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Eutrophication of coastal marine waters remains one of the key environmental problems of the north-western part of the Black Sea,
determining the ecological status of coastal ecosystems and limiting the recreational use of marine areas. In recent years, traditional
eutrophication drivers have been supplemented by new forms of anthropogenic impact associated with military activities, disruption
of the hydrological regime, and degradation of wastewater infrastructure. The coastal waters of the city of Odesa are particularly
vulnerable to these changes, as they are continuously influenced by riverine, estuarine, and urban runoff.

This study presents the results of a comprehensive assessment of eutrophication in the coastal waters of the city of Odesa over a
seven-year period (2019-2025), with a focus on the pre-war (2019-2021) and wartime (2022-2025) stages. The analysis is based on
data from regular hydrochemical and hydrobiological monitoring conducted by the Ukrainian Scientific Center of Ecology of the Sea,
using complex indicators of trophic status and water quality, namely TRIX and EQR (BEAST).

It was established that during the pre-war period the coastal waters of Odesa were characterized by relative stability of indicators
and a gradual decrease in the level of eutrophication, corresponding to a moderate trophic status. After the onset of the full-scale war,
a disruption of pre-war trends was recorded, along with increased variability of hydrochemical parameters and deterioration of water
quality caused by enhanced inputs of nutrients, primarily organic forms of nitrogen. The assessment results based on the complex
indicators TRIX and EQR (BEAST) are consistent with each other and confirm a transition of the coastal marine waters of Odesa in
2024-2025 to a high trophic status, which does not correspond to a good ecological status.

The study results indicate a significant impact of wartime factors — particularly the destruction of hydraulic structures, reduced
efficiency of wastewater treatment systems, and increased organic loading from estuarine and riverine waters — on eutrophication
processes in the coastal waters of Odesa. The obtained assessments may be used to improve environmental monitoring systems and the
management of coastal marine waters in the post-war period. Key words: eutrophication, coastal marine waters, the Black Sea, Odesa,
nutrients, TRIX, EQR (BEAST), wartime impact.

EBTpodikanisa npudepexnnx Bog M. Oneca 10 Ta mic/s No4aTKy NOBHOMACIITA0HOI BiliHN: oliHKa 32 IHAMBIAYaIbHUMH Ta
KOMILIEKCHMMHM NoKasHukaMmu y 2019-2025 poxax. Titankux A.

EBrpodikaris npubepexHIX MOPCHKHUX BOJ 3AJIMIIAETHCS OAHIEIO 3 KIFOYOBHUX €KOJIOTIYHUX NPOOiIeM MiBHIYHO-3aX11HOT YaCTHHH
YopHOro Mopsi, 10 BH3HAYa€ EKOJIOTIYHMII CTaH NPHOEPEKHHX EKOCHCTEM Ta OOMeXye peKpeamiiiHe BHKOPHUCTAHHS aKBaTOPIH.
B ocranni poku TpauIiiiHi YUHHUKH eBTpodiKamii JOMOBHIIIICS HOBUMH ()OpMaMH aHTPOIIOTCHHOTO BIUTHBY, OB’ SI3aHUMH 3 BOEH-
HUMH JisIMH, TIOPYIICHHSIM TiIPOJIOTIYHOTO peXHMy Ta Jerpajanicro iHpacTpykrypu BomoBiaseneHHs . OcoOIMBO BPa3IUBHMH 10
TaKuX 3MiH € npudepexHi Boau M. Oxeca, ki nepeOyBaroTh il MOCTIHHAM BIUTUBOM PIiYKOBOTO, TMMAHHOTO Ta MiCBKOTO CTOKY.

B po6orti HaBeeHO pe3yabpTaTi KOMIUIEKCHOT OLIHKY eBTpodikamii mpubdepexxaux sox M. Oxeca 3a cemupivaunit nepiog 2019-2025
pp. 3 akuenToM Ha noBoeHHMI (2019-2021) Ta Boennwuii (2022-2025) eranu. AHai3 BUKOHAHO HA OCHOBI JaHUX PETYJISIPHOTO TiIpo-
XIMIYHOTO Ta rigp06i0oI0riYHOr0 MOHITOPHHTY, KUl IPOBOAUTHCS YKPAaiHCHKUM HAayKOBUM IIEHTPOM EKOJIOT1i MOPSL, i3 3aCTOCYBaHHSIM
iHTerpanbHUX NOKa3HUKIB TpodHocTi Ta sikocti Box TRIX i EQR (BEAST).

