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Abstract

The coastal zone and shelf of Crimea are the objects of long-term comprehensive research
predetermined by the significant role these zones play in the economic life of the peninsula.
The purpose of the research is to identify trends in inter-annual variability in the structural
and functional characteristics of the pelagic community. Data on remote sensing (from sat-
ellites), in situ measurements (on board a research vessel) and computed parameters were
employed to identify the variability of physical and biological characteristics of the Crime-
an shelf waters from 2010 to 2020. It was shown that after the environmental cataclysms of
the 1990s, associated with shelf eutrophication and trophic impact of plankton invasive
species, the planktonic community entered a period of relative stability. The inter-annual
variability of its key structural and functional characteristics (namely, phytoplankton bio-
mass, the intensity of its bioluminescence, zooplankton biomass, net primary production
and the ratio of production to biomass) could be characterized rather by inter-annual fluc-
tuations due to hydrophysical dynamics than statistically significant trends of long-term
variability. The hydrophysical dynamics was assessed by two parameters: the kinetic
energy density and cross-shelf mass transfer in the upper layers.
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AHHOTAINSA

IIpubpexnast 30Ha KpeiMa 1 ero menbd SBISIOTCS 00EKTaMA MHOTOJICTHIX KOMITICKCHBIX
UCCIICIOBAHMM, MPEIONPEICIICHHBIX TOH 3HAYUMOW POJIBIO, KOTOPYHO 3TU 30HBI HTPAIOT
B DKOHOMHYECKON JKH3HH TONyocTpoBa. Llemp paboOTHl COCTOMT B BBIABICHUU TPEHIIOB
MEXT0JJOBOI M3MEHUYHNBOCTH CTPYKTYPHBIX M ()YHKIIMOHAJIHHBIX XapaKTEPUCTUK ITeJarnye-
cKoro coobmiecTBa. JlaHHBIE TUCTAHIIMOHHBIX U3MEPECHHH (CO CIIyTHUKOB), KOHTaKTHBIX
n3MepeHnii (¢ 60pTa HayYHO-HCCIIEOBATEIHCKOTO CYJHA) W PACUCTHBHIC MMapaMeTphI
UCIIONIb30BaHbI [UIsl BBISIBICHUS! N3MEHYMBOCTH (DU3NYECKUX U OUOJIOTHUECKHX XapaKTepH-
ctuk menb@oBbix Boa Kpeima B 2010-2020 rr. [TokazaHo, 9TO MOCIHIE SKOJIOTHUECKHUX KaTa-
Ku3MoB 1990-x TT., CBsA3aHHBIX ¢ 3IBTpoduKanueil menbha U TPOYUUESCKUM IPECCOM
TUTAHKTOHHBIX BUJIOB-BCEJICHIICB, TUIAHKTOHHOE COOOINISCCTBO BCTYITHIIO B MIEPHO]] OTHOCH-
TEJILHON CTaOMIBHOCTH. MEXro/10Basi H3MEHUYHMBOCTh €T0 KITFOYEBBIX CTPYKTYPHBIX U (DyHK-
UOHAJBHBIX XapaKTEPUCTHK (OMOMacChl (PUTOIUIAHKTOHA, HHTCHCHBHOCTU €r0 OHOJIFOMU-
HECIICHITNH, OMOMACCHI 300TUIAHKTOHA, YHCTOW MEPBUYHON MPOIYKIIUU U OTHOIICHUS PO-
JIYKIIMKA K OMOMacce) XapaKTepH3yeTcsl He CTOJIBKO CTATHCTHYCCKU 3HAYMMBIME TPECHIAMHU
MHOTOJICTHEH W3MEHUYMBOCTH, CKOJIBKO MEXTOJOBBIMH KOJEOaHUSAMH, 00YCIOBICHHBIMU
ruApo(hU3NIECKON TUHAMUKOW. DTa TMHAMHKA OICHHBAJach JBYMS IapaMeTpaMu: BEJH-
YUHOH TUIOTHOCTH KUHETHYECKOM YHEPTUH U KPOCC-IIeNb(POBEIM MacCOIIEPEHOCOM B BEpPX-
HUX CIIOSIX.

