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Introduction

Kharytonova, Y. V., Nabokin, M. V., Mgeladze, M. M., Vadachkoria, P. A., & Dyadichko, V. G. (2021). Current state and long-term
changes in the mesozooplankton community of the Ukrainian and Georgian parts of the Black Sea as indicators of its ecological
status. Biosystems Diversity, 29(1), 47-58. doi:10.15421/012107

Water quality assessment is a key task of any measures in the field of water use, environmental management and protection. Thus, it
is necessary to conduct systematic monitoring to assess the ecological state in the marine waters and to develop a strategy for its recovery.
Anthropogenic impacts of various types leading to eutrophication and pollution of the Black Sea are changing the main characteristics of
all components of the aquatic ecosystem. Zooplankton plays a key role in the pelagic food web. This article presents the results of the
research on the state of zooplankton which was conducted during the Ukrainian-Georgian expedition in the framework of the international
project “Emblas-plus’ during 2016, 2017 and 2019. The ecological quality class of the investigated Black Sea waters was determined by
the zooplankton integrated index (IZI). In Ukrainian waters in total, 49 taxa of zooplankton were registered. In 2017 taxonomic composi-
tion of zooplankton was more diverse (36 taxa in 2016, 35 in 2019). In Georgian waters in 2019, 40 taxa of mesozooplankton were regis-
tered, most of them are widespread forms in the Black Sea. The most diverse group is Crustacea (Cladocera and Copepoda). The most
prevalent crustaceans were the eurythermic species, an important representative of forage zooplankton — Acartia (Acartiura) clausi Gies-
brecht, 1889 and two thermophilic species of Calanoida — Acartia (Acanthacartia) tonsa Dana, 1849 and Centropages ponticus Kara-
vaev, 1895. In Ukrainian waters average abundance and biomass of zooplankton in 2019 was similar to those in 2016 and much higher
than in 2017. Dominant taxa and spatial distribution of zooplankton in 2019 were similar to those in 2016 and 2017. Average biomass of
forage zooplankton in 2019 was approximately 10 times higher than in 2016 and 2017. In the Georgian coastal waters annual average
abundance and biomass of mesozooplankton decreased, due to a sharp decline in the abundance of Noctiluca scintillans (Macartney)
Kofoid & Swezy, 1921. It was found that at most of the stations the dominant role in the formation of zooplankton biomass was played by
the organisms of forage zooplankton. By the IZI index, the subdivision Northwestern Black Sea Bays had “Good”, “Poor” and “Mod-
erate” water quality in spring, summer and autumn respectively. The subdivision’s deepwater shelf and shallow shelf had *“Bad” water
quality. The subdivision Danube-Dnieper interfluve coastal waters had “High” water quality. The Danube Avandelta area had “High”,
“Good” and “High” water quality in spring, summer and autumn respectively. The best ecological class status was in 2019 and the worst
— in 2016. The main tendencies in changes in the mesozooplankton community in the Black Sea are decrease in the percentage of N.
scintillans in the total zooplankton biomass and increase in the percentage of Copepoda. Those tendencies indicate decrease in the pressure
of the negative eutrophication factor and show positive changes in the forage base of commercial planktophagous fish and the ecological
status of the Black Sea waters.

Keywords: monitoring of marine water; zooplankton integrated index; water quality; ecological quality class; Copepoda; Cladocera.

tence of zooplankton and its abundance do not only depend on phyto-
plankton (Stel’'makh, 2009). The impact of the hydrographical structure

Zooplankton plays a key role in the pelagic trophic web, since it binds
primary producers of organic matter (phytoplankton) and higher trophic
levels (mainly fish) (Koval, 1984). Some zooplankter (organisms of mac-
roplancton) are on the top levels of the pelagic trophic webs (Zaitsev &
Alexandrov, 1997). The participation of zooplankton in the process of wa-
ter self-cleaning is based on its nutrition upon detritus, bacterio- and phy-
toplankton, which are the main components of suspended organic matter
(Arashkevich et al., 2014). As a result, the water is cleaned of organic and
inorganic suspensions, the transparency of water increases, mineralized
suspended organic matter is drawn into the cycle of substances, suspen-
sions are deposited and accumulated on the bottom (Zaitsev, 1992; Vino-
gradov et al., 2006). Together with the other components of the marine
ecosystem (phytoplankton, phytobenthos, zoobenthos, bacteria, fungi
etc.), the status of the zooplankton can be used to assess the ecological
class of water quality (Kharytonova et al., 2020).

Zooplankton is very important since it is not only the secondary pro-
ducer in food chain but also it is food for fish and shrimp larvae. The exis-
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and stress caused by pollution is important as well. Creatures living in
aquatic environment lead their existence in a balance of nature. This ba-
lance has been changed during the last decades due to the factors such as
overfishing, eutrophication, and lack of oxygen. Consequently, some zoo-
plankton species are disappearing or available only in small numbers
(Zaitsev & Alexandrov 1997). In contrast to this, some other organisms
are developing and reaching high quantities. In addition to that, the variety
and community structure of copepods and cladocerans, whose existence is
typical for the Black Sea ecosystem, have changed considerably since the
pre-eutrophication period. Many dominant mesozooplankton species,
which support the fish stocks, have been replaced by small and less valua-
ble species (Ozdemir & Ak, 2012).

In the water column, different species of zooplankton occupy certain
depths due to temperature, light intensity, feeding, age, reproductive stage
and some other biological, chemical and physical factors (Zaitsev, 1993).
The domination of dinoflagellates in the Black Sea ecosystem led to a
change in the species composition of the zooplankton. Many large species
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of crustacean zooplankton feeding mainly on diatoms were replaced by
small opportunistic species. The most important species in the small zoo-
plankton community is Noctiluca scintillans (Macartney) Kofoid & Swe-
zy, 1921 due to its high abundance and biomass (Nawata & Sibaoka,
1983; Gordina et al., 2011; Nikishina et al., 2011).

