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Original paper

Sea Surface Temperature Variability off the Crimea Coast
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Abstract

The paper studies the variability of the temperature field at the sea surface on different time
scales using hydrological measurements made off the coast of Crimea during 2022-2023
cruises of R/V Professor Vodyanitsky and Copernicus satellite data. It is shown that the intra-
annual temperature amplitude according to in situ measurements in 2022 was 18.2 °C, where-
as in 2023, it was 16.6 °C. The maximum ranges of spatial temperature changes at the poly-
gon (up to 4-5 °C) were observed during periods of intense heating and cooling of surface
waters in April-May and December 2022 and October 2023. On the synoptic scale,
the periods of temperature increases (decreases) corresponded to those of local wind
decreases (increases) with a delay in the temperature response to changes in the wind speed
by 10—12 hours. Satellite data showed differences in the temperature intra-annual cycle and
the level of its synoptic variability in 2022 and 2023 from climate norms. In 2022, the min-
imum and maximum temperatures in the intra-annual cycle were observed two weeks later
than according to climate data. In 2023, the time of occurrence of the minimum corre-
sponded to the climate one, and the maximum was observed two weeks earlier than it had
been expected from the climate data. The main maximum in the level of synoptic tempera-
ture variability was observed in November 2022 and in December 2023, but not in May
as it had been expected from the climate data. It is shown that from 2022 to 2023, predomi-
nantly positive average monthly temperature anomalies against the climate norms were
observed. This reflects the upward tendency in temperature over the past two years.
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ments, spatiotemporal variability
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N3MeHYuBOCTH TEMIIEPATYPbI HOBEPXHOCTH MOPS
y Oeperos Kpbima B 2022-2023 rogax
110 JAHHBIM IKCIEAULIMOHHBIX U CIIyTHUKOBbIX U3MEPEeHUM

IO. B. Apramonos, E. A. Ckpunanea *, A. B. ®equpko

Mopckoti euopogusuueckuui uncmumym PAH, Cesacmonons, Poccus

* e-mail: sea-ant@yandex.ru

AHHOTAIUA

o raHHBIM THAPOIOTNYECKUX U3MEPEHHH, BBITIOIHEHHBIX y OeperoB Kprima B xoze peiicos
HUC «IIpodeccop Bomsauukuii» B 2022-2023 rr., ¥ CIIyTHUKOBEIM NaHHBIM Copernicus
HCCIIeIOBaHA M3MEHYMBOCTh MOJSI TEMIEpaTyphl Ha IOBEPXHOCTH MOpPS Ha Pa3HBIX Bpe-
MeHHBIX MacmTabax. I1o HaHHBIM KOHTaKTHBIX M3MEPEHUi MoKa3aHO, YTO BHYTPUTOAOBas
amruintyzaa temnepartypsl B 2022 r. coctasmia 18.2 °C, B 2023 r. — 16.6 °C. Makcumaib-
HbIe JMama30Hbl MPOCTPAHCTBEHHBIX M3MEHEHUI TemmepaTypsl Ha nonurone (mo 4-5 °C)
HAOIOAAINCh B MEPHOAbl MHTEHCUBHOTO NPOrpeBa U OXJIAXKJICHHS MOBEPXHOCTHBIX BOJ
B ampene — Mae u gexadpe 2022 r. u B okta6pe 2023 r. Ha cuHONTHYECKOM MacmiTade 1e-
PHO/BI TOBBIICHHS! (IOHKEHUS) TEMIIEpaTyphl COOTBETCTBOBAIN TIEPHOJIAM OCIaOJICHHS
(ycmiieHusl) JOKaJbHOTO BETpa C 3ala3/bIBAHUEM pEeakIUH TeMIepaTypbl Ha M3MEHEHUs
ckopocTtd BeTpa Ha 10—12 4. [To ciyTHUKOBBIM JaHHBIM MOKAa3aHbl OTJIMYHUSI BHYTPUTOAO-
BOI'O LIMKJA TEMIEPATyphl U YPOBHS €€ CUHONTHYECKOW m3MeHuuBocTH B 2022 u 2023 rr.
OT KJIMMaTH4ecKUX HOpM. B 2022 r. MUHMMYM M MakCHMyM TeMIepaTypbl HaOIIOJaIICh
Ha JIBE HEJIENH TT03KE, YEM M0 KIMMATHIECKUM JaHHBIM, B 2023 T. BpeMsi HACTYIIICHHUS MU-
HUMyMa COOTBETCTBOBAJIO KIMMAaTHYECKOMY, @ MaKCHMyM HaOJIOJaJCs Ha JBE HEIENH
paHbllle, YeM MO0 KIMMATHYeCKUM JaHHbIM. OCHOBHOM MaKCHMyM YpPOBHS CHHOITHUYECKOM
HM3MEHYMBOCTH TeMIlepaTypsl npociexusaics B 2022 r. B Hos0pe, B 2023 1. — B 1ekadpe,
a He B Mae, Kak 10 KJIMMaTHYeCKUM JaHHbIM. [lokazaHo, uto B nepuon ¢ 2022 no 2023 r.
HaOJI0OAAIICh TPEUMYIECTBEHHO MOJIOKUTEIbHBIE CPEIHEMECSUYHbIE aHOMAJIUN TeMIlepa-
TYpBI OTHOCUTEJIBHO KIMMATHYECKHX HOPM, OTPaKaIOIINe TeHACHIIHIO K MOBBIIIEHHIO TEM-
repaTypsl B TEUCHHE TTOCICTHUX IBYX JIET.

KaroueBsie cioBa: UepHoe Mope, TemMrepaTypa MOBEPXHOCTH MODS, CITyTHHKOBBIE H3Me-
peHUs, KOHTAaKTHBIE U3MEPEHUS, IPOCTPAHCTBEHHO-BPEMEHHAs! U3MEHYHBOCTh

BaaronapHocTu: paboTa BBIIOJIHEHA B paMKax B paMKax T'OCYAApCTBEHHOTO 3a/laHMS
OI'BYH OUILl MI'M FNNN-2024-0014. Hansasle nomydeHsl B LleHTpe KOJUIEKTUBHOIO
mosp30Banus «HayuHo-uccienoBarensckoe cynuo Ilpodeccop Bomsuunkuii™»y dene-
PaIbHOTO TOCYAAPCTBEHHOTO OIOKETHOTO yUpeskaAeHHs Haykn DenepalbHOTO HCCIenoBa-
TeNmbCKOTO HeHTpa «MHCeTHTYT Onoornu 0xKHbIX Mopeit uMeHu A.O. Koanesckoro PAH».

Jas murupoBanmsi: Apmamonos IO. B., Ckpunanesa E. A., @edupro A. B. I3MeHUYUBOCTH
TeMIlepaTyphbl MOBEpXHOCTH Mops y OeperoB Kpsima B 2022-2023 rogax Mo JaHHBIM
SKCTEIUIIHOHHBIX ¥ CITyTHHKOBBIX U3MEPEHHIT // Dkonormdeckast 0€301macHOCTh PHOPEKHON
u menbdoroii 308 Mopst. 2024, Ne 4, C. 6-26. EDN QXGFKD.
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Introduction

The solution of modern problems related to the rational use of the Black Sea
resources and preservation of its ecosystem requires constant monitoring of the wa-
ters hydrological structure state. Particular emphasis is placed on the investigation
of the temperature field variability, as this parameter represents a pivotal abiotic
factor influencing the marine ecosystem. Works ' [1-7] show that seasonal and
interannual variations are the main contributors to the total variability of the sea
surface temperature (SST) field. It is shown that the SST seasonal variability is
largely determined by the advection of waters by the Rim Current (RC) in addition
to heating and cooling processes. Transport of warm waters with the RC from the east
and southeast to the Crimean coast results in an increase in the SST in the winter—
spring period, weakening of intra-annual temperature contrasts and, as a conse-
quence, minimum level of the SST seasonal variability near the Crimean coast [6].
It is established that large-scale atmospheric processes and changes in the RC
intensity influence the SST interannual variability [6, 8-10]. Works [3, 11-17]
demonstrate that in recent years, a notable increase in the Black Sea temperature
can be observed even in the cold intermediate layer.

Works [5, 7, 18-26] show that in addition to seasonal and interannual process-
es, the variability of the Black Sea temperature field is also influenced by a number
of other factors including synoptic eddies, local meteorological conditions and
upwelling. The intensive formation of synoptic meanders and circulations leading
to the formation of temperature anomalies [24-26], as well as the export of
the Azov Sea waters through the Kerch Strait [27], determined a high level of
the SST synoptic variability within the coastal zone of Crimea from the Kerch
Strait to the Heracleian Peninsula [7]. It is important to note that over the past
decade, the hydrological water structure monitoring and assessment of the spatio-
temporal evolution of the temperature field directly off the Crimean coast, where
the anthropogenic impact is most pronounced, have been conducted primarily
on the basis of in situ measurements on R/V Professor Vodyanitsky with a relative-
ly large distance between stations (20—30 km). In this regard, the results of mea-
surements made in 2022-2023 are of particular interest, given that hydrological
surveys off the Crimean coast were conducted on a more frequent grid of stations
and in a number of cruises the surveys were repeated twice. The repeat survey data
obtained during the 122" and 123" cruises of R/V Professor Vodyanitsky in con-
junction with satellite temperature measurements permitted a comprehensive anal-
ysis of the SST field spatial structure and characteristics of its synoptic variability
off the Crimean coast during the summer of 2022 [30].

The objective of the present study is to examine the SST field variability
in the northern Black Sea off the Crimean coast on different time scales. To this end,
data collected during eight cruises of R/V Professor Vodyanitsky in 2022-2023 is
integrated with Copernicus satellite data.

D Nelepo, B.A., ed., 1984. [Variability of Hydrophysical Fields of the Black Sea]. Leningrad:
Gidrometeoizdat, 240 p. (in Russian).
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Materials and methods

In 2022 and 2023, hydrological measurements were carried out during the 121%,
12201231, 124%™ 125%™, 126%™, 127" and 129" cruises of R/V Professor Vodyanitsky
off the Crimean coast within the Russian territorial waters (Fig. 1). Table shows
timing of measurements and number of stations carried out during the cruises.
In consequence of the diminished extent of the survey area in 2022-2023 in com-
parison with that of the preceding cruises, the number of hydrological stations
within the polygon was augmented, thereby facilitating the acquisition of more
comprehensive SST spatial distributions off the Crimean coast. The expedition
time reserve made it possible to carry out repeated hydrological surveys in four
cruises (122", 123, 127" and 129"), with the coordinates of the stations remain-
ing almost identical throughout. Hydrological measurements were taken in all sea-
sons in 2022 and in spring, summer and autumn in 2023, providing a comprehen-
sive data set for the assessment of the SST seasonal changes. Seawater temperature
was recorded at each station using IDRONAUT OCEAN SEVEN 320PlusM CTD
measuring system with an error of 0.001 °C and a resolution of 0.0001 °C
(http://www.technopolecom.ru/downloads/doc_212.pdf) predominantly during day-
light hours. The temperature field distribution was analysed in the surface layer
at a distance of 2 m. During all cruises, five multi-hour hydrological stations were
carried out at locations indicated in Fig. 1.

In this study, we also used daily averaged data from the SST satellite measure-
ments from 1 January 2008 to 31 December 2023 with an ultra-high spatial resolu-
tion of 0.01° x 0.01° from the Black Sea High Resolution and Ultra High Resolution

45.20 1 1 I 1 1 1 L 1 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1
N @ 121stcruise @ 1ststage, ® 2nd stage 122nd cruise

1A 1st stage, A 2nd stage 123rd cruise

45°4 M 124th cruise X 125th cruise ¥ 126th cruise
* 1ststage, ¥ 2nd stage 127th cruise G . )
1 * st stage, ¥ 2nd stage 129th cruise T D ‘ o

44.8 g Multi-hour stations:
1 89, 105 (121st cruise)
84 (126th cruise)
44.6°4 151 (12T7th cruise)
79 (129th cruise)

R

o

34.5° 35° 36.5° 36°

Fig. 1. Map of hydrological stations carried out off the Crimea coast during
the 121%, 122", 123, 124t 125" 126%, 127" and 129" cruises of R/V Professor
Vodyanitsky
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Timing of measurements and number of stations carried out at the
polygon during the cruises of R/V Professor Vodyanitsky in 2022-2023

Cruise number Date Number of
stations

121 19.04.2022-14.05.2022 87

1% stage 07.06.2022-13.06.2022 75
122

2M stage 17.06.2022-23.06.2022 73

1% stage 16.08.2022-23.08.2022 78
123

2M stage 26.08.2022-31.08.2022 78
124 02.10.2022-22.10.2022 113
125 02.12.2022-25.12.2022 128
126 16.03.2023-07.04.2023 90

1% stage 14.06.2023-20.06.2023 64
127

2M stage 22.06.2023-05.07.2023 71

1% stage 05.10.2023-17.10.2023 66
129

2M stage 17.10.2023-25.10.2023 34

Sea Surface Temperature Analysis array » (product SST BS SST L4 NRT
OBSERVATIONS 010 _006) of Copernicus Marine Environment Monitoring Ser-
vice (CMEMS) obtained using advanced processing algorithms [31]. These data
made it possible to calculate statistical characteristics of spatiotemporal tempera-
ture variability.

Actual wind speed values were selected from continuous records made at each
station using the AIRMAR-220WX shipboard weather station and referred
to the beginning of the hydrological sounding period.

2 Black Sea High Resolution and Ultra High Resolution Sea Surface Temperature Analysis /
E.U. Copernicus Marine Service Information (CMEMS). Marine Data Store (MDS).
https://doi.org/10.48670/moi-00159 (date of access: 25.11.2024).
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Main results

The analysis of the in situ measurement data carried out in 2022-2023 revealed
a complex pattern of the actual SST horizontal distributions (Fig. 2), which can be
attributed to the combined influence of seasonal, synoptic and diurnal variability.
It is important to note that the accurate accounting of the SST diurnal variations
based on in situ data necessitates continuous measurement of data at each hydro-
logical station for a minimum of one day. However, this is currently unfeasible
within the constraints of the allocated time of cruises. Earlier estimates of the SST
diurnal variations based on in sifu and satellite data [32, 33] indicated that it could
reach several degrees and was significantly influenced by the measurement area,
season and local synoptic conditions (cloudiness and wind speed). The data ob-
tained from the SST measurements at the multi-hour hydrological stations carried
out during the 121%, 126™, 127" and 129" cruises also demonstrated that the SST
diurnal variations exhibited notable differences on varying days, across different
seasons and in multiple areas of the polygon, reaching a maximum of 1.6-2 °C.
Conversely, during daylight hours, when the primary measurements were carried
out at the polygon, the changes in the SST did not exceed 0.5 °C.
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Hp 122nd cruise, 1st stage,
07-13.06.2022
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122nd cruise, 2nd stage, g
17-23.06.2022

4 L LTI [T
44.2°— "~ B5 11 135 16 185 21 235 26 B5 11 135 16 185 21 235 2 - 5 11 135 16 185 21 235 26
L A B A LA B e s s e L e e LA e e e e B
45 d 123rd cruise, 1st stage, 123rd cruise, 2nd stage, 124th cruise,
1 16-23.08.2022 26-31.08.2022 02-22.10.2022
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Fig. 2. SST distribution according to the measurements carried out in the 121% (),
122 (b, ¢), 123" (d, e), 124" (f), 125% (g), 126" (h), 127" (i, j) and 129% (k, [) cruises
of R/V Professor Vodyanitsky
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The SST spatial distributions from all surveys demonstrated that seasonal vari-
ability was most clearly evident in the SST fields. Thus, according to measure-
ments taken in 2022, the SST minimum at the polygon was observed in April —
May (121° cruise), with values fluctuating between 9.3 and 13.4 °C (Fig. 2, a).
The SST values increased to 19.5-23.6 °C in the first half of June (122™ cruise,
1t stage) and to 17.5-24.5 °C at the end of June (122™ cruise, 2™ stage) (Fig. 2, b, c).
During the second half of August, the maximum SST values were observed, reach-
ing 24.9-27.5 and 25.6-27.5 °C, respectively, during both stages of the 123" cruise
(Fig. 2, d, e). In October (124" cruise), the SST decreased markedly, with values
varying within the polygon from 18.7 to 20.3 °C (Fig. 2, f). In December (125%
cruise), a further decrease in the SST values was observed, with a minimum range
of 9.5-14.5 °C. (Fig. 2, g).

According to measurements taken in 2023, the lowest SST values (8.7-10.2 °C)
were observed in the second half of March and early April (126" cruise) (Fig. 2, A).
During the summer months, specifically the second half of June, there was a notable
rise in the SST values, which reached a range of 20.5-23.5 °C during the 1* stage
of the 127" cruise and increased subsequently to a range of 22.2-25.3 °C during
the 2™ stage of the cruise (Fig. 2, i, /). In the autumn, in October, a decrease in the SST
was observed, with values ranging from 15.5 to 21.5 °C during the 1% stage of
the 129" cruise and from 16.1 to 18.4 °C during its 2" stage (Fig. 2, &, /).

Thus, the minimum SST values were observed in spring 2022 (19 April —
14 May) and 2023 (16 March — 7 April), while the maximum ones were observed
in late August 2022 and in late June — early July 2023. The intra-annual SST ampli-
tude, as determined by measurements conducted in 2022, was 18.2 °C, while
in 2023 it was 16.6 °C.

Against the background of clearly pronounced seasonal changes during each
separate survey, the SST distribution in the polygon water area exhibited notable
spatial heterogeneity. The minimum ranges of the SST spatial changes at the poly-
gon not exceeding 1.5-2 °C were observed at the end of August 2022 (2™ stage of
the 123" cruise) (Fig. 2, e) and in the second half of March and early April 2023
(126" cruise) (Fig. 2, &), when the warmest and coldest surface waters, respective-
ly, were observed over the entire water area. The maximum SST spatial changes
reaching 4-4.5 °C were observed at the polygon in April — May (121 cruise) and
December (125 cruise) 2022 and in the first half of October 2023 (1°' stage of
the 129" cruise), when intensive heating and cooling of surface waters occurred
(Fig. 2, a, g, k).

The changes in the SST revealed at the polygon during each separate survey
under conditions of non-synchronous survey execution can be considered a super-
position of spatial and temporal variability. In order to accurately assess the corre-
lation between the levels of different types of variability, continuous daily averaged
data derived from satellite measurements were employed. Fig. 3, a shows the SST
distribution from satellite data for the period from 1 January 2022 to 31 December
2023 along a 50 m isobath across the entire polygon. A comparison of the SST val-
ues derived from in situ and satellite data for the same day in grid nodes situated
in close proximity to the coordinates of hydrological stations revealed a strong cor-
relation between the change in the SST from in situ data and from satellite data
during the measurement period (Fig. 3, b). The linear relationship coefficient R

12 Ecological Safety of Coastal and Shelf Zones of Sea. No. 4. 2024



88T, °C SST, °C
months. 7 9 11 13 15 17 19 21 23 25 27
years

12.2023

11.2023
2] 120th cruise, 2nd stage, 17.10-25.10.2023
Pz 227 129t cruise, 1st stage, 05.10-17.10.2023
2 19 18
— =

10.2023
09.2023
08.2023
07.2023 §

- - 27th cruise, 2nd stage, 22.06-05.07.2023
062025 127th cruise, 1st stage,14-20.06.2023

05.2023

0420231 " 5 s
032023 {,f'{;’/}_,%’/j’ 7| 126th cruise, 16.03-07.04.2023

1

02.2023

01.2023

12.2022 125th cruise, 02-25.12.2022

10.2022 /| 124th cruise, 02-22.10.2022

2022
2022
2022+
2022
2022
2023+
2023+

123rd cruise, 2nd stage, 26-31.08.2022
123rd cruise, 1st stage,16-23.08.2022

08.2022

122nd cruise, 2nd stage, 17-23.06.2022
122nd cruise, 1st stage, 07-13.06.2022

] 121st cruise, 19.04-14.05.2022

LU SN B e e

34.5° 35° 35.5° 8 12 16 20 24 28

88Tc, °C

Fig. 3. Distributions of SST daily averaged values based on satellite data from
1 January 2022 to 31 December 2023 along the 50 m isobath (the periods of surveys
are highlighted by black rectangles) (a), satellite SST daily averaged values on sepa-
rate meridians (blue curves) and in situ SST values at these meridians on the same
day (red dots) (), a graph of the linear relationship between the satellite (SSTsat)
and in situ (SSTis) temperature series (the dashed lines — 99% confidence interval
boundaries) (c)
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between the series of satellite and in sifu SST values reached 0.99 (Fig. 3, ¢)
with statistical significance level oo = 0.01 (99% level of statistical confidence).

High spatiotemporal resolution of the satellite SST data and good agreement
between the in situ and satellite SST values allow the latter to be used to assess
the relationship between temporal and spatial temperature variability at the poly-
gon. Fig. 4 demonstrates the distribution of the values of spatial RMS deviation of
the SST (SST RMSDs) for each day and temporal RMSD of the SST (SST
RMSDt) calculated at each grid node with a step of 0.01° along the 50 m isobath
for the period from 1 January 2022 to 31 December 2023. The daily averaged val-
ues of spatial SST RMSDs throughout the time period varied from 0.1 to 1.0 °C
(Fig. 4, a). The increase in the level of the SST spatial variability from satellite data
(up to 0.7-0.8 °C) in the second half of April 2022 and the first half of October
2023 (Fig. 5, a) is consistent with in sifu measurements. High spatial heterogeneity
of the SST field was also observed in April — May 2022 (121% cruise) and October
2023 (1° stage of the 129" cruise) (Fig. 2, a, k).

SST RMSDsp
0.8 —
0.6 —
0.4 —
E MM
0.2 —

0 — 1 1 I 1
NN NN NN NN NN NN M M M M e M
AN N NN AN AN AN AN A NNl N N NN el N
S S R 2 R LL L LRIV /IS ]II]KNIRA
S 88 L g5 88 gy dagId8sgs 8838 oo

a months, years

SST RMSDtemp

6.24 —

6.2 f‘\/\
616_ \/ ™
N M‘\l M—\\

6.12 —

_\r'f' J\\h-\
6.08 T T T

33.8°E  34° 34.2° 344° 346° 34.8° 359 352° 354° 356° 35.8°

b

Fig. 4. Distributions of daily averaged values of spatial SST RMSD (heavy
curve — smoothing by a 31-day moving average) (a) and values of temporal SST
RMSD for the period from 1 January 2022 to 31 December 2023 (b) along the 50 m
isobath within the measurement polygon based on the satellite data
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Distribution of the SST RMSDt values from satellite data indicated that
they exhibited minimal spatial variability. For instance, the observed variations
within the polygon range from 6.10 to 6.22 °C along the 50 m isobath (Fig. 4, b).
The highest SST RMSDt values (exceeding 6.16 °C) were observed in the eastern
region adjacent to Cape Meganom, within the coastal shelf extension zone.

Thus, the satellite data analysis has revealed that the level of the SST temporal
variability is almost an order of magnitude higher than the level of its spatial varia-
bility in the water area of the polygon. Spatial homogeneity of the distribution of
the SST values at the polygon for each day and high consistency of satellite data
with in situ measurement data give grounds to believe that the changes in the SST
in the water area detected from in situ measurement data during each separate sur-
vey are mostly related to the SST temporal variability caused by synoptic and sea-
sonal fluctuations.

It is observed that the impact of intra-day variability on the SST distributions
was insignificant, as evidenced by data from multi-hour stations. During the day-
time, when in situ measurements were conducted, changes in the SST did not
exceed 0.5 °C while its seasonal fluctuations reached 16.6—18.2 °C. Additionally,
the SST variations at the polygon during the intervals of separate surveys ranged
from 1.5 to 4.5 °C.

Let us examine the specific characteristics of the SST distribution in greater
detail, with a focus on how it varies depending on the time of stations being carried
out during the periods of those surveys when the maximum temperature changes
at the polygon were observed, namely April — May (121 cruise) and December
(125" cruise) 2022 and the first half of October 2023 (1% stage of the 129" cruise)
(Fig. 5, a, e, ). Based on the data of the 121 cruise in April — May 2022, the SST
distribution was characterised by a significant increase of its values at the stations
from west to east. This increase was reflected in a positive trend significant at the 95%
level of statistical confidence (o = 0.05) which shows intensive surface water heat-
ing, i.e. the manifestation of the seasonal signal during the survey period (Fig. 5, a).
Note that measurements in the eastern part of the polygon were made almost two
weeks later than in its western part. Distribution of the SST anomalies (AnSST)
reflecting shorter-period fluctuations of synoptic scale relative to trend showed
an alternation of the SST decreasing and increasing events with a period of 3—4 days
in April — May 2022 (121* cruise). At the outset and conclusion of the survey, neg-
ative anomalies of the SST in relation to the prevailing trend (up to 1.5 °C) were
observed and during the midpoint of the period, high positive anomalies (up to
2.5 °C) were recorded (Fig. 5, b). It should be noted that the period of measure-
ments revealed no sharp local decrease of the SST by several degrees accompanied
by salinity increase, which is typical for upwelling [34, 35]. Furthermore, an exam-
ination of meteorological data revealed the absence of discernible atmospheric
irregularities that could have potentially influenced the observed changes in the SST
(e.g., prolonged intense precipitation, cold atmospheric intrusion with a pro-
nounced decline in air temperature, passage of cyclones) during the course of
this cruise. The aforementioned facts indicate that, under these conditions,
the primary influence on the changes in the SST on the synoptic scale was ex-
erted by the local wind which caused the mixing of the surface water layer.
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According to the distribution of near-water wind speed modulus | V] (Fig. 5, ¢), pe-
riods with positive SST anomalies corresponded approximately to the periods of
wind weakening and, vice versa, wind strengthening led to the appearance of nega-
tive SST anomalies. In order to quantify the relationship between changes in the SST
and changes in wind speed at the stations, the mutual correlation functions between
the SST values and wind speed modulus were calculated with statistical signifi-
cance level o = 0.01 (99% level of statistical confidence). It should be noted that
the series of the SST and wind speed were formed depending on the station number
without taking into account the difference in the time intervals between the execu-
tion of neighbouring stations, which can have affected the accuracy of the calculat-
ed cross-correlation function. This discrepancy can be attributed to the fact that
the distance between neighbouring stations at the polygon is, in the majority of
cases, approximately the same. However, the time interval between the execution
of neighbouring stations can vary considerably, up to several hours. Consequently,
the calculation requires the same shift step. Analysis of the cross-correlation func-
tion between the SST values and wind speed modulus showed that the highest level
of feedback with correlation coefficient R up to —0.35 was observed at the phase
shift near five stations (Fig. 5, d). The average time for five stations to be carried
out is 10-12 h, since the average time for neighbouring stations to be carried out,
calculated as the ratio of the total number of hours in the measurement period to
the number of stations to be carried out, is 2-2.5 h. A similar delay of about 10-12 h
in the SST response to wind speed changes was obtained from data from the 122
and 123" cruises in the summer of 2022 [30].

In December 2022 (125" cruise), a relatively weak but significant negative
trend was observed in the SST distribution, which was attributed to seasonal cool-
ing of the waters (Fig. 5, e). In the second half of the survey period, when meas-
urements were made in the shallow part of the polygon east of Cape Meganom
(Fig. 2, g), high negative SST anomalies (up to 3.5 °C) were observed (Fig. 5, f).
During this period, south and south-westerly winds prevailed (180-225°), which,
given the configuration of the coastline, had the nature of negative surge and could
have caused the development of upwelling. At the same time, the analysis of verti-
cal temperature and salinity distributions at the stations in the area of the SST de-
crease showed that this decrease was not traced deeper than 25 m, with the waters
of decreased temperature being characterised by the minimum salinity. If the ob-
served decrease in the SST was caused by upwelling, namely the rise of deeper,
colder and saltier waters, the area would be expected to show an increase in salinity
throughout the subsurface rather than a decrease. It seems reasonable to conclude
that the observed decrease in the SST was caused by the mixing of the upper layer
which occurred as a result of a significant increase in wind speed (Fig. 5, g). Upon
conclusion of the measurement period, a positive SST anomaly (up to 1.3 °C) was
identified in the vicinity of the eastern boundary of the polygon, accompanied by
a notable decrease in wind speed (Fig. 5, f, g). Similarly to the findings of the 121
cruise data, a significant relationship was identified between the SST and wind
speed modulus with a delay in the response of the SST to wind speed changes of
approximately 10—12 hours. The maximum values of coefficient R reached —0.6
indicating a strong correlation between two variables (Fig. 5, ).
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In the first half of October 2023 (1° stage of the 129" cruise) (Fig. 5, i), a well-
defined negative trend was observed in the SST distribution characterising surface
water cooling. Alternation of positive and negative SST anomalies relative to the trend
was observed (Fig. 5, j). Maximum negative anomalies (—2.5...—3.3 °C) were ob-
served in the coastal zone to the east of Cape Ayu-Dag and in Feodosiya Bay,
while maximum positive anomalies (up to 1.5 °C) — at the sea station on the trav-
erse of Cape Ay-Todor (Fig. 5, j). Wind speed modulus distribution (Fig. 5, k) also
demonstrated alternation of periods of wind speed strengthening and weakening
on the synoptic scale, corresponding to the periods of the SST decrease and in-
crease, with a maximum R value of —0.7 at a shift of about 10—12 h (Fig. 5, /).

Therefore, it was established that the SST variability observed at the polygon
during each individual survey was attributable to two distinct factors: firstly, the mani-
festation of seasonal changes on the intra-monthly scale at non-synchronous meas-
urements; and secondly, the SST synoptic variations caused by changes in the local
wind speed.

Despite the fact that in situ measurements were carried out in all seasons, they
are discrete in nature with large time intervals between surveys. The presented data
are insufficient to illustrate the continuous evolution of the SST field. Furthermore,
they do not indicate the specific phase of the intra-annual SST cycle during which
the voyage measurements were conducted. To clarify these features, continuous
series of daily averaged data of satellite measurements were analysed.

The spatial homogeneity of the distribution of the SST daily averaged values
from satellite data determines the quasi-synchrony of its intra-annual changes
in the water area of the entire polygon. This is illustrated by the SST seasonal cycle
in different areas of the water area under study obtained from daily averaged values
for the period from 1 January 2022 to 31 December 2023 and from daily averaged
climate values for the period from 1 January 2008 to 31 December 2023. The SST
intra-annual distributions in different water areas demonstrate that the SST intra-
annual cycle in 2022 and in 2023 (Fig. 6, a) and its climate intra-annual cycle
(Fig. 6, b) exhibit insignificant variation within the polygon. Some differences
were found only for the SST climate values which decrease by almost 1.5 °C dur-
ing the period of surface water cooling from December to March in the eastern part
of the polygon (35.5°E) compared to the rest of the water area (Fig. 6, b). Lower
surface water temperatures over an extensive shelf in the eastern part of the poly-
gon were also observed from in situ data in December 2022 (Fig. 2, g) and in late
March — early April 2023 (Fig. 2, #). The SST minimum climate values (6.5-8 °C)
are observed from mid-February to mid-March, the SST maximum ones (25 °C) —
in mid-August (Fig. 6, b).

Comparison of the SST seasonal cycle in 2022 (Fig. 6, a) with its climate sea-
sonal cycle (Fig. 6, b) revealed that the SST minimum and maximum in that year
were observed in the second half of March and in late August, respectively. This is
approximately two weeks later than the climate data would suggest. The SST max-
imum (27.5 °C) and minimum (8-9 °C) values were higher than the climate ones
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by almost 2.5 and 1-1.5 °C, respectively (Fig. 6). It is noteworthy that the data from
the in situ measurements indicate that the SST maximum values were also observed
in the second half of August in 2022, reaching 27.5 °C (Fig. 2, d, e).

In 2023, the time of occurrence of the SST minimum according to satellite data
corresponded to the climate values. Furthermore, the SST values were found to be
1-1.5 °C higher than the climate ones, with an average of 89 °C (Fig. 6). The max-
imum SST values (26.5 °C) were observed in late July — early August, approximate-
ly two weeks earlier than according to climate values, and were almost 1 °C lower
than in 2022 and 1.5 °C higher than the climate values (Fig. 6).