KiroueBble cjioBa: (DUTOIUIAHKTOH, 300IUIAHKTOH, OHOJFOMHUHECIICHIMS, 3arps3HEHUE,
TeMIIepaTypa MOBEpXHOCTH Mopsi, YepHoe Mope
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ro gonaa (mpoekt Ne 23-24-00007) u B pamkax rocyaapcrBeHHbiX 3aganuit ®I'BYH OUIL]
NuBIOM Ne 121040600178-6 («CTpykTypHO-(DYHKIIMOHAJIBHAS OpraHU3alus, NPOyKTHB-
HOCTb M YCTOHYMBOCTb MOPCKHX MeNaruueckux sxkocuctem»), Ne 121030100028-0 («3ako-
HOMEPHOCTH (OPMHPOBaHMS W aHTPOINOTeHHas TpaHcopMaius OnopasHoOOpasusi u
6uopecypcoB A3zoBo-UepHomopckoro OacceiiHa u Ipyrux paioHOB MHUpPOBOTo okeaHay),
Ne 121041400077-1 («PyHKIMOHANBHBIE, META0OIMIECKAE W TOKCHKOJIOTHYECKUE aCTICKTHI
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Astopsl onarogapusl A. Akpinar (Middle East Technical University, Turkey) 3a nannsie
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Jns uuTupoBaHus: MexXrosoBas H3MEHYUBOCTh (DUBUUYECKMX M OHOJIOMMYECKHX XapaKTepH-
ctuk Boja Kpeimckoro menbda B netHuit cezon (2010-2020 romer) / C. A. IIHOHTKOBCKUH
[n mp.] // Dxonormdueckast 6€30MacCHOCTh MPUOPEKHON U IeNIb(HOBOI 30H MOpst. 2024. Ne 2.
C. 39-59. EDN CUBYXI.

Introduction

The coastal zone of Crimea and its shelf are the objects of many years of com-
plex research by Roshydromet, VNIRO and the Russian Academy of Sciences, pre-
determined by the significant role these zones play in the economic life of the penin-
sula. Gas production (about 1.6 billion cubic meters) ¥, development of aquaculture
(with cultivation of mussels, oysters, shrimps and other organisms with a volume of
about 2,700 tons per year)?:?), fisheries (with a catch of about 40,000 tons per
year) ¥, tourism and recreation (with a load of about 8 million holidaymakers per
year) are important components of economic activity; and investments in the devel-
opment of the fishery complex of the Southern Federal District are estimated at about
60 billion rubles in the first two decades of the 21* century [1, 2].

As part of this multidisciplinary activity, the monitoring based on multiple-
year measurements of key parameters enhances the understanding of the resource
dynamics and ecological state of the shelf [3]. It should be noted that an anthropo-
genic load on the Crimean shelf is high due to its small width, high population den-
sity along the coast, developed agriculture and industrial complex, forming about
30% of the consolidated budget of the Republic of Crimea. As a consequence,
in 1998-2018, the Yuzhnye sewage treatment facilities, producing 76% of the total
volume of domestic sewage in the region, discharged 468,000 cubic meters per
year in the Sevastopol region alone [4]. Measurements of petroleum hydrocarbon

D Rambler/finance. 2024. [online] Available at: https:/finance.rambler.ru/markets/41621705-
dobycha-gaza-v-krymu-snizilas-v-2018-godu-na-3-do-1-6-mlrd-kubometrov [Accessed: 5 June
2024] (in Russian).

2 Government of the RF, 2022. On Approval of the Strategy for the Development of the Fishery
Sector of the Russian Federation for the Period until 2030 (together with the Action Plan for
the Implementation of the Strategy for the Development of the Fishery Sector of the Russian
Federation for the Period until 2030). Resolution of the RF Government no. 2798-p as of 26
November 2019 (as amended on 12 May 2022) (in Russian).

3 Federal Agency for Fisheries. Crimean farmers plan to start supplying oysters to Armenia and
Kazakhstan in 2020. 2020. [online] Available at: https:/fish.gov.ru/obzor-smi/2020/01/22/fermery-
kryma-v-2020-godu-planiruyut-nachat-postavki-ustrits-v-armeniyu-i-kazakhstan [Accessed: 5 June
2024] (in Russian).

