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Annotation. This article presents a comprehensive analysis of the impact of Caspian Sea
level changes on the condition of coastal ecosystems over the period 1980—2025. The study is based
on a synthesis of long-term hydrometeorological observations, satellite remote sensing data, and the
results of regional environmental studies. Long-term trends in sea-level fluctuations, changes in the
hydrological balance, and the spatial dynamics of biodiversity along the Kazakh, Russian, and
Turkmen coastal sectors were identified. The findings indicate that the average rate of Caspian Sea
level decline is approximately 6.4 cm per year, resulting in the degradation of coastal and wetland
ecosystems, a decrease in waterbird populations, shoreline transformation, and the loss of key
spawning grounds for commercially important fish species. Potential changes in sea level and
coastal ecosystems up to 2050 were projected using CMIP6 climate scenarios. Based on the
findings, priority measures for adaptation, environmental management, and the establishment of a
long-term monitoring system are proposed. The results of this study may be used in developing
regional nature conservation strategies and promoting sustainable natural resource management
under intensifying climate change in the region [1].

Keywords: Caspian Sea, sea level, coastal ecosystems, hydrological balance, climate
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Introduction

Changes in the level of the Caspian Sea represent one of the most pressing environmental
challenges in Eurasia. As the world's largest enclosed inland water body, the Caspian Sea has a
significant influence on the climate, biodiversity, and economy of the surrounding regions. Another
period of sea-level decline began in the early 1980s. According to data from the Shirshov Institute
of Oceanology of the Russian Academy of Sciences and Kazhydromet, the sea level decreased by
more than 2 m between 1980 and 2025. The main causes include increased evaporation resulting
from rising temperatures, reduced river inflow, particularly from the Volga River, and
anthropogenic regulation of the hydrological regime. The aim of this study is to assess the impact of
these changes on coastal ecosystems, identify spatiotemporal patterns, and propose appropriate
adaptation measures [2].

Research objectives:

o To analyse the dynamics of the Caspian Sea level over the period 1980-2025;

e To determine the relationships between climatic factors (temperature, precipitation, and
evaporation) and sea-level fluctuations;

e To assess the effects of sea-level decline on biodiversity and the productivity of coastal
ecosystems;

e To develop recommendations for adaptation and coastal zone management [8].

Research into Caspian Sea level fluctuations has been conducted since the nineteenth
century, with its intensity increasing following the sea-level decline observed in the 1980s. The
main contribution to sea-level dynamics is determined by the balance between river inflow and
evaporation. Approximately 80% of the total river inflow is provided by the Volga River (Ivanov et
al., 2021). An increase in mean annual temperatures in the region (+1.5-2 °C) has resulted in a 10—
15% increase in evaporation (Nasyrova & Bekturganov, 2023). Anthropogenic factors, including
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dams, reservoirs, river flow regulation, and hydrocarbon extraction, further intensify natural
fluctuations (Aliyev, 2020; Kasperskaya et al., 2022). Projections based on CMIP6 scenarios
indicate a further decline in sea level under current trends (Kostianoy et al., 2021).

Materials and Methods. Data sources. The study used hydrometeorological observation
records from Kazhydromet and the Shirshov Institute of Oceanology of the Russian Academy of
Sciences, as well as satellite remote sensing data from Landsat, Sentinel, and NASA Earth
Observations.

Study period: 1980-2025.

Study areas: The Kazakh sector (Mangystau Region, the Kurayty area and Cape Peschany),
the Volga River delta, and the Turkmen sector (the Turkmenbashi area).

Research methods: Time-series analysis using moving averages, water balance calculations,
correlation analysis of temperature and sea-level data, biogeographical analysis of vegetation and
avifauna, and climate scenario modelling based on CMIP6 [9, 10].

Hydrological analysis — smoothing equation:
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Water mass balance equation:
AV=Qr—E+P-Qa

where:

e Qr — total river inflow;

e E— evaporation;

o P — precipitation;

e Qa — anthropogenic water withdrawal.

Predictive regression model:
Hf=aT+bP+CE+d

where:

e T — temperature change;

o P — precipitation change;

o E — evaporation change;

e a,b,c,d — empirical regression coefficients estimated from observational data.