Environmental problems in the Black Sea are serious. The seas shal-
low, mixed surface waters receive river discharges which are heavily
loaded with nutrients containing nitrogen and phosphorus and contami-
nated with industrial and mining wastes. In addition, coastal industries
appear to discharge wastes directly into the sea with little or no treatment.
Thus, the water quality of the life-supporting surface layer has seriously
deteriorated. Eutrophication (an enrichment in nutrients) presently prevails
in many parts of the Black Sea. It has dramatically changed the marine
food chain, thus contributing to the demise of the Black Sea fishery and,
especially in the northwestern region, to its diminished amenity value (Po-
kazeev et al., 2021). Different types of pollutants in domestic or industrial
discharges have different effects on human health and ecosystems at the
point of discharge and in the surrounding environment. This surrounding
environment may be very large and may extend beyond international bor-
ders (Bat et al., 2009). Continental discharge is one of the main sources of
terrigenous sediments, nutrients, and anthropogenic pollution in the sea
and can significantly affect seabed morphology, water quality, primary
productivity, and fishery in coastal areas (Osadchiev & Korshenko, 2017).

Environmental studies have become an integral and mandatory part
of studying the territory of Ukraine and the adjacent waters of the Black and
Azov Seas, the ultimate goal of which is, as a rule, the assessment of the
ecological state. Such studies are especially relevant for the coastal zone,
which is distinguished by a complex geological structure, an extraordinary
variety of natural processes and a powerful anthropogenic load (Loeva et al.,
2008; Robu et al., 2015). Traditionally, groups of both planktonic and ben-
thic hydrobionts have been used to monitor the quality of the marine envi-
ronment. For coastal ecosystems that are under much larger anthropogenic
loading than the open sea, priority is given to the fixed plant and animal
species as biological indicators. For open waters, biological factors of zoo-
plankton are more important (Oztiirk ta al., 1997; O’Higgins et al., 2014).
Criteria elements means the components of an ecosystem, in particular its
biological elements (species, habitats and their grouping), or aspects of
pressure on the marine environment (biological, physical, substances,
debris and energy) that are evaluated against each criterion. In accordance
with the requirements of the EU Water Directive (Directive 2000/60/EC)

and the Marine Strategy of the EU Water Directive (Directive 2008/56/EC)
for the classification and assessment of the reliability of various indicators
it was shown that there is a difference in the priority of indicators for open
and coastal waters (Rudneva & Petzold-Bradley, 2011).

Environmental impact assessment is usually defined as a mandatory as-
sessment procedure that analyzes and evaluates the impacts that human
activities can have on the environment (Moncheva et al., 2002; Moncheva
etal., 2012). According to the zooplankton indicators, the ecological quality
class of the studied Black Sea waters are determined on a 5 point quality
scale according to the standards of Water Framework Directive of EU:
high, good, moderate, poor and bad (Kharytonova, 2019; Kharytonova
etal., 2020).

The purposes of the present report are to give qualitative and quantita-
tive assessment of the zooplankton community in the Black Sea waters of
Ukraine and Georgia, to conduct comparative analysis of the years 2016—
2019 and earlier historical data and to assess the ecological status class
using the ecological quality ratio index (IZI) according to the standards of
MSFD and WFD and to describe long-term changes in the mesozoo-
plankton community in the Black Sea.

Materials and methods

Sampling and assessment of the quality of the aquatic environment of
the Black Sea based on zooplankton indicators took place within the
framework of the international project “Emblas-plus” during the Ukrainian-
Georgian expedition (NPMS and JBSS) during 2016, 2017 and 2019.

In Ukrainian coastal and shelf waters during the period 2016, 2017
and 2019 mesozooplankton samples were taken at 25, 15 and 20 stations
respectively. The historical data for the years 2006-2019 provided by
IMB and UkrSCES were analyzed too (Fig. 1).

In Georgian waters data collection was carried out within the National
Monitoring Programme on permanent stations situated in Batumi area,
inside Batumi Port and near Green Cape each month during last three
years 2017-2019. Additionally samples were taken at six transects on the
Georgian Shelf starting from the towns Gonio, Batumi, Chakvi, Kobuleti,
Poti and Anaklia during the two expeditions. One of them was organized
by the project EMBLAS-II in May 2016, and the other one in the same
season of 2018 under the national monitoring. The open sea samples were
taken during EMBLASHII (2017) and EMBLAS-Plus (2019) JOSS ex-
peditions at 4 stations (Fig. 2).
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Fig. 1. Zooplankton sampling map in Ukrainian coastal and shelf waters: a—2016, 5—2017, ¢c—2019
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Fig. 2. Zooplankton sampling maps in Georgian waters:
a—2016,b—2017 and 2019
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In open waters of the Black Sea in 2016-2019 the samples were ta-
ken at 25, 12 and 15 stations respectively (JOSS GE-UA-cruises). Each
cruise route consisted of two transects. First working transect (Gelendzhik)
started from the Gelendzhik shelf area and finished in the sea center in
95 miles offshore. This transect ended in the most probable position of the
center of the eastern cyclonic gyre consisting of 14 stations starting from
seabed 500 m. No stations are located on the shelf because the shelf tran-
sect in this area will be explored during the National Monitoring Pro-
grammer (Fig, 3).

In all expeditions mesozooplankton samples were taken using a stan-
dard Juday plankton net with the mouth area of 0.1 m* and mesh size
150 pm. Sometimes the small net with mesh size 100 um was used at the
North-Eastern Shelf shallow waters. Samples were fixed with buffered
formaldehyde solution (4% final concentration). The samples were pro-
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cessed under binocular microscope according the standard methodology
for zooplankton studies in the Black Sea (Salazkin, 1984).
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Fig. 3. Zooplankton sampling maps in open waters of the Black Sea:
a—2016,h—2017,c—2019

The qualitative and quantitative indicators of zooplankton were ob-
tained and species composition, abundance and biomass of different taxa
or groups were determined. Species were identified according to identifi-
cation guides by Morduhay-Boltovskoy (Mordukhai-Boltovsky, 1968,
1969, 1972; Kharytonova, 2019; Kharytonova & Nabokin, 2020).