4 Government of the City of Sevastopol, 2020. Strategy for the Development of the Black Sea
Anchovy Fishery in the Black Sea for 2021-2030. In: GSS, 2020. Minutes of the Meeting of the
Azov-Black Sea Basin Scientific and Fisheries Council. Sevastopol, pp. 8-26 (in Russian).
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concentrations by the SOI staff in 2023 at eight stations in Karkinitsky and
Kalamitsky Bays showed that the maximum permissible concentrations were ex-
ceeded at all eight stations.

In oceanological studies, the shelf boundary is usually delineated by a 200-metre
isobath [5]. According to its morphostructural characteristics, the western area
(from Tarkhankut Bay to Laspi Bay and Sarych Bay), the southern coastal area
(from Sarych Bay to Meganom Bay) and the eastern area, including the area of
Feodosia Bay and the Kerch-Taman shelf, are distinguished [6]. The bottom relief
is spatially heterogeneous: while in the north of the western shelf of the peninsula
the 60 m isobath is located at a distance of 10—15 km from the shore, in the south it
passes in close proximity to the water’s edge. In the main part of the shelf, its width
is 90 km [7] and increases in the northwestern direction, reaching 220 km in the area
of the Gulf of Karkinit.

Regional peculiarities of the shelf geomorphology determine proximity of
the Rim Current (RC) to the coastline. It comes close the coast at the southern tip
of the peninsula. The RC velocity with a flow width of up to 80 km is 40—150 cm/s
[5], which is several times higher than that of the coastal current.

The geostrophic dynamics of waters is subject to interannual variability, due to
which the circulation may have a “basin” (with a pronounced RC) or an “eddy”
mode [8]. The change of modes affects physical and biological characteristics of
the pelagic ecosystem. The thermohaline structure of waters, their physical dynam-
ics, phyto- and zooplankton production affect fishery stocks of small pelagic fish
(anchovy Engraulis encrasicolus (Linnaeus, 1758) and sprat Sprattus sprattus
(Linnaeus, 1758)), which form the basis of fisheries in Crimean waters [9].

The purpose of our research was to identify trends in the interannual variabil-
ity of structural and functional characteristics of the pelagic community in the first
decades of the 21* century, since the processes that occurred in the previous dec-
ades were covered in a number of overviews [10, 11].

Material and methods

To identify multiyear trends, we used the results of remote measurements
(by MODIS-Aqua/Terra satellite scanners), contact measurements (from the R/V Pro-
fessor Vodyanitsky) and calculations of structural and functional relationships, such
as the ratio of primary production to forage zooplankton biomass and the ratio of
gelatinous biomass to forage zooplankton fraction (Table 1).

The geographical contours of the study area are defined by a multiyear grid of
oceanographic stations carried out during the expeditions of the R/V Professor
Vodyanitsky (Fig. 1) within the scope of different projects.

Due to the diverse objectives of these projects, the set of measured parameters,
the number of stations and their location varied over years. The bulk of the contact
measurements of biological characteristics took place in 2010-2020. Some plank-
ton samples from later expeditions remain unprocessed. The examples of field sur-
veys with vertical soundings at stations and their distribution are given in Fig. 1
and Table 2.
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Table 1. Analyzed characteristics

Parameter Measurement type Source
Wind speed Products of models URL.: https:// giovanni. gsfc.nas
at the sea surface MERRA-2 / a.gov/giovanni;
(m-s) M2TMNXOCN v.5.12.4; | URL: https://psl.noaa.gov/data/
NCEP/NCAR Reanalysis timeseries/

Sea surface
temperature (°C)

Remote sensing
(MODIS-Aqua)

URL: https://giovanni.gsfc.nasa.
gov/giovanni/

Mass transport
in the 0-200 m layer (Sv)

NEMO model v.3.6
calculation results

[12]

Concentration of

petroleum hydrocarbons IR radiometry Archive materials of SOI ¥
(mg-dm™)
A S:rll(c):r)ll‘zr };}t,il(l)n Remote sensing URL.: https://oceancolor.gsfc.nasa
3 (MODIS-Aqua/Terra) .gov; model calculation [13]
(mg'm™)
Phytoplanktor}zblomass Processmg of samples Archive materials of IBSS
(mg-m™) collected in expeditions

Primary production
(mg C-m~3-day™")

Calculation results from
remote sensing data

Bioluminescent
potential
( 108 W- SfZ.Lfl)

Sounding
in the 0-50 m layer

Archive materials of IBSS ¢

3) Korshenko, A.N., ed., 2023. Marine Water Quality by Hydrochemical Indicators. Annual Report
2021. Moscow: GOIN, pp. 70-105 (in Russian).