Results and Discussion. Dynamics of Sea-Level Changes. The analysis of the 1980-2025
period demonstrates a persistent downward trend in the Caspian Sea level, with an average decline
rate of 6.4 cm per year. This finding is consistent with Ivanov et al. (2021) and Kazhydromet data.
Following a short-term rise during the 1990s, a sustained decline in sea level has been observed [6].
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Figure 1. Dynamics of the Caspian Sea level during 1980-2025.
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Correlation with Climatic Factors. The average correlation coefficient between air
temperature and sea level was (r=-0.78), indicating a strong negative relationship. An increase in
temperature is associated with a decrease in sea level, primarily due to enhanced evaporation.
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Figure 2. Correlation between mean annual air temperature and sea level (1980-2025).
Changes in the Hydrological Balance7 Calculations based on Equation (2) indicate that
over the past decade, evaporation has increased by approximately 12%, while river inflow has

decreased by approximately 8%. The average negative water balance is estimated at approximately
—25 km?/year [3, 7].

Table 1. Water mass balance of the Caspian Sea (km?*/year)

eriod River inflow Precipitation | Evaporation wi:lY(?:zrwal Balance
(years) (Qr) (P) (E) (Qa) (AV)
1980-1990 292 78 320 2,5 +47,5
1991-2000 280 75 335 3,2 +17
2001-2010 270 72 355 3,8 —16,8
2011-2020 260 70 362 4,1 —16,1
2021-2025 255 68 368 4,5 —49,5

The table demonstrates a transition to a negative water balance beginning in the early
twenty-first century, indicating a persistent deficit in the Caspian Sea's water budget.

Impacts on Coastal Ecosystems. Analysis of satellite data and field observations revealed
the following changes:

1. Reduction of wetland and salt-marsh ecosystems. The area of coastal wetlands in the
Kurayty region decreased from 230 km? in 1990 to 90 km? in 2024.

2. Transformation of vegetation. The distribution areas of halophytic vegetation decreased
by approximately 40%.

3. Impacts on fauna. Duck and wader populations declined by 30-35%, according to
ornithological surveys conducted in 2023. The shallowing of spawning habitats has disrupted the
spawning migrations of sturgeon and herring species.

4. Socio-economic consequences. These include the loss of commercial fishing grounds in
the Fort-Shevchenko and Bautino areas, soil salinisation, pasture degradation, and a decline in the
recreational attractiveness of coastal territories.
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According to the estimates, every 10 cm decrease in sea level results in the degradation of

approximately 250 km? of coastal ecosystems, including wetlands, salt marshes, and deltaic

channels [8].

Spatial Modelling and Projections up to 2050. Modelling based on CMIP6 scenarios
indicates a potential decline in the Caspian Sea level by 2050.

Table 2. Projected changes in the Caspian Sea level up to 2050

CMIP6 scenario | ATemperature | APrecipitation | AEvaporation Projected sea-
(°O) (mm/year) (mm/year) level decline (m)
SSP1-2.6 +1.3 +2.5 +4.8 -1.2
SSP2-4.5 +2.1 +1.0 +8.5 —2.4
SSP5-8.5 +3.8 -3.0 +14.3 -3.2

Even under the moderate SSP2-4.5 scenario, a further decline in sea level is expected,
potentially resulting in large-scale transformations of coastal landscapes.

Environmental and Management Recommendations. Based on the research findings, the
following priority measures are proposed:

o Establishment of environmentally sustainable buffer zones in areas experiencing active
shoreline retreat;

o Restoration and conservation of wetlands and salt marshes as natural filtration systems
and regulators of the local microclimate;

o Implementation of a permanent environmental monitoring system for sea-level
fluctuations and coastal ecosystem conditions, combining satellite observations with ground-based
monitoring stations;

o Coordination of water resource management in the Volga and Ural river basins, including
minimisation of anthropogenic water withdrawals and regulation of river flow with due
consideration of the ecological requirements of delta ecosystems;

o Strengthening international cooperation among Caspian littoral states to develop
coordinated adaptation strategies [4, 5].

Study Limitations and Future Research Directions

Study limitations. The main limitations include the heterogeneity of observation time series
across different coastal sectors and uncertainties associated with climate scenario projections.