Daily averaged satellite data enabled an assessment of the SST synoptic (intra-
month) variability in both 2022 and 2023 as well as identification of differences
from the climate norms. According to [7, 22], climate annual cycle of the level of
the SST synoptic variability, i.e. the SST RMSD values on a synoptic scale (SST
RMSDsyn), in the northern Black Sea is characterised by a semi-annual periodicity
with maxima in May (main maximum) and October and minima in February —
March (main minimum) and August. Our data indicate that the SST RMSDsyn
main maximum values occurred in November 2022 (1-1.1 °C) (Fig. 7, a), rather
than in May, as indicated by the climate data, and in 2023 — in December (1.2—
1.25 °C) (Fig. 7, b). The second, weaker increase in the level of the SST synoptic
variability in 2022 and 2023 was observed not in October, as in the climate data,
but in July, with the SST RMSDsyn values reaching 0.95-1.05 °C in 2022 and
1-1.1 °C in 2023 (Fig. 7). It is noteworthy that the SST variability high range
at the polygon in the first half of October 2023 revealed by the in situ measure-
ments (Fig. 2, k) is consistent with the increase in the level of the SST synoptic
variability in October 2023 from satellite data (Fig. 7, b).
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Fig. 7. Intra-annual variation of the SST RMSDsyn values based on the satellite data
in 2022 (a) and 2023 (b) along the 50 m isobath within the survey area

In 2022 and 2023, the SST RMSDsyn minimum values (0.4-0.5 °C) were
observed in March. The second decrease in the level of synoptic variability was
observed in August — September (SST RMSDsyn ~ 0.85-0.9 °C in 2022 and
0.9-0.95 °C in 2023) (Fig. 7). In general, the periods of lowering of the level of
the SST synoptic variability, as indicated by satellite data, corresponded to the cli-
mate intra-annual cycle and periods of maximum cooling and heating of surface
waters in 2022 and 2023. According to in situ measurements, the minimum ranges
of the changes in the SST at the polygon associated with synoptic variations were
also observed in late August 2022 and in the second half of March — early April
2023, when the warmest and coldest surface waters, respectively, were observed
throughout the water area (Fig. 2, e, h).

In addition to the peculiarities of seasonal and synoptic variability, continuous
series of satellite data enabled the assessment of the interannual changes in the SST
over a two-year period. Given that the SST interannual variability level in the area
under study is comparable to that of its synoptic variability [7], the daily averaged
SST values were taken on a monthly basis for each month of both 2022 and 2023.
This allowed for the minimisation of the manifestation of synoptic variability. Sub-
sequently, the SST monthly averaged anomalies (AnSST) for 2022 and 2023 were
calculated as the difference between the actual SST value and the SST climate
annual averaged value for the specified month. Distribution of these anomalies,
excluding the manifestation of seasonal and synoptic variability, made it possible
to identify the differences of monthly averaged SST values in 2022 and 2023 from
the climate norm and to assess the SST interannual variations. The AnSST distribu-
tions in different areas of the polygon showed that interannual changes in the SST
as well as its intra-annual cycle are qualitatively similar throughout the water area
(Fig. 8, a). Estimates of the linear relationship of the AnSST series at different grid
nodes showed their high spatial consistency with correlation coefficients R ~ 0.90—
0.99 with statistical significance level a = 0.01 (Fig. 8, b).
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The AnSST distributions demonstrated that the discrepancies between the SST
monthly averaged values derived from satellite data between 2022 and 2023 and
the climate norms reached a magnitude of nearly 2 °C. The SST values were ob-
served to exceed the climate values during the period from January to February
2022, from August 2022 to April 2023 and from August to December 2023.
The SST maximum positive anomalies (1-1.3 °C) were observed in December
2022 and January 2023 as well as in November — December 2023 (Fig. 8, a).
The SST values were lower than the climate ones only from March to July 2022
and from May to July 2023. The SST maximum negative anomalies (in their mag-
nitude) observed during the 2022 and 2023 periods were recorded in May, with
the values in 2023 (-0.7...—1 °C) exhibiting a decrease of approximately 100% com-
pared to those observed in 2022 (—1.8...—2 °C) (Fig. 8, a). In general, the series of
the SST monthly averaged anomalies for 2022—2023, with a predominance of their
positive values, reflect a trend towards the higher SST during the last two years
(Fig. 8, a).
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Conclusions

The SST variability on different time scales was estimated based on the hydro-
logical measurements made off the Crimean coast of during 2022-2023 cruises of
R/V Professor Vodyanitsky and Copernicus satellite data. The results of the survey
demonstrate that the SST minimum values were recorded in April and May 2022
and March and April 2023. Conversely, the SST maximum values were observed
in late August 2022 and late June — early July 2023. The SST intra-annual ampli-
tude was 18.2 °C in 2022, while in 2023 it was 16.6 °C.

The data demonstrate that the minimum ranges of changes in the SST
at the polygon (1.5-2 °C) were recorded in late August 2022 and in the second half
of March — early April 2023, when the warmest and coldest surface waters, respec-
tively, were observed throughout the water area. The maximum changes in the SST
(up to 4-4.5 °C) were observed in April — May and December 2022 and in the first
half of October 2023, when intensive heating and cooling of surface waters
occurred.

It is demonstrated that the SST field spatial heterogeneity was associated with
seasonal heating or cooling of water, which manifested on the intra-monthly scale,
and with the SST synoptic variations determined by local atmospheric conditions.
The SST increase (decrease) periods on the synoptic scale were found to corre-
spond to periods of weakening (strengthening) of the local wind, with the SST re-
sponse to wind speed changes delayed by 10—12 h.

A high level of agreement between the SST satellite and in sitfu measurements
was observed, as indicated by correlation coefficient R ~ 0.99. The present study
revealed notable differences in the intra-annual cycle of the SST daily averaged
values from satellite data in 2022 and 2023 when compared to the climate norms.
In 2022, the SST minimum and maximum values were higher than the climate ones
by almost 2.5 and 1.5 °C, respectively, and were observed about two weeks later
than according to climate data. In 2023, the SST maximum and minimum values
were higher than the climate ones by almost 1.5 °C; at that, the time of occurrence
of the SST minimum corresponded to the climate data and the SST maximum was
observed approximately two weeks earlier than according to the climate data.

The intra-annual cycles of the level of the SST synoptic variability were found
to deviate from the climate norm. In 2022, the main maximum was observed not
in May, as follows from the climate data, but in November, while in 2023 — in De-
cember. The second increase in the level of synoptic variability in 2022 and 2023
occurred in July, not October, as indicated by the climate data. The periods of
decreased level of the SST synoptic variability in 2022 and 2023 corresponded to
the climatic intra-annual cycle and were observed in March (main minimum) and
August — September. In accordance with the data obtained from in situ cruise meas-
urements, the SST minimum synoptic variations were also observed in late August
2022 and in the second half of March — early April 2023.

The satellite data indicate that the SST monthly averaged anomalies relative to
the climate norms were predominantly positive from 2022 to 2023. The SST max-
imum positive anomalies (1-1.3 °C) were observed from December 2022 to Janu-
ary 2023 and in November — December 2023.
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Abstract

The paper aims to evaluate hydrochemical composition of the Chernaya River waters,
which is the major supplier of fresh water in Sevastopol, as well as to assess the influence
of the river runoff on the ecological state of Sevastopol Bay. Flowing from the Chernore-
chenskoye Reservoir, the Chernaya River crosses the Baydar Valley and on its way takes
in several tributaries, not having passed through the reservoir geochemical filter. Then it
loses the most of its flow at several water intakes near the village of Khmelnitskoe and
turns into a stream. The stream again becomes a relatively full-flowing river after the in-
flow of circulating water from the treatment facilities near the village of Sakharnaya
Golovka, and finally, it discharges into Sevastopol Bay near the Inkerman basin. In order
to investigate the transformation of the river waters hydrochemical composition as it moves
from the Chernorechenskoye Reservoir to the river mouth, graphs of average concentration
for some hydrochemical elements for four hydrological seasons 2012-2023 were con-
structed for 10 stations located on the river and two conditional stations in the water area of
the bay (averaged data for the Inkerman basin and 30 stations of the bay). The waters of
the Chernorechenskoye Reservoir and Chernaya River were revealed to be close in com-
position along the length of almost the entire channel from the outlet to the water intake
near the village of Shturmovoe. Further, the composition of the river waters is determined
by wastewater. Directly (without taking into account wastewater), the Chernaya River sup-
plies significant amounts of nitrates, silicic acid and ammonium to Sevastopol Bay, but not
phosphates, which come with the wastewater.
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I'mapoxumuyeckasi CTpykTypa
pexu Yepnoii (Kpbsim) B 2012-2023 rogax
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Mopckou eudpogpusuueckuii uncmumym PAH, Cesacmononw, Poccus
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AHHOTAUMA

Ilens cTaTby — OLEHKAa THAPOXMMHUYECKOIO COCTaBa BOJ Peku UepHOU, SABISIOLIEHCS
OCHOBHBIM IOCTABIIMKOM ITPECHBIX BOJ B I. CeBacTomose, a TaKkKe BIUSHHSI CTOKa 3TOH
pexu Ha 3kojoruio CeBacTonoibckoit 0yxTel. Pexa UepHast, BeiTekaromas u3 YepHopeueH-
CKOTO BOJIOXpaHWIHWINA, HA CBOEM IyTH mepecekaeT baiinapckyro moiuHy, BOUpaeT He-
CKOJIBKO TMPHUTOKOB, HE MPOMIEAIINX Yepe3 T'€OXUMHUYCCKHH (WIBTP BOJOXPAHWININA,
TepseT OONBUIYIO YaCTh CBOErO MOTOKA Ha HECKOJIBKUX BOA03a00pax B paiioHe ¢. XMelb-
HUIIKOTO U IPEBpaIaeTcs B pyyeid. BHOBb CTAHOBHUTCSI OTHOCHTENBHO MOJTHOBOIHON pPEeKOH
Hocjie TMOCTYIUICHHsI B Hee 0OOPOTHBIX BOJ| OYMCTHBIX COOpYKeHHiH Bosiie c. CaxapHas
l'onoBka u HakoHel BragaeT B CeBacTONONBCKYIO OyXTy Bo3ie MHKEpMaHCKOTO KOBIIA.
Uto0bI TpOCIETUTH 32 M3MEHEHHEM THAPOXHUMHYECKOTO COCTaBa BOJ PEKH IO Mepe Ipo-
JBIKECHUS. OT UepHOPEYEHCKOro BOJOXPAaHWIMIIA 10 yCThs, At 10 craHmmii, pacmosno-
JKEHHBIX Ha PeKe, U JIByX YCIOBHBIX CTAHIWN Ha aKBaTOPHH OYyXTHl (OCPEIHEHHbIEC TaHHBIC
st Uakepmanckoro xoBma u 30 cranmmid OyXThl) OBUIM TOCTPOEHBI TPa(UKH CPETHUX
3HAYCHUH KOHIEHTPAIMH HEKOTOPHIX T'MIPOXUMHYECKUX 3JIEMEHTOB [UIS YEeThIpEX THAPO-
soruueckux ce3oHoB 2012-2023 rr. BersaBneHo, uTo Boabl UepHOPEUEHCKOTO BOJOXpaHH-
numa 1 pekn YepHo# CXOIHBI 10 COCTaBy Ha MPOTSHKEHUHU MTOYTH BCETO PYCia OT BBIXOJA
Ha TIOBEPXHOCTH JI0 Boj03abopa nox c. llITypMoBEIM, Jlasiee cocTaB BOJ PEKU ONPEEIISIOT
cTouHble BoAbl. HemocpeacTtBenHo peka YepHas (6e3 ydeTa CTOYHBIX BOM) MOCTABISET
B CeBacTonosiIbcKyo OyXTy 3HaYMTENbHBIE KOJIMYECTBA HUTPATOB, KPEMHEKUCIOTH U aM-
MOHHUS; pocdaThl MOCTYMAIOT CO CTOYHBIMHU BOJIAMHU.

KuaroueBbie cioBa: peka Yepnas, KpbiM, rHIpOXUMHUYECKHNA COCTaB, OMOTCHHBIC JJICMCH-
ThI, KapOoHaTHas cucteMa, CeBacTomoIbCcKas OyxTa

BaarogapHocTu: paboTa BBINOIHEHA B paMKax rocyaapcTBeHHoro 3aganus FNNN-2022-0002
«MOHUTOPUHT KapOOHATHOW CUCTEMBI, cofepxkaHust U MoTokoB CO2 B MOPCKOM cpene
YepHoro 1 A30BCKOT0O MOPEID».

s nutupoBanusi: Kowopamwees C. M. T'uapoxumuueckas CTpykTypa peku YepHoi
(Kpemm) B 2012-2023 romax // Dxonormdeckas 0e30MacHOCTh MPUOPEKHON U MIEThPOBOI
30H Mopst. 2024. Ne 4. C. 27-38. EDN OVGMMS.

Introduction

In fact, the Chernaya River flows out of the Skelskaya Cave, almost immedia-
tely (two hundred metres from the source) begins to fill the Chernorechenskoye
Reservoir (CR), then comes again to the surface through the water intake under
the reservoir and flows into the eastern apex of Sevastopol Bay after about 35 km.
This river is one of the most important elements of the Sevastopol ecology. Firstly, the
Chernaya River is the main external supplier to the bay waters of various hydro-
chemical components, such as nutrients [1], carbonate system elements [2], trace
elements [3], organochlorine compounds [4] and aromatic polycyclic hydrocarbons
[5]. Secondly, the waters of the Chernaya River are the main source of fresh water
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for the city of Sevastopol, and the quality of the water is deemed satisfactory. In
accordance with work ", a mere 1.7% of the fresh water supplied to Sevastopol
fails to meet the requisite sanitary and chemical indicators. This water is drawn
from the North Side water supply system.

The influence of the Chernaya River on the hydrochemical composition of
the Sevastopol Bay waters has been the subject of considerable scientific investiga-
tion [6-8], including in the most recent works [1-5], yet the changes that occur
in the composition of waters on their way from the CR to the river mouth have
attracted much less attention from researchers. The population of Sevastopol is
so accustomed to the fact that the water supply system provides sufficiently clean
water (additional purification is still recommended for food use) that they demon-
strate interest in water supply problems only when there are interruptions in sup-
ply ? or where the quality of running water is uncertain, as was the case following
the dam failure on the Baydarka River in 2006 ¥,

In light of the significance of observations pertaining to the impact of the Cher-
naya River waters on the Sevastopol Bay ecosystem, Marine Hydrophysical Insti-
tute (MHI), which initiated its investigation into the hydrological and hydrochemi-
cal characteristics of the bay waters towards the end of the 20th century, incorpo-
rated the lower Chernaya River waters (from the CR to the Inkerman basin (IB))
into the scope of its study in 2006. The principal findings of the results of
the 20062011 observations published in [9] indicate that the Chernaya River waters
up to the water intake near the village of Shturmovoe exhibit a relatively consistent
hydrochemical composition with the CR water, which the surrounding villages
have been utilising for food purposes for an extended period without any notable
concerns. However, the hydrochemical composition of the water deteriorates signifi-
cantly between the village of Shturmovoe and the railway bridge across the river.

Thus, the river is conditionally divided into two parts on the basis of water
quality. The water from one part is suitable for domestic purposes, while the water
from the second part, which contains significant amounts of nutrients, is compara-
ble to phosphorus-containing fertiliser for agricultural needs. All these unfavoura-
ble changes in water composition are attributed to the activity of the KOS-3 sew-
age treatment plant in the village of Sakharnaya Golovka [10], which discharges its
wastewater into the river below the water intake near the village of Shturmovoe.

Recent studies devoted to the Chernaya River have addressed the significant
issue of water composition alteration during the transition from fresh to saline con-
ditions in the estuary zone between the railway and highway bridges [4, 10-13].
Nevertheless, these studies fail to address the issue of changes in water composi-
tion on the route from the reservoir to the IB, which was the objective of the re-
search initiated in 2006 and continued until the present (the most recent survey was
conducted in December 2023).

D Antonova, A., 2017. You Can Drink Tap Water. Sevastopol'skaja Gazeta. Online available at:
https://sevastopol.press/2017/09/04/vodu-iz-krana-mozhno-pit/ [Accessed: 12 April 2024].

2 Aleshina, N., 2024. Emergency due to Mud. Sevastopol Remains without Water for the Fourth Day.
KRym.AIF.RU. Available at: https://krym.aif.ru/society/jkh/chs_iz-
za_gryazi_sevastopol ostayotsya bez vody chetvertye sutki [Accessed: 12 April 2024].

3 Ryabov, M., 2006. The Tap Water is Poisoned! Sevastopol'skaja Gazeta. Available at:
https://sevastopol.press/2006/11/09/voda-otravliena/ [Accessed: 12 April 2024].
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This study aims at analysing changes in the hydrochemical composition of
the waters of the lower Chernaya River in 2012-2023.

Materials and methods

The findings of the quarterly environmental monitoring of Sevastopol Bay
at 36 stations and the lower Chernaya River at 10 stations (Fig. 1), conducted
by the MHI Marine Biogeochemistry Department were employed in this study.
The sequence of the stations is as follows: /-0—4—6—5-3—-2—2a—7-8—9—10. Stations
11, 12 were carried out in advance, during the Sevastopol Bay expedition, for de-
tails see [15]. From 2012 to December 2023, a total of 36 expeditions were con-
ducted. While surveys were planned in each of the four hydrological seasons, not
all of them were carried out. The water samples were transported to a fixed onshore
laboratory within a timeframe of 2—3 hours after collection, where they were sub-
jected to immediate analysis. Before analysing dissolved mineral forms of nutrients
(silicic acid, phosphates, nitrate, nitrite, ammonium), water samples were pre-
filtered through a membrane filter with a pore size of 0.45 um.

Dissolved oxygen content was determined by the Winkler method [16], miner-
al forms of nutrients (phosphates, silicon, nitrate and nitrite nitrogen) were ana-
lysed photometrically in accordance with work ¥.

12 Inkerman
H

Saé(hlevkaya
R Ternovka

Rodnoe

Balaklava Peredovoe

Gonchamoe Rodnikovoe

Orlince

Fig. 1. Map of stations for sampling water from the River Chernaya. Nota-
tions are given in the table below

4 Bordovsky, O.K. and Ivanenkov, V.N,, eds., 1978. [Methods of Hydrochemical Studies of the Ocean).
Moscow: Nauka, 271 p. (in Russian).
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. Coordinates
Station .
number Reference points
N E
0 44492033 33.809025 Reservoir surface over the water intake
1 44.490475 33.805073 Water intake under the reservoir
2 44475604 33.790574 Baydarka River, former pond
2a 44475604 33.790574 Concrete trough bypassing the pond
3 44486921 33.794287 Baydarka R%Ver, pipe-bridge outside
the village of Ozernoe
4 44.492832 33.792845 Urkusta River
5 44492115 33.792624 Highway br@ge of the village Ozernoe—
the village of Peredovoe
6 44496838 33.784174 Gauging station near Krasnaya Skala
Gauging station
7 44.545083  33.662152 near the village of Khmelnitskoe
Highway bridge
8 44.574922 33.629644 near the village of Shturmovoe
9 44.595650 33.609477 Railway bridge near Inkerman
10 44.605719 33.601888 Highway bridge near Inkerman

Note: Station /7 — the average over three stations of the Inkerman basin, station /2 — the average
over 33 stations in Sevastopol Bay.

Ammonium nitrogen was determined using the modified method of Sagi—
Solorzano based on the phenol-hypochlorite reaction using sodium nitroprusside
and sodium citrate ¥. The pH value was determined potentiometrically in an open
cell with calibration by NBS scale buffer solutions; total alkalinity was determined
by direct titration with potentiometric termination.

The Grafer programme was employed to plot the figures of sequential changes
in the composition of each hydrochemical element when progressing from the CR
surface to Sevastopol Bay.

3 Bordovsky, O.K. and Chernyakova, A.M., eds., 1992. [Modern Methods of Hydrochemical Studies
of the Ocean]. Moscow: I0 AN SSSR, 199 p. (in Russian).
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Results

First, we explain the location of stations along the Chernaya River in more de-
tail (Table). Station 0 represents the reservoir surface waters, while st. 7 — the CR
bottom waters (water intake under the reservoir, from which the Chernaya River
flows out for the second time); further on, the river waters take in two tributaries:
the Baydarka River (st. 2, 3) and the Urkusta River (St. 4). Prior to st. 5, these three
rivers are combined. At st. 6, they have already become a homogeneous mass,
with multiple water intakes along the way. The first intake is located near the vil-
lage of Khmelnitskoe (st. 7), while the last intake is situated near the village of
Shturmovoe (st. 8). Following the diversion of the Chernaya River through a series
of water intakes, a residual stream of water remains. It receives wastewater from
KOS-3, which changes the water hydrochemical composition qualitatively to st. 9.
At st. 10, waters have already become partially distributed marine ones (their salin-
ity is rarely less than 16). Two more stations — 7/, /2 — represent averaged data
for surface waters of the Inkerman basin (3 stations) and all Sevastopol Bay
(33 stations). Data from some stations in Sevastopol Bay, namely in the Southern
Bay apex, where 10—-100-fold exceedance of MPC for nitrate and ammonium was
constantly observed [17], were not taken into account during averaging.

It is important to note that prior to the formation of the CR, the Chernaya
River had a considerable number of tributaries, which now contribute to the CR.
The volume of water from these tributaries is comparable to that of Sevastopol
Bay. The CR is a geochemical filter, which is why it is inaccurate to suggest that
tributaries flow into it. Biochemical processes extract nutrients, and the products of
this processing eventually settle to the bottom of the river. This transformation re-
sults in a natural self-purification of the waters which can be used for food without
additional treatment. All this becomes possible only because the reservoir, due to
its strategic importance, is not used as a recreation object at all; there are enough
artificially created stanks, ponds and other water bodies for recreation of the popu-
lation of the nearest villages.

Two principal tributaries of the Chernaya River exhibit a significant distinc-
tion. The Urkusta River originates from the pond near the village of Peredovoe,
traversing a geochemical filter. In contrast, a comparable filtration system for
the Baydarka River was dismantled due to an unanticipated incident in November
2006 and was not subsequently restored. Instead of constructing treatment facili-
ties for the Baydarka River waters and emergency discharge of the CR waters,
a concrete trough was constructed to collect rainfall parallel to the Baydarka River
bed (st. 2a). As a result, the Baydarka River, which collects waste from the village of
Orlinoe and agricultural lands as it goes, flows untreated into the Chernaya River.

Expected seasonal variations in the distribution of oxygen are observed
across stations, with the highest concentrations in winter which gradually decrease
in spring and the lowest concentrations in summer which increase in autumn
(Fig. 2, a). The percentage of oxygen saturation in the waters of the CR and
the river at st. 5—7 up to the water intake is consistently maintained at a level of
approximately 100%. (Fig. 2, b) which indicates a low rate of photosynthesis
in the river waters in comparison with surface waters of the CR, the Inkerman
basin and the whole bay, oxygen saturation of which reaches ~110% in summer.

32 Ecological Safety of Coastal and Shelf Zones of Sea. No. 4. 2024



a b
i 1 120 |
& 10+ <
a 'y
] = 4
S | g
a
S 8- £ 100
a 2]
S 5
=] ] ) |
& z
Z 6 S
S 50 -
AT T T T T T T T T T T T T T T T T T T T T
0o 1 2 3 4 5 6 7 8 9 10 11 12 0o 1 2 3 4 5 6 7 8 9 10 11 12
8.6 6—
c d
. =
8.4 > 54
@
3 en
4 g i
s 2
o 82— é
5 4
] =
< -
8.0 -
] 3
8T T 1T T T T T T T T T 1 T T T T T T T T T T 1
o1 2 3 4 5 6 7 8 9 10 11 12 o1 2 3 4 5 6 7 8 9 10 11 12
Station Number Station Number
—— Winter  —— Spring Summer —— Autumn

Fig. 2. Oxygen content (a), water oxygen saturation (b), pH value (c) and total
alkalinity value (d) at the stations of the lower Chernaya River in 2012-2023

The change in pH value is similar to the pattern of oxygen saturation of waters
(Fig. 2, ¢), value 8.3 is typical for all seasons for the surface waters of the CR,
st. 5—7, IB and the bay waters. In summer, however, the pH is somewhat lower
than this value.

The tributaries of the Baydarka and Urkusta Rivers exert the most significant
influence on the alkalinity value of the river water, with a pH level exceeding
5 mg-eq/L. This results in an increase in the alkalinity of the Chernaya River water
following the discharge of the tributaries (Fig. 2, d). Seasonal variations of alkalini-
ty demonstrate a distinct pattern, with the highest values observed in winter, subse-
quent decline in spring and further reduction in summer. Conversely, autumn
marks a period of increased alkalinity. Nevertheless, these fluctuations have a neg-
ligible impact on the alkalinity of the IB waters, with the average alkalinity of
the bay surface waters remaining largely unaltered at ~3.4 mg-eq/L.
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Fig. 2 shows that the contribution of wastewater at st. 9 does not change
the values of these parameters too much. But the content of elements of the main
biogenic cycle is very much influenced by the wastewater appearing at st. 9
(Fig. 3). The phosphate concentration variations are the most contrasting in this
respect. In the CR waters, its content is insignificant in all seasons, at the level of
0.1 uM (Fig. 3, a). After the inflow of the Baydarka River waters (phosphates are
almost absent in the Urkusta River waters (st. 4) passing through the geochemical
filter), the phosphate concentration at st. 5—7 remains about the same as in the CR.
And after wastewater inflow, the minimum phosphate concentration at st. 9
becomes higher than 2 pM, which is 20-50 times higher than its content in the CR
waters.
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Fig. 3. Contents of phosphates (a), silicic acid (b), nitrates (c) and ammonium (d)
at the stations of the lower Chernaya River in 2012-2023
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The concentration of silicic acid in the CR waters during the summer months
is approximately equivalent to that observed in the waters of the IB and the entire
bay, ~ 5 uM (Fig. 3, b). In other seasons, the concentration of silicic acid in the CR
waters is noticeably higher, at 20 uM. This value increases markedly after the in-
flow of tributaries containing silicic acids about 5 to 8 times higher than in the CR,
ranging from 80 to 160 pM. This results in a slight increase in silicic acid content
at st. 5—7, which then almost doubles at st. 9 after wastewater intake. Thereafter,
a monotonic decrease in silicic acid concentration upon contact with seawater
atst. 10, 11, 12 takes place.

Seasonal variations in nitrate content in the CR waters have been observed,
with accumulation during winter, extraction in spring, and increased consumption
during summer and autumn. At the same time, nitrate concentration in the CR wa-
ters is always higher than in the bay waters (Fig. 3, ¢). The Baydarka River has
a nitrate concentration that is 3—4 times higher than that of the CR (it is important
to note again that the geochemical filter in the Urkusta River has a similar nitrate
concentration to that of the CR). This has a negligible impact on the water compo-
sition at st. 5—7 upstream of the water intake. Below the water intake, wastewater
inflow leads to a 2—4 times increase in nitrate concentration at st. 9 which then re-
mains at a stable level of 80 uM. The decrease in nitrate content upon contact with
seawater is gradual; at st. /0 nitrate concentrations become approximately the same
as in the CR, after which they decrease by an order of magnitude in the IB and
subsequently throughout the bay.

The dynamics of ammonium content in the CR surface waters are qualitatively
opposite to those of nitrate content. During the winter and spring months, when
nitrate levels are elevated, ammonium concentrations are typically low, with
an average value of less than 0.5 uM (Fig. 3, d). In summer, nitrate begins to be
consumed during photosynthesis, while ammonium accumulates as a result of
decomposition of suspended organic matter (SOM) (SOM decomposition process
provides higher ammonium concentrations in the CR bottom waters compared to
the surface waters). By autumn, the process of ammonium accumulation in the CR
surface waters intensifies (photosynthesis weakens, SOM decomposition contin-
ues). It is also noteworthy that while the nitrate concentration in the CR surface and
bottom waters is approximately equivalent, ammonium is consistently present
at higher levels in bottom waters than in surface ones. It can be assumed that this is
caused by the decomposition of deposited SOM near the bottom. Wastewater
increases ammonium content at st. 9 predictably, about 2—4 times higher than
at st. 5—7. The decrease in ammonium as well as nitrate concentrations in contact
with seawater during the progression from st. /0 to st. /2 is not immediate, but
gradual.

Discussion

Among the above results, the main ones should be highlighted: the role of
the tributaries of the Chernaya River (the Baydarka and Urkusta Rivers) and
the sewage treatment plants in changing the composition of the CR waters; the rate
of assimilation of the river waters by the bay seawater.

Figs. 2, 3 demonstrate that the inflow of tributary waters (st. 2—4) contain-
ing significantly more of all nutrients and having higher alkalinity than the CR
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waters does not significantly affect the composition of the Chernaya River wa-
ters. Only silicic acid content at st. 5—7 (river waters up to the intake) exhibits a
notable increase following the inflow of tributary waters. In contrast, the concen-
trations of other nutrients and alkalinity value remain approximately at the same
level as in the CR.

With regard to the waters of wastewater treatment facilities, the impact of
which is evident just before the mouth at st. 9, they contain significantly higher
levels of nutrients throughout the year than the waters of the Chernaya River
at st. 5—7: phosphates by 10-100 times, silicic acid, nitrates and ammonium
by about 2 times.

Such an increase in concentrations is almost levelled out before the river water
enters the IB, the concentrations of all biogenic elements are markedly reduced
atst. /0 compared to st. 9, and the composition of water in the IB is almost
the same as in Sevastopol Bay. That is, the main decrease in the content of nutri-
ents and alkalinity value occurs at the river mouth, between st. 9 and st. /0, where
the Chernaya River waters are diluted with marine waters and finally turn into
them at st. /0, where salinity is rarely less than 17. It is no coincidence that this
area has attracted increased attention from the scientific community [4, 5, 10-13].

A comparison of the composition of the waters of the CR (st. 0—1) and the bay
(st. 12) reveals that the waters of the Chernaya River contribute only silicic acid
and nitrates to the bay, while phosphates enter the bay exclusively from the wa-
ters of the Sakharnaya Golovka wastewater treatment facilities. Furthermore, the
effluent from the wastewater treatment facilities contains silicic acid, nitrates and
ammonium.

Conclusions

The hydrochemical monitoring of the Chernaya River waters shows the fol-
lowing:

1. The oxygen saturation of the waters of the CR and the lower Chernaya Riv-
er up to the water intakes is approximately 100% in all seasons, and the pH value is
within the range of 8.25-8.30.

2. The total alkalinity of the CR and the Chernaya River exhibits seasonal var-
iations. During the winter and spring months, it is higher than the alkalinity of the
Sevastopol Bay waters. Conversely, during the summer and autumn, it is lower.

3. The waters of the CR and the Chernaya River exhibit elevated concentra-
tions of silicic acid and nitrates throughout the year, in comparison to the Sevasto-
pol Bay waters. The ammonium concentrations in the river and bay waters are
found to be approximately equivalent.

4. The phosphate content of the reservoir and river waters is approximately
equivalent, yet the river subsequently becomes the source of phosphates for the bay
following the introduction of wastewater from the treatment plant.