) Zhuk, V.F., Belogurova, Yu.B., Vasilenko, V.I. and Melnik, A.V., 2023. Bioluminescence of
the Black Sea. Atlas. Sevastopol: IBSS, 371 p. (in Russian).
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Continued Table 1

Parameter

Measurement type

Source

Forage zooplankton Catching
i © P -3 in the 0—-100 m layer Archive materials of IBSS
biomass (mg-m™) :
with a Juday net
Catching

Gelatinous zooplankton
biomass (mg-m )

in the 0—100 m layer
with a Bogorov Rass net

Archive materials of IBSS

Ratio of
primary production
to forage zooplankton
biomass

Calculation results
from measured
parameters

Archive materials of IBSS

Stocks and catches of
small pelagic fish
on the Crimean shelf

Results of calculation of
trawl catch parameters

Archive materials of VNIRO,
Azov and Black Sea Basin
Scientific and Fishery
Council,
https://fish.gov.ru
and works [13, 15, 16]
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Fig. 1. Examples of oceanographic station grids carried out on board R/V Professor
Vodyanitsky: 102" cruise, June—July, 2018 (a); 108" cruise, July—August, 2019 ()
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Table 2. The R/V Professor Vodyanitsky expeditions, from 2010 to 2022

Number of
Year Cruise number oceanographic stations
2010 64, 68 16, 23
2011 70 41
2013 72 50
2015 81 52
2016 86 63
2017 93,94, 95, 96,97 39,104, 132, 93,22
2018 102, 103,105 137,155, 114
2019 106, 107,108, 110, 111 106, 2, 174, 120, 142
2020 113,114,115 163, 130, 97
2021 116,117,118, 119 134,145, 49, 146
2022 120, 121, 122, 123,124, 125-1 124,221, 189, 113, 56, 128

Remote measurements. A time series of monthly mean sea surface tempera-
tures was constructed from MODIS-Aqua upwelling spectroradiometer measure-
ments. Level 3 (L3) data obtained with a spatial resolution of 4 km and further
averaged for the Crimean shelf were used. Two time series were constructed:
one with monthly average resolution and one with interannual temperature averag-
ing over the entire summer season. Both time series are presented in units of devia-
tion from the multiyear average for each of the time series.

The same satellite also obtained time series of chlorophyll a concentration
in the surface layer and photosynthetically active radiation. The time series of
monthly mean values of wind speed above the sea surface (at a height of 10 m) and
a zonal component of wind speed were downloaded from the MERRA-2 and
NCEP/NCAR reanalysis databases.

Computational characteristics. The net integral primary production in the eupho-
tic layer was calculated using an algorithm where surface temperature and photo-
synthetically active radiation are remotely measured parameters [14]. The chloro-
phyll a concentration values (from MODIS-Aqua scanner measurements) used to
calculate primary production underwent correction to separate chlorophyll and dis-
solved colored matter [13]. The calculations of lateral mass transfer of water in the di-
rection from the shelf to the seaward part in the 0—50, 50-200 and 0-200 m layers
were carried out by A. Akpinar and co-authors and detailed in their works [17, 18].

Contact measurements. Phytoplankton was studied according to the data of
bathometric water samples (2 liters in volume) taken from the R/V Professor Vod-
yanitsky. The samples were thickened by reverse filtration through track membrane
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filters with a pore diameter of 1 um. The resulting concentrate was preserved with
Lugol’s solution (0.1 mL per 50 mL of sample). Phytoplankton species composi-
tion and cell sizes were determined in a Naumann chamber under a XY-B2 trinocu-
lar microscope. The cell volumes and biomass were calculated according to the gen-
erally accepted methodology .

Measurements of the bioluminescence intensity of the plankton community
(its bioluminescence potential) were taken from aboard the ship. The biolumines-
cence potential (BP) characterizes the maximum luminescence energy of organ-
isms: BP = [ B(¢) dt, where B(f) — light emission intensity during a bioluminescent
flash (¢) [19]. For BP measurements the Salpa-M submersible instrument complex
was used, which in the vertical sounding mode enables synchronous measurements
of mechanically stimulated bioluminescence of planktonic organisms (in the range
from 107" to 10® W-ecm 2-L™" with precision £10%), hydrostatic pressure, tem-
perature, conductivity, turbidity and photosynthetically active radiation. The reso-
lution of measurements when the device was immersed at a velocity of 1.2 m's™,
was 0.25 m. The method of work was described in detail earlier [19].