It is advisable to use the following metrics of mesozooplankton of the
Black Sea as ecological indicators in the environmental monitoring (Ale-
ksandrov & Kharytonova, 2019): total biomass of zooplankton (B,
mg/nr’), biomass of N. scintillans (% of total biomass), Copepoda bio-
mass (% of total biomass), jellyfish biomass (% of total biomass), Shan-
non number index.

The preference should be given to integral indices based on all the
above characteristics. The integral indicator of zooplankton status (Ky) is
calculated by the formula (Kharytonova & Nabokin, 2020):

K= (Kim)™ * (Kl * K2 * K33 * Kdyy *KS,5)'™,
where K1, K2, K3, K4, K5 are metrics (different characteristics of zoo-
plankton), al, a2, a3, a4, a5 are the weights of the metrics; n is the number
of metrics. Conditions: 0 <Ki <1 and 0 <ai<100.

Since the integral indicator of mesozooplankton status should reflect
the state of the aquatic environment for the protection of biodiversity, the
weighting coefficients for each metric should correlate with Shannon by
number (H). The weight value of Shannon number index itself was as-
sumed to be 0.9 because it could not be equal to one (Kharytonova et al.,
2020). The quality of the aquatic environment was analyzed based on the
results of long-term monitoring of zooplankton status in the Ukrainian part
of the Black Sea and in the Danube Delta (Tables 1 and 2). Water quality
was defined for different seasons by five-point scale of ecological status
from excellent to bad (Kharytonova & Nabokin, 2020). To assess the
ecological class of water quality for the waters of the Black and Azov
Seas, integral indicators were calculated in accordance with this metho-
dology and the quality was defined by five-point scale from bad to high
(Borja etal., 2006; Atkins et al., 2011; Jeppesen et al., 2011).

Table 1
The value of the integral mesozooplankton (IZI) status indicator for determining the quality of Ukrainian marine waters (Kharytonova & Nabokin, 2020)
. Sea water quality
Subregion Season high moderate poor bad
spring >0.939 0.939-0.925 0.924-0915 0.914-0.881 <0.881
Coastal waters, summer >0.667 0.667-0.631 0.630-0.565 0.564-0487 <0487
Danube area autumn >0.910 0.910-0.899 0.898-0.890 0.889-0.867 <0.867
winter >0.743 0.743-0.733 0.732-0.709 0.708-0.699 <0.699
spring >0.900 0.900-0.883 0.882-0.863 0.862-0.789 <0.789
Coastal waters, summer >0.215 0.215-0.167 0.166-0.094 0.093-0.054 <0.054
Dnestrovsko-Dnieper area autumn >0.871 0.871-0.849 0.848-0.841 0.840-0.827 <0.827
winter >0.837 0.837-0.804 0.803-0.789 0.788-0.651 <0.651
spring >0.927 0.927-0917 0.916-0.899 0.898-0.864 <0.864
Shelf zone, surface layer summer >0.538 0.538-0.511 0.510-0477 0476-0.382 <0.382
(0-10 m), Danube area autumn >0.941 0.941-0.928 0.927-0914 0.913-0.884 <0.884
winter >0.603 0.603-0.597 0.596-0.593 0.592-0.591 <0.591
Shelf zone, spring >0.927 0.927-0912 0.911-0.897 0.896-0.835 <0.835
surface layer (0-10 m), summer >0.872 0.872-0.854 0.853-0.828 0.827-0.599 <0.599
Dniester-Dnipro area autumn >0.832 0.832-0.713 0.712-0.618 0.617-0.581 <0.581
spring >0.864 0.864-0.851 0.850-0.838 0.837-0.806 <0.806
Open water, summer >0.706 0.706-0.686 0.685-0.684 0.683-0.674 <0.674
surface layer (010 m) autumn >0463 04630452 0451-0.321 0.320-0.129 <0.129
winter >0.944 0.944-0.928 0.927-0.903 0.902-0.889 <0.889
spring >0.942 0.942-0.926 0.925-0911 0.910-0.892 <0.892
Shelf zone and open water, summer >0.647 0.647-0.635 0.634-0.617 0.616-0.602 <0.602
thermocline zone (10-25 m) autumn >0.924 0.924-0.907 0.906-0.895 0.894-0.866 <0.866
winter >0.396 0.396-0.340 0.339-0.280 0.279-0.268 <0.268
Open water, spring >0.940 0.940-0937 0.936-0.929 0.928-0918 <0918
cold hltenne;diate layer summer >0.893 0.893-0.876 0.875-0.812 0.811-0.701 <0.701
(25-100m) autumn >0.949 0.949-0.942 0.941-0.923 0.922-0.891 <0.891
winter >0.945 0.945-0.943 0.942-0.935 0.934-0.902 <0.353

For the Georgian waters of the Black Sea the following values of the
integral mesozooplankton status indicator were used for assessing the
ecological status (Table 3). This ranking was carried out after determining
the value of 1ZI for all observations used in calculations for a specially
developed program (Kharytonova & Nabokin, 2020). Due to the limited
amount of data on zooplankton in Georgian coastal and shelf water, ready-
made thresholds calculated for five categories were used to determine the
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threshold values between good environmental status (GES) and not good
environmental status (NotGES) (O'Higgins et al., 2014). As a result of the
merger of statuses “High” and “Good”, we established status of GES, and
by combining the remaining three categories of “moderate”, “poor” and
“bad”, we determined another status of NotGES.

