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A B S T R A C T   

Russian forces have destroyed one-third of Ukraine’s freshwater storage since February 2022 to 2024. Potable, 
industrial and irrigation water supplies have been cut across the south and east of the country. Overall, social, 
economic and ecological damages are estimated in the tens of billions of $US, while the loss of Ukraine’s eco-
nomic potential and necessary investments in restoration reach $600 billion. We consider the current eco- 
economic efficiency of irrigated crops, as well as damage to commercial and recreational fisheries including 
losses of littoral areas and spawning grounds. Alternative water supplies for the war-torn regions by construction 
of wells to tap groundwater are presented and justified; various scientific opinions and approaches to ecosystem 
management and options for the future reconstruction of the Kakhovka Reservoir are discussed; and, finally, 
strategic development options for the water sector are considered to ensure water security in the post-war 
development period.   

1. Introduction 

Throughout history, water resources have been fundamental for so-
cial and economic development. When the water fails, so do the societies 
it supports; and water resources are now stretched to the limit in many 
parts of the world [1,2]. Water has often been a cause, or excuse, for 
political and military conflict. As recently as 30 years ago, war between 
states in the Middle East over the water resources they share was 
considered highly likely, if not inevitable [3]. With increased population 
and development, growing enough food required quantities of water 
that were simply not available. Neighboring states seemed not to hesi-
tate to go to war over other issues, so why not water? And yet, as 
Shapland [4] has observed, wars over water have not occurred – because 
it is cheaper and less risky to buy food from abroad than to take up arms 
to grab local water resources to grow it at home. Provided that the global 
market can provide that food, and governments can find the foreign 
currency to pay for it, better by far to reduce the volumes allowed to 
their farmers and maintain supplies to more profitable sectors (industry, 
commerce, tourism) and more politically powerful groups (urban con-
sumers). So, for example, Egypt now imports virtual water [5] equivalent 
to another Nile – but the leaders do not trumpet this policy and there are 
always new alarums [6,7]. 

Ironically, Ukraine, which is a major source of that virtual water, is 
now the victim of a military assault on the actual water that has been 
supplying its grain exports. The extensive infrastructure of dams, res-
ervoirs and canals in Ukraine was largely created in the period 1950 to 
1980 to supply industry, energy, transport, irrigation and municipal 
water supply [8]. On the Dnipro River, a cascade of six reservoirs was 
constructed with a total volume of 43.8 km3; on other rivers, there are 
1,095 smaller reservoirs with a total water volume of 8.6 km3 and 
approximately 50,000 ponds with a volume of 3.9 km3. In the rush for 
economic development driven by a doctrine of subjugating nature, 
environmental issues received short shrift [9]. Rivers have been frag-
mented into cascades of complex techno-natural ecosystems, practically 
stagnant and subject to chemical, microbial, biological, physical, and 
radionuclide pollution [10–12]. 

Even with its engineered water reserves, Ukraine was less well sup-
plied than most of Europe: the internal river flow in Ukraine is 
approximately 50 km3, and the available groundwater reserves are only 
5 km3 [13]. With internal renewable water resources of 1,200 cubic 
meters per person per year, Ukraine ranks 37th out of 50 European 
countries [14]. Climate change and increased demand would have 
caused a deficit in some regions by 2050 [15], but Russia’s assault has 
created this situation now (Fig. 1). 
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The deliberate destruction that has devastated Ukraine’s water 
infrastructure has killed many people, caused severe material losses, 
flooded large areas, and constitutes nothing less than an ecocide 
[16–20]. Loss and damage includes complete or partial destruction of 
the Kakhovka, Oskil’ske, Pechenizke, Karachunivske and Karlivske 
Reservoirs; municipal water supplies and sewerage to and from Myko-
laiv, Kharkiv, Mariupol, Chernihiv, Bakhmut, Severodonetsk, Vugledar, 
Lysychansk and Avdiivka; and termination or partial loss of function of 
main channels for water supply to the Kakhovka and North-Rogachytska 
irrigation systems, and the Dnipro-Donbas, Dnipro-Kryvyi Rih, and 
North-Crimean Canals [21–23]. 

Here, we assess the current state of water infrastructure in South-East 
Ukraine. Restricted access to the front-line and occupied territories does 
not allow a comprehensive assessment; eye-witness reports from local 
media remain a primary source of information about military events and 
their consequences. We also draw on open sources of international and 
Ukrainian organizations that maintain statistical records and assess 
losses incurred by the economy [24–26] and interviews in foreign and 
domestic publications provided by experts in water management, ecol-
ogists, economists, and other specialists. 

2. Ecosystem services 

Recent years have seen a rapid decline in the biodiversity of fresh-
water ecosystems across Europe [27,28]. This is attributed to the loss of 
habitat caused by climate change, pollution, and other human impacts 
on inland waters and wetlands [29]. In Ukraine, the situation has been 
exacerbated by the Russian invasion that has disrupted almost every 
natural activity, as well as conservation measures and, inevitably, 
ecosystem services [30]. Significant damage has been inflicted on more 
than 16 % of the territory (over 100,000 km2); access to safe drinking 
water is restricted for approximately 5 million people; there have been 
huge economic losses, as well as disruption and total loss of aquatic 
ecosystems [31,32]. 