BcraHoBneHo, 110 y 10BOEHHMH Tiepion npubepeskHi Boau OmecH XapaKkTepu3yBalucs BiTHOCHOK CTaOUIbHICTIO MOKA3HUKIB Ta
MOCTYIIOBUM 3HIDKEHHSIM PIiBHS €BTpOdiKalii, 10 BiINOBiIaN0 cepeqHboMy piBHIO TpodHocTi. [licis moyarky noBHoMacmraGHOT
BilfHM 3a(hiKCOBaHO MOPYIIEHHS JOBOCHHUX TEH/CHIIIH, 3pOCTaHHS MiHJIMBOCTI TiAPOXIMIYHUX ITOKAa3HUKIB i MOTipIIEHHS SKOCTI BOJ,
3yMOBJICHE Mi[BUIIEHHAM HAIXOPKCHHS O10TeHHHUX PEYOBHH, HAcaMIIepe OpraHiqHux Gopm azory. Pe3ynbraTti omiHKY 3a KOMIDIEK-
canmu nokasankaMu TRIX 1 EQR (BEAST) y3romkyroTscst Misk co00I0 Ta MiATBEPKYIOTh MIEPEXi] MPUOEPEKHUX MOPCHKHX BOI M.
Opnecay 2024-2025 pp. 10 BUCOKOTO PiBHA TPOQHOCTI, 1[0 HE BIAMOBiIAE JOOPOMY EKOJIOTTYHOMY CTaHY.

Pesynbrat AOCHIIKEHHS CBi4aTh PO CYTTEBUH BIUIMB BOEHHUX YMHHUKIB, 30KpeMa pyiHHYBaHHS TiIPOTEXHIYHUX CIOPYA, 3HHU-
JKEHHS €()eKTUBHOCTI OYMCHHUX CHCTEM Ta 301IbLICHHS OPraHiYHOTO HAaBAaHTAXXCHHS 3 JIMMAHHUX 1 PIYKOBUX BOJ, HA MPOLECH E€BTPO-
¢ikanii npubdepexnnx Bog M. Onecu. OTprMaHi OLIHKH MOXKXYTh OyTH BUKOPHUCTaHI /15l BIOCKOHAJICHHS CUCTEMH €KOJIOTYHOTO MOHi-
TOPHHTY Ta YMpaBiHHSA NPUOEPEKHUMH MOPCHKHMH BOJAAMH B MiCIIBOEHHHN mepion. Knouogi crnoea: eBrpodikaris, nprubdepexHi
Mopchki Bomu, Yopre Mope, Oneca, Giorenni pedosunn, TRIX, EQR (BEAST), BoeHHwMii BILTHB.
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Problem statement. The problem of eutrophication
of coastal marine waters is one of the most complex
issues in the system of quality management of the Black
Sea marine environment. Inputs of nutrients lead to
disruption of trophic balance, excessive phytoplankton
development, intensification of water “blooming” pro-
cesses, reduced water transparency, oxygen depletion
(formation of hypoxic and anoxic zones in the near-bot-
tom layer), and ecosystem degradation. Under current
conditions, traditional sources of eutrophication are sup-
plemented by wartime factors, the impact of which on
marine ecosystems remains insufficiently studied.

Relevance of the study. The relevance of this study
is determined by the need to assess the ecological sta-
tus of coastal waters under conditions of armed conflict
and limited monitoring. Understanding the changes that
have occurred since 2022 is critically important for pre-
dicting the future dynamics of eutrophication and for
developing effective marine environment management
measures.

Connection of the author’s work with significant
scientific and practical tasks. The study was conducted
within the framework of implementing the provisions of
the EU Water Framework Directive [1] and the Marine
Strategy Framework Directive [2, 3] aimed at achiev-
ing good ecological status of marine waters. The results
obtained have practical significance for the national
environmental monitoring system and for assessing the
ecological consequences of wartime activities.