5. The waters of the Baydarka River (a tributary of the Chernaya River), which
have not undergone geochemical filtration via the CR, consistently exhibit marked-
ly elevated concentrations of silicic acid, nitrates, ammonium and phosphates as
well as a higher alkalinity value than the river waters. This presents a potential risk
to the quality of the water supplied to Sevastopol.
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Abstract

The article presents the results of coastal litter monitoring on the beaches of the Black Sea
from 2016 to 2021. The study was conducted on five beaches of the northeastern Black Sea
coast, including urban and suburban areas. The Marine Strategy Framework Directive
(MSFD) methodology of the European Commission was used for the collection and
classification of litter items. During 13 monitoring sessions, a total of 2633 litter items
(108 types, 8 categories) were identified, with plastic being the predominant component,
averaging 71.7% of the total litter volume. The second predominant category was metal,
averaging 8.2% of the found litter. The litter density varied from 47.66 pcs./100 m to
1163 pcs./100 m. The litter density median was 118.26 pcs./100 m on all studied beaches.
The inter-annual variability in the litter amount on the beaches shows a decreasing trend
in all monitored areas with pronounced peaks in the summer and winter seasons. The main
source of the coastal litter pollution was recreational activities, the impact of which was
aggravated by lack of developed waste management infrastructure as well as by the proxim-
ity of transport routes. The obtained data highlight the necessity of continued monitoring
and implementation of measures to reduce pollution, such as improving waste management
systems and reducing plastic production and usage. These data can also contribute to legis-
lative and practical initiatives for the protection of the Black Sea marine ecosystems as de-
veloped both by the government and people at large.
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JIMHaMHKa JIOTHOCTH 0eperoBoro Mmycopa
HA IUISIZKAX CeBEPO-BOCTOYHOIO MO0EpPeKbs
Yepuoro mopsi ¢ 2016 mo 2021 rox
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AHHOTaNMSA

PaccMoTpeHBI pe3ynsTaThl MOHHTOPHHTA OEperoBoro Mycopa Ha IUIsDKax YepHOro mMops
¢ 2016 mo 2021 r. UccnemoBanue MPOBOIWIN Ha ISTH IUBDKAX CEBEPO-BOCTOYHOTO IOde-
pexbsi UepHOro MoOpsi, BKIIIOYasi TOPOJCKHE M NMPUTOPOJHBIE ydacTKu. Mycop coOupaiu
1 KJIACCH(UITUPOBAIIA 10 MeToAuke PamowHOW aumpekTtuBsl EBporelickoil KOMHCCHHU
0 MOPCKOH cTpaterun. Beero 3a Bpems 13 MOHHTOPHHTOBBIX 00ClienoBaHUi OBLIO coOpa-
HO 2633 uactuil mycopa u3 8 kareropuii 108 tunos. [IpeobnagaromyM KOMIOHEHTOM CTal
IUTACTHK, COCTABJISAIONINIA B cpeaHeM 71.7 % oT obiero konudyectBa Mmycopa. Bropoii npe-
obmamaromeil kareropuei cTajx MeTalll, oS KOTOPOro B cpemHeM cocraBmia 8.2 %
OT HalWJCHHOTO Mycopa. [IIOTHOCTh TUIIKHOTO Mycopa BapbupoBaia oT 47.66 mrt. / 100 M
0 1163 mt. / 100 M. MeauaHa TIOTHOCTH MycCOpa Ha BCEX HMCCIICAYEMBIX IUISDKaX COCTa-
Bra 118.26 mrt. /100 M. B MeXTroqoBoif M3MEHUYMBOCTH KOIMYECTBA Mycopa Ha IUIDKAX
OTMEYaeTCs TeHJCHIMS K YMEHBILIEHHIO BO BCeX 00CIeyeMbIX pailoHax C SBHBIMH ITUKaMU
B JIETHHE M 3UMHHE Ce30HBI. OCHOBHBIM HMCTOYHHKOM MYCOPHOTO 3arps3HEHUS MOOepexKbs
cTalla peKpealoHHas IesITeIbHOCTh, BO3IEHCTBHE KOTOPOW YCHIIMBAIOCH H3-3a OTCYT-
CTBUS Pa3BUTOW WHPPACTPYKTYPHI IO YTHIM3AIUU OTXOJOB, a TAaKXKe OIM30CTH TpaHC-
nopTHBIX IyTeil. [lomyueHHbIe NaHHBIE CBHAETEIBCTBYIOT O HEOOXOAMMOCTH HPOAOIIKE-
HUS MOHUTOPWHTA W TIPUHATHUS MEp IO CHIDKCHHIO 3arps3HEHUS, TAKUX KaK YITydIICHHE
CHCTEM YIpAaBICHUS OTXOJAaMH U YMCHBIICHHE IIPOU3BONICTBA U HCIOIH30BAHUS TTACTHKA.
OTH AaHHBIE MOTYT MCIIOJB30BATHCS MPHU BEIPaOOTKE PEKOMEHIAINN U MPAKTUIECKIX WHU-
LHATUB IO 3aIUTEe MOPCKOH IKOCUCTEMBI YepHOro Mops Kak CO CTOPOHBI TOCYAapCTBa, TaK
1 CO CTOPOHBI HAy9HOTO cO00IIecTBa 1 OOBIYHBIX TPaKIaH.

KitioueBble €JI0Ba: MOPCKOH MYCOp, 3arpsi3HEHHE MOpsi, 3arpsisHeHHe IUshked, UepHoe
MOpE, MHKPOILIACTHK

BaaromapHocTn: paboTa BHIIIONHEHAa B paMKaX MEXTyHApOAHBIX mpoektoB DMBJIAC-],
SMBJIAC-II, DMBJIAC-ITmoc, ¢punancupyemsbix [Iporpammoii pazsutuss OOH (ITPOOH)
n EBpomnelickuM coro30M B MoAepkKy peanuszanuu KonseHuuu o 3ammure YepHoro mops
ot 3arps3HeHus (byxapecrckas korBeHIms 1992 1.). 3a mody4eHHbIC TaHHBIC aBTOP BBIpaXka-
eT OrarosapHOCTh HAOMIONATENsAM, KOTOPHIE NPOBOAMIN MOHUTOPHHIOBBIC HCCIIEOBAHMS
¢ 2016 mo 2021 1. Ha sHKkax YepHOTO MOPSI.

Hdns nmurupoBanus: Cnupuna B. A., [locoscesa M. I1. [luHamMuKa TUIOTHOCTH OEpPEroBOTO
Mycopa Ha IDBDKaX CeBEpO-BOCTOUHOTO mobepexbs Yeproro mops ¢ 2016 mo 2021 rox //
Okonoruyeckas 6e30IacHOCTh NPHOPEKHON U 1mIenb(oBoii 30H Mops. 2024. Ne 4. C. 39-50.
EDN CCIYOS.
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Introduction

Marine debris pollution of beaches is a growing global problem that re-
quires a comprehensive approach. An important step against marine pollution is
continuous monitoring of the scale and dynamics of the problem. Based on
analyses of the collected data on the composition, quantity and sources of litter
on beaches, effective measures to prevent pollution are developed [1]. Aware-
ness-raising campaigns and improved waste management systems can help to
reduce pollution and protect ecosystems and human health - 2,

Like any closed body of water, the Black Sea is vulnerable to marine debris
pollution. Both terrestrial and marine factors contribute to its accumulation.
The terrestrial factors include litter entering the seas from rivers in industrialised
countries, uncontrolled landfills, growing tourism, recreational activities, and port
activities in coastal cities ", whereas the marine factors include fishing and inten-
sive shipping [3, 4]. Due to the large-scale circulation of the Black Sea, litter is
spreading throughout the basin and this is becoming a growing transborder prob-
lem [5].

The main litter component is plastic [6-9]. The widespread use of plastic is
due to its utility, availability and demand in all spheres of life. However, there is no
enzyme in nature that can degrade this material. Plastic is not evenly redistributed
in the environment and thus accumulates in large quantities and affects it negative-
ly [10].

The effects of marine pollution are diverse. Non-degradable plastic often caus-
es death of marine organisms, which may get trapped in nets and plastic substrates
or swallow it. Microplastics, derived from larger plastic items, enter food chains,
affecting the entire biological cycle [2]. Litter on beaches can affect human health
both directly, leading to injuries and cuts, and indirectly through interaction
with toxic waste *. In addition, polluted beaches lose their attractiveness to tourists,
which negatively affects the local economy .

The work aims to analyse the qualitative and quantitative composition of
the collected litter in order to assess its seasonal variability and to compare the pol-
lution levels of the north-eastern Black Sea coast with other parts of the coast.

D BSC, 2007. Marine Litter in the Black Sea Region: a Review of the Problem. Istanbul:
Black Sea Commission Publications, 2007. 160 p.

2 European Parliament, 2008. Directive 2008/56/EC of the European Parliament and
of the Council of 17 June 2008. Marine Strategy Framework Directive. Available at:
https://eur-lex.europa.eu/legal-content/en/ALL/?uri=CELEX%3A32008L0056
[Accessed: 2 December 20241].

3 UNEP, 2005. Marine litter: An analytical overview. 47 p.
4 UNEP, 2009. Marine Litter: A Global Challenge. 232 p.
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Materials and methods

Study area

The study area is located in the north-eastern Black Sea coast (Fig. 1). Accord-
ing to [3], the study area is one of the most polluted parts of the coast.

In addition to the large recreational load, this area is under seasonal spatial and
temporal variability of currents, which is one of the main determinants of pollution
spreading on the sea coasts and is taken into account when identifying possible
sources of marine litter inputs [11].

Two types of beaches were selected for monitoring: urban and suburban ones.
The urban beaches are Loo, Primorsky and Sochi Beaches located in resort areas
near the central district of the city of Sochi. Loo (84 m long) and Sochi (104 m
long) Beaches are pebbly, while Primorsky Beach (128 m long) is sandy.

Vostok and Maly Akhun Beaches are located in the suburbs. The nearby infra-
structure is not well-developed, and the proximity of motorways and railways is
noted. Near Vostok Beach, forest vegetation prevails. Vostok Beach (87 m long) is
sandy, while Maly Akhun Beach (104 m long) is pebbly.

Data collection

Marine litter monitoring was conducted from 2016 to 2021 at five beaches.
In order to ensure comparability and data quality, this study used the method-
logy of the European Commission's Marine Strategy Framework Directive
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Fig. 1. Monitoring area. The numbers indicate beaches: / — Lo;
2 — Sochi; 3 — Vostok; 4 — Maly Akhun; 5 — Primorsky
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(MSFD) ® to assess marine litter pollution on the north-eastern Black Sea coasts.
This strategy aims at the protection and sustainable use of marine ecosystems.

According to the methodology, litter larger than 2.5 cm was collected during
the monitoring works on a site about 100 m long and 5 m wide. The found litter
was then categorised into a basic list of litter categories and assigned a code num-
ber with a letter designation from G1 to G217 according to the chosen methodology.
The data was recorded using the Marine Litter Watch mobile application for marine
litter monitoring by trained observers using the MSFD methodology.

A total of 108 different types of litter were identified and broken down into
the following categories: Plastic, Clothing/Textiles, Glass/Ceramics, Metal, Paper/
Cardboard, Engineered Wood, Rubber and Unidentified. The amount of litter per
100 m was then calculated for each beach to allow comparison between the ob-
tained data and to identify the density of litter pollution at each beach during dif-
ferent seasons.

Results

Density and composition

From 2016 to 2021, 13 monitoring surveys were conducted with a total of
2,633 pieces of litter collected. The density of beach litter ranged from 47.66 pieces
/ 100 m to 1163 pieces / 100 m. The predominant category of litter on all beaches
and in all seasons was Plastic, averaging 71.7% of all litter found (Table). The sec-
ond predominant category was Metal, averaging 8.2% of the litter found.

Maly Akhun Beach

The highest litter concentrations were observed in the summer period of 2020
(245.2 pieces / 100 m) and in the winter period of 2021 (212.5 pieces / 100 m) (Fig. 2).

In summer 2020, 255 litter particles were found. Plastic particles amounted to
168 (65.88%). The most common types were hygiene products (G96) — 22 items,
cigarette ends and filters (G27) — 19 items and plastic parts up to 50 cm (G79) —
17 items. The remaining categories were distributed as follows (pcs.): 8 Clothing/
Textiles (3.14%), 5 Glass/Ceramics (1.96%), 43 Metal (16.86%), 22 Paper/ Card-
board (8.63%), 5 Wood (1.96%) and 4 Rubber (1.57%) items. In the Metal catego-
ry, 11 particles were from tin cans (G175) and 10 from bottle caps (G178).

In autumn 2020, 187 litter particles were identified. Of these, 110 items were
Plastic (58.82%), 10 were Clothing/Textiles (5.35%), 11 were Glass/Ceramics (5.88%),
22 were Metal (11.76%), 17 were Paper/Cardboard (9.09%), 14 were Wood (7.49%),
and 3 were Rubber (1.6%). Cigarette ends and filters also predominated in the Plastic
category (G27) — 24 items, and in the category Wood it was engineered wood
(G161) — 13 items.

3) Vasilakopoulos, P., Palialexis, A., Boschetti, S.T., Cardoso, A.C., Druon, J.-N., Konrad, C.,
Kotta, M., Magliozzi, C., Palma, M. [et al.], 2022. Marine Strategy Framework Directive.
Thresholds for MSFD Criteria: State of Play and Next Steps. Luxembourg: Publications
Office. https:/doi.org/10.2760/640026
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Marine litter density in different seasons

Predominant litter
Place pf Season Litter density, PI‘OpOI’.tiOf)l of Proportion of
collection pcs./100 m plastic, % Type the total
amount, %
Maly Akhun 118.27 76.42 Cigarette ends and filters 17.07
Summer
2021
Primorsky 47.66 78.69 Cigarette ends and filters 52.46
Maly Akhun 106.73 71.17 Bottles<0.5L 10.81
Spring
2021
Primorsky 67.97 85.06 Cigarette ends and filters 37.93
Plastic parts
Maly Akhun Winter 212.5. 62.44 2.5-50 cm 10.86
2021
Primorsky 78.91 81.19 Cigarette ends and filters 41.58
Maly Akhun 179.81 58.82 Cigarette ends and filters 12.83
Autumn
2020
Primorsky 61.72 56.96 Cigarette ends and filters 34.18
Personal hygiene
Maly Akhun 216.35 65.88 . 8.63
Summer supplies
2020
Primorsky 75 72.92 Cigarette ends and filters 45.83
Vostok Sgr(’;ll“;er 151.72 78.03 Cigarette ends and filters ~ 28.03
Sochi A;‘E)L}‘;m 224.04 73.82  Cigarette ends and filters ~ 51.07
Loo A;‘E)L}‘ém 1163.09 7028  Cigarette ends and filters ~ 20.57
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Fig. 2. Seasonal distribution of marine litter
on Maly Akhun Beach

In winter 2021, 221 litter particles were detected. Of these, 138 items were
Plastic (62.44%), 8 were Clothing/Textiles (3.62%), 6 were Glass/Ceramics
(2.71%), 30 were Metal (13.57%), 17 were Paper/Cardboard (7.69%), 11 were
Wood (4.98%), 8 were Rubber (3.62%), and 3 were Other (1.36%). The Plastic
category was dominated by unidentifiable plastic particles up to 50 cm (G79) —
24 items, 0.5 litre beverage bottles (G7) — 19 items and pieces of plastic/polysty-
rene up to 50 cm (G76) — 14 items. In the Metal category, there were 12 items —
tin cans (G175).

In spring 2021, a total of 111 litter particles were found. Of these, 79 were
Plastic items (71.17%), 4 were Clothes/Textiles (3.60%), 3 were Glass/Ceramics
(2.70%), 11 were Metal (9.91%), 8 were Paper/Cardboard (7.21%), 4 were Wood
(3.60%), 1 was Rubber (0.9%), and 1 was Other (0.9%). In the Plastic category
0.5 litre beverage bottles prevailed (12 pcs.).

In summer 2021, 123 particles were detected. Of these, 94 were Plastic items
(76.4%), 5 were Clothing/Textiles (4.1%), 1 was Glass/Ceramics (0.8%), 8 were
Metal (6.5%), 7 were Paper/Cardboard (5.7%), 1 was Wood (0.8%), and 7 were
Rubber (5.7%) (Fig. 2). The Plastic category was dominated by cigarette ends and
filters (G27) — 21 pcs. and hygiene products (G96) — 10 pcs.

Primorsky Beach

On Primorsky Beach, the highest litter concentrations were also recorded
in summer 2020 (75 pcs./100 m) and the winter of 2021 (78.9 pcs./100 m)
(Fig. 3).

In summer 2020, 96 marine litter particles were found. Of these, 70 items were
Plastic (72.92%), 1 was Clothing/Textiles (1.04%), 6 were Metal (6.25%), 14 were
Paper/Cardboard (14.58%), 3 were Wood (3.13%), and 2 were Other (2.08%).
The Plastic category was dominated by cigarette ends and filters (G27) — 44 pcs.
The Paper/Cardboard category entirely consisted of paper fragments (G156).

In autumn 2020, 79 particles were found. Of these, 45 items were Plastic (56.96%),
2 were Clothing/Textiles (2.53%), 7 were Metal (8.86%), 23 were Paper/Cardboard
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Fig. 3. Seasonal distribution of marine litter
on Primorsky Beach

(29.11%), 1 was Wood (1.27%), and 1 was Other (1.27%). The category Plastic
was dominated by cigarette ends and filters (G27) — 27 pcs. In the Paper/Cardboard
category, 22 pcs. were paper fragments (G156).

In winter 2021, 101 particles of litter were detected. Of these, 82 items were
Plastic (81.19%), 1 was Clothing/Textiles (0.99%), 1 was Glass/Ceramics (0.99%),
5 were Metal (4.95%), 9 were Paper/Cardboard (8.91%), 2 were Wood (1.98%),
and 1 was Other (0.99%). Cigarette ends and filters in the Plastic category (G27) —
42 pcs.

In spring 2021, 87 particles were detected, of which 74 were Plastic (85.06 %),
1 was Clothing/Textiles (1.15 %), 11 were Paper/Cardboard (12.64 %), and 1 was
Wood (1.15 %). Cigarette ends and filters in the Plastic category (G27) amounted
to 33 pcs.

In autumn 2021, 61 particles were identified. Of these, 48 were Plastic
(78.69%), 1 was Metal (1.64%), 9 were Paper/Cardboard (14.75%), and 3 were
Other (4.92%). Cigarette ends and filters in the category Plastic (G27) amounted to
32 pcs.

Loo Beach

A total of 979 pieces of litter were found on the beach, of which 688 were
Plastic items (70.28%), 13 were Clothing/Textiles (1.33%), 56 were Glass/Ceram-
ics (5.72%), 144 were Metal (14.71%), 58 were Paper/Cardboard (5.92%), 15 were
Wood (1.53%), 3 were Rubber (0.31%) and 2 were Other (0.2%). The predominant
type in the Plastic category was cigarette ends and filters (G27) — 29.2% of all plas-
tic found and 20.5% of all identified litter. Bottles, including fragments, accounted
for (G45) 80.3% of all litter collected in the Glass/Ceramic category. In the Metal
category, the predominant types were bottle caps and tin can tabs (G178), 34%, and
other metal objects less than 50 cm (G198), 22.2%. No predominant type was iden-
tified in other litter categories.
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Sochi Beach

A total of 233 pieces of litter were found on the beach. The distribution by ma-
terial was as follows: 172 items were Plastic (73.82%), 1 was Clothing/Textiles
(0.43%), 34 were Glass/Ceramics (14.59%), 11 were Metal (4.72%), 11 were Paper/
Cardboard (4.72%), 4 were Wood (1.72%). The predominant type in the Plastic
category was also cigarette ends and filters (G27), 69.2% of all plastic collected
and 51% of all litter found. The Glass/Ceramics category consisted of one type of
litter, which was bottles, including shards and fragments (14.6% of all litter).

Vostok Beach

On Vostok Beach 132 pieces of litter were found: 103 items were Plastic
(78.03%), 1 was Clothes/Textiles (0.76%), 5 were Glass/Ceramics (3.79%),
10 were Metal (7.58%), 9 were Paper/Cardboard (6.82%), 4 were Wood (3.03%).
As on the other beaches, cigarette ends and filters (G27) predominated, accounting
for 35.9% of litter in this category and 28% of all litter.

Discussion

The results of the work show that the main component of beach litter, regis-
tered during the monitoring, was plastic. Its share ranged from 56.96 to 85.06% of
the total amount of litter in the monitoring surveys, averaging 71.7%. Similar re-
sults were also noted in papers [6—9], where the share of plastic was 71.58, 80.6,
84.3 and 61.65%, respectively.

At the urban Primorsky Beach, paper litter prevailed, in addition to cigarette
ends and filters, which may indicate a significant contribution of leisure travellers
to the appearance of litter on the beach (proximity of food outlets, including takea-
ways, advertising leaflets). The following types of litter prevailed on the suburban
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Maly Akhun Beach: cigarette ends and filters, drink bottles, plastic fragments 2.5—
50 cm large, hygiene products.

The lack of infrastructure and rubbish bins nearby increases the amount and
variety of litter on suburban beaches. In addition to recreational activities, Maly
Akhun Beach is also affected by the proximity of a motorway, railway and a nearby
river, which raises the overall litter density.

During the entire observation period, a total of 424 litter particles were found
on urban Primorsky Beach, while on suburban Maly Akhun Beach twice as many
particles were detected (867). These differences may be explained by regular clean-
ups on the urban beaches and equipped litter disposal sites, which reduces the amount
of litter on the beach itself. This study revealed no differences in the composition
and amount of litter in terms of the beach type (sandy, pebbly).

When comparing the results of single-season observations at Loo, Sochi and
Vostok Beaches, Loo Beach had the highest amount of litter, of which plastic
accounts for 70.28%. The beach is remote from the city centre, with the Gorny
Vozdukh railway station nearby, and the beach itself is located on a small ledge
in the sea. It is likely that due to this location, litter accumulates due to not only
recreational impacts, but also to marine litter cast ashore.

The interannual variability of litter density on the studied Black Sea beaches
shows a decreasing trend in the amount of litter found in all surveyed areas, with
clear peaks in summer and winter. The increase in the litter amount in winter can
be attributed to the large number of storm days and litter brought directly by
the sea, whereas in summer it can be explained by the increasing number of
tourists.

The qualitative composition of litter by season also supports this: in summer,
plastic bags, cigarette ends, hygiene products and paper fragments predominated,
while in winter, plastic bottles and plastic fragments/details of all sizes prevailed.

The median litter density on all the beaches studied was 118.26 pcs./100 m.
According to the data in paper ©, the Black Sea is the most polluted of the four
regions studied (median 475 pcs./100 m), followed by the Mediterranean Sea (me-
dian 310 pcs./100 m). Less polluted beaches are found in the Baltic Sea (median
71 pcs./100 m) and the north-eastern Atlantic Ocean (average 133 pcs./100 m).

Differences in the median values of this study and study ® for the Black Sea
may be due to the fact that the monitoring works were carried out in different areas
and in different seasons. However, the exceeding of the threshold value for marine
litter on the coastline (20 pcs./100 m) ? in each study season and each monitoring
survey does indicate a high level of marine litter pollution of the studied beaches.

9 Subelj, G. and Veiga, .M., 2024. Marine Litter Watch — Europe’s Beach Litter Assessment.
ETC BE Report 2024/1. European Topic Centre on Biodiversity and Ecosystems, 25 p.
https:/doi.org/10.5281/zenodo.12633722

7 Van Loon, W., Hanke, G., Fleet, D., Werner, S., Barry, J., Strand, J., Eriksson, J., Galgani, F.,
Grawe, D. [et al.], 2020. 4 European Threshold Value and Assessment Method for Macro Litter
on Coastlines: Guidance Developed Within the Common Implementation Strategy for the Marine
Strategy Framework Directive MSFD Technical Group on Marine Litter. Publications Office, 26 p.
https:/doi.org/10.2760/54369
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Conclusion

The quantitative and qualitative analyses of marine litter on the north-eastern
Black Sea coast allowed comparison of this site with other study regions.

The most polluted beaches were Maly Akhun Beach in 2020, Sochi Beach
in 2017 and Loo Beach in 2016, with litter densities of 216.35, 224.04 and
1163.09 pcs./100 m, respectively. The predominant category of litter in all years
and in each monitoring survey was Plastic, which accounted for 71.7% of the total
identified litter. It is concluded that the study area is one of the most polluted points
on the coast of the World Ocean.

Continued monitoring surveys are needed to investigate the general condition
of beaches, sources of inputs and transport routes of beach litter as well as to assess
the impact thereof, particularly plastic litter, on living organisms and the existing
ecosystem as a whole. The obtained data will enable authorities and other stake-
holders to take measures to reduce the production of plastic products and improve
waste management both on land and in the sea. Regular monitoring surveys of
specified representative beaches will help to assess the dynamics of marine litter
accumulation in the area as well as to understand the efficiency of the measures
taken against pollution in the Black Sea.
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For the first time, the paper presents data on the interannual dynamics of quantitative indica-
tors of macrophytobenthos. A comparative analysis of spatiotemporal changes in the contribu-
tion of dominant macrophyte species in the western part of Sevastopol Bay over a 40-year
period was performed. Hydrobotanical studies were carried out in the summer period of
1977, 2008 and 2017 on the same transects using standard methods. It was revealed that
during the period under study, polydominant phytocommunities were formed in the compo-
sition of bottom vegetation, dominated by species inhabiting highly euthrophic environ-
ments, with a high proportion of epiphytic algae and an insignificant role of Gongolaria
barbata. Over the studied period, the lower boundary of macrophyte growth rose and
a sharp decrease in macrophytobenthos biomass was registered at a depth of over 5 meters.
It was established that changes in the distribution and composition of bottom vegetation
in the western part of the bay were caused by its geo-ecological state, which depends
on the impact of anthropogenic and natural factors. The construction of hydraulic structures
in the bay leads to redistribution of sea grasses growing on soft soils and algae occurring
on a hard substrate. It was revealed that after extreme storms, the vegetation cover is pre-
dominated by seasonal and annual algae species, with only juvenile Gongolaria barbata
beds observed at a depth of 0.5—1 m. The obtained results can be used to monitor the eco-
logical situation in the bay and to organize the coastal-marine nature management.
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AHHOTAUMA

BriepBrie ipruBeeHBI CBEICHHUS O MEXIOJOBOM TWHAMHUKE KOJMYECTBEHHBIX TOKa3aTelei
Makpo(UTOOCHTOCa W TIPOBENICH CPABHHUTENHHBIA aHATU3 MPOCTPAHCTBEHHO-BPEMEHHBIX
M3MEHEHHH BKJIaJa JOMHUHHUPYIOUINX BHIOB MakpOo(pHUTOB B 3amanHoi yacTu CeBacTOIONb-
ckoil OyxThl 3a 40-neTHHH nepuoj. ['MapoOoTaHNUECKHE UCCIIeIOBAHHS BBITOJIHSIIN B JICT-
Hu#t nepuon 1977, 2008 u 2017 rr. Ha OJHUX U TEX Ke pazpe3ax Mo CTaHAAPTHON METOIUKE.
BrIsiBIEHO, 4TO Ha NMPOTSHKEHUH M3Y4aeMOoro IMepHoAa B COCTaBe JOHHON pacTUTEIBHOCTH
c(OpPMHUPOBAJIMCH MOJUIOMUHAHTHBIE (PUTOCOOOIECTBA, IJIe TOCHOACTBYIOT BUJBI, O0H-
TalOIIME B Cpe/ie C MOBBILICHHBIM YPOBHEM 3BTpoupoBaHus. [Ipu 3TOM OTMEUEHBI BbI-
COKas J10Jis1 SMUuMDUTHPYIOUIUX BOJOPOCIEH 1 He3HaunTeabHas pois Gongolaria barbata.
3a uccreayeMblii TPOMEXYTOK BPEMEHH IPOH30ILIO MMOAHATHE HIDKHEW TpaHUIIBl MPOH3-
pacTaHus MaKpo(HUTOB U 3apETHCTPUPOBAHO PE3KOe CHIDKEHHE OMOMAacchl Makpo(pHUTOOCH-
TOCa Ha TIIyOWMHE CBBIIMIE 5 M. YCTaHOBIICHO, YTO W3MEHECHHUS B PACIIPEICICHIN U COCTaBe
JOHHOW PAaCTUTETHHOCTH B 3aagHON YacTH OyXTHI OOYCIOBJIEHBI €€ Te€0IKOJIOTHUCCKUM
COCTOSIHUEM, KOTOPOE 3aBHCHUT OT BO3JCHCTBUS aHTPOIIOTEHHBIX M MPUPOIHBIX (PaKTOPOB.
CrpoutenscTBO B OyXTe TMAPOTEXHUIECCKHX COOPYKCHHH MPUBOIUT K M3MCHEHHUIO pac-
MPOCTPaHEHUs 3apociieil MOPCKUX TpaB, OOUTAIOIIMX HAa MATKHX TPYHTaX, ¥ BOAOPOCIE,
BCTPEYAIOLINXCS HAa TBEPAOM cyOcTpaTe. BBIABICHO, UTO MOCIE IKCTPEMAIBHBIX IITOPMOB
B COCTaBE€ PACTUTEIILHOTO MOKPOBA MPeoOIagaoT Ce30HHbIE U OHOJIETHHE BUIBI BOJOPOC-
JeH, mpu 3ToM Ha rayouHe 0.5—1 M oTMeYaroTCs JIMIIb I0BEHUIbHBIE ciioeBuina Gongolaria
barbata. TlonyueHHbIe pe3yNbTaThl MOTYT OBITH HUCIIOJIB30BAHBI JIISI MOHHUTOPHUHIOBBIX HC-
CJICIOBaHUI KOJIOTHYECKOH CHUTyallud B OyXTe, a TakKe IPH OpraHu3aliu NpUOpex HO-
MOPCKOTO IPHPOIOIIOIH30BAHM.

KiaroueBble caoBa: npuOpexxHas 30HA, JOHHAS PACTUTENBHOCTh, MOPCKHE TPAaBHI,
Gongolaria barbata, Yepaoe mope, CeBactomons, CeBacTormonbckas OyxTa

BaarogapHocTu: paboTa BBITOJHEHA B paMKaX rocyaapcTBenHoro 3ananus OUI MabIOM
mo teme «KOMIUIEKCHOE HCClleloBaHHEe MEXaHM3MOB ()YHKIIMOHHPOBAHUS MOPCKHX OHO-
TEXHOJIOTHYECKHX KOMIUIEKCOB C LEJIbI0 MOJyYeHHs OMOJIOTHYECKH aKTHUBHBIX BEIECTB
u3 ruapobruoHToBy (Ne roc. peructparuu 124022400152-1).

Jasa nuruposanus: Muponoea H. B., Ilankeega T. B. IIpoCTpaHCTBEHHO-BPEMEHHBIE
u3MeHeHus: MakpogurodenToca B CeBactonoibekoit oyxre (UepHoe Mope) // Dkosorudeckas
0e30IMacHOCTh MPUOPEKHOH U 1IeNB(POBOI 30H Mopst. 2024. Ne 4. C. 51-67. EDN YUYBFO.

Introduction

In recent years, a notable increase in the level of eutrophication of the Crimean
peninsula coastal zone has been attributed to a number of factors including an in-
crease in the volumes of untreated wastewater, uncontrolled recreational load and
active construction on the coast [1-3]. The most significant anthropogenic impact
on the ecological state of the coastline is evident in bays and port water areas.
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Sevastopol Bay is a water area subject to active economic utilisation. Currently,
it functions as a reservoir that receives industrial and domestic wastewater as well
as stormwater from the surrounding catchment area. On a daily basis, up to
10,000-15,000 m® of untreated or conditionally clean water is discharged into
the bay resulting in the introduction of a diverse range of chemical compounds
of organic and inorganic origin into it [4, 5]. This unfavourable ecological situation
in the bay has resulted in significant alterations to the composition and biomass of
the macrophytobenthos, with the potential for complete degradation observed
in certain areas of the water body.

The current state of the macrophytobenthos in Sevastopol Bay is not well
documented [6, 7]. The growth of certain species of macrophytes in the Black Sea,
particularly in Sevastopol Bay, was first documented in the works of N. N. Voroni-
khin in the early 20" century 2. The author noted that algae and higher aquatic
vegetation grow on a particular type of substrate. During the same period,
S. M. Pereyaslavtseva made a map of the bay showing the distribution of benthic
communities Y. Later, S. A. Zernov presented a map of the distribution of bottom
vegetation in Sevastopol Bay ¥. The author showed that in the early 20th century,
the bottom biocenoses of the bay followed the general pattern of the Black Sea
biocenoses where the distribution of macrophytobenthos was mainly determined
by the substrate (cystosira was found on hard substrates and sea grasses on soft sub-
strates) ¥. The paper suggests that significant changes in the state of biocenoses will
occur in the bay under the influence of anthropogenic activities®. It is notable that
by the 1930s the bay had already been considerably polluted, which resulted in nega-
tive changes to the local fauna [8].

The first hydrobotanical survey of macrophytobenthos in Sevastopol Bay was
carried out by A. A. Kalugina-Gutnik in 1967 . The materials presented in the work
provide an overview of the species composition and calculate the biomass of
macrophytes at varying depths across different regions of the bay. Subsequently,
in 1977, A. A. Kalugina-Gutnik proceeded with her investigation of the bottom
vegetation of the bays situated along the coastline of Sevastopol [9].

It is notable that over the last 40 years, the level of pollution in the bay has
fluctuated repeatedly due to a range of socio-economic factors. Therefore, it is
necessary to implement a monitoring programme to observe changes in the compo-
sition and structure of the macrophytobenthos, which is considered to be a bioindi-
cator of the marine environment state.

D Voronikhin, N.N., 1908. [On Distribution of Algae in the Black Sea near Sevastopol]. Botanichesky
Zhurnal. Trudy Imperatorskogo Sankt-Peterburgskogo Obshchestva Estestvoispytateley, (7),
pp- 181-198 (in Russian).