The results were processed by standard methods with the calculation
of x — mean value, as the sample mean and standard deviation (SD). Dif-
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ferences between variants were considered statistically significant at P <
0.05. The difference between the study variants was proved by using
ANOVA.

Table 2

The value of the integral mesozooplankton status indicator

for determining the quality of transitional waters of the Ukrainian part
of the Danube Delta (Kharytonova, 2019)

Season High Good Moderate Poor Bad
Spring >0483 0483-0437  0436-0365 0364-0268 <0.268
Summer  >0.584  0.584-0.513  0.512-0411  0410-0376 <0376
Autumn  >0.663 0.663-0620  0.619-0539 05380473 <0473
Winter - - - - -

Note: — samples were not taken.

Table 3
The value of the integral mesozooplankton status indicator
for determining the quality of Georgian waters

Subregion High Good Moderate Poor Bad
Marine >0.844 08440543 05420264 0263-0.141 <0.140
coastal waters
Transition waters  >0.846  0.846-0584 0583-0301 0300-0.128 <0.128

Results

In Ukrainian waters in total 49 taxa of zooplankton were registered:
Protista— 2, Animalia: Coelenterata — 2, Ctenophora — 2 (Tentaculata — 1),
Nematoda — 1, Potifera — 4, Annelida (Polychaeta — 4), Mollusca (Gastro-
poda — 1, Bivalvia — 1), Chaetognatha — 1, Chordata — 3, Arthropoda
(Crustacea — 26, including Branchiopoda: Cladocera — 8, Maxillopoda:
Copepoda — 14, Cirripedia — 1, Ostracoda — 1, Malacostraca: Isopoda — 1,
Decapoda — 1, Cumacea — 1 taxon). Most of them belong to the typical
inhabitants of the sea waters of the Black sea. Bosmina longirostris
O. F. Miiller, 1776 and Cornigerius maeoticus Pengo, 1879 live primarily
in oligohaline and fresh waters. Holoplankton includes 35 taxa, mero-
plankton — 14 taxa. Most of them belong to the forage zooplankton for
fish. In 2017 taxonomic composition of zooplankton was more diverse
(36 taxa in 2016, 35 in 2019). In Georgian waters 40 taxa of the meso-
zooplankton were listed, most of them are widespread forms in the Black
Sea. Among them, the most diverse group is Crustacea (17 species),
which amounts to 45-50% of total zooplankton species, 12 of which are
Copepoda and other 5 species are Cladocera. The most prevalent crusta-
ceans are the eurythermic species, important representative of forage
zooplankton — Acartia (Acartiura) clausi Giesbrecht, 1889 and two ther-
mophilic species of Calanoida — Acartia (Acanthacartia) tonsa Dana,
1849 and Centropages ponticus Karavaev, 1895. Meroplankton
represented by 11 species (29-32% of total zooplankton species), is also
one of the most diverse groups. It shall be noted that only few species are
discovered from the other groups.

Indicator species of the state of the marine environment have been in-
creased in coastal waters of Ukraine and Georgia over the past years,
among others, Penilia avirostris Dana, 1849, Pseudoevadne tergestina
Claus, 1877, Evadne spinifera P. E. Miiller, 1867, C. ponticus and Deca-
poda larvae Latreille, 1802. It should be especially noted that in 2017—
2019 an indicator species of copepoda Monstrilla grandis Giesbrecht,
1891 was observed at Sarpi and Green Cape stations, for the first time in
Georgia, which indicates the current positive trends in the Black Sea eco-
system.

In the deep basin of Ukrainian and Georgian waters 34 taxa of zoo-
plankton were registered in total: Protista— 1, Coelenterata — 2, Ctenopho-
ra—2, Potifera— 2, Annelida— 2, Mollusca (Gastropoda — 1, Bivalvia— 1),
Chacetognatha — 1, Chordata — 2, Arthropoda (Crustacea — 20, including
Branchiopoda: Cladocera — 5, Maxillopoda: Copepoda — 12, Cirripedia —
1; Malacostraca: Isopoda — 1, Decapoda — 1 taxon). Most of them belong
to the typical inhabitants of the sea waters of the Black Sea. Calanipeda
aquaedulcis Kritschagin, 1873 and Eurytemora velox Lilljeborg, 1853 live
primarily in estuary regions, Asplanchna brightwelli Gosse, 1850 is main-
ly a freshwater or oligohaline dweller. Holoplankton includes 26 taxa,

meroplankton — 8 taxa. Most of registered taxa belong to the forage zoo-
plankton for fish.

In the north-western part of the Black Sea and Zemov’s Phyllophora
Field 49 taxa of zooplankton were registeredin total: Protista— 3, Coelen-
terata — 2, Ctenophora — 2 (Tentaculata — 1), Potifera — 3, Annelida (Poly-
chaeta — 4), Chaetognatha — 1, Chordata — 3, Mollusca (Gastropoda — 1,
Bivalvia — 1), Arthropoda (Crustacea — 12, including Branchiopoda: Cla-
docera — 7, Maxillopoda: Copepoda — 14, Cirripedia — 1; Malacostraca:
Amphipoda — 1, Decapoda — 1, Cumacea — 1), Chelicerata (Acari — 1 ta-
xon). Most of them belong to the typical inhabitants of the sea waters of
the Black Sea. B. longirostris and C. maeoticus live primarily in oligoha-
line and fresh waters. Holoplankton includes 35 taxa, meroplankton —
14 taxa. Most of them belong to the forage zooplankton for fish.