Future research directions. Further research should focus on refining assessments of climatic
impacts using CMIP7 scenarios, developing improved models for water resource management at
the basin scale, and conducting comprehensive geoecological surveys of coastal areas [6].

Conclusion. The analysis confirms that the decline in the Caspian Sea level during 1980—
2025 has been driven by a combination of climatic and anthropogenic factors, primarily rising mean
air temperatures, increased evaporation from the sea surface, and reduced river inflow.

The identified changes have resulted in the degradation of coastal wetland ecosystems,
declining populations of waterbirds and commercially important fish species, soil salinisation,
shoreline transformation, and the loss of valuable fishing grounds.

Mitigating these adverse impacts requires an integrated approach involving the restoration of
degraded ecosystems, the development of long-term environmental monitoring systems, adaptation
of economic activities, and coordinated water resource management among Caspian littoral states in
the context of ongoing climate change.

Particular importance should be given to accounting for regional socio-economic risks and
implementing scientifically based scenarios for the sustainable long-term development of the
Caspian coastal territories.

The authors express their gratitude to ECOTERA LLP for providing analytical data, as well
as to Kazhydromet and the Shirshov Institute of Oceanology of the Russian Academy of Sciences
for access to archived hydrometeorological observation records.
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Anaarna. Makanaga 1980-2025 >xpiimap apanbirbiHga  Kacnuii TeHI31  JeHreHiHIH
©3TepyiHIH JKarallayJbIK YKOKYHEIEepiH JKaFaalblHa dcepiHe KEHICH Il TalJay JKacaliFaH. 3epTTey
KOIDKBUIZBIK ~ THIPOMETEOPOJIOTHSUIBIK ~ OaKpuIaylap  JEpeKTepiH,  CIYTHHKTIK  30HITAy
MaTepUaIapbIH  JKOHE OHIPIIK OJKOJOTHSUIBIK  3€PTTEYJICPAiH HOTIDKENEpiH JKUHAKTayFa
Heriznenred. TeHI3 JMEHreiiHIH aybITKYBIHBIH TYPAKThI Y3aKMEp3iMAl YpIicTepi, THAPOJIOTHSIIBIK
TEMe-TeHIIKTIH e3repyi JKoHe OMOalyaHTYPJUIIKTIH KEHICTIKTIK auHaMmukacel Kazakcran, Peceit
xoHe TypiKMEHCTaH jkarajay CEKTOpJapblHIa aHbIKTanabl. Kacrnuii TeHi31 NneHreiiHiH opraiia
TOMEHJICY KbUIIAMIIBIFBI IIIAMaMEH JKbUIBIHA 6,4 CM €KCeHI aHBIKTAIBIN, OYJI jKaFaJiaylbIK >KOHE
0aTmakThl SKOXKYHEIep/IiH JAerpadalusichiHa, CYy KYCTapblHA TOH MOIYJISAIUSUIAPIbIH KbICKAPYBIHA,
JKarayiay CBI3BIFBIHBIH TpaHC(HOPMALMACHIHA >KOHE OalbIKTapIblH HETI3r1 YBUIABIPBIK IAITy
aJIaHIapbIHBIH JKOWBUTYbIHA oKeleTiHl kepceTinai. CMIP6 KIMMAaTTHIK CIieHApHUIUIEpiH MaiiganaHna
oteIpbIn, 2050 KpUTFa ACHIH TEHI3 JCHrell MEH dKOXKYHenep/eri bIKTUMall e3repicTepre 0oikam
kacanpl. AJIBIHFAH HOTHXKENIEp HETI3iHIe OeiiMIeny IIapajapblHbIH, KOJOTHSUIBIK OacKapy/IbiH
KOHE Y3aKMEp3iMIi MOHHMTOPUHT >KYHECIH KaJIBINTACTHIPYABIH OachblM OarbITTapbl YCHIHBUIIBL
3epTTey HOTHKEJepl OHIpJET] KIMMATTBIK ©3repicTepiH KYLICel )KaFaablHaa TaOUFAaTThl KOPFay
MEH TaOWFU pecypcTapibl YTHIMIBI Taijanany OOWBIHINA aWMaKTHIK CTpaTeTHsIIApIbI d3ipieye
KOJITAaHBUTY Bl MYMKIH.