Analysis of recent research and publications.
Previous studies have primarily addressed eutrophica-
tion of coastal waters in the north-western part of the
Black Sea in the context of riverine runoff [4], urban-
ization [5-8], and climate change [9-12]. A large num-
ber of recent works have focused on the biogeochemical
response of the north-western Black Sea to the breach
of the Kakhovka HPP dam, using combined approaches
that integrate satellite observations, hydrological mode-
ling, and field measurements, e.g., [13, 14]. At the same
time, the impact of wartime factors on nutrient loading
and eutrophication patterns has been scarcely analyzed.

Identification of previously unresolved aspects
of the overall problem. Insufficiently studied are the
issues of the transformation of the ratio between mineral
and organic forms of nutrients, as well as the sensitivity
of complex water quality indicators to wartime factors.

Novelty. The novelty of the study lies in the quan-
titative assessment of changes in eutrophication of the
coastal waters of Odesa before and after the onset of the
full-scale war, using two independent complex indica-
tors and analyzing the role of the organic component of
nutrient loading.

Methodological or general scientific significance.
The study demonstrates the feasibility of applying the
complex indicators TRIX and EQR (BEAST) under
conditions of limited monitoring and can be used as a
methodological approach for assessing the ecological
status of coastal marine waters in crisis situations.

Presentation of the main material.

Materials and Methods

The study was conducted for the coastal waters of
the north-western part of the Black Sea within the rec-
reational zone of the city of Odesa, corresponding to
the coastal water body CW5 according to the Marine
Conservation Strategy of Ukraine [15]. The analysis
covers a seven-year period from 2019 to 2025, includ-
ing the pre-war (2019-2021) and wartime (2022-2025)
stages, which allowed for the assessment of transforma-
tions in eutrophication processes under the influence of
changes in anthropogenic pressure.

The study was based on data from regular environ-
mental monitoring of coastal waters conducted by the
Ukrainian Scientific Center of Marine Ecology, with a
weekly sampling frequency at fixed stations located in
the areas of Arkadia Beach, Cape Malyi Fontan, and
the Odesa Yacht Club (Fig. 1). The work utilized results
from hydrochemical and hydrobiological measurements.
Eutrophication status was assessed using indicators of
nutrient content (concentrations of mineral and total
forms of nitrogen, phosphorus and Silicon (TP, P(PO,),
TN, N(NO,), N(NO,), N(NH,), Si(SiO,))), chlorophyll-a
concentration (Chl-a), dissolved oxygen (DO), and sup-
porting abiotic parameters such as biochemical oxygen
demand (BOD) and pH.

The complex assessment of eutrophication and water
quality was carried out using the TRIX trophic index
[16-18], which combines indicators of chlorophyll-a
concentration, deviation of oxygen saturation from
100%, concentrations of mineral forms of nitrogen, and
total phosphorus. The TRIX index was calculated for
each measurement set, followed by averaging across
temporal and spatial scales, allowing for the determi-
nation of intra-annual and inter-annual variability of
trophic status in the coastal waters.

Additionally, the BEAST (HEAT-3.0) methodol-
ogy [19, 20], recommended for the Black Sea area,
was applied to assess the ecological status of marine
waters. Within this approach, the dimensionless water
quality ratio (EQR) was determined based on the ratio
of observed indicator values to target values correspond-
ing to good ecological status. The calculations included
groups of indicators for inorganic forms of nitrogen and
phosphorus, primary production (chlorophyll-a), and
oxygen regime. The final assessment of eutrophication
level was determined by the highest complex EQR value
within the respective indicator groups.

Statistical analysis methods were applied to identify
long-term changes and to perform a comparative anal-
ysis of the pre-war and wartime periods. The results
obtained were used to interpret the impact of wartime
factors on eutrophication processes in the coastal waters
of Odesa.

Changes in abiotic parameters

Analysis of abiotic parameters indicates a signifi-
cant change in the hydrochemical regime of the coastal
waters of Odesa after 2022 (Fig. 2).