In Ukrainian waters average abundance and biomass of zooplankton
in 2019 (19,642 ind/m’ and 281.14 mg/m’) was similar to those in 2016
(10,299 ind/m’® and 182.62 mg/m’) and much higher than in 2017
(1714 ind/m"* and 29.99 mg/m’). Dominant taxa and spatial distribution of
zooplankton in 2019 was similar to those in 2016 and 2017. Average
biomass of forage zooplankton in 2019 was approximately 10 times high-
er than in 2016 and 2017 (23.8 and 21.4 mg/m’ respectively, Fig. 4). So,
we can see the positive changes in a state of the forage base of plankto-
phagous fishes during the last few years.
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Fig. 4. Average abundance and biomass of forage zooplankton in
Ukrainian waters in 2016-2019: @ — average abundanc (N, ind/m),
b —average biomass (B, mg/m’); in 2016 —n=15;in 2017 —n=11;

in2019—-n=20;x+SD

The Georgian coastal waters were sampled each two months during
period of 2017-2019 and annual average abundance and biomass of me-
sozooplankton during this time decreased, due to a sharp decline in the
abundance of N. scintillans. In the first year average abundance was very
high and reached 8,879 ind/m?®, while the biomass reached 245.8 mg/m’.
These figures decreased almost two times in the next year (3946 ind./m’
and 116.8 mg/m®), while in 2019 it reduced again and amounted to
2074 ind/m’ and 80.7 mg/m’ (Fig. 5).

Average number of zooplankton in the deep basin of Ukrainian and
Georgian waters was 4788 ind./m’, biomass 33741 mg/m’. The number
and biomass of zooplankton clearly decreased from the water-surface to
the depth. In the upper mixed layer average number of zooplankton was
10,252 ind./m’, biomass 742.83 mg/m’. At the thermocline the average
number and biomass of zooplankton were approximately 4-5 times less
than in the upper mixed layer — 2,539 ind/m’ and 140.84 mg/m’ respec-
tively. Under the thermocline, the average number and biomass of zoo-
plankton were 1.8-3.5 times less than at the thermocline— 715 ind./m?’ and
75.29 mg/m?® respectively. The largest number and biomass of zooplank-
ton were registered in the Zmeiny Island region (station JOSS GE-UA
2019 1la) — 32,505 ind/m’ and 344542 mg/m’. Minimal number and
biomass of zooplankton was registered in the open marine waters at the
station JOSS GE-UA 2019 5 at the thermocline layer — 203 ind./m’ and
3.99 mg/m’. At most of the stations dominant taxa by number and bio-
mass were Copepoda (Acartia spp., Pseudocalanus elongates Brady,
1865, Calanus euxinus Hulsemann, 1991, Oithona davisae Ferrari F. D.
& Orsi, 1984) Cladocera (P. avirostris) and fish eggs. In the Georgian
waters at the station JOSS GE-UA 2019 9 and at the thermocline layer of
JOSS GE-UA 2019 11 dominant taxa by biomass were Ctenophora,
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which formed 90-94% of total zooplankton biomass (103 of 178 and 177
of 188 mg/m?>, Fig. 6).
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Fig. 5. The seasonal dynamic of zooplankton abundance (a)
and biomass (b) on the Black Sea Georgian Coast in 2017-2019:
x+SD;n=3

Most of registered taxa of zooplankton belong to the forage base for
fish. At most of the stations organisms of the forage zooplankton played a
dominant role in forming of zooplankton biomass. Average biomass of
the forage zooplankton was 315.33 mg/m?’, so the status of the forage base
of planktophagous fishes was mainly good. Maximal biomass of the
forage zooplankton — 3443.95 mg/m’ was registered at the station JOSS
GE-UA 2019 la—Zmeiny Island region (Fig. 7).

Most of registered taxa of zooplankton belong to the forage base for
fish. At all the stations organisms of the forage zooplankton played a
dominant role in forming of zooplankton biomass. Percentage of the non-
forage zooplankton in the total biomass was less than 23%. Average bio-
mass of the forage zooplankton was 220 mg/m?’, so the status of forage
base of planktophagous fishes was relatively good. Maximal biomass of
the forage zooplankton — 1524.08 mg/m’ was registered at the station
MMS-19-18 (Tendra Island). Minimal biomass of the forage zooplankton —
5.02 mg/m?’ was registered at the station MMS-19-9 in the Dniester region
(Fig. 9).
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stations of JOSS cruise in the open part of the Black Sea, August 2019:
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In the north-western part of the Black Sea and Zemov’s Phyllophora
Field, the average number of zooplankton was 19,642 ind/m’, biomass
281.14 mg/m’. The highest average number and biomass of zooplankton
was registered in the Dnieper area — 52,735 ind/m’ and 715.53 mg/m’
respectively. In the Danube region average number and biomass of the
zooplankton were similar to those in the Dnieper region — 49,702 ind./m’
and 692.33 mg/m?’ respectively. In the Dniester area average number and
biomass of zooplankton were lower than in two previous regions —
17,747 ind/m? and 96.65 mg/m’ respectively. In the zone of mixed waters
the number of zooplankton was an order of magnitude less than in pre-
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vious aquatoria — 7,988 ind./m’ but the biomass was higher than in the
Dniester region but lower than in the Danube and Dnieper regions —
329.18 mg/m’ (Fig. 8). At most of the stations the dominant taxa by num-
ber and biomass were Copepoda (Acartia spp., O. davisae) Cladocera
(P. avirostris) and larvae of benthic invertebrates.

In comparison with data for the years 2016 and 2017, in 2019 taxo-
nomic composition of zooplankton was more diverse (27 taxa in 2016, 26
in 2017). Comparing data for 2016 and 2017 we can see that the average
number and biomass of zooplankton in 2019 was similar to those in 2016
(10,299 ind./m’ and 182.62 mg/m®) and much more higher than in 2017
(1,714 ind/m® and 29.99 mg/m®). Dominant taxa and spatial distribution
of zooplakton in 2019 was similar to those in 2016 and 2017. In compari-
son with data for 2016 and 2017 years, in 2019 average biomass of forage
zooplankton was approximately 10 times higher than in 2016 and 2017
(23.8 mg/m’ and 21.4 mg/m’ respectively).