2 Voronikhin, N.N., 1909. [Red Algae (Rhodophyceae) of the Black Sea]. Trudy Imperatorskogo
Sankt-Peterburgskogo Obshchestva Estestvoispytateley, 40(3—4), pp. 175-356 (in Russian).

3 Pereyaslavtseva, S.M., 1910. [Materials to Characterize the Black Sea Flora]. In: N. N. Voronikhin,
ed., 1910. Zapiski Imperatorskoy Akademii Nauk. Saint Petersburg: Imperatorskaya Akademiya
Nauk. Vol. 25, iss. 9, pp. 39 (in Russian).

4 Zernov, S.A., 1913. [On Studying Life of the Black Sea]. In: 1AS, 1913. Zapiski Imperatorskoy
Akademii Nauk. Saint Petersburg: Imperatorskaya Akademiya Nauk. Vol. 32, iss. 1, 304 p. (in
Russian).

3 Kalugina-Gutnik, A.A., 1974. [Bottom Vegetation of Sevastopol Bay]. In: AS USSR, 1974.
Biologiya Morya. Kiev: Naukova Dumka. Iss. 32, pp. 133—164 (in Russian).
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The objective of this study is to identify the distinctive characteristics of
the macrophytobenthos distribution interannual dynamics in the western part of
Sevastopol Bay over the period 1977-2017.

Materials and methods of study

The length of Sevastopol Bay is approximately 7.5 km, with a maximum width
of 1 km (Fig. 1). At the entrance to the bay, the depth reaches 20 m, at the top — 5 m.
The bay was formed due to the flooding of the mouth of the Chernaya River during
the post-glacial sea level rise. The shores of the bay are characterised by elevated
terrain, comprising Sarmatian limestone, and the coastline displays a pronounced
indentation. The coastal relief is dissected by gullies, the extensions of which give
rise to smaller bays and concavities of the coastline. The shore type can be defined
as abrasion-embayed ingression ria [10]. In modern conditions, the coastal zone
has been significantly transformed (concreting of the coastline, construction of
breakwaters, piers). It is established that in 2022, the untransformed shores of
the bay constituted only 1.1 km (3% of the original length) of all the shoreline [11].

Sevastopol Bay is currently classified as a semi-enclosed estuarine-type water
area with a relatively slow rate of water exchange [5]. The configuration of the bay
renders it susceptible to wave action from the westward direction only. Since
the construction of the entrance breakwaters in the late 1970s, the bay has remained
largely protected from significant wave action [10]. The hydrochemical structure of
the waters in the bay is primarily influenced by natural factors, namely interactions
with the atmosphere, freshwater runoff from the Chernaya River into the eastern
part of the bay and the inflow of saline marine waters through the entrance strait
in its western part [5].

Hydrobotanical surveys in Sevastopol Bay were carried out using lightweight
diving equipment and small vessels in July 2017. Macrophyte distribution and bio-
mass were estimated for the coastal zone of the western part of the bay (profiles /—4)
(Fig. 1). The coordinates of the transects were determined using an Oregon 650
portable GPS receiver (Table 1).

Black Sea

Fig. 1. Schematic map of the location of hydrobo-
tanical profiles in the western part of Sevastopol Bay
(I — Cape Konstantinovsky; 2 — Cape Khrustalny; 3 — Cape Slavy;
4 — Monument to Sunken Ships)
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Table 1. Coordinates and depth range of hydrobotanical profiles, number of sampled
macrophytobenthos in Sevastopol Bay

Coordinates Depth, m
Profile Number

northern eastern . of samples
latitude longitude 0.5 ! 3 > 710

1 44°37'36" 33°30'44" + + + + - 16

2 44°37'1" 33°3172" + + + + + 20

3 44°37'35" 33°31'59" + + + + - 16

4 44°37'3" 33°3129" + + + + - 16

Note: dash — no bottom vegetation.

To study the composition of macrophytobenthos, samples were taken ac-
cording to standard methods ®. Four 25 x 25 cm survey plots were laid at depths
of 0.5, 1, 3, 5, 10 and 15 m and a total of 68 quantitative samples were collected
(Table 1). The dominant classification was used to describe the bottom vegetation
in accordance with ”. Shannon diversity index (H) was used to analyse the struc-
ture of phytocommunities. Algae were identified in accordance with ¥, taking into
account the latest nomenclature changes (available at: http://www.algaebase.org).
Information on the composition and distribution of macrophytobenthos in the bay
for 1977 and 2008 was obtained by one of the authors who participated in the col-
lection and processing of material carried out in the summer period in the same
areas using a similar methodology.

Results and discussion

The distribution of macrophytobenthos and its dominant macrophyte species
in the western part of Sevastopol Bay is characterised on the basis of the conducted
studies.

Distribution of bottom vegetation in the bay in 1977. In the estuary of Sevas-
topol Bay on the northern coastal area at profile / (Cape Konstantinovsky) bot-
tom vegetation is registered up to 5 m depth. The maximum total biomass of

9 Kalugina-Gutnik, A.A., 1969. [Black Sea Benthic Vegetation Survey Using Light-Weight Diving
Equipment]. In: AS USSR, 1969. [Marine Underwater Studies]. Moscow: Nauka, pp. 105-113
(in Russian).

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

8 Zinova, A.D., 1967. [Field Guide to Green, Brown and Red Algae of the Southern Seas of the USSR].
Leningrad: Nauka, 397 p. (in Russian).
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macrophytes was recorded at a depth of 3 m. At depths of 0.5 and 1 m, the quan-
titative index was slightly lower, while at a depth of 5 m, the biomass decreased
sixfold (Table 2). Gongolaria barbata (Stackhouse) Kuntze (= Cystoseira barbata)
was the most abundant species observed in the depth range studied, representing
a significant proportion (Fig. 2). The macrophytobenthos included Cladophora
albida (Nees) Kiitz. and Ulva rigida L. The presence of epiphytic algae was not
identified. The diversity index values by depth ranged widely from 0.07 to 1.48.
Its low values at depths of 1 and 3 m are explained by the fact that almost pure
vegetation of Gongolaria barbata was recorded at these depths (Table 2).

Table 2. Changes in the total biomass of macrophytobenthos, percentage of its dom-
inant and epiphytic macrophyte species, diversity index (H) in Sevastopol Bay by
depth and years

Proportion, %
Profile Digth’ Year ml;s;zlpiiy(;gfsgs- I(;f—z Gongolaria Epiphvi H
barbata piphytic
1977 1608.4 =422.3 88 0 1.42
0.5 2008 1088.9 £251.5 0 5 2.19
2017 992.2 +302.1 63 3 1.58
1977 1382.6 £214.9 95 0 0.31
1 2008 1425.4 +£396.4 0 11 1.99
2017 422.6 £58.1 73 15 1.41
1 1977 2249.8 £92.5 99 0 0.07
3 2008 361.6 +92.6 0 5 2.52
2017 4243 +319 44 27 2.19
1977 370.1 £117.7 84 0 1.48
5 2008 296.5 +58.8 0 6 2.10
2017 18.6+7.7 18 26 2.39
7 2008 63.1 £18.7 20 23 3.37
1977 38.8+5.2 0 0 0.64
0.5 2008 360.2 +£40.4 0 4 2.03
2017 744.7 £ 330.3 70 9 1.76
? 1977 375.0+ 1289 0 0 0
1 2008 120.5 + 60.2 3 6 2.54
2017 12243 +135.5 80 17 1.24
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Continued

_ Proportion, %
Profile Depth, Year Total biomass ofi . ) %
m macrophytes, g-m> | Gongolaria | . . hytic
barbata PP
1977 623.8 +45.1 0 0 0
3 2008 537.1+£194.4 39 2 2.31
2017 1310.2 +£431.9 45 48 1.86
1977 600.9 +145.3 0 0 0.65
2 5 2008 3993+ 1413 79 14 1.29
2017 306.3+67.3 55 25 1.85
10 2008 50.0+2.9 38 1 2.32
7 2017 13.1+64 72 0 1.57
1977 623.3+97.3 0 0 0.15
0.5 2008 789.9 £343.9 55 3 2.11
2017 4699.6 +£1206.9 86 12 0.84
1977 588.5+128.2 0 0
1 2008 253.3+£112.8 1 1.03
2017 5063.6 = 346.6 87 7 0.88
3
1977 689.9 +£130.7 0 0
3 2008 202.7+75.9 2 0.49
2017 2322.8 £363.1 79 4 1.06
1977 200.7+76.9 0 0.97
5 2008 2284 +333 0 0.05
2017 1.2+£0.54 0 1.23
1977 917.0+122.4 0 0 0.77
0.5 2008 955.9 £284.7 52 6 2.59
2017 5483.0 £ 1536.9 87 8 0.97
1977 1602.6 +127.4 0 0 0.02
1 2008 1406.2 +431.1 55 22 2.26
4 2017 3416.2 £1039.5 85 6 0.89
1977 1079.0 + 543,7 0 0 0.82
3 2008 616.1 £172.1 50 4 2.06
2017 1863.7 £327.0 39 10 1.91
2008 270.9 + 64.0 76 3 1.27
> 2017 6552+ 135.5 32 39 2.42
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In the estuary of Sevastopol Bay, Ulva rigida was the dominant species
in the southern coastal area at profile 2 (Cape Khrustalny), occurring at depths of
0.5-3 m (Fig. 2). The total biomass of macrophytes in this range exhibited a 16-fold
increase with increasing depth (Table 2). Zostera noltei Hornem predominated
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Fig. 2. Change in the proportion of dominant macrophyte species by profile and
years at the depth of 0.5 m (@), 1 m (), 3 m (c) and 5 m (d) ({ — Cape Konstanti-
novsky; 2 — Cape Khrustalny; 3 — Cape Slavy; 4 — Monument to the Sunken Ships)

58 Ecological Safety of Coastal and Shelf Zones of Sea. No. 4. 2024



at a depth of 5 m. Ulva rigida was noted among sea grasses. Epiphytes were
absent. The diversity index values were low (0-0.65), indicating a monodominant
structure of the phytocommunity.

Along the way further into the bay along the northern coastline, Ulva rigida
exhibited a dominant presence at depths of 0.5-5 m at profile 3 (Cape Slavy)
(Fig. 2). The total biomass of macrophytes exhibited minimal variation at depths of
0.5-3 m, demonstrating a notable decrease of approximately threefold at a depth of
5 m (Table 2). It is indicative that the macrophytobenthos is represented by accu-
mulations of Ulva rigida at depth of 1-3 m, whereas Ulva sp. and Bryopsis hyp-
noides Lamour were noted in its composition at depths of 0.5 m and 5 m, respec-
tively. The diversity index values provide insight into the dominant species within
the algal community.

Further inland along the southern coastline of the bay, Ulva rigida was also
dominant at depths of 0.5-3 m at profile 4 (Monument to the Sunken Ships)
(Fig. 2). The maximum total biomass of macrophytes was recorded at a depth of 1 m,
while at depths of 0.5 and 3 m, this index was found to be 1.7-1.5 times lower.
Representatives of Ceramium were found in the composition of bottom vegetation
at all depths. The diversity index values varied by depth from 0.03 to 0.82.

Distribution of bottom vegetation in the bay in 2008. At profile /, the domi-
nant species at a depth of 0.5 m were Ulva intestinalis L., U. rigida and Ceramium
virgatum Roth (Fig. 2). The composition of bottom vegetation also included
Callithamnion corymbosum (Smith) Lyngb., Ceramium diaphanum (Lightf.) Roth.
The dominant species at a depth of 1 m were Laurencia coronopus J. Ag. and Ul-
va intestinalis. Ulva rigida, Ceramium virgatum and species of Cladophora were
also recorded at this depth. The depth range of 3—5 m was dominated by Ceramium
virgatum and Ulva rigida. The proportion of these species exhibited considerable
variation, with values ranging between 4557 and 18-20% of the total macrophyte
biomass, respectively. The total macrophyte biomass at these depths exhibited min-
imal variation (Table 2). It is significant that the contribution of Ulva intestinalis
to the total macrophyte biomass decreased from 35 to 1% as the depth increased
from 0.5 to 5 m. At a depth of 7 m, the total macrophyte biomass was found to be
relatively low (Table 2). Gongolaria barbata and Ulva rigida dominated there.
Epiphytic algae were abundant at this depth. Among them, the predominant ones
were Ceramium virgatum, Ectocarpus confervoides (Roth) Le Jolis, Laurencia
coronopus and Vertebrata subulifera (C. Ag.) Kiitz. The diversity index values
indicate a complex polydominant community structure with a high contribution of
associated species and epiphytic algae.

At profile 2, Palisada perforata (Bory) K.W. Nam dominated at depths of
0.5—1 m, with its proportion decreasing in this range with increasing depth from 50
to 36% of the total macrophyte biomass (Fig. 2), which also decreased threefold
(Table 2). The composition of bottom vegetation included Gelidium crinale
(Hare ex Turner) Gaillon, Ulva intestinalis, U. rigida, Callithamnion corymbosum.
The representatives of Cladophora were found in both lithophytic and epiphytic
forms. Gongolaria barbata and Palisada perforata predominated at a depth of 3 m.
Cladophoropsis membranacea (Ag.) Borg., Gelidium crinale, Ulva rigida were
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also abundant in the composition of the macrophytobenthos. At depths of 5-10 m,
Gongolaria barbata dominated, the proportion of which decreased by half
with increasing depth, and the total biomass of macrophytes decreased by a factor
of eight (Table 2). Under the cover and among the Gongolaria barbata beds, Ulva
rigida was observed at a depth of 5 m, while Cladostephus spongiosus (Huds.)
C. Ag., Laurencia coronopus and Cladophora laetevirens (Dillw.) Kiitz were
recorded at a depth of 10 m. Such deepwater species as Zanardinia typus (Nardo)
P. C. Silva, Carradoriella elongata (Huds.) Savoie & G.W. Saunders., Nereia
filiformis (J. Ag.) Zanard. were found in the composition of bottom vegetation
at depths of 5-10 m. The greatest development of epiphytic synusia occurred
at a depth of 5 m. Vertebrata subulifera and Stilophora tenella (Esper) P. C. Silva
dominated among epiphytic algae. The diversity index values indicate a high pro-
portion of associated species in the phytocommunity structure.

At profile 3, Gongolaria barbata predominated at a depth of 0.5 m (Fig. 2).
Ceramium virgatum, Carradoriella denudata (Dillw.) Savoie et G. W. Saunders,
species of Cladophora and Ulva were abundant in the composition of the macro-
phytobenthos. Palisada perforata dominated at depths of 1-3 m, with this species
accounting for 84-93% of the total macrophyte biomass. With increasing depth,
the contribution of Cladophora laetevirens increased from 1 to 5% and that of Ulva
rigida decreased from 5 to 1% of total macrophyte biomass. Zostera marina was
dominant at a depth of 5 m. The contribution of epiphytic algae at all investigated
depths was insignificant (Table 2). The diversity index values varied in a wide
range and depended on the complexity of the community structure.

At profile 4, Gongolaria barbata dominated at depths of 0.5-5 m (Fig. 2).
The maximum total macrophyte biomass was recorded at a depth of 1 m, while
at a depth of 0.5 m, this parameter was observed to be 1.5 times lower, and
at depths exceeding 1 m, it decreased by a factor of two and five at depths of 3 and
5 m, respectively (Table 2). Ulva rigida, Cladophoropsis membranacea were
found in the composition of bottom vegetation at all investigated depths. A high
proportion of G. crinale and Dermocorynus dichotomus (J. Ag.) Gargiulo Morabito
and Manghisi was observed at depths of 0.5-1 m, while at a depth of 3 m —
the lithophytic form Laurencia obtusa (Huds.) J. V. Lamour., and at a depth of 5 m
— Zanardinia typus. The contribution of Cladophora laetevirens decreased from 9
to 1% with increasing depth in the studied range. Epiphytes were most abundant
at a depth of 1 m. Vertebrata subulifera and species of Cladophora dominated
among them. High diversity index values indicate a polydominant community
structure.

Distribution of bottom vegetation in the bay in 2017. In the estuary of Sevas-
topol Bay, bottom vegetation was recorded up to a depth of 5 m at profile /.
Gongolaria barbata dominated at depths of 0.5-3 m (Table 2). The proportion of
this species was observed to be at its maximum at a depth of 1 m, with a sub-
sequent decrease in abundance with increasing depth, occurring at a rate of two and
four times. The total macrophyte biomass exhibited a decrease of over 50 times
with increasing depth. Dictyota fasciola (Roth) Howe was found in the macrophy-
tobenthos composition at all investigated depths (Fig. 2). The proportion of this
species at depths of 0.5-1 m exhibited a range of 2—4%, while at depths of
3-5 m, it showed a notable increase to 10—28% of the total macrophyte biomass.
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The lithophytic form Laurencia obtusa was observed among Gongolaria barbata
thickets at a depth of 0.5 m; at greater depths, this species was found as an epi-
phyte. Cladophora serisea (Huds.) Kiitz. was abundant at a depth of 5 m. The con-
tribution of epiphytic algae exhibited a notable increase with increasing depth.
The shift in the diversity index suggests that the community structure becomes
increasingly complex with increasing depth.

At profile 2, Gongolaria barbata was predominant at depths of 0.5-5 m (Fig. 2).
The total macrophyte biomass exhibited a significant increase, approximately two-
fold, with an increase in depth from 0.5 to 3 m (Table 2). With further increase
in depth this indicator decreased more than fourfold, and at a depth of 7 m, bottom
vegetation was practically absent. The proportion of the dominant species at depths
of 0.5—1 m varied from 70 to 80% and decreased at depths of 3—5 m to 45-55%
of the total macrophyte biomass. Green algae of Cladophora and Ulva were found
in the macrophytobenthos at all depths among Gongolaria barbata. Deepwater
species Nereia filiformis and Carradoriella elongata were recorded at depths of
3-5 m. The contribution of epiphytes increased from 9 to 17% with increasing
depth (0.5 and 1 m) and decreased from 48 to 25% of total macrophyte biomass
with further depth (3 and 5 m). Among the epiphytic algae, the predominant one
was Vertebrata subulifera. The diversity index by depth varied from 1.24 to 1.86.

At profile 3, bottom vegetation was found down to a depth of 3 m (Table 2).
Gongolaria barbata dominated at these depths (Fig. 2). The total macrophyte bio-
mass at depths of 0.5-1 m was found to be considerable (from 4699.6 + 1206.9
to 5063.6 = 346.6 g'm?) and decreased twofold at a depth of 3 m, whereas at a depth
of 5 m, macrophytobenthos was practically absent. The composition of the macro-
phytobenthos exhibited a notable increase in the proportion of Ulva rigida with
increasing depth, from 1% to 17%. Conversely, the contribution of epiphytic algae
demonstrated a significant decrease from 12% to 4% of the total macrophyte bio-
mass. The epiphytes were dominated by Shacelaria cirrhosa (Roth) C. Ag. Dictyota
fasciola, Ulva rigida and Carradoriella elongata occurred sporadically at a depth
of 5 m. The diversity index at a depth of 0.5-3 m exhibited a narrow range (0.84—
1.06) suggesting the dominance of a single species.

At profile 4, Gongolaria barbata was predominant at depths of 0.5-5 m.
The total biomass of macrophytes decreased eightfold with increasing depth
in the studied range, and the proportion of the dominant species decreased almost
threefold (Table 2). Cladophora laetevirens and Ulva rigida were noted in the com-
position of bottom vegetation at all depths. Ulva was sporadic at depths of 0.5-1 m,
and at depths of 3—5 m, its proportion increased up to 6—7% of the total macrophyte
biomass (Fig. 2). The lithophytic form Laurencia obtusa was abundant at a depth
of 3 m, whereas this species epiphytised on Gongolaria barbata at a depth of 5 m.
The greatest concentration of epiphytic algae was observed at a depth of 5 m, with
significantly lower levels recorded at depths of 0.5-3 m. The most prevalent spe-
cies among the epiphytes was Vertebrata subulifera. The diversity index values
indicate that the community structure becomes more complex with increasing depth.

In the late 1970s, the western part of Sevastopol Bay was a water area that
had been significantly affected by human activities. A notable proliferation of
green algae was observed in the studied part of the bay (profiles 2—4) during
the specified period, with Ulva rigida exhibiting a marked dominance. This species
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is characteristically found in water with a high level of pollution from domestic
sewage. It seems probable that the species composition of the macrophytobenthos
has been affected by the sewage outlet from the north side urban development
since 1964. Furthermore, a fish farm was situated in the vicinity of Severnaya Bay,
and its operations also had a deleterious effect on benthic biocenoses. Thus, it is
shown in [8] that in areas where ships and other vessels are moored, the concentra-
tion of organic and ammonium nitrogen in bottom sediments is found to be 1.5 and
5 times higher, respectively, than in the open sea.

During the construction period of the northern part of the breakwater at profile /7,
the macrophytobenthos is represented mainly by Gongolaria barbata (84—99%
of the total macrophyte biomass), a cenosis-forming species of the Black Sea coastal
zone (Table 2). Although partial water exchange with the open sea still occurred
at this site in 1977, the total biomass of macrophytes at depth was 3—10 times lower
than in the same year at the open coast of Omega Bay where the proportion of
Cystoseira spp. also reached 95-98% [9].

Over the past more than 30 years (1977-2008), the composition of dominant
macrophyte species has changed significantly in the studied area of the bay. At pro-
files 2—4, where Ulva species had dominated in 1977, Gongolaria barbata became
dominant at some depths in 2008 (Table 2). The shift in dominant species is likely
indicative of a decline in water pollution. The aforementioned assumption is sup-
ported by the studies outlined in monograph [12]. The findings demonstrate that
by the conclusion of the 20th century, the concentration levels of phosphates and
biogenic elements indicating primarily the release of sewage and storm water were
noticeably lower than in the period 1974-1983. Furthermore, it was observed that
the concentration of phosphate was 16 times lower during the period 1998-1999
than it was during the 1970s.

Monograph [8] states that the concentration of such persistent organic pollu-
tants of bottom sediments as petroleum hydrocarbons and chloroform bitumoid
exhibited a slight increase in 1979-1985 in comparison to the period 1997-2000
(328-999 and 451-507 mg/100 g; 0.82-2.7 and 1.21-1.25 g/100 g). It has been
established [13] that in the central part of Sevastopol Bay, in the bottom sediments
at a depth of 5 to 20 cm, a zone of extremely high concentration of polychlorinated
biphenyls (PCBs) was formed reaching concentrations of up to 600 ng-g! (per dry
weight). The concentration of PCBs in the surface layer of bottom sediment in this
area was observed to be slightly lower (from 200 to 450 ng-g™'), which resulted
in the authors reaching the conclusion that the anthropogenic pollution of the bay
had been reduced.

In June 2009, macrozoobenthos sampling was conducted at stations distributed
throughout the bay. The quality of the environment in the vicinity of the Monument
to Sunken Ships (profile 4) was evaluated as “good” according to the M-AMBI
index. In contrast, the quality at other stations (central and eastern parts of the bay)
was classified as “moderate” or “poor” [14]. According to a number of researchers,
the environmental situation of Sevastopol Bay improved during the late 1990s and
early 2000s. However, this was not the result of environmental protection actions,
but rather due to a reduction in the volume of sewage from industrial enterprises as
a consequence of their cessation of operations as well as a decrease in oil pollution
due to a reduction in the naval fleet [8, 12]. Nevertheless, the proliferation of algae
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(Ulva intestinalis, U. rigida, Cladophora laetevirens, Cl. serisea Ceramium virga-
tum, C. diaphanum, Callithamnion corymbosum, Carradoriella denudata, Ectocar-
pus confervoides), which inhabit water with increased eutrophication, has become
a pervasive phenomenon in the study areas, thus indicating the presence of pollu-
tants in the bay.

It is characteristic that the construction of the northern (250 m long) and south-
ern (500 m long) parts of the breakwater at the entrance to the bay has changed
the longshore drift of deposits [11]. This provides an explanation for the change of
substrate in some areas of the western part of the bay. As posited by the authors,
the initial accumulations manifested in the form of sandbanks in both Severnaya
and Aleksandrovskaya Bays. The influx of sand into the first bay has ceased en-
tirely, while in the second bay, only residual fragments of sandbanks remain [11].
It is likely that the absence of soft substrates is responsible for the disappearance of
sea grasses (Zostera noltei) in the area of Cape Khrustalny (profile 2), which were
previously (1977) recorded at a depth of 5 m. In 2008, algae species growing ex-
clusively on hard substrate were found at this profile at this depth. At the same
time, minor accumulations of Zostera marina appeared at a depth of 5 m near Cape
Slavy (profile 3).

It is possible that the distribution and composition of macrophytobenthos
in the western part of the bay in 2008 were influenced by the effects of the storm.
It is established that active storm activity results in the degradation and destruction
of coastal biocenoses. For instance, following the most intense storm on record
in 1992, a comprehensive decimation of benthic vegetation was documented
in the Kara Dag region at depths of 0—10 m [15]. In November 2007, an extreme
storm was recorded in the Black Sea area, with wind speeds reaching 27-32 m-s™!
and wave heights of up to 4 m [16]. It has previously been demonstrated that this
storm had a negative impact on the macrophytobenthos in Laspi Bay [17]. It is well
documented that the most intensive growth of macrophytes in the Black Sea occurs
during the spring and summer months ®. Probably, that is why the bottom vegeta-
tion in the coastal zone of this part of Sevastopol Bay in summer 2008 was char-
acterised by a high species mosaic, with annual algae species (Ceramium spp.,
Cladophora spp.) occurring en masse in the macrophytobenthos composition.
During that period, algae of Laurencia (L. coronopus, L. obtusa, L. papillosa = Pali-
sada perforata) were abundant in the studied areas of the bay (Fig. 2). It is known
that the active growth of these species begins under intense sunlight and with
the beginning of warming of the water column [18]. It is possible that the storm-
destroyed Gongolaria barbata, with its thalli growing rather slowly, was originally
replaced by the beds of representatives of Laurencia® [18]. Thus, in the water area
of profile 2 (Cape Khrustalny), Gongolaria barbata seedlings only were recorded
at depths of 0.5-1 m and only at depths of 3—5 m, the proportion of this species
was 39-79% of the total macrophyte biomass (Table 2).

The results of studies conducted in 2017 indicate that the western part of Se-
vastopol Bay is characterised by a decrease in the quantitative indicators of macro-
phytobenthos in the lower sublittoral zone. This trend is observed in other areas of
the Black Sea coastline that have experienced an increase in eutrophication [19, 20].
The aforementioned trend precipitates a series of catastrophic outcomes in the bays.
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Thus, in the area of Cape Konstantinovsky (profile /), at a depth of 5 m, the total
macrophyte biomass decreased 20-fold and the proportion of Gongolaria barbata
decreased 5-fold from 1977 to 2017 (Table 2). During the same period, the total
biomass of macrophytes at the same depth exhibited a decrease of over two orders
of magnitude in the area of Cape Slavy (profile 3). The remaining study areas also
showed a decrease in the contribution of Gongolaria barbata from 2008 to 2017.

It is notable that at the present time, epiphytic algae (Vertebrata subulifera,
species of Cladophora) are prevalent in the macrophytobenthos at all profiles of
the western part of the bay. This is attributed to their high competitive ability
determined by their resistance to changing environmental conditions, rapid growth
and effective assimilation of excessive amounts of organic and mineral elements *.

It can be reasonably deduced that the changes in the composition of the bottom
vegetation in the western part of Sevastopol Bay are likely the result of a combina-
tion of natural factors and human economic activity:

— the geo-ecological situation in the bay, associated with high anthropogenic
load, has led to the fact that the dominant role in the composition of macrophytoben-
thos belonged to species growing in the environment with an increased level of
pollutants, with a high proportion of epiphytic algae, while the contribution of Gon-
golaria barbata is decreasing. In addition, a sharp decrease in the quantitative indica-
tors of the vegetation component at depths greater than 5 m is observed. The diversi-
ty index values indicate a complex polydominant structure of phytocommunities;

— the construction of hydraulic structures in the bay, which have altered
the longshore drift of deposits, has resulted in the redistribution of sea grasses
growing on soft soils and algae occurring on hard substrates;

— increase in storm intensity affects the state of benthic communities negative-
ly. It is revealed that after extreme storms, the vegetation cover is characterised
by significant species mosaic and is predominated by seasonal and annual algae
species, with only juvenile Gongolaria barbata beds observed at depths of 0.5—1 m.

Conclusion

The distribution of macrophytobenthos biomass and its constituent dominant
macrophyte species by depth and years (1977, 2008 and 2017) in the western part
of Sevastopol Bay was illustrated.

A comparative analysis of spatiotemporal changes in the contribution of domi-
nant macrophyte species in the western part of Sevastopol Bay over a 40-year peri-
od was performed.

It was revealed that during the period under study, polydominant phytocom-
munities were formed in the composition of bottom vegetation, dominated by
species inhabiting highly euthrophic environments, with a high proportion of epi-
phytic algae and an insignificant role of Gongolaria barbata. A sharp decrease
in the quantitative indicators of macrophytobenthos at a depth of more than 5 m is
a distinctive feature, accompanied by an upward shift in the lower boundary of
the macrophyte growth.

9 Minicheva, G.G., 1990. [Predicting the Phytobenthos Structure Using Algal Surface Indicators].
Botanichesky Zhurnal, 75(11), pp. 1611-1618 (in Russian).

64 Ecological Safety of Coastal and Shelf Zones of Sea. No. 4. 2024



It was established that changes in the distribution and composition of bottom

vegetation in the western part of Sevastopol Bay were caused by its geo-ecological
state, which depends on the impact of anthropogenic and natural factors.

The obtained results can be used to monitor the ecological situation in the bay

and to organize the coastal and marine nature management.
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Abstract

In recent decades, the interest in polychaetes of the Dorvilleidae family, adapted to exist
in marginal biotopes (cold methane seeps, hydrothermal vents, sulphide sediments) has
increased. The work aims to analyze the ecological characteristics, distribution and quanti-
tative representation of Dorvilleidae in the Black Sea. The study materials were samples of
macrozoobenthos on the Black Sea shelf in 2010-2019, taken with an Okean-50 bottom
grab (S = 0.25 m?), and benthos samples, taken in the coastal areas of Crimea in 1997-2023
with a diving bottom grab (S =0.04 m?). Three species of the family Dorvilleidae were
recorded in the northern Black Sea: Dorvillea rubrovittata (Grube, 1855), Schistomeringos
rudolphii (Delle Chiaje, 1828), Protodorvillea kefersteini (Mclntosh, 1869). Their bathy-
metric range was limited to the photic zone (up to 50 m). D. rubrovittata occurred mainly
in the biotope of hard substrates fouling and formed relatively large aggregations (up to
438 ind.-m2) in underwater channels and caves. The species was first found by us
in the northwestern part of the Black Sea. S. rudolphii was recorded in small quantities
(2-300 ind.-m?) along the entire Crimean coast. This species was found mainly on shell
substrates and among macrophytes. P. kefersteini was recorded in almost the entire
northern part of the Black Sea (excluding the Caucasian coasts) on sandy-shell substrates
with varying degrees of siltation. It is a mass species, and its density reached significant
values in some areas. In Kruglaya Bay (Sevastopol area), a stable population of this species
with the highest occurrence (up to 88 %) and density (up to 13,215 ind.-m™2) was recorded
for a long time. The supposed reason for this is the formation in Kruglaya Bay of large as-
semblages of bacteria and microalgae, which are a forage base for P. kefersteini.