The commercial fish catch has been reduced to less than a half of pre- 
conflict levels in the Dnipro Reservoir cascade and decreased by over 80 
% in the Black and Azov Seas, not to mention recreational fishing [33]. 
But the most important ecosystem service of Ukrainian reservoirs 
(especially the Dnipro Cascade) is water storage and regulation for many 
and various needs: water supply and drainage, hydropower, navigation, 
irrigation, recreation, self-purification, cooling water for thermal and 
nuclear power stations, and numerous waste storage facilities and tail-
ings ponds providing the ecosystem service of containing pollutants, 

Fig. 1. Consequences of the Russian invasion on water security in Ukraine: a) flooding on the Irpin River (2022); b) destruction of the Oskil Reservoir (2022); c) 
destruction of the Kakhovka Dam (2023); d) flooding of the Dnipro River delta and the city of Kherson (2023). Sentinel and Landsat images and photos from open 
internet sources. Extent of areas controlled by Russian forces in pink. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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including radioactivity [34]. 

3. Water supply and pollution 

The total abstraction of water in Ukraine exceeds 8.8 billion m3, of 
which 735 million m3 is from underground sources and 267 million m3 is 
mine and quarry water. The largest water consumers are the eastern and 
southern regions: Dnipropetrovsk, Donetsk, Zaporizhzhia, Kherson and 
Odesa [35]. Approximately 6 % of total water intake was discharged 
back into the rivers as wastewater (Fig. 2). The development of these 
regions as industrial, mining, agricultural and transport hubs with a 
population before the war of more than ten million was facilitated by a 
network of canals and pipelines that brought water from the Dnipro 
reservoirs to the Donbas and Crimea [8,36]. Military action has dis-
rupted or destroyed these water supply systems [37,38]: the operation of 
dozens of main channels has been terminated; water intakes, pumping 
stations and pipelines have been damaged or destroyed; and there have 
been innumerable cases of pollution due to destruction of equipment, 
fuel leaks, and chemicals from munitions and industrial plants. For 
instance, more than 450 tons of fuel and engine oil were released into 
the Dnipro River during the destruction of the Kakhovka Hydropower 
Station [39,40]. 

In the early days of the full-scale invasion, the main structure of the 
North Crimean Canal, the Kakhovka Dam and Hydropower Station and 
all hydraulic structures regulating the water supply from the Kakhovka 
Reservoir to the Crimean Peninsula were captured and Russian forces 
illegally diverted water valued at an estimated $18 million [38,41]. In 
May 2022, damage to the Raigorodskaya Dam on the Siversky Donets 
River (Donetsk Oblast) resulted in an uncontrolled discharge of water 
into the river, lowering the level of the reservoir by 1.5 m at drinking 
water intakes and disrupting supplies to the Donetsk region; and the 
shelling of the Vasilkivsky water supply and wastewater treatment plant 

spilled untreated wastewater into the Dnipro River [22]. More than 30 
major water treatment facilities and sewage plants, along with hundreds 
of smaller structures, have suffered damage totaling about $115 million 
[37,41]. 

There was already significant physical and moral wear-and-tear on 
sewerage facilities: 30–40 % of them are in emergency condition or 
barely perform basic functions. On average, there are more than 2–3 
accidents per km of water supply and sewer network every year [42] and 
the lack of access for water management staff to damaged infrastructure 
in conflict zones, along with new daily accidents, exacerbates environ-
mental and water safety hazards. At the time of writing (winter 2024), 
destruction of reservoirs and the shutdown of canals, pipelines, and 
pumping stations have taken 18–20 km3 of the available reserves of 
fresh water – one third of all fresh water reserves in the country, valued 
at $18 billion if supplied to consumers at an average price in Ukraine of 
$0.80–0.90 per cubic meter. 

4. Irrigation 

During the 1950–1990 period, irrigation and land reclamation 
schemes were extended to 2.3 million ha of the country, the largest 
located in the southern steppes [43,44]. Fifty to seventy-years on, most 
of them are run down; excessive unproductive water losses and ineffi-
cient management raided any profits [45–48] and the irrigated area had 
contracted to about 300,000 ha in 2022 (Fig. 3). At the same time, the 
application of manure and fertilizers also decreased and, so, have gross 
agricultural production and quality. 

Livestock production had also been actively developed in the mid- 
20th century, using various crop rotations [49] and producing plenty 
of farm manure. But stockbreeding crashed and the global demand for 
grains and other cash crops led to the adoption of short rotations, or even 
monocultures, of wheat, sunflower, corn, rapeseed and soya that depend 

Fig. 2. Water supply and wastewater disposal in Ukraine’s river basins [35].  
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on industrial fertilizers, herbicides, and pesticides and, in the steppe 
zone, produce well only under irrigation [50–52]. 

As of February 2024, Russian forces occupy the following formerly- 
irrigated areas: Kakhovka system (260,000 ha) North Crimean Canal 
(280,000 ha, also designed to supply water to the Crimean Peninsula), 
North-Rogachitsa (102,000 ha), and Krasnoznamyanska (96,000 ha). 
Furthermore, the destruction of the Kakhovka Dam on the Dnipro River 
cut off water to the Dnipro-Kryvyi Rih Canal that supplied over 500 
million m3 water/year to the city of Kryvyi Rih, and 100 million m3 for 
irrigation. At the same time, the blockade of the Black Sea ports has 
disrupted exports of agricultural products so the agricultural sector 
operates at a loss [53,54]. 