Zooplankton were collected using a Juday plankton net with an inlet diameter
of 36 cm (mesh size 140 um). The obtained samples were condensed to 100 mL
and preserved with neutral formaldehyde solution to 4% concentration. The sam-
ples were processed by standard counting in the Bogorov chamber: taxonomic
composition, age stages, size of hydrobionts and their number in the sample were
determined. The size-weight relationships known for the Black Sea species were
used to convert the size characteristics of individuals to biomass units [20]. Based
on the results of sample processing, the biomass of zooplankton in a meter cubic
and under a meter square of the sampled layer was calculated.

The data on the concentration of petroleum hydrocarbons and stocks and
catches of small pelagic fishes on the Crimean shelf were retrieved from the archival
materials of SOI, VNIRO, reports of the Azov-Black Sea Basin Scientific and
Fisheries Council and the published articles (Table 1). Statistica v.9 and PAST v.13
software products were used for graphical representation and statistical processing.
In particular, the nonparametric Mann—Kendall test, used in the analysis of time
series in hydrophysics and hydrometeorology [21], was applied to test the statisti-
cal significance of the monotonic interannual trend.

Results and discussion

Interannual variability was analyzed for the summer season as the most abun-
dant with biological measurements.

Wind speed. In the summer season, the wind field in the near-surface layer
over the Crimean shelf is spatially heterogeneous both in the direction and
in the values of the meridional and zonal components of speed, which was noted
earlier [22]. In June-August 20022020, the mean wind speed was 5.1 £0.2 m-s™'

7 Radchenko, 1.G., Kapkov, V.I. and Fedorov, V.D., 2010. [4 Practical Guide to Collecting and
Analysing Marine Phytoplankton Samples]. Moscow: Mordvintsev, 60 p. (in Russian).
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and had no statistically significant monotonic interannual trend (Mann—Kendall test
S=-23,Z=0.77, p = 0.44). It was also absent in the time series of summer values
of the zonal velocity component dominating in the formation of alongshore water
mass transfer on the Crimean shelf (S =—87, Z=1.28, p = 0.20).

Physical water dynamics. A characteristic property of the pelagic community

biotope is its mobility (mass transfer). From a regional perspective, mass transfer is
determined by the direction of both the RC and the coastal current. In the area of
the southern coast of Crimea, the latter is a wind-modulated large-scale alongshore
flow of west-south-west direction, parallel to the coastline, with a mean annual
velocity modulus of ~ 8 cm-s™' [23] with maximum values up to 35 cm-s ' [24].
Meandering currents, mesoscale and submesoscale eddies (Fig. 2) form mass trans-
fer anomalies, including transverse mass transfer of waters from the coastal area
beyond the shelf [25—27]. The multicomponent dynamics is most clearly represent-
ed in the animation of the NEMO-eNATL60 model *.

Both physical and biological parameters are sensitive indicators of cross-shelf
mass transfer. Thus, the tongue of warm water directed from the shore to the sea-
ward part can be seen in the spatial distribution of sea surface temperature far be-
yond the shelf (Fig. 2, b).

Coastal upwelling is manifested in the sea surface temperature field by tongues
of cold water directed from the coast to the seaward part. Summer surface tempera-
ture in the Crimean shelf can be 10—12 °C. The data of expedition and satellite
measurements contain numerous episodes of coastal upwelling during the summer
period. The time series of cross-shelf mass transfer on the scales of seasonal and
interannual variability were obtained from the three-dimensional circulation model
NEMO v.3.6, which has 61 vertical layers with zonal and meridional spatial resolu-
tion of 3 km (Fig. 3).

Transverse mass transfer showed relative stability in the upper 0—50 m and in-
tegral 0—200 m sea layer (no interannual trend: Mann—Kendall test for the 0—200 m
layer, § = 110, Z = 1.33, p = 0.18). The trend was also absent in the interannual
variability of the kinetic energy density in the upper 30 m layer, which characteriz-
es the intensity of currents in it [28].