According to the zooplankton metrics and IZI integral index, in 2019
most of investigated Ukrainian waters had “Bad” ecological status (LES),
only the waters of Danube region had “High” environmental class status.
In 2016 the coastal waters of Dniester region had “Bad” environmental
class status at all stations as well as water from upper mixed layer. Central
waters had “Bad” water quality. The waters of the Danube region also had
“High” environmental class status at all stations. The waters near the
Dnieper had “Poor”, “Moderate” or “Bad” environmental class status.
Inthe summer period of the year 2017, the coastal waters of Dniester-
Danube district had “Moderate’” environmental class status. The waters
near the Dnieper region had “High” environmental quality class. Mixing
waters showed “Bad” water quality and waters of Zemov’s Phyllophora
Field had “Poor” and “Bad” environmental class status. Only the waters of
Odessa region had “High” environmental class status at all stations.
In spring 2017 all stations of Zermov’s Phyllophora Field showed “Bad”
water quality class status. As a result of monitoring for 2016, 2017 and
2019, the environmental class status in most of the investigated aquatoria
showed a “Bad” quality class, rarely “Moderate” or “Poor”, “High” class
of water quality was noted only in the Danube region (in 2019 and 2016)
and in the Odessa region (2017, Fig. 10, Table 4, 5 and 6).

Table 4
Environmental class status (IZI) of the investigated aquatoria in 2019

Index of Summer Autumn
Subregion Shannon ecological ~ ecological ~ecological ~ ecological
(average) quality ratio classstatus  quality ratio ~ class status
Dhnieper region 2.504 - - - 0640  “Bad”
Dniester region 2449 - - - 0748  “Bad”
Odessa Bay 2.571 - - - 0750  “Bad”
Danube region 2804 0905  “High” - - -
Zmeiny Island 2207 - - ~ 0588  “Bad’
region
Zemov’s o s
Phyliophora Field 2981 - - - 0.589 Bad
Tendra Spitregion 2373 - - - 0819  “Bad”
Damping region 2.882 - - - 0.747  “Bad”
Note: “—*—samples were not taken.
Table 5
Environmental class status (IZI) and threshold value
of the investigated aquatoria in 2016
Subregion - - - Spring -
ecological quality ratio ecological class status

Dnieper region 0.806 “Moderate”
Dniester region 0.708 “Bad”
Danube region 0.642 “High”
Mixing 0.772 “Bad”
Central 0.809 “Bad”

In Georgia, the Integrated Zooplankton Indices (IZI) are used for as-
sessment of the ecological status of the Georgian Black Sea coast and the
shelf zone.

In Georgian waters the IZI ranged from 0.552 to 0.962 in 2016 and its
value corresponded to GES on all stations. IZI slightly increased on
CWO08, CW09 and CW13 water bodies, while on CW07 and CW10 it
decreased in 2018, thus their status changed to Not GES. During assess-

ment process of coastal waters, the IZI indicator varied slightly over the
years; it is noteworthy that the index corresponds to good GES quality at
all monitoring stations (Fig. 11).
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Fig. 10. Environmental class status of the investigated aquatoria:
a—in 2016, b—2017, c—2019 years; axis X — numbers of samples
on maps, axis Y — environmental quality ratio (EQR): lll - “High”,
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Table 6
Environmental class status (IZI) and threshold value
of the investigated aquatoria in 2017
Spring Summer
Subregion ecological  ecological ~ ecological  ecological
qualityratio  classstatus  quality ratio _ class status
Mixing - - 0.593 “Bad”
Danube region - - 0.523 “Poor”
Dnieper region - - 0.660 “High”
Odessa Bay - - 0.555 “High”
Zemov’s Phyllophora Field 0.577 “Bad” 0.585 “Bad”

Note: see Table 4.

In open waters environmental class status in 2019 was much better
than in 2016 and similar to that in 2017, when most of them had *“High”
(GES) environmental class status (Fig. 12, Tables 7, 8, 9). In comparison
with data for 2016 and 2017 environmental class status of the investigated
aquatoria in 2019 was much better than in 2016 and similar to that in 2017
when most of them had “High” environmental class status.

According to the zooplankton metrics and IZI integral index all inves-
tigated aquatoria in 2019 had “High” ecological status (GES). In 2016
almost all of the investigated aquatoria had “Bad” ecological status (NOT
GES). The coastal waters of upper mixed layer and deep waters had
“Bad” environmental class status at all stations. Only the thermocline layer
showed “Moderate” water quality. In 2017 the coastal waters of upper
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mixed layer, Dniester-Danube district, the shelf zone of the Danube area
and thermocline layer had “High” environmental class status at all sta-
tions. Only deep waters had “Moderate” and “Bad” environmental quality
class. As we can see from the Figure 12, in 2016 not one of the investi-

gated aquatoria had “High” or “Good” environmental class status.
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Table 7
Environmental class status (IZI) and Threshold value
of the investigated aquatoria in summer 2019

Subregion Index of Ecological Ecological
& Shannon (average)  quality ratio class status
Zmeiny Island region 2.641 0.889 “High”
Damping region 2653 0.872 “High”
Odessa region 2252 0.880 “High”
Upper mixed layer o
(shelf zone, surface layer) 2403 0869 High
Open water 1.122 0.889 “High”
Note: see in Table 1.
Table 8
Environmental class status (IZI) and Threshold value
of the investigated aquatoria in 2016
Spring Summer
Subregion ecological ecological ecological ecological
qualityratio  classstatus  qualityratio  class status
Upper mixed layer 0.601 “Bad” 0.285 “Bad”
Thermocline layer - - 0.633 “Moderate”
Deep waters - - 0364 “Bad”
Note: see Table 4.
Table 9
Environmental class status (IZI) and Threshold value
of the investigated aquatoria in 2017
Summer Autumn
Subregion ecological  ecological ~ ecological  ecological
quality ratio  status class  quality ratio  status class
Dniester-Danube 0.606 “High” - -
Shelf zone, surface layer, 1
Danube arca 0.680 High - -
Upper mixed layer RTINS _ _
(shelf zone, surface layer) 0734 High
Thermocline layer 0.735 “High” - -
Deep waters 0865  “Moderate”  0.834 “Bad”
Upper mixed layer - - 0753 “High”

(shelf zone, surface layer)

Note: see Table 4.

