discharge of fewer than 10 viable organisms > 50 um in length, per
cubic metre. Since the width of the cells of these algal types did not exceed
30 um, the ballast of the vessels in which they were found can be considered
conditionally clean.

Discussion

In the published literature containing the results of the analysis of ballast water
and sediment samples, most of the studies were carried out on bulk carriers [24]. Our
study is based on phytoplankton samples collected from the ballast tanks of 12 oil
tankers and 7 bulk carriers.

All species of unicellular '” algae found in ballast water were previously found
in the Black Sea [25]. However, the diatom Sundstroemia setigera, which lives in the
southern Black Sea, is not characteristic of the northeastern part '". Although this
species is not toxic, it can be classified as potentially harmful. With its long and stiff
setae located at both ends of the cell, it can injure the gill apparatus of anchovies
(anchovies Engraulis encrasicolus) and small herring fish species: sprat Sprattus
sprattus (L.) (Clupeiformes: Clupeidae) and kilka — Clupeonella cultriventris (von
Nordmann) (Clupeiformes: Ehiravidae). Similarly, the diatoms ¥ Chaetoceros con-
volutus Castracane and C. concavicornis L.A. Mangin injure the gill apparatus of
other fish species [26-29].

Unspecified taxa from two Pseudo-nitzschia complexes (Table 1) arguably

pose the greatest threat to ecosystems and human health. They can cause amnesic

10 UP-GRADE BS-SCENE project, 2010. Phytoplankton Check List. Seventh Framework
Programme. Work Package 9. Deliverable D 9-1-3 Annex A. Grant agreement No. 226592. 66 p.

'D Boicenco, L., 2014. Black Sea Phytoplankton Checklist.
12) Hasle G. R., Fryxell G. A. Taxonomy of Diatoms. In: IOC, 1995. Manual on Harmful Marine
Microalgae. IOC Manual and Guides No. 33. Paris: UNESCO, pp. 339-364.
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shellfish poisoning. In addition, some potentially toxic organisms are capable of
producing domoic acid. P. delicatissima and P. prolongatoides (Hasle) Hasle
from the Pseudo-nitzschia delicatissima complex, P. inflatula (Hasle) Hasle
from the P. pseudodelicatissima complex and P. seriata, and P. pungens from
the Pseudo-nitzschia seriata complex were found in the Black Sea '%. Of these
taxa, P. delicatissima, P. pseudodelicatissima, P. pungens and P. seriata are
potentially toxic.

Species of the genus Alexandrium Halim produce neurotoxins and toxins
that cause paralytic shellfish poisoning. In some cases, they cause fish death [30].

Ciliates, apparently, should be considered one of the most common zooflage-
llates transported with ballast waters [2]. For example, during a microscopic
examination of marine ballast brought from Japan to the State of Washington (the
Pacific coast of the USA), living ciliates 5-30 um long were found in half of the
tank sediment samples. The euglenid Eutreptiella sp. was also cultivated from
sediments [31]. In general, protozoa are the dominant component of ballast water
biota [32].

Thus, our research showed that in not all cases of using different BWTS types
onboard vessels that discharged ballast in the seaport of Novorossiysk was 100%
elimination of living organisms from ballast water achieved. The use of a number
of ballast systems in 32% of the surveyed vessels showed excellent results (100%
ballast treatment). Treatment results that met regulation D-2 were observed in 58%
of vessels: their BWTSs did not completely cope with the ballast water disposal,
but did significantly reduce the number of viable organisms in the ballast. In 10%
of all studied cases, the result of ballast water treatment was unsatisfactory (a high
number of living organisms remained in ballast water).

The Black Sea is a part of the Mediterranean Basin, and it has been intensively
exchanging waters with the Mediterranean Sea over the past 8—10 thousand years.
Therefore, the taxonomic compositions of the marine flora and fauna of these
two water bodies have significant similarities [4]. The process of mediterranization
of the Black Sea has accelerated significantly over the past half century.
The mediterranization of fauna means the acquisition of a Mediterranean
appearance by the fauna of the Black Sea and the Sea of Azov as a result of
constant penetration of the Mediterranean animal species into these seas. In
the biogeographical context, the term was introduced by I. 1. Puzanov in 1960 %)
Over the period from 1960 to 2010, more than 100 new records of plants and
animals of the Mediterranean origin were reported in the northern and western
Black Sea. Forty-three species had successfully adapted to new conditions [5].

Whereas the majority of the surveyed vessels (12 out of 19) loaded ballast
water exclusively in the Mediterranean Basin (Fig. 1), a relatively low-risk
scenario can be assumed. However, the significant proportion of vessels arriving

13 Puzanov, LI., 1960. [Over Untraversed Crimea]. Moscow: Geografgiz, 286 p. (in Russian).
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from the ports of the Gulf of Suez (the Red Sea), the coast of tropical West Africa
and the Persian Gulf (the Indian Ocean) should be taken into account. It is expected
that the likelihood of harmful effects from living organisms of Mediterranean
origin penetrating the Black Sea will be less than from species coming from other
regions of the World Ocean. Hence, elevated concentrations of phytoplankton
transported in ballast water to the seaport of Novorossiysk from the Gulf of Suez
(7.16x10° cells/L; vessel 15) and Mauritania (2.03x10% cells/L; vessel 13) can
pose a moderate risk. However, without more detailed studies of the species
composition and cell viability, it is still impossible to assess the real risk.