The interannual temperature changes in the upper layers are ecologically sig-
nificant, as key structural and functional characteristics of the coastal pelagic com-
munity are correlated with temperature [19, 29, 30]. The multiyear trend in the Black
Sea surface temperature (from 1993 to 2021) is generally positive (0.07 °C year),

* The model shows details of the macroscale turbulence of the entire basin at hourly resolution
Available at: https://www.youtube.com/watch?v=IaWycRF5Zho [Accessed: 30 May 2024].
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Fig. 2. Large scale (a, b) and mesoscale (¢ — f) spatial structure of hydro-
physical fields: the direction and geostrophic current velocity in the upper
layer, in August 2018 (a) and the sea surface temperature (b) (available at:
https://dekosim.ims.metu.edu.tr/BlackSeaModels/BlackSeaModels.shtml); exam-
ples of mesoscale heterogeneities of sea surface temperature (c), temperature
at 1 m depth (d), salinity at 1 m depth (e). Vectors of currents from instrumental
measurements (f). Red arrows indicate the Rim Current. The Sevastopol anticy-
clonic eddy (CA) and Crimean anticyclonic eddy (KA) are highlighted with red
ovals [26]
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Fig. 3. Cross-shelf water mass transport (Sv) in the layers: 0-200 m
(a), 0-50 m (b) and 50-200 m (c). Positive values stand for the transport
directed off the shelf seawards. The red curve stands for the trend based
on a running mean, with a 30-day smoothing window [12]

although the rate of increase becomes less pronounced from 2011 to 2022 (Fig. 4, ).
On the Crimean shelf, there was no interannual trend of sea surface temperature
anomalies in 20112022 (Fig. 4, b, ¢; Mann—Kendall test, S = 1652, Z = 1.32,
p = 0.19). This is clearly represented by the interannual variability of the summer
season anomalies (Fig. 4, ¢).

Pollution. River, storm and municipal runoffs make a significant contribution
to the pollution of coastal waters of Crimea. Thus, on the seaside of Sevastopol,
the average concentrations of petroleum hydrocarbons in 2016-2021 were approx-
imately twice as high as the maximum permissible concentrations [31]. The increase
in the concentration of ammonia nitrogen and petroleum products in the city
wastewater in the first decades of the 21* century was reported in [32].
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Fig. 4. Temporal variability of the sea surface temperature (SST):
sea surface temperature deviations from the mean, on a basin scale
(https://data.marine.copernicus.eu/product/BLKSEA OMI TEMPSAL sst area
_averaged anomalies/description) (a); the Crimean shelf sea surface temperature
anomalies in monthly time series. The red dashed curve stands for the running mean
(with a 12-month window) (b); the Crimean shelf sea surface temperature anomalies
of the summer season (in 2002—2022), smoothed by a cubic spline (c)

Planktonic organisms are known to be sensitive to high concentrations of pe-
troleum hydrocarbons, which adversely affects the growth rates of phytoplanktonic
algae [33, 34], the intensity of their bioluminescence [19, 35] and zooplankton
reproduction [36].

There is no statistically significant trend (Mann—Kendall test, S =24, Z = 0.61,
p = 0.54) in the multiyear SOI data on the mean annual concentration of petroleum
hydrocarbons in the coastal waters of Crimea as a whole (in 2000-2022) (Fig. 5).
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A likely reason for the absence of an interannual trend in the concentration of
petroleum hydrocarbons within the Crimean shelf may be the combination of a nar-
row shelf with a stable interannual cross-shelf mass exchange (Fig. 3), which can
offset the interannual increase in hydrocarbon concentration due to exchange with
open waters, but maintain its high average level due to incoming high-volume runoff.

Another explanation for the presented dynamics could be the lack of data,
as the coverage of the shelf by measurements was spatially uneven and weak due to
the fragmented nature of monitoring, especially in the first decade of the 21* centu-
ry owing to insufficient funding [32]. It should also be noted that the infrared radi-
ometric concentration measurement used by SOI is less sensitive to the concentra-
tion of natural petroleum hydrocarbons compared to the fluorimetric measurement
method. As a consequence, the concentration level of petroleum hydrocarbons
in coastal waters is recognized as being below the maximum permissible concen-
tration established for water bodies of fishery significance, while the fluorescent
analysis data show that this level is exceeded by 1.4 times [37].