According to the zooplankton metrics and IZI integral index in 2019
most of investigated aquatoria had “Bad” ecological status (LES), only the
waters of the Danube region had “High” environmental class status.
In2016 the coastal waters of the Dniester had “Bad”” environmental class
status at all stations as well as water from upper mixed layer. Central wa-
ters had “Bad” water quality. The waters of the Danube region also had
“High” environmental class status at all stations. The waters near the
Dnieper had “Poor”, “Moderate” or “Bad” environmental class status.
Inthe summer period of 2017, the coastal waters of Dniester-Danube
district had “Moderate” and “Good” environmental class status. The wa-
ters near the Dnieper region had “Poor” environmental quality class. Mix-
ing waters showed “Bad” water quality and waters of Zemov’s Phyllo-
phora Field had “Poor”, and “Bad” environmental class status. Only wa-
ters of Odessa region had “High” environmental class status at all stations.
In spring 2017 all stations of Zemov’s Phyllophora Field showed “Bad”
water quality class status. In the framework of the present Project in
Ukrainian waters long-term changes of three indicator metrics of meso-
zooplankton (total biomass, % of N. scintillans and Copepoda in total
biomass) were studied in Odessa Bay and surrounding waters and in the
Danube region (Fig. 13, 14). It is well seen that total zooplankton biomass
and % of N. scintillans are clearly decreasing in Ukrainian waters and %
of Copepoda is increasing. These tendencies show positive changes in the
forage base of commercial planktophagous fishes and ecological class
status of the investigated aquatoria. In Georgian coastal waters % of Co-
pepoda amounted to average 32.7%, 42.4% and 40.1% in 2017, 2018 and
2019 respectively. It fluctuated from 42.3% to 45.6% between 2017 and
2019 in the Green Cape Aquatorium (Fig. 16). All the data about assess-
ment of environmental and ecological class status of the investigated
aquatoria of the Black Sea based on zooplankton metrics, achieved during
the execution of the project are summarized on maps on Figures 17 and 18.
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Fig. 15. Long-term changes percentage of Copepoda of total biomass of zooplankton:
a—in Odessa Bay (n = 35), b—in the Danube region (n = 22); axis X — periods, axis Y — Copepoda of total zooplankton biomass (%); x + SD
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Fig. 18. Environmental and ecological class status of the investigated aquatoria of the Black Sea based on zooplankton metrics in 2019

Discussion

During the last three decades anthropogenic eutrophication has been
identified as a key ecological problem for the coastal Black Sea region
(especially its north-western part subjected to the strong influence of
freshwater input), resulting in dramatic alterations in the chemical and
biological regimes (Zaitzev, 1992; Moncheva et al., 2002; Jeppesen et al.,
2011). The main changes in the zooplankton community in the north-
western part of the Black Sea in the XX (Koval, 1984; Zaitsev, 1993;
Zaitsev & Alexandrov, 1997) and at the beginning of XXI centuries were
analysed by many scientists (Kovalev et al., 2008; Kovalev et al., 2001;
Snigirov et al., 2018) and L. N. Polishchuk (Vorobjova et al., 1996; Po-
lishchuk & Nastenko, 2006). He divided the history of the pelagic ecosys-
tem into three periods: period of “ecological norm” (before anthropogenic
eutrophication, prior to 1970), period of eutrophication and hypereutrophi-
cation (1970-2004 years) and the period of de-eutrophication and estab-
lishment of a new “ecological norm” (after 2005). The first period was
characterized by dominance of Copepoda (>45% of the total zooplankton
biomass) and the following values of the biomass of zooplankton: in
spring 150400 mg/m?’, in summer 350-900 mg/m’, in autumn — 150~
350 mg/m’, the percentage of N, scintillans in total biomass did not exceed
30% (Selifonova, 2009; Nikishina et al., 2011; Isinibilir et al., 2014). Du-
ring the second period the percentage of Copepoda decreased, the percen-
tage of N. scintillans increased up to 95-98% and total biomass of zoo-
plankton increased in 9-28 times (Polishchuk & Nastenko, 2006).
The third period is characterized by decreasing of total biomass of zoop-
lankton and percentage of N. scintillans and increasing of the percentage
of Copepoda (Nawata & Sibaoka, 1983; Mutlu, 2011).

Over the past several decades, the Black Sea ecosystem has been in a
dynamic state (Snigirov et al., 2018). For various reasons, the develop-
ment of some species decreases or increases, others disappear, and new
ones are introduced to the ecosystem (Alexandrov & Kharytonova, 2019).
The state of development of zooplankton, as in previous decades, contin-
ues to depend on the amount of river flows, which affects the quality of
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the marine environment in the Odessa Bay and on the entire coast (Alex-
androv et al., 2017; Kharytonova et al., 2020). Although a considerable
number of studies have been conducted on this issue in the Black Sea,
which has been exposed to very rapid changes in recent years, there are
few studies about the year round abundance and the seasonal distribution
of zooplankton in this region (Fashchu6k, 2011; Grishin & Shlyakhov,
2012). In the last decade, some signs of the improvement of the sea eco-
system have been noted, which is obviously associated with protective
measures taken at the state and interstate levels (Kazanci et al., 2010).
Changes in the ecosystem of the Black Sea are observed against the back-
ground of climatic changes, which significantly affect the formation of the
river runoff regime, the thermohaline and dynamic state of waters and, in
general, the marine ecosystem (Korotaev, 2009; Robu et al., 2015; Poka-
zeev etal, 2021).