Analysis of previous studies [55] indicates that irrigated grains and 
soybeans are now unprofitable although, with good weather and mini-
mizing water application, rapeseed and sunflower break even. Vegeta-
bles, berries, orchard crops, and vineyards remain profitable, but require 
upfront capital investment and yield a profit only after 5–7 years [56]. 
The development of human capital in the southern and eastern regions 
of the country is also challenging. Many local people fled and most of 
those who remain have been deprived of their livelihoods by the 
destruction of the Kakhovka Reservoir. 

5. Fisheries 

Fish are an important component of the diet in Ukraine, but annual 
consumption of 9–12.5 kg per person in 2015–22 [24,57] is 4–5 times 
lower than the European average. The long-term share of the Kakhovka 
and other destroyed reservoirs in the freshwater catch was 20–25 % 
[58]. The ichthyo-complex of reservoirs in the south-eastern regions of 
Ukraine comprises 42 fish species, of which 20 are of commercial value 
and 34 recreational [39,57,58]. In 2022, the Institute of Fisheries of the 
National Academy of Agrarian Sciences of Ukraine [59] estimated the 
stocks in the Kakhovka Reservoir for the year 2023 at about 11 400 
tonnes. Most commercial fish species are phytophagous (carp, bream, 
ide, roach, catfish, perch) and spawn in shallow-water vegetation that is 
now completely lost. Direct losses to the Ukrainian fisheries, are esti-
mated at $24.5 million and, according to Buzevich’s calculations [60], 
losses to the fisheries from the loss of offspring exceed $242 million. 

6. Discussion and prospects for restoration of the Kakhovka 
Reservoir 

Preliminary assessments suggest that, in peacetime, complete 
restoration of water infrastructure will cost more than $5 billion. 

Reconstruction of the Kakhovka Reservoir, alone, will cost $1–1.5billion 
and take ten years [40,61,62]. 

Neither nature nor society will wait. The ecosystems of water- 
deprived territories will gradually adapt to the new conditions, as they 
have done repeatedly in the last 70 years. Inevitably, this will mean the 
loss of some rare species [63]. Society will seek alternative farming 
systems with broadacre farms reverting to rainfed crops, and specialist 
growers turning to modern water and energy efficient technologies such 
as drip and subsurface microirrigation, which also facilitate application 
of fertilizers and plant protection products with irrigation water [64,65]. 

For the south-eastern regions (left bank of the Dnipro River), 
groundwater may be an alternative to water supply from the Kakhovka 
Reservoir. This will require well-drilling to tap aquifers of varying 
depths and water qualities [36,66]. However, groundwater dynamics 
will be changed by the loss of hydrostatic pressure from the Kakhovka 
Reservoir; and most aquifers in southern Ukraine are brackish [67]. 
Therefore, there is a need for a comprehensive review of existing water 
consumption norms and regulations and technological upgrading of 
production cycles to reduce water consumption. In addition to investing 
in drilling and equipping wells, there will be a need for pretreatment or 
mixing of water from various sources to bring it to the required quality 
standards [68]. The cost of water to consumers will increase; several 
local authorities and regional water supply and drainage providers have 
already declared an average 50 % price increase for municipal con-
sumers to $1.3/m3 during 2024. 

The Institute of Water Problems and Land Reclamation of Ukraine 
[69] predicts that, under present climatic trends and without irrigation, 
almost half of the cropland in Ukraine will be unsuitable for field crops 
by 2050; By 2100, the proportion may reach two thirds. Every year, 
without irrigation, Ukraine will lose about 13.5 million tonnes of cereals 
and technical crops and 11 million tonnes of fruits and vegetables. 
Therefore, Ukraine should draw on the experience of other countries in 
managing and ensuring the water supply from sources other than surface 
water. 

Currently, two tracks are open for debate: 1) whether to rebuild the 
dam and reservoir to their former size and volume, or 2) maintain the 
river regime downstream without flooding an area of 2155 km2. The 
first path is advocated by engineers in the hydropower complex who 
support the complete restoration of the reservoir [61] and academician 
Mykhailo Romashchenko [70,71] and others who argue for the resto-
ration of the reservoir, although somewhat smaller than before, to 
restore the water supply of cities and towns, industry, navigation, irri-
gation, fishing, and recreation. However, elsewhere in the EU, large 
dams are now unwelcome for ecological reasons [72,73], and restoring 

Fig. 3. Changes in irrigated area and the structure of agricultural production in Ukraine.  
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the enormous Kakhovka Reservoir for the needs of a population that will 
be 2–5 times smaller than before February 2022 and without the de-
mand for its water by heavy industry is hardly economically justified. 
Dam construction and the filling of the reservoir and recreation of the 
entire hydro-ecosystem will take many years: the ecosystem services of 
the reservoir are needed now. And will the 5–7 % share of electricity for 
Ukraine which the Kakhovka Hydropower Station would again provide 
be significant for the country’s energy sector? 

Redevelopment foregoes the second option of a tract of potential 
agricultural land, forest, and a floodplain that could be included in the 
Emerald Network [74,75] within the concept of maintaining European 
biological and landscape diversity. Considering the scale of this nature 
regeneration, it would need to be a pan-European project within the 
master plan to restore the naturalness of 25,000 km of EU rivers by 
2030. 

Arguably, restoration of the Great Meadow (“Veliky Lug” – the 
floodplain of the Dnipro River before the construction of the Kakhovka 
Reservoir) would provide more benefit to the economy and natural 
landscapes than the construction of a new reservoir [76]. Academician 
Yakiv Didukh [77] estimates the ecosystem services of floodplain areas 
of the former reservoir at an average of $260,000/ha while the elec-
tricity generated by hydroelectric plant accounts for only 13–15 % of 
this value – but electricity was never the main purpose of the Kakhovka 
Dam. 