Input of ~ 80% of runoff into coastal waters without treatment and increase in
the volume of wastewater [4] will worsen the sanitary condition of the shelf.
Probably, in the summer season we should expect an increase in the cases of gas-
trointestinal (bacterial-viral) infections, the cause of which is the sea. However,
hypothesis testing needs appropriate preparation of time series of parameters
for their statistical analysis.

Phytoplankton and primary production. Eutrophication of shelf waters as a re-
sult of runoff affects the structure and productivity of the phytoplankton community.
This has been shown by studies of the broad and shallow northwestern Black Sea
shelf on the scale of multiyear variability [10]. The productivity of shelf waters of
Crimea is much lower and the taxonomic composition of phytoplankton is very
diverse: Dinophyceae alone are represented by 156 taxa of species and intraspecific
rank. The genera Protoperidinium, Gymnodinium and Dynophysis dominate
by the number of species [38]. In 2010-2019, the genera Dinophyceae made the great-
est contribution (~ 46%) to phytoplankton biomass formation. The share of other
groups (Bacillariophyceae and Prymnesiophyceae) was ~ 39 and 15%, respectively.
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Fig. 6. Interannual variability of phytoplankton biomass (@) and net primary
production (). The vertical whickers stand for the error mean

Their contribution in different years differed by an order of magnitude. In the inter-
annual variability of biomasses of Dinophyceae, Bacillariophyceae and Prymnesi-
ophyceae of the integral layer, no statistically significant trends of interannual vari-
ability were revealed (Fig. 6).

Calculation of the values of integral net primary production on the scale of
the Crimean shelf showed the absence of an interannual trend (Mann—Kendall test,
S=924; Z=1.82; p=0.07). It was also absent in the time series based on summer val-
ues only (S =-19; Z=1.40; p = 0.16). The absence of trend was observed on the shelf
of the Anatolian coast and in the eastern part of the Black Sea for the earlier period
of 1998-2015 [39]. In the time series of net primary production plotted against
monthly averages, a decrease in the range of fluctuations can be observed, high-
lighting the interannual stabilization of the process (Fig. 6).

Bioluminescence of plankton. Bioluminescent potential has a dual nature.
On the one hand, it is regulated by the abundance and biomass of bioluminescent
organisms (primarily phytoplankton, which dominates the integral mechanical-
ly stimulated bioluminescence in the Black Sea), and on the other hand, it serves as
an indicator of the functional (physiological) state of these organisms, since the charac-
teristics of their bioluminescence depend on temperature, salinity, oil pollution and
other factors [19].

No monotonic trend was observed in the time series of integral layer BP values
(Fig. 7). It can be assumed that the interannual (“non-trend”) variability of BP is
regulated by the dynamics of Dinophyceae biomass. Thus, during the four-year
period of studies at the coastal station near Sevastopol (in 2010-2013), the value of
the sample correlation coefficient between BP and biomass of luminous Dinophyceae
in monthly time series was 0.91 at p = 0.01 [40].

The next group (Bacillariophyceae) is not bioluminescent in terms of its contri-
bution to the total phytoplankton biomass, but its multiyear dynamics is given
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in this section (Fig. 5) to state that there is no multiyear trend in biomass at the lev-
el of individual phytoplankton taxonomic groups (at p = 0.24).

Zooplankton. Interannual fluctuations in the taxonomic composition and bio-
mass of phytoplankton are reflected in the characteristics of spatial and temporal
variability of the biomass of zooplankton consuming phytoplankton. The basis of
the biomass of feeding zooplankton in the summer period in all years was formed
by Copepoda (41-48%) and bristlefishes, represented by one species — Parasagitta
setosa (J. Muller, 1847) with the share varying in the range of 12-49%. There was
no trend in the long-term dynamics of zooplankton biomass (Fig. 7). It was not
detected in the dynamics of gelatinous zooplankton biomass according to eight
years of observations (2010-2018). We should note a large range of fluctuations
in the biomass of forage zooplankton with the average number of stations for
the summer season equal to 16 for each of the expeditions. Apparently, this range
is modulated by the mesoscale and submesoscale spatial heterogeneity of the bio-
tope, elements of which can be seen in Fig. 2.