86



Titiapkyn A.S.

| EUTROPHICATION OF THE ODESA COASTAL...

i i

N 2AL
] ¥
yﬂg}qu}Vi M HOPHOMODC e w@ﬁ
N300
- 24 S
v Opeca
3
'8
1
o
2
+ e
Legend
Niiins I - Cape Malyi Fontan
2 - Arkadia Beach
3 - Odesa Yacht Club
Fig. 1. Location of monitoring stations in the coastal waters of Odesa
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Fig. 2. Variability of monthly mean values of abiotic parameters
Note: Here and below, vertical lines indicate the onset of the full-scale war and the Kakhovka HPP disaster.

The oxygen regime of the coastal waters in
2019-2025 was characterized by relative stability and
corresponded to good ecological status. Dissolved oxy-
gen concentrations ranged from 4.0 mg/L to 15.7 mg/L
(saturation from 35.0 % to 154.6 %). Annual mean
values were 8.6—-10.0 mg/L (saturation 88.8—104.0 %).
Episodes of decreased oxygen content and saturation to
critical levels were episodic and mostly occurred during
the warm season. The lowest values were recorded at

the end of 2024 and 2025 (4.0 mg/L, 35.0 % saturation,
and 4.1 mg/L, 51.6 % saturation, respectively), indicat-
ing episodic oxygen depletion events superimposed on
generally well-oxygenated conditions. This is consistent
with the tendency of the north-western shelf to short-
term hypoxia under certain stratification conditions [21].

During the pre-war period, biochemical oxygen
demand (BOD;) was characterized by moderate values
typical for coastal waters with a medium trophic status.
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In the wartime period, an increase in the frequency of
exceedances of the maximum allowable BODs value
(3.0 mg/L) was observed, particularly in 2024-2025,
indicating an increase in organic loading on the coastal
waters.

Changes in pH also indicate a disruption of pre-war
stability. During 2019-2021, average pH values mostly
remained within the normative range for marine waters
(6.5-8.5 pH units). In 2023-2025, a systematic increase
in pH was observed, with frequent exceedances of the
maximum allowable level (8.5 pH units), serving as an
indirect indicator of intensified photosynthetic activity
and water “blooming.” At the same time, a minimum pH
value of 6.28 was recorded in 2024, indicating a short-
term episode of water acidification against the back-
ground of overall increased alkalinity.

Dynamics of nutrients and chlorophyll-a

The most pronounced changes in the hydrochemi-
cal regime of the coastal waters of Odesa after 2022 are
observed in nutrient indicators (Fig. 3).

During the pre-war period, concentrations of phos-
phate and total phosphorus in the coastal waters of
Odesa showed a tendency toward stabilization or grad-
ual decline, consistent with long-term trends observed
in the early 21st century [11, 12]. Annual mean phos-
phate phosphorus values (10.7-19.2 pg/L) corresponded
to good ecological status, while elevated concentrations

were seasonal and mostly recorded in the autumn—win-
ter period. After 2022, the variability pattern of phos-
phorus changed. Although annual mean phosphate phos-
phorus values in 2023-2025 generally remained close to
pre-war levels, the frequency of high total phosphorus
concentrations, corresponding to moderate and poor
ecological statuses, increased. This indicates a rise in the
proportion of the organic component of phosphorus in
the overall nutrient balance. Overall, phosphate phos-
phorus values ranged from <0.5 to 113 pg/L, while total
phosphorus ranged from 7 to 716 pg/L.

The most pronounced changes were recorded for
nitrogen compounds. In 2019-2021, the total content
of mineral forms of nitrogen was characterized by rela-
tive stability and a gradual decreasing trend, consistent
with long-term patterns [11, 12]. In contrast, during the
wartime period, concentrations of both mineral nitro-
gen forms and total nitrogen sharply increased. Nitrite
nitrogen ranged from <0.5 to 24.2 pg/L, nitrate nitro-
gen from <5 to 1,995 pg/L, ammonium nitrogen from
<15 to 245 pg/L, and total nitrogen from 97 to 72,628
pg/L. Particularly notable is the anomalous increase in
total nitrogen in 2024-2025, largely due to a rise in its
organic component.