Forecasting is complicated by the unpredictability of many factors: 
natural, anthropogenic and, most importantly, geopolitical [78]. We can 
be sure that the territory of the former Kakhovka Reservoir will not 
return to its semi-natural ecology of a century ago due to degradation of 
the soil cover, reduced water flux due to the regulation of the Dnipro 
River and others upstream by a system of reservoirs, ponds, and canals, 
let alone climate change; but there is a need to consider advantageous 
alternatives to reinstatement of the reservoir to quickly satisfy the needs 
of the state and the population. This issue is firmly in the political arena 
where the desire to acquire funds reflects the scientific justification and 
a strategic vision of effective water and land resource management. 
Perhaps it was this political and scientific dissonance that prompted the 
Government of Ukraine to suspend the use of the lands occupied by the 
Kakhovka Reservoir [79]. 

7. Conclusions 

Water resources have been weaponized. Simultaneously, they have 
become victims and instruments of aggression. The information pro-
vided here pertains to a two-year timeframe encompassing the period of 
military operations from winter 2022 to 2024, during which Ukraine has 
lost one third of its accumulated freshwater reserves; and scores of 
reservoirs, pumping stations, main canals, and pipelines have been 
destroyed, causing significant damage and pollution to the river and 
reservoir water ecosystems. Estimates of loss and damage (decline in 
GDP, cessation of investments, outflow of workforce, additional ex-
penses for defense and social support, etc.) range from $500–600 billion 
and will continue to grow [80]. 

At the time of writing (March 2024), the war goes on. Mine fields and 
active combat complicate efforts to accurately assess the extent of 
damage and the restoration requirements. This underscores the need for 
novel methodologies and criteria for comprehensive research, as well as 
the potential for implementing comprehensive remote monitoring. 
Whatever its conclusion, the conflict offers valuable insights for re-
searchers around the world, enabling them to mitigate and prevent the 
adverse impacts of military conflicts on water ecosystems and security in 
the years ahead. 

Occupation of the southern and eastern regions of Ukraine and 
destruction of the Kakhovka Reservoir have all but terminated irriga-
tion. Irrigated cereals and technical crops are now unprofitable, even 
where practicable – not least because of the difficulty of selling and 
exporting the produce. The strategic development of irrigation should be 

based on optimal technology to minimize water costs and redesign 
cultivation systems, for example, by drip irrigation, diverse crop rota-
tions and focus on vegetable farming, orchards, and viticulture. 

The destruction of reservoirs has killed precious aquatic populations. 
The direct loss to the fish catch from destruction of the Kakhovka 
Reservoir is estimated at around $24.5 million but restoration of 
spawning grounds and ecosystem services would cost ten times this 
amount. 

Ensuring water supply for 7–10 million people, restoring irrigation 
on a project area of over 1 million ha, restoring aquatic bioresources, 
and developing other ecosystem services of reservoirs in the Kherson, 
Zaporizhzhia, Dnipropetrovsk and Mykolaiv regions, as well as in Cri-
mea, requires new technical, technological, and socio-economic para-
digms and post-war investment of tens of billions of dollars. The 
management of Ukraine’s water resources after the war needs to be 
decided at the state level today, considering all the pros and cons. 

Finally, repairing the consequences of war will require the combined 
efforts of ecologists, hydrologists and hydraulic engineers, economists, 
and a raft of other professional managers. In our opinion, a new concept 
of water security and the Ukrainian state strategy should be based on 
comprehensive legislative measures for the conservation, restoration 
and rational use of water resources and the natural landscapes of wet-
lands and, in the creation of this new framework, it is essential to include 
and assess the eco-economic efficiency of ecosystem services. 
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[7] J. Schillinger, G. Özerol, S. Güven-Griemert, M. Heldeweg, Water in war: 
understanding the impacts of armed conflict on water resources and their 
management, Wires Water 7 (6) (2020), https://doi.org/10.1002/wat2.1480. 

[8] V.V. Hrebin, V.K. Khilchevskyi, V.A. Stashuk et al., 2014, The water fund of 
Ukraine: Artificial water bodies – reservoirs and ponds. (Kyiv: Interpres ISBN 978- 
96501-098-2, in Ukrainian). 

[9] P. Josephson, Stalin’s water workers and their heritage: industrialising nature in 
Russia, 1950 - present, Global Environment 10 (1) (2017) 168–201, https://doi. 
org/10.3197/ge.2017.100107. 

[10] I. Chushkina, H. Hapich, O. Matukhno, et al., Loss of small rivers across the steppe: 
climate change or the hand of man? case study of the Chaplynka River, in press, 
Int. J. Environ. Stud. 81 (2024), https://doi.org/10.1080/ 
00207233.2024.2314853. 

[11] H. Hapich, V. Andrieiev, V. Kovalenko, et al., Study of fragmentation impact of 
small riverbeds by artificial waters on the quality of water resources, Naukovyi 
Visnyk Natsionalnoho Hirnychoho Universytetu 3 (2022) 185–189, https://doi. 
org/10.33271/nvngu/2022-3/185. 

[12] H. Hapich, V. Andrieiev, V. Kovalenko, T. Makarova, The analysis of spatial 
distribution of artificial reservoirs as anthropogenic fragmentation elements of 
rivers in the Dnipropetrovsk region, Ukraine, Journal of Water and Land 
Development 53 (2022) 80–85, https://doi.org/10.24425/jwld.2022.140783. 