Eutrophication and the associated violation of the oxygen regime are
among of the most unfavourable factors in the life of the Black Sea eco-
system. The annual disturbance of the oxygen regime in deep waters
significantly destroys the ecosystem of the vast shallow-water shelf
(Osadchiev & Korshenko, 2017; Kharytonova, 2019). The process, which
began actively in the 1970, continues to this day (Zaitsev, 1993; Alexan-
drov & Zaitsev, 1998).

Several indicators which are representatives of a particular state of
quality of the environment constitute biotic indices. Multimetric biotic
indices are necessary to analyze changes in various habitats over time.
They are used to monitor habitat changes caused by anthropogenic effects.
Because diversity is correlated with environmental quality diversity meas-
ures are playing an increasing role in environmental assessment (Alexand-
rova et al., 2007; Alpenidze, 2013; Matishov, 2014).

As mandated by the EU Marine Strategy Framework Directive
(MSFD 2008), all European states should assess the environmental status
of their territorial waters and develop strategies to achieve “‘good envi-
ronmental status” (Borja et al., 2006; Atkins, 2011; Micheli, 2013).

As we can see, the best ecological class status was in 2019 and the
worst—in 2016. So, according to the historical data and materials collected
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during the execution of the project the main tendencies in changes of the
mesozooplankton community in the Black Sea are decrease in the percen-
tage of N. scintillans in total zooplankton biomass and increase in the
percentage of Copepoda. Those tendencies indicate decreasing of the
pressure of the negative eutrophication factor (Vinogradov et al., 2018;
Pokazeev et al., 2021) and show positive changes in the forage base of
commercial planktophagous fishes and ecological status of the Black Sea
waters. These tendencies are in good agreement with the conclusion of
Polishchuk (Polischuk & Nastenko, 2006) that the Black Sea ecosystem is
in a state of de-eutrophication and the establishment of a new “ecological
norm”.

Conclusions

In the deep basin of the Ukranian and Georgian parts of the the Black
Sea, in 2019 the average biomass of forage zooplankton was the highest
among the three years studied. The number and biomass of zooplankton
clearly decrease from the water-surface to the depth. At most of the sta-
tions, organisms of the forage zooplankton played the dominant role in
forming of zooplankton biomass.

In the north-westemn part of the Black Sea and Zemov’s Phyllophora
Field in 2019 taxonomic composition of zooplankton was more diverse
than in previous years (27 taxa in 2016, 26 in 2017). Most of them belong
to the forage zooplankton for fish. Average number and biomass of zoo-
plankton in 2019 was similar to those in 2016 (10,299 ind/m’ and 182.62
mg/m’) and much higher than in 2017 (1714 ind./m’ and 29.99 mg/m?).
At most of the stations the dominant taxa by number and biomass were
Copepoda, Cladocera and larvae of benthic invertebrates.

The mesozooplankton of the coastal waters of Georgian Black Sea
are more diverse than the zooplankton community of the shelf and open
sea area. Species which are indicators of an improvement in the state of
the marine environment have increased in the coastal waters of Georgia
over the past years. There was a significant decrease in the abundance of
zooplankton and biomass from 2017 to 2019.

As a result of monitoring for 2016, 2017 and 2019, in the deep basin
of the Ukranian and Georgian parts of the Black Sea the best water quality
was observed in the summer of 2019 (all stations) and at most of the sta-
tions in 2017. The worst water quality among three years was found in
2016. In the north-western part of the Black Sea and Zemov’s Phyllopho-
ra Field the environmental class status in most of the investigated aquato-
ries showed a “Bad” quality class, rarely “Moderate” or “Poor”, “High”
class of water quality was noted only in the Danube region (in 2019 and
2016) and in the Odessa region (2017).

The integrated zooplankton index IZI is quite variable in the shelf part
of the Black Sea of Georgia. It ranged from 0.552 to 0.962 in 2016 and its
value corresponded to GES on all stations. IZI slightly increased on
CWO08, CW09 and CW13 water bodies, while on CW07 and CW10 it
decreased in 2018, thus their status changed to Not GES. During the
assessment process of coastal waters, the IZI indicator varied slightly over
the years. It is noteworthy that the index corresponds to good GES quality
at all monitoring stations.

Good water quality (GES) for all seasons (spring, summer, autumn)
by zooplankton biomass was noted in the Northwestern Black Sea Bays.
In the Danube Avandelta area, good quality was observed in spring.
In other periods of the year, in areas of the Deepwater Shelf, the Shallow
Shelf and the Danube-Dnieper interfluve coastal waters the water quality
was “Poor” (NotGES).

By the biomass of Copepoda (%), good water quality (GES) is noted
in the Deepwater Shelf, the Shallow Shelf, the Danube-Dnieper interfluve
coastal waters and the Danube Avandelta. The Northwestern Black Sea
Bays subregion had “Poor” ecological status (NotGES).

By the IZI index, the subdivision North-Western Black Sea Bays had
“Good”, “Poor” and “Medium” water quality in spring, summer and
autumn respectively. The subdivisions Deepwater Shelf and Shallow
Shelf had bad water quality. The subdivision Danube-Dnieper interfluve
coastal waters had high water quality. The Danube Avandelta area had
high good and high water quality in spring, summer and autumn respec-
tively. The main tendencies in changes of the mesozooplankton commu-
nity in the Black Sea are decrease in the percentage of N. scintillans in
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total zooplankton biomass and increase in the percentage of Copepoda.
Those tendencies indicate decreasing of the pressure of the negative eutro-
phication factor and show positive changes in the forage base of commer-
cial planktophagous fishes and ecological status of the Black Sea waters.
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