The zooplankton of the Black Sea includes indicator species of coastal waters.
These include branchiopod crustaceans (Cladocera), which develop extensively
during the summer months. Their presence in offshore waters may be considered
as a consequence of cross-shelf mass transfer. Thus, the analysis of samples
showed the presence of species of Penilia avirostris, Pleopsis polyphemoides,
Pseudevadne tergestina above the depths of 1800-2120 m. Cladocera abundance
in coastal areas (151-303 eq/m®) was one or two orders of magnitude higher than
in deep waters. Interannual variability is also significant. For example, in 2014—
2020, fluctuations in total abundance in the deep water and on the shelf reached
one or two orders of magnitude without pronounced interannual trends.
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As for the non-feeding, i. e., gelatinous zooplankton (jellyfish, comb and
noctiluca), its crude biomass (in 2010, 2011, 2013, 2016, 2018) exceeded the crude
biomass of the feeding zooplankton by tens and sometimes hundreds of times.
The ratio of gelatinous to foraging zooplankton biomass converted to organic car-
bon units was markedly lower. However, the two- to threefold dominance of gela-
tinous in this respect was preserved, indirectly indicating the predominance of
the detrital (rather than grazing) pathway of organic carbon transfer in the pelagic
ecosystem of the shelf.

Among the set of structural and functional relations characterising the plank-
ton community as a whole, we should mention the ratio of net primary production
to biomass of forage zooplankton, which is interpreted as the rate of turnover of
primary production through zooplankton [41, 42]. The calculation of this ratio
showed no interannual trend in 2010-2018 with its mean value of 2.3 and coeffi-
cient of variation of 36%. In general, the twofold coverage of the available biomass
of forage zooplankton by net primary production indicates favourable feeding con-
ditions for zooplankton organisms on the shelf.

Small pelagic fishes. Multiyear dynamics of sea surface temperature and bio-
mass of forage zooplankton is important for the formation of the commercial stock
of its mass consumers (anchovy and sprat) and interannual fluctuations of this
stock [43]. In 20162018, their catches accounted for 96% of the total catches in
Russian waters [9]. In the current regulatory framework, stock and catch estimates are
separated by fishing area. For example, in August 2023, average sprat catches per
vessel, according to AzZNIIRKH data, varied between ~ 36 tons in the western part
of the shelf (the Kalamitsky Gulf) and ~ 42 tons in the eastern part (the Gulf of
Feodosia) with the maximum allowable exploitation of the resource estimated
at 18—-20 thousand tons in 2023-2024 [15].

On the scale of interannual variability (in 2010-2019), the dynamics of the com-
mercial stock of Azov anchovy (east of Cape Sarych) had a statistically significant
negative trend (Mann—Kendall test, S = —25, p = 0.01), which is regulated by both
physical and anthropogenic factors (with the dominance of the latter). The proba-
bility of wintering aggregations forming along the Crimean coast is considered
to be extremely low in the context of continuing stock decline. The unregulated
catch of seasonally migratory anchovy and sprat by fishing vessels from Turkey
(whose catches account for about 62% of the total in the Black Sea basin) is one of
the factors in the long-term decline of fish stocks, including Crimean fish stocks [44].
It probably reduces the positive impact of the extended spawning season for small
pelagic fish, which has been noted in connection with the long-term increase
in temperature in the upper layers [45, 46].

Conclusion

After the cataclysms of the 1990s associated with eutrophication and trophic
pressure of planktonic omnivores Mnemiopsis leidyi A. Agassiz, 1865 and Beroe
ovata Mayer 1912, the interannual structure of the pelagic plankton community of
the Crimean shelf became relatively stable. Since in complex systems (in particular,
ecosystems) the structure of the system regulates its function, the relative stability
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of structural characteristics (primarily biomass) determined the absence of inter-
annual trends in the functional properties of the community: i.e. net primary
production, phytoplankton bioluminescence intensity, and the ratio of primary pro-
duction to biomass of forage zooplankton (i. e., the rate of turnover of primary pro-
duction through zooplankton).

Thus, the pelagic ecosystem of the Crimean shelf in the second decade of
the 21* century is characterized not so much by monotonic trends of interannual
variability as by interannual fluctuations of its structural and functional properties
against the background of relatively stable large-scale hydrophysical dynamics
estimated by kinetic energy density and cross-shelf mass transfer of water in the up-
per layers.
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