[13] FAO Aquastat, 2023, Global information system on water and agriculture. http:// 
www.fao.org/nr/water/aquastat/data/query/index.html?lang=en. 

[14] V. Khilchevskyi, V. Karamushka, Global water resources: distribution and demand, 
in: W. Leal Filho (Ed.), Clean Water and Sanitation. Encyclopedia of the UN 
Sustainable Development Goals, Springer, Cham, 2021, https://doi.org/10.1007/ 
978-3-319-70061-8_101-1. 

[15] V.K. Khilchevskyi, Water resources of Ukraine: assessment based on the FAO 
aquastat database. 1-5 in, in: 15th International Conference Monitoring of Geological 
Processes and Ecological Condition of the Environment (2021), 2021, https://doi.org/ 
10.3997/2214-4609.20215k2005. 

[16] P. Gleick, V. Vyshnevskyi, S. Shevchuk, Rivers and water systems as weapons and 
casualties of the Russia-Ukraine War. Earth’s, Future 11 (10) (2023), https://doi. 
org/10.1029/2023ef003910. 

[17] S.O. Afanasyev, Impact of war on hydroecosystems of Ukraine: conclusion of the 
first year of the full-scale invasion of Russia (a review), Hydrobiol. J. 59 (4) (2023) 
3–16, https://doi.org/10.1615/hydrobj.v59.i4.10. 

[18] I. Dunayev, M. Kuchma, L. Byelova, et al., Wartime destruction: regional 
assessment of damage to Ukraine’s infrastructure, Int. J. Environ. Stud. (2024), 
https://doi.org/10.1080/00207233.2024.2314862, 81 in press. 

[19] S. Medinets, V. Medinets, A. Mileva, V. Khitrych, O. Gordienko, Y. Gazyetov, 
N. Kovalova, T. Pavlik, V. Derevencha, M. Rozhenko, V. Bilivska, N. Petskovych, 
O. Vengrynovych, S. Turchyn, M. Fedoriak, Atmospheric deposition of nitrogen 
and sulphur in the Dniester catchment: the impact of war at a glance, Int. J. 
Environ. Stud. (2024), https://doi.org/10.1080/00207233.2024.2314855. 

[20] S. Mammadov, S. Luhovyi, O. Starodubets, H. Kalynychenko, R. Trybrat, Collateral 
ecocide. the impact of war on ukrainian flora and fauna, Int. J. Environ. Stud., 
(2024), https://doi.org/10.1080/00207233.2024.2314851. 

[21] State Agency of Water Resources of Ukraine. Kyiv. https://davr.gov.ua/. 
[22] I. Gopchak, I. Kovalov, V. Zhuk, et al., Determination of damage caused to hydro- 

economic infrastructure facilities as a result of the armed aggression of the Russian 
Federation against Ukraine. scientific bulletin of, Civ. Eng. 108 (2) (2022) 60–67, 
https://doi.org/10.29295/2311-7257-2022-108-2-60-67. 

[23] State Agency of Land Reclamation and Fisheries of Ukraine. Kyiv. https://darg.gov. 
ua/. 

[24] Agriculture of Ukraine. State Statistics Service of Ukraine, Kyiv. https://www. 
ukrstat.gov.ua/. 

[25] Ministry of Finance Ukraine, 2023, Cost of water. https://index.minfin.com. 
ua/ua/tariff/water/. 

[26] Kyiv School of Economics (KSE). https://kse.ua/. 
[27] A.J. Reid, A.K. Carlson, I.F. Creed, et al., Emerging threats and persistent 

conservation challenges for freshwater biodiversity, Biol. Rev. 94 (3) (2018) 
849–873, https://doi.org/10.1111/brv.12480. 

[28] D. Tickner, J.J. Opperman, R. Abell, et al., Bending the curve of global freshwater 
biodiversity loss: an emergency recovery plan, Bioscience 70 (4) (2020) 330–342, 
https://doi.org/10.1093/biosci/biaa002. 

[29] A. Ekka, S. Pande, Y. Jiang, P.V. der Zaag, Anthropogenic modifications and river 
ecosystem services: a landscape perspective, Water 12 (10) (2020) 2706, https:// 
doi.org/10.3390/w12102706. 

[30] P.H. Gleick, Water and conflict: fresh water resources and international security, 
Int. Secur. 18 (1) (1993) 79, https://doi.org/10.2307/2539033. 

[31] V. Vyshnevskyi, S. Shevchuk, V. Komorin, et al., The destruction of the Kakhovka 
dam and its consequences, Water Int. 48 (5) (2023) 631–647, https://doi.org/ 
10.1080/02508060.2023.2247679. 

[32] S.A. Shevchuk, V.I. Vyshnevskyi, O.P. Bilous, The use of remote sensing data for 
investigation of environmental consequences of Russia-Ukraine War, Journal of 
Landscape Ecology 15 (3) (2022) 36–53, https://doi.org/10.2478/jlecol-2022- 
0017. 

[33] A.A. Protasov, Y.I. Uzunov, Conceptual provisions regarding ecosystem services of 
large plain reservoirs by example of the Dnieper River Cascade, Ukraine, 
Hydrobiology Journal 57 (5) (2021) 3–18, https://doi.org/10.1615/hydrobj.v57. 
i5.10. 