Keywords: Polychaeta, Dorvilleidae, Protodorvillea kefersteini, Kruglaya Bay, Black Sea
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PacnpocTpanenue moyiuxer cemecTea
Dorvilleidae (Annelida) na menasge Kpbima
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AHHOTAIHUA

B nocneanue necaruneTnst BO3poc MHTEpec K nonmxeram cemeiictea Dorvilleidae, mpucro-
COOJIEHHBIM K CYIIECTBOBAHUIO B MapIruHaJIbHBIX onoTomnax — B XOJIOOAHBIX METAHOBBIX CHU-
rax, THAPOTEPMAIbHBIX MCTOYHHMKAX, CyIb(UIHBIX ocankax. Llembio Hacrosmed paboTsl
SBISICS. QHAIU3 DKOJIOTMYECKHX OCOOCHHOCTEH, pacHpOCTpaHEHHS M KOJIHYECTBEHHOU
npeacrasinerHocT Dorvilleidae B UepHom Mope. Marepuaiom 1uist HCciaeJOBaHUN MTOCITY-
KUK cOopel Makpo3ooOeHToca Ha YepHomopckoMm menbde B 2010-2019 rr., BRITOTHEH-
HEIE ¢ TOMOIIBI0 JHoYepnarens «Oxean-50» (S = 0.25 m?), a Takxke cOOpbI OEHTOCA B IIPH-
OpexHbIX paifoHax KpsiMa B 1997-2023 1T. ¢ HCHONB30BaHIEM BOJOIA3HOTO JHOYEpIIaTe-
a5 (S =0.04 m?). B ceBepHOii yacti YepHOro MOpSA 3apErMCTPUPOBAHBI TPU MPEICTABUTENS
Dorvilleidae: Dorvillea rubrovittata (Grube, 1855), Schistomeringos rudolphii (Delle
Chiaje,1828), Protodorvillea kefersteini (Mclntosh, 1869). batumerpudeckuii nuama3oH ux
obutaHus orpanndmuBaercs porudeckoit 30Ho# (10 50 M). D. rubrovittata BcTpedancs mpe-
UMYILECTBEHHO B OHMOTOIE OOpacTaHMsi TBEPABIX CyOCTpPAaTOB, OTHOCHUTEIHHO OOJbLIME
ckomneHns (mo 438 5K3.-M2) 00pa3oBBIBAI B MOABOJHBIX KaHAJIa M TPOTaX. BHIBIIEpBEIE
oOHapyKeH HaMH B ceBepo-3anaHoi yactu YepHoro Mopsi. S. rudolphii 3aperucTpupoBaH B
HebonpIMx KommaecTBax (2-300 5K3.-M2) BHONL Beero modepexns KpeiMa. DTOT BHI
BCTpEYaICs MPEUMYIIECTBEHHO Ha PaKylIEYHBIX IPYHTAX U cpeau MakpoduToB. P. kefersteini
OTMEUYCH TOYTH BO BCEH ceBepHOU yacth UepHOro Mops (3a MCKIIOYCHHEM KaBKa3CKHUX
OeperoB) Ha NMeCYaHO-PAKYIIEYHBIX TPYHTaX C Pa3HOW CTENEHBIO 3aWJICHHs. DTO MacCOBBIN
BHJ, €r0 INIOTHOCTh B OTACIBHBIX pailoHax JOCTHrajla 3HAYMTENbHBIX BEIWYMH. B OyxTe
Kpyrmoii (paiion CeBacTomnosi) B TeUeHUE JUIUTEILHOTO BPEMEHH PETUCTPUPOBAIIN YCTOM-
YUBYIO IOIYJIIIMIO 3TOTO BHJA C HambOosiee BHICOKMMH ITOKa3aTeNsIMH BCTPEYAEMOCTH
(mo 88 %) u mnotHocTH (o 13 215 5K3.M72). [Ipeanonaraemas IpUYUHA 3TOTO — 00pa30Ba-
Hue B Oyxrte Kpyrioi Oonpmmx ckoIuleHHMH OakTepuii U MHKpPOBOJOPOCIHEH, KOTOpBIE
SIBIISIIOTCSL KOPMOBO#t 0a30it st P. kefersteini.

Karouessbie cinoBa: Polychaeta, Dorvilleidae, Protodorvillea kefersteini, 6yxta Kpyrnas,
YepHoe mope

Baaropapuoctn: 3a momoins B coope u 00paboTke MaTepHana BbIpakacM OJ1aro1apHOCTb
J. B. ITogzoposoii. PaboTa BeINONIHEHA B paMKax rocynapcTBenHoro 3aganus OUI MublOM
o TeMaM «bropasHooOpasne kak OCHOBa yCTOWYMBOTO (hYHKIIMOHUPOBAHUSI MOPCKHX KO-
CHCTEM, KpUTEPUHU U HAyYHBIE IPUHIUIEI eTo coxpaHeHus» (Ne 124022400148-4) u «Kowm-
TUIEKCHOE HMCCIICI0OBaHNE MEXaHU3MOB (PyHKIIMOHUPOBAHHS MOPCKHX OHOTEXHOJIOTHYECKUX
KOMIUIEKCOB C IETIbI0 MOJIyYeHUs] OMOJIOTHUECKH aKTHBHBIX BELIECTB W3 THUAPOOHOHTOB

(Ne 124022400152-1).
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Introduction

The polychaetes of the family Dorvilleidae are widespread in the world ocean.
In the 1970s, eight genera of this family were known [1]. Further studies of ecosys-
tems, including deep-sea ones, in the zones of hydrothermal, methane and other
seeps, led to the discovery of many new representatives of Dorvilleidae adapted to
existence in these marginal biotopes. Notably, these polychaetes have been ob-
served to dominate the macrozoobenthos community in cold methane seeps, hydro-
thermal vents, whale bone accumulations and sediments within the oxygen mini-
mum zone [2]. Dorvilleids exhibit a remarkable tolerance to sulfides and these
polychaeteshave been identified in sulfide sediments found in both shallow waters
and polluted estuaries [2—4]. Dorvilleidaeare regarded as opportunistic species ca-
pable of colonising diverse habitats characterised by the presence of organic matter
and heavy metals [2]. Observations have revealed that certain Dorvilleidae species
form substantial aggregations in areas of intensive fish aquaculture, with their
abundance also increasing in proximity to mussel farms. Consequently, these
species can be utilised as indicators of the aquaculture impact on the surrounding
biota "[5].

To date, researchers have documented more than 200 species belonging to
31 genera of Dorvilleidae. Of these, three genera are known to occur in the Black
Sea? [6-8], namely Protodorvillea kefersteini (Mclntosh, 1869), Dorvillea ru-
brovittata (Grube, 1855), Schistomeringos rudolphii (Delle Chiaje, 1828) and
Schistomeringos neglecta (Fauvel, 1923). The latter species is listed for the Bospo-
rus outlet area of the Black Sea and the coasts of Bulgaria and apparently belongs
to the complex of species inhabiting the zone of action of the waters of the Sea of
Marmara ¥ [9]. The first three species are listed for many areas of the Black Sea ¥
[9-13], however, there is little data on their distribution and occurrence in different
biotopes. No representatives of Dorvilleidae have been recorded in the Sea of Azov
(8, 14, 15].

Given the increased interest in this polychaete family, a more detailed analysis
of the ecological characteristics, distribution and quantitative representation of
Dorvilleidae in the Black Sea becomes relevant, which is the aim of this paper.

D Ross, J., McCarty, A., Davey, A., Pender, A. and MacLeod, C., 2016. Understanding the Ecology
of Dorvilleid Polychaetes in Macquarie. Fisheries Research and Development Corporation, 2016.
Available at: https://www.imas.utas.edu.au/ _data/assets/pdf file/0010/905752/2014-038-DLD-
Dorvs.pdf [Accessed: 2 December 2024].

2 Bobretsky, N., 1870. [Materials for the Black Sea Fauna. Annelidae (Annelida, Polychaeta)].
In: KOE, 1870. Zapiski Kievskogo Obshchestva Estestvoispytateley. Vol. 1, iss. 2, pp. 188-274 (in
Russian).

3 Rullier, F., 1963. Les Annélides Polychétes du Bosphore, de la Mer de Marmara et de la Mer
Noire, en Relation avec Celles de la Méditerranée. Rapports et Procés-Verbaux des Réunions
Commission Internationale pour I’Exploration Scientifique de la Mer Méditerranée. Monaco. Vol. 17,
pp. 161-260.

4 Bondarenko, A.S., 2012. [Ecology of Polichetes of the Northeastern Black Sea]. Extended Abstract
of PhD Thesis. Sevastopol, 23 p. (in Russian).
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Materials and methods

The macrozoobenthos samples from R/V Professor Vodyanitsky expeditions
(cruises Nos. 64, 68, 70, 72, 75, 84, 86, 90, 96, 108) in 2010-2019 served as the
present study material. The work was performed on the shelf of the northern part of
the Black Sea from the coast of Romania to the Caucasian coast (Tuapse area) as
well as in the Sea of Azov off the coast of Crimea. The stations were carried out in
the depth range from 10 to 137 m. The salinity levels in the Black Sea ranged from
16.89 to 18.47%o and in the Azov Sea, they fluctuated between 12.53 and 15.22%o
during the sampling. Collected from 291 stations, the materials obtained from the
bottom grab samples were utilised. Bottom sediments were collected employing an
Okean-50 bottom grab, with a capture area of 0.25 m”. The collected sediments were
then subjected to sieve washing, with the smallest mesh size employed being 1 mm.

Materials from benthic surveys carried out in the coastal areas of Crimea by
the Benthos Ecology Department of IBSS from 1997 to 2023 were also utilised in
the analysis. A series of studies were conducted in a number of locations through-
out the region, including Karkinit Bay, Lake Donuzlav, the bays of Sevastopol, the
Kara Dag water area and Feodosia Bay. In addition, a number of underwater caves
of both natural and artificial origin in southeastern and southwestern Crimea were
also investigated [16]. In 2005, year-round macrozoobenthos surveys were con-
ducted at two stations (6—7.5 m depth) in the western part of Kruglaya Bay. Samples
from loose substrates were taken with a diving bottom grab (S = 0.04 m?), typically
in two repetitions. Material was collected from hard surfaces using a frame (S =
0.04 m?) with a silk bolting cloth bag sewn to it. A total of 440 stations, with a
depth range of 0-25 m, were carried out. The collected material was then subjected
to sieve washing, with the sieves having a mesh diameter of 0.5 mm. Following this,
all specimens were fixed in 4% neutralised formalin. Taxonomic identification of
polychaetes was facilitated by the utilisation of literature data > [7].

Results and discussion

During the course of the study focused on cruise materials (on loose substrates
at a depth of more than 10 m), dorvilleids were identified at 52 out of 291 stations
in the Black Sea. Conversely, no dorvilleids were recorded in the Sea of Azov
(21 stations). P. kefersteini was recorded at 30 stations, S. rudolphii — at 19 and
D. rubrovittata — at three stations (Fig. 1). Thus, dorvilleids are relatively rare spe-
cies on soft bottoms in the open sea, with only P. kefersteini demonstrating 10%
occurrence, while S. rudolphii and D. rubrovittata have 6.5 and 1% occurrence,
respectively. The maximum density of dorvilleids reached 704 ind.-m 2.

In the Crimean coastal area (1-22 m depth), dorvilleids were found in almost
all areas on soft bottoms and in fouling (Fig. 1). Their density exhibited significant
fluctuations within broad limits, consistently being higher in comparison to areas in
the open sea. Representatives of this family were also found in underwater caves
and channels.

% Vinogradov, K.A. and Losovskaya, G.V., 1968. The Type of Segmeted Worms — Annelida. In:
F. D. Mordukhay-Boltovskoy, ed., 1968. Field Guide for the Black Sea and Sea of Azov Fauna.
Kiev: Naukova Dumka. Vol. 1: Free-Living Invertebrates, pp. 251-405 (in Russian).
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Fig. 1. Distribution of Dorvilleidae in the northern part of
the Black Sea

Dorvillea rubrovittata

D. rubrovittata is an Atlantic-Mediterranean species [1, 7, 17]; in the Black
Sea, it is indicated for the Bosporus outlet area of the Black Sea, the coasts of Tur-
key and Bulgaria [7, 9] and also found “off the coasts of the Caucasus and Crimea
[7, 18, 19]. This species is considered to be relatively rare, with documented occur-
rences in minimal numbers on the shell and in the fouling of rocks and stones at a
depth of 050 m® [7, 9]. It has not been recorded off the coast of Romania [10] and
is generally found in the northwestern Black Sea (NWBS)? [20, 21].

In our samples, D. rubrovittata (Fig. 2, a) was found in open sea areas only
near the western shores of Crimea and in Karkinit Bay at a depth of 14-30 m
on shell substrates. Its density was 4-16 ind.-m* (Fig. 1).

In the coastal shallow water area, the species was recorded in rock and stone
fouling in the areas of Kara Dag, Tarkhankut and Donuzlav. In the bays of Sevasto-
pol, it was found in the fouling of oyster farm cages [22]. In these biotopes, its abun-
dance did not exceed 13 ind.-m 2. Higher density values of D. rubrovittata were rec-
orded on the walls of underwater caves in the areas of Balaklava and KaraDag

-

100 pm

Fig. 2. Dorvillea rubrovittata (a); Protodorvillea kefersteini (b)

9 Yakubova, L.I., 1930. [List of Archiannelidae and Polychaeta of Sevastopol Bay of the Black Sea].
Izvestiya AN SSSR. Series 7. Physical and Mathematical Division, (9), pp. 863—881 (in Russian).
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(up to 125 ind.-m2at a depth of 2 m). In the underground Balaklava canal in the foul-
ing of concrete walls at a depth of 2 m, the maximum values of this indicator were
recorded — up to 438 ind.-m 2. Conditions in the canal differ from other biotopes
due to poor hydrodynamics and low light levels.

It is evident that D. rubrovittata is prevalent along the Black Sea coast of Cri-
mea. The species has been recorded predominantly in the fouling biotope of hard
substrates, with relatively large aggregations observed in areas of reduced hydro-
dynamics.

Schistomeringos rudolphii

S. rudolphii is widespread in the Atlantic Ocean (European and American
coasts), the Mediterranean Sea and is also indicated for parts of the Pacific and Indi-
an Oceans [1, 7, 9, 17]. There are isolated records of this species in the Black Sea.
The species has been recorded in the Bosporus outlet area of the Black Sea?,
the coasts of Turkey and Bulgaria [8-10, 13]. There are also two indications of
S. rudolphii for the Caucasus coasts [11, 15]. In Crimea, the species was found
only in Sevastopol Bay on sandy-shell substrates among Zostera roots ®" 7. The next
occurrence of S. rudolphi was also recorded near Sevastopol at the end of the 20th
century [23]. The first records of this species in the northwestern Black Sea date
back to the end of the 20th and beginning of the 21st century, when it was found
in the shallow waters of Yagorlyk, Tendra and Karkinit Bays [12].

In our materials, S. rudolphii was recorded in open sea areas on soft bottoms
along the entire Crimean coast (Fig. 1). The species was found at depths of 10-45
m, with one occurrence at a depth of 88 m. The maximum density values were record-
ed in the Karkinit Bay (240 ind.-m ?) and the Kerch pre-strait area (210 ind.-m?) at
depths of 20 and 34 m, respectively.

In coastal samples, S. rudolphii was found at a depth of 2-22 m at some sta-
tions on the eastern and southern coasts of Crimea (Feodosia Bay, Kara Dag area,
Laspi Bay), in many bays of southwestern Crimea and also in Lake Donuzlav.
The density of these polychaetes was relatively low, but sometimes it reached
300 ind.-m™ (Laspi Bay, 13 m depth) [24]. The species was discovered to inhabit
a variety of substrates, yet it was most frequently observed in association with shell
substrates and among macrophytes (Fig. 3).

It has been observed that S. rudolphii is present in Donuzlav and Kruglaya
Bay, where it has been recorded inhabiting areas of algae fam. Characeae and sea
grasses Potamogeton and Zostera, growing on silty substrates at a depth of 2—7 m.
The species has also been found in small numbers (850 ind.-m?) in the fouling of
the walls of caves and underground Balaklava canal.

Protodorvillea kefersteini

P. kefersteini is an Atlantic-Mediterranean species indicated for the North
American and European coasts, widely distributed in the seas of the Mediterranean
basin [1, 9, 17]. The distribution of P. kefersteini has been documented in nearly all
areas of the Black Sea [7-10, 13]. However, it did not occur in the NWBS until

7 Pereyaslavtseva, S.M., 1891. [Additions to the Black Sea Fauna]. In: Kharkov University, 1891.
Trudy Obshchestva Ispytateley Prirody at the Kharkov University. Vol. 25, pp. 235-274
(in Russian).
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Fig. 3. Occurrence of Schistomeringos
rudolphii on different sediments

almost the beginning of the 21 century [20]. The first detection of this species re-
fers to the pseudomeiobenthos of Yagorlyk Bay [12]. In subsequent years,
P. kefersteini was identified in the shallow waters of Tendra and Karkinit Bays.
No records of the species have been found in other NWBS areas ¥ [25]. It is likely
that the species inhabits the shores of the Caucasus, its occurrence is known off
the coast of the Taman Peninsula [26]. P. kefersteini has been documented as
a species that is abundant in certain Crimean coastal areas, as well as in the coastal
waters of Bulgaria [6, 7].

In open sea areas, we encountered P. kefersteini (Fig. 2, b) in almost the entire
northern part of the Black Sea, with the exception of the Caucasian coasts (Fig. 1).
The species was recorded at depths of 12-45 m, with a single occurrence off
the Southern Coast of Crimea at a depth of 94 m. P. kefersteini was predominantly
found on sandy-shell substrates, with occasional instances of silty substrates.
Its density was found to vary from 4 to 464 ind. m .

The species was recorded in the majority of the coastal shallow water areas of
Crimea that were the subject of the study, with the areas in question being located
along the eastern and southern coasts (Kerch pre-strait area, Feodosia Bay, Kara
Dag water area, Laspi Bay), off southwestern Crimea as well as in Karkinit Bay
and Lake Donuzlav. P. kefersteini was recorded at a depth of 1-17 m on sandy-
shell substrates with different degrees of siltation. Its density varied within large
limits and in some areas reached such significant values as 1200 ind.m? (Laspi
Bay, 13 m depth, sandy-shell substrate) and 4975 ind.-m > (Kara Dag water area,
Experimental mussel farm area, 7 m depth, silty sand).

P. kefersteini was recorded in all bays and gulfs under study off the coast of
southwestern Crimea, and during the summer surveys its occurrence and average
density varied considerably in different areas (Table).

In the abovementioned areas, the occurrence of P. kefersteini did not generally
exceed 50% and in Kazachya Bay, it was 50% with relatively low average density
62 ind.-m 2. An exception was observed in Kruglaya Bay, where the occurrence
was 88% and the average density was 2514 ind.-m . Herewith, the maximum den-
sity of the species (13,215 ind.-m?) was recorded in summer 2004 (4 m depth, coarse
sand). Work carried out in the bay in 1990 also recorded relatively high levels
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Quantitative parameters of P. kefersteini distribution at coastal
areas of southwestern Crimea

Study area Occurrence, % Mei?dfl.;n,szity’
Balaklava Bay 18 10
Sevastopol Bay 6 4
Kruglaya Bay 88 2514
Streletskaya Bay 9 233
Kazachya Bay 50 62
Cape Fiolent 33 217
Craprtiovioee | "
Donuzlav Lake 24 9

of P. kefersteini, with its occurrence of 40% and average density of 280 ind.-m™
[27]. According to our data obtained in 2013 in Kruglaya Bay, the maximum densi-
ty of the species in May was 11,288 ind.-m % and in November, it reached
13,375 ind.-m? (5-6 m depth at sampling stations, coarse sand), with the aver-
age density being 2893 ind.-m 2.

Thus, in Kruglaya Bay, the population of P. kefersteini has been recorded
for many years and it has always been characterised by high density. It is
hypothesised that the high abundance of this species during summer surveys is
due to recruitment of juveniles. It is further assumed that the Black Sea is
the breeding ground for P. kefersteini during the summer season as mature
individuals were found in June [7]. Seasonal surveys carried out in 2005
in Kruglaya Bay showed that the species is present in the benthos throughout
the year in significant numbers, reaching a maximum in July (Fig. 4).

It is evident that high density values of this species are also present in other
Black Sea areas. In the Taman Peninsula, the average density of P. kefersteini was
recorded as 320 ind.-m ™ [26], near Kara Dag — 445 ind.-m2, with its maximum of
2000 ind.-m [7]. Along the Bulgarian coast, P. kefersteini is categorised as a mass
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Fig. 4. Secasonal dynamics of P. kefersteini density
in Kruglaya Bay(2005)

species, exhibiting an average density of 556 ind.-m™? in specific biocenoses, with
its maximum of 6200 ind.-m > [6].

Consequently, the population of P. kefersteini in Kruglaya Bay exhibited re-
markably elevated quantitative indices over an extended period when compared
to all other areas under study. This prompts the question of the underlying causes
of this phenomenon. The following hypothesis is proposed.

P. kefersteini belongs to small species of the family Dorvilleidae, which are
characterised by feeding on microalgae and bacterial film, which is possible due to
the peculiarities of their mouth apparatus structure [4]. It can be assumed that
the forage supply of this species is extremely high in Kruglaya Bay.

Kruglaya Bay is located within the Sevastopol municipal boundaries and expe-
riences a high recreational load. During the summer and autumn period, elevated
concentrations of organic nitrogen and phosphorus, in addition to nitrates, have
been recorded in the sea water. This observation is corroborated by long-term data
[28]. Studies have shown that the ammonium nitrogen content in bottom sediments
of Kruglaya Bay is about 10 times higher than in the sediments of the open sea
[27]. It can be hypothesised that the elevated level of organic pollution in Kruglaya
Bay contributes to the augmentation of the polychaete forage base and is a contrib-
uting factor to the mass development of P. kefersteini in this water area.

It should also be noted that the bays of Sevastopol are characterised by the pres-
ence of jet gas emissions (cold gas seeps) caused by methane flow from the deep
sediment layers into the surface substrate horizons. Seeps in this area were regis-
tered at shallow depths (from 11-12 m) [29]. The presence of methanotrophic
microorganisms forming bacterial mats has been demonstrated in the area sur-
rounding jet gas outlets [30]. Evidence has been found which suggests the presence
of jet gas emissions in the Kruglaya Bay area [31]. In other regions of the world
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ocean, research conducted on methane seeps ecosystems has revealed the preva-
lence of dorvilleids within these environments. These organisms are particularly
abundant in the bacterial mats that proliferate around the seeps, with their abun-
dance reaching up to 92% of the total macrofauna [3, 32]. There is evidence to
suggest that certain members of the family Dorvilleidae consume chemosynthetic
bacteria as part of their diet [4]. It has been hypothesised that the dorvilleids
assemblages observed in proximity to methane seeps can be attributable to the
forage specialisation of these polychaetes on specific prokaryotes [2, 3]. Assum-
ing the presence of bacterial mats in Kruglaya Bay, formed around jet gas emis-
sions, and their role as a forage source for P. kefersteini, it can be deduced that the
development of a stable population of the species within this water area is a conse-
quence.

Conclusion

Three species of the family Dorvilleidae were recorded in the northern Black
Sea during the study: Dorvillea rubrovittata (Grube, 1855), Schistomeringos
rudolphii (Delle Chiaje, 1828), Protodorvillea kefersteini (Mclntosh, 1869). All of
the above species are considered to be fairly widespread; however, their bathymet-
ric range is limited to the photic zone (up to 50 m). This can be related to their
feeding habits, which are specialised on micro- and macrophytes. The data ob-
tained suggest that the distribution of dorvilleids in the Azov-Black Sea basin is
also influenced by water salinity. It can be hypothesised that the salinity of 17—18%o,
which is typical of the Black Sea, is a limiting factor for dorvilleids. To date,
no species of dorvilleids has been found in the Sea of Azov, despite the recent
increase in its salinity (up to 15%o) and pontization of the fauna. This can be indic-
ative of the rarity of dorvilleids in the NWBS where coastal areas can be subject
to desalination processes.

D. rubrovittata is a common species on the Black Sea coasts of Crimea. It occurs
mainly in the biotope of hard substrates fouling and forms relatively large aggrega-
tions in areas with poor hydrodynamics and low light levels (underwater channels
and caves), where its density reached 438 ind.-m 2. The species was first found by
us in the northwestern part of the Black Sea.

S. rudolphii was previously considered rare in the Black Sea, with only isolat-
ed occurrences documented. In the present study, the species was recorded in low
numbers (2-300 ind.-m?) on soft bottoms along the entire Crimean coast.
The species was most frequently found on shell substrates and among macrophytes.
In Lake Donuzlav, S. rudolphii was observed to be widespread in areas of algae
fam. Characeae and sea grasses Potamogeton and Zostera.

P. kefersteini was recorded in almost the entire northern part of the Black Sea
(excluding the Caucasian coasts) on sandy-shell substrates with varying degrees of
siltation. It is a mass species and its density reached significant values in some
areas. In Kruglaya Bay (Sevastopol area), a stable population of this species with
the highest occurrence (up to 88 %) and density (up to 13,215 ind.-m?) was recorded
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for a long time. The features of Kruglaya Bay are as follows: firstly, there is
an increased level of organic pollution, and secondly, there is the presence of
jet gas emissions around which bacterial mats can form. It is hypothesised that
this leads to the formation of large assemblages of bacteria and microalgae which
are a forage base for P. kefersteini.
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Abstract

For the first time, an accurate quantitative survey of macrofouling in the underground water
intake tunnel of the Vladivostok combined heat and power plant (CHP-2) was carried out
using laser technologies to develop a strategy for protecting the seawater cooling system
from biological damage. In the tunnel biofouling, 91 species of invertebrates belonging
to various taxonomic groups were found. The maximum development of macrofouling was
established in the lower part of the water intake tunnel with the dominance of the Pacific
mussel Mytilus trossulus. In the fouling of the tunnel upper part, a quantitative predomi-
nance of attached polychaete worms of the genus Hydroides was noted. For the concrete
sections of the tunnel, the maximum values of the mass of silt biodeposits were recorded,
while the steel sections were characterized by calcareous biodeposits. It was noted that
the total raw biomass of tunnel macrofouling was 35—50 times greater than the biomass of
macrofouling organisms. This difference indicates the predominant role of meiobenthos
and microperiphyton organisms in the formation of the fouling community. The differences
in the species richness and quantitative indicators of fouling of the tunnel in 2015 compared
to 2001 are shown. Thus, the macrofouling estimation of the water intake tunnel of
the Vladivostok CHP-2 allows concluding about the need for a comprehensive strategy
for protecting the cooling system from marine fouling. Such a strategy is assumed to com-
bine physical methods and other technological methods.
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AHHOTaUUA

BriepBeie poBezieHa TOUHAsE KONMMYECTBEHHAs CheMKa MakpooOpacTaHUs MOJ3EMHOTO BOJIO-
3abopHoro TyHHeII BTOLI-2 ¢ mpuMeHeHneM Ja3epHBIX TeXHOJIOTHH I pa3paboTKH CTpa-
TETUH 3aIIUTHl OT OHMOJOTWYECKUX TOBPEKICHHA CHCTEMBI OXJIAXKACHUS MOPCKOH BOIOH.
B cocraBe GmoobOpactanusi TyHHeNns oOHapyxeH 91 BuI OSCIO3BOHOUYHBIX, MPUHAJIEKA-
MUX K Pa3IMdHBIM TaKCOHOMHWYECKHM TPYMIaM. YCTAaHOBIEHO MaKCHMAallbHOE pa3BUTHE
MakKpooOpacTaHus B HIXKHEH 4acTu BOA03a00PHOTO TYHHENS ¢ JOMHUHHUPOBAHHEM THXOOKE-
anckoit munuu Mytilus trossulus. B oOpacTaHiH BEpXHEW 4acTH TyHHENS OTMCUCHO KOIH-
YeCTBEHHOE INpeoliialaHie MPUKPEIUICHHBIX MHOTOIIETHHKOBBIX uepBeil pona Hydroides.
Ha GeToHHBIX yd4acTKax TyHHEIS 3apericTPUPOBAHBI MAKCUMAJIbHBIC 3HAYCHHS MacChl M-
CTBIX OMOOTJIOXKEHHUH, B TO BpeMs KaK IJIsl CTAJIBHBIX YYacTKOB OBbUIM XapaKTEpHBI U3BECT-
KOoBbIe OmoominoxkeHus. OTMedeHo, 4To o0mas ceipas Onomacca MakKpooOpacTaHusl TyH-
Heuist Oorbie Gromacchl MakpooOpacTareneld B 35—50 pa3. DTo pa3HHUIIA CBUAETEILCTBYET
0 npeobiaaoell poau OpraHn3MoB MelioOeHToca 1 MUKponepruduToHa B pOpMUPOBAHUU
coobmectBa obpacranus. [loka3zaHbl pa3nuuus BHIOBOTO OOrarcTBa M KOJIMYECTBEHHBIX
rokasareneii oopacranus Tynnens B 2015 1. mo cpaBrenuto ¢ 2001 1. Takum oOpa3zom, mpo-
BEJICHHAs OIIEHKAa MaKpooOpacTaHus Bogo3adopHoro TyHHens BTOII-2 mo3BossieT cuenarb
BBIBOJ] O HEOOXOAMMOCTH KOMIUIEKCHON CTPAaTErMy 3allUThl CHCTEMBI OXJIXKIECHUS OT MOp-
CKOTO 0OpacTaHMs, 3aKIIFOYAIONICHCS B COUCTAaHNH (U3UIECKUX METOJOB M APYTUX TEXHO-
JOTUYECKUX TIPHEMOB.

KioueBble ciioBa: MakpooOpacTaHue, BO103a00pHbIN TYHHENb, MHOTOLIIETHHKOBBIE YEPBH,
Pa3HOHOTHE PAKH, IBYCTBOPYATHIE MOJUTIOCKH, OHOMacca, la3epHbIe TEXHOIOTHU
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Introduction

The proliferation of fouling communities in the techno-ecosystems of cooling
ponds of power plants gives rise to a variety of biological disturbances that
impinge upon the operational efficacy of the equipment. Marine fouling includes
a wide variety of organisms capable of attaching to the hard surface of underwater
substrates. The aforementioned fouling agents can be classified into two main catego-
ries: microfouling (bacteria, protozoa, microscopic fungi and microalgae that form bio-
films or mucus) and macrofouling (seaweeds, bivalves, such as oysters and mussels,
crustaceans, bryozoans, hydroids and ascidians). The most significant challenges are
observed in the cooling systems of industrial facilities, which include power plant
intakes [ 1-3]. Estimated financial impact of the combined effects of waterway foul-
ing and marine biodamage is estimated to be in the millions of dollars V. In recent
decades, a notable trend has been observed in industrialised countries to relocate
combined heat and power plants and industrial facilities to the coastline. To illus-
trate, in the United States, over one-third of all power plants are situated in close
proximity to the sea shore. In the 1970s, the average daily intake of seawater
by these stations already amounted to the billions of litres ?).

Techno-ecosystems of power plants with seawater cooling systems have been
studied quite intensively in recent decades in the world practice [4, 5], though it is
notable that such studies are not frequently conducted in Russia (or the former
USSR) [6]. In addition to macrofouling, changes in the quantitative structure of
phytoplankton (as the initial link in the trophic network) were detected when pass-
ing through the cooling system of the power plant. The microalgae community of
the waterway exhibited a high abundance of benthic forms under an anomalous
lengthening of the summer and autumn vegetation season [7].

Previous works on this problem are covered in detail in monograph [8], which
focuses on the study of cooling ponds in power plants, with a case study of
the Vladivostok combined heat and power plant (CHP-2) (hereinafter referred to
as the Vladivostok CHP-2). The data on the composition, quantitative distribution
and distinctive formation of fouling communities on different substrates in the cool-
ing system were obtained. On the basis of the research into the biological features
of main macrofouling species, recommendations were developed regarding the ad-
justment of tunnel heat treatment terms and the depth of water intake installation.

In 2015, the research team of the A.V. Zhirmunsky Institute of Marine Biology
of the Far Eastern Branch of the Russian Academy of Sciences (currently NSCMB
FEB RAS), together with specialists from Far Eastern Federal University, continued
comprehensive long-term studies of the fouling community of the Vladivostok CHP-2
water intake tunnel. This is stipulated by the inefficiency of annual heat treatment
of tunnels and manual cleaning of fouling during the dewatering process. A period
of 14 years has elapsed from the initial survey of the marine techno-ecosystem

D WHOI, 1952. Marine Fouling and Its Prevention. Menasha: George Banta Publishing Co.,
388 p. doi:10.1575/1912/191

2 Young, C.-S., 1971. Thermal Discharges into the Coastal Waters of Southern California. Los
Angeles, 30 p- Available at: https://ftp.sccwrp.org/pub/download/ DOCUMENTS/
TechnicalReports/0003  ThermalDischarges.pdf [Accessed: 24 November 2024].
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of the Vladivostok CHP-2 to the present study. During this time, regular thermal
treatment and mechanical fouling cleaning in conjunction with tunnel dewatering
have been conducted. In this regard, it was necessary to re-examine the species
composition of the fouling of a water intake tunnel with different hydrodynamic
conditions in different parts of the tunnel, with the aim of obtaining accurate data
on the quantitative distribution of macrofouling.

Thus, the objective of this study is to accurately assess the distribution of
macrofouling organisms in the Vladivostok CHP-2 water intake tunnel using a laser
rangefinder. To the best of our knowledge, such tools have not previously been
employed in the study of biofouling of water intake tunnels in power plants.