In general, it is assumed that among cargo ships, it is bulk carriers from
the countries exporting raw materials (timber, grain, sugar, coal, iron ore) that pose
the greatest risk because this category of vessels spends 50% of the time at sea with
ballast water, and after delivery of cargo it needs full ballast water exchange [31].
Previously, a detailed study was carried out on phytoplankton collected using
a 10-liter water bottle from the ballast waters of 9 vessels in the State of North
Carolina (the Atlantic coast of the USA), followed by filtration through a set of
sieves (333, 62 and 33 um) and cultivation. As a result of this study, 342 species of
microalgae (mainly blue-greens, dinoflagellates, diatoms and greens) were found in
marine ballast [33]. This number greatly exceeds the number of species found by
other authors, suggesting that ships carry thousands of phytoplankton species
across the planet at any given time. Thus, most published results of studies of
ballast water phytoplankton do not provide a true picture of the risk associated with
the penetration of invasive microalgae into new regions. Moreover, we should
remember the role of intraregional maritime transport in the distribution of invasive
species [34].

Green and blue-green algae were also common biota components in ships'
ballast water in the European Region [2], although they were not found
in our samples. This fact is probably associated with the complete or almost
complete absence of large rivers in the areas where the marine ballast was taken.
It should be noted that these two taxonomic groups are most characteristic of
freshwater bodies.

We believe that continued monitoring of the biological diversity of ballast
water to assess the efficacy of using various types of BWTSs for the ballast water
disposal is one of the priority areas in the field of applied scientific research of
the Russian Academy of Sciences and Ministry of Transport of the Russian
Federation. However, without knowledge of local biodiversity, which is an area of
fundamental research, it is impossible to separate invasive species from native
inhabitants.

Conclusions

Biological pollution is one of the most important problems of anthropogenic
influences on the ecosystems of the World Ocean. To reduce environmental,
epidemiological and other stresses on the aquatic environment caused by untreated
ballast water discharge, the International Maritime Organization has required
all merchant vessels to follow regulation D-1 in the area of the recipient water body
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since 2004, and since 2017, all new vessels must comply with regulation D-2,
which requires vessels to have a ballast water treatment system (BWTS) onboard.
According to the binding regulations for the seaport of Novorossiysk, it is allowed
to discharge ballast that complies with regulations D-1 and D-2. For the first time
concerning Russian waters, this paper presents the results of a study of the quality
of ballast water treatment from unicellular planktonic organisms using BWTSs
on vessels that entered the seaport of Novorossiysk.

Ballast water studies were carried out on 19 vessels (12 oil tankers and 7 bulk
carriers) that entered the seaport of Novorossiysk for cargo loading from October
2022 to March 2023. The vessels loaded ballast in the ports of the following
countries: Romania (the Black Sea, 1 vessel), Turkey (8 vessels), Greece (1 vessel),
Italy (1) and Tunisia (1) (the Mediterranean countries), Mauritania (1) (tropical
West Africa), Egypt (5 vessels) (the Gulf of Suez, the Red Sea, the Indian Ocean)
and Iran (1 vessel) (the Persian Gulf, the Indian Ocean). In our opinion, the greatest
risk of introducing harmful organisms into the Black Sea ecosystem with ballast
water is represented by the vessels arriving from more distant ports with
the warmest waters, i. e. from the Red Sea, the coast of tropical West Africa and
the Indian Ocean.

Twenty species of planktonic algae were found in the samples of the surveyed
ships’ ballast. Diatoms (13 species) and dinoflagellates (6 species) had the highest
species richness. Moreover, ciliates Amphorellopsis acuta, Euplotes sp. and
Vorticella sp. were found. All species of unicellular organisms found in the ballast
water are common in the Black Sea. Potentially dangerous representatives of
diatoms and dinoflagellates were also found among them. The total number of viable
algae in each sample of the surveyed ballast varied from 0 to 1.19x10°¢ cells/L.
The total number of living microzooplankton organisms (ciliates) ranged from 0
to 6.20x103 cells/L.

No living organisms were found in the ballast water of six vessels (32% of all
cases) (100% ballast treatment). These vessels used the HMT-1500-EX, HMT-800,
HiBallast BWMS-HUB-1000-EX, BalClor BC-2000, Ecochlor Series 200,
Ecochlor Inc./Et-5000-4.0 Series 200BWTSs. The following treatment methods
are used in these systems: electrocatalysis, electrolysis + filtration, chlorination +
filtration, electrochlorination + neutralization.

DESMI CompactClean CC-500 (treatment method: filtration + UV) and
Pureballast 3.2 1500 EX (treatment method: UV treatment) systems used on two
vessels (10% of all cases) arriving from the Marmara (the port of Tuzla, Turkey)
and the Aegean Sea (the port of Izmir, Turkey) failed to treat marine ballast.
The number of unicellular algae (1.21x10* and 1.19%x10° cells/L) in their ballast
exceeded the permissible concentrations of living organisms established by
regulation D-2.

The systems of 11 out of 19 ships coped with the ballast water disposal:
the content of live phyto- and microzooplankton cells in their ballast water met
regulation D-2. These were BWTS systems of classes NK-03-Blue-Ballast 11 Plus,
HiBallast TM System HIB-2000-EX, HiBallast NF System, Erma First FIT-800,
Pure Ballast 3:2, Blue Ocean Shield BOS 300, Gloen-1200 Patrol, Ex-Els-3000B 1:1,
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Erma First BWTS FIT-3000, Electro-Cleen System ECS-1350B. These systems

use

the following treatment methods: electrolysis + neutralization, electrolysis +

filtration, electrolysis + electrochlorination, UV treatment + filtration, ozonation +
neutralization.

Thus, the studies have shown that the use of different BWTS types

onboard vessels does not always provide 100% clearance of living organisms
from ballast water. Therefore, continued research and biological control of ballast
water to assess the efficacy of using various types of BWTSs for ballast
disposal, as well as monitoring of local biodiversity, are key tasks for
minimizing possible biological pollution of the Black Sea.
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