[34] D. Rudakov, D. Pikarenia, O. Orlinska, et al., A predictive assessment of the 
uranium ore tailings impact on surface water contamination: case study of the City 
of kamianske, Ukraine, J. Environ. Radioact. 268–269 (2023) 107246, https://doi. 
org/10.1016/j.jenvrad.2023.107246. 

[35] Govt. Ukraine, 2021, National report on the state of the natural environment in Ukraine 
(in Ukrainian) https://mepr.gov.ua/diyalnist/napryamky/ekologichnyj-monitor 
yng/natsionalni-dopovidi-pro-stan-navkolyshnogo-pryrodnogo-seredovyshha-v- 
ukrayini/. 

[36] H. Hapich, A. Zahrytsenko, Sudakov, et al., Prospects of alternative water supply 
for the population of Ukraine during wartime and post-war reconstruction, in 
press, Int. J. Environ. Stud. 81 (2024), https://doi.org/10.1080/ 
00207233.2023.2296781. 

[37] National report on the quality of drinking water and the state of drinking water 
supply and drainage in Ukraine, 2023. http://surl.li/qmwso. 

[38] UNICEF, 2023, Report on damages and losses to infrastructure from the destruction 
caused by Russia’s military aggression against Ukraine as of June 2023. https://kse. 
ua/wp-content/uploads/2023/09/June_Damages_ENG_-Report.pdf: https://www. 
unicef.org/press-releases/14-million-people-without-running-water-across-war- 
affected-eastern-ukraine. 

[39] R. Novitskyi, H. Hapich, M. Maksymenko, V. Kovalenko, Loss of fisheries from 
destruction of the Kakhovka reservoir, Int. J. Environ. Stud. 81 (2024), https://doi. 
org/10.1080/00207233.2024.2314890 in press. 

[40] Govt Ukraine and UN, 2023, Post-disaster needs assessment 2023 Kakhovka Dam 
Disaster, Ukraine. http://surl.li/mhnve. 

[41] Ecoaction, 2023, Cases of potential environmental damage caused by Russian 
aggression [interactive map]. https://ecoaction.org.ua/. 

[42] V.I. Osadchyi, Resources and quality of surface water in Ukraine under conditions 
of anthropogenic load and climate change, Visnik Nac. Acad. Nauk Ukrai’ni 8 
(2017) 29–46, https://doi.org/10.15407/visn2017.08.029 (Ukrainian). 

[43] USAID, 2022, Agriculture resilience initiative – Ukraine (Agri – Ukraine). Fact sheet: 
Ukraine. U.S. Agency for International Development/Ministry of Agrarian Policy 
and Food of Ukraine. https://www.usaid.gov/ukraine/agriculture-resilience- 
initiative-agri-ukraine. 

[44] M. Romaschenko, Y. Tarariko, A. Shatkovskyi, et al., Scientific principles of 
agricultural development in the steppe zone of Ukraine. bulletin of Agrarian, 
Science 93 (10) (2015) 5–9, https://doi.org/10.31073/agrovisnyk201510-01. 

[45] B. Kuns, ‘In these complicated times’: an environmental history of irrigated 
agriculture in post-communist Ukraine, accessed on 30 October 2023, Water 
Altern. 11 (3) (2018) 866–892, https://www.water-alternatives.org/index.php/a 
lldoc/articles/vol11/v11issue3/468-a11-3-21/file. 

[46] L. Rudakov, H. Hapich, O. Orlinska, et al., Problems of technical exploitation and 
ecological safety of hydrotechnical facilities of irrigation systems, Journal of 
Geology, Geography and Geoecology 29 (4) (2020) 776–788, https://doi.org/ 
10.15421/112070. 

[47] O. Orlinska, D. Pikarenia, I. Chushkina, et al., Features of water seepage from the 
retention basins of irrigation systems with different geological structures, 
Industrial, Mechanical and Electrical Engineering. AIP Conference Procedings 2676 
(2022) 060002, https://doi.org/10.1063/5.0109330. 

[48] H. Hapich, O. Orlinska, D. Pikarenia, et al., Prospective methods for determining 
water losses from irrigation systems to ensure food and water security of Ukraine, 
Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu 2 (2023) 154–160, 
https://doi.org/10.33271/nvngu/2023-2/154. 

[49] N. Kovalenko, History of origin and development of replacement of plants crop 
rotations is in world agriculture, Acta Agraria Debreceniensis 53 (2013) 53–56, 
https://doi.org/10.34101/actaagrar/53/2127. 

[50] M. Romaschenko, O. Muzyka, R. Vozhegova, M. Maliarchuk, Productivity of crop 
rotations on irrigated lands at their different saturation with grain-growing and 
technical cultures, Visnyk Agrarnoi Nauky 94 (2) (2016) 32–37, https://doi.org/ 
10.31073/agrovisnyk201602-07. 

[51] D. Onopriienko, M. Kharytonov, The effects of irrigation and nitrogen application 
rates on yield and quality of corn in the steppe zone of Ukraine, Agriculture and 
Forestry 65 (1) (2019) 157–164, https://doi.org/10.17707/agricultforest.65.1.16. 

[52] D. Onopriienko, 2020, Efficient use of solid and water-soluble fertilizers for corn 
production in the northern part of steppe zone of Ukraine. Bulletin of the 
Transylvanian University of Brasov, Series II: Forestry Wood Industry Agricultural Food 
Engineering 13 (62, 2) 139-148. 10.31926/but.fwiafe.2020.13.62.2.12. 

[53] O. Khodakivska, How competitive are ukrainian agricultural holdings? Int. J. 
Environ. Stud. 80 (2) (2023) 372–379, https://doi.org/10.1080/ 
00207233.2023.2179759. 