Material and methods

The water intake tunnel of the Vladivostok CHP-2 starts in the water intake
basin in Sukhoputnaya Bay of Ussuri Bay and consists of a 250 m long steel pipe
with an inner diameter of 1.5 m (Fig. 1, ¢, d; Fig. 2, a), which extends to a 970 m
long concrete underground tunnel with an inner diameter of 2 m (Fig. 1, d;
Fig. 2, b—f). The tunnel runs in hard rock beneath a Vladivostok neighbourhood
and also ends with a steel pipe with an internal diameter of 1.5 m exiting the power
plant site (Fig. 1, ¢, d). The vertical distance between the pumping station and
the power plant is 42 m. Water from the pumping station is fed into the tunnel via
four rotating steel meshes with a mesh diameter of 3 mm. The water flow velocity
in the tunnel is 2 m/s, the whole cycle of water passing through the tunnel is
about 2 min. Water temperature increases by 5—6 °C when passing through the CHP
cooling system [6]. Heated seawater is discharged from the CHP into the River
Obyasneniya and further into the Zolotoy Rog Bay apex.

Macrofouling samples were collected on 5 May 2015 during the tunnel de-
watering from a 10 X 10 cm area that had been previously marked with a steel frame
(Fig. 2, a—f). Samples were taken with a 10 cm blade scraper from the bottom, side
and top of the pipe in three repetitions. The distance between sampling points was
measured using a Leica DISTO A8 laser rangefinder, a modern professional model
with an integrated digital viewfinder that permits measurements to be taken even
when the laser point is not visible when directed at the measurement object.
The inbuilt tilt sensor extends the scope of application of the instrument signifi-
cantly as it can be used to measure inclination and horizontal position, to perform
indirect measurements in cases when one of the measurement points does not
reflect the laser beam.

Quantitative data on total raw biomass were obtained by weighing sample bags
and further conversion to specific gravity. This approach encompasses all elements
that enter the sampler including silt deposits which are typically excluded from
laboratory treatment and discharged via drainage systems during the washing
of samples. This method makes it possible to take into account the mass not only
of macrofouling but also of biodeposits present on the substrate, as well as microp-
eriphyton, detritus and faecal lumps of fouling organisms. Samples were processed
in the IBM FEB RAS Laboratory of Ecology of Shelf Communities according to
the generally accepted methodology [8].
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Fig. 1. Map-scheme of the study area and the structure of the water intake of
the combined heat and power plant (CHP-2) in Vladivostok: @ — map of the study area;
b — scheme of the location of the water intake and water movement on the map: 4 — Su-
khoputnaya Bay, B — pumping station, C — concrete tunnel, D — CHP-2, E — discharge
channel; ¢, d — scheme of the structure of the water intake tunnel and plan-scheme of
the material sampling route: I — steel pipe, Il — concrete pipe. The arrows indicate the di-
rection of water movement in the tunnel and beyond it, the squares are stations of macro-
fouling sampling (/-11)
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Fig. 2. The sampling process and general view of fouling of the water intake tunnel of
CHP-2 in its different sections: @ — beginning of the tunnel inspection, b — fouling by sessile
polychaete worms of the genus Hydroides, ¢ — test cleaning of the wall to assess the fouling
intensity, d — mussel fouling, ¢ — continuous mussel fouling of the tunnel, f— oyster fouling
on the tunnel bottom

Species identification was carried out by I.L. Alalykina, Research Associate
(polychaetes), and N.L. Demchenko, Research Associate (amphipods), of the above
mentioned laboratory. Digital maps of distribution of biofouling quantitative char-
acteristics inside the tunnel were constructed by N.L. Demchenko, Research Asso-
ciate, using Surfer cartographic package for data modeling and analysis, creation of
three-dimensional maps and models and their visualisation.
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Results

An inspection of the CHP-2 water intake tunnel revealed a gradual decrease
in the amount of fouling on the tunnel walls from st. / to st. 10 (Fig. 1, ¢). The gen-
eral pattern of fouling in the tunnel appeared to be focal with the Pacific mussel
Mytilus trossulus (A. Gould, 1850) and the giant oyster Magallana gigas (Thun-
berg, 1793) predominating. The initial sections of the water pipeline, constructed
from steel, display a range of intensities of mussel fouling. The length of the mussel
flaps is less than 30 mm, indicating that the fouling is approximately 15 to 17 months
old. As the distance from the intake and pumping station increases, the intensity
of the mussel fouling decreases, and the fouling community becomes dominated
by the oyster (Fig. 2, d — f).

The taxonomic composition of tunnel fouling in 2015 was characterised by
a fairly high diversity of invertebrates (Fig. 3, b). Fig. 4 shows the distribution
dynamics of total raw fouling biomass along the tunnel. Raw fouling biomass
tends to increase at the beginning of the tunnel on the concrete substrate.
The biomass decreases sharply in the middle of the tunnel and increases again
on the steel substrate at the end of the tunnel.

In contrast to the pattern of distribution of total raw biomass of macrofouling
in the tunnel, the indices of total biomass of fouling organisms after desktop pro-
cessing of samples exhibit a slightly different trend (Fig. 4). Therefore, the maxi-
mum value of total biomass is recorded at the beginning of the tunnel at st. 1,
after which it decreases significantly, reaches a plateau, and then exhibits a slight
increase at st. /0. In contrast, the relationship between total raw biomass and
the other variables is inverse. The biomass of bivalves is dominated by that of
the mussel, with the oyster representing the second-largest group. The mussel is
the dominant species in the lower part of the tunnel, while the oyster exhibits
a competitive advantage at several stations in the middle part of the tunnel.
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Fig. 3. Taxonomic composition of fouling of the CHP-2 water intake
tunnel in 2001 (a) and in 2015 (b)
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A significant discrepancy has been observed between the raw sample biomass
and the macrofouling biomass, with a ratio of these values ranging from 35 to 50
(Fig. 4, a, b). This suggests that meiobenthos and microperiphyton (and their by-
products) play a significant role in the formation of the community of organisms.
The influx of clean seawater creates optimal conditions for their proliferation, facil-
itating their establishment among the macroorganisms of the tunnel fouling com-
munity. In previous studies, the quantitative role of meiofauna and microperiphyton
in the intake tunnels of power plants with seawater cooling was not taken into ac-
count.

The data obtained made it possible to estimate the distribution of macrofouling
of different tunnel sections, biomass and settlement density of background-forming
species (Fig. 5). Different feet crustaceans predominate in settlement density along
almost the entire length of the tunnel, with the exception of st. /0. A comparable
trend is evident in the case of bivalves with regard to biomass.
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Fig. 5. Distribution diagram of groups of organisms that provide maximum density
and biomass in the biofouling community of the CHP-2 water intake tunnel: biomass B
of Amphipoda (@) and Bivalvia (b), total macrofouling biomass By (¢), density D of

Amphipoda (d) and Bivalvia (e), total macrofouling density Dy (f). The red arrows in-
dicate the water flow
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Discussion

A comparison of the taxonomic composition of the Vladivostok CHP-2 tunnel
macrofouling for 2001 and 2015 showed that the total number of species increased
by almost a third over the 14 years, with 63 and 91 species, respectively (Fig. 3).
The prevalence of the most abundant macrofouling species exhibits a general trend,
with bivalve mollusks, polychaete worms and different feet crustaceans demon-
strating the greatest species diversity. Concurrently, the number of polychaete spe-
cies exhibited a fourfold increase in 2015 relative to the 2001 survey data. The ratio
of other groups of fouling species remained relatively constant.

In 2001, an increase in total raw biomass at the beginning of the tunnel, as
in 2015, was not observed. However, a notable increase was recorded in the turning
area at the last stations as well as in the zone of increased flow turbulence, specifi-
cally the transition from the steel pipe to the concrete tunnel and vice versa.

The results of the assessment indicate the focal character of distribution of
macrofouling organisms in the Vladivostok CHP-2 water intake tunnel. Such a mo-
saic in the distribution of quantitative abundance of fouling was observed both
in 2001 [8] and in 2015. Main accumulations of background-forming fouling spe-
cies are observed in different hydrodynamic conditions of the tunnel sections,
namely, in the areas of tunnel bending (turning) under conditions of increased tur-
bulence. A notable decrease in fouling biomass was observed in the central section
of the tunnel, with a subsequent increase on the steel substrate at the end of
the tunnel. This phenomenon can be attributed to the narrowing of the passage,
increased flow turbulence in this section and a reduction in siltation. The cross-
sectional area of the steel pipe is 25% smaller than that of the concrete tunnel.
It is in the transition areas that the greatest difference in the quantitative indicators
of the fouling community was observed.

The spatial distribution of fouling organisms on the inner side of the tunnel is
related to the peculiarities of water movement, which is one of the main factors
determining the distribution of animals on natural and man-made substrates [8].
It is notable that microvortex motions, otherwise known as microscale turbulence,
occupy a distinctive position in this context. Despite the relatively simple geometry
of the Vladivostok CHP-2 water intake tunnel, the water motion within it exhibits
a complex pattern. This includes the formation of areas of local concentration of
tangential stresses, whirlpool zones and transverse circulations, which give rise to
a corkscrew-like motion. This is well illustrated in the figure scheme presented
in monograph [8].

A more precise estimation of the quantitative macrofouling of the intake tunnel
using a laser rangefinder revealed a greater degree of fouling in the tunnel in 2015
compared to the findings of the 2001 study. In 2001, oyster fouling in the tunnel
was observed to occur only sporadically. By 2015, however, the fouling community
had become a continuous settlement of giant oysters. This community does not
lend itself well to physical cleaning methods because oysters are more resistant
to elevated water temperatures and oxygen-free abiotic conditions. A particular
threat to the tunnel's techno-ecosystem is the climax bivalve mollusk community
involving the Pacific mussel. The removal of the mollusks could potentially lead to
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a disruption in the stable operation of the cooling system. At the time of the 2015
works, the risk of the mussel and oyster flaps falling into the condenser tubes was
considerable. Given the flow capacity in the Vladivostok CHP-2 tunnel, mussel
flaps can break off unimpeded, and this probability increases as the mollusks grow.

The 2015 research findings suggest that the regular thermal treatment of the
power plant tunnels is not an efficacious approach. Even if such substantial fouling
is eradicated through thermal treatment, the aggregation of vast quantities of inert
detritus (the shells of mollusks and barnacles, and the calcarecous structures of
tubeworms) can result in an increase in surface irregularities, thereby facilitating
the recurrence of fouling.

In order to minimise the risks of biodamage to the power plant cooling system
as a result of fouling by fouling organisms, it is necessary to implement an inte-
grated strategy combining physical protection methods and other technological
implementations. Such methods include the utilisation of fully environmentally
sound contemporary techniques, such as self-polishing antifouling coatings [9].
The efficacy of such coatings is contingent upon the minimisation of adhesion be-
tween the fouling agent and the surface, which is achieved through the utilisation
of low surface energy and elastic modulus. The method of pulse supply of 35%
hydrogen peroxide and iron salts [6] or ozonation of water during the period of
mass settlement of mollusks can also be employed. The method can be easily
automated, obviating the need for human intervention.

It is pertinent to highlight the recent development of a ground stand, a con-
trolled water flow facility, which can be utilised for the assessment and validation
of the characteristics of protective coatings on substrates under examination,
including antifouling and anti-corrosion coatings [10]. Semi-autonomous robots
for laser technology of surface cleaning, currently under development by research-
ers at Institute of Automation and Control Processes FEB RAS, have the potential
to be employed as environmentally sound methods to protect structures operating
in aquatic environments from biofouling  [11, 12]. The robotised complex of laser
cleaning of underwater surfaces of ships and offshore structures, which allows
to remove biofouling, can also be used for cleaning of CHP water intakes from bio-
fouling [13, 14]. Furthermore, Chinese specialists are currently implementing
a shock-wave method to eliminate mussel fouling, which has been demonstrated
to have an excellent antifouling effect on the cooling system surfaces [15].

It is imperative that, concurrently with the application of antifouling coatings,
the operational parameters of the power plant are adjusted during the period of in-
tensive macrofouling organism settlement which spans from May to September.
They consist of continuous operation of each cooling system tunnel for no more
than two months during the specified season. Following this, a shutdown and
dewatering period of one to two weeks is initiated to eradicate macrofouling

3) Kulchin, Yu.N., 2020. [Development of Research of Laser Technologies and their Practical
Applications in the Russian Far East]. Lazer-Inform, (10), pp. 1-11 (in Russian).
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at the earliest stages of community formation. The proposed technique has the poten-
tial to replace the costly heat treatment process, although it can be employed in con-
junction with the latter to minimise the time required for CHP tunnel maintenance.
It is possible to continue this practice during winter months without heat treatment
application.

Conclusion

For the first time, a quantitative survey of macrofouling in the underground
water intake tunnel of the Vladivostok CHP-2 was carried out using laser technolo-
gies. A macrofouling community was identified as being present throughout the inner
surface of the tunnel, exhibiting a predominantly focal distribution. In the tunnel
fouling, 91 species of invertebrates belonging to various taxonomic groups were
found. The most prevalent species among them in terms of density were representa-
tives of the crustacean order Amphipoda, while in terms of biomass, the bivalve
mollusks Mytilus trossulus and Magallana gigas were most abundant. The greatest
degree of macrofouling development in the lower part of the intake tunnel, with
a quantitative prevalence of M. trossulus, was identified. Additionally, a notable
prevalence of attached polychaete worms with their hard calcareous structures was
observed in the upper part of the water intake.

The degree of tunnel fouling was found to be higher in 2015 than in 2001,
and significant differences were identified in species composition and quantity.
Under conditions of increased turbulence, the main accumulations of background-
forming macrofouling species were observed in the area of the steel pipe bending.
The waterway steel sections exhibited the highest biomass of hard deposits,
whereas the concrete sections were characterised by a quantitative dominance
of silt biodeposits.

A notable discrepancy was observed in the quantitative indices of total raw bio-
mass of tunnel macrofouling and macrofouling biomass (with a ratio of 35 to 50 ti-
mes). In light of the findings, recommendations are put forth for the development
of environmentally sound physical methods of protection of power plant cooling
systems from marine fouling in conjunction with other technological approaches.
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Abstract

The article presents the results of experiments on the ability of the green alga Ulva lactuca
to absorb and transform diesel fuel from marine water for 5 and 10 days. The original
marine water contained 0.62 mg/L of petroleum hydrocarbons, which is about 12 maximum
permissible concentrations (MPC). During the experiment with the addition of 20 mg/L of
diesel fuel (400 MPC) to the water, the absorption of the introduced hydrocarbons was
observed in the experimental tanks without algae. Apparently, they were absorbed by water
microorganisms. On the 5™ day of the experiment, the petroleum hydrocarbons concentra-
tion in the water decreased by 40% and amounted to 12 mg/L (240 MPC). When ulva thalli
were added to the water, the total content of petroleum hydrocarbons in the water on the 5%
day decreased by 86% (to 2.8 mg/L), and on the 10" day, it increased (to 4.2 mg/L).
A slight increase in the concentration of diesel fuel hydrocarbons in water indicates
a reverse process of releasing hydrocarbons absorbed by ulva into water. In the experiment
with the addition of diesel fuel to the water at a concentration of 10 mg/L, the content of
hydrocarbons in algae tissues on the 5™ and 10" days was recorded at the level of 0.6 mg/g.
The marker ratio of Y n-alkanes / ) petroleum products in ulva during the experiment was
0.2. A decrease in this indicator to 0.18 on the 10% day of the experiment indicates
the beginning of the transformation of the hydrocarbons chemical structure. When 20 mg/L
of diesel fuel (400 MPC) were added to the water, this indicator on the 5™ and 10% days
was 0.25 and 0.28, respectively, indicating an active process of hydrocarbon absorption
by the algae surface, which was not yet complete by the 10" day. The experiment results
allow us to conclude that U. lactuca is able to absorb and transform petroleum hydrocar-
bons and participates in the bioremediation of coastal waters.

Keywords: Ulva lactuca, Barents Sea, diesel fuel, petroleum product accumulation,
petroleum product destruction, pollution tolerance
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Cnoco0HOCTb K aKKYMYJISILMU M TPaHchopMannu
AN3eJILHOT0 TOIUIMBA Y 3ejieHoi Bogopocau Ulva lactuca
bapenueBa mops
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E. O. KyapsiBueBa

Mypmanckuti mopcroii ouonocuyeckui uncmumym PAH, Mypmanck, Poccus
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AHHOTALUA

Omenena crocoOHOCTE 3eneHoi Bogopociu Ulva lactuca x moriomeHuro U Tpanchopma-
IIUH TU3EIBHOTO TOIIMBA W3 MOPCKOI BOZIBI B XO/€ IKCIEPHUMEHTOB JUTUTEIBHOCTBIO 5 U
10 cyt. Ucxonnas mopckast Boxa cogepkana (.62 Mr/m HeTSAHBIX YIIeBOIOPOIOB (OKOIIO
12 TIAK). B xome skcmepuMeHTa ¢ J00aBICHUEM B BOIY AM3EIBHOTO TorumBa 20 Mr/I
(400 ITAK) B OMBITHBIX €MKOCTSIX 0€3 BOAOpOCHeH HabIromancs MpoIecc MOTIOIICHHS
BBEJICHHBIX YTIICBOJIOPOJIOB, IMO-BHIUMOMY, MHUKPOOPTaHH3MaMH, OOHWTAIOINIMMHU B BOJIE.
Ha msteie CyTKM OIBITa KOHICHTpAIUS HE(TSIHBIX YricBOJAOPOIOB B BOJAE CHHU3MIACH
Ha 40 % u cocraBmwia 12 mr/n (240 IIJK). IIpu noGaBieHnn B BOAY TalJIOMOB YJIBBEI
BaJIOBOE COJCpKaHUE HE(TSHBIX YTICBOJOPOIOB B BOJC HA MATHIC CYTKU YMEHBIIMIOCH
Ha 86 % (1o 2.8 Mr/i), a Ha necsThie CYTKH yBEIHMYMIOCh (0 4.2 mr/in). He3HauuTeab-
HOE yBeJIWYeHNE KOHIEHTPAIMH YIJIEBOJAOPOIOB AM3EIHHOTO TOIUIMBA B BOJE TOBOPHUT
00 oOpaTHOM TIpoliecce BBICBOOOXKICHHS ITOTJIONICHHBIX YJIBBOW YTJIEBOJOPOIOB B BOY.
B onbiTe ¢ nobaBieHUEM B BOIy JAM3EIHHOTO TOILTMBA B KOHIEHTparmu 10 Mr/im comepika-
HUE HE(TSIHBIX YIJIEBOJOPOIOB B TKAHSIX BOJOPOCIEH HA MATHIE U ACCATHIE CYTKH OBLIO
3aperucTpupoBaHo Ha ypoBHe 0.6 Mr/r. MapkepHOe COOTHOIICHUE Y H-aJTKaHOB/Y HEPTEIpo-
IYKTOB Y YJIBBBI B TCUCHHE JKCIIEpUMEHTa paBHUIOCH (.2. CHMKEHHE 3TOTO MOKa3aTels
10 0.18 Ha necsaThie CyTKU OIBITAa CBUICTEIBCTBYET O HaYalle TpaHc(hopMaIuu XUMAIECKOH
CTPYKTYpPHI YrieBomoponoB. [Ipu nqobaBineHun B BOMy AW3eNbHOTO TormiauBa 20 Mr/m
(400 ITAK) sToT moka3aTenb Ha MATHIE U JecsTble cyTku coctaBuia 0.25 u 0.28 coorert-
CTBCHHO, YTO yKa3bIBacT HA AKTUBHOC MOTIIOIICHUE YTIICBOJOPOIOB TOBEPXHOCTHIO BO-
JOpocIieif, KOTOpOe K ECATHIM CyTKaM elle He 3aBepIumioch. Ha oCHOBaHUH pe3ynbTaToOB
SKCIEPUMEHTOB JeTaeTcs BBIBOJ O criocodHocty U. lactuca K moriomieHuo U tpanchopma-
UK He(TAHBIX YIIICBOJOPO/IOB M €€ YYaCTHIO B OMOpEMETHAIIMU IPUOPESIKHBIX aKBATOPHIA.

Karwuessbie ciaoBa: Ulva lactuca, bapeHneBo Mope, AM3ENbHOE TOILIMBO, AKKYMYJISALHS
He(TENPOOYKTOB, NECTPYKINS HEPTEIPOLYKTOB, TOJICPAHTHOCTD K 3arPA3HEHHIO

BaarogpapHocTu: paboTa BBITIOJIHEHA NPU (GUHAHCOBO noanepxke rpanta PHO 22-17-00243
«PagmanoHHas OKEaHOJIOTHS U T€0IKOJIOTHS puOpekHoro menbda bapenmnesa u benoro
Mopel. BHoKOCHBIE B3aMMOAEHCTBHS B CUCTEME: JOHHBIE OTIOXKEHUS — BOJA — MaKPOBOJIO-
pOCIN — MUKPOOPTaHU3MBI, UX POJb B PEMEAMAIMU MOPCKOW NMPHUOPEKHON IKOCHCTEMBI
MIPY pafualiliOHHOM U XHMHAYECKOM 3arpSI3HEHHH B YCIOBUAX APKTUKH.
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Introduction

In recent years, interest in the possible role of macrophyte algae in bioremedia-
tion of coastal waters from petroleum products (PP) has increased. This is caused
by the information obtained about the ability of algae not only to accumulate PP
on the surface of the thallus, but also to absorb and further transform and incorpo-
rate PP into the metabolism of cells. The described processes are carried out largely
due to hydrocarbon-oxidising bacteria (HOB), which are present in large numbers
on the surface of macroalgae, especially in petroleum-contaminated coastal waters
[1, 2]. The objects of research on the effect of PP on algae as well as the role of
algae in environmental bioremediation were mainly representatives of brown algae,
such as laminaria and fucus algae, which constitute the main phytomass in the coastal
area of the Barents Sea ! [3, 4]. A smaller amount of data on the aforementioned
subject has been obtained for green algae, although the literature suggests that they
also have some tolerance to petroleum contamination [5—7]. Earlier in our experi-
ments on the influence of diesel fuel (DF) on the early stages of Ulva lactuca
development it was shown that at DF concentration of 5 mg/L (100 MPC) in water,
a slowdown of seedlings development on the 20" day of the experiment was ob-
served, at 25 mg/L (500 MPC) — on the 10" day and at 50 mg/L (1000 MPC) toxi-
cant content, the death of seedlings was observed on the 5" day of the experiment
[8]. In experiments on the effect of DF on the species U. intestinalis, closely related
to Ulva lactuca, it was observed that the addition of DF to the medium at a concen-
tration of 1-5 mg/L (20—-100 MPC) did not result in the death of algae, but rather
caused a decrease in photosynthetic activity and content of photosynthetic pigments.
The addition of DF in the range of 50 to 150 mg/L (1000-3000 MPC) to the envi-
ronment has been observed to induce gradual and irreversible changes in algae,
ultimately resulting in plant death. It has been demonstrated that at a concentration
of 150 mg/L, the mortality of algae occurs within three days of the experiment [9].
To date, the literature contains no information on the range of tolerance of adult
Ulva lactuca thalli to DF, nor on the ability of Ulva lactuca to absorption and
transform the toxicant.

Ulva lactuca is a species of green algae that is cosmopolitan in distribution.
It was relatively rarely found in the Barents Sea until recently, now being observed
to spread actively along the Eastern Murman littoral zone [10]. Diesel fuel is one of
the most common marine toxicants due to the fact that it is used by marine transport
as well as by coastal heating plants (CHP) [11].

D Stepanyan, O.V., 2003. [Morpho-Functional Changes in Algal Macrophytes of the Barents Sea
under the Influence of Oil and Oil Products]. Doctoral Dissertation. Murmansk, 146 p. (in Russian).
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The aim of our study is to obtain information on the absorption and transfor-
mation of PP by U. lactuca tissues, changes in the algae occurring at the cellular
level at 10 and 20 mg/L DF content in seawater and U. lactuca possible role in bio-
remediation. The article uses materials of the paper abstracts of the White Sea Stu-
dent Scientific Session of SPbU 2.

Material and methods

In August 2023, Ulva lactuca thalli without any indications of reproduction
and water were sampled on the littoral of the Zelenetskaya Bay of the Barents Sea
in the area of the seasonal biostation of Murmansk Marine Biological Institute of
RAS (69°07'09" N, 36°05'35" E). Experiments were performed in a thermostated
space at 8—10 °C with constant illumination of 150 pmol m2-s™*, 24L:0D photoper-
iod (polar day period), and aeration of the aquatic environment. The water used for
the experiment with a salinity of 33 %o was subjected to filtration through a cotton-
gauze filter and subsequently cooled to a temperature of 8—10 °C. A total of 18 ex-
perimental tanks were utilised in the study (three control tanks with algae, three
control tanks without algae, six experimental tanks with algae and six experi-
mental tanks without algae (three for each concentration)). Each tank contained
2 L of prepared water, to which 10 and 20 mg/L of summer diesel fuel (200 and
400 MPC, respectively) were added. Adult thalli of U. lactuca, with a mass of 5 g
each, were placed in the tanks where the algae were to be located, three specimens
per one experimental tank. The tanks were aerated by an air compressor.

All experimental tanks were tightly closed with a lid in order to avoid loss of
DF volatile fractions. DF concentrations were chosen to determine tolerance to the
toxicant and to analyse morphological changes in U. lactuca. At the very beginning
(day 0), on the 5™ and 10" days of the experiment, algae samples were collected
and examined by gas chromatography/mass spectrometry for the PP content.
Throughout the experiment, samples of algae not exposed to PP were studied as
a control sample. Water was analysed for DF content in the initial sample, control
one and after the DF addition in the presence and absence of algae in the water.
Each water and algae analysis was carried out in three repetitions. The sample and
instrumental analysis process preparation was carried out based on the EPA 8270
methodology detailed in previous studies [12]. In order to analyse changes in algae
under the influence of PP occurring at the cellular level, 1 cm? cuttings were made
from thalli and placed in Eppendorf tubes with fixative. Prefixation was carried out
with 2.5% glutaric aldehyde on a cacodylate buffer (c-c-b) with 1.5% tannin added
to the fixative, and postfixation was carried out with 1% OsO4 (osmium oxide
(VIID) on a similar buffer. The osmotic pressure of both fixatives was adjusted to
the osmotic pressure of seawater in the environment (1100 mOsm) using sucrose.
Fixation took place at a temperature of 0...+5 °C according to the following
scheme: prefixation with glutaric aldehyde for 18 h, washing of c-c-b in two shifts

2 Kudryavtseva, E., Salahov, D. and Voskoboynikov, G.M., 2024. The Ability of the Green Algae
Ulva Lactuca to Purify Seawater from Diesel Fuel. In: SPbU, 2024. [ White Sea Student Scientific
Session. Paper Abstracts. 1-2 February 2024, Saint Petersburg]. Saint Petersburg: Svoe Izdatelst-
vo, p. 50 (in Russian).
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of 6 h, postfixation with OsOj4 for 18 h. Then the material was prepared for viewing
in the electron microscope JEM-100C (manufactured by JEOL) according to gen-
erally accepted methods?.

Results and discussion

Light-optical and electron-microscopic observations revealed that the thalli of
U. lactuca, collected from a habitat where the PP concentration was 0.62 mg/L
(12 MPC), exhibited no significant differences in cell ultrastructure when com-
pared to previously studied thalli of ulva algae inhabiting waters with PP content
ranging from 0.1-0.2 mg/L (24 MPC) observed in most of the studied bays of
the Kola Bay and Eastern Murman coasts of the Barents Sea. All selected thalli
were viable under control conditions until the conclusion of the experiment.
No destructive changes in cell morphology were observed. Chloroplasts contained
single-channel pyrenoids (letter P in Fig. 1, a), predominantly immersed; a large
number of starch granules were detected (letter K in Fig. 1, a), indicating that pho-
tosynthesis was well underway (Fig. 1, a).

This was also confirmed by the bright green colour of thalli of the control var-
iant which remained until the end of the experiment. At the same time, heteroge-
neity was observed in the cell structure on the control variant ulva cuttings at all
experimental periods: the cells differed in the degree of photosynthetic apparatus
development, partial volume of reserve substance. It should be noted that the same
heterogeneity was observed when studying the ultrastructure of ulva cells in natural
and experimental conditions in our earlier studies [13]. On the fifth day in both var-
iants of the experiment with DF at concentrations of 10 and 20 mg/L, about 90% of
cells in the ulva thalli showed no signs of damage, the thalli retained a homogene-
ous green colour. However, if in the control variant and in the variant with intro-
duced DF at a concentration of 10 mg/L pyrenoids were present in the majority of
chloroplasts, then under DF exposure at a concentration of 20 mg/L, pyrenoids
were detected only in chloroplasts in only 30—40% of the cells (Fig. 1, b), which
can indicate a decrease in the activity of photosynthetic apparatus functioning
in the majority of ulva cells. On the 10" day of the experiment, following the intro-
duction of DF (10 mg/L) into the water, no alterations were observed in the struc-
ture of the majority of thalli cells (up to 70%). However, a small proportion of cells
at this concentration, as well as the majority of the ulva cells (up to 80%) at 20 mg/L,
exhibited a minimal amount of organised structures: cytoplasm remnants were lo-
calised near the envelope and chloroplasts were not detected (Fig. 1, d). Starch
grains were present in the cells, but in much smaller amounts than in the cells of
the control variant and at the previous stage (5 days) of the experiment. A large
number of bacteria were detected on the outside of the cell envelope (Fig. 1, ¢, d).
In addition, a small proportion of the thalli cells were characterised by an intact
structure.

3 Weakley, B., 1972. A Beginner’s Handbook in Biological Electron Microscopy. London, Edinburg:
Churchill Livingstone Publ., 240 p.
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Fig. 1. Changes in Ulva lactuca cells in the experiment: a — control for 0 days; b — 5 days
of the experiment at 10 mg/L (200 MPC) diesel fuel (DF); ¢ — 5 days of the experiment
at 20 mg/L (400 MPC) DF; d — 10 days of the experiment at 20 mg/L (400 MPC) DF.
Notations: P — pyrenoid, S — starch granules, C — core. Arrows indicate bacteria
on the thallus periphery

The results of the water samples demonstrated that during the experiment with
the addition of DF to water at a concentration of 20 mg/L (without ulva), destruc-
tion and absorption of the introduced hydrocarbons (IH) occurred, apparently by
microorganisms present in the water. On the fifth day of the experiment the PP
concentration in water decreased by 40% and made 12 mg/L. The bioremediation
ability of microorganisms was noted earlier in studies with other algae species [1].
In the case of the ulva sample addition to the water, the gross PP content in the water
decreased by 86% to 2.8 mg/L on the 5" day and increased slightly (to 4.2 mg/L)
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on the 10™ day. An increase in the PP concentration in water on the 10™ day is in-
dicative of a reverse process, i.e. the release of absorbed IH into water. This can be
reflected in the change (partial destruction) of the cell membrane system observed
in electron microscopic photographs. A similar result was recorded in earlier studies
on the effect of crude oil hydrocarbons on the green algae Acrosiphonia arcta [14].
The values of the index reflecting the degree of transformation of hydrocarbons
(3’ n-alkanes/Y PP) remained high enough (> 0.2) throughout the experiment, i. e.
the processes of absorption/release of such a quantity of IH (20 mg/L) take place
without significant transformation. When DF is added at a concentration of
20 mg/L, a time interval of 10 days is likely to be inadequate for observing sub-
stantial alterations in the structure of petroleum IH, both with and without the in-
volvement of microalgae and ulva.