The ratio of organic to mineral forms of nitrogen and
phosphorus changed significantly after 2022 (Fig. 4).
During the pre-war period, mineral forms of nitrogen,
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Fig. 3. Variability of monthly mean values of nutrients and chlorophyll-a
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Fig. 5. Monthly dynamics of the complex indicators TRIX and EQR

typical of controlled anthropogenic influence, predomi-
nated. In the wartime period, however, the role of organic
forms sharply increased, coming from estuarine and riv-
erine waters, as well as due to disruption of wastewater
treatment system functioning.

Silicon (Si(SiO4)) concentrations in the coastal
waters of Odesa ranged from <10 to 2,465 pg/L. Annual
mean values for 2019-2025 were 149-344 ng/L and
showed a decreasing trend, which to some extent limits
the development of diatom algae.

No pronounced changes in chlorophyll-a concen-
trations were observed in the coastal zone of Odesa
throughout the study period. Changes in chlorophyll-a,
as an indicator of phytoplankton biomass, reflect varia-
tions in the ecological status of the aquatic environment.
Overall, this dynamics corresponds to the characteris-
tic seasonal pattern of the north-western shelf. Peaks
in chlorophyll-a concentrations were usually observed
in spring and summer, associated with increased phy-
toplankton photosynthetic activity under elevated tem-
peratures and enhanced riverine nutrient input. During
other seasons, particularly autumn and winter, chloro-
phyll-a levels remained consistently low, generally not
exceeding 2—-5 pug/L. The maximum chlorophyll-a value
recorded during the entire observation period was 35
pg/L at the beginning of June 2023, which was linked to
the Kakhovka HPP disaster.

Assessment of eutrophication in coastal waters
using complex indicators TRIX and EQR (BEAST)

Calculations of the TRIX trophic index and the EQR
(BEAST) water quality indicator allowed for the syn-
thesis of hydrochemical and hydrobiological observa-
tions and the identification of changes in the degree of
eutrophication over the study period.

Before the onset of the full-scale war, annual mean
TRIX values in the coastal waters of Odesa ranged from
4.4 to 5.0, corresponding to the border between moder-

ate and high trophic status, with water quality assessed
as good or moderate. After the war began, TRIX values
increased to 5.0-5.4, corresponding to high trophic sta-
tus (moderate water quality). Intra-annual fluctuations of
the index were moderate and exhibited a clearly defined
seasonal pattern (Fig. 5).

The assessment results using the BEAST methodol-
ogy complement and confirm the conclusions obtained
based on the TRIX index. During the pre-war period,
annual mean EQR values of 1.6—-1.8 in the coastal waters
of Odesa corresponded to a moderate ecological status,
while in the wartime period they indicated poor status,
ranging from 2.1 to 3.1. Maximum EQR values were
recorded during periods of increased nutrient loading
and intense water ‘“blooming,” consistent with hydro-
chemical observations.

The observed changes in TRIX and EQR (BEAST)
indicators are well aligned with the dynamics of nutri-
ent concentrations and indicate relative stability of the
coastal ecosystem prior to the onset of the full-scale war.
After the war began, the annual mean values of both
indicators no longer corresponded to good ecological
status, reflecting an overall deterioration in the quality
of coastal waters.

Main conclusions. During the wartime period,
a significant deterioration of the ecological status of
the coastal waters of Odesa was observed, driven by
increased organic nutrient loading and disruption of the
oxygen regime. The most pronounced changes were
recorded for total nitrogen and its organic component,
confirming the informativeness of this indicator for
assessing the impact of wartime factors. The applica-
tion of two independent integrated assessment meth-
ods, TRIX and EQR (BEAST), allowed for a consistent
evaluation of eutrophication processes and confirmed
a substantial decline in the condition of coastal waters
during the wartime period compared to the pre-war
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stage. The observed changes in these indicators are well Prospects for the application of the study results.
aligned with nutrient dynamics and indicate relative sta- The results obtained can be used to improve marine water
bility of the coastal ecosystem prior to the onset of the monitoring systems, develop adaptive measures in the post-
full-scale war. war period, and assess ecological risks for coastal areas.
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