[54] A. Berxolli, N. Potryvaieva, O. Dovgal, et al., Innovation in ukrainian agriculture to 
mitigate the impact of invasion, Int. J. Environ. Stud. 80 (2) (2023) 307–313, 
https://doi.org/10.1080/00207233.2022.2160080. 

[55] H. Hapich, D. Onopriienko, Ecology and economics of irrigation in the south of 
Ukraine following destruction of the kakhov reservoir, Int. J. Environ. Stud. 81 
(2023), https://doi.org/10.1080/00207233.2024.2314859 in press. 

[56] I. Novak, A. Movchaniuk, N. Pitel, et al., Investment security of strategic 
management of Ukraine’s agricultural sector development, Scientific Papers Series 
Management, Economic Engineering in Agriculture & Rural Development 23 (1) 
(2023) 459–473, https://doi.org/10.13140/RG.2.2.11202.45768. 

[57] R.O. Novitskiy, A.V. Horchanok, Fish farming and fishing industry development in 
the Dnipropetrovsk region (Ukraine): current problems and future prospects, 

H. Hapich et al.                                                                                                                                                                                                                                 

http://refhub.elsevier.com/S2468-3124(24)00003-8/h0025
http://refhub.elsevier.com/S2468-3124(24)00003-8/h0025
http://refhub.elsevier.com/S2468-3124(24)00003-8/h0025
http://refhub.elsevier.com/S2468-3124(24)00003-8/h0025
https://doi.org/10.3390/su13063479
https://doi.org/10.1002/wat2.1480
https://doi.org/10.3197/ge.2017.100107
https://doi.org/10.3197/ge.2017.100107
https://doi.org/10.1080/00207233.2024.2314853
https://doi.org/10.1080/00207233.2024.2314853
https://doi.org/10.33271/nvngu/2022-3/185
https://doi.org/10.33271/nvngu/2022-3/185
https://doi.org/10.24425/jwld.2022.140783
https://doi.org/10.1007/978-3-319-70061-8_101-1
https://doi.org/10.1007/978-3-319-70061-8_101-1
https://doi.org/10.3997/2214-4609.20215k2005
https://doi.org/10.3997/2214-4609.20215k2005
https://doi.org/10.1029/2023ef003910
https://doi.org/10.1029/2023ef003910
https://doi.org/10.1615/hydrobj.v59.i4.10
https://doi.org/10.1080/00207233.2024.2314862
https://doi.org/10.1080/00207233.2024.2314855
https://doi.org/10.1080/00207233.2024.2314851
https://doi.org/10.29295/2311-7257-2022-108-2-60-67
https://darg.gov.ua/
https://darg.gov.ua/
https://www.ukrstat.gov.ua/
https://www.ukrstat.gov.ua/
https://index.minfin.com.ua/ua/tariff/water/
https://index.minfin.com.ua/ua/tariff/water/
https://doi.org/10.1111/brv.12480
https://doi.org/10.1093/biosci/biaa002
https://doi.org/10.3390/w12102706
https://doi.org/10.3390/w12102706
https://doi.org/10.2307/2539033
https://doi.org/10.1080/02508060.2023.2247679
https://doi.org/10.1080/02508060.2023.2247679
https://doi.org/10.2478/jlecol-2022-0017
https://doi.org/10.2478/jlecol-2022-0017
https://doi.org/10.1615/hydrobj.v57.i5.10
https://doi.org/10.1615/hydrobj.v57.i5.10
https://doi.org/10.1016/j.jenvrad.2023.107246
https://doi.org/10.1016/j.jenvrad.2023.107246
https://mepr.gov.ua/diyalnist/napryamky/ekologichnyj-monitoryng/natsionalni-dopovidi-pro-stan-navkolyshnogo-pryrodnogo-seredovyshha-v-ukrayini/
https://mepr.gov.ua/diyalnist/napryamky/ekologichnyj-monitoryng/natsionalni-dopovidi-pro-stan-navkolyshnogo-pryrodnogo-seredovyshha-v-ukrayini/
https://mepr.gov.ua/diyalnist/napryamky/ekologichnyj-monitoryng/natsionalni-dopovidi-pro-stan-navkolyshnogo-pryrodnogo-seredovyshha-v-ukrayini/
https://doi.org/10.1080/00207233.2023.2296781
https://doi.org/10.1080/00207233.2023.2296781
http://surl.li/qmwso
https://doi.org/10.1080/00207233.2024.2314890
https://doi.org/10.1080/00207233.2024.2314890
https://doi.org/10.15407/visn2017.08.029
https://doi.org/10.31073/agrovisnyk201510-01
https://www.water-alternatives.org/index.php/alldoc/articles/vol11/v11issue3/468-a11-3-21/file
https://www.water-alternatives.org/index.php/alldoc/articles/vol11/v11issue3/468-a11-3-21/file
https://doi.org/10.15421/112070
https://doi.org/10.15421/112070
https://doi.org/10.1063/5.0109330
https://doi.org/10.33271/nvngu/2023-2/154
https://doi.org/10.34101/actaagrar/53/2127
https://doi.org/10.31073/agrovisnyk201602-07
https://doi.org/10.31073/agrovisnyk201602-07
https://doi.org/10.17707/agricultforest.65.1.16
https://doi.org/10.1080/00207233.2023.2179759
https://doi.org/10.1080/00207233.2023.2179759
https://doi.org/10.1080/00207233.2022.2160080
https://doi.org/10.1080/00207233.2024.2314859
https://doi.org/10.13140/RG.2.2.11202.45768


Water Security 21 (2024) 100167

7

Agrology 5 (3) (2022) 81–86. https://www.agrologyjournal.com/index.php/agro 
logy/article/view/106. 