Fig. 2 shows changes in the concentration of alkanes and gross content of pe-
troleum products in Ulva lactuca tissues.
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Fig. 2. Mass fraction of n-alkanes in the tissues of the Ulva
lactuca during the experiment with the addition of DF: a — 10 mg/L
(200 MPC); b — 20 mg/L (400 MPC)
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Initially, the algal sample (control, day 0) contained 0.540 mg/g PP, of which
Co—Cso n-alkanes were 0.1 mg/g. The sample was characterised by an increased
content of petroleum IH in a range of Cy—Cso (Fig. 2). It is important to note
the absence of any expressed endogenous n-alkanes in ulva compared to algae
living in polluted water areas [15, 16]. On the 5™ day of the experiment without DF
addition (control, day 5), gross IH content in ulva tissues decreased to 0.49 mg/g,
on the 10™ day — to 0.34 mg/g. The amount of n-alkanes in algal tissues also
decreased fourfold, from 0.1 pg/g (day 0) to 0.026 mg/g (day 10). The value of
the marker indicator ) n-alkanes/Y PP also underwent a significant decrease from
0.19 (on the first day) to 0.08 (on days 5 and 10), indicating active IH transfor-
mation during the initial five days. The value of this indicator at the level of less
than 0.1 is characteristic of algae growing in relatively clean water areas. The pro-
cess of petroleum IH absorption by the surface of the algae is initiated upon the DF
addition. In the experiment with the addition of DF at a concentration of 10 mg/L,
the PP content in ulva tissues on the 5% and 10" days was recorded at 0.6 mg/g
(Fig. 2, a). The marker ratio of Y n-alkanes/> PP was established at 0.2 during
the course of the experiment. A slight decrease in this index to 0.18 on the 10" day
signifies the onset of a transformation in the chemical structure of hydrocarbons.
In the ulva sample where DF was added in the amount of 20 mg/L, this index
on the 5" and 10™ day was recorded at 0.25 and 0.28, respectively, indicating an ac-
tive process of hydrocarbon absorption which was not yet completed on the 10" day.
The maximum PP content in the algae was recorded on the 10" day of the experi-
ment when 20 mg/L was added, and was found to be 18 mg/g (Fig. 2, b).

Table demonstrates generalised results of the experiment conducted with Ulva
lactuca.

The processes of PP absorption and transformation are characteristic for ulva
as well as for all previously studied macrophyte algal species [12, 14]. In compari-
son with another green alga, acrosiphonia [14], ulva exhibits a higher rate of IH
absorption/transformation, which can be attributable to the disparity in thalli struc-
ture, with ulva exhibiting a lamellar configuration and acrosiphonia displaying
a siphonal structure. It can be assumed that the thallus lamellar structure is more
favourable for the location of epiphytic hydrocarbon-oxidising bacteria.

Gross content of petroleum hydrocarbons (PH) in water (mg/L)
and in algae (mg/g) during the experiment with the addition of

20 mg/L (400 MPC) DF
Time, days PH in water PH in algae
0 20 0.54
5 2.8 4
10 4.2 18
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Conclusion

The experiments demonstrated that the impact of summer DF at a concen-
tration of 10 mg/L (200 MPC) for 10 days and at a concentration of 20 mg/L
(400 MPC) for 5 days at a temperature of 8—10°C was not lethal for the littoral
species of green algae Ulva lactuca. It has been demonstrated that, under natural
conditions, long-term growth at PP concentrations of approximately 0.6 mg/L
(12 MPC) enables ulva cells to develop adaptive reactions and withstand single PP
discharges (leaks). It has also been demonstrated that U. lactuca incorporates itself
rapidly into the process of bioremediation in instances where seawater has been
contaminated with petroleum products. It can be assumed that a relatively wide
range of tolerance to petroleum products is one of the factors that has enabled
U. lactuca to occupy a certain ecological niche on the littoral zone of the Mur-
mansk coast of the Barents Sea, which is currently characterised by a high degree
of petroleum pollution. This hypothesis is supported by the experimental evidence
and existing literature data.
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Abstract

Increase in the water area trophic state is one of the unfavourable consequences of anthro-
pogenic impact on the ecological state of the marine environment. The cause of water body
eutrophication is often an excessive input of nutrients and easily oxidisable organics,
the main source being river runoff and sewage. The main aim of the work is to determine
seasonal changes in the trophic state of the Limensky Bay water area based on numerical
modelling data. The data required to calculate the trophic state index were derived
using a one-dimensional version of the water quality model and its eutrophication block.
The annual course of chlorophyll a concentration, nitrate and nitrite nitrogen, ammonium,
phosphate phosphorus and oxygen was obtained for the Limensky Bay water area.
The trophic state index was calculated from these biogeochemical indicators. The sea water
in the study area was of good quality and its state was mesotrophic. Only in the cold period
on the 15-104™ and 356"-365" model days, the index was below 4, which corresponds
to an oligotrophic state. The maximum index value (4.39) was on the 247" model day and
the minimum value (3.82) was on the 365" model day. The best correlation of the trophic
state index was observed for the concentration of chlorophyll a (r = 0.84), mineral nitrogen
(r = 0.80) and total phosphorus (r = 0.78). The calculated relative contribution of the com-
ponents, included in the calculated formula of the E-TRIX index, showed that the main
factor determining the eutrophication level of Limensky Bay waters was the concentration
of mineral forms of nitrogen. This study can be used for monitoring the areas where in situ
sampling is difficult.
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AHHOTaLUA

[loBrlmenue ypoBHS TPO(PHOCTH AaKBATOPHM SBISACTCS OJHUM M3 HEOIArONPHATHBIX IIO-
CIICZICTBHI aHTPOIIOTEHHOTO BO3/ACHCTBHSI HA SKOJIOTHYECKOE COCTOSHHE MOPCKOHM Cpembl.
[IpruunHO# 5BTpOdUpPOBaHUS BOZOEMOB HAaCTO SIBJISAETCS N30BITOUHOE IOCTYIUIEHHE B HUX
OMOTEHHBIX BEILECTB U JIETKOOKHUCIISIEMOI OpraHUKH, TJIaBHBIM UCTOYHHKOM KOTOPBIX SIB-
JSIFOTCS. PEYHOU CTOK M CTOYHBIC BOAbl. OCHOBHAS IIeNIb PaOOTHI — ONPEACIUTh CE30HHBIE
HU3MEHEHHs TPO(UUECKOr0 COCTOSIHUS BOJ B paifoHe JIMMEHCKOro 3ajiiBa Ha OCHOBE JaH-
HBIX, ITOJYYEHHBIX C MOMOIIBIO YUCIEHHOTO MoJienupoBanus. HeoOxomumble 1t pacueTa
MHJIeKCa TPO(YHOCTH JaHHBIC BBIYUCIBUIUCH [0 OJHOMEPHOMY BapHaHTYy MOJETH KadecTBa
BOJBI U ee OyioKy 3BTpoduKanuu. [lomydyeH rogoBoi Xoja KOHIEHTpauuu Xjiopoduina a,
a3oTa HUTPATOB M HUTPUTOB, aMMOHUs, pocdopa docdaToB, kucmopona st akBaTOpUU
Jlmmenckoro 3anmBa. Ha ocHOBe 3TMX OMOTEOXMMHYECKUX IOKa3aTelell paccuuTaH WH-
nexc TpoduOocTH. Mccnenyemas akBaTopusi 00J1agaeT XOpOIINM Ka4eCTBOM MOPCKHUX BOJ
CO CpeHUM ypoBHEM TpodHOCTH. JIub B X0M0aHEIH niepuon ¢ 1-ro mo 104-i u ¢ 356-ro
no 365-i pacueTHbIe THH WHACKC HIDKE 4, 9TO COOTBETCTBYET HH3KOMY YPOBHIO TpodHO-
cti. MakcuMmainbpHOe 3HaueHHe wmHAeKca (4.39) mpuxoautcs Ha 247-i pacueTHBIN [eHB,
MuHHMainbHOE (3.82) — Ha 365-i. HanbGounbimas koppemnsiuus uHaekca TpoHOCTH HabIro1a-
eTCsl C KOHIeHTpanuel xiopoduimia a (» = 0.84), munepanpaoro azota (» = 0.80) u obmiero
tdbocdopa (r=0.78). PacyeT OTHOCUTENHHOTO BKJIaJla KOMIIOHCHTOB, BXOJISIINX B pacyeT-
Hyto ¢Gopmyny wmHIekca E-TRIX, mokasal, 4TO OCHOBHBIM (DaKTOPOM, ONPEACISIONINM
ypOBeHb 3BTpoHUKanny BoJ JIMMEHCKOro 3a/uBa, SIBISETCS KOHLICHTPAIMsS MHHEPAJIBHBIX
¢dbopm azota. JlaHHOE HMCCIEAOBAHHE MOKET HCIOIb30BATHCS IIPH MOHUTOPHHIE 30H,
B KOTOPBIX OTOOp Mpo0 Ha MecTe TPYJHO OCYIIECTBUTE.

KaroueBbie cioBa: TpopHOCTh, E-TRIX, JIuMeHCKuU 3aUB, OMOTCOXHUMUYECKOES MOJICIH-
poBanue, XJ0poduILT a, 001Ut pochop, MUHEPATHHBINA a30T

BaarogapHocTu: paboTa BBITIONHEHA B paMKax rocynapctBeHHoro 3ananus @I'BYH OUIL]
MI'U no teme FNNN-2024-0016 «ccnenoBanue npocTpaHCTBEHHO-BPEMEHHON U3MEHYH-
BOCTH OKEaHOJIOTHYECKUX TIPOIIECCOB B OeperoBoi, MPUOPEKHOW M IIEIh(POBOW 30HAX
UepHOro MOpS MOA BO3JCHCTBHEM NPHUPOIHBIX M AaHTPOIIOTEHHBIX (PAKTOPOB HAa OCHOBE
KOHTaKTHBIX U3MEPEHUH W MaTEMaTHYECKOTO MOJEIHPOBAHUIY.

Hdus uutupoBanusi: Crenuyx K. A., Xuapa T. B. YpoBeHb TPOPHOCTH aKBATOPHUHU
Jlmmenckoro 3anmuBa (FOxus1it 6eper Kprma, UepHoe Mope) // Dxomorudeckas 6€301macHOCTh
npubpesxHoit u menab(osoi 308 Mopst. 2024. Ne 4. C. 106—116. EDN OSAFQO.

Introduction

The Southern Coast of Crimea is a territory with a unique recreational potential.
However, tourism activities influence the environmental situation in the region.
In Crimea, especially on its southern coast, environmental risks once arose due to
the haphazard planning of cities, which did not consider issues most important
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for the ecological state of the territories, including optimisation of the drainage sys-
tem, primarily storm water drainage, transport infrastructure [1]. The main source
of marine waters pollution of the Southern Coast of Crimea is wastewater discharge
from sewage treatment facilities and recreational complexes such as health resorts
and recreation centers [2]. At the height of tourist seasons, the risk of the coast
overpopulation increases, which inevitably results in pollution of the beach zone
and adjacent sea areas.

Recreational resources of the coastal sea zone rely mainly on the natural envi-
ronment quality. Thus, the water area of the Crimean southern coast is monitored
to determine the state of ecosystems and trends in their variability and to develop
recommendations for the rational use of natural resources [2, 3].

One of the adverse consequences of anthropogenic impact on the ecological
state of the marine environment may be an increase in the trophic state of the water
area. Eutrophication of water bodies is often caused by excessive input of nutrients
and easily oxidised organic matter, the main source of which is river runoff and
wastewater, whose influence is local in nature. It is impossible to find a general
method to assess the trophic state of different marine areas. Each study chooses
an approach driven by the choice of indicators and their number when calculating
various ecological indices, taking into account a limited set of measured parameters
and indicators of the marine environment. The E-TRIX ecosystem trophic state index
is based on the concentration of the main nutrients (nitrogen and phosphorus),
the degree of water oxygenation and chlorophyll a concentration. The advantage of
E-TRIX is the use of standard monitoring characteristics, which allows for a com-
parative analysis of trophic state in different marine areas, while not only qualify-
ing but also quantifying the water body state.

In various studies (e. g. [4]), the E-TRIX index is calculated from monitoring
data. However, a sufficient number of observations at different points in space is
not always available. Mathematical modelling makes it possible to fill data gaps
and assess the ecosystem state, while considering the variability of its components.
In addition, mathematical modelling allows predicting the evolution of an ecosys-
tem under the influence of natural, climatic and anthropogenic factors.

As study object, we have chosen Limensky Bay near the settlement of Katsiveli.
This water area is under the least anthropogenic impact and distant from large-scale
industrial sewage.

Limensky (Goluboy) Bay is located on the Southern Coast of Crimea between
Cape Kikineiz and Mount Koshka. In the southwestern part of the bay, there is
a stationary oceanographic platform (Fig. 1). The main pollution sources in the bay
are wastewater from Katsiveli and the discharge pipe of used water from the fun
water park Goluboy Zaliv.

The hydrological structure of the Limensky Bay waters mainly depends
on coastal currents and their variability. An analysis of in situ data shows that
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possible.

The chemical composition of Limensky Bay waters is unique. The content of
dissolved oxygen directly depends on the temperature indicators, and its concentra-
tion increases sharply (up to 115%) when surging phenomena occur [6]. Hydro-
chemical studies showed the presence of two unfavourable areas with reduced dis-
solved oxygen content (97%) [7].

Coastal waters are generally characterised by moderate concentrations of
nutrients. The absence of phosphate deficiency (~ 0.1 pM) is typical of this area
even during the phytoplankton growth and development [8], which, in turn, indi-
cates active dynamic processes contributing to phosphate input from the under-
lying sea layers. The concentration of nitrogen forms was relatively low (0.2 uM)
according to the data of the studies carried out in the recreational areas of the South-
ern Coast of Crimea.

From March 2010 to March 2012, comprehensive ecological studies were per-
formed in Limensky Bay near the mussel and oyster farm located on the traverse of
Kikineiz Bay (Fig. 1). An analysis of the obtained data showed [9—11] that during
the study period, the hydrochemical regime around the farm was characterised
by good aeration of the water column, relatively low nutrient content and insig-
nificant anthropogenic pressure. Extremely high water temperature (over 26 °C)
in July—August 2010 determined low quantitative indicators of phytoplankton
(20 mg/L).

No water bloom, typical of coastal waters and caused by the development of
certain phytoplankton species, was observed during the study period. High content
of ammonium nitrogen (up to 30.3 pg/L) in the warm period of the year, as com-
pared to other mineral forms of nitrogen, was due to organic matter degradation.

The main objective of this work is to determine seasonal changes in the trophic
state of waters in the Limensky Bay area using the E-TRIX index based on numeri-
cal modelling data.
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Materials and methods

The trophic state of Limensky Bay was assessed using the E-TRIX index.
It is a function containing the following parameters: dissolved oxygen, mineral
nitrogen, total phosphorus and chlorophyll a. According to [12], the trophic state
index is determined by the formula

E-TRIX = (Ig[Ch-D%O-N-P] + 1.5)/ 1.2,

where Ch — concentration of chlorophyll a, pg/L; D%O — absolute deviation of
oxygen saturation from 100%; N — concentration of dissolved form of mineral
nitrogen, ug/L; P — concentration of total phosphorus, pg/L.

E-TRIX index values can range from 0 to 10. Depending on these values, there
are four trophic states: oligotrophic (< 4), mesotrophic (4-5), eutrophic (5—6) and
hypereutrophic (6—10).

If the trophic state index exceeds 6, the investigated water area contains high
concentrations of nutrients and has low transparency, which can lead to hypoxia
in the bottom layers of its waters. If the index does not exceed 4, there are insignif-
icant concentrations of nutrients, good air exchange throughout the entire water
column and high transparency [13].

The data on the concentration of chlorophyll a, dissolved oxygen, mineral
nitrogen, and total phosphorus, necessary to calculate the E-TRIX index, were
derived using a one-dimensional version of the water quality model and its eu-
trophication module [14]. Before calculating, the model was calibrated using data
for 2010-2012 on phytoplankton biomass concentration from [9, 10] and concen-
trations of nutrients and oxygen from the oceanographic database of the Marine
Hydrophysical Institute.

Meteorological data were used as model input parameters: wind speed and
direction at 4 h intervals, air temperature at 3 h intervals, photosynthetic active
radiation per day, humidity and cloud amount at 6 h intervals. We also used annual
variations in transparency, values of seawater temperature, salinity and concentra-
tions of phytoplankton, nutrients, oxygen, organic phosphorus and organic nitro-
gen. They were set starting from 1 January of the model year.

Results

During the model year, the E-TRIX index varied from 3.82 to 4.39 (average
4.09), which is a transitional trophic state of the study water area from the oligo-
trophic to mesotrophic one. It also indicates good water quality. The highest value
on the 247" model day (5 September) coincided with the autumn peak of phyto-
plankton blooming, and the lowest value was recorded on the 365" day (31 De-
cember). From the 105" to 355" model day, the index exceeded 4, while on other
days it was under that value. In terms of seasons, the average index was the highest
in autumn (4.22) while in winter it was the lowest (3.96) (Table 1).

In paper [15], the trophic state index was calculated from in situ data in the Li-
mensky Bay area using a modified formula. The authors used total nitrogen instead
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Table 1. Change in E-TRIX index depending
on the season

Season Value range Average
Winter 3.82...4.17 3.96
Spring 3.82...4.20 3.98
Summer 3.91...436 4.19
Autumn 4.07...4.39 4.22

of mineral nitrogen and added silicon concentration as a multiplier under the com-
mon logarithm sign. Total nitrogen was taken as recommended in paper [16].
Silicon concentration was included in the general formula by the authors of study
[15] for a more accurate assessment of water quality, since silicon is an important
nutrient. Therefore, the average E-TRIX value in the above work is slightly higher
(4.42) than in our results. Due to the absence of silicon in the chemical-biological
module of the water quality model we used, it is not possible to numerically verify
the result obtained in paper [15] for Limensky Bay.

Fig. 2 shows the annual variability of the eutrophication indicator with chlo-
rophyll a, total phosphorus, mineral nitrogen and absolute deviation of oxygen
saturation from 100%. Of note, phosphates, organic phosphorus and ammonium
did not have a pronounced seasonal variability. Nitrates had maximum concen-
trations in the cold period from December to March and minimum concentrations
in the warm period of the year, which is shown in Fig. 2, ¢. A similar result was
described by the authors of paper [9]. The winter nitrate input is caused by convec-
tive mixing of waters, while the summer one is due to upwelling. Nitrites have
maximum values during the increased dynamic activity of waters from December
to March. In the water area of Limensky Bay, the river runoff has no direct influ-
ence on the hydrochemical structure, which was noted in [10].

The relative contribution of the components included in the E-TRIX calcula-
tion formula was calculated. The highest relative percentage contribution to the cal-
culation formula was made by mineral nitrogen (44.48...51.88%, average 48.17%),
followed by the chlorophyll a module (—38.71...—24.02%, average —31.19%), total
phosphorus (26.59...30.12%, average 28.32%). The smallest contribution was made
by absolute deviation of oxygen saturation from 100% (19.44...28.49%, average
24.09%).

Ecological Safety of Coastal and Shelf Zones of Sea. No. 4. 2024 111



E-TRIX

Chlorophyll a, pg/L

E-TRIX
POy + Porg, pgP/L
S

240

E-TRIX
[\e]
W
(==}
NO2 +NOs + NHy, pgN/L
[

[\
\°]
S

210
n 100

s
#
42 190 S
Mo 5
: ;
: w2
m o4l 180 &
2
(=

3.8

: : : . . : : =70
0 30 60 90 120 150 180 210 240 270 300 330 360
Day of year

Fig. 2. Annual variations of E-TRIX index (solid curve)
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Table 2. Relative contribution (%) of the compo-
nents to the E-TRIX calculation formula

E-TRIX | D%O Ch N P
Max 24.27 —24.66 44.63 27.18
Min 23.86 —38.36 51.88 29.86

Table 2 shows the relative contribution in percent of the components resulting
from the formula at the minimum and maximum values of the eutrophication index.
At the maximum value of the index, the relative contributions of mineral nitrogen
and chlorophyll a modulus are minimal, and at the minimum value of E-TRIX, the
contributions of these components are maximal. A similar fact was described in pa-
per [17] for Sevastopol and Yuzhnaya Bays.

If a hydrochemical parameter in the original formula is replaced by 1 (i. e. ex-
cluded from the formula), the trophic state index can either increase (if chlorophyll
a concentration is excluded) or decrease (if total phosphorus concentration, mineral
nitrogen concentration, absolute deviation of oxygen saturation from 100% are ex-
cluded) (Fig. 3). The figure shows that the E-TRIX value decreases most of all
(almost twice) when mineral nitrogen is excluded, which once again shows that its
contribution to the calculation formula in this region is maximum.

E-TRIX

0 30 60 90 120 150 180 210 240 270 300 330 360
Day of Year

— E-TRIX excl. D%0O E-TRIX excl. Ch —E-TRIX excl. N = E-TRIX excl. P E-TRIX

Fig. 3. Contribution of individual hydrochemical characteristics
to E-TRIX quantity
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We calculated correlation coefficients between E-TRIX index and absolute
deviation of oxygen saturation from 100%, concentration of total phosphorus, min-
eral nitrogen and chlorophyll a. The highest values of the correlation coefficient
were obtained with the concentration of chlorophyll a (r = 0.84), mineral nitrogen
(r = 0.80) and total phosphorus (r = 0.78). The correlation with absolute deviation
of oxygen saturation from 100% is weak (r = 0.47).

Conclusion

Modelling of biogeochemical indicators of Limensky Bay and further calcula-
tion of the trophic state index showed that the seawater quality of the water area is
good with a transitional (from oligotrophic to mesotrophic) trophic state. During
the cold period from the 1% to 104™ and from 356" to 365" model days, E-TRIX
was below 4, which corresponds to an oligotrophic trophic state, while on other
model days it was higher. The maximum value of the index was on the 247" model
day (4.39), and the minimum value was on the 365" day (3.82).

The highest correlation of the trophic state index is observed with the concen-
tration of chlorophyll a (r = 0.84), mineral nitrogen (r = 0.80) and total phosphorus
(r = 0.78). Calculation of the relative contribution of the components included
in the E-TRIX calculation formula showed that the main factor determining
the level of eutrophication of Limensky Bay waters is the concentration of mineral
forms of nitrogen. Thus, ecosystem modelling and further calculation of E-TRIX
may help to assess the ecological status of other water bodies, where in sifu sam-
pling is difficult.
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Abstract

The paper considers issues of organization of remote workplaces for automation of in situ
measurements of the marine environment. The workplace allows collection of data from
a sensor system that measures characteristics of the marine environment in natural con-
ditions; to transfer data to a remote data center via the Internet; to store and backup data.
The paper presents algorithms for workplace organization based on modern technologies
for data collection and transmission. The implementation of the workplace is detailed
on the example of remote control of the weather station Davis Vantage Pro 2. This weather
station was installed on the stationary oceanographic platform in Katsiveli to continuously
measure parameters of the atmospheric surface layer. The remote control was organized
on the basis of the hardware and software platform of a single-board personal computer
Raspberry Pi. Two-year tests of the system allow concluding about its reliability and high
efficiency. The proposed principles and algorithms can be applied to organization of remote
workplaces for performing oceanological measurements in coastal areas with Internet access.
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IIpumenenue miaargopmol Raspberry Pi
JJI1 aBTOMATHU3AUMH HATYPHBIX U3MEpPeHUl MOPCKOii cpeabl,
nepeaavyu M XpaHeHHUs MOJyYeHHbIX JTaHHBIX

A. @. Po3BajgoBckuii

Mopckoii euopogusuueckuit uncmumym PAH, Cesacmonons, Poccus
e-mail: rozvadovsky@yandex.ru

AHHOTANNSA

OmnucaHa TEXHOJOTHUS peanu3aly paboyero MecTa Ha OCHOBE amnapaTHO-NPOrpaMMHON
tathopmsl Raspbery Pi B KadecTBe yNpaBiSIONIETO NEPCOHATBHOTO KOMITBIOTEPA METEO-
cranmu Davis Vantage Pro 2 u TIpefcTaBlIeH NPUMEP €€ MCIONB30BaHUs JUII KOHTPOJIS
1 MOHHTOPHMHTAa MOPCKOH cpexabl. Pabodyee MecTo mo3BoisieT coOMpaTh AaHHBIE CHCTEMBI
JaTINKOB, M3MEPSAIOIINX XapaKTEPUCTHKNA MOPCKOIl Cpellbl B HATYPHBIX YCJIOBHSX, U Iepe-
JlaBaTh WX B yAAJEHHBIH IEHTp cOopa MaHHBIX depe3 MHTepHeT, XpaHWTh W BBIIOJHSITH
pe3epBHOE KomnrpoBaHue. Pabodee MecTo oOecrieunBaeT NOIb30BATENSAM JAOCTYII K JaHHBIM
1 MOXXET OBITh HCIIOJIB30BAHO KaK CPEJCTBO yAAJIEHHOTO YIPABJIECHHUsI pabOTON NaTYMKOB.
IIpencraBneHb! aITOPUTMBI OPraHU3aMK pabOUETO MECTA, ONMPAOIINECS HA COBPEMEHHBIE
TEXHOJIOTUH cOopa M Tepenay JaHHBIX. J[eTajJbHO ommcaHa peanu3anus pabodero mecra
Ha TpUMepe YAAJICHHOTO KOHTpoJss MeTeocTaHiuu Davis Vantage Pro 2, ycTaHOBICHHOM
Ha cTalMoHapHOW okeaHorpaduueckoii wiathpopme GI'BYH OUI] MI'U B nrr Kanusemnu
JUTSL HETIPEPBIBHBIX M3MEPEHUH MapaMeTpoB NMPUBOAHOTO CJI0sl aTMOc(epbl. Y ajleHHbIH KOH-
TPOJIb OpraHH30BaH Ha 0Oa3e ammapaTHO-NPOrPaMMHON IUIaT(GOPMBI OJHOIUIATHOTO IEpPCOo-
HaJILHOTO KoMIIbtoTepa Raspberry Pi. JIByXneTHHe UCTIBITAHHSI CUCTEMBI [TO3BOJISIIOT CIEIaTh
BBIBOJ] O €€ Ha/ISKHOCTH M BBICOKOH 3¢ dekTuBHOCTH. [IpeanaraeMple IPUHIMIIBI M AJITOPHT-
MBI MOT'YT OBITH MCIIOJIb30BaHBI IIPY OPTaHU3aliH yIaJICHHBIX PA0OUMX MECT /I BBINOJIHE-
HHS OKEaHOJIOTHYECKUX N3MEPEHHH B IPHOPEKHBIX 30HaX € JIOCTYNoM K MHTepHeTy.

KaroueBble cjioBa: aBTOMaru3anus, HaTypHBIE M3MEPEHHs, MOpPCKas cpena, yIajeHHOe
pabodee MecTo, anmapaTHO-IIpOrpaMMHast iatdopma, Raspberry Pi, mereoctanuus, Davis
Vantage Pro 2, oOna4dnple XpaHITUINA, OKeaHorpadudeckas miatdopma, Kanmsemnn

BaarogapHocTH: paboTa BBINOJHEHA B paMKax rocyaapctBenHoro 3aganus ®I'BYH OUL]
MI'1 FNNN-2024-0001 «®yHaameHTalIbHbIE WCCIIEOBAHUS MPOIIECCOB, OMPEIEISIFOIINX
MOTOKH BEIIECTBA M YHEPTHH B MOPCKOM Cpe/ie M Ha ee TpaHUIlaX, COCTOSIHUE U SBOJIOIUIO
(u3nUecKoil 1 OMOTCOXMMHUYCCKON CTPYKTYPBI MOPCKUX CHCTEM B COBPEMCHHBIX YCIIOBUSIX).

dnsa nurupoBanus: Pozeadosckuti A. @. Ilpumenenue mnatdopmel Raspberry Pi
JUIS. aBTOMAaTH3allMd HATYPHBIX M3MEPCHUH MOPCKOW Cpenbl, Mepeadyd U XpaHCHUS
TTOTYYCHHBIX JTAHHBIX // DKOJIOrWIecKas 0e30MacHOCTh MPUOPEKHON U MIEeNb(OBON 30H MOPSL.
2024. Ne 4. C. 117-130. EDN NDHYGJ.

Introduction

Monitoring of the marine environment is imperative to ensure the ecological
safety of coastal zones, to control their resources and to study their current state
and trends. Monitoring tasks entail continuous measurements and the obtained
measurement data should be available at any time for further processing and analy-
sis. To organise this observation process, it is necessary to create automated remote
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workplaces providing reliable connection to the measuring equipment for control
and data reading without the participation of an operator. This is of particular im-
portance given that it facilitates the modernisation of existing hardware and soft-
ware complexes (HSC) for measurement, data recording and storage (e.g. portable
weather stations, wave-graphs, etc.), which assume long-term autonomous opera-
tion, but lack their own built-in remote control, monitoring and configuration capa-
bilities.

Methods of sea surface monitoring are discussed in detail in the literature [1-4],
but the issues of organising remote workplaces for data recording, processing and
subsequent storage are given much less attention [5]. Work [6] provides an over-
view of the development of system solutions for weather stations since the mid-
1990s. It shows that the development of means for measuring environmental
parameters coincided with the trend of development of telecommunication and
computer technologies. These technologies of meteorological measurements are
based on software and hardware complexes that register data from sensors and
transmit them to a remote terminal via radio channel. The paper [6] shows variants
of realisations of software and hardware meteorological complexes including solu-
tions V¥, but not enough attention has been paid to the issue of the creation of
automated workplaces itself. In fact, this direction (automation of workplaces) is
diffused in the hardware and software complex of weather stations.

A more detailed and scrupulous approach to the issue of workplace automation
is used in the development of software systems for the collection, visualisation,
archiving, processing and transmission of hydrometeorological measurement data
from automatic hydrometeorological complexes, in particular for sea surface moni-
toring. A notable example of such software is the ALMETA software package ¥,
a special software operating on a personal computer with Windows operating sys-
tem (OS), providing collection and processing of hydrometeorological information.

) Wilhelm, R. and Haupt, F.S., 2011. Patent no. USRE42057E1, Int. Cl. GO1W 1/00 (2006.01),
GO1P 13/00 (2006.01). N 11/485,648. Weather Station. Filed 13 July 2006; Date of Reissued
Patent 25 January 2011. 7 p.

2) Strebkov, D.S., Dorzhiev, S.S. and Bazarova, E.G., 2013. Patent 2472186C2 Russian Federation.
MIIK GO1W 1/00 (2006.01). [Network of Autonomous Environmental Monitoring Stations]:
2011110187/28. Applied 18.03.11, published 10.01.13. Bulletin no. 1. 7 p. (in Russian).

3 Fisher, G.A., 2009. Patent no. W0O2009015370A1, Int. Pat. C1. GOIW 1/10 (2006.01), G04B 47/06
(2006.01), GOIW 1/04 (2006.01) N PCT/US2008/071259. Pocket Weather Station. Filed 25 July
2008, published 29 January 2009. 25 p.

4 Runge, T.H., 2016. Patent no. US9301460B2, Int.Cl. GO5D 11/00 (2006.01), AOIG 25/16
(2006.01) Irrigation Controller with Weather Station: N 13/406,410. Filed 27 February 2012, pub-
lished 5 April 2016. 25 p.

3 [Software Complex for Automated Hydrometeorological Complexes ALMETA. User Manuall.
2018, 47 p.
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However, its flexibility and functionality are excessive for specific tasks, such as
in situ measurements of the marine environment. This is particularly problematic
given its significant demand on the computing resources of a personal computer.

Technical solutions based on Arduino and Raspberry Pi hardware and software
platforms require fewer resources. In [7—11], examples of Arduino-based weather
station realisations are presented, and in [12-20] — Raspberry Pi-based. But these
are hardware and software implementations of weather stations that record and
process measurement results. The issues of automation and organisation of remote
workplaces are hardly considered in these works.

In the Russian Federation, the Recommendations on the Operation of Auto-
mated Meteorological Complexes in Observation Units (R 52.04.818-2014) have
been established, which set out the requirements for the installation, maintenance
and operation of automated meteorological complexes (AMC), describe the stand-
ard procedure for meteorological observations in observation units (OU) equipped
with AMC as well as the actions of OU personnel in the event of AMC failure.
However, these recommendations do not permit to formulate technical require-
ments to the HSC, which are responsible for the automation of measurements and
operation of the HSC in the autonomous mode. The purpose of the development
is to create a remote automated workplace for continuous monitoring of the sea
surface and environmental parameters using single-board computers. The paper
describes a new technology of workplace implementation based on the hardware
and software platform Raspbery Pi, used as a controlling personal computer (PC)
of the weather station Davis Vantage Pro 2, and presents an example of its use for
control and monitoring of the marine environment.

Equipment

The weather station Davis Vantage Pro 2 was chosen due to its measurement
accuracy, functionality, number of settings [21] as well as presence of remote
measurement sensors that provide radio transmission up to 300 m in the open
space ®, which is relevant within the context of the MHI stationary oceanographic
platform in Katsiveli. It is imperative to acknowledge that, in the absence of per-
sonnel on the platform at all times, the responsibility of remote access to control
and retrieve data from the weather station Davis Vantage Pro 2 is of significant
importance, as previously highlighted. This weather station allows connection to a
PC using both in-house commercial WeatherLink software by Davis Instruments 7
and free WeeWX software ¥.