Tyiiin ce3aep: Kacnmii TeHi3i, TeHI3 JEHTell, jKaralayJbIK dKOXKYHeIep, THIPOIOTHSIIBIK
OaJlaHC, KIIMMATTBIH ©3repyi, OPTaHbIH JCTPaJdalHiaChl, OMOATyaHTYPIIUIIK, OcHiMaeny.

JTAHAMMKA YPOBHS KACIHCKOI'O MOPSI 1 DKOJJOTHYECKAS
TPAHCO®OPMALIUSA ITPUBPEKHBIX DKOCUCTEM
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AHHOTanus. B cratbe mpencTaBiieH KOMIUIEKCHBIM aHaIW3 BIWSHUSA W3MEHEHHUS YPOBHS
Kacnniickoro Mopsi Ha COCTOSHME NPUOPEXKHBIX dKocucteM B mnepuoxa 1980-2025 rr.
HccnenoBanne OCHOBAaHO Ha OOOOIIEHUHM J@HHBIX MHOTOJETHUX THAPOMETEOPOTOIHYECKUX
HaOJIIO/IEHNH, MaTepuajoB CIIyTHUKOBOTO 30HJUPOBAaHUS M  PE3yJbTaTOB PErHOHAJIbHBIX
9KOJIOTUYECKUX HCCIIeI0OBAaHUM. BBISABIEHBI YyCTONHYMBBIE JOITOBPEMEHHBIE TpPEH/Abl KojleOaHW
YPOBHA MOpS, M3MEHEHHMs] THUIPOJIOrMYEcKOoro OajiaHca U MPOCTPAHCTBEHHAs JIUHAMHUKa
O0uopazHoOOpa3nsi B KAa3aXCTAaHCKOM, POCCHHCKOM M TYPKMEHCKOM CEKTOpax IoOepeKbs.
VY CTaHOBIIEHO, UTO CPENHSS CKOPOCTh CHUKEHUS ypoBHs Kacnuiickoro Mopst coctaBisieT okouso 6,4
CM B TOJl, YTO NPHUBOJUT K JErpajalludl NPUOPEKHBIX M OOJOTHBIX 3KOCHUCTEM, COKPAILCHHIO
YHCJIEHHOCTH BOJOIUIABAIONIMX MNTHI], TpaHCpopMmaluu OeperoBol JTUHUM M YTpaTe KIIOYEBBIX
HEPECTHJIUIL TPOMBICIIOBBIX BUIOB pbI0. BBIMOIHEHO MPOrHO3WPOBAHHE BO3MOXKHBIX M3MEHEHHUH
ypoBHsI MOpsi 1 3kocucteM 10 2050 roga ¢ Wcnoib30BaHUEM KIUMaTHdeckux cieHapues CMIP6.
Ha ocHOBe TOMydYeHHBIX pe3yJbTaTOB IMPEUIOKEHBI NPHUOPUTETHBIE MEpBl  aAalTaluu,
HKOJIOTMYECKOTO yMpaBlieHUs W (DOPMHPOBAHUS CUCTEMBI JOJITOCPOYHOIO MOHUTOPHUHTA.
Pe3ynbTaThl Hccie0BaHUS MOTYT OBITh MCIIOJIB30BaHbI MPH Pa3pabOTKe PETHOHANBHBIX CTpAaTerui
OXpaHbl TMPUPOJBI U PALMOHAIBHOTO TPUPOAOIOJIB30BAHUS B YCIOBHUSX YCHIIMBAIOIIUXCS
KJIIMMAaTHYECKUX U3MEHEHUN peruona [1].

KuaroueBble caoBa: Kacnuiickoe Mope, YpoBeHb MOps, HPHUOPEKHBIE 3KOCHCTEMBI,
THJIPOJIOTUYECKUI OaaHc, KIMMaTHYECKHUEe W3MEHEHHs, Aerpajanus cpelsl, OmopasHooOpasue,
ajanTranus.
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    H  t =  1  n   ∑  i = 1  n   (   L  i −   L  i − 1 )


  𝛥 V = Q r − E + P − Q a


    H  f = a T + b P + c E + d