[58] M. Maksimenko, The structure of anglers’ catches and their part in total fish catch 
on the Kakhovka reservoir. fisheries science of, Ukraine 3 (2015) 55–66, https:// 
doi.org/10.15407/fsu2015.03.055. 

[59] Institute of Fisheries of the NAAS, 2022, Scientific substantiation of forecasts and 
limits of extraction of aquatic biological resources in the Kyivske, Kanivske, 
Kremenchutske, Kamianske, Dniprovske, Kakhovske reservoirs and the Dnipro-Bug 
estuary system, other fisheries water bodies (parts thereof) of national importance for 
2023. (Kyiv, in Ukrainian). https://if.org.ua/index.php/en/. 

[60] Buzevych, I.Y., 2012, State and prospects of fishery use of industrial ichthyofauna of 
large plain reservoirs of Ukraine. DSci thesis for special 03.00.10 – ichthyology. 

[61] Ukrhydroenergo, 2023, https://uhe.gov.ua/. 
[62] The future of the Kakhovsky Reservoir. Restore, improve, leave as is? BBC News 

Ukraine. https://www.bbc.com/ukrainian/articles/cl7kdpx5jp0o. 
[63] D. Rawtani, G. Gupta, N. Khatri, et al., Environmental damages due to war in 

Ukraine: a perspective, Sci. Total Environ. 850 (2022) 157932, https://doi.org/ 
10.1016/j.scitotenv.2022.157932. 

[64] O. Bazaluk, V. Havrysh, V. Nitsenko, et al., Low-cost smart farm irrigation systems 
in Kherson Province: feasibility study, Agronomy 12 (5) (2022) 1013, https://doi. 
org/10.3390/agronomy12051013. 

[65] D. Onopriienko, T. Makarova, H. Hapich, Y. Chernysh, H. Roubík, Agroecological 
transformation in the salt composition of soil under the phosphogypsum influence 
on irrigated lands in Ukraine, Agriculture 14 (3) (2024) 408, https://doi.org/ 
10.3390/agriculture14030408. 

[66] M. Yatsiuk, A. Shatkovsky, Groundwater as a strategic resource for economic 
development of the state, Accelerating Changes to Overcome the Water Crisis in 
Ukraine. (2023), https://doi.org/10.31073/mivg2023-1. 

[67] V.K. Khilchevskyi, S.M. Kurylo, N.P. Sherstyuk, Chemical composition of different 
types of natural waters in Ukraine, Journal of Geology, Geography and Geoecology 
27 (1) (2018) 68–80, https://doi.org/10.15421/111832. 

[68] D.M. Onopriienko, T.K. Makarova, H.V. Hapich, Assessment of the hydrogeological 
and ameliorative state of the kilchen irrigation system territory, IOP Conference 
Series: Earth and Environmental Science 1254 (1) (2023) 012087, https://doi.org/ 
10.1088/1755-1315/1254/1/012087. 

[69] Institute of Water Problems and Land Reclamation of the National Academy of 
Agricultural Sciences, 2023, Kyiv. https://igim.org.ua/. 

[70] M. Romaschenko, 2023, Interview for Apostrophe: https://nikopolnews.net/ 
ukraina/lis-na-dni-kakhovskoho/ (accessed on 30 October 2023, in Ukrainian). 

[71] M. Romaschenko, O. Muzyka, I. Vojtovych, S. Usatyj, The technical condition of 
the engineering infrastructure of irrigation systems in Ukraine in the post-war 
period, Visnyk Agrarnoi Nauky 101 (6) (2023) 61–70, https://doi.org/10.31073/ 
agrovisnyk202306-08 (in Ukrainian). 

[72] A.G. Brown, L. Lespez, D.A. Sear, et al., Natural vs anthropogenic streams in 
Europe: history, ecology and implications for restoration, river-rewilding and 
riverine ecosystem Services, Earth Sci. Rev. 180 (2018) 185–205, https://doi.org/ 
10.1016/j.earscirev.2018.02.001. 

[73] World Economic Forum, 2023, The removal of dams in Europe is reviving rivers and 
boosting biodiversity. Here’s how. Aug 16, 2023.https://www.weforum.org/agenda/ 
2023/08/removing-dams-europe-river-restoration/. 

[74] Emerald Network of areas of special conservation interest. https://www.coe.int/ 
en/web/bern-convention/emerald-network (accessed on 30 October 2023). 

[75] R. Novitskyi, O. Masiuk, H. Hapich, et al., Assessment of coal mining impact on the 
geoecological transformation of the Emerald network ecosystem, Naukovyi Visnyk 
Natsionalnoho Hirnychoho Universytetu 6 (2023) 107–112, https://doi.org/ 
10.33271/nvngu/2023-6/107. 

[76] I.B. Zagorodniuk, Priorities in nature conservation in times of war: the situation 
with the great meadow and the great steppe, Bulletin of the National Academy of 
Sciences of Ukraine 9 (2023) 12–23, https://doi.org/10.15407/visn2023.09.012 
(Ukrainian). 

[77] Y. Didukh, 2023, Material for the newspaper Svit (Ukrainian) http://surl.li/nbybt. 
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