The advantage of WeeWX software is that its source code is open (available
for review, study and modification), which ensures its flexibility and adaptability

9 Davis Instruments, 2021. User Manual for Vantage Pro2 ™ and Vantage Pro2 Plus ™ Weather
Stations, 58 p.

7 Davis Instruments, 1999. Davis Weatherlink Software User's Manual, 78 p.

8 Keffer, N. User's Guide to WeeWX. 2024. [online] Available at: https://weewx.com/docs/4.10/
usersguide.htm [Accessed: 10 December 2024].
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to specific tasks. This software works in various GNU/Linux systems, in particular
Debian, Ubuntu, Mint, Raspbian and others. Raspbian support allows the Raspber-
ry Pi to be used as a control PC for the weather station Davis Vantage Pro 2.

As mentioned earlier, the Raspberry Pi is most often used as a stand-alone
solution for building weather stations, when the Raspberry Pi board itself is used
as a central processor to which external sensors are connected [22]. These solutions
are inferior to the weather station Davis Vantage Pro 2 both in measurement accu-
racy and in the flexibility of software settings.

It is rare for Raspberry Pi-based solutions to be used as a controlling HSC,
with ordinary PCs most often being used for remote access and control. However,
in conditions of limited access to the platform in Katsiveli and a lack of permanent
staff, not only the performance of PCs, but also their reliability and energy effi-
ciency to ensure stable autonomous operation, become critical. In this context,
Raspberry Pi has been shown to exhibit superiority over ordinary PCs, with its
power consumption typically not exceeding 15 W.

The following is an example of realisation of remote access and control of
the weather station Davis Vantage Pro 2 using Raspberry Pi HSC as well as
the results of its pilot operation on the platform in Katsiveli.

Results and discussion

At the initial stage of the remote access organisation, a Raspberry Pi B+ was
used as a control PC to collect and transmit data from the weather station Davis
Vantage Pro 2.

The choice of this model is due to its computing resources, the performance of
which ensures stable operation of WeeWX software when receiving, processing
and transmitting data to a remote server. The 700 MHz processor core clock and
512 MB of RAM of this HSC provide support for any version of Raspbian OS,
in which the WeeW X software runs. Connection to the Internet is provided through
the built-in Ethernet port. Wireless connection to the Internet can be made via
a USB-modem — in our case TP-Link TL-WN727N. Four USB ports make it possi-
ble to connect the weather station Davis Vantage Pro 2 as well as a mouse and
a keyboard (Fig. 1).

As previously stated, the WeeWX software incorporates built-in support
for the weather station Davis Vantage Pro 2, facilitating the aggregation of data on
a local PC, specifically a Raspberry Pi B+.

The data are presented graphically in Fig. 2 and stored in the data file
weewx.sdb. It is possible to present measurement results in a similar manner on
a remote server. However, additional settings are required for monitoring via
the Internet.

One of the limitations of the WeeWX software when running in Raspbian is
the use of FTP (File Transfer Protocol) for data transfer. Thus, it is important
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Fig. 1. The appearance of the workplace for automated
measurements, transmission and storage of the weather station
Davis Vantage Pro 2 data using a Raspberry Pi B+
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Fig. 2. Example of view of data on pressure («) and inside tem-
perature (b) on the platform in Katsiveli from 16 November 2022 to
16 December 2022
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to choose a server that supports this protocol. FreeHostingEU (available at:
https://www.freehostingeu.com) was chosen as such a server (hosting). On this
server, an account with ID: 4089596 was registered, for which a third-level domain
was created — vantagepro2.euS.net, providing data display.

The FTP server settings are made in the WeeWX software configuration file,
weewx.conf, and are as follows:

[[FTP]]

#FTP’ing the results to a webserver is treated as just another report,
# albeit one with an unusual report generator!

skin = Ftp

#If you wish to use FTP, set @enable@ to @true@, then

# fill out the next four lines.

# Use quotes around passwords to guard against parsing errors.
enable = true

user = 4089596

paSSWOrt _—= ckeskeoskoskoskok skoskok skookok

server = vantagepro2.eul.net

path = /vantagepro2.eu5.net/

#Set to True for an FTP over TLS (FTPS) connection. Not all servers
# support this.

secure_ftp = False

# To upload files from something other than what HTML ROOT is set
# to above, specify a different HTML ROOT here.

#HTML ROOT = /var/www/html/weewx

# Most FTP serverts use port 21

port =21

# Set to 1 to use passive mode, zero for active mode

Passive = 1

It should be noted that when organising automatic data backup using Raspber-
ry Pi there were some difficulties, which were not considered by the technical sup-
port of the FreeHostingEU FTP server and were solved experimentally — by se-
lecting the settings of the HSC. The path for saving data from the weather station
Davis Vantage Pro 2 in the configuration file weewx.conf differs from the default
path recommended on the FreeHostingEU technical support site — /home/www.
In the settings of the weewx.conf configuration file, the path is specified as
/vantagepro2.eu5.net/. If you leave it as it is written by default, the data will not be sent
to the FTP server and will not be displayed on the page www.vantagepro2.eu5.net.

As a result of the above settings, data from the built-in sensors of the weather
station Davis Vantage Pro 2 were obtained (Fig. 2). Measurement results of
the Davis Vantage Pro 2 weather station during operation are continuously rec-
orded by the WeeWX software into the weewx.sdb data file, which is stored on
the local disc of the Raspberry Pi in the /var/lib/weewx/weewx.sdb folder. To pro-
cess and analyse the results of measurements as well as their backup, it is advisa-
ble to copy this file from Raspberry Pi to another PC or network data storage.
Fig. 3 shows the block diagram of the algorithm for connecting and saving data
in the network storage.
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Fig. 3. Block diagram of the algorithm for backing up a file with
weewx.sdb data on Yandex Disk

In view of the above, it was decided to copy the weewx.sdb data file on a sched-
uled basis to Yandex Disk, a cloud service of the Yandex company that allows stor-
ing data on servers in the cloud and transferring them to other users on the Internet.
Access to this service is possible through WebDAV (Web Distributed Authoring
and Versioning), a set of extensions and additions to the HTTP (HyperText Trans-
fer Protocol) which supports collaborative work of users on file editing and file
management on remote web servers. For this purpose, davfs2 software was in-
stalled on Raspberry Pi, which makes it possible for Raspbian OS to connect to
WebDAYV storages (in our case — Yandex Disk) as if they were local discs. A folder
(mount point) /mnt/yandex.disk/ has been created on the local disc of Raspberry Pi
where weewx.sdb data file is copied with specified periodicity. This folder is
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further synchronised with the folders of Yandex Disk network storage and thus
the data are transferred to the cloud.

To work with Yandex Disk, a new account was created — vantage-
pro2@yandex.ru, with its parameters (login and password) specified in the corre-
sponding file of the davfs2 software — /etc/davfs2/secrets. It should be noted that
Yandex Disk makes it possible to set a password different from the account pass-
word (in our case vantagepro2@yandex.ru). Raspberry Pi configuration work has
shown that it is advisable to do this. In this case, connection to the NAS (authorisa-
tion on it) is more stable and access failures are excluded.

Synchronisation of the contents of the Raspberry Pi local folder and Yandex
Disk is provided using the built-in configuration file of Raspbian OS — fstab.
This file contains information about different file systems and storage devices used
by Raspberry Pi. It also specifies how the created mount point /mnt/yandex.disk/
will be used.

It is necessary to note an important point that arose when configuring
the remote workplace. For Raspberry Pi, when configuring the fstab file for
the /mnt/yandex.disk/ folder, it is important to specify the netdev parameter.
In this case, connection of Raspbian OS to Yandex Disk is performed only after
connection to Wi-Fi or Ethernet network. If this parameter is not specified, Raspbi-
an OS will try to connect to the remote network storage before connecting to
the Internet. The attempt will be unsuccessful and it will be necessary to try to con-
nect again manually after Wi-Fi or Ethernet connection is established.

The above settings are made once and stored in the Raspberry Pi settings.

Data copying — weewx.sdb file — was performed cyclically, twice a day in or-
der to avoid data loss. The built-in Cron task scheduler utilised in Raspbian ? was
employed for this purpose. For automatic copying of data, an executable file
(script) ya_sdb_update.sh was prepared, the contents of which are given below:

#!/usr/bin/env bash //A service line indicating the start of the script

sudo rm /mnt/yandex.disk/olweex.sdb //Deleting a file with outdated information
sudo mv /mnt/yandex.disk/weewx.sdb /mnt/yandex.disk/oldweex.sdb //Copying with
renaming the file with data for the previous period

sudo cp /var/lib/weewx/weewx.sdb /mnt/yandex.disk/ //Copying the file with up-to-
date data

This file implements the data backup algorithm (Fig. 3).
During initial setup, two data files were saved on Yandex Disk:
— oldweewx.sdb — for the previous period;
— weewx.sdb — for the current period.

%) Hentzen, W., 2004. Cron Explained. Hentzenwerke Publishing, Inc., 12 p.
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In the course of executing the ya sdb update.sh executable file, the file
oldweewx.sdb stored on Yandex Disk is identified as outdated resulting in its dele-
tion. The weewx.sdb file contains the data preceding the measurement data, which
is the data available at the moment of command file launch. In order to facilitate
the restoration of the data, the weewx.sdb file is renamed to oldweewx.sdb. The ac-
tual data itself is written to the file weewx.sdb.

As mentioned earlier, data transfer was carried out in Wi-Fi network via
TP-Link TL-WN727N USB modem. Connection to open Wi-Fi networks is performed
through the graphical interface by selecting the network and entering the password.
Connection to hidden networks requires additional settings in Raspbian configura-
tion file — wpa_supplicant.conf. For each newly connected network the following
entry is made in it:

Network = {ssid = “Network name”
scan_ssid = 1

psk = “Password”

key_mgmt = WPA-PSK //Type of encryption }

In the process of establishing a connection to the concealed Wi-Fi network on
the oceanographic platform in Katsiveli, it is imperative to consider the scan_ssid
parameter. This parameter is crucial as it instructs the system to establish a connec-
tion to the wireless network even in the absence of a name transmission from
the network. In the absence of this parameter, the connection process is unsuccess-
ful, and consequently, data transmission is not facilitated. It is imperative to note
that the scan_ssid value has been set to one.

The experimental operation of Raspberry Pi B+ exposed a significant disad-
vantage inherent to this HSC: the absence of software and hardware mechanisms
for remote control and configuration of the HSC.

The configuration of the wireless network in Katsiveli does not assume the use
of static IP addresses for PCs connected to it. Therefore, it is difficult to use
the system of remote access to the Raspberry Pi desktop using the RFB (Remote
FrameBuffer) protocol. Whenever the HSC is restarted (e.g. in case of a power
failure), its IP address will change randomly. To regain access to it, the new IP ad-
dress must be learnt, which is difficult and, in some cases, can only be done by
connecting locally to the HSC directly on the oceanographic platform itself.

In such cases, the optimal solution is the utilisation of specialised software for
the remote control and configuration of HSC, in particular AnyDesk. The merits of
this software are manifold, including its ease of installation and configuration, wide
range of supported operating systems, autoloading functionality and ability to acti-
vate the HSC remotely over the local network (e.g. following a reboot or power
failure) via the Wake-on-LAN function. However, it should be noted that this soft-
ware is only compatible with Raspberry Pi 2 and subsequent models of this HSC.
This was the reason for abandoning the Raspberry Pi B+ and switching to
the Raspberry Pi 2.

The installation of AnyDesk on the Raspberry Pi 2B necessitated the imple-
mentation of additional preliminary settings. It should be noted that the AnyDesk
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software package utilises the EGL graphical interface [23], which necessitated
the configuration of the Raspberry Pi HSC. This entailed the installation of the ad-
ditional software packages Libegll-mesa and libminizipl, which were initially ab-
sent by default. It was only subsequent to the completion of these steps that
the AnyDesk package on Raspberry Pi 2B commenced functioning correctly.

The WeeWX software and database backup settings for the Raspberry Pi 2B
were configured in the same way as for the Raspberry Pi B+.

In the pilot operation on the oceanographic platform in Katsiveli together with
the Davis Vantage Pro 2 weather station from August to December 2022, a PC
in the following configuration was used:

— model — Raspberry Pi 2B;

— remote access software — AnyDesk;

— FTP server for data output — FreeHostingEU;

— server to store the data file — Yandex Disk;

— task scheduler (scheduled data file uploads) — Cron.

In December 2022, the MHI own FTP server — Asustor AS5304T — was put in-
to operation. Additional backup of available data was organised on it. Taking into
account the fact that there is no pre-installed HTTP-server and, accordingly, there
is no possibility to display data in the form shown in Fig. 2, the contents of the data
folder on Raspberry Pi B — /var/www/html/weewx/ — are copied to the specified
folder of the FTP-server Asustor AS5304T. The Cron task scheduler is used to au-
tomate the process. Copying the contents of the /var/www/html/weewx/ folder was
organised with the help of the cURL program pre-installed in Raspbian, which se-
quentially transfers all files from Raspberry Pi 2B to the /Home/www/html/weewx/
folder of the FTP storage. A new executable file (script) asustor ftp.sh was pre-
pared with the following contents:

#//usr/bin/env bash //A service line indicating the script start

cd /var/www/html/weewx/ //Switching to the data folder

find -type f -exec curl -u username:password —fip-create-dirs T {} fip://ip_fip-
server:port/Home/www/weewx/ \; //Copying the data folder to an FTP server.

In order to facilitate the subsequent checking and processing of the measure-
ment results obtained, it is necessary to copy the folder to a local PC and open it
in an Internet browser in a form that is similar to that shown in Fig. 2.

In September 2023, a further workplace modernisation was undertaken. Exter-
nal sensors measuring temperature, humidity, wind direction and speed were con-
nected to the weather station Davis Vantage Pro 2. The Wi-Fi wireless connection
was replaced with a wired LAN connection in order to enhance the reliability of
remote access. Disabling the Wi-Fi modem also led to a reduction in the power
consumption of the Raspberry Pi 2B PC. This modification enabled the utilisation
of an external power supply with a voltage of 5 V and a current of less than 2 A,
which also had a favourable effect on the stability of operation. This configuration
has been in operation at the workplace since October 2023. Fig. 4 presents an ex-
ample of the measurement results obtained from the weather station Davis Vantage
Pro 2 in January and February 2024.
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Fig. 4. Data on outside temperature (a) and wind speed (b)
on the platform in Katsiveli from 20 January 2024 to 19 February
2024

The graphs demonstrate the stability of a Raspberry Pi 2B PC-based remote
workplace in terms of its capability to record and store the Davis Vantage Pro 2
weather station data.

Conclusion

An example of implementing a remote automated workplace to access and
control the weather station Davis Vantage Pro 2 using Raspberry Pi HSC is de-
scribed. This workplace allows continuous automatic data storage locally, directly
on the Raspberry Pi 2B, as well as backup to external FTP servers and network
storage.

The ability to access, control and modify the parameters of the Raspberry Pi
2B HSC remotely eliminates the need for constant technical specialists to be pre-
sent on the oceanographic platform in Katsiveli.

The results of the Raspberry Pi 2B HSC operation on the oceanographic plat-
form in Katsiveli have shown that the possibility of creating automatically execut-
able files (scripts) inside Raspbian OS and providing stable remote access to this
HSC increase the reliability of recording, storage and backup of data received
by the weather station Davis Vantage Pro 2.
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Abstract

The article describes the information retrieval system PhotoCoasts of Crimea developed
by the staff of the Oceanographic Data Bank group based on the concept of the software
PhotoCoasts to systematize and catalogue the collection of digital images of the Crimean
Peninsula coasts. The system also ensures effective work with this collection while con-
ducting scientific research. The software system is written in the Python programming lan-
guage. The application interface is developed using the tkinter package. The system
core is a catalogue of meta-information on photosurvey objects. The catalogue is based
on faceted classification and includes descriptive facets “Date and Time”, “Type of Pho-
tosurvey” and specialised facets “Geographic Region”, “Coast Genetic Type”. The method
of extended Boolean retrieval was applied to form the query results in the software system.
New images are uploaded and metadata of existing catalogue elements are edited
in the metadata editor. Work with the geoinformation part of the metadata base is per-
formed in the geodata editor. The developed software has a significant potential for further
evolution and after appropriate adjustment can be used for work with coast images of other
regions. It also allows systematisation and classification of image collections in various
fields.
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Iporpammusbiii npoaykr «@orobepera Kpbima»
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AHHOTAUUA

OnwuceiBaeTcss nHGOPMAIMOHHO-TTONCKOBas cuctema «®Dorobepera Kpbimay, paspadoran-
Hasl COTpyAHUKaMHU rpymmsl «baHk okeaHOrpaduyeckux AaHHBIX» HA OCHOBE KOHIETIHH
nporpammHoro npoaykra «®orobepera» mis cucreMarH3aluy U KaTalOTU3AMU KOJUIEK-
nuu nu@POBBIX U300paxeHui 6eperoB KprIMCKOTo MOMyOCTPOBa, a TaKKe 00eCIeUeHUs
3¢ deKTHBHON pabOTHl C 3TOM KOJUICKIMEH NpH MPOBEAECHUH HAYYHBIX HCCIECIOBAHUH.
[IporpammHuas cucremMa HanMcaHa Ha SI3bIKE IporpaMmupoBanus Python. aTepdetic npu-
JOKeHHs pa3paboTaH C UCIIOIB30BAaHMEM NakeTa tkinter. 1leHTpanbHONW YacThIO CHCTEMBI
SIBIISIETCSL KaTajdor MeTanH(pOpMaluu OOBEKTOB ChEMKH, KOTOPBIH MOCTPOEH Ha OCHOBE
(aceTHOH KiaccHpUKAMKM W BKIIOYAET onmcarenbHble daceTsl «Jlata m Bpems», «Bun
CBEMKH» W CIeuanu3upoBaHHble (aceTsl «l eorpadudeckuii pernon», «I eHeTHUECKUIA
TUI TI00epexbs». [ popMUpOBaHHs TOUCKOBOM BBIIAYM B IMPOIPAMMHON CHUCTEME TIPH-
MEHEH METO]I PACIIMPEHHOTo OyJjieBa MOMCKA. 3arpy3Ka HOBBIX H300paXCHUH M peaKTH-
POBaHMWE METAAAHHBIX CYIICCTBYIOIIHX DJJIEMCHTOB KaTajlora BBIINOJHACTCA B PEAAKTOPEC
MeTafaHHbIX. PaboTa ¢ reonHdopmManmoHHo# yacThio 6a3pl MeTauH(OPMAIMK OCYIIECTB-
nseTcs B penakrope reofgaHHbIX. Co3gaHHBIN MPOrpaMMHBIN MPOAYKT MMEET 3HAUHUTEINb-
HBI TOTEHIMAN JUIsl JajbHEHIIEero pa3BUTHS U MOCIE COOTBETCTBYIOIIEH HACTPOHKH MO-
JKET OBITh HCIOJIB30BaH JJIsl pabOThI C N300paKEHUSMH OEpEeroB APYTUX PErHOHOB, a TAKXKe
JUISL CHCTEMaTH3allMi M KiIacCU(PUKaMK KOJUIEKIMHA M300paKeHUil B CaMbIX pa3IMYHBIX
o0nacTsx.

KoaroueBble ciioBa: Oepera, n3o0pa)xeHHs, BU3yalH3allysl, CHCTEMaTH3alMs, KaTaloru3a-
us, paceTHas KnaccupuKays, THPOPMAIHOHHO-TTONCKOBAs CHCTEMa

BaarogapHocTH: paboTa BBIIOJIHEHA B paMKax rocyaapcTeeHnoro 3aganus ®I'BYH OUL]
MI'1 no teme Ne 0827-2020-0004 «IIpubpeskHble uCCIeNOBaHMS». ABTOPHI BBIPAXKAIOT
0J1aroJapHOCTh WHULIMATOPY pa3pabOTKHM JAHHOTO MPOTPAaMMHOIO MPOAYKTa I. T. H.
10. H. l'opsiukuny, a Takke K. X. H. B. B. JlomoroBy u k. ¢.-m. H. A. B. baraeBy 3a mioso-
TBOPHOE 00CYKJCHUE MOITYUYEHHBIX PE3YJIbTaTOB.

Joist nutupoBanust: [Iporpammusnii npoaykt «®Potobepera Kpsiva» / M. I1. Benano [u ap.]
// Dxonorndeckas 6€30MacCHOCTh MPUOPEKHON M menbPoBOi 30H Mops. 2024. Ne 4.
C. 131-140. EDN NVWXVU.

Introduction

The transition from drawing to photography and film shooting with high
resolution has rendered images the most durable medium for capturing the state
of natural objects. When image acquisition is undertaken with sufficient accu-
racy in terms of place and time, a comparison of images facilitates analysis of
changes in the state of objects under the influence of natural and anthropogenic
factors. However, a significant proportion of images has not yet been digitised.
These images are often stored in various collections and lack proper systemati-
sation and cataloguing, which can result in their loss and limited accessibility to
researchers. This situation is particularly problematic for images of seashores,
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including the Crimean coast. It can be remedied by organising the digitisation
of images and creating special software to work with them.

Currently, it is evident that there is a substantial number of software available
for the creation of digital image catalogues. However, these products often prove to
be inadequate in terms of their efficiency for the purpose of scientific research.
Analysis of open source information " %% and personal user experience have
demonstrated that the catalogue in most existing software products was typically
constructed on the basis of the user computer file system hierarchy (Adobe Bridge,
ACDSee Photo Studio, etc.) or its own hierarchical structure (folders in Adobe
Lightroom and Corel AfterShot Pro, collections in darktable, digiKam albums,
etc.). This approach is inherently disadvantageous due to the limitations of such
classifications. The rigid structure of the hierarchy is a particular problem as
it makes it difficult to include new levels of division. The classification process
becomes excessively cumbersome and challenging to utilise when the number
of levels is substantial, yet it lacks sufficient informative value when the number of
levels is minimal. Moreover, such products are primarily oriented towards
the management of image metadata (i.e. image parameters, geolocation, etc.), yet
their capabilities in determining the characteristics of the photosurveyed object are
not sufficiently developed to enable the execution of research tasks. It is also note-
worthy that a considerable proportion of existing software is commercial, with closed
sources precluding modification to align with user needs. A further impediment to
the procurement and utilisation of prevailing commercial digital image cataloguing
software pertains to the sanctions policy of multiple states against the Russian Fed-
eration.

Taking into account the disadvantages of the existing software described
above, the staff of the Shelf Hydrophysics Department and the Oceanographic Data
Bank group of Marine Hydrophysical Institute of RAS developed the software
PhotoCoasts concept including following general approaches to the creation of
software for visualisation, systematisation and cataloguing of digital images for
scientific research:

— provision of maximum independence from external factors, use of freely dis-
tributed open source components only;

—work with the catalogue (including its extensibility) taking into account
the specifics of using images in solving scientific problems;

— geoinformation base support;

— support for working with digital image metadata (time of photosurvey,
geopositioning);

— mass import of images.

D Sazhko, D., 2018. [10 Apps to Organize a Photocollection]. Lifehacker. [online] Available at:
https://lifehacker.ru/kak-organizovat-kollekciyu-fotografij/ [Accessed: 25 November 2021]
(in Russian).

2 @dnowicki, 2014. [Overview of Windows Applications for Keeping Photo Archives in Order].
Habr. [online] Available at: https://habr.com/ru/post/226123/ [Accessed: 25 November 2021] (in
Russian).

3 Shlyakhtina, S., 2004. [Cataloguing and Storage of Digital Images]. ComputerPress. [online]
Available at: https://compress.ru/article.aspx?id=12397 [Accessed: 25 November 2021] (in
Russian).
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The article presents the findings of research conducted on the implementation
of this concept in the development of the specialised information retrieval system
PhotoCoasts of Crimea. This system has been optimised for solving a practical
problem, namely the systematisation and classification of the collection of digital
images of the Crimean Peninsula shores. These images have been collected by the
MHI Shelf Hydrophysics Department for a period exceeding a century and a half,
and the article discusses the effective work that has been carried out with them.

Approaches and methods

The system core is constituted by a catalogue of meta-information on photo-
survey objects. The catalogue is based on faceted classification, a method that has
been demonstrated to possess greater semantic power than hierarchical classifica-
tion [3, 4]. At the inception of catalogue formation, a set of concepts (terms) is de-
fined, which are required to describe the catalogue element (image). Then the terms
are subjected to semantic or other grouping into so-called facets. The classification
of catalogue elements, in turn, is not predetermined, but is constructed by selecting
elements from facets and forming a linear chain of them, called a facet formula.
The position of each facet in the facet formula is strictly fixed. In this context, the
task of information retrieval within the catalogue can be addressed by determin-
ing the sequence of transformation of user information needs into a facet for-
mula (retrieval query) and by considering the classification obtained from this
formula as a retrieval output.

The method of extended Boolean retrieval was applied to form the query re-
sults in the software system [5], when the result is determined by a logical expres-
sion formed on the basis of a user request. The retrieval query (facet formula)
is converted into a logical expression, which is applied to the metadata of each cat-
alogue element. In order to increase the speed of retrieval formation, reverse index-
ing of the image metadata database [5, 6] by individual facets is applied. Accelera-
tion of application work when using the index is achieved by reducing significantly
(in general) the number of catalogue elements involved in operations and switching
to the use of operations on sets instead of performing logical operations (Boolean
retrieval) for all images from the program database.

Implementation

To implement the software system, the Python programming language was se-
lected, as it has both a well-developed standard library and sufficient number of
freely accessible third-party open source libraries.

The catalogue of the system PhotoCoasts of Crimea includes descriptive facets
“Date and Time” (D), “Type of Photosurvey” (7) and specialised ones “Geographic
Region” (R), “Coast Genetic Type” (G). The facet “Date and Time”, in turn, is di-
vided into three sub-facets: “Date of Period Beginning” (Dg), “Date of Period End”
(Dk) and “Seasonality of Photosurvey” (S). The resulting facet formula for the ap-
plied classification is as follows:

<Dp:Dg:S:R:T:G>.
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A part of facets contains a finite set of concepts defined during the application
development, determined by the semantics of the corresponding feature or the spe-
cifics of the system under development. For example, the generally accepted divi-
sion of the annual cycle into calendar seasons {‘winter’, ‘spring’, ‘summer’, ‘au-
tumn’} is used as descriptions for photosurvey seasonality (sub-facet “Seasonality
of Photosurvey”), and the content of the facet “Coast Genetic Type” is determined
by the geomorphology of the Crimean Peninsula and corresponds to monograph [7].

The content of the facet “Geographic region” and sub-facets “Date of Period
Beginning” and “Date of Period End” is not fixed in the application code and can
be modified by the user. In particular, the system provides possibility to work with
data on photosurvey region, which are the ground for geoinformation base.

To store the catalogue and data of the geoinformation part of the software,
the embedded SQL-oriented freely distributed open source DBMS SQLite3 ¥ was
used. The table Picture contains the basic metadata of a photograph and the identi-
fiers of its relationships to catalogue facet elements. When displaying the catalogue
structure, a separate table has been allocated for each facet and sub-facet “Season-
ality of Photosurvey” (Fig. 1). Data of sub-facets “Date of Period Beginning” and
“Date of Period End” do not exist without a corresponding picture and are imple-
mented as picture attributes in the table Picture. In general, in order to obtain
anormalised database, the relationship between a particular photograph and cata-
logue facets is constructed in one of the following ways:

— for facets with a cardinality of 1 : 1 or 1 : N, the link is organised by includ-
ing the corresponding identifier in the table Picture;

— for facets with a cardinality of M : N, an additional table is created.

The mapping of the hierarchical facet “Geographic Region” to the relational
structure of the database is performed using the list of adjacency from the table
GeoRegion [8, 9].

PictureShoretype Picture PictureSeason
ShoreType picture_id: INTEGER [PK] id: INTEGER [PK] F——< picture_id: INTEGER [PK]
id: INTEGER [PK] + type_id: INTEGER [PK] path: TEXT < season_id: INTEGER [PK]
name: TEXT i preview: TEXT
GeoRegion checksum: TEXT
id: INTEGER [PK] comment TEXT
parent INTEGER width: INTEGER
name: TEXT height INTEGER
shoot_type: INTEGER
shoot_period_start TEXT
shoot_period_end: TEXT
RegionShoretype ShoreLine PictureRegion :Lans'ﬁ%s;‘;?oi?m
region_id: INTEGER [PK] ¢ region_id: INTEGER picture_id: INTEGER [PK] ,amide FLOAT
type_id: INTEGER [PK] latitude: DOUBLE [PK] region_id: INTEGER [PK]
longitude: REAL [PK]
ShootType Season
id: INTEGER [PK] 7| id:INTEGER [PK]
name: TEXT name: TEXT

Fig. 1. The scheme of the database for the software system PhotoCoasts of Crimea

4 SQLite. 2000. [online] Available at: https://sqlite.org/index.html [Accessed: 2 December 2024].
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The software system uses a hierarchy in the hard disc file system to store
the original data. Each photograph corresponds to a separate directory containing
the original digital image and a thumbnail.

The application interface is developed using the tkinter package > and con-
sists of main window, metadata editor and geodata editor (Fig. 2).

The user defines the required set of image characteristics by forming a query
with the use of the retrieval panel located on the left side of the main application
window. The retrieval panel contains a separate section for each facet of the cata-
logue and makes it possible to compose a query in an intuitive way without using
specialised query languages. The retrieval result is displayed in the working area of
the main window and visualised in two main modes. Library mode provides an
estimate of the retrieval and an overview of the retrieval results. In its turn, view
mode provides an opportunity to examine each image and its associated meta-
information in detail. Since digital images obtained using modern photosurvey
equipment can have high resolution, which significantly exceeds the resolution of a
computer monitor, the view mode has a function of image scaling including auto-
matic scaling to fit the application window size.

The uploading of new images and the editing of the metadata of existing cata-
logue items are performed in the metadata editor (Fig. 3). It can be used to change
the coordinates of the photosurvey location, its geographical region, date, season, pho-
tosurvey method, coast genetic type as well as to make adjustments to the photograph

perars s Copocuts orp

P _ ]
o - [ N O

IC 00rocepera Kpnsa: wsoopanensh o Gase 962, coor

a b

Fig. 2. The user interface of the application main window: LIBRARY mode (a) and
VIEW mode (b)

5 Python Software Foundation: Graphical User Interfaces with Tk. Python.2001. [online]
Available at: https://docs.python.org/3/library/tk.html [Accessed: 2 December 2024].
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Fig. 3. The Image metadata editor window

description. The mass upload mode provides the user with the ability to quickly
add images with similar metadata to the database, such as the results of an expedi-
tion photosurvey at a particular location.

When entering the image metadata, the software system under development
implemented the ability to read data from the Exif headers of uploaded files (in-
cluding the coordinates of the photosurvey location according to GPS data and the
date of the photosurvey) and introduced functionality that makes it possible to de-
termine the region and genetic type of the coast by the coordinates of the photosur-
vey location. The closest region known to the application is chosen as a photosurvey
one. Thus, the database of the IRS PhotoCoasts of Crimea contains the information
about 140 coastal regions from monograph [7]. To find the region closest to the
photosurvey point, the software uses coastline geodata indexing on a uniform grid
in the polar coordinate system [10] centred at 45.5° N, 34.0° E.

Work with the geoinformation part of the meta-information base is carried out
in the geodata editor (Fig. 4), which can be used to create, delete and correct in-
formation about photosurvey regions including coordinates, name and genetic type
of the coast.
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Conclusion

The information retrieval system PhotoCoasts of Crimea was developed
based on the concept of the software PhotoCoasts. It was optimised for solving
the practical task of systematisation, classification and work with the collection
of digital images of the Crimean Peninsula coasts in the course of scientific re-
search. The article describes the structure of the image catalogue and the method of
storing metadata of the photosurvey subject. The order of work with the system
when searching for information and loading new images is described. The key fea-
ture of the developed software is the module of formation of the geoinformation
base about the Crimean coast. The use of geoinformation together with the ability
of reading digital image metadata and mass loading of images significantly facili-
tates entering information into the system catalogue.

The developed information retrieval system PhotoCoasts of Crimea has a sig-
nificant potential for further evolution. Its functionality can be extended and adapted
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to work with images from other regions. Following appropriate adjustment, this ver-
satile software will allow systematisation, classification and work with digital im-
age collections in a wide variety of scientific fields.
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